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We report a novel CO2-stable reduction-tolerant dual-phase oxygen transport membrane 40 wt%

Nd0.6Sr0.4FeO3�d–60 wt% Ce0.9Nd0.1O2�d (40NSFO–60CNO), which was successfully developed by a

facile one-pot EDTA–citric sol–gel method. The microstructure of the crystalline 40NSFO–60CNO

phase was investigated by combined in situ X-ray diffraction (XRD), scanning electron microscopy (SEM),

back scattered SEM (BSEM), and energy dispersive X-ray spectroscopy (EDXS) analyses. Oxygen

permeation and long-time stability under CO2 and CH4 atmospheres were investigated. A stable oxygen

flux of 0.21 cm3 min�1 cm�2 at 950 �C with undiluted CO2 as sweep gas is found which is increased to

0.48 cm3 min�1 cm�2 if the air side is coated with a porous La0.6Sr0.4CoO3�d (LSC) layer. All the

experimental results demonstrate that the 40NSFO–60CNO not only shows good reversibility of the

oxygen permeation fluxes upon temperature cycling, but also good phase stability in a CO2 atmosphere

and under the harsh conditions of partial oxidation of methane to synthesis gas up to 950 �C.

Introduction

Mixed ionic-electronic conducting oxygen transport materials

(OTMs) offer high potential applications as a cathode in solid

oxide fuel cells (SOFCs),1,2 as a membrane or an adsorbent for

oxygen production from air or other oxygen containing gases, or

in membrane reactors for partial hydrocarbon oxidation.3–6 A

challenging application of OTMs would be the oxyfuel process

with integrated CO2 capture.7,8 However, to survive under real

process conditions in the presence of harsh gases (such as CO2,

H2, CH4, etc.) at high temperatures, a dense oxygen separation

membrane should possess the following properties: (i) high

oxygen permeation uxes; (ii) good structural stability within

appropriate ranges of temperature and oxygen partial pressure;

(iii) sufficient chemical compatibility andmechanical strength.9

The state-of-the-art OTMs are mostly oxygen decient

perovskites containing Ba and/or Sr on the A-site and Co/Fe on

the B-site since these cations match the perovskite lattice

(Goldschmidt's tolerance factor10), but also because of their low

manufacturing cost, simple design and high oxygen ion

transport rates.11–13 Even though these perovskite-type OTMs

show high oxygen permeation uxes, their poor thermo-

mechanical strength, their low chemical stability, and their

unsatised long-term stability under CO2/SO2 atmospheres or

at low oxygen partial pressures are still the major barriers for

widespread applications.14–16 Especially, most of the single

phase perovskite-type OTMs contain high basicity alkaline-

earth ions, and are, therefore, susceptible to carbonate forma-

tion in a CO2 containing atmosphere.17–19

Recently, some dual phase composite membranes, which

consist of an oxygen ionic conducting (OIC) phase and an

electronic conducting (EC) phase in a micro-scale phase

mixture, have been developed and exhibit high steady

oxygen permeation in CO2 atmospheres, such as NiFe2O4–

Ce0.9Gd0.1O2�d,
7,20 Fe2O3–Ce0.9Gd0.1O2�d,

21 Mn1.5Co1.5O4�d–

Ce0.9Pr0.1O2�d,
22 SmMn1.5Co1.5O4�d–Ce0.9Sm0.1O2�d,

23 Ba0.5-

Sr0.5Fe0.2Co0.8O3�d–Ce0.9Gd0.1O2�d,
24 La0.9Sr0.1FeO3�d–

Ce0.9Sm0.1O2�d, etc.
25 However, some problems still exist; for

instance, (a) the ease to reduce Co and/or Ni metal ions in the

EC phase with a large dependence of the ionic radius on the

valence state which is unfavorable for membrane stability

under a large oxygen concentration gradient;7,20–23 (b) chem-

ical compatibility and stability of the two phases by blocked

cation diffusion between the two phases.25

It is known that the oxygen permeation and stability prop-

erties of the dual phase membrane depend strongly on their

electronic and ionic conductivity, on the chemical compati-

bility, and phase and chemical stability. Therefore, based on

our previous studies on dual phase membranes,20–22 here we

design a novel cobalt-free noble-metal free CO2-stable and
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reduction-tolerant dual phase membrane material, 40 wt%

