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Abstract

Improved catalytic routes could help to transform the exploitation of the large worldwide
natural gas reserves, whose principal component is methane. They transform methane into
more valuable chemicals and fuels through carbon dioxide reforming of methane (CDRM),
steam reforming of methane (SRM) and partial oxidation of methane (POM). These
reactions facilitate the formation of syngas, which is subsequently converted to fuels through
the Fischer-Tropsch synthesis. Mixed lonic and Electronic Conducting (MIEC) membrane
reactors are of interest because they have the potential to produce high purity oxygen from air
at lower costs and provide a continuous oxygen supply to reactions or/and industrial
processes, and hence avoid sourcing the pure oxygen from air by conventional cryogenic
separation technology. In addition, the MIEC ceramic membrane shows the ability to carry
out simultaneous oxygen permeation and hydrocarbons oxidation into single compact
ceramic membrane reactor at high temperature. This can reduce the capital investment for
gas-to-liquid (GTL) plants and for distributing hydrogen.

This study compares the oxygen release and oxygen uptake obtained through a
LagSro4C0p2Fep 8035 hollow fibre membrane (referred as LSCF6428-HFM) under an
Air/He gradient at 850°C and 900°C. The separation and quantification of these two
processes permitted the determination of the oxygen incorporated into LSCF6428 structure
and the development of a model for apparent overall rate constant using the molar flow of the
oxygen at the inlet and outlet in different side of membrane (i.e. shell side and lumen side).
The results show that the oxygen flux is enhanced by rising helium flow rates, this is due to
an increased driving force for oxygen migration across the membrane and also the air flow
determines the oxygen amount that permeates across the membrane. In addition, the oxygen

flux improves at higher temperatures, due to its dependence on bulk oxygen diffusion and the



oxygen surface reaction rates. The temperature increase improves the mobility of the lattice
oxygen vacancies and also the concentration of lattice oxygen vacancies in the perovskite.
The impact of surface modification was also studied by coating Co3O4 and 5%Ni-LSCF6428
catalysts on the shell side surface of the LSCF6428 hollow fibre membrane for oxygen
permeation. It was found that the oxygen flux significantly improved under Air/He gradient
for catalyst-coated LSCF6428-HFM. However, under continuous operation conditions over a
long time both the unmodified and the modified perovskite LSCF6428-HFM reactors
suffered segregation of metal oxides or redistribution of metal composition at the surface

membrane, although the bulk LSCF6428 membrane stoichiometry did not change.

The apparent overall rate constants for oxygen permeation of the Co304/LSCF6428-HFM and
5%Ni/LSCF6428-HFM were enhanced 3-4 fold compared to unmodified LSCF6428-HFM.
Comparison of both modified HFM reactors revealed that the apparent overall rate constants
for Co0304/LSCF6428-HFM were 2 fold higher than those obtained for 5%Ni-
LSCF6428/HFM. According to the distribution of total oxygen permeation residence for

unmodified and modified LSCF6428-HFM reactor, the oxygen permeation rate is limited by
surface exchange on the oxygen lean side or lumen side (R;X') at 850°C and 900°C and the

contribution of bulk diffusion on the oxygen permeation rate increased with a rise in the

temperature (900°C).

The methane oxidation reaction was studied in unmodified and modified 5%Ni-
LSCF6428/LSCF6428 hollow fibre membrane in reactors at 850°C. The results suggest that
catalytic pathways in methane oxidation depended upon flow operation modes, oxygen
concentration, H treatment and on the type of catalyst.

The performances in methane conversion of LSCF6428-HFM and 5%Ni/LSCF6428-HFM
modules facilitated the formation of SrCO3; because of the reaction of CO, with segregated

strontium oxide.
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SEM micrographs of the lumen side (a) and shell side (b)
before oxygen permeation, images simulated of both lumen
(c) and shell side (d). Distribution of the grain boundary
perimeter of lumen side and shell side before reaction (e)

SEM micrographs cross section of the Co304/LSCF6428-
HFM after oxygen permeation. Cross section (A), Finger like
image magnified (B), central dense layer (C) and image
magnified (D).

SEM image magnified of the centre shell side SEM image
magnified of the centre shell side after oxygen permeation.
(A) and simulated image (B). Distribution of the grain
particle perimeter of shell side (C

Micrograph of the centre lumen side (A), images magnified
(B, C) and image simulated by SPIP6.0.9 (F). Distribution of
the grain particle perimeter of shell side (G) and grain
boundary perimeter of lumen side (H), before and after
reaction, respectively

SEM images of the end shell side (A), images magnification
(B) and images simulate (D). Distribution of the grain
boundary perimeter of the end shell side (C)

SEM micrograph end lumen side after oxygen fluxes
measurements (A), images magnified (B), distribution of the
grain boundary perimeter (D) and images simulated (C).

Oxygen release and oxygen uptake for 5%Ni-
LSCF6428/LSCF6428 hollow fibre membranes reactor as a
function of run time

Dependence of the oxygen release and oxygen uptake against
two modes of flow operation: mode 1 (A) and mode 2 (B) at
850 °C.

Influence of helium flow on the overall rate constant of the
oxygen flux for unmodified and modified membrane at 850°C.

Dependence of the oxygen release and oxygen uptake against
helium flow for 5%Ni/LSCF6428-HFM using an air feed flow
rate of 50 ml (STP) min™ at 850°C and 900°C.

Schematic representation of the temperature programmed
profile during the reduction of 5%Ni-LSCF6428/LSCF6428-

XXI

139

140

141

142

143

144

145

149

150

151

152

153



5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

HFM.

Comparison of oxygen release and uptake of the 5%Ni-
LSCF6428/LSCF6428-HMF before and after H, reduction
treatment.

Oxygen release and oxygen uptake as a function of time on
stream for 5%Ni-LSCF6428-HFM after H, reduction
treatment.

Effect of air and helium flows on the distribution of total
permeation resistances for 5%Ni-LSCF6428-HFM at 850°C.

XRD profiles of the 5%Ni-LSCF6428/HFM. LSCF6428
powder (a), 5%Ni-LSCF6428/HFM powder (b), lumen side
(c) and shell side (d) before the oxygen flux measurements.
Centre lumen side (C) and centre shell side (D) after 1968
hours of experiments.

SEM images of the cross section of the 5%Ni/LSCF6428
catalysts on LSCF6428-HFM before reaction (a).
5%Ni/LSCF6428 catalysts on the shell side of LSCF6428-
HFM before reaction (b), images simulated (d). Distribution
of particle perimeter of the 5%Ni/LSCF6428 catalysts on
LSCF6428-HFM (c)

SEM micrographs of the lumen side (a) and shell side (b)
before oxygen flux and images simulated of the lumen side (c)
and shell side (d) before reaction. Distribution of grain
boundary perimeter for both sides (e)

SEM images of the centre shell side of the post operation
5%Ni/LSCF6428-HFM (A) and images magnified (B), (C)
and (D).

SEM images of the centre lumen side post reaction of the
5%Ni/LSCF6428-HFM (A) and image magnified (B) and (C).
Images simulated of the lumen side after reaction (D) and
distribution of particle perimeter of the 5%Ni/LSCF6428
catalysts on LSCF6428-HFM (E).

SEM micrograph of the end lumen side post reaction of the
5%Ni/LSCF6428-HFM (A), simulated image (B).magnified
image (C) and distribution of grain boundary perimeter (D).

SEM micrograph of end shell side after oxygen flux
measurements (A), image simulated (B) and distribution of
the grain boundary perimeter (C).

Dependence of the oxygen permeation against helium flow at
850°C for LSCF6428-HFM, Co0304/LSCF6428-HFM and
5%Ni/LSCF6428-HFM using an air feed flow rate of 50 ml
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(STP) min™ under mode 1 and 2.

Dependence of the oxygen release and oxygen uptake against
helium  flow at 850°C  for  LSCF6428-HFM,
Co0304/LSCF6428-HFM and 5%Ni-LSCF6428.

Dependence of the oxygen permeation versus helium flow at
900°C for LSCF6428-HFM, Co0304/LSCF6428-HFM and
5%Ni/LSCF6428-HFM using an air feed flow rate of 50 ml
(STP) min* under mode 2.

Influence of helium flow on the overall rate constant of the
oxygen flux for unmodified and modified membrane at 850°C

Schematic of the structural change of the 5%Ni/LSCF6428
catalyst at 850 °C and 900 °C.

Catalytic performance of the POM on the LSCF6428-HFM
reactor absence catalyst, where 4% CH4/He flow supply in
shell side while air flow rate sweep into to the lumen side
(MSAL), co-current.

Catalytic performance of the methane oxidation reaction on
the unmodified LSCF6428-HFM reactor, where 4% CHai/He
flow was supplied in lumen side and air flow fed into the shell
side (MLAS) at 850 °C.

Dependence of methane conversion and product selectivity
with oxygen permeation under two different flow operation
modes at 850 °C. (A) Methane conversion, (B) C,Hs and
C,H, selectivity; (C) CO and CO; selectivity.

XRD patterns of the unmodified LaggSro4Coo2FepgO0s.s
hollow fibre membrane. LSCF6428 powder (a), Lumen side
(b) and Shell side (c) before the oxygen flux measurements.
Centre lumen side (B) and centre shell side (C) after methane
conversion experiments.

SEM images of the shell side (a) and simulate image (b)
before reaction. SEM micrograph centre shell side (A), image
simulate by SPIP6.0.9 (B). Distribution of the grain boundary
perimeter of the shell side before and after methane
conversion measurements (C).

SEM images of the lumen side (a) and image simulated (b)
before reaction and centre lumen side after methane
conversion measurements (A) and image simulated (B).
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Distribution of the grain boundaries perimeter obtained by
simulation with SPIP 6.0.9. (C).

SEM micrograph of the end shell side (A) and image
magnified (B). Microstructure of the end lumen side (C) and
image simulated (D) after methane conversion measurements.
Distribution of the grain boundary perimeter before and after
methane conversion (E).

Diagram of the LSCF6428-HFM reactor with characterized
zones and supplied gases.

Cross section of SEM image for LSCF6428-HFM modified
with 5%Ni-LSCF6428 catalyst layer.

Catalytic performance and oxygen flux versus time on stream
for 5%Ni-LSCF6428/LSCF6428-HFM reactor at 850 °C. 4%
CHa/He flow on the shell side and 2% O,/He flow rate on the
lumen side, both flows were 10ml (STP) min™.

Dependence of oxygen permeation, methane conversion and
product selectivity with time on stream for 5%Ni-
LSCF6428/LSCF6428-HFM at 850 °C. 4% CH,/He flow on
the shell side and 2% O,/He flow rate on the lumen side (25
ml (STP) min™ in both sides).

Comparison of methane conversion and selectivity of the
products against oxygen permeation for two different flows
on 5%Ni-LSCF6428/LSCF6428-HFM module at 850 °C. 4%
CHa/He flow on the shell side and 2% O,/He flow rate on the
lumen side (i.e. 10 and 25 ml.min™).

Catalytic performance of the methane conversion on
LSCF6428-HFM coated 5%Ni-LSCF6428 reactor at 850 °C.
Air flow fed on the lumen side and 4% CHa/He on the shell
side with flow of 25ml (STP) min™ in both sides.

Influence of oxygen concentration on methane conversion and
products selectivity for 5%Ni-modified LSCF6428-HFM
reactor. 20% and 2% of O, flow fed on lumen side and 4%
CHa/He on the shell side with flow of 25ml (STP) min™ in
both sides.

Dependence of the oxygen permeation, methane conversion
and products selectivity against time on stream for
unmodified and modified LSCF6428HFM at 850 °C. Air flow
fed on the lumen side and 4% CH4/He on the shell side with
flow of 25ml (STP) min™ in both sides.

XRD patterns of the 5%Ni-LSCF6428/LSCF6428 hollow fibre
membrane. LSCF6428 powder (a), 5%Ni/LSCF6428 powder
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Appendix |
1.1

1.2

(b), shell side (c) and lumen side (d) before the oxygen flux
measurements. Centre lumen side (C) and centre shell side
(D) after methane conversion experiments.

SEM images of the shell side before reaction (a), image
simulated by SPIP 6.0.9 (b). SEM images of the grain
boundary in lumen side before reaction (c), image simulated
by SPIP 6.0.9 of the lumen side (d) and distribution of
particle (5%Ni-LSCF6428 catalyst) and grain boundary
perimeter (e).

SEM microstructure of the centre shell side of 5%Ni-
LSCF6428/LSCF6428-HFM (A), images magnified (B), the
centre lumen side (C), Image magnified (D) after methane
oxidation..

SEM microstructure of the end shell side (A), images
magnified (B), the end lumen side (C), Image magnified (D)
after methane conversion and distribution of the grain
boundary perimeter (E).

Dependence of standard Gibbs free energy with temperature
for partial and total oxidation of methane, ethane and
ethylene.

Dependence of standard Gibbs free energy with temperature
for total and partial oxidations of methane reactions over
LaCoOs3, LaFeO3 and Sr,Fe,Os5 perovskites.

Dependence of standard Gibbs free energy with temperature
for various oxidations of methane reactions of the LaCoOs3
perovskite (A), dependence of the standard Gibbs free energy
versus O,/CHjy ratio for LaCoOj3 perovskite at 850 °C (B).

Phase diagram for LaCoOs; system in function of logpO,
against temperature.

Summary of methane oxidation routes for 5%Ni-
LSCF6428/LSCF6428-HFM reactor.

Apparatus to fabricate the LSCF6428 hollow fibre membrane

Single point calibration curve for air flow.
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Single point calibration curve for the injections of the mixture
1% Hy, 2%0; and 2%N,, balance in helium.

Single point calibration curve for mixture 0.5%0,, 2%Ho,,
2%N,, 2%CO, 2%CH4, 2%CO,;, 2%C,Hs and 2%C;Hs,
balance in helium.
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11.14

Oxygen release against helium flow. (A) mode 1: air flow feed
in lumen side and (B) mode 2: air flow feed in shell side

Oxygen release and oxygen uptake with accuracy 5% versus
time of operation, (A), (B), (C) and (D).

Percentages of nitrogen in lumen side versus time of
operation

Apparent rate constant for oxygen incorporated.

Reaction rate constant for different helium flow under two
modes of flow operation at 850°C. (A) mode 2 (co-current)
and (B) mode 3 (counter-current)

Reaction rate constant for different helium flow under two
modes of flow operation at 900°C. (A) mode 2 (co-current)
and (B) mode 3 (counter-current)

Profiles of oxygen inlet (nO, inlet) and oxygen outlet (nO,
out) across membrane for mode 2 (co-current) and mode 3
(counter-current).

Schematic representation of the laminar flow into tubular
reactor

Schematic representation of the turbulent flow into tubular
reactor

Effect of air flow on distribution of total permeation
resistance of unmodified LSCF6428-HFM reactor for 850°C.

Effect of air flow on distribution of total permeation
resistance of unmodified LSCF6428-HFM reactor for 900°C.

Resistance time in lumen side of the LSCF6428-HFM reactor

Resistance time in shell side of the LSCF6428-HFM reactor

Distribution of the pore area of the cross section before
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11.22
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reaction, data obtained by SPIP 6.0.9

Distribution of the pore area of cross section after reaction,
data obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of lumen side
before reaction, data obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of centre lumen
side after reaction, data obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of end lumen
side after reaction, data obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of end shell side
before reaction, data obtained by SPIP 6.0.9

EDXS results of different zones of the LSCF6428 hollow fibre
membrane before and after oxygen permeation measurements
(A). EDXS results for particles in different zones of
membrane (B).

SEM image and EDXS profile of the particle of unmodified
LCF6428-HFM centre lumen side after reaction

SEM image and EDXS profile of the particle of unmodified
LCF6428-HFM end lumen side after reaction

SEM image and EDXS profile of the particle of unmodified
LCF6428-HFM centre shell side after reaction

SEM image and EDXS profile of the particle of unmodified
LCF6428-HFM end shell side after reaction

Dependence of standard Gibbs free energy with temperature
for H,S as sulphurisation agent of different perovskites.

Dependence of standard Gibbs free energy with temperature
for S;0 as sulphurisation agent of different perovskites.
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1.3

Effect of the air flow on distribution of the total permeation
resistance of Co304/LSCF6428-HFM reactor at 850°C.

Distribution of the grain boundary perimeter of LSCF6428-
HFM lumen side before reaction, data obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of LSCF6428-
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HFM shell side before reaction, data obtained by SPIP 6.0.9

Distribution of the particle perimeter of Co3O, catalyst before

1.4 reaction, data obtained by SPIP 6.0.9
15 Distribution of the particle perimeter of Coz0, catalyst after
' reaction, data obtained by SPIP 6.0.9
Distribution of the grain boundary perimeter of
1.6 C0304/LSCF6428-HFM centre lumen side after reaction, data
obtained by SPIP 6.0.9
Distribution of the grain boundary perimeter of
1.7 C0304/LSCF6428-HFM end lumen side after reaction, data
obtained by SPIP 6.0.9
Distribution of the grain boundary perimeter of
1.8 C0304/LSCF6428-HFM end shell side after reaction, data
obtained by SPIP 6.0.9
EDXS results of the different zones of the Co304/LSCF6428-
1.9 .
HFM before and after oxygen permeation measurements
EDXS results of the different zones of the Co304/LSCF6428-
11.10 HFM after oxygen permeation measurements. Centre shell
' side (A), centre lumen side (B), end shell side (C) and end
lumen side (D).
111 EDXS profile of the Co304/LSCF6428-HFM shell side before
' reaction
H1.12 EDXS profile of the Co0304/LSCF6428-HFM lumen side
' before reaction
Appendix 1V
Effect of air flow on the distribution of the total permeation
Iv.1 resistance of 5%Ni-LSCF6428/LSCF6428-HFM reactor at
850°C.
Distribution of the grain boundary perimeter of 5%Ni-
V.2 LSCF6428-HFM lumen side before reaction, data obtained
by SPIP 6.0.9
Distribution of the grain boundary perimeter of 5%Ni-
V.3 LSCF6428-HFM shell side before reaction, data obtained by
SPIP 6.0.9
V.4

Distribution of the particle of 5%Ni-LSCF6428-HFM catalyst

XXViii

280

281

281

282

282

283

284

284

285

289

290

291

291



before reaction, data obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of 5%Ni-

IV.5 LSCF6428-HFM centre lumen side after reaction, data
obtained by SPIP 6.0.9
Distribution of the grain boundary perimeter of 5%Ni-
V.6 LSCF6428-HFM end lumen side after reaction, data obtained
by SPIP 6.0.9
Distribution of the grain boundary perimeter of 5%Ni-
V.7 LSCF6428-HFM end shell side after reaction, data obtained
by SPIP 6.0.9
Comparison of the EDXS results between LSCF6428-HFM
V.8 and 5%Ni/LSCF6428-HFM in different zones of the
membrane before and after oxygen flux measurements.
V.9 EDXS profile of the 5%Ni-LSCF6428/LSCF6428-HFM shell
' side before reaction
V.10 EDXS profile of the 5%Ni-LSCF6428/LSCF6428-HFM lumen
' side before reaction
V.11 EDXS profile of the cross section of 5%Ni-
' LSCF6428/LSCF6428-HFM before reaction
EDXS profile of the 5%Ni-LSCF6428/LSCF6428-HFM centre
V.12 . :
shell side after reaction
V.13 EDXS profile of the cross section of 5%Ni-
' LSCF6428/LSCF6428-HFM after reaction
IV 14 EDXS profile of the end shell side of 5%Ni-
' LSCF6428/LSCF6428-HFM after reaction
V.15 EDXS profile of the end Ilumen side 5%Ni-
' LSCF6428/LSCF6428-HFM after reaction
V.16 EDXS profile of the red sealant for assembling the 5%Ni-
' LSCF6428/LSCF6428-HFM reactor
V.17 EDXS profile of the transparent sealant for assembling the
' 5%Ni-LSCF6428/LSCF6428-HFM reactor.
Appendix V
V.1 Comparison of the carbon balances of LSCF6428-HFM

without catalyst at two modes of flow operation at 850 °C for
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V.2

V.3

V.4

V.5

V.6

V.7

V.8

V.9

V.10

V.11

V.12

V.13

POM.

Distribution of the grain boundary perimeter of LSCF6428-
HFM shell side reactor before methane conversion, data
obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of LSCF6428-
HFM lumen side before methane conversion, data obtained
by SPIP 6.0.9

Distribution of the grain boundary perimeter of LSCF6428-
HFM centre shell side after methane conversion, data
obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of LSCF6428-
HFM centre lumen side after methane conversion, data
obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of LSCF6428-
HFM end lumen side before methane conversion, data
obtained by SPIP 6.0.9

EDXS results for different zones of the LSCF6428-HFM pre-
and post-methane conversion.

Dependence of standard Gibbs free energy with temperature
for the formation of SrCO;

Carbon balance as a function of time on stream for
LSCF6428-HFM modified with 5%Ni-LSCF6428 catalyst
under MSAL mode at 850 °C. 4% methane flow on the shell
side (10 ml (STP) min™) and 2% O, flow rate on the lumen
side (10ml (STP) min™).

Carbon balance as a function of time on stream into 5%Ni-
LSCF6428/LSCF6428-HFM reactor at 850 °C under MSAL
mode, 4% methane flow on the shell side and 2% O, flow rate
on the lumen side both flow was at 25 ml (STP) min™.

Balance of carbon as a function of the operation time for
LSCF6428-HFM modified with 5%Ni-LSCF6428 catalyst
under modes MSAL at 850 °C. 4% methane flow on the shell
side and air flow rate on the lumen side, both flows was 25 ml
(STP) min™).

XRD patterns of the 5%Ni-LSCF6428/LSCF6428-HFM. Shell
side before and after methane conversion (A) and lumen side
before and after methane conversion experiments (B).

Distribution of the particle perimeter of catalyst 5%Ni-
LSCF6428 coated on shell side of LSCF6428-HFM before
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V.14

V.15

V.16

V.17

V.18

V.19

V.20

V.21

V.22

V.23

V.24

V.25

methane conversion, data obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of 5%Ni-
LSCF6428/LSCF6428-HFM centre lumen side after methane
conversion, data obtained by SPIP 6.0.9

Distribution of the grain boundary perimeter of 5%Ni-
LSCF6428/LSCF6428-HFM end lumen side after methane
conversion, data obtained by SPIP 6.0.9

EDXS results of different zones of the 5%Ni-LSCF6428-HFM
module pre and post methane conversion at 850 °C.

EDXS profile of the shell side of 5%Ni-
LSCF6428/LSCF6428-HFM before reaction.

EDXS profile of the centre shell side of 5%Ni-
LSCF6428/LSCF6428-HFM after reaction

EDXS profile of the cross section of 5%Ni-
LSCF6428/LSCF6428-HFM  after partial oxidation of
methane.

EDXS profile of the end shell side of 5%Ni-
LSCF6428/LSCF6428-HFM  after partial oxidation of
methane.

EDXS profile of the end Ilumen side of 5%Ni-
LSCF6428/LSCF6428-HFM  after partial oxidation of
methane.

Dependence of standard Gibbs free energy with temperature
for various oxidations of methane reactions of the LaFeO3;
perovskite (A), dependence of the standard Gibbs free energy
versus O,/CHj, ratio for LaFeOj3 perovskite at 850 °C (B).

Dependence of standard Gibbs free energy with temperature
for various oxidations of methane reactions of the Sr,Fe,Os
perovskite (A), dependence of the standard Gibbs free energy
versus O,/CHj, ratio for Sr,Fe,Os perovskite at 850 °C (B).

Phases diagram for La-Fe-O system at different temperature.

Phases diagram for Sr-Fe-O system at different temperature.
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Summary output of the rate oxygen incorporated
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Crystal size determined by Scherrer equation for Co304/LSCF6428-
HFM

EDXS results of the Co3;04/LSCF6428-HFM shell side before
reaction

EDXS results of the Co304/LSCF6428-HFM lumen side before
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reactor after oxygen permeation

EDXS results of the end cross section of Co304/LSCF6428-HFM

1.5 !
reactor after oxygen permeation
16 EDXS results of the end lumen side of Co304/LSCF6428-HFM
' reactor after oxygen permeation
1.7 EDXS results of the end shell side of Co;04/LSCF6428-HFM reactor
' after oxygen permeation.
Appendix IV
V.1 Crystal size determined by Scherrer equation of 5%Ni-
' LSCF6428/LSCF6428-HFM
V.2 EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM shell side
' before reaction
V3 EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM lumen side
' before reaction
EDXS results of the cross section of 5%Ni-LSCF6428/LSCF6428-
V.4 .
HFM before reaction
EDXS results of the centre shell side of 5%Ni-LSCF6428/LSCF6428-
V.5 .
HFM after reaction
V6 EDXS results of the ~centre Ilumen side of 5%Ni-
' LSCF6428/LSCF6428-HFM after reaction
EDXS results of cross section of the 5%Ni-LSCF6428/LSCF6428-
v.7 ]
HFM after reaction
EDXS results of the end shell side of 5%Ni-LSCF6428/LSCF6428-
V.8 )
HFM after reaction
EDXS results of the end lumen side of 5%Ni-LSCF6428/LSCF6428-
V.9 )
HFM after reaction
V.10 EDXS results of the red sealant for assembling the 5%Ni-
' LSCF6428/LSCF6428-HFM reactor
V.11 EDXS results of the transparent sealant for assembling the 5%Ni-
' LSCF6428/LSCF6428-HFM reactor
Appendix V

XXXV

287

287

288

290

294

295

296

297

297

298

299

300

301

302



V.1

V.2

V.3

V.4

V.5

V.6

EDXS results of the shell side of 5%Ni-LSCF6428/LSCF6428-HFM
before reaction

EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM centre shell
side after reaction

EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM centre lumen
side after reaction

EDXS results of the cross section of 5%Ni-LSCF6428/LSCF6428-
HFM after partial oxidation of methane

EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM end shell
side after partial oxidation of methane

EDXS results of the end lumen side of 5%Ni-LSCF6428/LSCF6428-
HFM after partial oxidation of methane

XXXV

313

314

314

315

316

317



Notation

Abbreviations
SMR

CMR

CPO
ATR
OCM
SOE
POM
PSA
VSA
GTL
MIEC
LSCF6428
HFM
SEM
XRD
EDX
PESf
NMP
PVP
ALHS
ASHL
MSAL

MLAS

Steam methane reforming

CO, methane reforming

Catalytic partial oxidation

Auto thermal reforming

oxidative coupling of methane
selective oxidation of ethane to ethylene
partial oxidation of methane

pressure swing adsorption

vacuum swing adsorption
gas-to-liquid

mixed ionic and electronic conducting
perovskite-type Lag sSro.4C0o2F€0503.5
hollow fibre membrane

scanning electron microscopy

X-ray diffraction

energy dispersive X-ray analysis
Polyethersulfone binder
1-methyl-2-pyrrolidinone

poly (vinylpyrrolidone)
air-lumen-side, helium-shell side
air-shell side, helium-lumen side

4% CHa/He -shell side, air- lumen side

4% CHy4/He -lumen side, air- shell side

XXXVI



Symbol Description Unit

A Area membrane cm?
C, Concentration of defect i
C, Electron hole concentration
C, Oxygen vacancy concentration
dA Differential of area membrane
4C, (x)/ dx Concentration gradient of species(i) at distance
(x)
dC, (x)/ dx (;oncentraﬂon gradient of species( j) at
distance (X,z and t
q Interplanar spacing of the crystal planes of
hkd indices (hkl )
dl Differential of the hollow fibre length
dn,, Differential mole oxygen outlet in lumen side
dng, Differential mole oxygen outlet in shell side
D Chemical diffusion coefficient m?s™
D, Diffusion coefficient of oxygen vacancies cm?s?t
D, Effective diffusivity of defect i cm?s?
D, Electron hole bulk diffusion coefficient cm?s?
D, Ambipolar diffusion coefficient 9.3x10° cm%™
D’ Pre-exponential coefficient of D, 1.58x10%cm?%s™
E, Activation energy kJ. mol™
E, Activation energy for D, kJ. mol™
F Faraday constant C mol™
AG Gibbs energy of the reaction kJ mol™
2h* Electron hole
AH Enthalpy of the reaction Jmol™*
J; Transport flux of defect i mol cm?s™ mol cm? s
k Rate constant pmol ** bar™ cm™

XXXVl



0O2in
02 out

O,out
n N

Lout

Ny o /4

Lout

2 permeation

2 uptake

2 release

Forward reaction rate constants for the surface
reactions

Reverse reaction rate constants for the surface
reactions

Length variable of hollow-fibre membrane
module

Membrane thickness

Molar flow of the oxygen at the inlet in the shell
side

Molar flow of oxygen at the outlet in the shell
side

Molar flow of the oxygen outlet in the lumen side

Molar flow of the nitrogen outlet in the lumen
side

Correction term for gas phase oxygen transport
through the membrane

Number of hollow fibres
Mole total in the shell side

Mole total in the lumen side

Integer (the order of reflection or diffraction)

Lattice oxygen

Lattice oxygen in the perovskite structure
Molecular oxygen

Oxygen permeation

Oxygen uptake

Oxygen release

Pressure total

High-pressure side

Low-pressure side
Gas constant

lonic radius of the A-site cation
lonic radius of the B-site cation

Outer radius of the hollow fibre

XXXVili

¢ atm®%s?

mol cm? st

cm, mm
mm or cm
pmol s
pmol s
pmol s*

pmol s

pumol

pmol

pmol cm?s™

(umol s

(umol s

atm

8.3145 Jmol k™

mm or cm



Inner radius of the hollow fibre
Reynolds number

Resistance by exchange reaction at the shell side

Resistance by exchange reaction at the lumen
side

Resistance by bulk diffusion

Total permeation resistance
Superficial active membrane area
Selectivity of carbon monoxide
Selectivity of carbon dioxide
Selectivity of ethylene

Selectivity of ethane

Selectivity of hydrogen

Entropy of the reaction

Tolerance factor
Temperature

Transport number of defect i

Oxygen vacancies

Gradient in chemical potential for each
individual charge carrierk

Gradient in electrical potential
Electrochemical potential gradient
Membrane thickness variable
Mole fraction oxygen

Conversion of methane

Charge number

Charge number of defect i

XXXIX

mm or cm

7.6 cm?

Jmol*K?

Kor°C

cm, mm



Greek Letters

Symbol

Ko,

Superscripts
Symbol

Subscripts
Symbol

A
B
diff

€X

Description Unit

Chemical potential of gaseous oxygen
Chemical potential of oxygen vacancy
Chemical potential of electrons

Chemical potential of electron holes

CuK, radiation, 1.54060 A

Partial conductivity of electrons

Partial conductivity of electron holes
Partial conductivity of oxygen vacancies
Partial electronic conductivity

Partial ionic conductivity

Conductivity of charge carriers k

Crystal at angle

Oxygen incorporated into the membrane

Description

Shell side

Lumen side

Description

A site cation

B site cation

Bulk diffusion
Exchange reaction

Electron

Xl



Electron hole

Carrier

Inlet

Hole, proton or vacancy
lon

Vacancy
Outlet

Oxygen
Total

xli



Chapter 1.

Introduction



. Research background

In this chapter is given a general overview about the conversion of the fossil fuels (such as
coal, crude oil and natural gas) and describes new alternatives for oxygen and syngas

production. In addition, the objectives and organization of the thesis are presented.

1.1. Introduction

Currently in the world, 99% of the energy employed comes from fossil fuels, which are non-
renewable resources [1]. They are formed from the organic remains of dead plants and
animals that were deposited at the bottom of seas, lakes, etc. These sediments need millions
of years at high temperatures and high pressures to decompose and transform into gas
(methane), oil and coal (carbon), which are the fossil fuels. The provisions of fossil fuel

resources are limited, they are being consumed very fast [1].

Coal: is the most abundant fossil fuel and supplies 25% of the primary energy consumed
worldwide and was the first raw material or feedstock used at an industrial level. Current
research is seeking new technologies to convert coal into synthetic liquid fuels that is cleaner
(less sulphur) than coal. Due to the rapid growth of the chemical industry in the 20th century
and the products of coal combustion there has been an increase of harmful effects on the
environment. For this reason liquid hydrocarbons (from crude oil) which are cleaner and

cheaper is preferred over coal [1].

Petroleum: provides 38 % of the total world energy and is a mixture of many different
hydrocarbons that may also contain oxygen, and traces of sulphur and nitrogen. Typically
found in crude oil are alkanes (paraffins), alkenes (olefins) and cycloalkanes (naphthenes and

other aromatics), and in lower amounts sulphur-organic compounds, nitrogen-organic



compounds, oxygen-organic compounds and metal containing porphyrins or non-porphyrin

metal complexes of V and Ni. Crude oil is often found at great depths in the earth's crust [2].

Crude oil refining is a series of processes for upgrading crude mixtures of hydrocarbons into
commercial chemical feedstocks such as diesel fuel, gasoline, jet fuel and lubricants [3]. The
first process in crude oil refining is fractional distillation (which is used to separate the
different hydrocarbons according to their differing boiling points. Hydrocarbons vary in
boiling points, from below room temperature to over 600 °C). The distillation process
provides products such as: light gases, gasoline, fuel oils, solvents, motor oils, fats, paraffins,
candle wax and asphalt. Subsequently, other processes that employ different physical and
chemical processes, such as: reforming, hydrogenation, hydrocracking and
hydrodesulphurisation are used to give the desired products. Figure 1.1 is shows the

different processes typically used a petroleum refinery [3].

Gas LPG
AN
Pl I [ Hydrotreatin
%l ------ \\I
p— !
H i
Crude Ker : i Kerosene
: osen I !
oil = HE: >
Gas oil i ! Diesel
R S o g
1 Vacuum Hjydrocracking
gasoil| )
&
Hydrotreafing
>
Residue
Vacuum conversion Low sulphur
residue J—I)[% > fuel oil
Deasphalter (0 ) nsoujbe > Asphalt
Soluble
Solventextraction > Aromaticoil
> Lubricatingoil,

Wax, grease

Figure 1.1 Diagram of different processes used in the petroleum refinery [3].
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The cracking process is very complex, and involves the breaking —up of heavy molecular
weight hydrocarbons into lighter hydrocarbon molecules. Such processes require high
temperature, high pressure and various catalysts to produce a variety of fuels that are used

mainly in transport as gasoline, and diesel and as jet fuel [3].

The fossil fuel natural gas (mainly methane) can be found together with crude petroleum and
it is often burned in flares. Since 1970 natural gas has been used as an energy source where
methane, the major component, is used for heating and some is converted to higher added
value chemicals. Currently in the production of syngas (a mixture of carbon monoxide and
hydrogen) and pure hydrogen, uses natural gas because it is plentiful. The syngas is used to
generate hydrocarbon fuels and the production costs are much lower than for other carbon
sources such as naphtha, biomass and coal. However, it is expected by some that in future
decades biomass and coal will become the main fossils fuel energy sources because biomass
is renewable and a cleaner coal fuel technology will become available [2, 4]. The most

important processes for producing syngas and pure hydrogen are the following:

I. Steam methane reforming (SMR) is the most widely used commercial process for
production of syngas and hydrogen. It is based in the reaction of hydrocarbons (methane)
with water (steam). High temperatures (700-1100) °C, are used to overcome the

endothermic reaction to produce a mixture of hydrogen and carbon monoxide [5, 6].

CH,+H,0«< CO+3H, AH 4 =206 (kJ /mol) Endothermic Reaction (1.1)

CO+H,0 < CO,+H, AH 4 =—41 (kJ /mol) Exothermic Reaction (1.2)

However, some of the reactant species can be decomposed at operation temperature and
deposited on the catalyst surface as thick layer of inactive carbon (coke). The carbon
formation on nickel-based catalysts used in steam reforming, produces serious operational

problems and catalyst deactivation. Munster and Grabkelg [5] studied the kinetics of the
4



steam reforming of methane with catalysts containing iron, nickel, and iron-nickel alloys.

They proposed that during the steam reforming of methane there is a sequence of two

reactions:
CH, &C +2H, AH 5o, =75 (kJ /'mol) Endothermic Reaction (1.3)
C+H,0<CO+H, AH 5, =131(kJ / mol) Endothermic Reaction (1.4)

They concluded that on the nickel catalysts, the rate-determining step is the deposition of
carbon on the catalyst surface.

Steam reforming is a mature technology and exhibits the highest efficiencies of current
economically available hydrogen production methods; around 65% to 70% [6]. The
production operation cost for steam methane reforming process was reported by
Mcglocklin [6], see figure 1.2. They found that the main costs correspond to the
operation (63%) and raw material (19%) whilst the total utility and equipment costs

showed lower contribution (18 %).

Total utility cost
6%

Total raw material

19% l

Equipment cost
12%
Figure 1.2  Total product cost analysis for steam methane reforming [6]

Il. CO, Methane reforming (CMR) or dry reforming of methane is other option for

syngas production. It is an endothermic process which is combined with water gas shift



(WGS) reaction for the reforming of natural gas [5, 8, 9]. The dry reforming (1.5) and

water gas shift (WGS) (1.6) reactions are given below:

CH, +CO, <> 2CO +2H, AH o, =247 (kJ /mol) Endothermic Reaction (1.5)

CO +H,0 & CO, +H, AH e =41 (kJ /mol)  Endothermic Reaction (1.6)

The main disadvantage of dry reforming of methane is the significant formation of coke
that is subsequently deposited on the catalyst surface, which reduces the useful lifetime of
the catalyst. The large formation of coke occurs during methane decomposition (1.7) and

Boudouard reactions (1.8), which are given below:

CH, &C +2H, AH . =75 (kJ /mol) Endothermic Reaction  (1.7)

CO+CO & C +CO, AH g =—172 (kJ /mol) Exothermic Reaction  (1.8)

During CO;, methane reforming, methane is mixed with carbon dioxide and fed to the
CMR reactor. This stream and steam are subsequently fed to the WGS reactor to assist the
increase of H, production. The dry reforming of methane is not a mature technology,
whose main costs are associated to the total operating and equipment costs (83 %),

according to Mcglocklin [6], see figure 1.3.

Total utility cost
4%

Total raw
material
13%

Equipment cost
41%

Figure 1.3  Total product cost analysis for CO, methane reforming (CMR) [6]
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1. Catalytic partial oxidation of methane (CPOM) requires catalysts that have high
selectivity for the partially oxidized product and low selectivity for complete combustion
and careful control of reaction conditions, especially the temperature [8]. Below is given

the two main reactions (1.9 and 1.10) involved in the partial oxidation of methane.

CH, +%0, < CO +2H, AH 4 =-=38 (kJ /mol) Exothermic Reaction  (1.9)

During the second step, the carbon monoxide reacts with water to form carbon dioxide and

more hydrogen (WGS reaction) at temperatures around 200°C
CO +H,0CO, +H, AH o =—41(kJ /mol) Exothermic Reaction  (1.10)
Partial oxidation reforming of methane is a much faster process than steam reforming,

however it produces less hydrogen per unit of similar fuel. Note that the main cost for this

process corresponds to the total operation (70 %); see figure 1.4 [6].

Total utility cost
1%

Equipment cost
8%

Figure 1.4  Total product cost analysis for catalytic partial oxidation of methane (CPOM)

[6]



V. Auto thermal reforming (ATR) is considered to be one of the most effective process

to produce a H,/CO rich product that combines catalytic partial oxidation (CPO) with

catalytic steam reforming (SR) [5, 8, 9, 11].

During the auto thermal reforming, the hydrocarbon (CH,) reacts with a mixture of

oxygen and water to produce a reformate stream containing hydrogen. The total process is
more energy efficient, because the heat produced from the exothermic partial oxidation

reaction can be used by the endothermic steam reforming reaction.

CH, +1%0, & CO +2H,0  AH,, =-520 (kJ /mol) Exothermic Reaction (1.11)

CH, +H,0 & CO +3H, AH 4 =206 (kJ /mol)  Endothermic Reaction (1.12)

The last step requires a water gas shift (WGS) reaction, where the CO reacts with H,0O

(steam) to produced CO,and H,.
CO+H,0 «<CO, +H, AH 4 =—41 (kJ /mol) Exothermic Reaction (1.13)

Auto thermal reforming technologies decrease the process size, cost, and start up time of
the conventional steam reforming plants, whose total operating cost is 68% (see figure

1.5) [6].

Total utility cost
1%

Figure 1.5  Total product cost analysis for auto thermal reforming (ATR) [6].



1.2.  Novel alternatives for oxygen and syngas production

Many years ago it was recognized that oxygen and oxygen-enriched air are important for
medical applications and many industrial processes [12, 13]. Examples include the
oxidation of NH; to NO, the regeneration of fluid-catalytic-cracking catalyst and
hydrocarbon oxidation reactions such as partial methane oxidation and methane oxidative
coupling. The current method for obtaining pure oxygen on a large scale is by cryogenic
air separation (fractional distillation of liquefied air), PSA (pressure swing adsorption) and
VSA (vacuum swing adsorption). The first process, cryogenic air separation, utilizes low
temperatures and elevated pressures that make it very expensive (118 $/Ton), see figure
1.6 [14, 15], because it is energy intensive, although it produces 99.5% pure oxygen. The
other processes, PSA and VSA, require less energy but produce lower purity oxygen (90-
93%) [2]. In recent years, membrane technology has been suggested as an alternative for
producing high purity oxygen from air at lower cost. This is a ceramic metal oxide
membrane that due to its mixed ionic and electronic conducting (MIEC) characteristics
provides a way for oxygen production. The main advantage of MIEC materials is that, at
temperatures of the order of 700-1000 °C, oxygen ions can be transported through the
membrane from high to low oxygen chemical potential difference via lattice oxygen
vacancies. Simultaneously, electrons move in the opposite direction by hopping between
the multivalent metal ions, permitting only oxygen ion incorporation into the oxygen
vacancy sites. This allows the theoretical selectivity to oxygen to be 100% [16]. Air
Products reported [18-20] the development of ion transport membrane module for pure O,
production at high temperature. This oxygen unit requires 48% less capital cost and saves
68% of energy compared to cryogenic air separation unit. In figure 1.6 are compared

different technologies for oxygen separation processes [14, 15].
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Figure 1.6  Total operation cost against plant capacity for oxygen separation process
[14, 15].

In addition, the MIEC ceramic membrane has the potential advantage that it could be
integrated syngas process into a single compact ceramic membrane reactor lead to high-purity

oxygen separation and high temperature syngas processes.

This can reduce the capital investment for gas-to-liquid (GTL) plants and for distributing
hydrogen [20-22] and can be used for oxygen production in many industrial processes which
require a continuous oxygen supply. For example, the oxidation of hydrocarbons such as
oxidative coupling of methane to C, (OCM), selective oxidation of ethane to ethylene (SOE)
and partial oxidation of methane to syngas (POM), etc [20-24]. On the other hand, Air
Products reported that the second phase of program for reducing the syngas plant cost by

more than 30% was completed [25].

The mixed-conducting membrane of interest in this work is based on the perovskite-type

LaoeSro4Cop2FegsOs.s (hereafter LSCF6428) hollow fibre membrane as it shows highly
10



mobile electrons and mobile oxygen ions with good chemical stability in comparison with

other lanthanum cobaltite materials, as reported by Teraoka et al. [26-28].

b5 00 T

Figure 1.7 SEM image cross section of the LSCF6428-HFM. Membrane supplied by
Prof. Li and co-workers, Imperial College London.

In addition such MIEC membranes show the ability to carry out simultaneous oxygen
separation and hydrocarbon oxidation reactions according to Hsieh and Yang [11, 12]. A

cross-section SEM image of LSCF6428 hollow fibre membrane is given in figure 1.2

This image shows an inner diameter close to 1 mm and an outer diameter of 1.5 mm. It
can be noted that two layers are present: a dense outer skin one and an inner finger like

layer (figure 1.2) [29-32].

There are two main factors that govern the performance of the MIEC membranes with
respect to oxygen permeation: Processes occurring at the surface and diffusion of the
oxygen vacancies within the bulk of the membrane [33]. The hollow fibre

LagsSro.4Cop2Feo s03-5 membrane, exhibits a number of advantages such as:

1.  Combining oxygen separation and supply. Therefore, reducing the units for

11



operation and the overall operation cost [20, 22].

They can be fabricated with thin wall thickness of the order of 250 um, compared to
ca. 1000 pum for conventional membrane geometries; this reduces bulk diffusion

resistance [34, 35].

High surface area per unit volume (7.6 cm?) of the membrane reactor compared to
disc-shape (5 cm?). It has been found that modification of the membrane surface
with catalysts can promote the rate of surface reactions. Therefore the oxygen

permeation rate is improved when the surface reaction is limiting the process [36].

It has a chemical stability for different ranges of pH and organic solvents. This is
very important, because it permits the use of strong acid and alkali treatments for

cleaning the membrane [37].

It has a high thermal stability which indicates that it can be used in processes such as

gas separation at high temperatures [37].

They can be linked with chemical reactions, because they can act as a membrane
separating the products from the reactants and/or can act as a catalyst [37]. The
mechanical stability is usually high compared to organic membranes. This is

important for processes at high pressures [37].

1.3. Objective

production of syngas (COand H,).

The overall aims of this research are to improve the oxygen permeation of LSCF 6428 hollow

fibre membranes and study the performance of the LSCF6428 membranes reactor in the

separation and syngas generation simultaneously employing LSCF6428 membrane

architecture.

12
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The specific objectives of this research are to:

1. Determine the oxygen permeation of the LSCF6428 hollow fibre membranes without
catalysts under different operations conditions as effect of feed flow rate, effect of flow
patterns at 850°C and 900°C. The approach is based on the measurements of oxygen
permeations under oxygen partial pressure gradients (i.e., varying helium and air flow
rates). It is expected that oxygen permeation flux increases as the sweep flow rate and
temperatures rise [29, 32]. It is anticipated that counter-current and co-current flow

patterns show comparable oxygen permeation at high temperature [29].