Nd0.6Sr0.4FeO3�d–60 wt% Ce0.9Nd0.1O2�d (abbreviated as

40NSFO–60CNO). In this dual phase system, CNO is the main

OIC phase, and NSFO is the main EC phase for electronic

transport. However, the latter phase NSFO also assists the

oxygen ionic transport. The basic idea for choosing this system

is as follows: (i) the Fe-based perovskite oxides (e.g. Fe-doped Ln

(Ln ¼ La series elements) SrO3) are reported to show a higher

stability than Co/Ni-based oxides under a reducing or CO2

atmosphere26 and show good p-type electronic conductivity;27,28

(ii) in a recent study, covering a large number of 10 atm% rare

earth doped cerias, synthesized under similar conditions,

Nd-doping ceria is reported to exhibit the highest ionic

conductivity.29 (iii) Based on the common ion effects, which was

dened as the suppression of dissociation of a weak electrolyte

containing a common ion, we chose the same element (Nd) in

both OIC and EC phases in order to reduce the element diffu-

sion between the two phases;30 (iv) the concentration of the

highly EC component NSFO in the dual phase materials was

chosen to be 40 wt% in order to guarantee a continuous electron

transport in a percolation network.

Therefore, the aim of this study is the development of a

40NSFO–60CNO dual phase membrane via a facile one-pot

EDTA–citric acid sol–gel method. The phase structure and

stability as well as oxygen permeation have been investigated

under different atmospheres (especially CO2 and CH4) at high

temperatures.

Experimental
Preparation of powders and membranes

The 40 wt% Nd0.6Sr0.4FeO3�d–60 wt% Ce0.9Nd0.1O2�d (40NSFO–

60CNO) dual phase powder mixture was synthesized via a facile

in situ one-pot EDTA–citric acid sol–gel method. The appro-

priate stoichiometric metal nitrates Sr(NO3)2, Fe(NO3)3,

Ce(NO3)3 and Nd(NO3)3 in aqueous solutions were mixed in a

beaker. Aer stirring for 20 min, the calculated amounts of

citrate and EDTA were added and the pH value was adjusted to

�9 by ammonia. The molar ratio of citric acid : EDTA : total

metal ions was 1.5 : 1 : 1. Then the solutions were stirred while

heated to 150 �C, until the water evaporated and a gel was

formed. The gels were calcined in air at 600 �C in a furnace to

remove the organic compounds by combustion, and the

primary powders were obtained. The resulting powders were

calcined at 950 �C for 10 h in air. The 40NSFO–60CNO powders

were pressed to disk membranes under a pressure of 5 MPa in a

stainless steel module with a diameter of 18 mm to get green

disk membranes. These green disks were pressure-less sintered

at 1400 �C in air for 5 h in air. The surfaces of the disks were

carefully polished to 0.60 mm thickness by using 1200 grit-sand

paper (average particle diameter 15.3 mm), then the membranes

were washed with ethanol.

Characterization of membranes

The phase structure of the dual phase membranes aer sinter-

ing at 1400 �C for 5 h in air was determined by X-ray diffraction

(XRD, using a D8 Advance, Bruker-AXS, with Cu Ka radiation,

l ¼ 1.5418 Å). Data sets were recorded at room temperature in a

step-scan mode in the 2q range of 20–80� with intervals of 0.02�.

In situ XRD was conducted in a high-temperature cell HTK-

1200N (Anton-Paar) from 30 �C to 1000 �C. The in situ XRD tests

in air and a 50 vol% CO2/50 vol%N2 atmosphere were performed

with a heating rate of 12 �Cmin�1. At each temperature step, the

sample was held for 50 minutes for thermal equilibrium before

diffraction data collection. The disc membranes were studied by

scanning electron microscopy (SEM) using a JEOL JSM-6700F at

an excitation voltage of 20 keV. The element distribution in the

grains of the fresh dual phase membranes under study was

investigated on the same electron microscope by energy

dispersive X-ray spectroscopy (EDXS), Oxford Instruments INCA-

300 EDX spectrometer with an ultra-thin window at an excitation

voltage of 20 keV.

Oxygen permeation performances of membranes

The oxygen permeation was studied in a home-made high-

temperature oxygen permeation permeator, which is

described in a previous paper.31 The disc membranes were

sealed onto a quartz tube at 950 �C for 5 hours with a gold

paste (Heraeus, Germany), the side wall of the membrane disc

was also covered with gold paste to avoid any radial contri-

bution to the oxygen permeation ux. The effective areas of the

membranes for oxygen permeation were 0.785 cm2. Air as feed

gas was fed into one side of the membrane and He or CO2 as

sweep gases were fed into the other side of the membrane. All

the inlet gas ow rates were controlled by gas mass ow

controllers (Bronkhorst, Germany) and all ow rates were

regularly calibrated by using a bubble ow meter. Synthetic air

(20% O2 and 80% N2) with a ow rate of 150 cm3min�1 was the

feed; a mixture of He or CO2 (49 cm3 min�1) and Ne (1 cm3

min�1) as the internal standard gas was fed to the sweep side.

An Agilent 6890A gas chromatograph with a Carboxen 1000

column was employed to analyze the gas mixture. All disks

were carefully polished with 1200 mesh sandpaper from both

sides to achieve a 0.6 mmmembrane thickness. Before oxygen

permeation, both surfaces of the polished disks were cleaned

with ethanol. To improve the oxygen surface exchange rate on

the air side, the 40NSFO–60CNO membrane was coated with a

La0.6Sr0.4CoO3�d (LSC) porous layer, which shows a good

oxygen reducing activity when it acts as the cathode material

for SOFC.32 Aer coating with the LSC layer, the membrane

was calcined at 950 �C for 2 h.

In addition, the 40NSFO–60CNO dual phase membrane

has been used as a membrane reactor for POM. The

membrane reactor conguration for POM was described

elsewhere.33 A Ni-based catalyst (0.3 g, Süd Chemie AG) was

loaded on top of the membrane disc and then the tempera-

ture of the reactor was increased to 950 �C with a heating rate

of 2 �C min�1. All gas lines to the reactor and the gas chro-

matograph were heated to 180 �C. High-purity methane with

He dilution was used as the reactant for the POM to synthesis

gas. Gas composition was analyzed by an online gas chro-

matograph (GC, Agilent 6890A).

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 2, 7780–7787 | 7781
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Results and discussion
Characterization of the 40NSFO–60CNO dual phase material

The XRD patterns of the as-obtained NSFO, CNO, 40NSFO–

60CNO powders calcined at 950 �C for 10 h in air and of the

40NSFO–60CNO dual phase membrane sintered at 1400 �C for 5

h in air are shown in Fig. 1c. From the XRD patterns, it can be

concluded that both the calcined dual phase powder and the

sintered membranes are composed of only the cubic uorite

CNO phase (see Fig. 1a, space group 225, Fm3m) and the

orthorhombic distorted perovskite NSFO (see Fig. 1b, space

group 74, Imma). Table S1† summarizes the lattice parameters

of NSFO and CNO as pure phases, in the 40NSFO–60CNO dual

phase powder, and in the 40NSFO–60CNO dual phase

membrane. It was found that the lattice parameters of the pure

CNO and NSFO phases are similar in the 40NSFO–60CNO dual

phase powder and in the sintered membrane. The lattice

volume of CNO in the 40NSFO–60CNO composite powders is

also similar to the single CNO powder. There are no additional

phases (such as NdFeO3 and NdSrFeO4) even though the dual

phase mixture was prepared by a facile one-pot EDTA–citric acid

sol–gel method, which indicate good chemical compatibility

between the two phases NSFO and CNO. Fig. 2 presents SEM,

BSEM and EDXS pictures of the as-prepared 40NSFO–60CNO

dual phase membrane aer sintering at 1400 �C for 5 h in air at

two different magnications before polishing. SEM images

(Fig. 2a and b) reveal that the micro-sized grains are packed

closely. The CNO and NSFO grains are distributed very

uniformly in the membrane; no major cracks are visible. In the

bulk only a few non-connected pores were observed. The NSFO

and CNO grains could be distinguished by BSEM and EDXS

(Fig. 2c–f). The dark grains in BSEM are NSFO and the light ones

are CNO, since the contribution of the backscattered electrons

to the SEM signal intensity is proportional to the atomic

number. The same information is provided by EDXS (Fig. 2e

and f), which suggests that the green color (dark in the black-

and-white version) is an overlap of the Nd, Fe and Sr signals,

whereas the yellow color (light) stems from an average of the Ce

and Nd signals. The average grain size areas of NSFO and CNO

have been estimated to be 0.157 mm2 and 0.210 mm2 from the

analysis of 130 grains, respectively. The STEM and EDXS

mappings shown in Fig. S1† indicate that the membrane

consists of a micro-scale mixture of well-separated NSFO (mixed

ion-electron conductor) and CNO (oxygen ions conductor)

grains forming a percolation network.