2. Investigate the stability and oxygen incorporated into the unmodified LSCF6428
membrane reactor during long time of operation at 850°C. The difference between the
oxygen release obtained in lumen side and oxygen uptake measurement in shell side
during experiment gives the oxygen incorporated into LSCF6428 structure. The
assessment of the membrane stability is carried out by varying the oxygen flux during
operation time and also the characterizations of the membrane pre- and post-operation.
According to the literature, the oxygen flux for LSCF6428 membrane could vary after
long time of operation [38, 39]. It is also expected the incorporation of oxygen into the
LSCF6428 structure since this perovskite-type phase is enriched in oxygen vacancies [25].

3. Develop a model for determining the overall apparent rate constants for two different flow
patterns (i.e., co-current and counter-current modes of operations). The model used to
calculate the overall rate constant for oxygen flux operation assumes plug flow in the gas
phase, steady state condition and a flux expression whereby the flux depends upon an
overall rate constant and the local oxygen partial pressure difference across the membrane.
It is anticipated that the model can be used to predict overall rate constants for LSCF6428-

HFM at different helium flow rates.

13



4. Determine the effect of surface modification by different catalysts on the shell side of the
LSCF6428 membrane in oxygen permeation under an oxygen chemical potential
difference at 850°C and 900°C. The LSCF6428 shell surface membrane was coated with
Co30,4 or 5%Ni-LSCF6428 catalysts and evaluated under air/He gradients. It is envisaged
that the deposition of catalysts on the shell side membrane improves the oxygen flux rate
[40].

5. Investigate the performance and the role of the catalyst on the LSCF6428 membranes in
the partial oxidation of methane. The LSCF6428 membrane-coated Ni nanoparticles are
evaluated in the partial oxidation of methane by using air on lumen side and methane on
shell side. It is determined the methane conversion and the oxygen flux during the dual
catalytic and separation processes. According to the literature, it is anticipated that the

conversion of methane and CO selectivity follow an opposite trend [16].
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1.4. Organization of the thesis

This thesis is divided into the following seven chapters
Chapter One

In this chapter is given a general overview about the conversion of the fossil fuels (such as
coal, crude oil and natural gas) and describes new alternatives for oxygen and syngas
production. In addition, the objectives and organization of the thesis are presented.

Chapter Two

A brief overview of the perovskite structure is described; the defect chemistry mechanism
and stability of these and related materials are given. The theory of the oxygen
permeation through mixed ionic-electronic conducting (MIEC) ceramic membranes is

presented.
Chapter Three

This chapter describes the fundamentals of the catalyst preparation methods, module
assembly, catalytic surface modification, catalytic reaction conditions and finally, the
instrumental and principal fundaments of various techniques used to determine the

structure, morphology and texture of the membrane.
Chapter Four

This chapter provides information about the oxygen release and oxygen uptake behaviour
from unmodified LSCF6428 hollow fibre membrane reactor. In addition, the effect of the
various operating parameters on the membrane reactor performance (i.e. modes of gas
operation (co-current and counter- current and temperature) are discussed. Also, the

calculation are made of the apparent overall reaction rate constants and total permeation

15



resistance for both modes of operation of the unmodified LSCF6428 hollow fibre

membrane at 850°C and 900°C.
Chapter Five

The data are presented for the oxygen release, oxygen uptake, oxygen permeation and
apparent overall rate constants and distribution of total permeation resistance obtained
from LSCF 6428 hollow fibre membrane modified with cobalt and nickel catalyst at
different temperatures. In addition, these results are compared with results obtained with

unmodified LSCF6428 hollow fibre membrane (Chapter 4).
Chapter Six

This chapter provides the results of partial methane oxidation from 5%Ni/LSCF6428
hollow fibre membrane chapter. Also, the apparent overall rate constants of the partial

methane oxidation for different gas compositions and operating conditions are described.
Chapter Seven

Finally, overall conclusions and recommendations for future works are discussed.
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Chapter 2

Literature survey



1. Literature survey

A Dbrief overview of the perovskite structure is described; the defect chemistry mechanism
and stability of these and related materials are given. The theory of the oxygen permeation

through mixed ionic-electronic conducting (MIEC) ceramic membranes is presented.
2.1.  Overview of the perovskite structure.

In recent years Mixed ionic and Electronic Conducting (MIEC) membranes have attracted
attention since the commercialization of the chemical reactors based on these membranes.
They can provide a clean, efficient and economic route to separate oxygen from air. The
success of this technology could possibly revolutionize the chemical industry where pure
oxygen is required, such as in the partial oxidation of methane (POM) [1, 2] and the oxidative
coupling of methane (OCM) [3-6]. Furthermore, this technology can be also employed in
medical applications and for oxygen generators [7, 8].

Perovskite-type families of metal oxides have been extensively studied as MIEC
membranes. The ideal perovskite (ABOs3) has a cubic close-packed structure (figure 2.1)
where the cation with a large ionic radius (alkaline earth or a rare earth ion) has 12
coordination to oxygen atoms and occupies A-sites, whilst cations with smaller ionic radius
(d-block transition metals) have 6 coordination and occupy B-sites (see figure 2.1) [9, 10].
“A” and “O” form a cubic closest packing, whilst “B” is contained in the octahedral voids in

the packing. Goldschmidt introduced the tolerance factor (t) to determine the distortion
degree of the cubic structure of perovskite [9].

r+r
This term is defined as;: t =——2—
\/_

2(r +r1,) @D
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Where, I',, I, and I, are the ionic radii of the A-site cation, B-site cation and oxygen anion

respectively. When the tolerance factor is the unit 1 then the structure is cubic and when

t <1 the structure is distorted to a lower symmetry (e.i. tetragonal, orthorhombic, and

rhombohedral, etc). Thus, the incorporation of different elements into the perovskite
structure can form ideal or distorted structures depending on the tolerance factor [9].

Perovskite are interesting materials for practical applications since they exhibit useful
electrical, optical, magnetic and catalytic properties that have been applied in a wide range of

technologies [9, 10].

Figure 2.1  Ideal perovskite structure (ABO3) [9].

A pioneering study of oxygen permeation through perovskite type oxides was carried out
by Teraoka et al. [11]. It was found that the La;SryCoi.yFeyOs5 series showed oxygen
permeation and occurred with increasing Co and Sr content due to the oxygen vacancies
created in the crystal structure. In addition, they observed that the oxygen permeation rate
was directly proportional to temperature.

Further study by Teraoka et al. on the oxygen permeation through Ln;.xAxC01.yByO3.5 (Ln

22



= La, Pr, Nd, Sm, Gd; A = La, Na, Ba, Sr, Ca and B = Co, Cr, Fe, Mn, Ni, Cu) showed that
lanthanide metal site substitution with metal ions of decreasing ionic radius improved oxygen
permeation. When the A site is replaced by the above mentioned cation the rate of oxygen
flux rose in the order: Ba>Ca>Sr>Na>La. The B site substitution, on the other hand,
increased oxygen permeation with decreasing ionic radius [12].

In a subsequent study, Anderson [13] and Mizusaki [14] found that Ln;AxBOs;
perovskite, where B is selected from Cr, Mn, Fe or Co and A is a divalent alkali-earth cation,
increases the concentration of oxygen vacancies with the substitution of alkali-earth ion. It
was proposed that two different sites for oxygen were present for perovskite-type La;-
xSrkC003.5 (x=0.5 and x=0.7). Inthe basal plane of the square pyramid are 4 oxygens and

one more at the apex while the oxygen vacancies are between the square pyramid layers (see

figure 2.2)
\'7 <.>i<.7 ° Co
\1 P d P \‘ o
AN b\
e WA I @ b
L Y [0 O-vacancy
Ol | O | O
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| //. - A

NU 1 &1
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Figure 2.2  Hypothesized structure for La;.xSrkCoOs(x=0.5 and x=0.7) [10]
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In addition, Bouwmeester and Burggraf determined that the charge compensation during
oxygen permeation occurs either by an increase of the transition metal ion valence at the B

site or by the formation of ionized oxygen vacancies [10].
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A-site  deficient LageSro4CopoFegsOss based oxides of compositions Lage-
szo_4COo_2Feo,303.5, Lao_esI’0,4-ZC00_2Feo_803.5 and (Lao_ssro_4)1.zC00_2Feo_803-5 (0 <z 02)
showed that the charge compensation mechanism in these A- site deficient perovskite is due

to the formation of oxygen vacancies rather than the oxidation B**~B™ (figure 2.3) [15].
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Figure 2.3 Structure of LagSro4Coo2Fe0803.5 (LSCF6428) [15, 16]

The LSCF6428 perovskite system exhibits the following characteristics: (1) high oxygen
and electronic conductivity, (2) high temperature stability, (3) low thermal expansion
coefficient at operating temperatures, and (4) high point defect (oxygen vacancy) in the
structure, which improves its catalytic properties. These advantages of this material make it
attractive for oxygen separation membranes and for methane conversion reactors [15].

According to the above mentioned literature, it can be concluded that
LapsSro.4Coo2Feps0s.5 is an excellent material and a good candidate for membrane technology
because of its high ionic and electronic conductivity and therefore a high oxygen flux.
Indeed, the breakthrough of the organic polymer membranes in treatment of refinery gas
streams and natural gas treatment became possible through the availability of hollow fibre

membranes [16], and thereby increasing the feed flow rate and reducing the membrane
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thickness, or by depositing a catalyst that would improve their electronic and ionic
conductivity properties [17]. Furthermore, the perovskite hollow fibre membrane combines
both the feed of molecular oxygen with permeated oxygen from air in a single unit and
thereby simplifying the process of oxygen enrichment and potentially decreasing operational
and capital costs [8, 18]. In addition, in high-temperature processes the perovskite

membranes may be more stable than the organic polymeric membranes.
2.2.  Notation for point defects.
The defect chemical reactions under consideration here have been described by Kroger and

Vink notation [19].

Table 2.1 Kroger-Vink notation for point defects in crystals. Divalent ions are chosen as
example with MX as a compound formula withM** , X? as cation and anion,
respectively.

Symbol Type of Defect
v Metal ion vacancy: vacant metal site with effective charge -2 (with respect to
M the ideal lattice)
V.o X ion vacancy: vacant X site with effective charge +2 (with respect to the
X ideal lattice)
M X
M y ' Metal, respectively, X ion on their normal lattice position (neutral)
Xy
L’ L* dopant ion on metal site with effective charge -1 (with respect to the ideal
M lattice)
N N ** dopant ion on metal site with effective charge +1 (with respect to the
M ideal lattice)
e’ (Quasi)-free electron in conduction band
h® (Quasi)-free electron hole in valence band
M. Interstitial metal ion metal with effective charge +2 (with respect to the ideal
i lattice)
X i" Interstitial X ion with effective charge -2 (with respect to the ideal lattice)
M’ Monovalent metal ion on M * -position ( localised electron, only possible if
M the metal M has multiple valencies)
M Trivalent metal ion on M? -position ( localised electron hole, only possible
M

if the metal M has multiple valencies)
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2.3.  Principle of the operation of the oxygen permeation through MIEC perovskite

membrane.

Oxygen permeation through MIEC perovskite membrane is a complex process that involves a
series of steps. These are schematically shown in figure 2.4. The oxygen permeation through
a membrane is driven by the oxygen partial pressure difference across it and this process has

different steps, which are described below.

Py, > Py
supply Air pc')2 o permeate
.VO..
/ . PC:Z . .
O,-depleted air St O,-enriched air

1 2 3 4 5

Membrane

Figure 2.4  Diagram of oxygen permeation process through the MIEC perovskite
membranes [10]

(1) Initially, mass transfer of gaseous oxygen from the gas stream to the membrane surface
(high pressure side). The oxygen is adsorbed on the membrane surface of the high

oxygen pressure side [20].

(2) Reaction between the molecular oxygen O, and oxygen vacancies VS at the
membrane surface high-pressure side PC’,Z. The adsorbed oxygen is dissociated into

oxygen ions O* and electron hole h*. Different oxygen species are produced upon the

reduction of molecular oxygen [20- 23].

0,(9)«—0,(ads)«50; + h* 50, + h* 20"« 520, +h* (2.2)
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©)

(4)

()

The oxygen species diffuse from the side of high pressure to the side of low pressure of
membranes through the combination of mobile oxygen vacancies and electronic defects
(holes) while simultaneously electrons are transported in the opposite direction to

maintain electrical neutrality [20-30].
1 o0 2— .
EOZ +V5 e 07 +2h (2.3)

Reaction between the lattice and electron hole at the membrane surface (low-pressure

side PC;'Z . Therefore, on the permeate side, molecular oxygen is formed at the membrane

surface [20, 23].
2— . 1 oo
0" +2h* » EOZ +V; (2.4)

Finally, the mass transfer of oxygen from the membrane surface to the gas stream (low

pressure side (PZ) [20, 21, 30, 31].

The main advantage of MIEC perovskite membranes is that they are 100% selectively

permeable to oxygen at high temperature [10].

In general the oxygen permeation rate through MIEC membranes is controlled either by bulk

diffusion or the transport of electronic charge carriers through the membrane or by

surface reactions or surface oxygen exchange.

Each case is illustrated in figure 2.5.
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N\ _ P,

1
(O +2h°L>§o2 +V3

Figure 2.5  Process that controls oxygen permeation through the MIEC perovskite
membranes [10].

2.4.  Wagner equation

The Wagner equation is the form used for mathematical treatment of the oxygen flux across
an ion conducting membrane. It assumes that the oxygen permeation is controlled by bulk
diffusion or the transport of electronic charge carriers through the membrane.

The oxygen is selectively transported through the membrane in the form of oxygen ions,
driven by an oxygen partial pressure gradient across it (see figure 2.5). The flux of oxygen
ions is charge compensated by a simultaneous flux of electrons or electron holes [10].

The interaction between the gaseous oxygen with the lattice oxygen is given in egn. (2.5)

using the Kréger-Vink notation [19].

%OZ +VS +2e' & OF (2.5)

It is implicitly assumed that the oxygen vacancies are fully ionized. The interaction between

electron and electron holes can be expressed by

nil < e +h° (2.6)
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Considering that eqns (2.5) and (2.6) are in equilibrium, the chemical potential of the

different species can be represented by the following relations

%Vﬂoz + Vi, +2Vp, =0 2.7)
Vu +Vu . =0 (2.8)

Where, p, denotes the chemical potential of the charge carrierk .

The permeation of oxygen ions is charge compensated by a flux of electrons in the reverse
direction and only ionized oxygen can move across them. When an oxygen vacancy moves
to the site occupied by an oxygen ion, the oxygen ion is relocated to the site released by the
oxygen vacancy. The transport of charged defects at steady state under an electrochemical

potential gradient is described by the Nernst-Planck equation, (2.9)

O
J, :_zﬁﬁvﬂk (2.9)

Where, o, is the conductivity of the charge carriersk, z, is charge number, F is the
Faraday constant and V7, is the gradient of electrochemical potential of the charge carrier kK
. The gradient of electrochemical potential can be expressed as function of the gradient in
chemical potential Vg, andV ¢, which is a gradient in electrical potential for each individual
charge carrier k

Vn, =Vu +7,FV¢ (2.10)

At steady state, no charge accumulation occurs and the fluxes of ionic and electronic defects

can be expressed by the charge balance, as is expressed in egn. (2.11).

23 +3,. =1, (2.11)
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Where J ..is the flux of oxygen vacancies is, J,. is the flux of electron holes and J.

corresponds to the flux of free electrons.

Combining eqn. (2.7) with egn. (2.11) and taking into account eqn. (2.12),

Jo, =23, (2.12)

where, J, denotes the flux of oxygen and J,. the flux of oxygen vacancies. One can obtain

the flux of oxygen through the membrane represented by eqgn. (2.13).

1 [ (O‘e.+0',:)JV5. ]V,u
0,

J

0 T T 472 (O'e. +0';)+ o, (213)

Where, o, denotes partial conductivity of electrons, ¢}, partial conductivity of electron holes

and o,.. partial conductivity of oxygen vacancies. Considering that electronic conductivity

is o, =0, +0}, and ionic conductivity is o, =0 The oxygen flux J, through the

ion

membrane can also be given by eqgn. (2.14)

1l o,0
Jo, =~ 4=y 2.14
0, 422 e Ho, ( )

ion

Integrating egn. (2.14) with respect to the membrane thickness L can be done using the

oRTINP,

following relationV =Tz, where X is distance coordinate, Ris the gas

constant, T is the temperature and P, is the oxygen partial pressure.

The final equation (2.15) is the Wagner equation, which has validity for mixed conductors

[10].
RT Infos o,0
= ) L -9In P, (2.15)
|m:>('J2 el ion
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Kim et al. [32, 33] developed a surface exchange flux model in order to understand the role
of the surface exchange and bulk diffusion during the oxygen transport through the MIEC

membrane.

The exchange fluxes i, at the perovskite membrane — gas interfaces at the inlet and outlet

side of the membrane are given by eqn. (2.16)
ii — Ci .kio (enﬂg/RT _ eZny/RT) (216)

Where K, is the surface exchange coefficient, C; is the density of oxygen ions, n is the
reaction order at the interfaces, g is the chemical potentials of the oxygen ions at the two

interfaces and 4, is the chemical potential of the gas.

p,=RTIn(p/ p,) (217)

Where p is the gas pressure and P, indicates the standard pressure at 1 atm.

At the interfaces, the following reaction occurs, see figure 2.6:

1 . _ . 1 "
Eoz(Poz)_> 0+ 2h _>EOZ(POZ)

Figure 2.6  Schematic representation of the chemical potential g distribution and oxygen
fluxes 1in MIEC membrane [33].
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According to surface reaction, see figure 2.6, the reaction order at the interfaces is n=1;.
The exchange oxygen fluxes i, and i, at the membrane-gas interfaces at the inlet and outlet

sides are given by

i, = C, .k, (1 °/?F" — e#:/RT) (2.18)

i, = C, .k, (e#? 'RT — g#»/?"T) (2.19)
The radial oxygen ion diffusion flux joz in the tube is given by eqn. (2.20)

. C,D,du
Jo. =="pT ur (2.20)

Where, r is the radial coordinate of the tube and D, is the ambipolar oxygen ion-electron

hole diffusion coefficient:

: (2.21)

D, is the ionic diffusion coefficient, o, and o; are the electronic and ionic conductivities,

respectively.

The normalized oxygen permeation flux jOZ can be expressed as:

i = 2.22
Jo, = arl (2.22)

The length of the tube is given by | . Combining the egns. (2.20) and (2.22) the eqn. (2.23) is

obtained
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G D du__ F 2.23
RT dr  zrl (2.23)

Continuity of ion flux requires that the surface exchange fluxes and oxygen permeation flux

Jo, at two interfaces match:

F /2RT
=C, ki, le” '™ —e#/RT 2.24
7r|’0| i |0( ) ( )
F M, | RT H g2 /2RT
—=C, ke —-e (2.25)
zrl

Where I, and I;, are the outer and inner tube diameters.

Integrating the eqgn. (2.23) can be obtained (2.26). The eqgn. (2.27) is obtained after evaluating

the integration limits:

“ RTF Bdr
dy = - 2.26
-[ H zC,D,Ldr (2.26)
H2 fin
RTF I
-y, =————In| % 2.27
e A [rinj (@.27)
Finding g, and g, fromeqns. (2.24) and (2.25), respectively, it can be obtained:
F
= RTIn[e#%/*fT - 2.28
= [ C. k, |] (2.28)
F
= RT In| e#%/?RT _ 2.29
#e [ Ci kio 7 1, IJ ( :

Eliminating g, and g, in eqns. (2.24)-(2.27), the relation below can be obtained
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(2.30)

o' F
Po Cikipzrl F [I’O)
IIn

N % B 7 Ci Da Fin
p02 +L
L\ Po Ci kip 7 1y |

When the oxygen transport is limited by surface exchange, the oxygen chemical potential

gradient drop across the thickness of the membrane because p, became close tou,
(1, = u,) . Therefore, the oxygen permeation rate is controlled by the oxygen exchange

reaction of the gas-MIEC interface. Under this condition the egn. (2.30) is reduced to egn.

(2.31).

Fzrin r, Ci Kip 7 (poz] _[poz] (2.31)

Iy + i Po Po

On the other hand, if the oxygen transport is limited by the bulk diffusion (i.e.

M —> 12 and g, > pg,12), the oxygen exchange flux from the gas to solid i;,, and

from solid to the gas, 1,,, are equal to the thermal equilibrium exchange flux I,
¢ = lex (2.32)

Furthermore, the chemical potential of the oxygen ion-electron pairs at the two interfaces

(4, and u,) are equal to the chemical potentials of the oxygen gas at the inlet (g, ,/2) and

outlet (, , /2) of the membrane (egn. 2.33)

pyl2=p (2.33)

So the eqgn. (2.30) is changed to
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FoZC Dl Po, (2.34)
2 In(ro/rin) po2

The total oxygen flux can be expressed by the egn. (2.35).

F=Jo,*Sa (2.35)
Where, o, is the oxygen permeation flux and S, is the effective area of the membrane
tube.

Substituting the egn. (2.31) into eqgn. (2.35) it can be obtained the eqgn. (2.36) for the oxygen

permeation when the surface exchange is the limiting step of the oxygen transport.

\ 1 . 1
i = m To C; Kig @ 1| | Po, % | Po, " (2.36)
S+ P, o |

Note that the eqgn. (2.36) predicts that the oxygen permeation through the membrane is

proportional to the pressure term {[pOJ _ (pOJ ] since the oxygen transport rate is
Po Po

controlled by the surface exchange reaction.

On the other hand, substituting the egn. (2.34) into eqn. (2.35) one can obtain the oxygen

permeation limited by the bulk diffusion through the membrane, eqgn. (2.37).

. #C, D, | Po
jo = e 11 [ (2.37)
% 2S,1In(r,/r,) [ pozj
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In this case the oxygen permeation is proportional to In[&] when the limiting step is the
Po,

bulk diffusion.

2.5. The oxygen permeation through Lag¢Sro4C0o2Fe O35 hollow fibre membrane
Case 1: When oxygen permeation is controlled by bulk diffusion

Tan and Li researched the oxygen flux for a mixed conducting membrane at steady state

under the electrochemical potential gradient, when it is controlled by bulk diffusion [34].

The Nernst —Plank equation, gives a general expression for the flux of charged species.

i
‘]i :—Ziz?v‘ui +CiU (238)

Where, v and g, are the local velocity of the inert marker and electrochemical potential of

charged species, respectively.

The electrochemical potential for each charged species is given by eqgn. (2.39)

u=u +RTIna +2,F¢ (2.39)

Where ,ui0 , @; and ¢ are the standard chemical potential, activity and the galvanic internal

potential.

The conductivity of charge species o; can be correlated to the concentration and diffusivity

of charged species i through the Nernst-Einstein equation:

2 2
o, = Lk C,D,
RT

(2.40)

Assuming the following conditions:
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(@) The local velocity of the inert market is negligible; (b) the ideal state is applied
(activity coefficient is unit); (c) no external current is imposed and (d) one dimensional model
is applied [34]. Substituting the egns. (2.40) and (2.39) into egn. (2.38) can be obtained the

transport flux of charged defects at steady state, eqn. (2.41).

. 241
C, dx 47z C; dx (241)

—t. : -t dC.
Ji(x)z_DiCi{l_t' qac, _ i._J._J}

Where J,(X) is the flux of species i at distance X from the surface, D; is the diffusion
coefficient (cm%s), dC;(X)/dx is the concentration gradient of speciesi at distance x,
dC;(x)/dx is the concentration gradient of species j at distance X, z and tare the charge
number and transport number of species i1 and j , respectively. C Is the concentration of
species 1 and j, respectively.

According the step (3) in figure 2.4 the oxygen vacancy V,°* and electron holeh, are the only

mobile charge carriers in the mixed conducting membrane [31], therefore egn. (2.41) can be

reduced to eqn. (2.42).

__(C,+4Cy)D, D, dc,
Y~ C,D,+4C, D, dx

(2.42)

When the ionic transference number closes to zero in the perovskite ceramic membrane [35,

36], then C, D, >>C,, D, and C, >>C, , therefore eqn. (2.42) is simplified to

dc,

JV =_DV d_X

(2.43)

The oxygen permeation can be written based on the stoichiometric relations of oxygen and

the oxygen vacancy as eqgn. (2.12) or
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dcC,
dx

D
J. ==V,
% 2

2

(2.44)

The diffusion coefficient of oxygen vacancies D, depends on the temperature and the
oxygen defect lattice structure [37]. Once the steady-state under the electrochemical
potential gradient is established at certain temperature, D,, can then be considered a constant

[31, 34].

E
D, = D{ exp (— R—_T_) (2.45)

The oxygen flux or molar flow rate for a hollow fibre membrane can be expressed as

1 dn,, D, dC,

3, = 2462
“ 2zr dl 2 dr (2.462)
Or
[ac -
. ' \% —
dn, =7.D, ' dl = z.D, v g (2.46b)
2 [ dr InLO
‘[T rin

fi

Where, r denote radius variable of the hollow fibre, | is a length of the hollow fibre
membrane and I, and I; are the outer and inner radius of the hollow fibre, respectively. The

prime and double prime represent the high and low oxygen pressure sides of the membrane

[34].

Case 2: When oxygen permeation is controlled by surface reaction

When the oxygen permeation flux is determined by surface reaction, the following reversible

reactions take place at the high and low pressure sides [34].
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%oz +VS S 508+ 2h° (2.47a)

O +2h° &)102 +VS (2.47b)
2

It may involve step 2 in figure 2.4, when oxygen adsorption occurs, dissociation,
recombination and charge transfer [38]. It should be noticed that because of the high

electronic conductivity, the electron holes are essentially constant at both surfaces of the

membrane, and thus the forward Kk, (2.47a) and reverse k, (2.47b) reaction rates of the

surface reactions are pseudo zero-order at steady state under isothermal conditions [31].
Therefore, the local rate of oxygen consumed (step 2) or formed (step 4) in the hollow fibre

can be, respectively, writing the following equations [34]

dn,, =27 1,|K  (p,,)°°Cy — K, Jdl (2.48)
dn, =271, |k, =k, (p5,)°°Cy |di (2.48b)

Substituting eqn. (2.46) in eqn. (2.44) the local oxygen permeation rate in a hollow fibre can

be correlated to the partial oxygen pressure

| (po, )" - (r5,)” ]

dn, =
no2 kf In(ro/rin )(péz )o.s(p.c.)2 )0_5 . (p.o2 )0.5 . (p;2 )0.5
z D, 2wy, 2mr,

dl (2.49)

Correlation between the Chemical diffusion coefficient (5) and the diffusion coefficient

of oxygen vacancies ( D,, )

Equation (2.7) can be written as a function of neutral oxygen atoms flux

1 .
0,0 Vﬂoz +ZOZFV¢ (250)

T 22
A°F° o, +0,

Jo =
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Assuming that the fast movement of electron- holes inside the membrane do not reach a

steady state electric field gradient, hence
V=0 (2.51)
Then, the neutral oxygen flux through the membrane is

1 o,0;
— [ 10N V 2.52
o= G, +0. Ho, ( )

on

o=

Where the chemical potential gradient Vu, can also be expressed in terms of a chemical

potential driving force du,, /dXx

Aty
Vu, =— 2.53
Mo, =1 (2.53)
Remember that the chemical potential is also given by
u=u +RTIna (2.54)
The neutral oxygen flux can be rewritten as
1 0,0, RTdIna 1 o,0, dlna oC
J. =— el™ ion - _ el™ion RT (0] 255
° #F’c,+0, WX #F’ o, +0,, dInC, ox (2:59)
Therefore,
1 o,0,. Uy, dC
J. =— el ion 2 (] 256
© #F* o, +0,, dC, dx (2.56)
The chemical diffusion coefficient D is given by
6 - 1 O-E|O-i0r'l aﬂOZ (257)

16F° o, +0,, OC,

on
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Then, the effective transport of neutral oxygen atoms can be expressed in terms of a chemical

diffusion process, considering Fick’s first law [10].

~ dC,

Jo=-D 2.58
0 ™ (2.58)

Where the driving force for diffusion is the gradient in neutral oxygen dC,/dx and the

diffusion is dominated by neutral vacancies.

Therefore
3, =13, (2.59)
2 2
Because dCo _ _dC, (2.60)
dx dx

Substituting egn. (2.58) into (2.59) and considering egn. (2.60), it can be obtained that

dc,

1~
J, ==D 2.61
%27 dx (2.61)
Equalizing eqgn. (2.58) and (2.61), it can be found that
D=D, (2.62)

Note that the chemical diffusion is equal to the vacancy diffusion coefficient.

2.6. Partial oxidation of methane to syngas through MIEC membrane.

The MIEC perovskite membrane reactor has received increasing attention because this
improves the performance of methane conversion processes due to simultaneous production
of pure oxygen and syngas by combining oxygen separation and high temperature catalytic
partial oxidation into a single unit, simplifying the process and reducing the capital costs [1,

15, 20, 39 - 43]. Figure 2.7 presents the simultaneous production of pure oxygen and syngas
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in MIEC membrane.

Catalyst
Air or oxidant side P, > Methane or fuel side
02 + N 5 P(;Z /_ CH
_ ) O CH, CO+2H,
O,+4e” > Zi)/ \—’ + — +
N 1 P, CO + H, (Syngas)
2 Membrane

Figure 2.7 Reaction mechanisms for partial oxidation of methane through MIEC
membrane [42-44].

At high temperature (800 to 1000) °C, in air or oxidant side, gaseous oxygen is adsorbed,
dissociated and reduced to lattice oxygen (O~?)on the membrane surface and diffuse through
the combination of mobile oxygen vacancies and electronic defects (holes) since the oxygen
partial pressure on the air side is lower than that on the methane side. The driving for is the
oxygen partial pressure difference across the membrane. On the fuel or methane side, the

permeated oxygen is consumed by methane (CH,) for their partial oxidation to syngas (CO
and H,)or complete oxidation to carbon dioxide and water. The MIEC membrane allow

separation of oxygen from air supply at elevated temperature (>700 °C). By combining air
separation and catalytic partial oxidation of methane to syngas into membrane reactor, it is
expected that this technology reduces the capital costs of natural gas to liquid (GTL) [43] and

improves selectivity and yields of the products [45].
2.7. Mechanism for partial oxidation of methane to syngas through MIEC
membrane.

Sierra et al. [46] proposed a mechanism for the partial oxidation of methane over LaNiOg3_s
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perovskite through pulse studies. They concluded that the product distribution of the POM
reaction is dependent upon the concentration of surface oxygen species. Initially, the O; is
incorporated into the lattice through different intermediate oxygen species, which are

represented in eqns (2.63) [20-23].

0,(9)«—0,(ads)«*50; + h* X507 + h* «—20" 5207 . +h° (2.63)

They did not distinguish the different surface oxygen species and used the Kroger-Vink

notation O* to represent the oxygen species, O/ a regular lattice oxygen ion, e’is an electron
and V3 denotes an oxygen vacancy.

At high concentration of reactive lattice oxygen, CH, is completely oxidized to form CO,

andH,0.

CH,+ 40, >C0O,+2H,0+4V;" (2.64)
Or

CH, +40* -» CO, +2H,0 (2.65)

At low concentration of lattice oxygen, on the other hand, it is favoured the partial oxidation

of methane as can be observed in the below reaction mechanism. Note that the subscripts S

and b refer to surface and bulk, respectively.

CH,>CH,, +xH, (2.66)
CH, , > Ci+(4-x)Hq (2.67)
Hg+Hs > H, > H,, (2.68)
C, +0" - CO, (2.69)
CO, - CO, (2.70)
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CO+0* - CO, , (2.71)

€O, - CO, 2.72)
2H, +0" - H,0, (2.73)
H,0; - H,0, (2.74)

The CH, can be also be dissociated by the O* according to the following equation [46]:
CH,s+0" > CH,; +0H, (2.75)
CH, +30" - C4 +30H, (2.76)

In this step, the absorbed H atom may combine to form hydrogen which easily desorbs. The
chemisorbed carbon species are either oxidized to CO or CO, by lattice oxygen.

Finally, the re-oxidation process can be written as function of an incorporation and migration

process:
O +Vgs+e <05, (Incorporation) (2.77)
Ogs +Vop € O, +Vos  (Migration) (2.78)

Wang et al. [47] proposed a mechanism for oxidative coupling of methane to C,

hydrocarbons (ethylene and ethane) using different catalysts on MIEC perovskite membrane
at 700-900°C (Figure 2.8).

First the reaction of methane with the lattice oxygen and electron holes produces ¢CH,
radical, water and an oxygen vacancy:

CH,+0OJ +2h* <> 2(eCH,) .+ H,0+V;"® (2.79)

ads
Two e CH, radicals form ethane which can react again with lattice oxygen and electron holes
giving, ethylene, water and oxygen vacancy.

2(¢ CH,) .~ C,H, (2.80)
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C,Hs+05+2h* 5> C,H, +H,0+V;"* (2.81)

Lumen side

Shell side

Figure 2.8 Scheme of surface mechanism for methane conversion through MIEC
membrane [47, 49].

Deeper oxidation of C, and C,to CO, can be achieved when the lattice oxygen is not
completely consumed:

205 +4h* > O, , +2V5* (2.82)

Therefore the methane conversion is increased but the C, selectivity decreases when the

oxygen transported across the membrane is too high.
2.8. A brief overview of the geometry of the LageSro4C0o2Fep 5035 based membrane.

Below, is given literature relevant to the oxygen permeation studies and the methane
oxidation reaction using both unmodified and modified LaggSro.4C0o2Feo 5035 hollow fibre

membranes.

Tan et al. [20] reported the preparation of mixed conducting Lag-¢Sro.4C0o2Feos03-5 by phase-

inversion spinning. The performances of the modules for air separation under various
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operating modes, different temperatures and feed flow rates were studied both experimentally
and theoretically. The results revealed that the surface exchange reaction at the lumen side is
much more important than that at the shell side, especially for lower operating temperatures.
The porous inner surface of membrane favours the oxygen permeation when air is fed in the
shell side of the membrane module. At high operating temperature, oxygen permeation can

be enhanced by counter current flow operation.

The performance of perovskite (LSFC) hollow fibre membrane reactor (HFMR) in the
oxidative coupling of methane was also studied by Tan et al. [3]. The experimental results
indicated that LSFC hollow fibre membranes exhibit good oxygen permeation rate, methane
conversion and C, yield compared to conventional disk-shaped membrane. The C; yield of
15.3 % with a corresponding selectivity of 43.8% were achieved in the HFMR at 950 °C with
feed flow rates of CH4-Ar mixture and air of 17.2 and 32.9 ml (STP)/min, respectively.
Higher temperature favoured the formation of ethylene. After 4 week of OCM operation
time, the LSCF membrane remained intact in its perovskite structure, mechanical and OCM

performances.

Thursfield and Metcalfe [50] applied the oxygen-ion conducting MIEC for the production of
chemicals. They found out that this membrane promises advantages for oxidation processes
when air is used as an oxidant. In additional study, these authors [44] evaluated the stability
and oxygen permeation of MIEC perovskite Lag.Sro4Coo2Feos0s.s hollow fibre membrane
reactor during the methane oxidation at different temperatures (540-960 ‘C). It was found
that the mass transfer limited the oxygen flux at high temperatures. On the other hand, the
selectivity to CO and H, was favoured at low fluxes, whereas the selectivity to CO, and H,O
were favoured at high oxygen permeation.

Metcalfe et al. [39] compared the Pt-modified and unmodified hollow fibre membrane of

LSCF6428 for air separation process. They obtained an oxygen permeation of 0.56 umol.cm’
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25 limited by mass transfer at 1000°C whilst at 800 °C a non-mass transfer limited oxygen
permeation of 0.14 pmol.cm™®s™ was reported. The platinum deposited on the membrane
shell side improved the oxygen permeation rate compared with the unmodified membrane as

the oxygen reduction on the shell side was the rate determining step.

Balachandran et al. [25, 26] investigated partial oxidation of methane to syngas in
SrFep2C00803-5 (SCF-1) and Lag2SrosFepsC00.403-5 (SCF-2) tubular membranes at 850 °C.
They reported that the system La-Sr-Fe-Co-O permeated larger amounts of oxygen, which
was reflected on higher methane conversion (99 %) and CO selectivity (90 %). They also
observed the membrane failure after a few minutes of operation as a consequence of oxygen
gradients produced after the methane was introduced to the core side of the membrane at 850
°C. A subsequent study of methane oxidation in SrFey2Co00sOx membrane showed high
oxygen flux under air/He gradient. Two types of structural failure were also observed when
membranes reactors were used in syngas production [51]. The first type of failure occurred
after a short time of operation by the lattice expansion mismatch of opposite sides of the
membrane. The second type of fracture occurred after several days of operation and was a
consequence of chemical decomposition of the membrane to produce SrCO;3; and elemental

Co and Fe.

Ten Elshof et al. [52, 4] reported that disk-shaped LaggSro4CoogFeo203 for oxidative
coupling of methane (OCM) to ethane and ethylene at 800-900 °C shows C selectivity up to
70% at a very low methane conversion (1 - 3%). Xu and Thomson [52] also reported the
OCM reaction on several perovskite-type structures, including LaggSro4CoogFeo 203 disk

membrane. It obtained a C, selectivity around 10-50% and methane conversion close to 3%.

Lane et al. [54] reported oxygen permeation and oxygen surface reaction measurements in
LSCF 6428 using disc membranes of 25 mm diameter and 0.96-mm thickness under
conductivity relaxation technique. An oxygen flux of 0.13 umol cm™ s™ was obtained under
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helium and air at either side of the membrane at 800 °C. They also demonstrated that oxygen
stoichiometry of LSCF6428 perovskite changed with temperature and oxygen partial

pressure.

Zeng et al. [55] reported that the oxygen permeation flux for Lag gSro2C0gsF€0.403.5 increases
at around 825°C due to an order-disorder transition of the oxygen vacancies in the membrane.
Also, the reaction of oxidative coupling of methane (OCM) was performed in LSCF
membrane reactor under Air/CH,4 gradient. They obtained high C, selectivity (70-90%) and
yield (10-18%) at temperature above 850°C when He/CH, feed ratio was between 40 and 90.
When the He/CH, ratio decreased to 20, the C, selectivity dropped to less than 40%. The
surface catalytic properties for OCM of LSCF membrane was strongly dependent on the

oxygen activity of the membrane surface exposed to the methane stream.

Jin et al. [1] studied the partial oxidation of methane to syngas on LaggSro4C0o2F€0s03-5
tubular membrane reactor packed with NiO/Al,O3 catalyst. They found that the conversion
of methane was nearly 100% and the CO selectivity was below 70%, owing to the partially
oxidized state of the catalyst. Under a reducing atmosphere of CO and H,, the CO selectivity

increased up to 100 %, whereas the methane conversion decreased to 84 %.

2.9. Investigation of other perovskite and non-perovskite membranes for either oxygen

permeation or methane oxidation

Caro et al. [40, 15] studied the perovskite materials BaCoyFeyZr1.4,O3.5 as hollow fibres for
the production of oxygen-enriched air and partial oxidation of methane. They found that the
oxygen permeation at high temperature favours O, enrichment, reaching an oxygen
concentration close to 35 vol. % with a production rate of 7.33 pmol cm s™ of Ox-enriched

air at 875 °C under a pressure difference of 1.5 bars. The concentration and the rate of
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production can be controlled by the temperature, air pressure and gas flow rates. The partial
oxidation of methane was also studied at different air flow rates and different methane flows.
The CH, conversion was 82% and CO-selectivity was 83% whereas the oxygen permeation
flux was (4.88-6.88) umol cm? s at 865 °C. The BCFZ hollow fibres showed a good

chemical stability under POM and a lower stability under POM plus steam conditions.

A number of groups have investigated other perovskite and non-perovskite membranes for

either oxygen permeation or methane oxidation, see table 2.2.

Table 2.2 Research based on perovskite and non-perovskite membranes for either oxygen
permeation or methane oxidation.

Membrane material Membrane form Thickness (mm) Reference
Lag.eSro.aFe09Gag 1035 Disc 1 [56]
Sro.77F€0.54Al0 4602 54-5 Disc 0.6 [57]

Bag 5Sro5C00.8F€0.203-5 Disc 1.5 [21, 24].

SrCop sFeOx Tubular 0.25-1.20 [25]
SrFe2C00803-5 Tubular 0.25-1.20 [26]

BaZryCoFe,03.5 Tubular 0.18 [40, 15, 58]
(Lap-6Sro.4)0.00Fe03.5 Disc 1.34 [27].

2.10. Stability of mixed ionic electronic conductor membranes

Below, is reviewed the literature related to the stability of the LageSre4Coo2FepsOs-s

membrane and other perovskite membranes.

Lee et al. [59] studied the mechanical properties and structural stability of mixed ionic
electronic conductor membrane. They considered the mechanical properties as relevant
factors for applications of ion conducting oxides since stresses chemically induced can

produce component degradation. The reduction of the membrane thickness can also improve
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the oxygen permeation performance. The mechanical properties such as fracture strength and
toughness of the membrane could be explained with micro structural features and relative
density. The membrane failures during the permeation experiment were attributed to stresses
induced by reactor configuration and phase separation due to the instability of the perovskite
structure in a severe reducing environment for long operation time.

Doorn et al. [60] studied the stability of oxygen permeable disc membranes of perovskite
Lag3Sro7Co0s-s under oxygen pressure gradient at 900°C for 120 hours. They observed
phase separation into strontium oxide (SrO) in the oxygen lean side. When the disc
membrane was evaluated over more than 500 h at temperature between 900 and 1100°C, the
oxygen lean side was severely degraded. The phase separation was attributed to the kinetic
decomposition of the membrane material as a consequence of the cation mobility at the

operation temperature.

Xu and Thomson [61] investigated the chemical stability of the LSCF6428 membrane in
connection with its potential use as a catalytic membrane for the oxidative coupling of
methane (OCM). They reported that the module reached steady state oxygen-defect gradient
in (15-20 hours) and high stability under air/nitrogen gradients at temperatures up to 960 °C.
Also, they found that the apparent activation energy for oxygen permeation determined
between 701°C and 963°C was 159 kJ mol™. However, they observed that severe near-
surface etching occurs when one side of the membrane is exposed to 100% CH, at 850°C
under atmospheric pressure, which was reflected on an increase of 5 fold in oxygen flux and

OCM reaction rate, while the selectivity of C,. hydrocarbons was cut down from 40 to 10%.

Lein et al. [62] reported that oxygen permeation through LagsSrosFe;—xCox05-s (x= 0, 0.5 and
1) membranes under oxygen partial pressure gradients, temperature and time. They have
found that at low pO, gradients the flux were controlled by diffusion, while at larger pO,

gradients the flux was controlled by a surface exchange, while the activation energy for
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oxygen flux varied in the range 67-105 kJ mol™. The membranes after about 720 hours at

1150°C under O,/ N,gradient exhibited only the original perovskite phase on the reducing

side, while on the oxidizing side various secondary crystalline phases were observed
dependent on the composition at the Fe/Co-site and the (Sr + La)/(Fe + Co) ratio of the
materials. Moreover, kinetic demixing of the main perovskite phase was also observed,

particularly near the surfaces, due to the high temperature and long operation time.

Wang et al. [63] investigated the effects of kinetic demixing/decomposition and impurity
segregation on stabilities of the LSCF6428 hollow fibre membranes under oxygen separation
conditions. The membranes were operated under 0.21/0.008 oxygen partial pressure (bar)
difference at 950°C for 1128 hours. They found that cobalt oxide grains were separated on
the air side of the membrane surface after long-term operation, whilst Sr and Fe enriched the
surface layer of air side at 50 nm of depth. The oxygen permeation performance was stable
after operating 1128 h, indicating that the demixing/decomposition and impurity segregation

would not affect the LSCF6428 HF membranes at the operating conditions applied.

Markus et al. [64] reported a stable permeation flux of 0.02 umol cm “sec”' oxygen during
the long-term operation of a LagssSro4C0o2Fe0s03-s membrane at 800°C for nearly 3000
hours. They found degradation of the membrane surfaces due to kinetic demixing of mobile

cations and different oxide layers on the feed and the permeate sides of the membrane.

Wang et al. [65] studied oxygen-separation on three LSCF6428HFM modules under a
0.21/0.009bar oxygen partial pressure difference at 950°C for 1128, 3672 and 5512 hours,
respectively. They reported that the microstructure of the membranes exhibited kinetic
demixing and decomposition as was determined through different techniques of
characterization (i.e., Secondary lon Mass Spectrometry, SEM, EDXS and XRD). Also, they
found secondary crystalline phase grains on the air side surface of the membranes after the

long-term operation. In addition, they also observed that Co and Fe enrichment as well as La
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depletion on the surface and in the bulk at the air side. The order of cation diffusivities was
Co>Fe>Sr>La. Kinetic demixing and decomposition rates of the membranes at the air side
were self-accelerating with time, which was attributed to the A-site (i.e., La and Sr) deficient
in the perovskite lattice since the B-site cations (i.e., Co and Fe) move faster than the A-site
cations, leading to A-site deficiency in the newly generated layers. The oxygen permeation
of the LSCF6428HFM modules was not affected by the kinetic demixing and decomposition
during long-term operation (up to 5512 hours). However, they supposed that permeability of
oxygen may to be affected by secondary phase formation on the air-side surface at even
longer operation times.

2.11. Sulphur contamination of mixed ionic electronic conductor membrane

Below is reviewed the literature of the sulphur contamination on perovskite membranes.

Li et al. [66] measured the oxygen permeation through tubular LageSre4Coo2Fe0sOs-s
membranes which were prepared by isostatic pressing. The oxygen permeation fluxes were
studies at various downstream oxygen partial pressures and temperatures. The oxygen
permeation obtained was about 0.07 pmol cm™ sec’(STP) at 900°C, when the oxygen partial
pressure on the feed and permeate sides are 0.21 and 0.001 atm, respectively. New
crystalline phases such as SrSO4, CoSQ4, SrO, Co,03, and La,O3 were identified by XRD
and EDXS. The formation of sulphur-containing phases was attributed to the interaction of
the SO, trace presence in the air and helium flows with cations segregated at the membrane
surface.

Xu et al. [67] prepared tubular LSCF6428 membranes and developed a mathematical model
for simulating the oxygen permeation performance. They reported that the experimental
oxygen permeation increased with decreasing downstream oxygen partial pressure and
increasing helium flow rate, which coincided with the results of the oxygen permeation

modelling study. Also, they have found that oxygen permeation slightly decreased after
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long-term operation (i.e., 110 hours). Furthermore, new crystalline phase such as SrSQy,
CoS0,, SrO, Co0,03, and La,O3 were observed on the surfaces of the tubular membrane,
sulphur phases are also associated with the interaction between SO, trace present in air and

helium.

Tan et al. [68] investigated the catalytic combustion of methane and the effects of operating
methane and air feed flow rates on the performance of the LSCF6428HFMR. Also, they
developed a mathematical model to predict the performance of the membrane reactor for
methane combustion, which combines the local oxygen permeation rate with approximate
catalytic reaction kinetics. They have reported that both the methane conversion and oxygen
permeation rate can be improved by coating platinum on the air side of the hollow fibre
membranes. Also, they found that the membranes change in the metal cation stoichiometry
and microstructure together with contamination with sulphur might have their origins in the
CH, gas supply and SO; in the atmosphere. According to the authors, the LSCF6428-catalyst
system developed a second phase in lumen side, which did not adversely affect the methane
combustion process and performance.

Subsequently, Thursfield and Metcalfe [39] studied the oxygen permeation through
unmodified LSCF6428 HFM and Pt-modified LSCF6428 HFM under air/helium gradient at
650-1000°C. They reported the absence of mass transfer limitations at lower temperatures
and also that the rate-determining step for oxygen permeation is significantly enhanced by
deposition of a porous platinum catalyst film onto the air-side of the membranes. It was also
found that oxygen permeation (i.e., 0.56 pmol cm™?s™) was limited by mass transfer at
1000°C whilst the non-mass transfer limited permeation at 800 °C was 0.14 pmol cm? s,
The module was operated during 500 hours before the onset of significant leakage. The
characterization of the post operation membranes by XRD, SEM and EDS revealed localised

changes in the stoichiometry of the membranes and the presence of sulphur in the form of
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sulphates of strontium, cobalt and calcium. Furthermore, changes of surface microstructure
for both shell side and lumen sides of the membrane surfaces were also observed. They
associated the sulphur contaminations to the glass-ceramic sealing material employed and

sulphur dioxide present in the helium sweep gas and atmosphere.

Franca et al. [69] studied the oxygen permeation and hydrogen production by steam methane
reforming at 900°C over LSCF6428 micro tubular membranes. The characterization of the
post operation membrane revealed the presence of a strontium enriched dense layer on the
water exposed membrane surface and crystallites enriched with cobalt and sulphur on the
methane feed side surface, implying that the performance of the membrane can be affected by

the degradation of the LSCF6428.

Yaremchenko et al. [70] carried out a comparative study of the oxygen transport mechanism
through sulphur-free and -containing BagsSro5C0p sFeo203-s (BSCF) membranes. They have
found that oxygen permeation rate decrease due to the partial blockage of the surface by
sulphate phase, whilst the bulk ambipolar conductivity remains essentially unchanged. Also,
they observed segregation of BaSO, at the grain boundaries by analysis of SEM/EDXS. The
negative impact of sulphur contamination on oxygen permeation was noticeable at
temperatures below 850°C. The authors demonstrated that a surface activation process can
increase the oxygen flux through sulphur-containing BSCF membranes to the level of that of

sulphur-free membranes.

Liu et al. [71] have found an important degradation mechanism of BSCF perovskite
membranes to the operation-induced surface segregation of trace impurities of sulphur that
cause a considerable impact on oxygen permeation at low-temperature. Also, they reported
an effective method that enables stabilization of the permeation flux at low-temperature in
BSCF perovskite membranes. Slater and co-workers found that the sulphate ions can emerge

into the lattice of perovskite oxides [72-73], and they occupy the B-site of the perovskite
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(ABO3). However, the detailed structure state of the sulphate ions in the perovskite lattice is
still unclear.

According to Liu et al. [71], for a mixed electronic—ionic conductor, the equilibrium of
interest is the following:

0.50, +2e~ < 0% (2.83)

In the mixed conducting materials, the possible species involved in the charge transfer are
electrons, anions and cations, consequently the current balance can be written as:

=0 (2.84)

1.+ 1 + 1

e anions cations

At low temperatures, the motion of metallic ions is very slow, and can be neglected;
moreover, there is no protons transport under the conditions for oxygen permeation. Eqgn.
(2.84) can be written as:

I

+1,,,,=0 (2.85)

e anions

Here, the anions are oxygen and sulphate, so eqgn. (2.85) is re-written as:

lo+1,. +1

_0 (2.86)

S0z~
When the membranes were treated in air or helium, there is no oxygen chemical potential
difference across the membranes, so the electronic current and ions current in the membrane
bulk is zero at a balance state, as shown in figure 2.9A.

However, on the membrane interface zone the reaction (2.83) still takes place. The thickness
of the interface zone varies with membranes and operation conditions [74]. Once the
sulphate anion transport from the interface zone to the outside surface, they react with barium
ions to produce BaSO,, in which sulphate anions have lower chemical potential than
occupying B-site of the perovskite. As a result, there is BaSO, grains found on the
membrane surfaces. Only the interface zones are involved in this process, so there are few
BaSO, grains formed. When the membranes were operated for oxygen permeation, there is
an oxygen chemical potential difference across the membranes, so the electronic current and
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ions current in the membrane bulk zone is not equal to zero at a steady state, as shown in
figure 2.9B. Under this condition, both interface zones and bulk zone of the membrane are
involved in the transport process. After a long time, the sulphate anions in the interface zone
of the permeation side and bulk zone transport to the outside surface and react with barium
ions to produce BaSO4; and the sulphate anions in the interface zone of the feed side partially
transport to the outside surface and react with barium ions to produce BaSO,.

Air or He Air or He

(A)

20,+2¢ = 0" 10,42 = 0"
2 - 2 -

[
Interface Interface
R Bulk zone ne Il

Air He

(B)

lO, +2e = 0" o = 10, +2e
2 = 2 F

Feed side Permeation side
Interface Interface
zone | Bulk zone ot i

Figure 2.9  Diagram of the transport of electrons and ions when the membrane are (A)
treated by air or helium, and (B) operated for oxygen separation [71].
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3. Experimental details

This chapter describes the fundamentals of the catalyst preparation methods, module
assembly, catalytic surface modification, catalytic reaction conditions and finally, the
instrumental and principal fundamental of various techniques used to determine the structure,

morphology and texture of the membrane.

3.1. Preparation of LSCF 6428 hollow fibre membranes

The preparation of LageSro4Cog2FegsOs.5 (LSCF6428) hollow fibre membranes is described
in appendix I; figure 1.1, according to the phase-inversion/sintering technique used by Prof.
K. Li, Imperial College [1-3]. Briefly, the LSCF6428 powder was added carefully to a
polymer solution and stirred for 48 hours. This mixture was degassed at room temperature
for 30 min and then transferred to a stainless steel reservoir to make the hollow fibre
precursors using a spinneret. The hollow fibre precursors were then immersed in a water bath
for improving the solidification process. Finally, they were thermally treated up to 1100-

1280 °C.

3.2. Description of typical oxygen permeation experiment.

Figure 3.1 is schematically represents the oxygen permeation experiments carried out in this

work using LSCF6428 hollow fibre membrane reactor.

The hollow fibre membrane reactors for oxygen permeation measurements were assembled
with four gas-tight LSCF hollow fibre membranes, further details can be seen in section 3.5.
The membrane reactor was placed inside a tubular furnace and the temperature at the centre
of the reactor was monitored. The chromatographs A and B were calibrated using Air and a
single gas standard mixture consisting of 2% oxygen and 2% nitrogen balance gas helium.

The air flow was connected into the shell side while the helium gas flow sweeps into the
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lumen side of the reactor. The gas flow rates were controlled using digitals flow meters. The

gas flow rates were independently monitored at the lumen and shell side outlets with a digital

flow meter at the GC gas sampling valve outlet.

Take four LSCF6428 hollow fibre membranes
(unmodified or modified)
see Fig. 3.4

Assemble the membrane reactor
asis shown in Fig. 3.6

Check gas leak in both sides
(i.e., lumen and shell) of the
membrane reactor.

Place the membrane reactor inside a
tubular furnace in the isotherm zone (i.e.,
heating length 5 cm).

»| Monitor the temperature at the
isotherm zone.

Heat up the membrane reactor at 850°C
under 5 ml min‘! of air and low heating
rate (i.e., 0.1 or 0.2°C min’!)

Calibrate GC-A and GC-B

Check that the membrane reactor
temperature (850 or 950 °C) does not vary
during the experiment

Connect the feed and sweep gas flow
to the membrane reactor and GC,
respectively, according to the
experiment operation mode

Wiait about 50 minutes for high
flows and between 60 and 120
min for low flows to reach a
steady outlet gas composition.

Start measuring the oxygen concentration

in both membrane sides simultaneously.
Repeat GC injections until obtaining
repeatability value

Calculate oxygen permeation, release and
uptake using eqns. 3.1; 3.2 and 3.3,
respectively.

Check frequently the outlet gas
flow rate in both side of

membrane reactor

Figure 3.1 Schematic representation of the steps carried out during the oxygen permeation
experiments
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The integrity of the module seals and membranes was continually monitored following the
nitrogen content in the product stream from the lumen outlet. The total GC analysis time was
5 minutes. The measurements of outlet gas compositions during oxygen permeation
experiments were made for period between 50 and 120 min, after so, a temperature change or
gas supply rate change was produced. At least six analyses were performed for each

experimental condition.
3.3. Catalyst preparation
3.3.1. Cobalt oxide catalyst

1 g of cobalt oxide 99.7% (Alfa Aesar) was mixed in 20 ml of 98% ethylene glycol. This
paste was maintained at 75°C and stirred continuously until homogeneous. The average
surface loading of the catalytically modified for hollow fibres was approximately 10 mg cm?,

see appendix I, section 1.4, and a layer thickness of 29 um + 2, (figure 3.2).

LSCF Co O -5 = section » 1000

Figure 3.2  SEM images of the thickness of cobalt oxide catalyst before reaction
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3.3.2. 5wt % Nickel nanopowder supported on LSCF6428

Nickel nanopowder of average particle size 90 nm (Sigma-Aldrich) was used. The
nanopowder was weighed out (0.05 g) and mixed with a 0.95 g of LSCF6428 powder to
obtain 5 wt% Ni dispersed on LSCF6428. The mixture was stirred in ethylene glycol for 24
hours to obtain an even paste, the liquid has evaporated and the resultant powder was ground.
The average surface loading of the catalytically modified hollow fibres was approximately 57

mg cm’?, see appendix I, section 1.4 and the layer thickness was 26 pum * 2, (figure 3.3).

L5CF B%Ni before » 2000 lines

Figure 3.3  SEM images of the thickness of 5 wt % Ni-LSCF6428 catalyst before reaction.

3.4. Catalytic modification of the membrane external surface

Four hollow fibres were coated on the shell side surface with each catalyst in slurry form
in ethylene glycol. This was applied to the shell-side surface of the central 5 cm of each

hollow fibre using a small fine brush as shown in figure 3.4. The membranes were thermally
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treated to remove the organic resin using a programmed temperature ramp of 1 °C min™' from
room temperature up to 400°C and held for 1 hour. Then the temperature was increased up to
850°C at 1°C min' and held for 1 hour. Subsequently, the membrane reactor was cooled

down to 25°C at 1°C min .

cement Catalyst layer (5 cm)

,.;_;_',‘-,,31'.2;}_:.;,2,_-::??.:,;3:_;‘_ I N LSCF6428-HFM wall
Helium sweep
lumen side
R R e, T B AT
Air supply )
shell side

Figure 3.4 Schematic representation of a single LSCF6428 hollow fibre membrane
showing the catalyst-coated zone.

3.5. Oxygen permeation module assembly

The reactor was assembled using four parallel hollow fibre membranes (HFM) for increasing
the mechanical resistance and the surface area to small volume ratio, which gives more
separation area per unit volume of membrane element [4] and separation efficiency.
However, the membranes operate at high temperatures (800-900 °C) and a large energy

penalty is associated with heating a high air volume.

These HFM are engineered into a pair MACOR tubes in order to create a hollow fibre (HF)
bundle. Both ends of the bundle were attached to the gas inlet and outlet by a length of
flexible silicone tubing in order to accommodate the thermal expansion of the membranes,

see figure 3.5.

66



Figure 3.5 Photo of a four LSCF6428 hollow fibre membrane after assembly.

The temperature was controlled by a furnace (Vecstar Furnaces, UK) of total length 15 cm
equipped with an eight-segment Eurothermcontroller. The heated zone (13 cm in length) had
a central linear heating zone of 5 cm. The sealant used was a commercial high temperature
water-based glass-ceramic ((i.e., Li,O x Al,O3 x nSiO, or LAS-System) for alkaline silicate
glass solid solution, Heavy Grade Fortafix, UK [5].

The same sealant was also used to partially cover the four hollow fibre membranes so that
only the centre zone (5 cm) was uncovered, as shown in figure 3.6, which coincided with the
isothermal zone of the furnace. A heating or cooling rate of 0.2°C min' was used throughout
this investigation to avoid that the membranes undergo fracture due to thermal expansion.
The HF bundle was housed inside using a quartz tube with 99.995 % of SiO; [5], which have
internal and external diameters of 2.8 and 3.0 cm, respectively. All experiments were carried
out under atmospheric pressure on both sides of the membrane at 850°C and 900°C. All gas
flows are quoted at standard temperature and pressure (STP). The internal volume of the
fibres is referred to as the lumen side (helium sweep-side), and the outside of the hollow
fibres is referred to as the shell side (air supply-side). A schematic representation of the

hollow fibre membrane reactor is given in figure 3.6.
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(B)

Macor cap Shell side

LSCF6428-HFM (5 cm)

l ‘ cement

Thermocouple

; Siliconetubin
Lumen side g Macor tube

Quartztube

Figure 3.6 Photo and diagram of the LSCF6428 hollow fibre membrane reactor module

3.6. Apparatus and reactor module assembly

The system consisted of a gas supply, gas flow controller, hollow fibre membrane reactor
module, furnace and gas chromatographs (figure 3.7). All experiments were carried out at
standard pressure (i.e. 1 atm) on both sides of the membrane. The gas supplies to the reactor

module in all experiments were controlled by Chell Hasting mass flow controllers.
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Figure 3.7 Photo and diagram of the rig of oxygen permeation and catalytic studies
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3.7. Gas Chromatography calibration

Two Varian 3900 chromatographs were used (denoted GCA and GCB) each equipped with a
thermal conductivity detector (TCD) and Molecular sieve 5A column. Helium was used as

carrier gas at 20 ml min~', see appendix I, figure 1.2.

The GCB calibration was performed using a gas mixture containing 2% oxygen and 2%
nitrogen balance gas helium. Calibration of GCA was carried out using air. All calibrations
were carried out at least six times to test reproducibility and the maximum relative error was

below 5%, see appendix I, figure 1.3
3.8. Furnace

The furnace (Vecstar Furnaces, UK) equipped with an eight-segment Eurotherm controller
had a total length of 15 cm. The heated zone (13 cm in length) had a central linear heated
zone of 5 cm, which showed a drop of 30°C from its centre point over the operating
temperature range of concern. The temperature profile of the reactor module was determined
by repositioning the internal thermocouple in 0.5 cm steps and leaving for 15 min at each

position to ensure that ensure thermal equilibrium was reached and the reading was accurate.
3.8.1 Temperature profiles of the hollow fibre reactor

The internal temperature profile of the reactor module is given in figure 3.8., for set point
temperatures of 850°C. Both temperature profiles showed similar behaviour or good
repeatability of the results. It can be observed that a maximum temperature of 850°C is
reached at the centre of the hollow fibre reactor. This value was fairly constant over the
central 5 cm. Further away from this zone the temperature rapidly decreases. A similar
behaviour was observed on the opposite side of the membrane. It is clearly noted that the

central region of length 5 - 6 cm presents a fairly constant temperature of 850°C (the
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isothermal zone). Hence, this temperature zone was selected for depositing a layer of catalyst

over four parallel hollow fibre membranes to perform the oxygen permeation studies [2, 7].

Isothermal zone into Setting temperature, 850°C

the module reactor

900 1% Profile temperature

800 sazzzzzza. ™ 2% Profile temperature

700
] - -
600 - o o
] - -
500 - = i
1 - -
400 - - -
! - -
300-
200

Module interior temperature / Oc

100

r~ 1T ~TrrTrrr1Tr—17r1rr 17717717 7717 77T 17T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Digance from module centre/ cm

Figure 3.8  Internal temperature profiles of the membrane module reactor for set point
temperatures of 850°C.

3.9. Models for oxygen flux measurements in a hollow fibre membrane reactor

The measurements were carried out using three modes of operation which are illustrated

below in figure 3.9.

Mode 1: In this operating mode the air feed is on the lumen side of the hollow fibre
membrane, while helium is co-current sweep into the shell side of the module

(denoted by ALHS-air-lumen, helium-shell).
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Mode 2: This operating mode the air is introduced into the shell side of the hollow fibre
membrane reactor, whereas helium flows is co-current in lumen side of the hollow

fibre membrane reactor (denoted by ASHL-air-shell, helium-lumen).

Mode 3: In this operating mode the air feed on the shell side of the module, while helium is

fed into the lumen side membrane in opposite direction of the feed air inlet.

Mode 1
Lumen side 46— Air 0 () —(—)‘OZ + NZ
| | |
! ]
Shell side He O2 permeation 02
Mode 2
Lumen side 46—He 0 () ( ) , 02
to 11
@) .
Shell sid - 2 permeation
ell side Air 02 + N2
Mode 3
Lumen side —G—He 0 () 02
T 3 3 {)
O . .
02 + N2 — 2 permeation Shell side

Air

Figure 3.9 Operating modes of the hollow fibre membrane reactor for oxygen permeation

The system was operated at 850°C and 900°C and on-line gas analysis was simultaneously
carried out on the exit gases from both sides of the membrane. Synthetic air containing ca
20% oxygen (balance nitrogen) was used and the flow rate was varied from 5 to 150 ml

(STP) min™. High purity helium flow (99.999 % BOC) was fed at the inlet from 10 to 200
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ml (STP) min™. A delay time of 50 minutes for high flows and 1 to 2 hours for low flows
was required for the system to reach a steady outlet composition (defined as less than a 5%
change in oxygen partial pressure on both sides over thirty minutes).

An experiment was carried out in order to calculate the oxygen incorporation (48) in the

membranes using mode 2 (ASHL) with simultaneous analysis of both sides. The air flow rate
used was 75 ml min™ and helium flow was 50 ml min™®. The GC analysis was carried out
every four hours. Prior to the experiments the membranes were annealed for approximately
500 hours under air flow (5 ml min™®) on both sides at 850 °C. The difference between the
oxygen release obtained in lumen side and oxygen uptake measurement in shell side during
the experiment gives the oxygen incorporated into LSCF6428 structure and the steady state

was reach when both measurements (i.e. oxygen release and oxygen uptake) converged.

3.10. Determination of the oxygen permeation, oxygen release and oxygen uptake,

when operated in mode 2

Oxygen permeation, oxygen release, oxygen uptake were calculated using mode 2 is shown

in figure 3.10 and eqgns. are (3.1), (3.2) and (3.3) respectively.

Lumen side 0 n;_|e_ 0 0 o2 out ¥ Mz out
m 4 4 6

s

Shell side . 2 permeation
+ N

+Nn

nOZ out N2 out

02 in N2 in

Figure 3.10  Membrane reactor with nomenclature and showing the elements (i.e. oxygen,
nitrogen and helium) used in the equations for calculate oxygen permeation,
oxygen release, oxygen uptake.
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' n'szJUt n.He in
O2 permeation [nozout - 4 ] ( S J (31)
A

o2 release — MHe in {noz out _TOU] (32)
n;\l2 out
O2 uptake — ﬂO2 in~ [noz out T 4 J (33)

Where O, ,rmeaion IS the 0Xygen permeation into the lumen side (umol cm?s?h), O, uptake 1S

the oxygen uptake from the shell side (umol s™), O is the oxygen release into the

2 release

lumen side (umol s, N, 15 the molar flow of the oxygen at the inlet in the shell side
(umol s%), No, o 1 the molar flow of oxygen outlet in the shell side (umol sh), n('jz o 1S the

molar flow of the oxygen outlet in the lumen side (umol s™). The nitrogen can be also found

in the effluents or permeated side due to pores, pinholes or cracks. The molar flow of the

nitrogen outlet in the lumen side (umol s) is n'Nzout. The correction term for gas phase

oxygen transport through pores, pinholes or cracks of the membrane is n /4 considering

N, out
that the composition of air is approximately 20 % of oxygen and 80% nitrogen.

The term n,,, . is the molar flow of the helium inlet (umol s™), the factor to convert ml to

He in
molar volume is 1/22400 (1 mole is equivalent to 22400 ml at STP), 1/60 is a factor to

convert the rate from minutes to seconds and S, is the superficial active membrane area for

oxygen permeation which can be approximated by

_ Zﬂ(ro - r-in)

A= In(, 1y G4

Where I, and [I; are the outer and inner radius of a typical hollow fibre, n is the number of

hollow fibres and | is the active working length. The radius I, and I, were typically 0.07

74



and 0.05 cm, respectively. Assuming that only the central linear heating zone of the furnace

is used (1 =5 cm) an active membrane area of ca 7.6 cm? provided by the four hollow fibres

is obtained.

3.10.1. Rate of oxygen incorporation (Ad)

The rate of incorporated oxygen is determined using the following equation:

AS = 2(02 uptake — OZ release) (35)

n LSCFgy0g

Where AS is the rate of oxygen incorporated into the membrane per unit time measured in h™

and is the subtraction of the oxygen uptake (O ) from equation (1) and oxygen release

2 uptake

(0, 1eiease) from equation (2), divided by the molecular weight of LSCF6428 (ancpm ).

3.11.  Calculation of the oxygen permeation rate constant (K )

In order to get insight into the oxygen permeation mechanism and also determine the overall
apparent rate constant of the oxygen flux a mathematical model was development based on
material flow balance. Wagner equation assumes that oxygen bulk diffusion is the rate
limiting of oxygen flux across an ionic-conducting membrane [8]. However, Bouwmeester et
al. [9, 10] and Dou et al. [11] reported that oxygen ion surface exchange kinetics may exert
partial or dominant control on oxygen permeation under certain experimental conditions.
Also, Lin et al. [12], Bouwmeester et al. [9] and Ling et al. [13] have correlated the oxygen
permeation rate to directly measurable variables such as the membrane thickness and the
oxygen partial pressure at both sides. Xu and Thompson [14], on the other hand, developed a
model based on the distribution of total oxygen permeation resistances; which allow them to

distinguish the various steps in the oxygen permeation mechanism. Thus, there is a high
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motivation to simplify the overall oxygen permeation rate constant model over LSCF6428
membrane based on material flow balance and considering mass transfer of gaseous oxygen
from the gas stream to the membrane surface (high pressure side) and the mass transfer of

oxygen from the membrane surface to the gas stream (low pressure side ).

3.11.1. Co-current flow operation

The model used to calculate the rate constant (k) for oxygen permeation using Mode 2 is

shown schematically in figure 3.11.

Lumen side 02 out

>
S >
|
o
>
[
>

Shell side n,

02 out

Figure 3.11 Membrane reactor with nomenclature and showing an element used in the
formulation of the material balance in Mode 2 operation.

In this model, a plug flow is assumed on both sides of membrane (i.e. lumen and shell side).
The reactants are fed into the reactor at the inlet, the reaction takes place within the reactor as
the reacting perfect mixing across section and the products are removed from the reactor at

the outlet, see figure 3.12.

Change of concentration

\ 4

dx

Direction of
Axial flow

next volume segment (b)

(@)

Figure 3.12 Schematic representation of plug flow reactor (a) and differential elements (b)
[6].
76



In an ideal plug flow reactor, the flow rates are uniform over cross-section and the axial

mixing is negligible due to either diffusion or convection. The plug flow is obtained when
there is a good radial mixing, which is achieved at high flow rates (turbulent flow, R, >10%)

and when axial mixing may be neglected (i.e., Reactor lenght/Reactor diameter > 50) [15].

In this model the oxygen flux is related to molar flows if plug flow is assumed
Lumen side:

Input= output - loss through of membrane

Ny, =Ny, +0N, — jo, 6A (3.6)
. ong

Jo. = : 3.7
Jo, = Za (3.7)

Shell side:

Input= output + loss through of membrane

No, =N +0N, + jo, 0A (3.8)

If n,, =ng then

; anoz

0, =——- 3.9
jo, =-—~ (39)
Oxygen permeation is also given by

jo, =k(P, —P; ) (3.10)

The steady oxygen flux is assumed to be directly related to the partial pressure of oxygen

difference across the membrane. P, and P(;Z are the partial pressure of oxygen in the shell

and lumen sides, respectively.
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io, = Jo, =k(Po, =P, (3.11)
For gas, the partial pressure is Py =X,P (3.12)

2

no2

And molar fraction is X, = (3.13)

n,

Substituting in egn. (3.11), the eqn. (3.13), it is obtained
nt nt

. n No, .
Jo, = Jo, = k(&P ——tp ] (3.14)

P=P’, then P is constant

Eqn. (3.14) can be rewritten as:
o o, Mo

= j, =kP| —+-—+ 3.15
Jo, = lo, [ n, n. ] (3.15)

Remember the eqgn. (3.9) and replaced in the eqgn. (3.15)

on on. n n.
_%o, _ Mo, _yp [l _Toy (3.16)
oA oA n, n

Where N, is the total molar flow rate in the shell side, n, is the total molar flow rate in the

lumen-side and A is the area of the membrane (cm?).

The overall oxygen balance is:
Ny, +No, =No, +Ng (3.17)
If ng,,, =0, therefore the eqn.(3.17) reduces to

No, +No, =No i (3.18)

Dividing by N, egn. (3.18) gives eqgn. (3.19)
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2

No, _ No, in _ No
o :

t nt nl

Substituting egn. (3.19) in eqn. (3.16), it is obtained

_ on,, _ kP(nOZ _ Nojin =Ny,
oA n n,

t

on,
0A

—kp| - No,in + NNe, + NNy,
\ nt n’[nt

Integrating eqn. (3.21)

dn
j © =—kdeA
B No,in + NNy, + NN,

nt ntnt

Resolving the integral,

n,n, n n n

| 2 14— |-t |=—kPA
n, +n nOZin n n

The rate constant (K ) was determined by plotting

n No, out n n 1
—tIn| —== [1+—E]——E Vs, —
nt + nt nOzin nt nt nt

A straight line was obtained; with slope (m) is given by

m=k P A
From eqn. (3.25), the rate constant was obtained

(o (mol *sec™)
P A
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(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)



3.11.2. Counter current flow operation

The model used to calculate the rate constant (k) using mode 3 is indicated in the figure

3.13.
Lumen side ,nt’ 0 0 () no.2 »
no 2 in = O 4 4 4
| iq | |
Shell side «————— N0, J0, nt
n02 in

Figure 3.13 Membrane reactor with nomenclature and showing an element used in the
formulation of the material balance in mode 3 operation

Oxygen permeation is related to molar flows if plug flow is assumed by

Lumen side:
. ong
=—2= 3.27
Jo, A (3.27)
Shell side:
on,
=—-—" 3.28
o, =4 (3.28)

The steady state oxygen permeation is directly related to the oxygen partial pressure

difference across the membrane. P, and P(;z are the partial pressure of oxygen in the shell

and lumen sides respectively

io, = i, =k(Po, = P5,) (3.29)
Therefore
on on. n n,
% = 7 9% _pl L (3.30)
oA  OA n, n,
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Overall oxygen balance is:

No,in + No, = No,oue + Mo,

If no,,, =0 and dividing by N, therefore the eqgn. (3.31) reduces to

Substituting the eqgn. (3.32) in egn. (3.30) it can be obtained

an.O2 — k P rlOzout + r].02 _ nlo‘2
oA n, n, n,

Integrating eqn. (3.33)

J. dn,,
nozout + n; - r']t n'o
nt nt nt ‘
Resolving the integral (3.34)
LA 1+M[1-ﬂ} —kPA
n.—n nozout n,

The rate constant (K ) was found by plotting

=kdeA

The slope of the resulting line corresponds to:

m=kP A

From eqn. (3.35), it the rate constant was obtained

81

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.34)

(3.35)



_ m (mol *sec™)
P A

(3.36)

3.12.  Partial oxidation of methane (POM) in catalytic hollow fibre membrane reactor

The catalytic hollow fibre membrane reactors for the POM experiments were assembled in
the same way as that for the oxygen permeation experiments as described above in section
3.5 (figure 3.6). The experimental setup for the POM experiments is shown in figure 3.14

with the lumen side helium sweep replaced with air and shell side methane supply.

o
CH, | [ e 4

Air

1
He [|Air|[cH,| He || MFC

H

0 EE E

Alir

i FM: Flow meter

i | FM
+ MFC : Mass flow control

+1
|:| élﬂm élﬂm F: Filter

GC: Gas chromatograph
=

FR: Furnace and Reactor

Figure 3.14 Schematic diagrams of the apparatus for partial methane oxidation and catalytic
studies

10% Methane in helium was diluted with 99.99 % helium to obtain a composition of 4 %
methane. This mixture was fed at 25 ml (STP) min™ to the shell side of the reactor, while air
or 2% Oy/He with a flow rate 25 ml (STP) min™ supply were introduced co-currently into the
lumen side. The reaction temperature was 850 °C. The products were analysed on-line with

two Varian 3900 chromatographs (GCA and GCB), which are equipped with a thermal
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conductivity detector (TCD) and Shin Carbon ST Micropaked column for GCB and
Molecular sieve 5A column for GCA. Helium was used as carrier gas and set to 20 ml min™".
GCB calibration was performed using a gas mixture containing 2% hydrogen, 0.5% oxygen,
2% nitrogen, 2% carbon monoxide, 2% methane, 2% carbon dioxide, 2% ethylene and 2%
ethane, balance helium (appendix I, figure 1.4). The temperature-programmed condition for
the Shin carbon ST Micropaked column is given in figure 3.15. A pre-conditioned time of 10
min to stabilize the column was used. GCA calibration was performed using synthetic air

containing ca. 20 % oxygen (balance nitrogen).

All calibrations were carried out at least eight times to test repeatability and the maximum
relative error was below 5% in all cases. Concentrations of these species were determined by
calibrating against the standard gases of all the product species. Both chromatographs were

calibrated at least once over a 14 day period.

200 °C
. A ”/'l L\ /
R o ! i\\%o
’LQ /”’ : : \\\(?
40 °C - | L Nvgpec
2’ N
252miny @min)y (240min)” (16 mlni (0.10 min)

Figure 3.15  Temperature programme required for the Shin carbon ST Micropaked
column of the GCB.

The oxygen permeation flux (O, jomeaion) Was calculated from oxygen atoms of all the

oxygen containing products (eqn.3.28), except the water, which was calculated from a
hydrogen balance on the shell side, assuming that hydrogen was not accumulated in the

membrane reactor. The conversion of methane (X, 4) was determined from eqn. (3.39)

0 + %nHzo)xllsA (3.37)

2 permeation — (noz o T Enco out +Neo

2out
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H 2O = 2(nCH4 inlet nCH4out ) - (Z(nC2H4 out ) + 3(nC2H6 out )) (338)

Ney iner — N
XCH4 - CH, inlet CH, outlet %100 (339)

nCH4 inlet

Selectivity of each product was calculated using the following equations:

n
Seo = oo x100 (3.40)
Neo + nH2 + nco2 + Z(nC2H4 ) + Z(nCZHe)

n
Sco, = €0 ot x100 (3.41)
Neo + Ny, +Neg, + 2(n02H4 )+ Z(ncsz)
2(n
Se,n, = (et x100 (3.42)
Neo + Ny, +Nep, + 2(nCZH4 )+ 2(nC2H6)
2(n
Sc,n, = (et ou) x100 (3.43)
Neo + Ny, +Nep, + z(nC2H4 )+ 2(nczHﬁ)
n
S, =Lx Hy o x 100 (3.44)

© 2 Neg+ Ny, +Ngo, +2(Ng 4, ) +3(Nc 1, )

The carbon balance was calculated from the following relation:

Neo + Neo, + 2(”02H4)+ Z(nCZHG) y
n n

Carbon balance = 100 (3.45)

CH, inlet ~ ''CH, outlet

3.13.  Characterisation of catalyst and LSCF6428 hollow fibre membrane

The catalytic properties (i.e., activity, selectivity and stability) of a catalyst and LSCF6428
hollow fibre membrane reactor are determined by its composition, structure, morphology,

texture and mechanical properties.
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Characterisation of the unmodified and modified LSCF6428HFM before reaction is
paramount to obtain the signature characteristics of the hollow fibre membrane (i.e.
Lao sSro.4C0psFep20s. 5) and catalyst (i.e. 5%Ni/LSCF6428). In addition, the characterisation
of post-reaction of the unmodified and modified LSCF6428HFM reactor together with the
oxygen permeation and catalytic studies enables to assess the effect of the reaction operation
conditions on the reactor performance. In these studies, several characterisation techniques
have been employed to determine the elemental composition, structure, morphology, texture
and stability of the catalyst/LSCF6428HFM reactor and correlated with the catalytic
properties. A brief description of the characterisation techniques are discussed in the
following sections.

In the figure 3.16 shows the different zone of the membrane, where was take the sample for

different analysis.

5cm

. Centre shell side

LSCF 52N befare » 50 500 um

Figure 3.16 Schematic of the zones of hollow fibre membrane for XRD, SEM and EDX
analysis
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3.13.1. X-ray diffraction (XRD)

This technique consists of striking a crystalline sample (i.e., single crystal or polycrystalline
powder) with a monochromatic beam of X-rays at some angle 6, where a portion is scattered
by the layer of atoms at the surface. The unscattered portion of the beam penetrates to the
second layer of atoms where again a fraction is scattered and the remainder passes on to the
third layer [16], figure 3.17.

Diffraction is the cumulative effect of this scattering from the regularly spaced centres of the
crystal. X-ray diffraction requires the following conditions: (a) the spacing between the
layers must be roughly the same as the wavelength of the radiation and (b) the scattering

centres must be spatially distributed in a highly regular way [17].

Figure 3.17  Diffraction of X-rays by the (hkl) planes of a crystal [16, 17].
W.L. Bragg considered that the diffraction of X-rays by crystals occurs when a
monochromatic radiation strikes the crystal at angle @ ; scattering takes place as a

consequence of interaction of the radiation with atoms located at O, P, and R positions

(figure 3.17). If the distance:
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AP + PC =ni (3.46)

Where, n is an integer (the order of reflection or diffraction), the scattered radiation will be

in phase at OCD and the crystal will appear to reflect the X-radiation. Since

AP =PC =d,,sinéd (3.47)
Where, d,,, is the interplanar spacing of the crystal planes of indices(hkl). Thus, the
conditions for the constructive interference of the beam at angle 0 are:

nA=2d,sing (3.48)

Eqgn. (3.48) is known as the Bragg equation and establishes that X-ray is reflected from the

crystal structure only if the angle of incidence satisfies the condition that:

sin@ = n
2dth

(3.49)

At all other angles, destructive interference occurs (Bragg’s Law). Powder XRD is a very
important technique for the qualitative and even quantitative characterization of catalytic
materials [18]. The diffraction pattern (i.e., peak positions and relative peak intensities)
serves as a fingerprint from which the phase (or phases) can be identified by comparison with
the data bank (i.e., X-ray Powder Diffraction File administrated by the Joint Committee for
Powder Diffraction Standards, JCPDS) [19]. In addition, information can be obtained on the
degree of crystalline, unit cell parameters and crystal size.

Bragg’s law is only valid for perfect crystals and monochromatic radiation (Ke,), in
practice deviations from the ideal case are frequently observed, especially in polycrystalline
specimens because of the presence of imperfections (particularly sub-grain boundaries), and
lattice strains. Several variables contribute to the broadening of the X-ray peaks: structural

defects, instrumental factors and crystal size. Nevertheless, it is generally assumed that the
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main contribution comes from the particle size since the instrumental factors can be
subtracted from the observed peak breadth whereas the contribution of the structural defects
could be less important, especially for supported catalysts [20].

The characterisation of the samples by X-ray diffraction was carried out using a PANalytical

XPert- Pro diffractometer fitted with a X’ Celerator and equipped with an X-ray tube (CuK,

radiation 4 = 1.54060 A; 40 kV, 30 mA). The specimens were prepared by grinding a small
amount of each sample (ca. 100-150 mg) using an agate mortar and pestle and then loading
into a flat sample holder. In studies on membrane the sample was cut into sections
approximately 1 cm in length and 0.2 cm wide and arrayed on the amorphous plasticene
attached to the sample holder. The data were collected at room temperature in 6/20 reflection
mode, from 3° to 100° 26, using steps of 0.033°, with time per step of 100s in continuous

mode. The instrument was interfaced with a computer for collected data.

3.13.1.1. X-ray diffraction line broadening. Crystallite size determination

XRD methods for crystallite size determination are applicable to crystallites in the range of 2-
100 nm. The diffraction peaks are very broad for crystallites below 2-3 nm, while for
particles with size above 100 nm the peak broadening is too small. When the analyzed
crystals are free from micro strains and defects, peak broadening depends only upon the
crystallite size and diffractometer characteristics. The Scherrer equation (egn. 3.50) is

normally used for crystallite size determination:

B =K A/L cos(@) (3.50)

where B is the crystallite size, A is the X-ray wavelength, L is the width of the peak (i.e.,

full width at half maximum, FWHM, peak intensity or integral breadth, see figure. 3.18) after

correcting it for instrumental peak broadening (L expressed in radians), @ is the Bragg
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angle and K is the constant of proportionality (the Scherrer constant). This constant depends
upon the way to find out the value of L, the shape of the crystal and the size distribution. The

value used in this work was 0.9, considering FWHM [21].

Intensity (au)

rerrrerTrrrerrrtr ottty
46.6 46.7 46.8 46.9 47.0 47.1 47.2 47.3 474 475 47.6 47.7 47.8 479 48.0

20 (deg)

Figure 3.18  The full width of the diffraction peak at a height half-way of the peak
maximum, in radians, [16, 20].

3.13.2. Scanning electron microscopy (SEM)

In a scanning electron microscopy (SEM), the surface of a solid sample is scanned with a
beam of high energy electrons, when the electron beam interacts with the specimen; this
energy is dissipated as a variety of signals produced by electrons — the sample interacts
because the incident electrons are decelerated in the solid sample (figure 3.19). All of these
signals have been used for surface studies, because they reveal surface-sensitive information
such as: external morphology (texture), chemical composition, crystalline structure and

orientations of materials [22-23].
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Incident high
Energy electron bean
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Backscattered electrons
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Bremsstrahlung X-rays

Elastically Inelastically
Scattered electrons Scattered electrons

Direct beam

Figure 3.19 Signals generated from the interaction of the electron beam with a thin
specimen. The arrows do not correspond necessarily with the signal’s physical
direction [22, 23].

The principle of operation of an SEM instrument is schematically illustrated in figure 3.20.
At the top of the microscope’s column a narrow beam of electrons is produced by heating the
Tungsten filament. The electrons are focused by one or more magnetic condenser lens and
objective lens system which control the size and angular spread of the beam. Then, the
electron beam passes through pairs of scanning coils or pairs of deflector plates in the
electron column, which is the final lens. This electron beam is deflected in the x and y axes
to scan over a rectangular area of the sample surface. When the primary electron beam
interacts with the sample the electrons lose energy by repeated random scattering and
absorption within a teardrop-shaped volume of the specimen. The beam current absorbed by
the specimen can also be detected and used to create images of the distribution of specimen

current.
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Figure 3.20 Schematic of the Scanning Electron Microscopy (SEM) [22]

Electronic amplifiers are used to amplify the signals which are displayed as variations in
brightness on a cathode ray tube (CRT). The raster scanning of the CRT display is
synchronised with that of the beam on the specimen in the microscope, and the resulting
image is therefore a distribution map of the intensity of the signal being emitted from the
scanned area of the specimen. The image may be captured by photography from a high

resolution cathode ray tube or is digitally captured and displayed on a computer [17, 22].

The SEM images were simulated using the software Scanning Probe Image Processor (SPIP

6.0.9) in order to determine the diameter of grain boundary and pore areas.
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3.13.3. Energy-dispersive x-rays spectroscopy (EDXS)

Energy dispersive x-rays spectroscopy (EDXS) is a semi-quantitative analysis technique
widely used to determine the presence, amount and distribution of elements in a sample. The
advantages of EDXS analysis are the following: (1) it does not destroy the sample and (2)
EDXS analysis is done on a spatial basis (i.e. the composition of one part of a sample may be
compared with an adjacent part of the sample). X-rays result from an inelastic scattering in
which a vacancy in an inner orbital shell is produced and immediately filled by an electron
from a shell of higher energy. The energy difference between the shells may be emitted in
the form of X-ray radiation. The energy and the wavelength of the X-ray produced are
characteristic of the element and are related by the equation, A = 1.24/E, where A is the
wavelength in nm and E is the energy in keV. Each X-ray produced has a name based on the
name of the electron shell (K, L, M, N) in which the vacancy was created and on the number
of orbital shell jumps made by the electron that filled the vacancy. Hence, a one-shell jump
is denoted by a subscript a, a two shell jump by subscript B, and so on. For example, a
vacancy in the K shell filled by an electron from the L shell would create a K, X-ray [22].
Semi-quantitative elemental compositions were verified by energy-dispersive X-rays
spectroscopy using an Emission Scanning Electron Microscope Rontec Quanta 1, 200 30XL
FEI which was equipped with a light-element energy-dispersive X-ray spectrometer (EDXS).
To investigate structural changes at the membrane surfaces, membrane specimens were
prepared by carefully breaking the hollow fibre membrane into sections of length 1 cm and

0.2 cm wide. The instrument was interfaced with a computer for collected data.
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Chapter 4.
Oxygen permeation flux through
LSCF6428 hollow fibre membranes



4 Oxygen permeation flux through unmodified LSCF6428

hollow fibres membranes

The oxygen release and uptake of the LagSro.4Coo2Feos03-5 hollow fibre membranes without
catalysts has been studied experimentally under different operations conditions (i.e. mode 1,
2 and 3) at 850°C and 900°C. An extensive analysis was conducted to investigate the oxygen
incorporated through unmodified LSCF6428 HFM used mode 2 at 850°C. A model for
determining the reaction rate constants for two different modes of operation co-current (mode
2) and counter-current (mode 3) was developed and the results were compared. The stability
of the LSCF6428 hollow fibre membrane module under oxygen separation conditions during

1360 hours were studied by different techniques such as XRD, SEM and EDX.

4.1. Oxygen release and oxygen uptake using mode 1 and mode 2 of operation of at

850 °C

Figure 4.1 shows the oxygen release and uptake behaviour of unmodified hollow fibre
membranes for two modes of operation (mode 1 and mode 2). The mode 1 corresponds to
the air fed on the lumen side of the membranes and the helium sweep on the shell side
(ALHS-air-lumen, helium-shell) in co-current flow (figure 4.1A). It can be appreciated that
both the oxygen release and uptake measurements increases slightly as rising helium flow
from 10 to 125 ml min™. This is possibly due to the fact that the increase of helium flow rate
reduces the oxygen partial pressure on the shell side and therefore increasing the oxygen
partial pressure difference across the membrane, which is reflected on higher oxygen flux [1].
However, the oxygen release and uptake trend did not vary linearly with helium flow rate,
indicating that the mass-transfer resistance of the membrane is a function of the helium flow
rate [2, 3]. This finding was verified with the proposed model (egn. 3.15) where it was
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obtained the dependence of oxygen flux with helium flow. Reynolds numbers also changed

from laminar to turbulent flows; see appendix 11.6, table 11.6 and 11.7.

Furthermore, it can be observed that the oxygen release and uptake trends rise when
increasing the air flows (10-75) ml min™. This could be attributed to the fact that the set air
flow determines the amount of the oxygen that permeates across the membrane. It is worth
remarking that the oxygen uptake was nearly an order of magnitude higher than the oxygen
release. This behaviour is tentatively attributed to the following causes:

1.  The steady state in the membrane reactor was not achieved during the experiment.

2. Oxygen was incorporated into LageSro4Coo2FepsOs.s membrane crystal structure

during the experiment. According to the dopant concentration, the theoretical value of

o (5z%[8r]) would be 0.2 [4], which is within the analytical capabilities of the

equipments used in this work.