Phase stability of the 40NSFO–60CNO dual phase material

Fig. 3a shows the in situ XRD patterns of the sintered

40NSFO–60CNO dual phase membrane aer being crushed

into powder, collected in air with increasing temperature

from 30 �C to 1000 �C. During heating, no additional reexes

except those of NSFO and CNO phases were observed, sug-

gesting that the phases of CNO and NSFO remain unchanged

in the 40NSFO–60CNO dual phase material. Additionally, the

Fig. 1 (a) Structure of (a) cubic fluorite Ce0.9Nd0.1O2 (CNO), and (b)
orthorhombic distorted perovskite Nd0.6Sr0.4FeO3 (NSFO); (c) XRD
patterns of CNO, NSFO and the dual phase 40NSFO–60CNO powder
calcined at 950 �C for 10 h and the 40NSFO–60CNO dual phase
membrane sintered at 1400 �C for 5 h.

Fig. 2 SEM (a and b), BSEM (c and d), and EDXS (e and f) images of the
40NSFO–60CNO membrane after sintering at 1400 �C for 5 h in air
before polishing (see Fig. 1). For the EDXS mapping in Fig. 3e and f,
superimpositions of the Nd La, Sr Ka and Fe Ka (green) and Nd La and
Ce La (yellow) have been used.
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high-temperature phase stability in a CO2 containing atmo-

sphere has been studied by in situ XRD (Fig. 3b) between 30 �C

and 1000 �C in an atmosphere of 50 vol% CO2 and 50 vol% N2.

As can be seen from Fig. 3b, the dual phase membrane

completely keeps its two phases of NSFO and CNO. CO2 is

known to be a sensitive gas to most of the single phase

perovskite OTM materials which especially contain a high

basicity element such as Ba. On the other hand, it has been

reported that a phase transition occurs at moderate and high

temperatures in the Co-containing single phase perovskite

OTM materials, also for some dual phase membranes.26,34

However, no carbonate formation or phase transition could

be observed in our dual phase membrane 40NSFO–60CNO in

an atmosphere of 50 vol% CO2 and 50 vol% N2 in the

temperature range of 30 �C and 1000 �C suggesting that the

dual phase membrane 40NSFO–60CNO is thermally and

chemically stable both in air and in CO2 up to 1000 �C. The

long-time stability of the oxygen ux with pure CO2 as the

sweep gas also conrmed the stability of our dual-phase

membrane in CO2 (Fig. 6).

Oxygen permeation and chemical stability under CO2

Fig. 4 shows the oxygen permeation ux through the 40NSFO–

60CNO dual phase membrane as a function of temperature with

pure He and CO2 as sweep gases with/without La0.6Sr0.4CoO3�d

(LSC) porous layer coating of the 40NSFO–60CNO. All data were

collected aer the oxygen permeation had reached a steady state

(aer about 20 h.). The reason for this experimental nding

maybe because it is related to the oxygen exchange reactions on

the gas–solid interface of the membranes. The gas–solid inter-

face exchange is slow because of the dense and small

membrane surface area. On the other hand, the steady time is

related to the dual phase material or composition ratio. This

behaviour has been reported in many dual phase membranes,

such as xwt% Fe2O3�d–(100� x) wt% Ce0.9Gd0.1O2�d (x¼ 25, 40,

50),21 40 wt% Pr0.6Sr0.4Co0.5Fe0.5O3�d–60 wt% Ce0.9Pr0.1O2�d,
34

25 wt% Sm0.6Sr0.4FeO3�d–75 wt% Ce0.85Sm0.15O1.925.
35 As shown

in Fig. 4a, the oxygen permeation uxes through all of our dual

phase membranes increase with increasing temperature. For

the dual phase membrane without LSC coating, oxygen

permeation uxes of 0.26 and 0.21 cm3min�1 cm�2 are found at

950 �C for the pure sweep gases He and CO2. On the other hand,

it was found that when the temperature increases from 850 �C

Fig. 3 In situ XRD patterns of the 40NSFO–60CNO dual phase
membrane sintered at 1400 �C for 5 h after being crushed for
increasing temperature in (a) air and (b) in 50 vol% CO2 and 50 vol% N2.
Conditions: heating rate ¼ 12 �C min�1; equilibration time at each
temperature: 50 min for recording the XRD data at each temperature;
F total ¼ 100 cm3 min�1.