3. The membrane stoichiometry was changing during the experiment.

F.. /ml (STP) min™ (shell side) F.,. / ml (STP) min™, (lumen side)
40 25 50 75 100 125 4 40 25 50 75 100 125 4
@ ' "Mode 1, T=850°C . 1® ' " Mode 2, T=850°C
—~~ [<5) N
3 ©, release_ ) _OZ uptake = S O, release O, uptake 3
K7 Air flow (ml/min): N ] 2 i 2 >
= 34 75 13 qC_> % 34 Alrflo%(mllmln): 13 =
5 e o e ;Es 5 ~O- 50 o &
o- = = —N— 25 —A- o
2] 'n - 10 —
g 12 g % 2 12 §
2 2 = 9
8 s g g
2 S T =
ON ~ ~ ~ A) A~ ON ON O
0 l — T _ T A ~ T _ ~ T - - T - 0 0 T T T T T
0 25 50 75 100 125 0 25 50 75 100 125

F., /ml (STP) min*(shell side) F.,. / ml (STP) min” (lumen side)

Figure4.1  Effect of two different modes of operation before the membrane reactor
reached the steady state: (A) Air flow feeds on the lumen side of the
membranes reactor and the helium flow sweep on the shell side in co-current
(mode 1). (B) Air flow feeds on the shell side of the membranes reactor and
the helium flow sweep on the lumen side in co-current flow (mode 2).
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A similar trend was also observed in mode 2 of operation of the hollow fibre membrane

reactor, figure 4.1B.

Comparing the results between mode 1 (figure 4.1A) and mode 2 (figure 4.1B) at 850°C, it
can be noted that the oxygen release measurements for mode 1 are similar that the
measurements obtained from mode 2 (see appendix 11.1, figure 11.1). This finding can be
rationalised considering that the membrane cross section showed a sandwich-like structure,
i.e., a central dense block between two finger-like structures of the LSCF6428 hollow fibre
membrane (figure 4.11). A different trend was reported by Li et al., [2] in a previous oxygen
permeation study due to the difference between the inner porous surface structure and outer

dense surface structure of the LSCF6428-HFM (figure 1.3).

4.2. Oxygen release and oxygen uptake using mode 2 of operation on unmodified

LSCF6428 HFM at 850°C for long term of operation.

In order to rationalize the difference between the oxygen release and oxygen uptake
measurements, an experiment on unmodified LSCF6428 HFM using mode 2 during a long

period of operation, was carried out, figure 4.2.

In figure 4.2A it can be appreciated that the oxygen uptake and the oxygen release increases
with time. The measurements of both parameters during the initial period of the experiments
showed a similar trend, however oxygen uptake was slightly higher than the oxygen release.

After approximately 325 hours of run time the oxygen release and oxygen uptake started to
converge, reaching similar values after nearly 492 hours of operation (figure 4.2B and
appendix 11.2, figure 11.2). This trend suggests that steady state was achieved after a long
operation time, likely due to the partial reduction of the membrane because of long annealing
time (i.e. 360 hours) under low air flow (5 ml. min™) at both membrane sides. It is worth

remarking that this long annealing time was due to technical problems with PC, which did not
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record the GC analysis data because of a communication problem between the PC and the

GC.
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Figure 4.2 (A) Oxygen release and oxygen uptake on mode 2 as a function of time on
stream and (B) oxygen release and oxygen uptake measurements on mode 2
with accuracy £ 5% (appendix 11.3)

In addition, it can be observed that the LSCF6428-HFM reactor exhibited high operational
stability during 1320 hours of operation under oxygen chemical potential pressure difference
at 850°C. A previous study for oxygen permeation on LSCF6428-HFM reactor did show a

comparable operation time [5].

In figure 4.3A is illustrated the dependence of the rate of oxygen incorporated into the
hollow fibre membranes as a function of run time, calculated according to egn. (3.5). Indeed,
the rate of oxygen incorporated into the hollow fibre membranes slightly decreased and
reached a value constant close to zero at time on stream above 490 hours, the error
propagation of this measurement was within 5% as is shown in appendix 11.2 and 11.3. The
determination of the apparent rate constant for the oxygen incorporation into LSCF6428
hollow fibre membranes, was calculated assuming that the reaction is first order; the results

was 5x10° pmol sec™ bar* cm™, see appendix 11.5, figure 1. 4.
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Figure 4.3  Rate of oxygen incorporated into membrane as a function of run time (A) and
oxygen incorporated non- dimensional (B) for long term of operation.

Note that the apparent rate constant for the oxygen incorporation into LSCF6428 is
significantly lower than that for the oxygen permeation (0.16 pmol sec™ bar! cm?),

indicating that oxygen is being released faster than that is being incorporated.

When one considers the rate of oxygen incorporated into the membrane structure, calculated
according to egn. (3.5) multiplied by the interval of collection time (4 hours), see figure
4.3B. It can be observed that initial oxygen vacancies correspond to the theoretical value (6 =
0.2) based on LSCF6428 membrane stoichiometry [4]. Furthermore, a value of & close to
zero was reached at steady state condition owing to similar measurements of oxygen uptake

and release.

4.3. Oxygen uptake and oxygen release measurements under mode 2 (co-current) and

mode 3 (counter-current) operation at 850°C and 900°C.

The experimental tests were performed using different sweep gas configurations (co-current
(mode 2) and counter-current (mode 3) on an unmodified LSCF6428HFM reactor. The effect

of the co-current and counter-current mode of operation is presented in figure 4.4. In the
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mode 2 (co-current) of sweep flow operation, it can be observed that the oxygen release

measurements from the lumen side are similar to the oxygen uptake data obtained directly

from the shell side considering the accuracy £ 5% (figure 4.4A). A similar tendency was

obtained in the previous measurements of the oxygen release and oxygen uptake at long

operation

time (see figure 4.2A).

Moreover, it can be emphasized that the oxygen release (ca., 0.32 pmol sec™) and oxygen

uptake (ca., 0.26 pumol sec™) are slightly lower when compared with oxygen release and

oxygen uptake measurements obtained in the long term permeation experiment (ca., 0.38

umol sec™). According to Li et al., [5], this difference could be attributed to mass transfer

effects and kinetic demixing of mobile cations of the membrane due to oxygen pressure

difference across the membrane during long operation time at high temperature.
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release and oxygen uptake against two

configurations of flow operation at 850°C: (A) mode 2 (co-current) and (B)
mode 3 (counter-current) after the reactor reached the steady state

Similar results were obtained when the reactor was operated in counter-current (mode 3) as

shown in figure 4.4B. Comparing the results between mode 2 and mode 3 of flow operation,

it can be noted that the experimental data from counter-current are slightly higher than that
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obtained from the co-current flow operation, (figures 4.4A and 4.4B). This is due to the fact
that oxygen partial pressure difference across the membrane in counter-current is larger than
co-current flow operation. In appendix 11.6, figure 11.7, is given the profiles of oxygen inlet
(nO- inlet) and oxygen outlet (nO, out) across membrane for mode 2 (co-current) and mode 3
(counter-current). Also, it can be appreciated that both the oxygen release and oxygen uptake
increased with rising helium flow rate under mode 2 and 3. This is due to high helium flows
rate that reduces oxygen partial pressure on the lumen side, increasing the oxygen partial
pressure difference across the membrane. This improves the diffusion of the lattice oxygen
from the shell side toward the lumen side [1]. Furthermore, the oxygen release did not
change significantly at air flow above 50 ml min™, this indicates that the effects of gas-solid
mass transfer (steps 1 and 5), see figure 2.4, and are negligible under these operation
conditions [6].

In figure 4.5 is illustrated the oxygen release and oxygen uptake against the helium flow at

900°C for mode 2 and mode 3.
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Figure 45 Dependence of the oxygen release and oxygen uptake against two
configurations of flow operation at 900°C: (A) mode 2 (co-current) and (B)
mode 3 (counter-current).
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Both modes present a similar tendency than the measurements of the oxygen release and
oxygen uptake obtained at 850°C, but a significant rise in the values was observed because

the temperature plays an important role in the bulk oxygen diffusion and the oxygen surface

reaction rates [2, 7].

4.4. Reaction rate constants for two different modes of operation (i.e. mode 2 (co-

current) and mode 3 (counter-current)) at 850°C and 900°C.

The apparent reaction rate constants against helium flow for two different modes of operation
(co-current and counter-current) at 850°C and 900°C are shown in figure 4.6.

As discussed earlier, the apparent rate constant for co-current operation was calculated from
eqgn. (3.23) and the apparent rate constant for counter-current operation was obtained from
eqgn. (3.35) (figure 4.6A), where in the model assumes plug flow in the gas phase and a flux
expression whereby the flux depends upon an overall rate constant multiplied by the local

oxygen partial pressure difference across the membrane.
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Figure 4.6  Reaction rate constant for different helium flows under two mode of flow
operation at 850°C (A) and 900°C (B).
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The rates of oxygen uptake and release are assumed to be equal. So, these equations can be
only applied when membrane reactor has reached steady state. It can be noted in figure 4.6A
that for both configurations co-current (mode 2) and counter-current (mode 3) the apparent
rate constants reach a constant value for helium flow rates above 50 ml min™. Any further
increase in the helium flow does not produce a higher rate constant. Moreover, the apparent
rate constants appear to change at lower flow rates indicating that the model is invalid at such
low flows possibly due to gas-solid mass transfer effects and low Reynolds numbers (
Re < 2000), see appendix 11.7, tables 11.6 and 11.7 [6], since the model is based on the
assumption that the oxygen flux is related to plug flows.

In addition, it can be observed for instance, that for mode 3 at 50 ml min™ helium flows, the
apparent reaction rate constant obtained was 0.21 pmol sec™ bar® cm™, and the apparent
reaction rate constant for mode 2 under similar experimental conditions was 0.16 pmol sec™
bar cm™ (figure 4.6A). This difference can be attributed to the fact that in counter-current
the overall effective driving forces for oxygen migration across the membrane is slightly
larger than that in co-current flow operation, because two flows (air and helium) move in
opposite directions, causing that the oxygen partial pressure gradient along the length of the

membrane is maintained nearly constant [2, 8].

A similar experiment was conducted at 900°C, and the data obtained are given in figure
4.6B. At 50 ml min™ helium flow rate and mode 3 a reaction rate constant of 0.24 umol sec™
bar* cm™ was obtained. On the other hand, for mode 2, the reaction rate constant was 0.20
umol sec™ bar*cm™ which presents a fairly small difference compared with that obtained

from mode 3. For more details see appendix 11.6 (figures 11.5 and 11.6).

4.5. Calculation and comparison of oxygen permeation resistance.
In order to find out the resistance of surface oxygen exchange kinetics and bulk diffusion of

oxygen vacancies in the membrane the following equations were used [6].
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1.  The resistance by exchange reaction at the oxygen-rich side (shell side) R;X:

Ry =1/k. Py " (4.0)
2. The resistance by exchange reaction at the oxygen-lean side (lumen side) ReX :

R =1/kP;" (4.2)
3. Theresistance by bulk diffusion, R :

Rgr = 2L/ D, (4.3)

4.  Total permeation resistance R,

Rt = Relzx + Rex + Rdiff (4.4)

Where, Pé,z and PC','2 are partial pressure of oxygen in the shell and lumen side (atm),
respectively. The forward reaction rate constant (K;) is 1.65x10*cm atm™° s and

4.64x10“cm atm™@° s as the reverse reaction rate constant (k,) is
1.24 x10"mol cm™ s™ and 3.72 x107" mol cm™ s~ at 850°C and 900°C, respectively for

the below reactions [6], see figure 2.4.

%oz RV RIS SHpT (Step 2) (4.5)
Of +2h* %%oz +VS (Step 4) (4.6)

The diffusion coefficient of oxygen vacancies (Dv) is 5.96x10°cm?s™ and

8.34x10°cm?s™ at 850°C and 900°C, respectively [8] and L is the membrane thickness

(i.e., 0.025 cm).

In the figure 4.7 is shown the distribution of total permeation resistance for 850°C and

900°C.
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Figure 4.7 Effect of air flow on distribution of total permeation resistance under co -
current at 850°C (A) and co - current at 900°C (B).
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It can be appreciated that at low helium flow (i.e., 10 ml min™) the resistance of surface

exchange at the oxygen lean side or lumen side (R;X') was between 56 and 59 %, indicating

that R, controls the oxygen permeation rate since R, (25-28 %) and R, (15-17 %)

showed lower contribution to the overall oxygen permeation rate, see figure 4.7A and

appendix 11.8, figure 11.10

Furthermore, at helium flows between 25 and 75 ml.min?, R, gradually increased up to 80

% and did not vary at higher helium flows (100 and 125 ml min™). Note that R, and R
decreased at helium flow above 10 ml min™. This finding indicates that oxygen permeation

is rate limited by surface exchange on the oxygen lean side or lumen side (R.,) at 850°C,
figure 4.7A and appendix 11.8, figure 11.11. Note that the R., also limited the oxygen

permeation rate at 900°C, figure. 4.7B. However, the overall R significantly increased

(i.e., 34 - 13 %) whilst R, decreased (i.e., 3 - 0.6 %) compared to Ry, (17 — 7 %) and R,,

(28 — 11 %) obtained at 850°C, appendix 11.8, figure 11.10. This finding suggests that the
contribution of bulk diffusion on the oxygen permeation rate increased as rising the
temperature (900°C), in agreement with a previous report [6].

It is worth remarking that the oxygen flux varies inversely with membrane thickness and that
at low membrane thickness the oxygen permeation is controlled by surface exchange reaction
[8, 9], see figure 4.8, which is in total agreement with the above-discussed results. However,
the apparent activation energy (Ea) determined with two temperatures (850 and 900°C) was
significantly lower (i.e., 43 — 45 kJ mol™), than that given in the literature (i.e., 115 kJ mol™)
when oxygen permeation rate is controlled by surface exchange kinetics at temperature above

850°C, see appendix 11.10, table 11.8 [6]. This difference is tentatively attributed to the

contribution of Ry, at 900°C and also to the use of only two series of oxygen flux
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measurements (850°C and 900°C) to find out the Ea, which can generate a large error in the
obtained value. However, we cannot rule out the possible aggregation of surface elements or
degradation of the membrane occurred after several hours of operation that could also affect

the oxygen permeation values.

Critical thickness

A
\
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Bulk diffusion
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Surface exchange
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Oxygen flux

>
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Figure 4.8 Effect of membrane thickness on oxygen permeation [9]

Figure 4.9 is given the residence time from shell side against residence time from lumen
side. It can be observed that lumen side shows smaller residence times compared with

residence times from shell side.
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Figure.4.9  Residence time from shell side against residence time from lumen side.
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This suggests that the mass transfer of oxygen from the membrane surface to the gas stream
in the lumen side was very fast in agreement with results obtained from the distribution of
total permeation resistance where it was concluded that oxygen permeation rate is limited by

the association of oxygen ion to form oxygen molecules.

4.6. Characterization of the unmodified LSCF6428 HFM before and after oxygen

permeation by different techniques.

4.6.1. X ray-diffraction (XRD):

The diffraction profiles for the unmodified LSCF 6428 hollow fibre membrane module
before and after 1360 hours oxygen release and uptake experiments are shown in figure 4.10.
The XRD patterns for lumen side and shell side of unmodified LSCF 6428 hollow fibre
membrane before reaction are given in figure 4.10b and 4.10c, respectively. Both XRD
profiles display the signature characteristic of the hollow fibre membrane (i.e.,
Lao sSro.4C0psFep20s. 5) as the main crystalline phase [10], whose crystal size for lumen and
shell side before reaction was approximately 22 nm (0.022 pm) and 23 nm (0.023 um),
respectively, see appendix 11.11, table I1.9.

In the figures 4.10B and 4.10C are given the diffraction profiles for centre lumen side and
centre shell side of the unmodified LSCF6428-HFM after 1360 hours of operation and the
crystal size for lumen and shell side post reaction are 25 nm (0.025um) and 24 nm
(0.024um), respectively, see appendix 11.11, table 11.9. It can be clearly noted that the
principal crystalline phase is LSCF6428 for both samples. Furthermore, other crystalline
phases such as Co30,4 (00-042-1467), CoO (00-048-1719), SrO, (00-007-0234) and trace
amounts of SrSO,4 (00-005-5935) were observed in the shell side centre XRD pattern (figure

4.10C).
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Figure 410 XRD patterns of the unmodified LaggSro4C0o2F€0803-5
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hollow fibre

membrane. LSCF6428 powder (a), Lumen side (b) and Shell side (c) before
the oxygen flux measurements. Centre lumen side (B) and centre shell side
(C) after 1360 hours of oxygen permeation experiments carried out under
different modes of flow operation (i.e. mode 1: ALHS-air-lumen, helium-
shell. Mode 2: ASHL-air-shell, helium-lumen and mode 3: air fed on the shell
side of the module, while helium was fed into the lumen side membrane in
opposite direction of the feed air inlet).

Considering the above-mentioned results we can infer that after oxygen flux experiments the

shell side of membrane was contaminated by sulphur due to the presence of SrSO, This

finding is in line with previous reports [11-14]. The formation of sulphur-containing phases

is attributed to surface interaction of the tubular membrane with SO, trace presence in the air

and helium flows, whereas metal oxides are due to phase segregation of the elements at the

surface.

Sulphur impurity and segregation of strontium and cobalt to form different

crystalline oxide phases can reduce the oxygen flux capability of the LSCF6428-HFM, as

was previously reported [11-14].
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4.6.2. Scanning Electron Microscopy (SEM):

The SEM micrographs of the cross section of the LaggSro4Cop2FepsOs.s hollow fibre
membrane before and after oxygen permeation measurements are given in figures 4.11a and

4.11A, respectively. It is also included the simulated images with software SPIP 6.0.9.
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Figure 411 SEM images of the cross section before reaction (a) and after reaction (A).
Magnification of the central dense layer before reaction (b) and after oxygen
fluxes measurements (B). Distribution of the area of pore on cross section of
membrane before reaction and post reaction (C)
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In both micrographs it can be seen finger-like structures around the outer and inner walls and
a dense structure is observed in the centre. Figure 4.11b and 4.11B is the microstructure of
the central dense layer of the membrane before and after reaction, respectively. When one
compares both images, it can be noted that the dense layer after reaction is similar than that
before reaction, in line with a previous report [15]. The distribution of pore area determined
by simulation of the images using the software scanning probe image processor (SPIP 6.0.9),
see figure 4.11c and 4.11C, showed the higher percentages of pore area at values below 0.5

um? for both samples, see appendix 11.12.1, figures 11.14 and 11.15.

The micrographs for centre lumen side of the LSCF6428 hollow fibre membrane before and
after reaction are given in figures 4.12a and 4.12A, respectively. Comparison of the
panoramic images before and after reaction, clearly show that smaller crystallites decorates
the grain boundaries (figure 4.12A).

In the magnification image for centre lumen side before and after reaction, figure 4.12, the
perimeters of the grain boundaries were measured using SPIP 6.0.9 software. Note that the
perimeter range between 0.02 and 35 pm represent around 90 % of the total grain boundary
analysed for both sample, see appendix 11.12.2, figures 11.16 and 11.17. It is worth
remarking that micro-wires on the grain boundary are also observed, but it was not possible

to determinate their elemental composition due to resolution limitation of EDX analysis.
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Figure 412 SEM micrograph of the centre lumen side before reaction (a) and image
magnified (b). SEM images of the centre lumen side after oxygen fluxes
measurements (A) and image magnified (B). Simulation SEM images centre
lumen side before (c) and after oxygen fluxes measurements (C) and

distribution of the grain boundary perimeter of centre lumen side before and
after reaction.
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The SEM images of the end lumen side for LSCF6428 before and post operation are given in

the figure 4.13.
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Figure 4.13 SEM images of the end lumen side before reaction (a) and its magnification
(b). SEM micrograph end lumen side after oxygen fluxes measurements (A)
and magnified image (B). Simulation SEM images of end lumen side before

(c) and after oxygen fluxes measurements (C) and distribution of the grain
boundaries perimeter of end lumen side both before and after reaction (d).
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This membrane section did not show large differences in the particle size after reaction, as
was confirmed in the magnified image (figure 4.13B). Also, note that small particles

decorate the surface of the LSCF membrane.

Indeed, the microstructure of the end lumen side before and after reaction (figure 4.13b)
showed similar overall grain boundaries perimeter between 0.02 and 25 um, which represents
around 90 % of the total analysed perimeter, see figs. 4.13c and 4.13C, appendix 11.12.2,
figures. 11. 16 and I1. 18.

Considering the above mentioned results obtained by SEM micrographs in the centre lumen
side and end lumen side, it can be concluded that the membrane surface did not undergo
morphological changes after a long operation time at high temperature in agreement with the

grain boundary dimension, which did not vary compared to the post operation sample.

In figure 4.14 is given the SEM photograph of the centre shell side before and after reaction.
The magnifications of the centre shell side before reaction are shown in figures 4.14a and
4.14b, it can be noted that the overall grain boundaries perimeter is between 0.002 and 3 pm,
representing above 90 % of the total analysed perimeter, see appendix 11.12.3, figure 11.19.
On the other hand, the magnifications of the centre shell side after reaction are given in
Figures 4.14A, B and C. Note that small cavities or pores seem to be created at the interface
of the grain boundaries after reaction (figure 4.14B) as a possible consequence of the
degradation of the grain boundaries. In addition, a severe change in the morphology of the
membrane can be observed, owing to the segregation of small and large particles dispersed
on the membrane surface (figures. 4.14B and 4.14C). A poor contrast between the remaining
grain boundaries and the small particles made it difficult to obtain a good simulation of this

image for this reason it was not included in the text.
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Figure 4.14 SEM micrograph of the centre shell side before reaction (a) and magnification
(b), simulation by SPIP 9.0.6 (c) and grain boundaries perimeter of centre shell
side before reaction (d). SEM micrograph centre shell side after oxygen fluxes

measurements (A). Images magnified (B) and (C). Distribution of the grain
boundary perimeter of centre shell side before reaction (d)

The SEM micrographs of the end shell side of the LSCF6428 hollow fibre membrane before

and after oxygen permeation measurements are given in figures. 4.15a and 4.15A,
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respectively. The microstructures of the end shell side after reaction are shown in the figures
4.15A, B and C, which shown similar morphology change than that observed in the centre

shell side.

Figure 415 SEM micrograph of the end shell side before reaction (a) and image
magnification (b). SEM micrograph end shell side after oxygen fluxes
measurements (A). Image magnified (B) and (C).

Considering the above mentioned XRD and SEM results from the centre shell side and end
shell side of the LSCF6428-HFM after 1360 hours of operation, it can be clearly observed a
morphology change on the shell side of the membrane surface. This is attributed to kinetic

demixing of mobile cations and decomposition of the membrane due to its high thermal
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treatment and long operation time. Moreover, the presence of SrSO, from the possible
interaction of SO, traces present in air and helium gases with LSCF6428-HFM at high
operation temperatures contaminate the membrane or more likely to the polyethersulfone
(PEST) binder used in the manufacture of the membrane, see figure 4.10C. In addition, the
segregation of secondary crystalline phases (i.e., C0,03, CoO and SrO,) were observed on the
shell side surface of the membranes after the long-term operation (figure 4.10B). These

crystalline oxide/sulphate phases have been observed by others [15-25].

4.6.3. Energy dispersive x-rays spectroscopy (EDXS)

In table 4.1 is given the EDXS results of different zones of the LSCF6428 hollow fibre
membrane before and after oxygen flux experiments, according to the zones described in
Chapter 3 (figure 3.11). The values clearly indicated in table.4.1 are the average atomic %,
except for the elements S, Ca and Al. For more detail see appendix 11.13, figure I1. 20 to

where all the EDXS results are given.

It is clearly noticeable that the elemental compositions of the metals in the centre lumen side
after oxygen permeation experiments showed a small change compared with lumen side
before the reaction (i.e., La, Co and Fe depletion 5.1%, 1.2% and 6.3% respectively and Sr
enrichment 5.9%). However, when one considers the error of the measurement of EDXS
analysis the stoichiometry of the membrane bulk did not change (i.e.,
La0.6:Sr0.4:Co0.2:Fe0.8). Also, the end of the lumen side after reaction showed a similar
stoichiometry (i.e., La0.6:Sr0.4:C00.2:Fe0.8). Note that sulphur content of 0.5 % was
detected on this membrane section; see table 4.1 and appendix 11.13, table 11.10. The
presence of Al and Ca in table 4.1 is attributed to the sample holder of SEM analyzer and

water used in the membrane preparation, respectively.
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Table 4.1 Summary of EDXS results of different zones of the LSCF6428 hollow fibre membrane before and after oxygen permeation measurements.

Absolute atomic %

Membrane  Condition  Section (side) Experimental stoichiometry
La Sr Co Fe ) Ca S Al
LSCF6428 BR Lumen 8.0 5.6 2.3 10.3 73.8 La0.6:Sr0.4:Co00.2:Fe0.8
LSCF6428 AR Centre lumen  5.1#0.92 5.9+1.13 1.2#050 6.3x1.11 50.4+952 0.1 05 305 La0.6:5r0.4:C00.2:Fe0.8
LSCF6428 AR End lumen 6.3t0.6 4.2+0.63 1.7#0.5 8.8+1.05 73.8£129 0.1 04 49 La0.6:5r0.4:C00.2:Fe0.8
LSCF6428 BR Shell 7.2 5.6 2.2 0.8 75.4 La0.6:Sr0.4:Co00.2:Fe0.8
LSCF6428 AR Centre shell ~ 7.2+0.78 7.6x1.06 2.9+0.59 9.1x1.2 64.7#116 03 29 53 La0.6:Sr0.4:C00.2:Fe0.8
LSCF6428 AR End shell 5.9+0.66 5.5+0.81 2.7+#0.55 7.9+1.03 73.1+131 0.2 18 29 La0.6:5r0.4:C00.2:Fe0.8

BR before reaction; AR: after reaction
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According to EDXS results, the bulk of membrane keeps its stoichiometry, although second
crystalline phases were formed on shell side surface membrane during the experiments. This
is attributed to the kinetic demixing of mobile cations and decomposition of the membrane
over the long operation time. Similar finding were reported by Wang et al. and Doorn et al.
[5, 20-27].

As was discussed above, the SEM images of post-reaction membrane showed particles
dispersed on the membrane surface, which were analysed by EDXS. According to this
analysis, the particles exhibited a high concentration of strontium and sulphur, suggesting in
line with XRD result, that these particles are mainly composed of SrSO,4, appendix 11.13,
tables 11.11, 11.13, I1.15 and 11.17.

According to the results obtained from XRD, SEM and EDXS analysis both the lumen side
and the shell side of the LSCF6428 hollow fibre membrane reactor after 1360 hours of
operation showed an evidence for a kinetic demixing of mobile cations and decomposition of
the membrane surface, although the LSCF6428 membrane stoichiometry did not change.

This process seems to be more severe on the shell side likely due to the causes given below.

1. The relative high temperature on the shell side could produce hot spots due to heat transfer
effect compared to the lumen side. These hot spots might induce diffusion of the metals
such as La, Fe, Sr and Co leading to changes in oxidation state, coordination symmetry
environment of the La, Sr and Co, Fe cations. This could provoke changes in the surface
composition compared to bulk composition of the membrane because of segregation of

metal oxides phases.

2. The presence of sulphur from the air and helium flows employed during the experiments.
The SEM micrograph showed a severe change in morphology of the membrane, owing to

the change of the grain boundary size and large particles dispersed on the membrane
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surface. Those particles were analyzed by EDXS and found out that contain high

concentrations of Sr, S and O, which is in agreement with the detection of SrSO, by XRD.

It is worth remarking that the oxygen permeation of the modules was not affected during
long-term operation despite the evident kinetic demixing and apparent decomposition of

the LSCF6428 HFM reactor.

4.7. Thermodynamic calculation.

Figure 4.17 shows the standard Gibbs free energy for various reactions that involve SO, as
sulphuring agent and different perovskites, considering single perovskite phases due to
absence of thermodynamic data for LSCF6428 perovskite. It can be appreciated that the
reactions that require higher stoichiometry amount of SO,, model molecule for sulphur
generation, are thermodynamically favourable because of their lower AG . The dependence of
AG at 850°C with the SO,/O;, ratio indicates that CoSO,4 and SrSQO, are thermodynamically
favourable for SO,/O, ratio around 2.5 for both LaCoO3z and SroFe,Os when are used as
model perovskite. These findings are in agreement with experimental results obtained in this
work. In appendix 11.15, figures 11.25 and 11.26 are given different plots of the dependence
of AG against temperature for various reactions that involve H,S and S,0 as sulphuring
agents and different perovskite. Also, it is shown the dependence of AG at 850°C with the
H,S/O, ratio and S,0/0; ratio for different perovskite; see appendix 11.15, figures.11.25 and
11.26. Note that CoSO, and SrSO, are also thermodynamically favourable when H,S and S,0

are considered as sulphuring agents.
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Figure 4.16 Dependence of standard Gibbs free energy with temperature for various
sulphurization reactions of different perovskite.

The phase stability diagram of the Sr-O-S and Co-O-S systems is shown in figure 4.18. In

these diagrams can be appreciated that both SrSO4 and CoSQ, are stable at high temperature

and partial pressure of

SO..
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However, when the partial pressure of SO, decreases the




sulphates species, particularly CoSO,, produce Co and Sr oxides. Note that SrSO,4 requires

high

log pSO2(g) Predominance Diagram for Sr-O-S System log pSO2(g) Predominance Diagram for Co-O-S System
0 0

© o 4 &b a A b N e

-11

-12

er temperature and lower partial pressure of SO, than CoSO, to be oxidised.
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pO2(g) = 2.00E-01 pO2(g) = 2.00E-01

Figure 4.17 Phase stability diagrams for Sr-O-S and Co-O-S systems.

4.8.

Conclusions

According our results of oxygen release and uptake experiments performed in a hollow fibre

Lag 6Sro.4Co0g.2Fe0803.5 membrane reactor can be concluded that:

1.

With increased helium flow rate, an increased driving force for oxygen migration across

the membrane is promoted, because the oxygen partial pressure gradient is increased.

The mode of flow operation mode 2 (co-current) and mode 3 (counter-current) does not

affect the oxygen uptake and oxygen release experimental data.

Oxygen flux can be enhanced at high temperatures, because this plays an important role

in bulk oxygen diffusion and the oxygen surface reaction rates.

The data for calculating the apparent overall rate constant are fairly well fitted at high

helium flow rates, but at low helium flows the model is invalid possibly due to mass
transfer effects and low Reynolds numbers (Re < 2000).
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The calculated apparent reaction rate constants for mode 2 (co-current) and mode 3
(counter-current) operation were similar because the oxygen flux depends mainly on the
difference of oxygen partial pressure across the membrane. Furthermore, the apparent

reaction rate constants were independent of the helium flow rates on the lumen side.
The oxygen permeation rate is limited by surface exchange on the oxygen lean side or
lumen side (R,,) at 850°C and 900°C and the contribution of bulk diffusion on the

oxygen permeation rate increased with a rise in the temperature (900°C), according to

distribution of total oxygen permeation residence.

The LSCF6428 hollow fibre membrane reactor after 1360 hours of operation presented
signs of kinetic demixing of mobile cations and sulphur contamination, according of the

results obtained from XRD, SEM and EDXS analysis.

Thermodynamic calculation and phase stability diagram showed that SrSO, and CoSQO,

are facilitated under operation conditions in agreement with the experimental results.
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Chapter 5.
Oxygen flux through the LSCF6428
hollow fibre membrane modified with
Co030,4 and 5%NI-LSCF6428 catalyst



5. Oxygen permeation through the LSCF6428 hollow
fibre membrane modified with a Co30+ and 5%Ni-

LSCF6428 catalyst

The oxygen permeation, oxygen release and oxygen uptake of the LaggSro4C0o2Fe0s03.5
hollow fibre membrane which has been modified with a Co304 and 5%Ni-LSCF6428 catalyst
has been studied under two operation flow modes (mode 1 and 2) and two temperatures (
850°C and 900°C). Also, the apparent rate constant was determined from the model
developed in chapter 4 and the results obtained are compared with data from unmodified
LSCF6428-HFM. In addition, both reactors (i.e. Co0304/LSCF6428HFM and 5%Ni-
LSCF6428/LSCF6428-HFM) have been characterised by techniques such as XRD, SEM and

EDX.

5.1. Oxygen permeation through the LSCF6428 hollow fibre membrane modified

with cobalt oxide at 850°C and 900 °C

The oxygen permeation behaviour of the LSCF6428 hollow fibre membranes coated with
cobalt oxide (Co304/LSCF6428-HFM) for two modes of operation are shown in figure 5.1.
mode 1 corresponds to the air fed on the lumen side of the membranes and the helium sweep
on the shell side in co-current flow (figure 5.1A). It can be observed that the oxygen
permeation increases as helium flows rises. However, the oxygen permeation trend followed
a non-linear behaviour, indicating that the driving force of oxygen across the membrane is a
function of the operating helium flow rate. This may be due to the reduction of the oxygen
partial pressure side when increasing the helium flow rate, which promotes an increasing
driving force for oxygen permeation. Similar behaviour for the unmodified LSCF6428

hollow fibre membrane at different conditions has been reported previously [1, 2]. Note that
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oxygen permeation behaviour from 100 to 150 ml min™ of Air flow was very similar, this is
probably due to the small and negligible effect of gas—solid mass transfer resistances (steps 1

and 5), figure 2.4, on the oxygen permeation rate.
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Figure 5.1 Oxygen permeation of the Co3;0,/LSCF6428-HFM system under two different
modes of operation at 850 °C. (A) mode 1, air flow is in lumen side of membrane.
(B) mode 2, air flow is in shell side of membrane.

Figure 5.1B corresponds to the second mode of operation where the air is fed on the shell
side of the membrane and the helium sweep is on the lumen side in concurrent flow.
Comparing the two operation modes (i.e. mode 1 against mode 2), the oxygen permeation for
mode 1 is slightly higher than oxygen permeation from mode 2 (figure 5.1). Except for the
oxygen flux measurements carried out at 50 ml min™ of air flow rate, where an opposite
behaviour was observed in figure 5.1B. Indeed, this was the first experiment carried out
under the second mode of operation. This opposite behaviour is tentatively attributed to
either a partial reduction of the cobalt oxide catalyst with the carrier helium flow during the

first mode experiments or uncertainty in the experimental data. This finding is likely

129



associated to the fact that the Coz0, catalyst is not stable at elevated temperatures because of

easy oxygen loss from its structure that changes the valence from Co** to Co?* [8].

On the other hand, the larger oxygen flux in mode 1 relative to the mode 2 is attributed to
differences in surface areas between shell side and lumen side. It is envisaged that cobalt
oxide catalyst coated on the shell side of the membrane could decrease the specific surface
area in that membrane side. This would be reflected in a lower oxygen flux compared with
the oxygen permeation from mode 1. Tan et al. [1] reported for unmodified LSCF6428
hollow fibre membrane an opposite behaviour to the trend observed here. This difference
may be attributed to the surface area decrease produced by cobalt oxide catalyst coating over

the shell side.

The figure 5.2 shows the oxygen permeation measurements at 900 °C for Co304/LSCF6428-

HFM under mode 2.
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Figure 5.2 Oxygen permeation of the Co304/LSCF6428-HFM system under mode 2 at
900°C
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The oxygen flux increases with rising helium flows from 5 to 150 ml min™, this may be due
to the diminution of the oxygen partial pressure side when increasing the helium flow rate,
which enhances the driving force for oxygen permeation [1, 2]. On the other hand, it can be
clearly appreciated that oxygen permeation increases as air flow becomes higher. However,
at high air flows (100, 125 and 150 ml min™) the oxygen flux did not vary, indicating that the
effect of gas-solid mass transfer resistances is negligible under these conditions [3-7].

The oxygen permeation against the air flow at different temperatures is illustrated in figure
5.3. This shows that the oxygen flux at 850°C for mode 1 is slightly higher than the values
obtained under mode 2. This trend is attributed to the larger oxygen partial pressure

difference between lumen and shell sides as a consequence of the catalyst coated on the shell

side.
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Figure 5.3 Comparison of the oxygen permeation versus air flow for Co3O4/LSCF6428-
HFM system under two modes of flow operation at 850 °C and 900 °C

In contrast, the oxygen permeation measurements at 900 °C were significantly higher than the
values obtained at 850 ‘C. Note that the air flow required for obtaining similar oxygen

permeation was higher (i.e. 100 ml min™) at 900°C than that obtained at 850°C (i.e. 50 ml

131



min™®). A similar tendency and similar oxygen permeation values were obtained by Tan et al.
[1] and Thursfield et al. [9]. This finding suggests that the temperature plays an important
role in the oxygen driving force across the membrane reactor and also in the oxygen surface

reaction rates and the bulk oxygen diffusion [1].

5.2. Oxygen release and oxygen uptake wusing mode 2 of operation on

C0403/LSCF6428 HFM.

In order to compare the oxygen release with the oxygen uptake, an experiment on a fresh
Co403/LSCF6428-HFM reactor was carried out, increasing the temperature at 0.2°C.min™ up
to 850 °C (72 hours). The experiment was made using the mode 2 of flow operation and the
oxygen release (umol sec™) and oxygen uptake (umol sec™) were calculated from eqn. (3.3)

and (3.4), respectively.
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Figure 5.4 Comparison between oxygen uptake and oxygen release against helium flow at
850 °C.
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The results are compared in figure 5.4; it can be observed that oxygen uptake measurements
are higher than the oxygen release values. This difference is tentatively attributed to oxygen
incorporation to the Co304/LageSro.4Cop2Fe0sOs-5 hollow fibre membrane structure, as was
previously determined for unmodified LSCF6428-HFM (see Chapter 4). To verify these
statement further experiments were carried out.

To find out the effect of air dilution (i.e. air was diluted with helium to obtain 15 vol. % O,)
under the mode 2 an experiment was carried out (see figure 5.5). It can be noted that the
oxygen release and the oxygen uptake present a better agreement, but both measurements did
not converge. According to this result, it was decided to measure the oxygen release and the

oxygen uptake for a longer period of operation.
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Figure 5.5 Dependence of oxygen uptake and oxygen release versus helium flow at 850 °C
using a mixture 15 % O,

In figure 5.6 are given the measurements obtained from Co304/LSCF6428-HFM reactor

under mode 2. It can be observed that oxygen release increased while oxygen uptake held
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constant upon operation time where the air and helium flow were 50 ml (STP) min™, figure

5.6A.
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Figure 5.6 Oxygen release and oxygen uptake as a function of time for 50 ml.min™ of air
flow (A) and 100 ml.min™ of air flow (B).

On the other hand, when the air flow was increased to 100 ml min™ and helium flow was held
at 50 ml min™ under mode 2, both measurements (i.e. oxygen release and oxygen uptake)
immediately converged, figure 5.6B. This is tentatively attributed to the increase of the
amount of oxygen that permeates across the membrane, which rapidly achieves the steady

state.

5.3.  Calculation and comparison of oxygen permeation resistance.

The distributions of total permeation resistance of Co03;04-LSCF6428HFM reactor was
determining using the egns 4.1 to 4.4 at 850°C [3] and the data are given in the figure 5.7. It

can be appreciated that at low helium flow (i.e., 10 ml min™) the resistance of surface

exchange at the oxygen lean side or lumen side (R;X') was between 58 and 44 %, indicating

that Rex controls the oxygen permeation rate. On the other hand, Réx (27-35 %) and R,y
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(15-17 %) showed inferior contribution to the overall oxygen permeation rate in the

distribution of total permeation resistance at 850°C, appendix 111.1, figure 111.1.
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Figure 5.7 Effect of air and helium flows on the distribution of total permeation
resistance for Co3O4/LSCF6428-HFM at 850°C.

In addition, according to the results shown in figure 5.7, it can be observed that R_, slightly
decrease and R;X increase slightly with increasing air flow rate. Furthermore, at helium
flows between 25 and 125 ml min™, R, gradually increased up to 83 % whilst R_, and R
decreased at helium flow above 10 ml min™. This result suggests that oxygen permeation

rate is limited by surface exchange on the oxygen lean side or lumen side (R,, ) at 850°C,

figure 5.8 and appendix I11.1, figure 111.1.
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5.4. Apparent reaction rate constants from Co304/LSCF6428-HFM under mode 2 of

operation flow at 850°C

The dependence of the apparent reaction rate constants calculated from eqgn. (3.23) for

C0304/LSCF6428-HFM reactor with He flow is given in figure 5.8.
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Figure 5.8 Apparent reaction rates constant for different helium flows under second mode
of flow operation at 850°C

Note that the apparent rate constant did not change with helium flow, possibly due to the
presence of CozO4 in the shell side that catalyses the dissociation of the oxygen molecule
[10], which is reflected on the apparent rate constant (i.e., 0.9 umol sec bar*cm? ). The
apparent activation energy was not calculated due to the absent of apparent rate constant at

900°C, since the mole of oxygen outlet in shell side was not measured during these

experiments.

5.5. Characterization of the Co304/LSCF6428-HFM system before and after reaction by

different techniques.
55.1. X-ray diffraction (XRD).
The diffraction profiles for the Co304/LSCF6428-HFM system before and after 672 hours

of oxygen permeation measurements are shown in figure 5.9.
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Figure 5.9  XRD patterns of the hollow fibre membrane LagsSro4C0o2Fes03.5 modified

with cobalt oxide catalyst. Unmodified LSCF6428 powder (a),
Co304/LSCF6428 powder (b), before the oxygen permeation measurements.
Centre powder (C), centre lumen side (D), centre shell side (E) and powder
end HFM (F), end lumen side (G) and end shell side (H) are after 672 hours of
oxygen permeation experiments

Both the XRD patterns for unmodified LSCF6428-HF and Co304/LSCF6428-HFM display

the sign characteristic of the perovskite phase presents in the hollow fibre membrane (i.e.

Lag sSro.4C0o8Fe203. 5) [11] as the main crystalline phase (figures 5.9a and 5.9b). On the

other hand, the XRD pattern for Co304,/LSCF6428-HFM also presented a secondary

crystalline phase (i.e., Co3O, (00-042-1467)) because of deposition of the cobalt oxide

catalyst on the surface of the hollow fibre membrane (shell side). The crystal size for lumen

side and shell side before reaction was around 22 nm (0.022 um) and 23 nm (0.023 um),

respectively, appendix 111.2, table 111.1.
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In figures 5.9C, 5.9D and 5.9E are given the diffraction profiles of the centre powder, centre
shell side and lumen side of the Co03;0./LSCF6428-HFM after 672 hours of operation,
respectively. It can be observed that all XRD profiles exhibit not only the principal
crystalline phase of the LSCF6428, but also the cobalt oxide and trace amounts of SrSO,4 both
in the centre powder (figure 5.9C) and centre shell side (figure 5.9E). The crystal size of the
centre shell side and centre lumen side of Coz04/LSCF6428-HFM reactor after reaction are
26 nm (0.026 um) and 22 nm (0.022 pum), respectively, see appendix 111.2, table I11.1.

The XRD patterns for powder sample from the end of the HFM, end shell side and end lumen
side of the Co304/LSCF6428-HFM after 672 hours of oxygen permeation measurements are
shown in figures 5.9F, 5.9G and 5.9H. It can be clearly noted that the principal crystalline
phase is LSCF6428 for all samples whereas trace amounts of SrSO4 were also observed for
the end shell side sample. Furthermore, the crystal size for end shell side and end centre
lumen side are 26 nm (0.026 um) and 22 nm (0.022 pum), respectively see appendix 111.2 and
table I11.1.

Considering the above-mentioned results we can infer that after oxygen permeation
experiments the shell side of the membrane was contaminated by sulphur (i.e. SrSO,) in line
with previous reports [2, 12-17]. Indeed, Thursfield and Metcalfe have also found traces of
sulphur on the membrane surface (i.e. SrSO4 and CoSQ,) [17]. They associated the presence
of these phases to sulphur impurity both in the air and helium gases employed during the
experiments. According to previous reports in the literature [2, 12-17], these contaminants
may can decrease the oxygen permeation capability of the LSCF6428-HFM system. It is
worth remarking that the crystalline size of shell side and lumen side post operation (672
hours) did not change compared to the crystalline size of both membrane sides before
reaction. This finding suggests that the reaction atmosphere did not affect the crystalline size

of C0304/LSCF6428-HFM reactor.
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5.5.2. Scanning electron microscopy (SEM).

The SEM micrographs of the cobalt oxide deposited on the LSCF6428-HFM system before

oxygen permeation measurements are given in figure 5.10.
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Figure 5.10 SEM images of the cross section of the Co304/LSCF6428-HFM (a) and Co304
catalyst in shell side (b), distribution of the catalyst particle perimeter before
reaction (c), simulated image of Co3O4 catalyst in shell side of LSCF6428-HFM
(d).

Figure 5.10a corresponds to cross section of the Co3;04/LSCF6428-HFM. It can be observed
the dense outer skin in line with previous reports [1, 2, 16, 17]. The shell side of the

C0304/LSCF6428-HFM shows well-distributed Co3O4 particles with a thickness of 29 um
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(figures. 5.10b and 5.10d). The perimeter of the Co3zO,4 particle with irregular shapes is

between 0.07 and 3 um, see figures. 5.10c, appendix 111.3, figures. I11. 4 and I11.5.

— |lumem side, grain boundary BR

804 shell side, grain boundary BR
;\a ]
z 60-
8 ]
D
s 40
D
a ]

20-

O M

0 20 40 60 80 100 120
Perimeter/pum

Figure 5.11 SEM micrographs of the lumen side (a) and shell side (b) before oxygen
permeation, images simulated of both lumen (c) and shell side (d). Distribution
of the grain boundary perimeter of lumen side and shell side before reaction (e).
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The microstructure of the shell side and lumen side before reaction are given in figure 5.11.
In figures 5.11c, 5.11d and 5.11e, it can be observed that 96 % of the grain boundary
perimeters are between 0.02 and 20 pm for both sides based on the simulated images by SPIP

6.0.9 software.

The SEM images of the Co304/LSCF6428-HFM cross section after oxygen permeation are
shown in the figures 5.12A and 5.12B. It can be clearly appreciated in both photographs the
finger-like layer around the outer and inner walls and the dense layer in the centre. The
figures 5.12C and 5.12D images belong to the microstructure of the central dense layer of the
membrane after the reaction. Small cavities can be clearly observed, suggesting that some

porosity is still present, even in the dense layer.

Figure 5.12 SEM micrographs cross section of the Co3;04/LSCF6428-HFM after oxygen
permeation. Cross section (A), Finger like image magnified (B), central dense
layer (C) and image magnified (D).
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The SEM micrographs of the centre shell side of the Co304/LSCF6428-HFM post operation
are given in figure 5.13. The figures 5.13A and 5.13B correspond to centre shell side and
simulated images, respectively. Comparison the figures 5.10b (before reaction) and 5.13A
(post reaction) can be observed the agglomeration of the cobalt oxide particle after oxygen
permeation experiments, as a consequence of the high operation temperature. Indeed, the
distribution of the grain particle perimeter of cobalt oxide catalyst increased from 0.07 to 3

um (before reaction) up to 0.14 t0100 um for 98 % of the overall grain particle perimeter

measured (see figure 5.13C and appendix 111.3, figures 111.4 and 111.5).
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Figure 5.13  SEM image magnified of the centre shell side after oxygen permeation. (A)

and simulated image (B). Distribution of the grain particle perimeter of shell
side (C)
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The SEM micrographs of the centre lumen side after reaction are shown in figure 5.14.
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Micrograph of the centre lumen side (A), images magnified (B,C) and image
simulated by SPIP6.0.9 (F). Distribution of the grain particle perimeter of

shell side (G) and grain boundary perimeter of lumen side (H), before and
after reaction, respectively
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It can be clearly visualized that the range of the grain boundary perimeter (i.e., 0.03 and 25
pm) did not vary with respect to the grain boundary distribution of the lumen side (0.02 and
24 pm) before reaction. These ranges represent between 93 and 99 % for the overall grain
particle perimeter measured (figure 5.14E). Also note that small cavities are apparently
formed at the interface of some grain boundaries, according to the microstructure image for
the centre lumen side (figures 5.14B and 5.14C). This region boundary has usually a high
oxygen vacancy concentration and therefore permits diffusion of lattice oxygen much faster

across the membrane [18-21].

The microstructure of the end shell side of the Co3;0,/LSCF6428-HFM after oxygen

permeation is shown in figure 5.15.
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Figure 5.15 SEM images of the end shell side (A), images magnification (B) and images
simulate (D). Distribution of the grain boundary perimeter of the end shell side
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It can be appreciated that the range of the grain boundaries perimeter for shell side (i.e., 0.03
to 27 um) did not vary relative to the grain boundary perimeter from the shell side (0.02-20

um) before reaction, see (figure 5.15C). The perimeter ranges represented 93 % and 97%,

respectively, of the overall grain boundary perimeter measured.

The microstructures of the end lumen side of the Co304/LSCF6428-HFM after oxygen flux

experiment are given in figure 5.16.
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Figure 5.16 SEM micrograph end lumen side after oxygen fluxes measurements (A),

images magnified (B), distribution of the grain boundary perimeter (D) and
images simulated (C).

Note again that the range of the grain boundaries perimeter (i.e., 0.03 to 20 um) for lumen

side before and after reaction did not change (figure 5.16C). This range represents between
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95 and 97 % of the overall grain boundary perimeter measured. These findings indicate that
the distribution of the grain boundary of the end lumen and shell sides for Co;04/LSCF6428-

HFM did not vary after oxygen permeation experiment.

It is worth mentioning that small particles decorate the surface of the shell side and lumen
side of the membrane. This can be attributed to the structural kinetic demixing of mobile
cations of the hollow fibre membrane is caused by the cations diffusion under an oxygen

chemical potential gradient [22-25].

5.5.3 Energy dispersive X- rays spectroscopy (EDXS)

In table 5.1 is listed the EDXS results of different zones of the Co304/LSCF6428-HFM
system before and after oxygen permeation experiments. It should be remarked that the
values shown in table 5.1 correspond to the average atomic %, except for the element S, Ca
and Cl. Further details can be found in appendix I11.4, figure 111.9; where all values of the
different zones and distances of the Co03;04,/LSCF6428-HFM are tabulated. Oxygen
concentrations were not considered because of its high content before and after reaction (see
appendix I11.4, figures 111.9 and 111.10.

Nevertheless, it is clearly noticeable that there is a small reduction of the cobalt relative
composition in the centre shell side after the oxygen permeation experiments (i.e. 33 %)
compared to the cobalt concentration before reaction on the shell side (i.e. 35 %). This is
probably due to the fact that part of the coated catalyst (i.e. Co30,) on the LSCF6428-HFM
was partially leached out during long operation time (i.e., 675 hours) at high temperature.
Also, note that very small amounts of sulphur impurities were detected on the shell side
before reaction, this is probably due to partial decomposition of the Polyethersulfone binder
used during the preparation of the LaggSro4C0o2Feosos-s hollow fibre membrane (phase

inversion methods), see appendix I1.1. .
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Table 5.1 Summary of EDXS results of different section of Co304/LSCF6428-HFM reactor before and after oxygen permeation

Average atomic %

Membrane Condition S(?s(i:(tjié))n
La Sr Co Fe ) other Experimental stoichiometry

LSCF6428 BR Lumen 5.2 295 155 9.1 80.6 0.06Ca L.a0.6:5r0.4:C00.2:Fe0.8
Co0;0./LSCF6428 AR Centre lumen 27.6 21.8 9.2 40.3 6.5S La0.6:5Sr0.4:C00.2:Fe0.8
C030,/LSCF6428 AR End lumen 292 224 104 375 1.5Ca La0.6:5r0.4:C00.2:Fe0.8
C030,/LSCF6428 BR Shell 11 068 358 169 600 0.6S
Co0304/LSCF6428 AR Centre shell 22.5 15.9 33.2 28.2 1.9CI
C030,/LSCF6428 AR End shell 282 223 103 389
C0;0,/LSCF6428 AR Cegégiggoss 319 194 105 382 La0.6:5r0.4:C00.2:Fe0.8
C0;0,/LSCF6428 AR E;‘edcfiroonss 303 211 9.9 38.1 6.55 La0.6:5r0.4:C00.2:Fe0.8

BR: before reaction; AR: after reaction
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EDXS spot analyses of the post operation Co3;04/LSCF6428-HFM for different zones along
the surface of the membrane are shown in table 5.1 and also in appendix 111.4 (tables 111.2 —
I11.9). It can be appreciated that EDXS analysis of the centre lumen side surface after
reaction displayed a uniform metal composition (i.e., La, Sr, Co and Fe) along the membrane
and similar to the perovskite phase composition (i.e., LageSro4Coo2Feqg0s.5) found in lumen
side before reaction. Note that small amounts of sulphur were detected on this surface side

(i.e. lumen side).

It is worth remarking that the EDXS analysis of the other sections of the membrane (i.e., end
shell side and end lumen side) show similar metal composition than that of the perovskite

phase (LageSro.4Cop2Feos0s-5) before reaction.

According to the results obtained from XRD, SEM and EDXS analysis, both lumen side and
shell side for the Co304/LSCF6428-HFM reactor after 675 hours of operation did not change.
It was determined that the cobalt oxide catalyst coated on LSCF6428-HFM was deteriorated
compared to the original uniform structure. This is probably due to the leaching of Co304
deposited on LSCF6428-HFM as a consequence of the high reaction temperature and long
operation time. Also, it was determined that the grain boundary perimeter did not change in
both end shell side and end lumen side and these were decorated with smaller particles.

These particles were not analysed due to the poor quality of the images obtained by SEM.

It is worth remarking that both XRD and EDX data detected sulphur impurity, which can

react with the oxygen molecular adsorption and elements segregated on membrane surface.
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5.6. Oxygen flux for 5%Ni-LSCF6428/LSCF6428-HFM at 850°C and 900 °C

The study of oxygen release and uptake for 5%Ni-LSCF6428/LSCF6428 hollow fibre
membranes reactor was carried out under different operations conditions (i.e., mode 1 and 2)

at 850 °C and 900 °C.

In figure 5.17 can be seen that a stabilization period for 5%Ni-LSCF6428/LSCF6428-HFM
reactor under mode 2 was required. It can be observed that at the beginning both
measurements (oxygen release and uptake) showed a similar trend. After approximately 466
minutes of run time the oxygen release started to increase until nearly 1194 min, where both
measurements converge again. This stabilization period is possibly associated with the

partial oxidation or/and sintering of the 5%Ni-LSCF6428 catalyst.
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Figure 5.17  Oxygen release and oxygen uptake for 5%Ni-LSCF6428/LSCF6428 hollow
fibre membranes reactor as a function of run time

The effect of helium flow rate on the oxygen flux is illustrated in figure 5.18 for 5%Ni-
LSCF6428/LSCF6428-HFM. It can be seen that the oxygen release and oxygen uptake

measurements rose when increasing the helium flow rate. This is a consequence of diluting
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the permeated oxygen and hence decreasing the oxygen partial pressure in the lumen side,

which increases the driving force for oxygen transport across the membrane.

In addition, as is shown in figure 5.18, the oxygen release measurements and oxygen uptake
for mode 2 of flow operation followed a similar trend. That is, both values were fairly
similar. A similar trend showed for mode 1 of flow operation, except for air flow 75 ml (STP)
min™* where low values with respect to mode 2 (see figure 5.18B) were obtained. It is worth
mentioning that mode 1 of flow operation measurements were carried out after mode 2
experiments. This unexpected finding for air flow of 75 ml (STP) min™ in mode 1 is
tentatively attributed to changes in the 5%Ni-LSCF6428 catalyst morphology because of
oxidation or/and sintering (agglomeration) of the catalyst components as a consequence of
long high thermal treatment during the experiments. This process provoked a diminution of

the oxygen flux during the experiments likely due to the reduction of the surface area.
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Figure 5.18 Dependence of the oxygen release and oxygen uptake against two modes of
flow operation: mode 1 (A) and mode 2 (B) at 850 °C.
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5.7. Reaction rate constants for two different modes of operation (i.e., mode 1 and

mode 2) at 850 °C.

The apparent overall rate constants for 5%Ni-LSCF6428/LSCF6428-HFM against helium
flow at 850°C are given in figure 5.19. The model predicts that the apparent overall rate
constants for 5%Ni-LSCF6428/LSCF6428-HFM appear to be slightly dependent upon
helium flow eqgn. (3.23); consequently the model may not be valid particularly at low helium
flow rates. This is possibly due to the fact that the system did not reach a steady state
condition. However, additional factors such as gas — solid mass transfer effects, deviation
from plug flow behaviour, low Reynolds numbers (Re < 2000) and incorrect form of the

flux expression are also possible, see appendix 11.6, tables 11.6 and 11.7.
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Figure 5.19 Influence of helium flow on the overall rate constant of the oxygen flux for
unmodified and modified membrane at 850°C.
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5.8. Influence of the temperature and reduction effect on the oxygen flux of the

5%Ni-LSCF6428/LSCF6428-HFM.

The temperature effect on oxygen release and uptake for 5%Ni/LSCF6428 hollow fibre
membranes under mode 1 can be observed in figure 5.20. It is clearly illustrated that the
oxygen release and uptake measurements at 900°C were comparable to those obtained at
850°C. This indicates that the oxygen partial pressure difference across the membrane did
not vary significantly at 850°C and 900°C. This is likely due to changes in the catalyst
morphology. Similar behaviour was observed in the experiment above carried out under
mode 1 of operation for air flow 75 ml (STP) min™ at 850°C, where the oxygen release and
uptake behaviour was comparable with values obtained for air flow 10 ml (STP) min™ (see
figure 5.18A). This is probably due to the effects of sintering or/and oxidation of the catalyst
(LSCF6428-supported nickel nanopowder). It is well-established that changes in the

membrane phase structure affect the oxygen flux [27-33].
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Figure 5.20 Dependence of the oxygen release and oxygen uptake against helium flow for
5%Ni/LSCF6428-HFM using an air feed flow rate of 50 ml (STP) min™ at
850°C and 900°C.
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The reduction of 5%Ni-LSCF6428/LSCF6428-HFM was carried out under the following
procedure: the membrane reactor at 850 °C was cooled down up to 400 °C at approximately
0.4 °C min"' under 9 ml min™ air flow in lumen side. After reaching the temperature (400
°C), 30 ml (STP) min™ of 5% H,/He was supplied in the shell side while helium was co-
current swept into the lumen side of the module during 30 or 60 minutes depending on the
reduction time. Subsequently, the module temperature was increased up to 850°C at 0.4°C

min~" under a 9 ml (STP) min™ He flow in both sides, see figure 5.21.
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Figure 5.21 Schematic representation of the temperature programmed profile during the
reduction of 5%Ni-LSCF6428/LSCF6428-HFM.

Figure 5.22 shows the oxygen release and uptake behaviour of 5%Ni-LSCF6428/LSCF6428-
HFM for mode 1 of flow operation. The mode 1 corresponds to the air fed on the lumen side
of the membranes and the helium sweep on the shell side (ALHS-air-lumen, helium-shell) in

co-current.

As was expected, the oxygen release and oxygen uptake increased with rising helium flow
rate. This is due to helium flow that induces the driving forces of oxygen migration across
the membrane. Also, it can be observed that the oxygen uptake obtained after reduction was
considerably higher than oxygen release compared to the oxygen flux measurements before
reduction treatment, owing to reoxidation of the 5%Ni-LSCF6428 catalyst or/and LSCF6428

membrane. Note that the H; treatment for 30 and 60 minutes did not affect significantly the
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oxygen uptake and release values, see figure 5.22. This indicates that 30 minutes is
sufficient to reduce the 5%Ni-LSCF6428 catalyst.
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Figure 5.22 Comparison of oxygen release and uptake of the 5%Ni-LSCF6428/LSCF6428-
HMF before and after H, reduction treatment.
In order to find out the stability of this membrane reactor, an experiment was carried out
under mode 1 during 916 hours with 75 ml (STP) min™ air flow supplied in lumen side and

50 ml (STP) min™* He flow sweep in shell side, see figure 5.23.

It can be clearly noticed that the membrane reactor did not reach steady state after a long
period of operation since the oxygen uptake was still higher than the oxygen release (i.e.
comparable to the data shown in figure 5.22). This trend suggests that possibly the
stoichiometry or/and morphology of the 5%Ni-LSCF6428 catalyst on LSCF6428 hollow

fibre membrane reactor underwent an irreversible modification.
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Figure 5.23 Oxygen release and oxygen uptake as a function of time on stream for 5%Ni-
LSCF6428-HFM after H, reduction treatment.

5.9. Calculation and comparison of oxygen permeation resistance for 5%Ni-
LSCF6428-HFM reactor.

The distributions of total permeation resistance of 5%Ni-LSCF6428-HFM reactor was
determining using the eqns. (4.1) to (4.4) at 850°C [3] and the data are given in the figure

5.24. It can be observed that at low helium flow (i.e., 10 ml min™) the resistance of surface

exchange at the oxygen lean side or lumen side (R;X') was between 54 and 51 %, indicating

that R, controls the oxygen permeation rate. In contrast, R,, (29-31 %) and R, (15-17

%) showed inferior contribution to the overall oxygen flux rate at 850°C, appendix 1V.1,

figure 1V.1.

According to the results given in figures 5.24, REX and Réxdid not vary when increasing air
flow rate. Furthermore, at helium flows between 25 and 75 ml min™, Rex gradually

increased up to 77 % while R_, decreased and R, did not vary at helium flow above 10 ml
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min™t. This result suggests that oxygen permeation rate is limited by surface exchange on the
oxygen lean side or lumen side (R,,) at 850°C, figures 5.24 and appendix 1V.1, figures

V.1
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Figure 5.24 Effect of air and helium flows on the distribution of total permeation
resistances for 5%Ni-LSCF6428-HFM at 850°C.
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5.10. Characterization of the 5%Ni-LSCF6428/LSCF6428-HFM before and after

oxygen fluxes by different techniques.

5.10.2. X ray-diffraction (XRD):

In figure 5.25 are shown the XRD patterns for the 5%Ni-LSCF6428/HFM module before and

after 1968 hours of oxygen flux experiments.
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;Z’ig? N 59 Ni/L.SCF6428 lumen side before reaction|
« CoSO, 5% Ni/LSCF6428 shell side before reaction |
16000+ | o, . 5% Ni/LSCF6428 lumen side after reaction
- 5i0, 5% Ni/L.SCF6428 shell side after reaction |
14000} (D) . eoer co /| I o 1

Intensity (counts)
f

00 20 30 4 % @ 70 8 9 10 U

Angle (20)

Figure 5.25 XRD profiles of the 5%Ni-LSCF6428/HFM. LSCF6428 powder (a), 5%Ni-
LSCF6428/HFM powder (b), lumen side (c) and shell side (d) before the
oxygen flux measurements. Centre lumen side (C) and centre shell side (D)
after 1968 hours of experiments.

The diffraction profiles for 5%Ni-LSCF6428/HFM powder, lumen side and shell side before
reaction are illustrated in figures 5.25b, 5.25c and 5.25d, respectively. Three XRD profiles

display the signs characteristic of the hollow fibre membrane (i.e. Lag §Sro4C0ogF€20s-5) as
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the main crystalline phase [34]. The 5%Ni-LSCF6428/LSCF6428-HFM powder and shell
side before reaction present a second crystalline phase that corresponds to metallic nickel, Ni
(00-004-0850). The crystal size for lumen side and shell side before oxygen permeation was

around 26 nm (0.026 um) and 25 nm (0.025 pum), respectively, appendix 1V.2, table 1V.1.

Figures 5.25C and 5.25D correspond to the diffraction profiles for the centre lumen side and
the centre shell side of 5%Ni-LSCF6428/LSCF6428-HFM after 1968 hours of operation. It
can be clearly noted that the principal crystalline phase is LSCF6428 for both samples.
Furthermore, other crystalline phases such as SrO, (00-007-0234), SrSO, (00-005-5935),
CoS0O4 (10124-43-3), Fe30,4 (01-088-0315), NiO (1313-99-1) and SiO, (00-005-0490) were
detected in the centre shell side (figure 5.25D). The crystal size for lumen side post
operation did not change and was around 26 nm (0.026 um). On the other hand, crystal size
for shell side after oxygen permeation and methane conversion was around 32 nm (0.032

um), appendix 1V.2, table 1V.1.

Considering the above-mentioned results we can assume that metallic nickel on 5%Ni-
LSCF6428 catalyst changed its oxidation state from 0 (Ni° to 2+ (NiO) during the
experiments, causing the drop of the oxygen flux. It can be also observed that the module
reactor was contaminated by sulphur as revealed by the presence of SrSO4and CoSOy in the
XRD analysis. Sulphur impurity, the H, reduction step and the segregation of iron, strontium
and cobalt to produce crystalline metal oxides and sulphates may produce the diminution of
oxygen permeation [23, 35-37]. Additionally, SiO; (silica) was detected in the hollow fibre
membrane reactor after the reaction. The presence of this impurity is likely due to the sealant

or quartz tube used to assemble the HF reactor, see appendix 1V.4, tables 1V.11 and 1V.12.
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5.10.2. Scanning Electron Microscopy (SEM):

In figure 5.26 are given the SEM micrographs of the shell side and cross section for 5%Ni-

LSCF6428 catalyst deposited on LSCF6428 hollow fibre membrane before oxygen flux

measurements.
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Figure 5.26 SEM images of the cross section of the 5%Ni/LSCF6428 catalysts on
LSCF6428-HFM before reaction (a). 5%Ni/LSCF6428 catalysts on the shell
side of LSCF6428-HFM before reaction (b), images simulated (d). Distribution
of particle perimeter of the 5%Ni/LSCF6428 catalysts on LSCF6428-HFM (c)

The magnification images for shell side before reaction are shown in figures 5.26b and
5.24d. Note that the thickness of 5%Ni-LSCF6428 catalyst was 26 um figures 5.26a and the

particle perimeter range is between 0.01 and 4.5 um, which represent around 92% of the total
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grain analysed. Also, the catalyst was well-distributed on the shell side of the LSCF6428-

HFM (figures 5.26a and 5.26D).

Figure 5.27 is given the magnification images of grain boundary for lumen side and shell

side before reaction.
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Figure 5.27 SEM micrographs of the lumen side (a) and shell side (b) before oxygen flux
and images simulated of the lumen side (c) and shell side (d) before reaction.
Distribution of grain boundary perimeter for both sides (e).
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It can be noted that the grain boundary perimeter for lumen side exhibits a bimodal
distribution with two ranges: 1) One between 0.02 and 4 um that represents 38 % and 2) a
second range between 4 and 16 pm, representing 53 % of the overall grain boundary
perimeter (91 %). The remaining 9 % corresponds to grain boundaries with perimeters
between 16 and 27 um, according to the simulation of the images by SPIP 6.0.9, figure
5.27e. The grain boundary perimeters for shell side before reaction are between 0.02 to 20
um, which corresponds to 93% of the total grains boundaries. Note that the distribution of

the grain boundary perimeter for both sides is comparable, figure 5.27e.

The SEM images of the centre shell side of the 5%Ni-LSCF6428/LSCF6428-HFM after

oxygen flux are shown in figure 5.28.

Figure 5.28 SEM images of the centre shell side of the post operation 5%Ni/LSCF6428-
HFM (A) and images magnified (B), (C) and (D).

It can be clearly noted in the microstructure photographs (figures 5.28C and 5.28D) that the

grain perimeter of 5%Ni/LSCF6428 catalyst post reaction increased relative to the catalyst

161



grain size before reaction (figure 5.26b). It was not possible to obtain simulated images with
good quality due to a poor contrast among the small particles of the catalyst for this reason

the images were not included in the text.

This finding clearly shows that the catalyst particle underwent agglomeration and also
oxidation (XRD result, figure 5.25) during the operation time. Both processes (i.e.
agglomeration and oxidation) could take place simultaneously on HFM surface, which was
caused by a decrease of oxygen flux. The H, treatment facilitated the formation of metallic
Ni from nickel oxide but was unable to re-disperse it because of irreversible nature of the

agglomeration process.

Figure 5.29 corresponds to centre lumen side of 5%Ni-LSCF6428/LSCF6428-HFM post
reaction. It can be observed that the grain boundaries perimeter after reaction slightly
increased (i.e., 0.07 to 30 um) (figures 5.29D and 5.29E) compared to the perimeters of the
grain boundaries of the lumen side before reaction (i.e., 0.02 to 16 um) for 91% of the overall
grain boundary, see figure 5.27. Also, this membrane section showed small particles that
decorates the surface of the membrane and cavities among the grain nodules (figures 5.29B

and 5.29C).
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Figure 5.29 SEM images of the centre lumen side post reaction of the 5%Ni/LSCF6428-

HFM (A) and image magnified (B) and (C). Images simulated of the lumen side

after reaction (D) and distribution of particle perimeter of the 5%Ni/LSCF6428
catalysts on LSCF6428-HFM (E).
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The microstructure of the 5%Ni/LSCF6428-HFM end lumen side post reaction is given in
figure 5.30. According to the distribution of grain boundary perimeter for figure 5.30B, the
grain boundaries perimeter of lumen side (i.e., 0.03 - 74 um) varied significantly compared to
that of the lumen side (i.e., 0.02 - 16 um) before reaction, which represent 91% of the total

grain boundary, see figure 5.30D.
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Figure 5.30 SEM micrograph of the end lumen side post reaction of the 5%Ni/LSCF6428-

HFM (A), simulated image (B).magnified image (C) and distribution of grain
boundary perimeter (D).

Also note that smaller particles decorate the surface of the lumen side and small cavities were
created at the interface of the grain boundaries after reaction (figures 5.30A and 5.30C),
owing to the reducing atmosphere (H, and subsequently methane) before and during the
partial oxidation of methane. This caused the interruption of the experiment because of a gas

leak.
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In figure 5.31 is given the microstructure of the 5%Ni/LSCF6428-HFM end shell side post
reaction. It can be noted in figures 5.31A and 5.31C that the perimeter of the grain
boundaries for shell side (i.e., 0.03 - 71 um) vary slightly compared to the grain boundary
perimeters for shell side before reaction (i.e., 0.02 - 20 um), which corresponds to 93% of the

total grains boundaries, see figure 5.31C.
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Figure 5.31 SEM micrograph of end shell side after oxygen flux measurements (A), image
simulated (B) and distribution of the grain boundary perimeter (C).

Considering the above discussed XRD and SEM results for centre shell side of the
5%Ni/LSCF6428-HFM after 1968 hours of operation. One can suggest that the morphology

of the catalyst changed as a consequence of an oxidation process of metallic nickel to NiO
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and agglomeration of the particle due to its high thermal treatment (figure 5.28), which
caused the diminution of the oxygen flux because of a reduction of the surface area available

for the oxygen exchange reactions on the catalyst surface (5%Ni-LSCF6428).

Note that the module reactor was contaminated by sulphur, whose origins is tentatively
attributed to air and helium gases employed during the experiments or more likely to the
polyethersulfone (PESf) binder used in the manufacture of the membrane [38-40]. The
segregation of strontium and cobalt as crystalline oxide/sulphate phases (i.e., CoSQy, SrO;
and SrSO,) were also observed by XRD (figure 5.25). These compositional changes of the
LSCF6428 hollow fibre membrane could affect both the bulk diffusion and surface exchange
kinetics of oxygen through the membrane, producing less oxygen fluxes than one would
expect for a pure phase of LSCF6428 membrane [41-43]. These crystalline oxide/sulphate

phases have been previously observed elsewhere [44-47].

5.10.3. Energy dispersive x-rays spectroscopy (EDXS)

In table 5.2 are given the EDXS results of different zones for the 5%Ni-
LSCF6428/LSCF6428-HFM before and post oxygen flux experiments. These zones are
described in Chapter 3 (figure 3.11). It stands out that the value indicated in table 5.2 is the
average atomic %. For more details see appendix 1V.4, where all values of EDX results for
5%Ni-LSCF6428/LSCF6428-HFM at different zones are given. Oxygen concentration was

not considered because of its high content before and after reaction (see appendix 1V.4).

On the other hand, it can be observed that there is a remarkable diminution of metal
composition (i.e., La, Sr, Co, Fe and Ni depletion 6.3%, 3.3%, 1.6%, 7.8% and 1.6%,
respectively) for 5%Ni-LSCF6428/LSCF6428-HFM in centre shell side after reaction

compared with shell side before reaction. However, the overall stoichiometry of the 5%Ni-
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LSCF6428/LSCF6428 membrane did not change considering the measurement error of

EDXS analysis.

Furthermore, it is noticeable the presence of sulphur and carbon (1.0 % and 14%,
respectively) on this membrane section, see table 5.2 and appendix IV.4. Sulphur was
already attributed to gas impurity or/fand residuum of partial decomposition of
polyethersulfone (PESf). Carbon deposition, on the other hand, is attributed to the methane
conversion experiment; see Chapter 6, section 6.3. An overall diminution of the metal
composition for La, Sr, Co and Fe (i.e., 4.9%, 3%, 1.6% and 6.9%) in the end shell side post
reaction was observed compared to shell side before reaction of 5%Ni-
LSCF6428/LSCF6428-HFM. However, the stoichiometry of the membrane bulk did not
change. Both sulphur (1.2 %) and carbon (11.6%) were also detected in this section of the

membrane, table 5.2 and appendix IV. 4.

Comparing the lumen side before operation with centre lumen side after reaction it can be
clearly established that the elemental compositions for La, Sr, Co and Fe diminished from
8.0%, 5.5%, 2.3% and 10.3 to 5.2 %, 3.36%, 1.3% and 8.3%, respectively. Meanwhile, the
La, Sr, Co and Fe compositions in the end lumen side decreased up to 5.2%, 3.5%, 1.4% and
6.4% from 8.0%, 5.5%, 2.3% and 10.3 %, respectively. However, in both membrane sections
the stoichiometry of the membrane bulk did not change (i.e. Lags:Sro4:C0o2:Fepg). Also, it is
worth remarking that sulphur concentration around 0.30% was found in lumen side before
reaction. This decreased to 0.1% in centre lumen side post reaction and increased up to 1.6 %
in end lumen side after reaction; see table 5.2 and appendix 1V.4. The presence of sulphur
content in lumen side before reaction is possibly originated by decomposition of the
Polyethersulfone binder used during the preparation of the LageSro4Coo2FeosOss hollow

fibre membrane (phase inversion methods), see appendix 1.1
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Table 5.2 Summary of EDXS results of different zones of the 5%Ni-LSCF6428/LSCF6428-HFM before and after oxygen permeation and
methane conversion.

Absolute atomic %

Experimental

Membrane Condition Section (side)
La Sr Co Ee 0 Ni S ca C stoichiometry

LSCF6428 BR Lumen 8.0+0.9 5.5+0.8 2.3+0.6 10.3+12 73.8+13.5 03 05 La0.6:5r0.4:C00.2:Fe0.8

LSCF6428 BR Shell 7.2 5.6 2.2 9.8 75.4 La0.6:5r0.4:C00.2:Fe0.8
5%Ni-LSCF6428 BR Shell 74408 4.7+0.9 22405 9.1+1.1 7494140 1.7+0.6 La0.6:5r0.4:C00.2:Fe0.8
5%Ni-LSCE6428 BR Cross 7.4+18 55+17 2306 10.2+1.4 72.8+155 0.3 La0.6:5r0.4:C00.2:Fe0.8
5%Ni-LSCF6428 AR Centre lumen  52+1.9 3.4#22 13+0.7 83:12 68.9+11.2 014 05 136 La0.6:5r0.4:C00.2:Fe0.8
5%Ni-LSCF6428 AR Centre shell 6.33t0.7 3.330.9 1.6+05 7.8#1.2 64.4+13.9 1.6205 0.98 141  La0.6:Sr0.4:C00.2:Fe0.8
5%Ni-LSCF6428 AR Cross 7.8+1.8 3.2428 2.3+0.6 10.5+1.3 73.6x13.5 0.98 L.a0.6:5r0.4:C00.2:Fe0.8
5%Ni-LSCE6428 AR End shell 49+1.9 30421 1506 6.9+1.1 69.6+¢10.5 12407 1.2 11.6  La0.6:5r0.4:C00.2:Fe0.8
5%Ni-LSCE6428 AR End lumen 5.2+1.8 3.5+28 14406 6.4+13 68.613.5 1.6 13.3  La0.6:5r0.4:C00.2:Fe0.8
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An apparent sulphur accumulation was observed in end lumen side after reaction likely due to
the descended temperature gradient from centre lumen side (850 °C) to end lumen side (400-
300 °C), see figure 3.4 (Chapter 3).

According to the results obtained from XRD, SEM and EDXS analysis both the shell side and
the lumen side of the 5%Ni-LSCF6428/LSCF6428-HFM module after 1968 hours of
operation showed the following evidences:

The metallic nickel supported on LSCF6428 (catalyst) on shell side of the LSCF6428 hollow
fibre membrane displayed morphology changes possibly due to the oxidation of metallic
nickel to NiO by oxygen chemisorptions on active sites of the catalyst. A H; treatment
process did not regenerate the initial oxygen flux of the membrane reactor. Furthermore, the
particles were agglomerated owing to the long high thermal treatment during the
experiments. All these changes could decrease the number of active sites in the catalyst,
which was reflected on the diminution of oxygen flux during the experiments.

XRD characterisation of the module reactor after reaction showed the presence of sulphur
and the segregation of iron, strontium and cobalt to form different crystalline oxide/sulphate
phases, which may be detrimental to the 5%Ni/LSCF6428-HFM performance. Additionally,
it can be noted that the hollow fibre membrane was contaminated by silica (SiO,), which can
likely come from the sealant or from the quartz tube whereas the detection of carbon was

associated to residual carbon from partial oxidation of methane, see Chapter 6, section 6.3.

5.11. Comparison of the oxygen flux obtained from unmodified LSCF6428-HFM,
C0304/LSCF6428-HFM and 5%Ni/LSCF6428-HFM membrane modules at 850 °C

and 900 °C.

The effects of the helium flow rate on the oxygen permeation for LSCF6428-HFM,

C0304/LSCF6428-HFM and 5%Ni-LSCF6428/LSCF6428-HFM reactors at the beginning of
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the run under mode 1 and mode 2 at 850°C are illustrated in figure 5.32. It can be noted that
the oxygen permeation rates rose when increasing the helium flow rate. This is a
consequence of diluting the permeated oxygen that cause a decrease of the oxygen partial
pressure in the helium side and created a larger oxygen partial pressure gradient, which
promotes an increased driving force for oxygen transport across the membrane for both
operation modes. Additionally, it is worth mentioning that the modified LSCF6428-HFM
showed oxygen permeation between 2 and 3 folds above unmodified LSCF6428-HFM under
two modes of flow operation (i.e. mode 1. ALHS-air-lumen, helium-shell and mode 2:
ASHL-air-shell, helium-lumen). The enhancement in oxygen permeation is probably
associated to the increase of the oxygen surface exchange rate since this is the limiting rate of
the oxygen flux [48-50].

In figure 5.32 is compared the oxygen permeation for both mode of flow operation (i.e. mode
1 versus mode 2). It can be seen that both Co0304,/LSCF6428-HFM and 5%Ni-
LSCF6428/LSCF6428-HFM reactors presented a similar tendency of the oxygen permeation
measurements for both modes of flow operation. Note that the oxygen permeation obtained

from blank (LSCF6428-HFM) for both modes operation were also fairly comparable.
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Figure 5.32 Dependence of the oxygen permeation against helium flow at 850°C for
LSCF6428-HFM, Co304/LSCF6428-HFM and 5%Ni/LSCF6428-HFM using an
air feed flow rate of 50 ml (STP) min™* under mode 1 and 2.
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Figure 5.33 shows the oxygen release and uptake measurements versus helium sweep gas
flow rate at 850°C and air feed flow rate of 50 ml (STP) min™ for unmodified LSCF6428,
C0304/LSCF6428 and 5%Ni-LSCF6428/LSCF6428 hollow fibre membranes reactors. Both
oxygen release and oxygen uptake increased with helium flow rate, due to the reduction of
the oxygen partial pressure side in the side supplied with helium flow rate, which promotes

an increased driving force for oxygen permeation.

Also, it can be observed that for Co304/LSCF6428-HFM the oxygen uptake values were
slightly higher than the oxygen release, since the oxygen flux measurements were carried out
before reaching steady state. In contrast for unmodified LSCF6428-HFM and 5%Ni-
LSCF6428/LSCF6428-HFM the oxygen uptake was comparable to oxygen release because

the module achieved the steady state before starting these experiments (figure 5.33).
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Figure 5.33  Dependence of the oxygen release and oxygen uptake against helium flow at
850°C for LSCF6428-HFM, C0304/LSCF6428-HFM and 5%Ni-LSCF6428.

To determine the temperature effect on oxygen permeation the unmodified LSCF6428,
C0304/LSCF6428 and 5%Ni-LSCF6428/LSCF6428-HFM reactors were tested at 900°C
under mode 2 with air feed flow rate of 50 ml (STP) min™ (figure 5.34). As for previous

data, it can be observed that the oxygen permeation increased with rising helium flow rate as
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expected, because helium flows promotes the driving forces for oxygen migration across the

membrane both unmodified membrane as modified membrane module.
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Figure 5.34 Dependence of the oxygen permeation versus helium flow at 900°C for

LSCF6428-HFM, Co304/LSCF6428-HFM and 5%Ni/LSCF6428-HFM using an
air feed flow rate of 50 ml (STP) min* under mode 2.

When one compares the oxygen permeation measurements at 850°C and 900°C for the
three modules (figures 5.32 and 5.34) it can be observed that oxygen permeation improved
when increasing temperature for LSCF6428-HFM and CO30,/LSCF6428-HFM. However,
the oxygen permeation measurements for 5%Ni-LSCF6428/LSCF6428-HFM at 900°C were
comparable to those obtained at 850°C (figure 5.32). This indicates that the presence of
nickel on the shell-side of the membrane has modified the nature of the rate determining step.
According to the characterization data, this is most likely associated with the agglomeration
of nickel nanoparticles during the long operation time. The oxygen permeation
measurements for the modified membrane were in all cases higher than that for unmodified

membrane, owing to the catalyst effect on the surface exchange reaction [12, 44, 48, 51-53].
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5.12. Comparison of the apparent overall rate constants for LSCF6428-HFM,

C0304/LSCF6428-HFM and 5%Ni-LSCF6428/LSCF6428-HFM at 850°C

The apparent overall rate constants for LSCF6428-HFM, C0304/LSCF6428-HFM and 5%Ni-
LSCF6428/LSCF6428-HFM against helium flow at 850°C are given in figure 5.35.

In agreement with the model prediction, the apparent overall rate constants for
C0304/LSCF6428-HFM and LSCF6428-HFM did not change with helium flow rate,
particularly at helium flow above 20 ml min™. However, the apparent overall rate constant
for 5%Ni-LSCF6428/LSCF6428-HFM appear to be dependent upon helium flow, indicating
that the model may not be valid at helium flow rates below 50 ml min™ because of relatively

low Reynolds number (Re < 2000 ), producing laminar flows.
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Figure 5.35 Influence of helium flow on the overall rate constant of the oxygen flux for
unmodified and modified membrane at 850°C
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According to characterization data, the 5%Ni-LSCF6428 catalyst suffered structural damages
such as oxidation or/and sintering of the active component (agglomeration) due to long high
thermal treatment during the experiments (see figure 5.36). This provoked a progressive
catalyst deactivation that was reflected on the diminution of the oxygen flux during the
experiments as a consequence of the reduction of the surface area available for the oxygen
surface exchange reactions between 5%Ni/LSCF6428 catalyst and molecular oxygen. Yacou
et al. also observed that palladium nanoparticles coated on LSCF6428-HFM were
agglomerated after 24 hours of operation time at 850°C, which markedly decreased the
oxygen flux [52]. However, additional factors such as mass transfer, Reynolds number,
deviation from plug flow behaviour or incorrect form of the flux expression may also affect

the fitting of the data.

@ 5%Ni/LSCF6428

850 °C % Oxygen molecular

® Oxygen lattice

900 °C
Figure 5.36 Schematic of the structural change of the 5%Ni/LSCF6428 catalyst at 850 °C

and 900 °C.

Furthermore, it can be seen that the apparent overall rate constants for Co3;04/LSCF6428-
HFM and 5%Ni/LSCF6428-HFM were 3-4 fold higher than those obtained for LSCF6428-

HFM blank. This difference is tentatively attributed to two possible causes:
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1. The presence of a catalyst on LSCF6428-HFM could affect the oxygen surface
exchange rate and/or diffusion rate rather than the apparent activation energy or the

rate-limiting step [48].

2. The catalyst-modified membrane can create a new and energetically more favourable
reaction path that reduces the activation energy of the reaction, (e.g. the dissociation

of the oxygen molecule on the catalysts surface) [10].

Additionally, oxygen flux improvements were reported for LSCF hollow fibres, modified

with Pt [55] and Ag [50].

It is worth mentioning that the apparent overall rate constants for Co304/LSCF6428-HFM
were 2 fold higher than that obtained for 5%Ni-LSCF6428/HFM (see figure 5.35), owing to
its higher difference between the oxygen partial pressure across the membrane. The presence
of a catalyst could promote the oxygen surface exchange rate and/or diffusion that would
increase the force that drives oxygen transport through membrane [48, 57]. This is possibly
due to the fact that cobalt ion in cobalt oxide (Co30,4) structure can easily change their
valence Co** to Co®* due to loses oxygen from the structure at elevated temperatures [8]. On
the other hand, the partial oxidation of Ni nanoparticles to nickel oxide during the experiment

induced its agglomeration, decreasing the surface area and hence the oxygen flux.
5.13. Conclusions

According to the above-discussed results for oxygen permeation experiments carried out in
C0304/LSCF6428-HFM and 5%Ni-LSCF6428/LSCF6428-HFM reactors can be concluded

the following:

1. The rise of helium flow rate promoted an increased driving force for oxygen

migration across the membrane.
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The oxygen permeation measurements from mode 1 and mode 2 for
Co304/LSCF6428-HFM were different; due to presence of shell side-coated cobalt
oxide catalyst, which apparently affected the exchange oxygen reaction rate on this
side of the membrane.

The oxygen flux was strongly dependent upon the temperature and improved

significantly with catalyst coated on LSCF6428-HFM whatever the type of catalyst.

In the membrane reactor steady state oxygen release and oxygen uptake reached
similar values when oxygen incorporated into the LSCF6428-HFM was reduced to

nearly zero.

The oxygen permeation rate is limited by surface exchange on the oxygen lean side or
lumen side (Ré;) at 850°C, according to the distribution of total oxygen permeation

residence.

The apparent rate constant for Co3;04/LSCF6428-HFM reactor did not change with
helium flow; possibly due to the presence of Co3O, in the shell side that catalyses the

dissociation of the oxygen molecule.

Cobalt oxide catalyst coated on LSCF6428-HFM was deteriorated from the original
uniform coated structure after long operation time. According to XRD, SEM and
EDX results, the grain boundary perimeter of Co304/LSCF6428-HFM did not change
in both shell side and lumen side after the time of operation.

The morphology of the metallic nickel-supported LSCF6428 (catalyst) and coated on
shell side of the LSCF6428 hollow fibre membrane changed after long operation time

due to the agglomeration and oxidation of metallic Ni nanoparticles.
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10.

11.

12.

H, treatment process on 5%Ni-LSCF6428/LSCF6428-HFM module did not
regenerate the initial oxygen flux of the membrane reactor, since the agglomeration of

Ni nanoparticles was not reverted.

The apparent overall rate constant of 5%Ni-LSCF6428/LSCF6428-HFM appeared to
be dependent of low helium flow rates. This finding was rationalised assuming that
the system did not reach the steady state, however other factors such as mass transfer
effect, low Reynolds numbers (Re < 2000 ), deviation from plug flow behaviour or an

incorrect flux expression may play an important role.

The presence of sulphur and the segregation of iron, strontium and cobalt to form
different crystalline oxide/sulphate phases may be detrimental to the module (i.e.,
LSCF6428-HFM, C0304/LSCF6428-HFM and 5%Ni/LSCF6428-HFM) performance,
according the XRD, SEM and EDX results.

The apparent overall rate constants for Co0304/LSCF6428-HFM and
5%Ni/LSCF6428-HFM enhances 3-4 fold compared to LSCF6428-HFM blank. On
the other hand, the apparent overall rate constants for Co3O4/LSCF6428-HFM were 2

fold higher than that obtained for 5%Ni-LSCF6428/HFM.
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Chapter 6.

Methane conversion onLSCF6428-HFM and
5%NIi-LSCF6428/LSCF6428-HFM



6. Methane oxidation

The objective of this chapter is to provide the results of the methane conversion and products
selectivities for LSCF6428 and 5%Ni-LSCF6428/LSCF6428 hollow fibre membrane
reactors. Also, compare the apparent overall rate constant for both reactor under different
gradients (i.e. Air/He and Air/CH4) and O, at 850 °C. Characterization of the samples
obtained from both reactors (i.e. LSCF6428HFM and 5%Ni-LSCF6428/LSCF6428-HFM)

after methane oxidation has been done by different techniques such as XRD, SEM and EDX.

6.1. Oxidation of methane over unmodified LSCF6428 hollow fibre membrane.

The LSCF6428 hollow fibre membrane reactor for the POM experiments were assembled in
the same fashion that those used for the oxygen permeation experiments and described in
Chapter 3, section 3.4, figure 3.2. The experimental setup for the POM experiments is

described in Chapter 3, figure 3.9 under the following flow configurations:

1. 4% CHa/He flow fed at 25 ml (STP) min™ to the shell side of the reactor, while air
flow rate 25 ml (STP) min™ was co-currently introduced into to the lumen side

(MSAL).

2. 4% CHg/He flow supply in the lumen side of the reactor at 25 ml (STP) min™, whilst

air flow rate 25 ml (STP) min™ was sweep into shell side co-currently (MLAS).

The experiments were carried out at 850 °C and the products were analyzed on-line using two
Varian 3900 chromatographs. The oxygen permeation flux was calculated from oxygen
atoms of all the oxygen containing products eqgn. (3.28), except the water, which was not
measured from shell side. The conversion of methane was determined from egn. (3.29).

Also, the selectivities to carbon monoxide, carbon dioxide, ethane and ethylene products
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were calculated using the equations shown in chapter 3 (i.e. egns. (3.20) — (3.33)) and the
carbon balances was calculated from eqgn. (3.34). For more details see Chapter 3.

Figures 6.1 and 6.2 shows the conversion data obtained with unmodified hollow fibre
membrane of LSCF6428, which was operated at 850°C for ca. 16 hours under two flow
configurations (i.e. MSAL and MLAS).

When 4% CHg/He is supplied into the shell side, the oxygen permeation slightly increased
during the initial 45 min to obtain a constant value of 0.00033 pmol. s*.cm®. Meanwhile, the
methane conversion was below 5% upon operation time (figure 6.1A). Also, it can be
appreciated that C, product selectivity (i.e. C,H, and C;Hg selectivities were 23 % and 60%,
respectively) and this was much higher than CO selectivity (i.e. 10%), figure 6.1B.
Comparable catalytic data have been obtained by Tan et al. [1] and Xu and Thomson [2] over

LSCF6428. Elshof et al. [3] reported C, selectivities of up to 70% for methane conversion

between 1 and 3 % over LSCF6482.
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Figure 6.1 Catalytic performance of the POM on the LSCF6428-HFM reactor absent
catalyst, where 4% CH,/He flow supply in shell side while air flow rate sweep
into to the lumen side (MSAL), co-current.

As LSCF6428-HFM reactor remained from the last experiment was with 4% CHi/He flow
supplied in the shell side while air flow rate swept into to the lumen side (MSAL), co-current.
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It was decided to change the gas flow configuration (i.e. 4% CH,/He flow was fed into the
lumen side while air flow was introduced into the shell side (MLAS), co-current mode) on
the HFM reactor and then it was tested for the methane oxidation reaction. It can be noted
that oxygen permeation decreased slightly from (0.00045 to 0.00037) umol s™* cm™ during
the operation time. Methane conversion was approximately constant (i.e. 4%) during
operation time (figure 6.2A).

Furthermore, it was found that CO and CO, selectivity decreases gradually from 5% to 0 %
and 13% to 8 %, respectively during the time on stream. Note that SCO; is higher than SCO,
this is tentatively attributed to the enrichment of oxygen in the lumen side because the air

flow was supplied in this side during the previous experiment (mode: MSAL).
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Figure 6.2 Catalytic performance of the methane oxidation reaction on the unmodified
LSCF6428-HFM reactor, where 4% CH,/He flow was supplied in lumen side
and air flow fed into the shell side (MLAS) at 850 °C.

In addition, during the time on stream C,Hg selectivity rose slightly from 65% to 78%, while
CzH, selectivity declined slightly from 20% to 14% (figure 6.2B). The relatively low COy
selectivity compared to C, selectivity would indicate that the amount of oxygen permeated

was not sufficient for oxidizing the methane to CO and/or CO,. Furthermore, the trend
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observed for C,Hs and C,H, suggests that C,H, formation occurred through consecutive

oxidation reactions eqns. (6.1) and (6.2) in agreement with a previous report [4]:

2CH,+0-»>C,H,+H,0 (6.1)
C,H+0->C,H,+H,0 (6.2)

In addition, the carbon deposited on the membrane surface was apparently between 10% and
20 %, according to the carbon balance (see appendix V.1, figure V.1). This finding is in line
with a previous report [5-6].

In figure 6.3 are given the dependence of the methane conversion and product selectivity
dependence with oxygen permeation under two flow operation modes (i.e. MSAL and
MLAS) at 850 °C. Comparing the methane conversion versus oxygen permeation for both
flow operation modes (figure 6.3A), shows that methane conversion for the MSAL operation
mode increased slightly with rising oxygen permeation. On the other hand, methane
conversion for the other operation mode (i.e. MLAS) did not vary markedly with change of
the oxygen permeation. One should remark that methane conversions for MLAS operation
mode were slightly higher than these obtained in MSAL mode as a consequence of the larger
oxygen permeation values. It is well-established that different oxygen species exist at the
membrane surface [7-9], egn. (6.3). However, not all these species are able to generate

selective oxidation products from methane activation [10, 11].

0,(9)«—0,(ads)«=50; « =50 «—20" ¥ 207 (6.3).

lattice

According to Bielanski and Haber [12], only the nucleophilic lattice oxygen ions (i.e. O*")
conduce to selective oxidation products formation whereas that electrophilic oxygen species
(ie. 0,07 and O, (ass)) 9enerate total oxidation products. One can envisage that the

activity-selectivity performance of the LSCF6428-HFM in methane conversion is likely
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associated with the concentrations of electrophilic and nucleophilic oxygen species and also

that different oxygen species produced depend upon the abundance of the oxygen vacancies

(i.e. V,") inthe membrane see eqn. (6.4)

%02 +V,* +2e' > 0% +2h° (6.4)

The figure 6.3B are illustrates the C,H4, C,Hg selectivity against oxygen permeation for both
modes of flow operation. It can be noted that the C,Hg and C,H, selectivity exhibit the same
behaviour for both flow operation modes, that is, C,Hg selectivity decreased with increasing
of oxygen permeation whereas C,H, selectivity showed an opposite trend. However, C,Hg
selectivity was markedly higher than C,H, selectivity, particularly for MLAS mode. Again,
this trend can be rationalized assuming that C,H, formation occurred via consecutive
oxidation reactions of primarily formed C,Hs, see eqn. (6.2).

In addition, figure 6.3C is presented the CO and CO; selectivity for both flow operation
modes. It can be noted that the CO selectivity decreased while the oxygen permeation
increased for MSAL mode, while no CO; was detected. In contrast, for MLAS mode, the
CO, and CO selectivity increased when there was rising the oxygen permeation values.

It is worth mentioning that the oxygen permeation values for MLAS mode were higher than
those values obtained in MSAL mode. This is likely due to high oxygen concentration in the

lumen side, owing to the previous experiment under MSAL mode.

187



Mode: o A
MSAL, MLAS T=850C
-@®-, W XCH,
S 4
E’ g "
5
>
g 9
S 2 . @
0 T T
80 Mode: (B)
70 MSAL, MLAS
1 @ <P SCH,
60 SCH,
A
=50
= o0
g 40 o T=850°C
(B}
@ 30 @/\@
20 M&
10 : : : :
25
T=850°C ©
20-
s
< 151 G»@
g Mode:
2 o] msaL muas
= & . © sco
R+ 737, ~© - SCO,
B 5- /@,,,e
0- <90 o&
0.0002 0.0003 0.0004 0.0005

. 12
O, permeation (umol. s™.cm*)

Figure 6.3 Dependence of methane conversion and product selectivity with oxygen
permeation under two different flow operation modes at 850 °C. (A) Methane
conversion, (B) C,Hg and C,Hy, selectivity; (C) CO and CO; selectivity

Different oxygen species exist in the lumen side of the membrane likely due to different

pathways and selectivity for the total methane oxidation (i.e. eqns. (6.5) and (6.8),
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respectively) or/and consecutive oxidation from primary products (CO, C,Hg and C,H,) to

COy, see eqns. (6.6), (6.7), (6.9) and (6.10).

CH, +30 — CO+2H,0

CO+H,0->CO,+H,

CO+0 — CO,

CH,+40 > CO,+2H,0

C,H, +70-2C0, +3H,0

C,H,+60 — 2CO, + 2H,0

(6.5)

(6.6)

(6.7)

(6.8)

(6.9)

(6.10)

6.2. Characterization by different techniques of the unmodified LSCF6428-HFM

reactor before and after methane conversion test.

6.2.1. X ray-diffraction (XRD):

The diffraction profiles for the unmodified LSCF 6428 hollow fibre membrane system before

and after methane conversion are shown in figure 6.4. The XRD patterns for lumen side and

shell side of unmodified LSCF 6428 hollow fibre membrane before reaction are shown in

Figures 6.4b and 6.4c, respectively. Both XRD profiles display the characteristic sign of the

hollow fibre membrane (i.e. Lag sSro4C00.sFe020s3.5) as the main crystalline phase [13].
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XRD patterns of the unmodified LaggSro4C0o2FepsOs.5 hollow fibre
membrane. LSCF6428 powder (a), Lumen side (b) and Shell side (c) before
the oxygen flux measurements. Centre lumen side (B) and centre shell side
(C) after methane conversion experiments.

The diffraction profiles for centre lumen side and centre shell side for unmodified

LSCF6428-HFM reactors after methane conversion experiments are illustrated in figures

6.4B and 6.4C. It can be clearly observed that the principal crystalline phase (i.e. LSCF6428)

was detected in both sides (i.e. centre lumen and centre shell sides). However, other

crystalline phases such as SrO; (00-005-0490), SrSO, (00-005-5935), CoSO, (10124-43-3),

Fes04 (01-088-0315), SiO, (00-005-0490) and SrCO3 (1633-05-2) were also observed for the

centre shell side.
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6.2.2. Scanning Electron Microscopy (SEM):

The SEM micrographs of the centre shell side of the LagSro4Coo2FeqsOss hollow fibre

membrane before and after methane conversion are shown in figures 6.5a and 6.5A,

respectively.
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—
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Figure 6.5 SEM images of the shell side (a) and simulate image (b) before reaction. SEM
micrograph centre shell side (A), image simulate by SPIP6.0.9 (B). Distribution

of the grain boundary perimeter shell side before and after methane conversion
measurements (C).

191



Comparing the panoramic images of the centre shell side before and after methane
conversion experiment, it is clearly illustrated that the smooth surface of the grain boundaries
changed to rough surface due to the influence of the reducing gas atmosphere used (CH,4) and
produced (CO) during the experiments (figure 6.5a and 6.5A). Furthermore, the grain
boundary perimeters slightly increased from (0.02 - 20 pm) before reaction to (0.03-175 um)
after methane conversion (figure 6.5b, 6.5B and 6.5C). These ranges of perimeters represent
between 93% and 96% of the total grains boundaries analysed. The increase of the
perimeters of the grain boundaries could be associated to the possible presence of hot spots

during methane conversion reaction, see appendix V.2, figure V.2.

The microstructures of the centre lumen side for the unmodified LSCF6428-HFM before and
after methane conversion are given in figures 6.6a and 6.6A, respectively. It can be noted
that the grain boundary perimeter after partial oxidation methane slightly increased up to
(0.03 to 34 um), which represent 97% of the total grain boundaries, compared to the grain
boundary perimeter from the lumen side (0.02-16 um) before reaction that correspond to 91%
of the total grain boundaries, according to the simulation of the images by SPIP 6.0.9, figure
6.6C and appendix V.2, figure V.3 Furthermore, it can be noted that small cavities or pores
partially decorated with small particles appear at the interface of the grain boundaries after

reaction (figure 6.6A).
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Figure 6.6 SEM images of the lumen side (a) and image simulated (b) before reaction and

centre lumen side after methane conversion measurements (A) and image

simulated (B). Distribution of the grain boundaries perimeter obtained by
simulation with SPIP 6.0.9 (C)
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Comparison of the microstructures from the centre shell side and the centre lumen side after
methane conversion revealed that the external membrane side exhibits larger changes in the
surface and morphology of the grain boundary than the centre lumen side surface, appendix
V.2, figures V.4 and V.5. This is probably due to the fact that the first experiment of
methane conversion was under MSAL mode (i.e. 4%CH4/He supplied in the shell side and air
sweep in the lumen side). Then, it was changed the operation in MLAS mode (i.e.
4%CH./He supplied in the lumen side and air sweep in the shell side), where CH, reacted
with relative high oxygen concentration in the lumen side because air was supplied in this

side in previous experiments.

In figure 6.7 is given the SEM photographs of the end shell side and end lumen side of the
LSCF6428-HFM after methane conversion. The magnifications of the end shell side after
reaction are shown in figures 6.7A and 6.7B. It can be noted that the surface and
morphology of the grain boundary severely changed as a consequence of the formation of
small particles because of the relative high methane concentration in the module inlet (see
figure 6.8).

On the other hand, the microstructures of end lumen side after methane conversion are shown
in figures 6.7C and 6.7D. It can be observed that the grain boundary perimeter slightly
increased (i.e., 0.03 to 39 um) compared to the grain boundary perimeter from the lumen side
(i.e., 0.02-16 um) before reaction, see appendix V.2, figure VV.6. The former represents 97%
whilst the later corresponds to 91% of the total grain boundaries simulated by SPIP 6.0.9,
figure 6.7 E. In addition, small cavities or pores partially decorated with small particles
appear at the interface of the grain boundaries after reaction (figure 6.7C). Note that the
surface morphologies for the end lumen side compared to end shell side after methane

conversion did not vary markedly (figures 6.7C and 6.7B).
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Figure 6.7 SEM micrograph of the end shell side (A) and image magnified (B).
Microstructure of the end lumen side (C) and image simulated (D) after
methane conversion measurements. Distribution of the grain boundary
perimeter before and after methane conversion (E)

Comparing the centre shell side (figure 6.5C) with end shell side (figures 6.7A and 6.7B)
one can infer that the later side underwent further deterioration. This finding can be
rationalised considering that in the module extreme, the oxygen permeation is lower than that
in the centre shell side because of lower temperature, according to internal temperature
profiles of the membrane module (figure 3.4, Chapter 3). This is reflected on a relatively
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high methane concentration in the end shell side of the module and hence higher reducing

character.
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l
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Figure 6.8  Diagram of the LSCF6428-HFM reactor with characterized zones and supplied
gases.

6.2.3. Energy dispersive x-ray spectroscopy (EDXS)

In table 6.1 is given the EDXS results for different zones of the LSCF6428 hollow fibre
membrane before and after methane conversion. Further details can be found in appendix V,
where all the EDXS results are given. Oxygen concentrations were not plotted because of its
high content before and after reaction (see appendix V.3, figure V.7).

Comparison of the centre shell side of unmodified LSCF6428 post methane conversion with
shell side before reaction indicates that the elemental compositions of the all metals
decreased from (7.2% to 5 %) for La; (5.6% to 2.5 %) for Sr, (2.2% to 1.2 %) for Co and
(9.8% to 6.1 %) for Fe. It is worth remarking that sulphur (0.3 %) and carbon (14.7 %) were

also observed on this side of the membrane; see table 6.1 and appendix V.3 (figure V.7).
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Table 6.1 Summary of EDXS results of different zones of the LSCF6428 hollow fibre membrane before and after partial oxidation of methane.

o Section Absolute atomic % Experimental

Membrane Condition ; o

(side) stoichiometry

La Sr Co Fe O C S

LSCF6428 BR Lumen 8 5.6 2.3 10.3 73.8 La0.6:5r0.4:Co00.2:Fe0.8

Centre
LSCF6428 AR lumen 7.620.9 3.5+1.1 1.2+0.5 8.8+1.1 74.6£9.5 2.3 0.9
LSCF6428 AR End lumen 7.510.6 3.41+0.6 1.2+0.5 9.02+1.1 64.8+12.9 13.0 0.98
LSCF6428 BR Shell 7.2 5.6 2.2 9.8 75.4 La0.6:5r0.4:Co00.2:Fe0.8
LSCF6428 AR Centre shell  5.0+0.78 25+1.1 1.240.59 6.1£1.2 70.0£11.6 14.7 0.3
LSCF6428 AR End shell 4.6x0.7 3.2+0.8 1.3+£0.6 6.1£1.0 71.3£13.1 134 0.1
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Similar metal composition trend did show the end shell side after methane conversion. These
changes in the elemental composition on the surface of HFM are attributed to the reducing
gases used or generated during methane conversion and sulphur impurity. Similar tendency
was reported by Tan et al [14].

Considering the above mentioned XRD, SEM and EDXS results from unmodified
LSCF6428-HFM after methane conversion, it can be concluded that crystalline phases,
morphology, perimeter and metal composition of the grain boundary changed on the centre
shell side and the end shell side compared to the membrane composition before reaction.
This is attributed to kinetic demixing of mobile cations and decomposition of the membrane
due to the axial temperature generated by the exothermic reaction of methane combustion

[15].

Moreover, the membrane was contaminated by sulphur impurity which comes from air and
helium gases employed during the experiments, polyethersulfone used during fabrication of
the LSCF6428 hollow fibre and the cement used to assemble the reactor. It was also
observed the segregation of strontium, cobalt and iron to form different crystalline oxide and
sulphate phases such as SrO,, SrSO4, CoSO, and Fe3O4. Additionally, the formation of
SrCO3; was observed, owing to the reaction of CO, and/or CO with segregated strontium
oxide, according to eqns. (6.11) and (6.12) [14-20]. According to the AG calculation at
850°C, the egn. (6.12) would have a major contribution toward the formation of SrCO3. (-258

kJ mol™) that the eqn. (6.11) (-53.2 kJ mol™), see appendix V.4, figure V. 8.

Sr0+CO ,— SrCO (6.11)

Sr0 ,+CO — SrCO , (6.12)
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6.3. Oxidation of methane in a LSCF6428 hollow fibre membrane reactor modified

with 5%Ni-LSCF6428 catalyst

The 5%Ni-LSCF6428 catalyst was coated on the outside surface of the LSCF6428-HFM, the

micrographs is given in figure 6.9.

LSLF Wik bedors 3« J000 s

Figure 6.9 Cross section of SEM image for LSCF6428-HFM modified with 5%Ni-
LSCF6428 catalyst layer.

The cross-section image for 5%Ni-LSCF6428 catalyst layer coated on the shell side of the
LSCF6428 hollow fibre membrane presents a uniform and thin layer of approximately 26 pm
thickness, see figure 6.9.

Four reactor modules were assembled to study the methane conversion on 5%Ni-
LSCF6428/LSCF6428-HFM. Each module was operated for a period of 2-7 hours at 850 °C.
This relatively short operation period is attributed to the removal of the perovskite-type
structure lattice oxygen, owing to the reducing gas atmosphere generated by the catalytic
reaction. This could cause the crystalline structure to collapse, which would be reflected by
the membrane stoichiometry composition as a consequence of crystalline phase segregation

(i.e. SrCQOg3) [14-20]. Other factor that could damage the reactor is the high amount of heat
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released by the methane combustion reaction, which can cause fracture due to the lattice
expansion mismatch on opposite sides of the membrane [13, 21-23].

Figure 6.10 shows the catalytic performance and oxygen flux for 5%Ni-
LSCF6428/LSCF6428-HFM reactor as a function of operation time under mode MSAL (i.e.
10 ml (STP) min™ of 4% CHa/He flow was supplied in the shell side while in the lumen side

sweep 10 ml (STP) min™* of 2% O,/He flow), co current at 850 °C.
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Figure 6.10 Catalytic performance and oxygen flux versus time on stream for 5%Ni-
LSCF6428/LSCF6428-HFM reactor at 850 °C. 4% CHj/He flow on the shell
side and 2% O,/He flow rate on the lumen side, both flows were 10 ml (STP)

min™.
It should be remarked that this module was tested for 1968 hours in an oxygen permeation
experiment and was treated with 30 ml (STP) min™ of 5% H,/He as was described in Chapter
5.
As can be seen in figure 6.10A, the oxygen permeation flux decreased slightly from 0.0021
to 0.0013 pmol s* cm™ and also methane conversion gradually decreased from 56% to 47%.
Nevertheless, a considerable improvement compared to blank of LSCF6428-HFM reactor

(figure 6.2A) was obtained.
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This is probably due to changes in the catalytic performance of the membrane reactor as
presence of 5%Ni-LSCF6428 catalyst coated on surface of LSCF6428-HFM, which plays the
following role: increases the oxygen transport through the hollow fibre membrane reactor and
speeds up the methane oxidation reaction. In addition, this trend suggests that the methane
conversion occurs mainly over the 5%Ni-LSCF6428 catalyst rather than the hollow fibre
membrane [4].

In figure 6.10B it can be observed that CO and H, selectivity was held constant (19% and
9%, respectively) during operation time. In contrast, CO, selectivity decreased initially from
57% to 45% during 30 minutes of reaction, but became constant during the remaining
operation time. C, selectivity (C,H4 and C,Hg), on the other hand, increased from 24% up to
27% during the methane conversion experiment. The carbon balance obtained for the module
reactor (5%Ni-LSCF6428-HFM under MSAL mode) was approximately 30%, which
suggests that nearly 70% of the carbon fed into the membrane reactor was deposited on the
module surface (see appendix V.5, figure V. 9).

The above-mentioned results suggest that the three catalytic pathways can take place on
5%Ni-LSCF6428/LSCF6428-HFM: 1) Partial oxidation of methane to syngas (CO + H,) on
metallic nickel particles [24-26]. 2) Oxidative coupling of methane to C, and 3) total
oxidation of methane to CO, products on NiO particles [24-26]. It should be remarked that
the 5%Ni-LSCF6428/LSCF6428-HFM reactor employed in the experiment presented
developed a leak after 105 min of operation under methane oxidation conditions. After so,
the experiment was stopped immediately. The characterization of this module was reported
in Chapter 5, section 5.8.

In figure 6.11 describes the dependence of oxygen permeation, methane conversion and

product selectivity over 5%Ni-LSCF6428/LSCF6428-HFM as a function of run time. On the
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shell side was supplied with 4% CH4/He and 2% O,/He on the lumen side. Both gases were

fed at 25 ml (STP) min™ and the module was not treated with a H- flow.
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Figure 6.11 Dependence of oxygen permeation, methane conversion and product selectivity
with time on stream for 5%Ni-LSCF6428/LSCF6428-HFM at 850 °C. 4%
CHg/He flow on the shell side and 2% O,/He flow rate on the lumen side (25 ml
(STP) min! in both sides).
It can be noted that the oxygen permeation and methane conversion into the hollow fibre
membranes reactor decreased (i.e. from 0.0017 to 0.0012 pmol s* cm? and 22% to 13%,
respectively) with increasing time on stream, see figure 6.11A. This is likely associated with
changes in the 5%Ni-LSCF6428 catalyst coated on surface of LSCF6428-HFM that could
affect the oxygen surface exchange rate and/or diffusion rate rather than the apparent
activation energy or the rate-limiting step through the hollow fibre membrane reactor [27].
Furthermore, the CO, selectivity is larger than 70 % and holds constant with increasing time
on stream. Meanwhile, C, (C,Hs + C,Hj) selectivity was steady (ca. 23%) during the
operation time, see figure 6.11B. Based on the product distribution, the total oxidation of
methane to CO, appears to be the main catalytic pathways. On the other hand, the carbon
balance suggested that between 10% and 20 % of residual carbon remains on the catalyst

surface, see appendix V.5, figure V. 10
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The figure 6.12 compares the methane conversion and the products selectivity obtained with
the 5%Ni-LSCF6428/HFM reactor at similar reaction temperature but different gases flows

(i.e. 10 and 25 ml (STP) min™) against oxygen permeation.
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Figure 6.12 Comparison of methane conversion and selectivity of the products against
oxygen permeation for two different flows on 5%Ni-LSCF6428/LSCF6428-
HFM module at 850 °C. 4% CH./He flow on the shell side and 2% O,/He flow
rate on the lumen side (i.e. 10 and 25 ml.min™).

It was found be that the reactor under a low supplied flow (10 ml. min™) and H, treatment
showed higher methane conversion than with high supplied flow (25 ml.min™) and no H,
treatment. Additionally, CO, was a major product and C, (C,Hs and C,H,4) were the minor
products for both gas flows. Further, the Ho-treated module fed with low flows of 4%
CHa/He and 2% O,/He produced syngas (i.e. CO and H,) as a consequence of the hydrogen

treatment; since the H, untreated reactor fed with a high flow did not produce syngas.
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The methane conversion results and oxygen permeation for the 5%Ni-LSCF6428/LSCF6428-
HFM reactor are shown in figure 6.13, when 4% CH,/He was supplied on the shell side and

air flow swept in the lumen side with a flow rate of 25 ml (STP) min™ for both sides.
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Figure 6.13 Catalytic performance of the methane conversion on LSCF6428-HFM coated
5%Ni-LSCF6428 reactor at 850 °C. Air flow fed on the lumen side and 4%
CHa/He on the shell side with flow of 25ml (STP) min™ in both sides.

It was found that both oxygen permeation and methane conversion hold constant during
operation time (i.e. 0.0019 pmol s'cm? and 19%, respectively), see figure 6.13A.
Furthermore, the CO, selectivity is slightly decreased from 73% to 69 % and CO, C,H,4 and
C,Hg selectivity presented a similar trend with and values between 8% and 11% for each
product (figure 6.13B). Carbon balance for this case decreases from 100 to 97% (See
appendix V. 5, figure V.11) this suggests that only small amounts of carbon (below 10 %)
were deposited in the module.

The influence of oxygen concentration on oxygen permeation, methane conversion and
products selectivity for 5%Ni-LSCF6428-HFM against time on stream at 850°C is given in

figure 6.14.
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Figure 6.14 Influence of oxygen concentration on methane conversion and products
selectivity for 5%Ni-modified LSCF6428-HFM reactor. 20% and 2% of O,
flow fed on lumen side and 4% CHa4/He on the shell side with flow of 25ml
(STP) min™ in both sides.

As we expected, the oxygen permeation increases with increasing oxygen concentration.
However, this was not reflected on methane conversion, which was between 15% and 20%
whatever the oxygen concentration (i.e. 2% and 20%), see figures 6.14A and 6.14B. Note
that the main catalytic pathway for both oxygen concentrations is the total oxidation of
methane to CO,, according to product distribution, see figure 6.14C. Furthermore, at 20% of
oxygen, CO was also observed as a product, likely due to the high lattice oxygen
concentration on the membrane surface, according to eqgn. (6.3).

The modification effect of the catalyst (i.e. 5% Ni-LSCF6428) coated on the hollow fibre

membrane over methane conversion is shown in figure 6.15. Three effects of the 5%Ni-

LSCF6428 catalyst on the membrane reactor performance were noted: (i) Oxygen permeation
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increased from ca. 0.0003 pmol s cm™ to ca. 0.0019 umol s cm™ as was expected (ii)
Methane conversion increased from approximately 3% to 19% (iii) COx become the main
reaction product, as a consequence of high oxygen permeation. Note that the unmodified
HFM reactor favoured C, (C,H4 and C,Hg) selectivity (i.e. oxidative coupling of methane).
Both the products distribution and the high methane conversions suggest that CH, reacts with
oxygen species that diffused over the catalyst to produce COy and H,O. This would indicate
that methane conversion occurs over the surface of 5%Ni-LSCF6428 catalyst and facilitates

the total oxidation catalytic pathway [1, 4].
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Figure 6.15 Dependence of the oxygen permeation, methane conversion and products
selectivity against time on stream for unmodified and modified LSCF6428HFM
at 850 °C. Air flow fed on the lumen side and 4% CH4/He on the shell side with
flow of 25ml (STP) min™ in both sides.
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6.4. Comparison of the apparent overall rate constants for LSCF6428-HFM, and
5%Ni-LSCF6428/LSCF6428-HFM under different atmosphere (He and CH,) at

850 °C.

In table 6.2 are given the apparent overall rate constants for LSCF6428-HFM and 5%Ni-

LSCF6428/LSCF6428-HFM under different reducing gas atmosphere (i.e. He and CH,).

Table 6.2 Apparent overall rate constant for LSCF6428-HFM and 5%Ni-
LSCF6428/LSCF6428-HFM at 850 °C, where CH, or He flow supplied in the
shell side and air sweep in the lumen side.

Catalyst He flow 4% CH, flow Percentage of O, flow Rate constant

(ml.min) (ml.min) oxygen (%) (ml.min) (umol.sec™.bar’cm-2)
Unmaodified 25 - 20 25 0.16
Unmaodified - 25 20 25 0.26
5%Ni/LSCF64268 25 - 20 25 0.50
5%Ni/LSCF64268 - 10 2 10 nd
5%Ni/LSCF64268 - 25 2 25 nd
5%Ni/LSCF64268 - 25 20 25 0.76

Comparison the apparent overall rate constant for LSCF6428-HFM without catalyst obtained
with different reducing atmospheres (CH4 and He) under MSAL or ALHS mode, table 6.2.
It is found that the apparent overall rate constant for Air/CH, gradient increased 1.5 fold
(0.26 pmol s* bar? cm™@) compared to Air/He gradient (0.16 pumol s* bar* cm?). This
finding is likely due to the reducing character of CH, relative to He; the Air/CH,4 gradient is
larger than Air/He gradient, therefore the oxygen concentration and driven force of the
oxygen transport across the membrane is higher compared to Air/He gradient [14].
Moreover, the methane combustion is an exothermic reaction and releases a great amount of
energy and hereby produces hot spots on the surface of the hollow fibre membrane reactor
[28]. Helium, on the other hand, is inert on the HFM surface, facilitating a uniform

temperature profile in the reactor [14]. A similar tendency was also observed in 5%Ni-
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LSCF6428/LLSCF6428-HFM reactor under Air/CH, gradient (i.e. 0.76 umol s* bar® cm?)
and Air/He gradient (i.e. 0.50 pmol s bar’cm™), see table 6.2, in agreement with findings
reported by Jin et al. [29], Zeng et al. [30] and Xu and Thomson [31].
On the other hand, comparison the apparent overall rate constant for the unmodified
LSCF6428- HFM with the modified LSCF6428-HFM by 5%Ni-LSCF6428 catalyst under
Air/He gradient shows that this increased from 0.16 umol. s™* bar* cm™to 0.50 pmol s™ bar
lem™. This is tentatively attributed to the nickel catalyst that facilities the surface reaction of
molecular oxygen and the possible enlargement of the surface area of the membrane by
catalyst coated on the shell side.

Similar behaviour was observed under Air/CH, gradient for both the reactors unmodified
LSCF6428-HFM (i.e. 0.26 pmol s bar* cm™) and 5%Ni-LSCF6428-HFM (i.e. 0.76 umol s™
bar cm™). This can be explained considering that the catalyst facilitates the dissociation of

methane into methyl radical (e CH ,) at the active sites on the catalyst surface. These active

sites are usually reactive nucleophilic lattice oxygen ions (i.e.O *7) and electrophilic oxygen

species (i.e. O;, 0" and O, ), which react with eCcH, to form products [1, 12, 14, 32,

33].
In the experiments carried out at low oxygen concentration (i.e. 2%) it was not possible to

determine the apparent rate constant due to low amount of oxygen permeated.

6.5. Characterization of the 5%oNi-LSCF6428/LSCF6428-HFM reactor before and

after methane conversion by different techniques.
6.5.1 X ray-diffraction (XRD):

The XRD patterns of the 5%Ni-LSCF6428/LSCF 6428 hollow fibre membrane module
before and after methane conversion are shown in figure 6.16.
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Figure.6.16 XRD patterns of the 5%Ni-LSCF6428/LSCF6428 hollow fibre membrane.
LSCF6428 powder (a), 5%Ni/LSCF6428 powder (b), shell side (c) and lumen
side (d) before the oxygen flux measurements. Centre lumen side (C) and
centre shell side (D) after methane conversion experiments.

Both the shell side and lumen side samples exhibit the characteristic peaks of LSCF6428 as

the major phase and only the 5%Ni-LSCF6428/LSCF6428-HFM powder and shell side

before reaction presented a second crystalline phase that correspond to metallic nickel, Ni

(00-004-0850). Furthermore, the diffraction profiles for centre lumen side and centre shell

side post methane conversion experiments showed LSCF6428 as the main crystalline phase

and other minor crystalline phases such as SrO, (00-007-0234), SrSO,4 (00-005-5935) and

only for the centre shell side were observed CoSO,4 (10124-43-3), Fe;0,4 (01-088-0315), NiO

(1313-99-1), SiO, (00-005-0490) and SrCO; (1633-05-2), see figure 6.16D. It is worth

mentioning that only one XRD profile from the lumen side and the shell side after methane
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oxidation are shown in figures 6.16 C and 6.16D, respectively; however other diffraction
profiles are given in appendix V.6, figure V.12.

The above-mentioned XRD results show that the shell side of 5%Ni-LSCF6428-HFM after
methane conversion exhibited certain impurities such as sulphur and silica detected as SrSQO,,
CoSO,4 and SiO; crystalline phases, figure 6.16D. Similar sulphur-containing crystalline
phases have been previously reported [6, 17, 34-36]. The formation of these phases was
attributed to the presence of sulphur in the air and helium gases employed during the
experiments. The polyethersulfone used during fabrication of the LSCF6428 hollow or/and
the cement used in the reactor assemble. Additionally, SrCO3; was observed as a consequence

of the CO;, interaction with segregated strontium oxide [15-20].

6.5.2. Scanning Electron Microscopy (SEM):

The SEM photographs of the shell side and the lumen side of the modified LSCF6428-HFM
pre operation are given in figure 6.17.

The magnification images for shell side before reaction is shown in figure 6.17a; it can be
observed that the catalyst was well-distributed on the shell side of the LSCF6428-HFM. The
particle perimeter range was between 0.01 and 4.5 um, which represent around 92% of the

total grain analysed in figure 6.17¢, and appendix V.7, figure V.13.

Furthermore, note that the grain boundary perimeter for lumen side exhibits ranges between
0.02 to 16 um, representing 91 % of the overall grain boundary perimeter, see figure 6.17¢
and appendix V.2, figure V.3. The deposition of 5%Ni/LSCF6428-HFM catalyst fully

covered the grain boundary of the HFM.
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Figure 6.17 SEM images of the shell side before reaction (a), image simulated by SPIP 6.0.9

(b). SEM images of the grain boundary in lumen side before reaction (c), image

simulated by SPIP 6.0.9 of the lumen side (d) and distribution of particle
(5%Ni-LSCF6428 catalyst) and grain boundary perimeter (e).
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The SEM photographs of the centre shell side and the centre lumen side of the modified
LSCF6428-HFM post methane conversion are illustrated in figure 6.18. It can be clearly
observed in the microstructure of the centre shell side after methane conversion (figures
6.18A and 6.18B) that the grain size of 5%Ni/LSCF6428 catalyst increased compared to the
grain size range before reaction (figure 6.17a). A similar finding was obtained with
equivalent membrane reactor-deposited 5%Ni-LSCF6428 used in oxygen flux and methane
oxidation and discussed in Chapter 5, figure 5.28. This was attributed to the agglomeration
of catalyst particle and oxidation of Ni metal to NiO during the operation time. Also, note
that the microstructure of the centre shell side after methane conversion was markedly

affected by the reaction and product atmosphere (figures 6.18A and 6.18B).

SEM pictures of the centre lumen side of 5%Ni-LSCF6428/LSCF6428-HFM post methane
oxidation are shown in figures 6.18C and 6.18D. It can be noted that the grain boundaries
perimeter show significant changes with respect to the grain boundaries perimeter before

reaction.

In addition, the surface morphology of grain boundaries was modified with small particles
and cavities or pores among the grain boundaries due to high temperature and the reaction
atmosphere (i.e. CH;, CO and CO,). The simulated image was not included in the text
because of poor contrast between the remaining grain boundaries and the small particles,

results a low quality simulated image.

212



2pm

B
e
] —7 LIT—

Figure 6.18 SEM microstructure of the centre shell side of 5%Ni-LSCF6428/LSCF6428-
HFM (A), images magnified (B), the centre lumen side (C), Image magnified
(D) after methane oxidation.

The microstructures of the end shell side and the end lumen side after methane oxidation are
given in figure 6.19. These photographs show similar changes in the morphology both in the
catalyst surface (i.e., end shell side) and in cavities or pores at the interfaces of the grain
boundaries of the end lumen side compared to shell side and lumen side (see figures 6.17a

and 6.17c) before methane oxidation.

In addition, the grain boundary perimeter for end lumen side (i.e., 0.05 to 50 um) with 97 %
of the overall grain boundary perimeter analysed, see figure 6.19E, and appendix V.7,

figure V.15, slightly increased compared to lumen side before reaction, which presented
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grain boundary perimeter within 0.02 and 16 um that correspond to 91 % of the overall grain

boundary perimeter simulated, see figure 6.19E, and appendix V.2, V.7; figures V.3, V.15.
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Figure 6.19 SEM microstructure of the end shell side (A), images magnified (B), the end

lumen side (C), Image magnified (D) after methane conversion and
distribution of the grain boundary perimeter (E).
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Taking into account the above discussed XRD and SEM results for the centre shell side of the
5%Ni/LSCF6428-HFM after methane conversion. It can be noted that the morphology of the
catalyst changes as a consequence of an oxidation process of metallic nickel to NiO and to
the agglomeration of the particles due to the high thermal treatment (figures 6.18A and
6.18B). Furthermore, re-dispersion of the catalyst during the methane conversion produced

small particles on the catalyst surface (figure 6.18A).

6.5.3.  Energy dispersive x-rays spectroscopy (EDXS)

The table 6.3 shows the EDXS results for different zones of the 5%Ni-LSCF6428 hollow
fibre membrane before and after methane conversion reaction. For more details see
appendix V, where all the EDXS results are given. Oxygen composition was not plotted
because of its high content (see appendix V.8, figure V.16).

Comparison of the centre shell side of 5%Ni-LSCF6428- HFM before reaction with the shell
side after methane conversion, it can be noted that the elemental compositions decreased
from (7.4% to 6.3%) for La; (4.7% to 3.3) for Sr, (9.1% to 7.8%) for Fe, (2.2 %to 1.6%) for
Co, whist Ni (ca.1.6 %) contents did not change. In addition, it can be noted the presence of
carbon (14.1 %) and sulphur (1.0%) on this membrane section, see table 6.3 and appendix
V.8, tables V.1, V.2

On the other hand, an overall diminution of the metal composition for La, Sr, Co and Fe (i.e.,
5.29%, 3.4%, 1.3% and 8.3%, respectively) in the centre lumen side post methane conversion
compared to lumen side before reaction of 5%Ni-LSCF6428/LSCF6428-HFM was observed.
Also, it can be observed that sulphur content decreases (0.1%) compared to the fresh lumen
side (0.3%), see table 6.3. A high carbon content was detected (i.e. 13.6%) in this area of the

HFM.
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Table 6.3 Summary of EDXS results of different zones of the 5%Ni-LSCF6428/LSCF6428-HFM before and after methane conversion.

Membrane .. Section Absolute atomic % Experimental
Condition X e~
(side) : stoichiometry
La Sr Co Fe O Ni S Ca C
LSCF6428 BR Lumen 8.0+0.9 55+0.8 2.3x0.6 10.3x1.2 73.8+13.5 0.3 05 La0.6:5r0.4:C00.2:Fe0.8
LSCF6428 BR Shell 7.2 5.6 2.2 9.8 75.4 La0.6:5r0.4:C00.2:Fe0.8
S%Ni- BR Shell 7.4+0.8 4.7+0.9 2.2+05 9.1+1.1 74.9+140 1.7+0.6 La0.6:5r0.4:Co00.2:Fe0.8
LSCF6428 T T R T R T e T o '
5%6Ni- BR  Cross 7.4+18 55+17 2.3+06 102414 72.8+15.5 0.3 La0.6:5r0.4:C00.2:Fe0.8
| SCF6428 4+18 55+1.7 2.3+0. 2+1. 8+15. . .6:5r0.4:C00.2:Fe0.
5%Ni- Centre
LSCE6428 AR lumen 5.2 34 1.3 8.3 68.9 0.14 05 136
5%Ni- Centre
LSCE6428 AR shell 6.3 3.3 1.6 7.8 64.4 1.6 0.98 14.1
5%Ni-
| SCE6428 AR Cross 4.7 2.8 14 6.2 70.4 1.26 13.2
5%Ni- End
L SCE6428 AR shell 55 3 1.3 6.4 66.9 1.1 1 14.8
5%Ni- End
L SCF6428 AR lumen 5.2 6.7 0.98 6.4 65.5 3.8 11.4
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Meanwhile, the end shell side showed a clear diminution of the metal compositions for Ni
(1.7% to 1.1%), La (7.4% to 5.5%), Co (2.2% to 1.3%), Fe (9.1% to 6.4%), and Sr (4.7% to
3%). In addition, sulphur (1%) and carbon (14.8%) were detected on this membrane section;
see table 6.3 and appendix V.8, table V.5. Furthermore, at the end lumen side La, Co and
Fe cations content decreased from 8% to 5.2%; 2.3% to 0.98% and 10.3% to 6.4%,
respectively, whilst the remaining metal (i.e., Sr) concentration increased from 5.5% to 6.7%,
see table 6.3 and appendix V.8, table V.6. These changes in the elemental composition on
the surface of HFM are a consequence of several factors such as the reducing gas mixture
used (4%CH,./He) or generated (CO) during methane conversion, impurities and the kinetic
demixing of mobile cations of the membrane.

According to the results obtained from XRD, SEM and EDXS analysis on the shell side of
the 5%Ni-LSCF6428/LSCF6428-HFM module after methane conversion suggest that the
5%Ni-LSCF6428 catalyst coated on the shell side of the LSCF6428 hollow fibre membrane
displayed morphology changes likely due to the oxidation of metallic nickel to NiO by
oxygen chemisorption on active sites of the catalyst. In addition, the particles were
agglomerated by the high thermal treatment; furthermore carbon deposition on the HF
membrane surface occurred during the experiments. These processes could affect the number
of active sites in the catalyst, as reflected in the products selectivity during methane oxidation
experiments.

XRD characterization of the module reactor after methane conversion showed different
crystalline oxide/sulphate/carbonate phases (i.e. SrO,, Fe30Q4, SrSO4, CoSO4 and SrCOg).
The presence of sulphate and carbonate phases are attributed to sulphur impurities and
reducing gases used/generated (i.e. CH, and CO), which could cause deterioration of the
5%Ni/LSCF6428-HFM performance. Also, it can be observed that the module was

contaminated by silica (SiO), which can likely come from the sealant or from the quartz.
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6.6. Thermodynamic calculation.

Figure 6.20 shows the standard Gibbs free energy for the oxidation of methane, ethane and

ethylene at different temperatures.

O - —-— O S S O O B B B BN B B B B B BN B B B B B B e
- RSN EEEEEEEEEEEEEEE
-1000 - EEEEEEEEEEEEEEEEEEE
T -2000 | .
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E i ._._.,.,.,...-.'...'.».». :.:'::'--..-...-
— 00F mmm pEEEEEEEEE
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Figure 6.20 Dependence of standard Gibbs free energy with temperature for partial and total
oxidation of methane, ethane and ethylene.

It can be observed that the total oxidation reactions of methane and C, are thermodynamically
favourable because of their lower AG . Furthermore, the total oxidation of methane is more
favourable that the partial oxidation of methane at high oxygen concentration, according to
thermodynamic calculation, figure 6.20. These findings are in agreement with experimental

results obtained in this work.
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The thermodynamic stability of perovskite phases under O,/CH, atmosphere was evaluated.
The standard Gibbs free energy for single perovskite phases, rather than LSCF6428
perovskite due to absence of thermodynamic data, were calculated and given in figure 6.21.
It can be appreciated that LaCoO3 perovskite exhibits lower AG compared to LaFeO3; and

Sr,Fe,0s perovskites.

0r
22000 |- M
-4000 |-

-6000 |- M- 6Lare0, + 6CH,(g) + 60,(g) = CO,(g) + 5CO(g) + 3La,0, + 2Fe,0, + BH,O(g) + 6H,(0)
-l 3LaFeO, + 3CH,(g) +2.750,(g) = 3CO(g) + L5La,0, + Fe,0, + 3H,0(g) + 3H,(9)

| 10 6LaCo0, + 6CH,(g) + 60,(g) = CO,(g) + 5CO(g) +3La,0, + 2C0,0, + 6H,0(g) + 6H,()
~ - 3LaCo0, + 3CH,(g) +2.750,(g) =3CO(g) + 15La,0, + Co,0, + 3H,0(g) +3H(g)
-8000 |- M- 35r,Fe,0, +3CH,(g) + 30,(g) = CO,(g) + 2CO(g) + 6SrO + 2Fe,0, + 3H,0(0) + 3H,(0)
155r Fe,0, + L5CH,(g) + 2.750,(g) = 1.5CO(g) + 35r0, + Fe,0, + 1.5H,0(g) + L.5H,(g)

AG /kImol™)

-10000

0 200 400 600 800
Temperature /°C

1000

Figure 6.21 Dependence of standard Gibbs free energy with temperature for total and
partial oxidations of methane reactions over LaCoOs, LaFeO3; and Sr,Fe;Os
perovskites.

According to the results given in figure 6.21, the LaCoOj3 perovskite was selected to find out
its stability under O,/CH, atmosphere. Below are shown the standard Gibbs free energy for

various oxidations of methane reactions at LaCoOs perovskite model (figure 6.22).
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14000 }—=— 2LaCoO, + 3CH,(g) = La,0, + 2Co + 3CO(g) + 6H,(g) A
12000 [—=—4LaCo0, +8CH,(g) + O,(g) = 2La,0, +4Co0 +4C,H,(g) + 4H,0(g)
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OF = 3LaCoO, + L5CH,(g) + 2.750,(g) = 1.5La,0, + Co,0, + 1.5CO,(g) + 3H,0(g)
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Figure 6.22 Dependence of standard Gibbs free energy with temperature for various
oxidations of methane reactions of the LaCoO3 perovskite (A), dependence of
the standard Gibbs free energy versus O,/CHj, ratio for LaCoO3 perovskite at
850 °C (B).

It can be noted that the reactions that exhibit an O,/CHj, ratio of 0.33 is thermodynamically

more favourable because of its lower AG , see figure 6.22A and eqgn. (6.13).
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LaCoO, + 3CH,(g) + 0,(g) = 3La,0, + 2C0,0, + 3CO(g) + 6H,(g) (6.13)

The dependence of AG at 850°C with the O, CH, ratio indicates that the LaCoOj3 perovskite
is less stable at O,/CHj, ratio below 0.5, see figure 6.22B. At the operation condition carried
out the experiments in this work, it was observed CoSO, rather than Co3O4 and/or CoO
because of its sulphurization with sulphur impurity. Also, note that the production of C; (i.e.
C,H4 and C;Hg) and syngas are thermodynamically favourable. On the other hand, the total
oxidation of methane to CO, are thermodynamically favourable when the ratio is between 0.5
and 2 see figure 6.22B. This finding suggests that high O,/CH, ratio would improve the

LaCoOj; perovskite stability relative to low O,/CHj, ratio (i.e., below 0.5).

Additional evidence that support the above-discussed thermodynamic data is given in the
phase diagram for La-Co-O system (see figure 6.23). It can be observed that Co3O4 and

La,0O3 are thermodynamically favourable under different partial pressure of oxygen at 850°C.

log pO2(g) Predominance Diagram for Co-La-O System log pO2(g) Predominance Diagram for La-Co-O System
0.0 T T T T T T T 0.0 T T T T T T T
0af (A) {1 o1 (B)
-0.210 T -0.2]
-0.3[ 7 -0.31
0.4 1 0.4
-2:8C003 Co304 1 -0.57 La203
CoO
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Figure 6.23 Phase diagram for LaCoOj3 system in function of logpO, against temperature.

Similar thermodynamic studies were carried out for LaFeO3 and Sr,Fe,Os perovskites and are

given in appendix V.9, figures V.22 to V.25. It can be noted that the phase more
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thermodynamic stable are La,O3 and Fe3O4 for La-Fe-O system while SrO;, Fe;O3 and Fe3O4
were the most stable phases for Sr-Fe-O system at 850°C. These findings are in agreement
with experimental results obtained in this work, which suggests that the thermodynamic
calculation for single perovskite phases can give some insight into the phase evolution of

LageSro.4Cop2Feo s03-5 perovskite.

6.7. Conclusions

The results discussed above for the methane conversion experiments using unmodified
LSCF6428-HFM and 5%Ni-LSCF6428/LSCF6428-HFM reactors lead to the following

conclusions:

Unmodified LSCF6428-HFM reactor:

1. The unmodified LSCF6428-HFM reactor favoured the formation of C, products
(CzHg + C,H,) at methane conversion below 5% when Air/4% CH, gradients operated

under MSAL and MLAS modes.

2. The activity-selectivity performance of the unmodified and modified LSCF6428-HFM

in methane conversion is likely associated to the concentrations of electrophilic (i.e.
0,,07 and O, ) that generate total oxidation products and nucleophilic oxygen
species (i.e. O %) that conduced to formation of selective oxidations and also that

different oxygen species produced depend upon the abundance of the oxygen vacancies

(i.e. V,") in the membrane.
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5%Ni-LSCF6428/LSCF6428-HFM reactor:

3. The 5%Ni-LSCF6428/LSCF6428-HFM module reduced with hydrogen and operated
with 2% O,/4%CH, gradient showed the production of syngas (CO + H,) (i.e., 28 %)
with H, /CO ratio of 0.5, carbon dioxide (i.e., 45%) and C, product (i.e., 27%). It is
proposed that two main catalytic pathways can take place on 5%Ni-
LSCF6428/LSCF6428-HFM: partial oxidation of methane to syngas (CO + Hj) on
metallic nickel particles and oxidative coupling methane to C, and CO, products on

NiO particles.

4.  The 5%Ni-LSCF6428/LSCF6428-HFM module unreduced and operated with 4%
0,/4%CH, gradient facilitated the formation of carbon dioxide (ca. 71 %) whilst CO,

C,H4 and C,Hg selectivities were around 19 %. No hydrogen formation was observed.

5.  The increase of oxygen concentration from 2% to 20% improves oxygen permeation ca.
2 fold, but this was not reflected on methane conversion (15% and 20%). The main
catalytic pathway at low oxygen concentration and H, reduction treatment was partial
oxidation of methane to C, and syngas. At high oxygen concentration and no H,
treatment the total oxidation of methane to CO, was the main pathway in agreement

with the thermodynamic calculation data.

6.  The modification of the LSCF6428-HFM with 5% Ni-LSCF6428 catalyst increases the
performance of reactor and oxygen permeation 6 fold compared to the unmodified
LSCF6428-HFM. In addition, COx become the main reaction product, instead the
unmodified HFM reactor favoured the C, (C,H4 and C,Hg) selectivity (i.e., oxidative

coupling of methane).
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10.

According to the products distribution and the high methane conversions it is proposed
that CH, reacts with oxygen species that diffused or dissociated over the catalyst to
produce COx and H,O. This would indicate that methane conversion occurs over the
surface of 5%Ni-LSCF6428 catalyst and facilitates the total oxidation catalytic

pathway.

The presence of 5%Ni-LSCF6428 catalyst improved 3 fold the apparent overall rate
constant under Air/CH, gradient relative to unmodified LSCF6428-HFM. A similar
trend was obtained for Air/He gradient, which reflects the positive effect of the catalyst

on the oxygen flux.

The morphology of the catalyst (centre shell side) and metal composition of the grain
boundary (centre lumen side and end lumen side) of the 5%Ni-LSCF6428-HFM after
methane conversion significantly changed relative to the modified membrane before
reaction. The centre shell side and the end shell side of the unmodified LSCF6428-
HFM reactor also showed changes in crystalline phases, morphology and metal
composition of the grain boundary compared to the fresh unmodified membrane. This
is tentatively attributed to Kinetic demixing of mobile cations and decomposition of the
membrane due to the axial temperature generated by the exothermic reaction of

methane combustion.

Both LSCF6428-HFM and 5%Ni/LSCF6428-HFM reactors showed the presence of
SrSO, and CoSO, because of the contamination by sulphur impurities, which is
tentatively attributed to the air gas employed during the experiments. Sulphur impurity
could also be produced by polyethersulfone employed during fabrication of the

LSCF6428 hollow and the cement used to assemble the reactor.
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11.

The segregation of strontium, cobalt and iron to form different crystalline
oxide/carbonate/sulphate phases such as FesO, SrO,, SrCOs; SrSO; and CoSOq
occurred on LSCF6428-HFM and 5%Ni/LSCF6428-HFM reactors. Thermodynamic
calculation and diagram of phases supported the formation of these species under

Air/CH,gradient and sulphur impurity.
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Chapter 7.

Overall conclusions



7. Overall conclusions and recommendations

7.1.  Overall conclusions

The results discussed above for both oxygen flux and methane conversion experiments
carried out in unmodified LSCF6428-HFM, Co0304,/LSCF6428-HFM and 5%Ni-

LSCF6428/LSCF6428-HFM reactors lead to the following conclusions:

Mixed lonic and Electronic Conducting (MIEC) membranes (i.e. LSCF6428-HFM) reactors
are of interest because they have the potential to provide a clean, efficient and economic route
to separate oxygen from air. Furthermore, this technology could possibly revolutionize the
chemical industry where a continuous oxygen supply is required as in many industrial
processes such as: the partial oxidation of methane (POM) and the oxidative-coupling of
methane (OCM). In addition, the MIEC ceramic membrane has the potential advantage that
could be integrated the oxygen separation and syngas processes into a single compact ceramic
membrane reactor.

Oxygen flux across the membranes can be enhanced with rising helium flow rate because
high helium flow rate reduces oxygen partial pressure on the helium flow side, producing an
increase of oxygen partial pressure difference across the membrane. This driving force
promotes the diffusion of the lattice oxygen from high oxygen partial pressure to lower

oxygen partial pressure.

Unmodified and modified LSCF6428-HFM reactors exhibit stable oxygen flux under Air/He
gradient. In addition, they show good thermal and mechanical stability of the hollow fibre
geometry. However, under continuous long tern operation conditions the LSCF6428 hollow

fibre membrane reactor showed signs of kinetic demixing of mobile cations and the presence
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of sulphur contamination. This may be detrimental to the module (i.e., LSCF6428-HFM,
C0304/LSCF6428-HFM and 5%Ni/LSCF6428-HFM) performance.

A kinetic model assuming plug flow was developed and successfully applied for calculating
the overall rate constants for LSCF6428-HFM and modified LSCF6428-HFM under oxygen
flux and methane oxidation experiments. The data are fairly well fitted at high helium flow
rates, but at low helium flows the model is invalid possibly due to mass transfer effects and
low Reynolds numbers (Re < 2000).

The oxygen permeation rate is limited by surface exchange on the oxygen lean side or lumen
side (R,,) at 850°C and 900°C and the contribution of bulk diffusion on the oxygen

permeation rate increased with a rise in the temperature (900°C), according to distribution of
total oxygen permeation residence for unmodified and modified LSCF6428-HFM reactor.

The oxygen flux significantly improved with catalyst coated on LSCF6428-HFM whatever
the type of catalyst. When LSCF6428-HFM was coated with Co3z0, catalyst, the oxygen
permeation measurements from mode 1 (ALHS) and mode 2 (ASHL) were different. In
addition, the apparent rate constant for Co30,/LSCF6428-HFM reactor did not change with

helium flow.

The morphology of LSCF6428-HFM coated with 5 % Ni/LSCF6428 catalyst changed after a
long operation time as a consequence of Ni nanoparticles agglomeration and oxidation to
nickel oxide. This could decrease the number of active site in the catalyst and hence the
oxygen fluxes. A H; treatment process on the 5%Ni-LSCF6428/LSCF6428-HFM module
did not recover the initial oxygen flux of the membrane reactor. On the other hand, the
apparent overall rate constants for Co304/LSCF6428-HFM and 5%Ni/LSCF6428-HFM
enhanced 3-4 fold compared to unmodified LSCF6428-HFM. Comparison of both modified
HFM reactors showed that the apparent overall rate constants for Co304/LSCF6428-HFM

were 2 fold higher than that obtained for 5%Ni-LSCF6428/HFM.
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Comparison of the results from unmodified and modified LSCF6428-HFM, show that the
oxygen fluxes is considerably enhanced when the membrane was operated not only under
Air/CH,4 compared to Air/He gradients but also when oxygen concentration increased from 2

to 20%. The activity-selectivity performance in methane conversion is likely associated to

the concentrations of electrophilic species (i.e. O,, 0 and O, 4 ) that facilitate total

oxidation products and nucleophilic oxygen species (i.e. O*) that conduce to the formation
of selective oxidations. Furthermore, the modification of the LSCF6428-HFM with 5% Ni-
LSCF6428 catalyst increased the reactor performance and oxygen permeation 6 fold
compared with unmodified LSCF6428-HFM. In addition, COx became the main reaction
product and the unmodified HFM reactor favoured the C, (C;Hs and CyHg) selectivity (i.e.

oxidative coupling of methane).

Two main catalytic pathways take place on 5%Ni-LSCF6428/LSCF6428-HFM when the
module received H, treatment: 1) partial oxidation of methane to syngas (CO + H,) on
metallic nickel particles (H,-treated) and 2) oxidative coupling of methane to C, and CO;
products on NiO particle (without Ho-treatement). Additionally, syngas (CO + H,) selectivity
was 28 % and the ratio H, /CO was 0.5.

The presence of 5%Ni-LSCF6428 catalyst improved 3-fold the apparent overall rate constant
under an Air/CH,4 gradient relative to unmodified LSCF6428-HFM. A similar trend was
obtained for Air/He gradient, which reflects the positive effect of the catalyst on the oxygen
flux. On the other hand, the carbon deposited on modified and unmodified HFM reactors was

between 10% and 15%.

The morphology of the catalyst (centre shell side) and metal composition of the grain
boundary (centre lumen side and end lumen side) of 5%Ni-LSCF6428-HFM after methane

conversion varied significantly compared to the modified membrane before reaction. In
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addition, the centre shell side and end shell side of the unmodified LSCF6428-HFM reactor
showed changes in crystalline phases, morphology and metal composition of the grain

boundary compared with fresh unmodified membrane.

Both LSCF6428-HFM and 5%Ni/LSCF6428-HFM reactors after methane conversion
exhibited the presence of sulphur and the segregation of iron, strontium and cobalt to form
different crystalline oxide/sulphate phases such as SrO,, SrSO,; CoSO,; and Fe3O4. In
addition, CO; generated during the reaction produced SrCOs, from the reaction of CO, with
segregated strontium oxide. Thermodynamic calculation and phases diagrams also showed
that these phases are facilitated under Air/CH,gradient and sulphur impurity.

A summary of the possible methane oxidation pathways obtained from unmodified
LSCF6428-HFM and modified LSCF6428-HFM at 850 °C is given in figure 7.1. Note that
the catalytic routes are dependent upon flow operation modes, oxygen concentration, H;

treatment and catalyst.

CO, +CO CO,+C,H,
C,H,+C,H, +C,H,

Air/CH, Catalyst

2% 0,/CH,

Catalyst \_gradient MSAL gradient
MSAL
H, —treated
C,H, Air /CH, CH Catalyst CO+H,
gradient 4 MSAL
+ CZ H 4 without catalyst 2% 0, /CH, COZ + Cz H4
MSAL radient

+ CO aradt +C,H,

Air/CH, | without catalyst
gradient | MLAS

C,H,+C,H,
+ CO+CO,

Figure 7.1 Summary of methane oxidation routes for 5%Ni-LSCF6428/LSCF6428-HFM
reactor.
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7.2.Recommendations for future works

1. The assemble LSCF6428 hollow fibre membrane reactor quite often presented a
problem of sealing between the two ends of the membrane with cement, owing to the
high temperatures that produce cement fracture and thereby generate gas leaks in the
module. We recommend using a high temperature resistant silicone sealant to seal the

ends of the membrane.

2. During the methane conversion reaction on unmodified and modified LSCF6428-
HFM reactors, usually large amount of water is produced. It is suggested that the
quantity of water be measured in future experiments to obtain a more reliable material

balance.

3. Nickel is an active and economical catalyst for the partial methane oxidation (POM)
reaction and modified with other active components such as Cobalt (Co), Iron (Fe) or
noble metal such as Ruthenium (Ru), Platinum (Pt) and Palladium (Pd) could improve
the stability and assist in the reduction of carbon deposition [1]. The relative order of
activity for the partial oxidation catalyst has been determined as:
Ru> Rh, Ni, Ir>Pt>Pd. The preparation method and support properties also
affect the activity of the catalyst. A tentative good formulation could be Ru-Ni-CeO,
catalyst, which has capability for oxygen storage and can help oxidation of surface
carbon which is deposited. The addition of the rare earth oxide (CeO,) also could
stabilize the support and prevent the sintering during the reaction [1]. Additionally,

Ru favours higher methane activity and selectivity to syngas (CO and H,).

4. During the oxygen flux and methane conversion experiments sulphur impurities were

observed whose origins is tentatively attributed to: (i) air and helium gases employed
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during the experiments, (ii) the polyethersulfone (PESf) binder used in the
manufacture of the membrane, (iii) the cement used in the reactor assemble. This
sulphur can affect the membrane surface area and form different crystalline sulphate
phases (i.e. SrSO,4, and CoSO,4) with strontium and cobalt segregated. Therefore, it is
recommended to investigate exhaustively the source(s) that produces sulphur on the

membrane and its influence on the membrane oxygen flux.

Use a different approach for determining the non-stoichiometric oxygen incorporated
into LSCF6428-HFM. Initially, take fresh reactor of LSCF6428-HFM and heated up
to 850°C under an air flow on both sides. After the reactor reaches a steady state,
based on the oxygen permeation measurements, the air flow is stopped and switched a
helium flow over both sides of the membrane reactor. Then, the liberated oxygen
from the structure of LSCF6428 perovskite is measured and then compared it with the

value of non-stoichiometric oxygen (8) reported in this work and the literature.

Make a calibration at different concentration of oxygen, particularly at low oxygen
concentrations (below 2 %) to ensure that the measurements of oxygen permeation at

low air flow rate are accurate.

Characterize the hollow fibre membrane by X-ray photoelectron spectroscopy (XPS)
to measure quantitatively the elemental composition (i.e., empirical formula, the

chemical state and electronic state of the elements) that exist at the membrane surface.

In order to assess leak growth of the LSCF6428 hollow fibre membrane under the
operation temperature (800-1000°C) the rate of He leak as a function of time needs to
be measured. In addition, find out the magnitude of the leak activation energy to
provide information on the underlying mechanism of the leak formation and leak

growth.
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Appendix I:

I.1.  Preparation of the LageSro4C0o2F€eps03-5 hollow fibre membrane

The LSCF6428 hollow fibre membranes were prepared and supplied by Imperial College
London. They were made in one step using a combined phase-inversion/sintering technique

as previously described by Li and co-workers [1, 2, and 3 from Chapter 3].

1.2. Reactants

Powder samples of this composition (LaosSro4C0o2Feososs) With surface area = 6.0m%/g
were obtained from Praxair Surface technologies, USA. The polymer used as binder, solvent
and additive for preparation the starting mixture are: Polyethersulfone (PESf) [Radel A-300,
Ameco Performance, USA], N-methyl-2-pyrrolidone (NMP) [Synthesis grade, Merck],
Polyvinylpyrrolidone (PVP, K16-18) [Acros Organic, Mw=8000]. The internal and external

coagulants are deionized water and tap water, respectively.
1.3. Fabrication of the Lay Srg4Cog2Feq503.5 hollow fibre membranes

The LSCF6428 hollow fibre membrane was fabricated the following manner:

A calculated quantity of PESf with the additive PVP was dissolved in the weighed NMP

solvent in a 250 ml wide-neck bottle.

When the polymer solution was obtained, the LSCF6428 powder previously weighed was

added carefully.

This solution was stirred for at least 48 h using a Heidolph RZR 2000 stirrer at a speed of

around 300 rpm to make sure that the powder was well-dispersed in the polymer solution.

The starting solution was degassed at room temperature for 30 min and then transferred to a

stainless steel reservoir where it was pressurized up to 0.5 bars with nitrogen.
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It was used a spinneret to obtain the hollow fibre precursors.

Both tap water and deionized water were employed as the internal and external coagulants

respectively.

The hollow fibre precursors were then immersed in a water bath for 24 hours to improve the

solidification process.

Finally, the precursors were thermally treated under air at 600 °C for 2 hours to burn off the
organic polymer binder and subsequently treated at 1100-1280 °C for 4 hours for

densification via sintering to take place. [1-3].

| 2.Mixing Tank

| 3.Solution Tank

| 4.Filter

| 5.Gear Pump

| 6.Internal Coagulant Tank

| 7.Mass Flow Controller

| 8.Spinnerette

| 9.Coagulation Bath

| 10.Washing Bath

| 11.Moter Guide
12.Storage Tank

TS | 13.Valve
|~ i E e N \ — A

Figure 1.1  Apparatus to fabricate the LSCF6428 hollow fibre membrane [1].
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1.4, Average surface loading of the catalytically modified LSCF6428 HFM.

e Co030, catalyst:

Weight of 1 HFM unmodified (5 cm of large): 0.3678 g

Weight of 1 HFM modified with Co304 (5 cm of large): 0.3758 g
Amount of Co304 deposited on 1 HFM: 0.008 gr ~ 8 mg
Amount of Co304 deposited on 4 HFM: 0.032 gr ~ 32mg

Surface area of catalysts coated on HFM:

2T,

= n*L = 3.308cm? 1.1

The external radius of the HFM (0.07 cm) is r,, N is the number of HFM used for assemble
reactor (i.e., 4) and L is the length of HFM coated by catalyst (5 cm).
The average surface loading of the catalyst on the 4 HFM is given by the below expression:

Amount of catalyst deposited on 4 HFM 32 mg
Surface area of catalyst 3.308 cm?

=9.67 mgcm™ (1.2)

e 5% Ni/ LSCF6428 catalyst:

Weight of 1 LSCF6428-HFM unmodified (5 cm of large): 0.3119¢

Weight of 1 LSCF6428-HFM modified with 5% Ni/ LSCF6428 (5 cm of large): 0.3589¢g
Amount of 5% Ni/ LSCF6428 deposited on 1 HFM: 0.3119 - 0.3589 = 0.047 g = 47 mg
Amount of 5% Ni/ LSCF6428 deposited on 4 HFM: 0.188 g =188 mg

Surface area of 5% Ni/ LSCF6428 catalyst coated on HFM: 3.308 cm™?

The average surface loading of the catalyst on the 4HFM is given by the below expression:
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_ Amount of catalyst deposited on 4 HFM _ 188mg ) 2 (|_3)

S, = > =56.8 mgcm™ = 57 mg cm”
Surface area of catalyst 3.308 cm
H * [0, * 50,
g Ni= Amount of catalyst deposited onl HFM * 5% _ 0.0479*5% _ 235x10" g (1.4)
100% 100%
Weight of nickel for 4 HFM is: 2.35x10° g*4=9.4x10"3 g
: -3
% Ni=__ g o_f Nickel for 4HFM 100 = 9.4x10 glOO=5% (1.5)
weight of 5%Ni/LSCF 6428 deposited on 4HFM 0.188 g

1.5.  Calibration plots for different gases employed in the experiments:

e Calibration curve for air gas injections using air gas flow of 50 ml.min™

Mole (%)
S

0 | 20 | 40
Time/min

Figure 1.2 Single point calibration curve for air flow.

e Calibration curve of mixture of N, (2%), O, (2%) and H, (1%), balance in helium.

Mixture gas flow (50 ml.min™)
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- H,, 1%

8 ——0, 2%
. ——N,, 2%
S
(8]
s H
=

2 A

0 T T T T T T T

0 10 20

Time/min

Figure 1.3 Single point calibration curve for the injections of the mixture 1% Hj, 2%0,
and 2%N,, balance in helium.

e Calibration of GCB with mixture of H, (2%), O, (0.5%), N, (2%), CO (2%), CO,

(2%), C2H4 (2%) and CoHs (2%) balance in helium. Mixture gas flow (50 ml.min™).

10
—=—0,, 05%
8 | —a—H,, 2%
N,, 2%
CO, 2%
= 6- —=—CH, 2%
= CO, 2%
;J/ —=—C,H,, 2%
6 4' —— Csz' 2%
2 4
s
0A

0 50 100 150 200 250 300 350 400
Time/min

Figure 1.4 Single point calibration curve for mixture 0.5%0,, 2%H,, 2%N,, 2%CO,
2%CHy4, 2%CO;, 2%C,H, and 2%C,Hg, balance in helium.

It is worth remarking that all the injections showed excellent reproducibility since the error of
the measurements were below 5 %.
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Appendix 11

11.1. Enlargement of oxygen release using mode 1 and mode 2, obtained figure 4.1

Figure 11.1 shows the magnification of the oxygen release data discussed in Chapter 4,

figure 4.1.

0.22] (A Ao el STy A o (i 5
= 75 . 0.40 gg o 1
-0O-50 N0 @ g — ]
g 020 A2 2 03%{ Ao xs AV ]
=] ' c 10 ]
= 0.18 E 0.30; :
& g = 0.25 ]

-~ N
i g 0.20- ;
2 ]
£ 2 015 ]
3 8 010 ]
— [¢D) 7
§N 0.101 T=850°C - o' 83(5) T=850C ]
0 25 5 75 100 125 0 25 50 75 100 125
F.. /ml (STP) min", (shell side) F.. /ml (STP) min™, (lumen sice)

Figure.ll.1 Oxygen release against helium flow. (A) mode 1: air flow feed in lumen side
and (B) mode 2: air flow feed in shell side
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1.2

Figure 11.2 corresponds to the magnification of the oxygen release and oxygen

discussed in Chapter 4, figure 4.2.
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Figure.l1.2 Oxygen release and oxygen uptake with accuracy 5% versus time of operation,
(A), (B), (C) and (D).
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Figure 11.3 corresponds to the percentages of the nitrogen in lumen side versus time of

operation, according to the data discussed in Chapter 4, figure 4.2.

Time/ hour
0 200 400 600 800 1000 1200 1400
0.100 ——
0.095- .
o
k=]
[7p]
E 0.090- ]
=]
Y
<0085 .
prd

0 200 400 600 800 1000 1200 1400
Time/ hour

Figure.l1.3  Percentages of nitrogen in lumen side versus time of operation

11.3. Statistical regression of oxygen uptake and release obtained at long operation

time:

The statistical regression calculation for oxygen uptake and release obtained are given below:

Automatic injection systems can produce remarkably repeatable results because they inject in
precisely the same way time and time again. To calculate the residual standard deviation
(%RSD) on the peak that is obtained from six repetitive injections of a sample can be done

using the following equation.

%RSD = Zn=L x 100

X
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Table 1.1 Summary output of the residual standard deviation for GCA

Standard  Average peak

Peak area deviations - %RSD %RSD
(o) areas ( X)

2.704 0.006 2.697 0.235 0.20%
2.703
2.698
2.695
2.693
2.689

Table 11.2  Summary output of the residual standard deviation for GCB

Standard  Average peak
Peak area deviations - %RSD %RSD
(o) areas ( X)

18.651 0.0179 18.618 0.0966 0.10%
18.641
18.627
18.617
18.612
18.603

Oxygen uptake

Ny
2 out
0O, uptake=n02in_[n020m+ 4 J (1.1)

Propagation of errors for Oxygen uptake

Ny
P — 2 out ||'2
[ 03 out + 4 J ( )

2 2
AP = \/[%aoi ] 4no, ° +[an(|9\lpg ] AnN, (11.3)
4P = \/Anozwf +% AN, (11.4)
AP =0.0078 (11.5)
O, wptake=No,, = P (11.6)
40, . = |40, * + AP? (1.7)
40, =0008 (11.8)
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0
Relative error = — %€ _*100=4.48 (11.9)

2 uptake
Oxygen release
! n.NZ out '

O, refease = No, o ~ 4 Nie,, (11.10)
Propagation of errors for oxygen release

. Ny
Q=[n, +—*= (1.11)

2 out 4

2 2
AQ = Q AnO, *+ Q ANN, (11.12)
ono, onN,
' 2 1 '
AQ = \/Anozout +E AN, (11.13)
AQ =0.000153 (11.14)
aOZ release ? 2 ao2 release ? '
A0 = || ————| 40°+| ————| 4nHe,;, 11.15
2 release \/[ 6Q ] Q 6nHein ( )
80 ?
This term [aZH;e'easej AnHe,, =0, because in the experiment Helium flow was constant (51.5
nHe,,
ml/min)
Therefore,
A0, 1ease = NHE;, AQ (11.16)
A0, oiease = 0.005845 (1.17)
: O2 release 4

Relative error = —————*100=4.93 (11.18)

2 release
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11.4.

regression statistics

Confidence Intervals for the rate of oxygen incorporated was calculated using

Table I1. 3. Summary output of the rate of oxygen incorporated regression

statistic.
Multiple R R Square Adjusted  Standard Observations
R Square Error
0.8615 0.7423 0.7415 0.0078 331

Table I1. 4. Summary output of the rate of oxygen incorporated regression

statistic (ANOVA).

df SS MS F Significance F
Regression 1 0.058 0.058 947.505 7E-99
Residual 329 0.020 6.125E-05
Total 330 0.078

Table Il. 5. Summary output of the rate of

oxygen incorporated

Intercept X variable 1
Coefficient 0.037 -3.5E-05
Standard error  0.0009 1E-06
T stat 43.49 -30.78
P-value 1.8E-138 7E-99
Lower 95% 0.036 -3.7E-05
Upper 95% 0.039 -3.2E-05

For calculating the confidence interval

was used

for the oxygen incorporated, the following equation
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a+bX + t(RSD).| L + (x)° (11.19)
n  (n—1) (SD of x)?

Where regression coefficients @ and bare the value of the intercept and slope respectively
obtained from a straight line (Y), t is infinity degree of freedom at a 95% level of
confidence = 1.96, N is the number of measurements = 330, SD of x is the standard
deviation of the time and RSD is the residual standard deviation that can be obtained from

eqn. (11.20).

residual sum of squares
RSD J g (11.20)

Degrees of freedom

11.5.  Apparent rate constant for the oxygen incorporation

The determination of the apparent rate constant for the oxygen incorporation into LSCF6428
hollow fibre membranes was calculated assuming that the reaction is first order, see figure

1.4
A—> B, r,=kN,/V (11.21)

Where r, is reaction rate, N , is moles of A, (V) is volume and (t) is time.

t N A
fdt=-{ dN, 1 (11.22)
0 Na ra VvV

Substituting r, V =k N, from eqgn. (11.21), and resolving the integral; the eqn. (11.23) is

obtained,

In NNA =kt (11.23)

The rate constant (K ) was obtaining by plotting, see figure 11.4,
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O,uptake — O, release

t vs.In - (11.24)
nO,in
The slope of the resulting line corresponds to:
k=m*n, ;,/S,P (11.25)

Where, n, ., is the molar flow of the oxygen at the inlet in the shell side (umol s, S, is

the superficial active membrane area for oxygen permeation and P is pressure (bar).

© In(oz uptake-oz release)/(noz in)
Linear Fit

In(oz uptake_oz release)/(noz in)

12757 40 7 800 | 1200
Time/ hour

Figure.ll1.4 Apparent rate constant for oxygen incorporated.
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11.6. Apparent rate constant for different helium flow under two modes of flow
operation at 850 and 900°C: (A) Mode 2 (co-current) and (B) Mode 3 (counter-

current)

These apparent rate constants are given in Chapter 4, figure 4.6.

g ';'=850°C, OO-Cl:IITent A o) B) 1= 856°C, Counter-current
= 2 020 ]
£ -0.051 )
¥ 3
g g 015 ]
£, S
= -0.104 F_(mi/min): 9
’§N *(ml(T " e 0.104 F,, (m/min): |
£ -2 < 10
5 =50 = w3
R I 005 A
= = ~M- 100
S —m-125 T o
= T T O-OO T T

0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15

Unt (pmol™s) Unt (umol™s)

Figure.ll.5 Reaction rate constant for different helium flows under two modes of flow
operation at 850°C. (A) mode 2 (co-current) and (B) mode 3 (counter-current)

;i :88421 5 T=900°C; Co-current (A) g ggg: (B)  T=900°C; Counter-current

£ 006 5 026

5 -0.081 5 0.24

< -0.10] g 0.22]

S 012] . 3 8-53-

S .014] Fu(mlmin®) o 0181 F_(mimin): ]

o 10 ¥ 016 he ]

g2 -0.164 = 10

T ol U5 T 014 o 2]

= o] =% 2 012] o 5]

5 020 75 I 010 75 ]

S 02 510 ] = 008] e 100

E o024 B ] E 006 @ 125]
0.000.020.040.060.080.100.120.14 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Unt (umol™s) nt (umol™s)

Figure.ll1.6 Reaction rate constant for different helium lows under two modes of flow
operation at 900°C. (A) mode 2 (co-current) and (B) mode 3 (counter-current)
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PO ZT Co-current flow operation

No2inlet
Air

He /‘
No2 out

0 L

PO, 1 Counter-currentflow operation

No2intet
Air — -

Noz out \7 — He

L

PO ,|

Figure 1.7 Profiles of oxygen inlet (nO;, inlet) and oxygen outlet (nO.out) across
membrane for mode 2 (co-current) and mode 3 (counter-current).

11.7.  Reynolds number

Reynolds number (Re) can be defined for a number of different situations where a fluid or
gas is in relative movement to a surface. These definitions generally include the gas
properties such as density, viscosity, velocity and characteristic length or characteristic

dimension (radius inter of the hollow fibre membrane).

pV D
ﬂ 1

Reynolds number is defined as: Re = (11.26)

Where:

« Visthe mean velocity of the object relative to the gas (m/s)

e D isthe hollow fibre membrane diameter inter (m)

e 4 isthe dynamic viscosity of the gas (Pa s or N s/m® or Kg/ms)

The Reynolds numbers are used to characterize different flow regimes, such as:
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1. Laminar flow occurs at low Reynolds numbers (Re<2000) and tends to have a lower

velocity, where viscous forces are dominant, and is characterized by smooth and constant

fluid motion.

—

—l

—

—
—_ Mixing condition

Laminarflow ‘E *No axiz_al mi)_(ipg alonga flow path

> *No radialmixing

—

—

—

—

Figure 11.8  Schematic representation of the laminar flow into tubular reactor

2. Turbulent flow occurs at high Reynolds numbers (Re>4000) and is dominated by inertial
forces, which tends to produce chaotic and unstable flow. Turbulent flow is irregular and

travels at a higher speed, whose cross section can be assumed constant or flat.

—
— _
Turbulent flow Mixing condition
*Someaxialmixing along a flow path
= *Some radial mixing
—
—

Figure 11.9  Schematic representation of the turbulent flow into tubular reactor

3. Transitional flow is a mixture of laminar and turbulent flows with turbulence in the centre
of the pipe and laminar flow near the edges (2000 < Re <4000). These flows are uniform at

medium velocity and depend on pipe roughness.

Below is shown the Reynolds numbers for different flow of air and oxygen, considering the
following gas properties: Density of air: 1.205 kg m™; Viscosity of air: 0.0000185 N.s.m;

Density of Oy 1.354 kg m™; Viscosity of Oy 0.00001909 N.s.m? Diameter: 0.001 m
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cross section=z r, r; =0.011cm?, where r,and r, are inner and outer radius of a typical

hollow fibre (0.05 cm and 0.07 cm) and Velocity = Flow rate/cross section of the HFM

Table Il. 6 Reynolds numbers for air in LSCF6428HFM-

reactor.

(clr:r:g)\gl) V(frl]og'l;y Re Type flow
10 9.094547 592 Laminar
25 22.73637 1481 Laminar
50 4547273 2962 Transient
75 68.20910 4443 Turbulent

100 90.94547 5924 Turbulent
125 113.6818 7405 Turbulent
150 136.4182 8886 Turbulent
175 159.1546 10367 Turbulent
200 181.8909 11847 Turbulent

Table Il. 7 Reynolds numbers for O, in LSCF6428HFM-

reactor

(clr:r!g\gl) V((;!]OSC_Il;y Re Type flow

10 9.094547 645 Laminar

25 22.73637 1613 Laminar
50 4547273 3225 Transient
75 68.20910 4838 Turbulent
100 90.94547 6451 Turbulent
125 113.6818 8063 Turbulent
150 136.4182 9676 Turbulent
175 159.1546 11288 Turbulent
200 181.8909 12901 Turbulent
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11.8. Distribution of total permeation resistance of unmodified LSCF6428-HFM reactor

calculated with egns (4.1), (4.2), (4.3) and (4.4) and is described in Chapter 4.

100% I R RRRRRRRRRRRRRRRRRRRDRDRR
90% I
. 80% e flow He flow He flow
% 70% 10 ml/min 25 ml/min 50 ml/min
c 60%
2 50%
2 40%
2 30%
O 20%
10%
0%
10 25 50 75 10 25 50 75 10 25 50 75

Air flowrate (ml.min?) Air flowrate (ml.min't) Air flowrate (ml.min)

0 N N S R
90%

80% He flow ?goﬂo:/}/ . He flow Rex
£ 70% 75 ml/min mi/min 125 mi/min
o
S 60% R'ex
£ 50%
£ 40%
.g 30%

20%

10%

0%
10 25 50 75 10 25 50 75 10 25 50 75
Air flowrate (ml.mint) Air flowrate (ml.min?t) Air flowrate (ml.min)

Figure 11.10 Effect of air flow on distribution of total permeation resistance of unmodified
LSCF6428-HFM reactor at 850°C.

100%
_ 80%
T 70% m 50 ml/min
o 60%
2 50%
2 40%
% 30%
a

20%

10%

0%
10 25 50 75 10 25 50 75 10 25 50 75
Air flowrate (ml.mint) Air flowrate (ml.min) Air flowrate (ml.mint)
100%
0, .

Z Jow 75 ml/min 100 ml/min ceullnlly
S 60% mRdiff
£ 50%
2 40% R"ex
.‘g 30%

20% R'ex

10%

0%
10 25 50 75 10 25 50 75 10 25 50 75
Air flowrate (ml.min?) Air flowrate (ml.min) Air flow rate (ml.min)

Figure 11.11 Effect of air flow on distribution of total permeation resistance of unmodified
LSCF6428-HFM reactor at 900°C.
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11.9. Residence time or holding time for LSCF6428-HFM

Residence time or holding time (t) is a representation of how long it takes for the gas
concentration to significantly change in the reactor and is calculated by dividing membrane

volume (shell or lumen side) by the volumetric flow.

_ volumen o_f membrane (11.27)
volumetric flow rate

Holding time in lumen side (z,):

volumen=z r’z n=0.16 cm?, (11.28)

Where, r, is the inner radius of a typical hollow fibre (0.05 cm), n is the number of hollow

fibres used for assembled reactor and z is the isothermal zone centre of hollow fibre

membrane reactor (5 cm)

10
g

o 0.8

S

c

gO.G—

2 4

-EO|4_ .

[¢B]

=

éo.z-
=00
I 0 20 40 60 80 100 120 140

FHe / ml (STP) min-1

Figure 11.12 Resistance time in lumen side of the LSCF6428-HFM reactor
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Holding time in Shell side (z_):

2z(r,—r.)
volume = —2% "Iy | =21.3cm?® _
In(r, /) ¢ / (1129

e e~
83358

8.

Holding time in shell side (sec)
(o))
e

o

20 40 60 80
FAir / ml (STP) min™

o

Figure 11.13 Resistance time in shell side of the LSCF6428-HFM reactor

11.10. Activation energy (Es;) for unmodified LSCF6428-HFM, values reported in

Chapter 4

Activation energy ( E,) was calculated using the Arrhenius equation:

k = Aexp(—E, / RT) (11.30)

Where, k is the rate constant, R is the ideal gas constant (8.314 J.K .mol™) and T is the

temperature (Kelvin)

Applying logarithm on both side of egn. (11.30), it can be obtained
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In(k) = (-E, /R) (1/T) + In(A) (11.31)

Plotting In(k) vs. 1/T , we can obtain the activation energy through the slope(m).

y=mx+c (1.32)

E, =mR, (kJ.mol™) (11.33)

Table.11.8 Activation Energy for unmodified LSCF6428-HFM

Helium flow (ml mol™) Ea (kJ mol™)
10 44
25 37
50 40
75 40
100 43
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11.11. Determination of the crystallite size by XRD method using Scherrer equation for

unmodified LSCF6428-HFM, data given in Chapter 4

Table. 11.9 Crystal size determined by Scherrer equation for
unmodified LSCF6428-HFM

Membrane Condition Crystal size  Crystal size
zone 20 (um) (nm)
Lumen side BR 32.64 0.022 22.0
Shell side BR 32.68 0.023 23.3
Lumen side AR 32.56 0.025 25.4
Shell side AR 32.68 0.024 24.0
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11.12 Distribution of the of the pore area and grain boundary perimeter using SPIP

6.0.9 software for unmodified LSCF6428-HFM, data given in Chapter 4

e Cross section of unmodified LSCF6428-HFM

X[mm?]  ¥[%]

M1 0.00061515 17.65
M2 0.52411 11.76
M2-M1 0.52343 -5.882
Intg. 0.000 1.000

M6 0.52411 11.76
ME-M5 0.52349 -5.882
Intg. 0.000

Percent [%]

MB-M7 0.52343 -5.882
Intg

015 02 0.25 03 0.35 0.4 0.45 0s
Area [um?]

Figure 11.14 Distribution of the pore area of cross section before reaction, data obtained by
SPIP 6.0.9

X[me] Y[®]

M1 0.00061518 20.00
M2 0.34805 10.00
M2-M1 0.34744 -20.00
Intg 0.000 0.700

M6  0.34805 10.00
ME-M5 0.34744 -20.00
Intg. 0.000

Percent [%]

MB-M7 0.34744 -20.00
Intg

03 10 12 1

4 16

Area [pm]

Figure 11.15 Distribution of the pore area of cross section after reaction, data obtained by
SPIP 6.0.9
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e Lumen side for unmodified LSCF6428-HFM.

Xlpm] ¥[%]

M1 0.020867 64.15
M2 102.91 1.887
M2-M1 102.89 -62.26
G0 Intg. 0.000 1.000
u3 25.743 1.887
M1 82.332 0.0000
M4-U3  56.583 -1.887
50 Intg. 0.943 0.981
M5 0.020867 64.15
HE 102.91 1.887
ME-M5 102.83 -62.26
_ @ Intg. 0.000 1.000
£
5
5 s 102 91 1 887
o MB-M7 102.83 -62.26

Intg. 0. 000

' o

400 60.0 80.0 100
Perimeter [um]

Figure 11.16 Distribution of the grain boundary perimeter of lumen side before reaction,
data obtained by SPIP 6.0.9

XKlpm] ¥[%]
50 M1 0.020867 58.54
w2 87.813 2.439
MZ-M1  87.792 -56.10
Intg. 0.000 1.000
s0 u3 21.363 3.756
4 65.865 0.0000
M4-M3  43.896 -9.756
Intg. 0.780 0.376
u5 0.020867 58.54
40 M6 87.813 2.439
Me-M5 87.792 -56.10
_ Intg. 0.000 1.000
£
£
s
s 30 M8 87.813 2.439
o MB-M7 87.732 -56.10
Intg. 0.000
20
10

70.0 80.0

B - -
50.0 60.0

10.0 20.0 200 400
Perimeter [um]

Figure 11.17 Distribution of the grain boundary perimeter of centre lumen side after
reaction, data obtained by SPIP 6.0.9
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Kipm] ¥[&]
M1 0.020875 B84.21
M2 222.99 5.263
80 M2-M1 222.97 -78.95
Intg. 0.000 1.000
70 u3 55.764 0.0000
M4 178_40 0.0000
M4-M3 12263 0.0000
Intg. 0.947 0.947
&0
15 020875 84.21
M6 222.99 5.263
M6-M5 222.97 -78.95
. 50 Intg. 0.000 © 000
£
5
H s 222 99 5.263
o 40 MB-M7 22297 -78.95
Intg. 0.000
20
20
10

200 400 60.0 80.0 100 120 140 160 180 200 220
Perimeter [um]

Figure 11.18 Distribution of the grain boundary perimeter of end lumen side after reaction,
data obtained by SPIP 6.0.9

e Shell side for unmodified LSCF6428-HFM

Elpm]  ¥[#]
M1 0.0021719 &3 64
M2 12.77% 3.030
M2-M1 12.777 -60.61

60 Intg. 0.000 1.000
M3 3.1964 0.0000
M4 $.5843% 0.0000
M4-M3 ©.3885 0.0000

50

Intg. 0.935 0.570

0.0021719 63_64
M6 12.773 3.030
ME-M5 12777 -60.61
Intg. 0.000 1.000

M8 12.779 3.030
MB-M7 12.777 -60.61
Intg. 0. 000

Percent [%]

|| v d

4.00 6.00 8.00 10.0 120
Perimeter [um]

Figure 11.19 Distribution of the grain boundary perimeter of end shell side before reaction,
data obtained by SPIP 6.0.9
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11.13.

14

12

[any
o

Atomic composition ( %)

EDXS profile of the different zones of the LSCF6428-HFM before and after

oxygen permeation measurements, which was describe in Chapter 4.

(A)

Shell side before Lumen side Centre shell side

Centre Lumen End lumen side

End shell side
reaction before reaction afterreaction side afterreaction  after reaction after reaction
(CSSAR) (CLSAR) (ESSAR) (ELSAR)
40
<)
S 35 (B)
g 30 —-La
= 25 A\
D P > ~e =8-Sr
8 20
Q. -—-Co
g1 —o—F
8 10 A _B €
é ) //‘V‘ Ca
2, A2 —e S
Particlein  Particlein  Particle in  Particle in
CSSAR CLSAR ESSAR ELSAR

—0—-La
~0-Sr
-—-Co
~0—Fe

Ca

Figure 11.20 EDXS results of different zones of the LSCF6428-HFM before and after
oxygen permeation measurements (A). EDXS results for particles in different

zones of membrane (B).
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Table 11.10 EDXS of the unmodified LCF6428-HFM centre lumen side after reaction

*** pUzaf results ***

elem/line P/B B F c(atom)_confid._h_
0 K-ser @ 1.00000 1.00000 50.41 +- 9.52
Al K-ser ©@134.9 1.00789 1.00738 30.54 +- 5.42
La L-ser ©@135.7 1.03605 1.05237 5.10 +- 0.92
Fe K-alpha @ 83.4 1.04394 1.04435 6.31 +- 1.11
Co K-alpha @ 15.6 1.04589 1.05479 1.16 +- 0.50
Sr L-ser @ 58.9 1.01270 1.01150 5.85 +- 1.13
S K-ser @ 3.9 1.01875 1.01370 0.54 +- 0.53
Ca K-alpha @ 1.0 1.03035 1.06907 0.10 +- 0.24
standardless 100.00 [2s]

Table I11.11 EDXS of the particle of unmodified LCF6428-HFM centre lumen side after
reaction

*** pUzaF results ***

elem/line P/B B F c(atom)__confid._h_
0 K-ser @ 1.00000 1.00000 24.90 +- 4.47
Al K-ser @ 31.6 1.00939 1.01262 13.40 +- 2.38
S K-ser @ 59.0 1.02233 1.01065 15.58 +- 1.92
La L-ser ©@125.6 1.04294 1.05300 8.97 +-1.11
Fe K-alpha @ 89.3 1.05234 1.04478 12.88 +- 1.78
Co K-alpha @ 18.3 1.05466 1.05512 2.60 +- 0.96
Sr L-ser (©114.7 1.01513 1.01080 21.48 +- 3.03
Ca K-alpha @ 1.0 1.03614 1.05305 0.18 +- 0.36
standardless 100.00 [2s]
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Figure 11.21 SEM image and EDXS profile of the particle of unmodified LCF6428-HFM

centre lumen side after reaction

Table 11.12 EDXS of the unmodified LCF6428-HFM end lumen side after reaction

*** pUzaf results ***

elem/line P/B B F c(atom)__confid._h_
0 K-ser @ 1.00000 1.00000 73.75 +-12.91
Al K-ser @ 22.2 1.00827 1.00776 4.89 +- 0.92
S K-ser @ 2.6 1.01966 1.01833 0.35 +- 0.18
La L-ser @©@170.5 1.03782 1.05221 6.30 +- 0.66
Fe K-alpha ©116.9 1.04610 1.03991 8.76 +- 1.05
Co K-alpha @ 22.7 1.04814 1.04885 1.67 +- 0.50
Sr L-ser @ 43.6 1.01332 1.01460 4.22 +- 0.63
Ca K-alpha @ 0.7 1.03183 1.09425 0.07 +- 0.15
standardless 100.00 [2s]
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Table 11.13 EDXS of the particle of unmodified LCF6428-HFM end lumen side after
reaction

*** pUzaf re

sults ***

c(atom)___confid._h_

26.
9.
20.
7.
11.

18
31
20
94
43

.30
-58

.06

N

-83
2.16
77
219
.74

(B)

Incident energy: 25.0 ke
Measure time: 76
Pulse rate: 2097 cps

True

leas
Sr

|
T

e s e ke

elem/line P/B B F
0 K-ser @ 1.00000 1.00000
Al K-ser @ 22.3 1.00929 1.01390
S K-ser @ 77.6 1.02207 1.00974
La L-ser @113.1 1.04245 1.05351
Fe K-alpha @ 80.8 1.05174 1.04631
Co K-alpha @ 16.6 1.05403 1.05711
Sr L-ser @122.5 1.01495 1.01068
Ca K-alpha @ 0.3 1.03573 1.04823
standardless

*103

3.0

T Fe
o} Al 5 Fe Cno

25 La

2.0

1.4

1.0

04|

0o

a 1 2 3 4 5 G 7 a 9

Figure 11.22

SEM image and EDXS profile of the particle of unmodified LCF6428-HFM

end lumen side after reaction
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Table 11.14 EDXS of the unmodified LCF6428-HFM centre shell side after reaction

*** pUzaf results ***
elem/line P/B B F c(atom)__confid._h_

0O K-ser @ 1.00000 1.00000 64.74 +-11.61
Al K-ser @ 22.9 1.00870 1.00903 5.27 +- 1.06
S K-ser @ 20.5 1.02068 1.01558 2.92 +- 0.57
Ca K-alpha @ 3.2 1.03348 1.07899 0.32 +- 0.23
La L-ser ©@185.9 1.03977 1.05199 7.20 +- 0.78
Fe K-alpha @115.4 1.04848 1.04170 9.05 +- 1.17
Co K-alpha @ 37.7 1.05063 1.05000 2.91 +- 0.59
Sr L-ser @ 74.9 1.01401 1.01323 7.58 +- 1.06
standardless 100.00 [2s]

Table 11.15 EDXS of the particle of unmodified LCF6428-HFM centre shell side after
reaction

*** pUzaf results ***

elem/line P/B B F c(atom)_confid._h_
0 K-ser @ 1.00000 1.00000 34.87 +- 5.98
Al K-ser @ 20.4 1.00800 1.02557 4.64 +- 0.94
S K-ser (©238.6 1.01901 1.00465 34.26 +- 3.89
Ca K-alpha @ 7.1 1.03077 1.01930 0.74 +- 0.25
La L-ser @ 26.6 1.03655 1.05950 1.01 +- 0.28
Fe K-alpha @ 15.7 1.04455 1.06741 1.17 +- 0.36
Co K-alpha @ 7.2 1.04653 1.08461 0.52 +- 0.28
Sr L-ser (©224.0 1.01288 1.00944 22.80 +- 3.63
standardless 100.00 [2s]
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Figure 11.23 SEM image and EDXS profile of the particle of unmodified LCF6428-HFM
centre shell side after reaction

Table 11.16 EDXS of the unmodified LCF6428-HFM end shell side after reaction

*** pUzaf results ***

elem/line P/B B F c(atom)__confid._h_
0O K-ser @ 1.00000 1.00000 73.09 +-13.05
Al K-ser @ 13.1 1.00828 1.00856 2.89 +- 0.65
S K-ser @ 13.3 1.01968 1.01637 1.81 +- 0.38
Ca K-alpha @ 1.9 1.03186 1.08325 0.18 +- 0.16
La L-ser @©@161.3 1.03785 1.05368 5.94 +- 0.66
Fe K-alpha ©®105.3 1.04613 1.04197 7.85 +- 1.03
Co K-alpha @ 37.0 1.04818 1.04990 2.72 +- 0.55
Sr L-ser @ 57.2 1.01333 1.01373 5.52 +- 0.81
standardless 100.00 [2s]
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Table 11.17 EDXS of the particle of unmodified LCF6428-HFM end shell side after
reaction

*** pUzafF results ***

elem/line P/B B F c(atom)__confid._h_
0 K-ser @ 1.00000 1.00000 19.67 +- 3.55
Al K-ser @ 20.4 1.00887 1.02017 6.21 +- 1.33
S K-ser ©@182.3 1.02109 1.00659 34.91 +- 3.91
Ca K-alpha @ 6.4 1.03414 1.03015 0.89 +- 0.29
La L-ser @ 83.9 1.04056 1.05411 4.29 +- 0.55
Fe K-alpha @ 40.6 1.04944 1.05611 4.13 +- 0.65
Co K-alpha @ 17.3 1.05163 1.06921 1.73 +- 0.46
Sr L-ser @207.7 1.01429 1.00977 28.17 +- 4.39
standardless 100.00 [2s]

=157 Incident energy: 25.0 ke
- Measure time: 89 5

8| (B) Pulse rate: 3483 cps

True
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Figure 11.24 SEM image and EDXS profile of the particle of unmodified LCF6428-HFM
end shell side after reaction
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11.14. Thermodynamics calculation used in chapters 4, 5 and 6

Below is given the thermodynamic equations, whose applications are illustrated with an

example.
e Temperature Dependence of Enthalpy Changes:
The enthalpy changes for chemical reaction can be deduced for a range of temperature.
For a chemical reaction:
Reactants — Products (11.34)

The enthalpy change for the reaction can be written as:
AH = 4H Products AH reactants (11.35)

The enthalpies of the products and reactants involve the sum of the molar enthalpies of the

different products and reactants present in the chemical reaction.

The derivative with respect to temperature is given in egn. (11.36):

[o(an)/8T], =[o(aH . 1T |, ~[6(4H ... )/ 6T ], (11.36)
Also, we can write this, using heat-capacity terms:
[a(AH )/aT]P = (Cp)prod - (Cp)react = ACp (I |37)

Where (Cp)prod and (Cp)m1Ct imply the sum of the heat capacities of the products and

reactants.

Integrating the enthalpy of reaction from T, to T,, it is obtained eqn. (11.39)

f[a(AH)/aT] —= j ACpdT (11.38)

P
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T,
AH - 4H; = [ACpdT (11.39)
T

According to Leitner et al., the heat capacity of solid mixed oxides is given by eqgn. (11.40)

Cp=a+bT+(c/T2) (11.40)
AH, —4H, =_fA(a+bT+(c/T2)dT (11.41)
Tl

Substituting Cp into the egn. (11.39) and resolving the integral, it is obtained the following

eqn.
AH, —AH, = 4a(T, - T,)+ (1/2)ab)T2 -T2)- (4e)(y/T,)- (T, (11.42)
Using eqn. (11.41), the enthalpy change at one temperature from the enthalpy change at

another temperature can be calculated. General expression for temperature dependence of the

reaction enthalpy change is given below
AH; = AaT +(1/2) (4b) (T?)-(4c) (1/T)+ constant (11.43)

The constant term is evaluated by using the enthalpy change for the reaction at 25°C. After
calculating the constant term, the equation can be used to calculate the enthalpy change at any

other temperature.

Example

Calculate the enthalpy change for CO(g)+ H,0(g) - CO,(g)+ H,(g) at 1123 K. Standard

enthalpies of formation of CO(g), H,O(g), CO»(g) and Hy(g) are -110.52, -241.82, -393.51

and 0 kJ mol™, respectively.

CO(g)+H,0(g) > CO,(g) + H,(9)
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AH? =-11052 -241.82 -39351 O

The enthalpy change for the reaction is given below

A HJ, =-39351+0—(-110.52 + (—241.82)) (11.44)

A H5, =—41.17kJI mol (11.45)

Determination of the enthalpy change at 1123 K using the values of a, b and c

CO(g)+H,0(g) » CO,(9)+H, (9)

aterms 28.41 30.54 44.22 27.28

b terms 0.00410 0.01029 0.00879 0.00326

c terms —-46,000 O — 862,000 50,000

Where,

Aa=44.22+27.28—-(28.41+ 30.54) =12.55 (11.46)
Ab = 0.00879 + 0.00326 — (0.00410+ 0.01029) = —2.34x107° (1.47)
Ac = —862000 + 50000 — (—46000 + 0) = —7.66x10° (11.48)

Substituting the value of AH2, =41.138 kJmol™, da,4b,4c and T =298.15K in

eqn.(11.42), the value of the constant can be obtained.

AH ., = (12.55)(298) + (1/2) (- 2.34x10*)(298)° — (- 7.66x10°)(1/298)+ const  (11.49)
AH ., = 3739.9 - 103.901 + 2570.469 + const (11.50)

— 41138 = 6206.469 + const (11.51)
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const =-473445 J mol™ or 47.3445 k.mol™ (11.52)

For T =1123K
AH g = (12.55)(1123) + (1/2)(- 2.34x1078 111232)- (- 7.66 x105X1/1123)- 473445 (11.53)

AH ,,, = —34.0443 kJ mol

e Calculation of the Gibbs energy change

Calculate the standard Gibbs energy change at 298 K for the below reaction

CO(g)+ H,0(g) » CO,(9)+H, (9)

AH? =-11052 -24182  -39351 0

Using standard values of A4, H,, and S2, for reactants and products along egns. (11.54) and

(11.57) is possible to determine the enthalpy and entropy of reaction.

Using eqn. (11.54)

A Hg = ZviAf H Sgg(products)— ZviAf H 50g (reac tan ts) (11.54)
= 1xA¢ H5(CO, X 9) + 1xA4¢ H95(H, X 9) — [1fo H205(COXg) + 4¢ Hggg(Hzo)(g)J (11.55)
= -393.51kJmol ™ + 0kJmol * — [— 110.52kJmol ™t + (—241.82 kJmoI'1J (11.56)
AH2, =-41.138kJ mol

In the same way, using Eqn. (11.57) for calculating entropy;

A,S5 =DV, Sqe(products)— Y v, Ss (reactants) (1.57)
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4 Sos = 1xS 355 (CO, J(9) + 1xS 305 (H2 X 9) - [1X5§98 (CO)+1xS 25 (H 20)(9)J (11.58)
A, S =213.8 Imol 1K1 +130.7 Jmol 1K T — [197.7Jmo| 1K1 +188.8Imol 1K '1J (11.59)
A;S%g = 344.5 Jmol 1Kt — |_386.5Jmo| K '1J (11.60)
A S2, =-42.045 Jmol 'K

The Gibbs energy of reaction can be determined using eqgn. (11.61)

AG°=A4AH"-T45S"° (11.61)
A G = A Hzs =T Sy (1162)
4,G g =—41138 J mol ™' — (298K X(~42.045 J mol * K '1)) (11.63)

AG, =—28,608 J mol™ =-28.608 kJ mol™

e Calculation of the change of Gibbs energy with temperature

Calculate the standard Gibbs energy change for CO(g)+ H,0(g) — CO,(g9)+H, (g) at

1123 K.

The standard enthalpy and entropy of reaction at 298 K was calculated using Eqns (11.54) and

(11.57). The change in the heat capacity on reaction was calculated using eqn. (11.64).

A,CJ =Y"v,Cp(products)- D v,C; (reactants) (11.64)
A4,C8 = [1xc8 (CO,)(g)+1xC8S (H 2)(g)J— (1xc8 (CO)+1xC2 (H 20)(g)) (11.65)
4,C8 = |_42.8Jmo|'1K'1 +28.8 Jmol 1k 7! —(29.1 Jmol 1K ! +33.6 Jmol ‘1K‘1) (11.66)
A4,CQ = [71.6 Jmol 1k 1 —(62.7 Jmol"lK_l) (11.67)
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A.C2 =8.9Jmol K™

Then, the standard enthalpy at 1123 K was determined using Egns (11.68).

AH{ =AH] +4C (T, -T)) (11.68)
AH, =4 H), +AC)(1123K —298K) (11.69)
AH?Y,, =-41170 J mol ™ +(8.9 J mol 'K ™"x 825K) (11.70)

AH,, =-33618 Jmol™ or -33.618 kJ mol™

The reaction entropy at 1223K was determined using eqn. (11.71).

4S9 = ASY + AC? In(-l%) 1.71)
1
450, = 4S%, +4CE In(L123/ ) (11.72)
0o e 1) n(1123K
AS?,, =—42 J mol K +[(8.9J mol K )In( 3 A98K)J (11.73)

AS?,, =—30.857 Jmol 'K

Combining the values for the enthalpy and entropy changes at 1123 K using eqn. (11.74), we

can obtain the value of Gibbs energy of reaction at 1123 K

ArGlOlZS = Ar Hle3 _TAr S10123 (11.74)
A,GY s =-33827.5 J mol ! — (1123K *(=30.193 J mol~} K™1y) (11.75)
A,GPo =1034.4 3 mol™! or 1.034 kJ mol~* (11.76)
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11.15.  Thermodynamic calculations for various reactions that involve H,S and S;0 in
different perovskite
-500 (E)............—lllllllll. 400 I ® CoO+H,S(g) +20,(9) = CoSO, + H,0(0) (A)
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Figure 11.25 Dependence of standard Gibbs free energy with temperature for H,S as
sulphurisation agent of different perovskites.
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Figure 11.26 Dependence of standard Gibbs free energy with temperature for S,0 as
sulphurisation agent of different perovskites.
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Appendix 11

I11.1. Distribution of the total permeation resistance of Co3O4/LSCF6428-HFM reactor

using eqgns. (4.1),(4.2), (4.3) and (4.4) in the Chapter 5.
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Figure 111.1 Effect of the air flow on distribution of the total permeation resistance of
C0304/LSCF6428-HFM reactor at 850°C.
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I11.2. XRD method using Scherrer equation for determining the crystallite size of
C0304/LSCF6428-HFM

Table.lll.1 Crystal size determined by Scherrer equation for Co304/LSCF6428-HFM

) Condition Crystal size Crystal size
Membrane side 26

(um) (nm)
Lumen BR 32.64 0.022 22.0
Shell BR 32.68 0.023 23.3
Centre lumen AR 32.56 0.022 22.2
Centre shell AR 32.63 0.026 25.8
End lumen AR 32.73 0.022 21.5
End shell AR 32.87 0.026 25.7

I11.3. Distribution of the grain boundary perimeter of Co304/LSCF6428-HFM using

SPIP 6.0.9 software, data showed in Chapter 5.

* Kipm] ¥[&]
M1 0.025215 52.38
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M2-M1 35.513 -50.79
Intg. 0.000 1.000
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40
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= ME 35.538 1.587
ME-M5  35.513 -50.79
Intg. 0 000

20

nt [%]

25

Percel

MB-M7
Intg

20

Figure 111.2 Distribution of the grain boundary perimeter of LSCF6428-HFM lumen side
before reaction, data obtained by SPIP 6.0.9
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Figure 111.3 Distribution of the grain boundary perimeter of LSCF6428-HFM shell side
before reaction, data obtained by SPIP 6.0.9
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Figure 111.4 Distribution of the particle perimeter of Co30,4 catalyst before reaction, data
obtained by SPIP 6.0.9
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Figure 111.5 Distribution of the particle perimeter of CozO, catalyst after reaction, data
obtained by SPIP 6.0.9
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Figure 111.6 Distribution of the grain boundary perimeter of Co304/LSCF6428-HFM centre
lumen side after reaction, data obtained by SPIP 6.0.9
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Figure 111.7 Distribution of the grain boundary perimeter of Co304/LSCF6428-HFM end
lumen side after reaction, data obtained by SPIP 6.0.9
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Figure 111.8 Distribution of the grain boundary perimeter of Co304/LSCF6428-HFM end
shell side after reaction, data obtained by SPIP 6.0.9
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111.4. EDXS results of the Co3;04/LSCF6428-HFM reactor before and after reaction,

data described in Chapter 5
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Figure 111.9 EDXS results of the different zones of the Co;0./LSCF6428-HFM before and
after oxygen permeation measurements
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Figure 111.10 EDXS results of the different zones of the Co304/LSCF6428-HFM after
oxygen permeation measurements. Centre shell side (A), centre lumen side
(B), end shell side (C) and end lumen side (D).
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Figure 111.11 EDXS profile of the Co304/LSCF6428-HFM shell side before reaction
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Table 11.2 EDXS results of the Co304/LSCF6428-HFM shell side before reaction

Element norm. C Atom. C
[wt.-%] [at.-%]

Lanthanum 1.82 0.43
lIron 1.01 0.60
Strontium 0.98 0.37
Cobalt 66.29 37.16
Oxygen 29.61 61.14
Sulfur 0.29 0.30
Uﬁ—————M_ﬂ-ﬂ&

Figure 111.12  EDXS profile of the Co304/LSCF6428-HFM lumen side before reaction

Table 11.3 EDXS results of the Co;04/LSCF6428-HFM lumen side before reaction

Element norm. C Atom. C
[wt.-%] [at.-%]

Lanthanum 27.33 5.21
lron 17.14 9.07
Strontium 8.74 2.95
Cobalt 3.09 1.55
Oxygen 43.62 80.56
Calcium 0.08 0.06
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Table 111.4 EDXS results of the centre cross section of
C0304/LSCF6428-HFM reactor after oxygen permeation.

Absolute atomic %

Position
Points La Sr Co Fe
cm um
1 0 0 33.0 17.1 10.1 39.7
2 0.5 29 28.4 21.7 10.2 39.7
3 1 59 29.7 20.1 11.1 39.1
4 15 88 39.5 12.4 8.8 39.4
5 2 118 39.1 23.5 9.5 28.0
6 2.5 147 35.1 15.5 14.9 34.4
7 3 176 32.9 15.2 114 404
8 3.5 206 29.4 21.5 8.9 40.2
9 4 235 26.1 175 18.5 37.8
10 4.5 265 33.7 19.3 8.2 38.8
11 5 294 28.6 22.6 9.1 39.8
12 55 324 31.8 19.5 8.5 40.2
13 6 353 27.5 26.7 7.4 38.4
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Table 111.5 EDXS results of the end cross section of Co304/LSCF6428-HFM
reactor after oxygen permeation.

Absolute atomic %

Position
Points La Sr Co Fe
cm um others
1 0 0 28.4 24.0 9.2 37.8
2 0.5 29 33.9 18.1 9.4 38.6
3 1 59 22.9 30.8 10.5 38.7
4 15 88 33.1 14.9 12.5 39.9
5 2 118 36.7 19.6 11.3 35.4
6 2.5 147 35.4 13.8 11.2 39.6
7 3 176 26.1 27.0 10.0 36.9
8 3.5 206 27.5 18.1 10.6 38.8
9 4 235 27.5 21.1 8.9 42.5
10 4.5 265 26.9 23.3 7.6 35.7 6.5S
11 5 294 35.8 26.1 9.4 36.7
12 5.5 324 34.4 14.2 11.3 38.4
13 6 353 24.9 23.7 7.5 35.7

Table 111.6 EDXS results of the end lumen side of Co304/LSCF6428-
HFM reactor after oxygen permeation.

Absolute atomic %

Points La Sr Co Fe Other
1 29.2 22.2 10.2 38.5
2 32.7 19.9 10.5 36.9
3 31.5 20.1 9.8 38.7
4 29.4 21.2 9.3 38.6 1.6Ca
5 23.2 28.4 12.4 34.7 1.3Ca
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Table 111.7 EDXS results of the end shell side of Co304/LSCF6428-HFM
reactor after oxygen permeation.

Absolute atomic %

Points La Sr Co Fe Other
1 29.2 21.2 10.9 38.8
2 27.5 23.5 9.7 39.3
3 29.7 19.9 11.8 38.7
4 27.5 23.5 9.6 39.4
5 27.1 23.8 9.7 38.4
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Appendix IV

IV.1. Distribution of the total permeation resistance of 5%Ni-LSCF6428/LSCF6428-

HFM reactor, data obtained using egns (4.)1, (4.2), (4.3) and (4.4) in Chapter 5

100%

90%
80% — flow_ He flow He flow
€ 700 D b 25 mi/min 50 mi/min
S 60%
2 50%
£ 40%
2 30%
a
20%
10%
0%
10 25 50 7510 25 50 750 25 50 75
Air flowrate (ml.mint) Air flowrate (ml.min) Air flowrate (ml.min?)
100%
283 He flow He flow SR
0 1 H
9:; 0% 75 ml/min 100 ml/min 125 ml/min Rdiff
c 60%
2 50% R'ex
£ 40%
g 30% R'ex
20%
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0%
10 25 50 70 25 50 750 25 50 75

Air flowrate (ml.min)

Air flowrate (ml.min?)

Air flowrate (ml.mint)

Figure IV.1 Effect of air flow on the distribution of the total permeation resistance of
5%Ni-LSCF6428/LSCF6428-HFM reactor at 850°C.

289



IV.2. XRD method using Scherrer equation for determining the crystallite size of

5%Ni-LSCF6428/LSCF6428-HFM, data discussed in Chapter 5.

Table. 1V.1 Crystal size determined by Scherrer equation of 5%Ni-
LSCF6428/LSCF6428-HFM

Condition Crystal size Crystal size
Membrane zone 20
(um) (nm)
Lumen side BR 32.54 0.026 26.2
Shell side BR 32.68 0.025 24.7
Centre lumen side BR 32.44 0.026 25.6
Centre shell side BR 32.34 0.032 31.8

IV.3. Distribution of the particle and grain boundary perimeter of 5%Ni-

LSCF6428/LLSCF6428-HFM using SPIP 6.0.9 software, data showed in Chapter 5

28 X[pm] ¥[%]
M1 0.020871 27.42
Mz 27 064 1613
M2-M1 27 044 -25.81
Intg. 0.000 1.000

24

14 21.656 1.613
M4-M3  14.874 -6.452
In 0.677 968

ME-M5 27 .044
Intg. 0.000

ent [%]

uMB-M7 2704
Intg. 0 000

200 225 25.0

125 15.0 175
Perimeter [um]

Figure 1.2 Distribution of the grain boundary perimeter of 5%Ni-LSCF6428-HFM lumen
side before reaction, data obtained by SPIP 6.0.9
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Kipm] ¥[&]

70 M1 0.020871 63.64
M2 8.3726 3.571
M2-M1 B.3517 -66.07
Intg. 0.000 0.839

80 u3 5.5887 3.571
M4 8.3726 3.571
M4-M3  2.7839 0.0000
Intg. 0.804 0.839

50

uE 8.2726 2.571
M6-M5 B8.3517 -66.07
Intg. 0.000 0.83%

g

z

5

H s 8.3726 3 571

o MB-M7 8.3517 -66.07
Intg. 0.000

200 250 300 350 400 450 500 550
Perimeter [um]

Figure IV.3 Distribution of the grain boundary perimeter of 5%Ni-LSCF6428-HFM shell
side before reaction, data obtained by SPIP 6.0.9

Kipm] ¥[&]
M1 0.010295 82.12

50 M2 26.091 D0.6623
MZ-M1 26.081 -81.46

Intg. 0.000 1.000

70 u3 6.5305 0.6623
M4 20.875 0.6623
M4-M2  14.344 0.0000
Intg. 0.334 0.387

60

M5 0.010295 82.12
uE 26.091 0.6623
ME-M5 26.081 -81.46
_ 50 Intg. 0.000 1 000
g
€
5
H s 26091 06623
o ME-M7 26.081 -81.46
Intg. 0.000
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Figure IV.4 Distribution of the particle of 5%Ni-LSCF6428-HFM catalyst before reaction,
data obtained by SPIP 6.0.9
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Figure IV.5 Distribution of the grain boundary perimeter of 5%Ni-LSCF6428-HFM centre
lumen side after reaction, data obtained by SPIP 6.0.9
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Figure IV.6 Distribution of the grain boundary perimeter of 5%Ni-LSCF6428-HFM end
lumen side after reaction, data obtained by SPIP 6.0.9
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Figure IV.7 Distribution of the grain boundary perimeter of 5%Ni-LSCF6428-HFM end
shell side after reaction, data obtained by SPIP 6.0.9
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IV.4. EDXS results of the 5%Ni-LSCF6428-LSCF6428-HFM before and after oxygen

flux, data discussed in Chapter 5
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Figure IV.8 Comparison of the EDXS results between LSCF6428-HFM and

5%Ni/LSCF6428-HFM in different zones of the membrane before and after
oxygen flux measurements.

293



=107 Incident energy: 25.0 ke
- Measure time: 65 5
Fulse rate; 2306 cps
14
n True
1.2 Fe Iscfanib
] Fg o Sr
1.0] = L
0.8]
0.6 |
0.4
0.2]
0.0

1] 1 2 3 4 5 G ¥ g ] 1m M 12 12 14 15 16 keY

Figure IV.9 EDXS profile of the 5%Ni-LSCF6428/LSCF6428-HFM shell side before
reaction

Table 1VV.2 EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM shell side before
reaction

*** pUzaf results ***
elem/line P/B B F c(atom)__confid._h_

0 K-ser @ 1.00000 1.00000 74.92 +-13.47
La L-ser ©@192.3 1.03952 1.05193 7.40 +- 0.84
Fe K-alpha @117.0 1.04817 1.04488 9.09 +-1.21
Co K-alpha @ 29.2 1.05031 1.04876 2.24 +- 0.54
Ni K-alpha @ 22.1 1.05237 1.05607 1.69 +- 0.55
Sr L-ser 46.6 1.01392 1.01496 4.66 +- 0.83
standardless 100.00 [2s]

294



Fe Cao Sr

| OFE Slr Ca

]

“.iHhﬁ.HN‘NW“H.NNNHH&N&&HM&&&:hun

5 10

Figure IV.10  EDXS profile of the 5%Ni-LSCF6428/LSCF6428-HFM lumen side before
reaction

Table 1VV.3 EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM lumen side before
reaction

*** pUzafF results ***

elem/line P/B B F c(atom)__confid._h_
0 K-ser @ 1.00000 1.00000 73.09 +-13.46
La L-ser ©192.3 1.03952 1.05193 8.00 +- 0.85
Fe K-alpha @117.0 1.04817 1.04488 10.30 +- 1.20
Co K-alpha @ 29.2 1.05031 1.04876 2.30 +- 0.53
Sr L-ser 46.6 1.01392 1.01496 5.52 +- 0.84
S K-ser ©@182.3 1.02109 1.00659 0.31 +- 3.93
Ca K-alpha @ 1.9 1.03186 1.08325 0.48 +- 0.16
standardless 100.00 [2s]
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Figure IV.11  EDXS profile of the cross section of 5%Ni-LSCF6428/LSCF6428-HFM
before reaction

Table 1VV.4 EDXS results of the cross section of 5%Ni-LSCF6428/LSCF6428-HFM before
reaction

*** pUzafF results ***

elem/line P/B B F c(atom) _confid. _h_
0 K-ser @ 1.00000 1.00000 72.82 +-15.47
La L-ser ®192.3 1.03952 1.05193 7.40 +- 1.84
Fe K-alpha @117.0 1.04817 1.04488 10.16 +- 1.41
Co K-alpha @ 29.2 1.05031 1.04876 2.30 +- 0.64
Sr L-ser 46.6 1.01392 1.01496 5.49 +- 1.73
S K-ser ©@182.3 1.02109 1.00659 .0.30 +- 3.82
standardless 100.00 [2s]
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Figure IV.12  EDXS profile of the 5%Ni-LSCF6428/LSCF6428-HFM centre shell side
after reaction

Table IVV.5 EDXS results of the centre shell side of 5%Ni-LSCF6428/LSCF6428-HFM after
reaction

*** pUzaf results ***

elem/line P/B B F c(atom)__confid._h_
0O K-ser @ 1.00000 1.00000 64.43 +-13.93
La L-ser @ 192.3 1.03952 1.05193 6.29 +- 0.74
Fe K-alpha @ 117.0 1.04817 1.04488 7.75 +-1.20
Co K-alpha @ 29.2 1.05031 1.04876 1.64 +- 0.54
Sr L-ser @ 46.6 1.01392 1.01496 3.25 +- 0.92
S K-ser @ 182.3 1.02109 1.00659 0.98 +- 3.90
Ni K-alpha @ 22.1 1.05237 1.05607 1.57 +- 0.54
C K-ser @ 22.3 1.00929 1.01390 14.08 +- 2.16
standardless 100.00 [2s]

Table 1VV.6 EDXS results of the centre lumen side of 5%Ni-LSCF6428/LSCF6428-HFM after
reaction

*** pUzafF results ***

elem/line P/B B F c(atom)__confid._h_
0O K-ser @ 1.00000 1.00000 68.92 +-11.20
La L-ser @ 192.3 1.03952 1.05193 5.21 +- 1.96
Fe K-alpha @ 117.0 1.04817 1.04488 8.32 +-1.18
Co K-alpha @ 29.2 1.05031 1.04876 1.31 +- 0.72
Sr L-ser (@ 46.6 1.01392 1.01496 3.36 +- 2.17
S K-ser @ 182.3 1.02109 1.00659 0.14 +- 3.92
C K-ser @ 22.3 1.00929 1.01390 13.56 +- 2.20
Ca K-alpha @ 1.9 1.03186 1.08325 0.48 +- 0.16
standardless 100.00 [2s]
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Figure IV.13  EDXS profile of the cross section of 5%Ni-LSCF6428/LSCF6428-HFM
after reaction

Table IV.7 EDXS results of cross section of the 5%Ni-LSCF6428/LSCF6428-HFM after

reaction

*** pUzafF results ***

elem/line P/B B F c(atom)__confid._h_
0 K-ser @ 1.00000 1.00000 73.58 +-13.49
La L-ser ®192.3 1.03952 1.05193 7.75 +- 1.84
Fe K-alpha @117.0 1.04817 1.04488 10.45 +- 1.31
Co K-alpha @ 29.2 1.05031 1.04876 2.26 +- 0.64
Sr L-ser 46.6 1.01392 1.01496 3.21 +- 2.83
S K-ser (©182.3 1.02109 1.00659 0.98 +- 3.82
Al K-ser @ 20.4 1.00887 1.02017 1.78 +- 1.33
standardless 100.00 [2s]
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Figure IV.14  EDXS profile of the end shell side of 5%Ni-LSCF6428/LSCF6428-HFM
after reaction

Table 1VV.8 EDXS results of the end shell side of 5%Ni-LSCF6428/LSCF6428-HFM after
reaction

*** pUzafF results ***

elem/line P/B B F c(atom)__confid._h_
0 K-ser @ 1.00000 1.00000 69.56 +-10.50
La L-ser @ 192.3 1.03952 1.05193 4.99 +- 1.92
Fe K-alpha @ 117.0 1.04817 1.04488 6.89 +- 1.11
Co K-alpha @ 29.2 1.05031 1.04876 1.54 +- 0.55
Sr L-ser @ 46.6 1.01392 1.01496 3.00 +- 2.07
S K-ser @ 182.3 1.02109 1.00659 1.21 +- 3.92
C K-ser @ 22.3 1.00929 1.01390 11.55 +- 2.21
Ni K-alpha @ 22.1..1.05237.1.05607 1.24 +- 0.54
standardless 100.00 [2s]
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Figure IV.15  EDXS profile of the end lumen side of 5%Ni-LSCF6428/LSCF6428-HFM
after reaction

Table 1V.9 EDXS results of the end lumen side of 5%Ni-LSCF6428/LSCF6428-HFM after

reaction

*** pUzafF results ***

elem/line P/B B F c(atom)__confid._h_
0 K-ser @ 1.00000 1.00000 68.59 +-13.50
La L-ser @192.3 1.03952 1.05193 5.21 +- 1.84
Fe K-alpha ©117.0 1.04817 1.04488 6.42 +- 1.33
Co K-alpha @ 29.2 1.05031 1.04876 1.38 +- 0.63
Sr L-ser 46.6 1.01392 1.01496 3.51 +- 2.83
S K-ser @182.3 1.02109 1.00659 1.57 +- 3.80
C K-ser @ 22.3 1.00929 1.01390 13.33 +- 2.21
standardless 100.00 [2s]

300



254

20+

154

c o [Fe Mg Al [Si K Fe

o
|

1 1J“.m|ul - Al N A

Figure IV.16 =~ EDXS profile of the red sealant for assembling the 5%Ni-
LSCF6428/LSCF6428-HFM reactor.

Table 1V.10 EDXS results of the red sealant for assembling the 5%Ni-
LSCF6428/LSCF6428-HFM reactor.

Element norm. C Atom. C
[wt.-%] [at.-%]

Silicon 27.35 20.08
Potassium 2.17 1.14
Iron 11.82 4_.36
Oxygen 56.13 72.35
Carbon 0.02 0.04
Magnesium 1.23 1.04
Aluminium 1.28 0.98
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Figure IV.17  EDXS profile of the transparent sealant for assembling the 5%Ni-
LSCF6428/LSCF6428-HFM reactor.
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Table 1V. 11 EDXS results of the transparent sealant for assembling the 5%Ni-
LSCF6428/LSCF6428-HFM reactor.

Element norm. C Atom. C
[we.-%] [at--%]

Silicon 15.76 8.89
Aluminium 1.05 0.62
Oxygen 58.51 57.94
Carbon 24 .68 32.55
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Appendix V

V.1. Carbon balances of the unmodified LSCF6428-HFM under mode 2 of the flow

operation obtained after partial oxidation of methane, data showed in Chapter 6

100-

. m
S
peg 60-
g
= T=850°C,
8 404 Mode:

MSAL, MLAS
20- , *.* Carbon
0+—

0 25 50 75 100 125
Time (min)
Figure V.1 Comparison of the carbon balances of LSCF6428-HFM without catalyst at two
modes of flow operation at 850 °C for POM.
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V.2. Distribution of the particle and grain boundary perimeter of unmodified
LSCF6428-HFM before and after methane conversion using SPIP 6.0.9 software,
data showed in Chapter 6

Xlpm]  Y[%]

M1 0.02521% 81.82
80 2 15.464 6.081
Mz-M1 15.435 -75.76
Intg. 0.000 0.349
70 u3 0.025219 81.82
14 15.464 6.061
M4-UZ  15.439 -75.76
Intg. 0.000 0.94%
60
5 025213 81.82
16 15.464 6.061
ME-M5  15.439 -75.76
50 Intg. 0.000 0 5%

us 15 464 6.061
MB-M7 15.439 -75.76
Intg. 0.000

Percent [%]

Perimeter [um]

Figure V.2  Distribution of the grain boundary perimeter of LSCF6428-HFM shell side
reactor before methane conversion, data obtained by SPIP 6.0.9

28

Elpm]  ¥[%]
M1 0.020871 27.42
M2 27.064 1.613
M2-M1 27.044 -25.81
Intg. 0.000 1.000
24
M3 €.7818 8.065

14 21.656 1.613
M4-M3 14.874 -6.452
Intg. 0.677 0.968

M6 27.064 1.613
M6-M5 27.044 -25.81
Intg. 0.000 1.000

Percent [%]

M8 27.064 1.613
MB-M7 27.044 -25.81
Intg. 0. 000
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125 150
Perimeter [um]

Figure V.3  Distribution of the grain boundary perimeter of LSCF6428-HFM lumen side
before methane conversion, data obtained by SPIP 6.0.9
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20 M1 0.02521% 350.32
M2 247.93 3.226
M2-M1  247.90 -87.10
Intg. 0.000 1.000
80
u3 62.001 0.0000
M4 138.35 0.0000
70 M4-M3  136.35 0.0000
Intg. 0.968 0.968
15 025219 90.32
&0 HE 247.92 3.226
M6-M5  247.90 -87.10
Intg. 0.000 © 000
g
= 50
I
H s 247 .93 3.226
o MB-MT 247.90 -87.10
40 Intg. 0.000
20
20
10

¥ v d

250 500 750 1000 125 150 175 200 225
Perimeter [um]

Figure V.4  Distribution of the grain boundary perimeter of LSCF6428-HFM centre shell
side after methane conversion, data obtained by SPIP 6.0.9
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50 M1 0.025219 53.38
M2 11.809 3.125
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Figure V.5 Distribution of the grain boundary perimeter of LSCF6428-HFM centre lumen
side after methane conversion, data obtained by SPIP 6.0.9
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Figure V.6  Distribution of the grain boundary perimeter of LSCF6428-HFM end lumen
side before methane conversion, data obtained by SPIP 6.0.9
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V.3. EDXS results of the unmodified LSCF6428-HFM reactor before and after

methane conversion, data discussed in Chapter 6
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Figure V.7 EDXS results for different zones of the LSCF6428-HFM pre- and post-methane
conversion.

V.4. Dependence of standard Gibbs free energy with temperature for SrCOg3, data

discussed in Chapter 6, section 6.2.3.
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Figure V.8 Dependence of standard Gibbs free energy with temperature for the
formation of SrCQOs.
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V.5. Carbon balances of the 5%Ni-LSCF6428/LSCF6428-HFM under mode 2 of the

flow operation obtained after partial oxidation of methane, data showed in

Chapter 6
100
T=850°C (A
1 2%0, flow supply: lumen side
804 49%CH, flow sweep: shell side
;\a 60+ - @ Carbon
E; ]
8 40
g8 | o
20_ \’\‘\"\H
0 " T " T " ! ' ;
0 25 50 75 100
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Figure V.9  Carbon balance as a function of time on stream for LSCF6428-HFM modified
with 5%Ni-LSCF6428 catalyst under MSAL mode at 850 °C. 4% methane

flow on the shell side (10 ml (STP) min™*) and 2% O, flow rate on the lumen
side (10ml (STP) min™).
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Figure V.10 Carbon balance as a function of time on stream into 5%Ni-
LSCF6428/LSCF6428-HFM reactor at 850 °C under MSAL mode, 4%

methane flow on the shell side and 2% O, flow rate on the lumen side both
flow was at 25 ml (STP) min™.
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Figure V.11 Balance of carbon as a function of the operation time for LSCF6428-HFM
modified with 5%Ni-LSCF6428 catalyst under modes MSAL at 850 °C. 4%

methane flow on the shell side and air flow rate on the lumen side, both flows
was 25 ml (STP) min™).
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V.6. XRD of the 5%Ni-LSCF6428/LSCF6428-HFM before and after methane

conversion, data discussed in Chapter 6
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Figure.V.12 XRD patterns of the 5%Ni-LSCF6428/LSCF6428-HFM. Shell side before and

after methane conversion (A) and lumen side before and after methane
conversion experiments (B).
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V.71.
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Distribution of the particle and grain boundary perimeter of 5%Ni-

LSCF6428/LSCF6428-HFM before and after methane conversion

6.0.9 software, data showed in Chapter 6

using SPIP
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Figure V.13 Distribution of the particle perimeter of catalyst 5%Ni- LSCF6428 coated on
shell side of LSCF6428-HFM before methane conversion, data obtained by
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SPIP 6.0.9
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Figure V.14 Distribution of the grain boundary perimeter of 5%Ni- LSCF6428/LSCF6428-
HFM centre lumen side after methane conversion, data obtained by SPIP 6.0.9
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Figure V.15 Distribution of the grain boundary perimeter of 5%Ni- LSCF6428/LSCF6428-
HFM end lumen side after methane conversion, data obtained by SPIP 6.0.9

V.8. EDXS results of the 5%Ni- LSCF6428/LSCF6428-HFM reactor before and after

methane conversion, data discussed in Chapter 6
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Figure V.16 EDXS results of different zones of the 5%Ni-LSCF6428-HFM module pre and
post methane conversion at 850 °C.
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Table V. 1 EDXS results of the shell side of 5%Ni-LSCF6428/LSCF6428-HFM before

reaction

*** pUzaf results ***

elem/line P/B B F

0 K-ser @ 1.00000 1.00000
La L-ser @192.3 1.03952 1.05193
Fe K-alpha ©117.0 1.04817 1.04488
Co K-alpha @ 29.2 1.05031 1.04876
Ni K-alpha @ 22.1 1.05237 1.05607
Sr L-ser 46.6 1.01392 1.01496

c(atom)__confid._h_
.92
.40
-09
.24
.69
.66

standardless
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Figure V.18 EDXS profile of the centre shell side of 5%Ni-LSCF6428/LSCF6428-HFM
after reaction

Table V.2 EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM centre shell side after reaction

*** pUzafF results ***

elem/line P/B B F c(atom) _confid. _h_
0 K-ser @ 1.00000 1.00000 64.43 +-12.37
La L-ser @ 192.3 1.03952 1.05193 6.29 +- 0.74
Fe K-alpha @ 117.0 1.04817 1.04488 7.75 +-1.20
Co K-alpha @ 29.2 1.05031 1.04876 1.64 +- 0.54
Sr L-ser @ 46.6 1.01392 1.01496 3.25 +- 0.92
S K-ser @ 182.3 1.02109 1.00659 0.98 +- 3.90
Ni K-alpha @ 22.1 1.05237 1.05607 1.57 +- 0.54
C K-ser @ 22.3 1.00929 1.01390 14.08 +- 2.16
standardless 100.00 [2s]

Table V.3 EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM centre lumen side after reaction

*** pUzafF results ***

elem/line P/B B F c(atom)_confid. _h_
0 K-ser @ 1.00000 1.00000 68.92 +-10.50
La L-ser @ 192.3 1.03952 1.05193 5.21 +-1.98
Fe K-alpha @ 117.0 1.04817 1.04488 8.32 +- 1.11
Co K-alpha @ 29.2 1.05031 1.04876 1.31 +- 0.55
Sr L-ser @ 46.6 1.01392 1.01496 3.36 +- 2.07
S K-ser @ 182.3 1.02109 1.00659 0.14 +- 3.92
C K-ser @ 22.3 1.00929 1.01390 13.56 +- 2.21
Ca K-alpha @ 1.9 1.03186 1.08325 0.48 +- 0.16
standardless 100.00 [2s]

314



=] Fi

] e ] La Fel Co
i
o h ‘ Nh“hﬂHIHhﬂﬂﬂhﬁlﬂuﬁﬂuuuuﬁnmuuuuuu
o 2 4 B 8 10 1z 1<
- kev -

e e T e e A

Figure V.19 EDXS profile of the cross section of 5%Ni-LSCF6428/LSCF6428-HFM
after partial oxidation of methane.

Table V. 4 EDXS results of the cross section of 5%Ni-LSCF6428/LSCF6428-HFM after
partial oxidation of methane.

*** pUzafF results ***

elem/line P/B B F c(atom)_confid. _h_
0 K-ser @ 1.00000 1.00000 70.40 +-13.47
La L-ser ®192.3 1.03952 1.05193 4.72 +- 0.84
Fe K-alpha @117.0 1.04817 1.04488 6.24 +- 1.21
Co K-alpha @ 29.2 1.05031 1.04876 1.38 +- 0.54
Sr L-ser 46.6 1.01392 1.01496 2.82 +- 0.83
S K-ser ©@182.3 1.02109 1.00659 1.26 +- 3.82
C K-ser @ 22.3 1.00929 1.01390 13.18 +- 2.21
standardless 100.00 [2s]
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Figure V.20 EDXS profile of the end shell side of 5%Ni-LSCF6428/LSCF6428-HFM
after partial oxidation of methane.

Table V.5 EDXS results of the 5%Ni-LSCF6428/LSCF6428-HFM end shell side after
partial oxidation of methane.

*** pUzaf results ***

elem/line P/B B F c(atom)__confid._h_
0 K-ser @ 1.00000 1.00000 66.97 +-12.97
La L-ser ©192.3 1.03952 1.05193 5.52 +- 1.44
Fe K-alpha ©117.0 1.04817 1.04488 6.37 +- 3.21
Co K-alpha @ 29.2 1.05031 1.04876 1.25 +- 1.54
Ni K-alpha @ 22.1 1.05237 1.05607 1.12 +- 0.75
Sr L-ser 46.6 1.01392 1.01496 2.99 +- 1.83
S K-ser (©182.3 1.02109 1.00659 1.03 +- 3.82
C K-ser @ 22.3 1.00929 1.01390 14.75 +- 2.21
standardless 100.00 [2s]
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Figure V.21 EDXS profile of the end lumen side of 5%Ni-LSCF6428/LSCF6428-HFM
after partial oxidation of methane.

Table V. 6 EDXS results of the end lumen side of 5%Ni-LSCF6428/LSCF6428-HFM after
partial oxidation of methane.

*** pUzaf results ***

elem/line P/B B F c(atom)__confid._h_
0 K-ser @ 1.00000 1.00000 65.48 +-16.47
La L-ser ©192.3 1.03952 1.05193 5.25 +- 0.84
Fe K-alpha @117.0 1.04817 1.04488 6.38 +- 1.21
Co K-alpha @ 29.2 1.05031 1.04876 0.98 +- 1.54
Sr L-ser 46.6 1.01392 1.01496 6.71 +- 0.83
S K-ser ©182.3 1.02109 1.00659 3.80 +- 3.82
C K-ser @ 22.3 1.00929 1.01390 11.40 +- 2.21
standardless 100.00 [2s]
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Figure V.22 Dependence of standard Gibbs free energy with temperature for various
oxidations of methane reactions of the LaFeO3 perovskite (A), dependence of
the standard Gibbs free energy versus O,/CH, ratio for LaFeO3; perovskite at

850 °C (B).
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Figure V.23 Dependence of standard Gibbs free energy with temperature for various
oxidations of methane reactions of the Sr,Fe,Os perovskite (A), dependence of
the standard Gibbs free energy versus O,/CHj, ratio for Sr,Fe,Os perovskite at

850 °C (B).
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Figure V.24 Phases diagram for La-Fe-O system at different temperature.
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Figure V.25 Phases diagram for Sr-Fe-O system at different temperature.
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	The cracking process is very complex, and involves the breaking –up of heavy molecular weight hydrocarbons into lighter hydrocarbon molecules.  Such processes require high temperature, high pressure and various catalysts to produce a variety of fuels ...
	Figure 3.8 Internal temperature profiles of the membrane module reactor for set point temperatures of 850 C.