Fig. 4 Oxygen permeation flux through the 40NSFO–60CNO dual
phase membrane as a function of temperature with pure He/CO2 as
the sweep gas for membranes without and with porous
La0.6Sr0.4CoO3�d (LSC) coating on the air side. Conditions: 150 cm3

min�1 air as feed gas, 49 cm3min�1He/CO2 as sweep gas; 1 cm3min�1

Ne as internal standard gas. Membrane thickness: 0.6 mm.

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 2, 7780–7787 | 7783
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to 950 �C, the oxygen permeation ux through the membrane

with an LSC porous layer coating on the air side increases from

0.21 cm3 min�1 cm�2 to a stable value of 0.48 cm3 min�1 cm�2

for a membrane thickness of 0.6 mm, when CO2 has been used

as a sweep gas. The 40CNO–60NSFO dual phase membrane

shows lower oxygen permeation ux than most of the single

perovskite membranes for He as a sweep gas in comparison

with literature data (Table 1). However, when using CO2 as a

sweep gas, the oxygen permeation ux is much higher than

reported for the single phase and other dual phase oxygen

permeable membranes and even higher than those of some Co-

containing dual phase membranes.36

Furthermore, the Arrhenius plot (Fig. 4b) indicates that oxygen

permeation can be described by a single apparent activation

energy in the temperature range of 850–950 �C with pure CO2 as

the sweep gas. It has been suggested that the change of activation

energy is caused by the change in rate-controlling process.22,37,38

Here, the uorite phase is the main phase in the dual-phase

system. And the oxygen permeation ux for the LSC coated

40CNO–60NSFO dual phase membrane is two times higher than

that of the uncoated coating membrane (see Fig. 6). The rate-

limiting step of oxygen permeation through 40CNO–60NSFO

maybe related to oxygen surface exchange. However, determina-

tion of the limiting transport in the 40CNO–60NSFO dual phase

membrane was not performed. Further investigations will be

carried out in the future. Meanwhile, it is accepted that single

activation energy is an important indication that there is no phase

transformation in the membrane under study.39 This conclusion

is in agreement with the nding that the oxygen ux with pure

CO2 as a sweep gas is found to be long-time stable (see Fig. 6).

Fig. 5 shows the reversibility of the oxygen permeation ux

through the 40NSFO–60CNO membrane without LSC coating

when periodically changing the sweep gas between He and CO2

at 1000 �C. When using He as a sweep gas, a stable oxygen

permeation ux of 0.26 cm3 min�1 cm�2 can be obtained,

whereas the oxygen permeation ux decreases immediately to

the slightly lower value of 0.21 cm3 min�1 cm�2, if CO2 instead

of He is used as the sweep gas. This behavior was also observed

in the previous studies of a CO2-stable dual phase membrane

which is ascribed to the slight inhibiting effect of CO2 on the

oxygen surface-exchange. This behaviour is different from

previous ndings on the perovskite-type membranes containing

high basicity alkaline-earth metals (such as Ba) e.g.

Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF),
17 BaCoxFeyZrzO3�d(BCFZ),

18 and

Ba(Co0.4Fe0.4Nb0.2)O3�d,
19 where the oxygen permeation ux

decreases sharply due to the formation of carbonates if CO2 was

present. But the chemical stability of the perovskite-type

membrane material strongly depends on the A and/or B-site

composition as well. Thus, the primary approach used to

improve the CO2 stability of the perovskite-type materials is to

modify the composition by doping other metals into the

Table 1 Steady-state oxygen permeation flux (JO2
) through different OTM membranes in disk geometries

Membrane materials

Thickness

(mm)

Temperature

(�C)

Oxygen ux

(cm3 min�1 cm�2)

air/He

Oxygen ux

(cm3 min�1 cm�2)

air/CO2 Ref.

Ba0.5Sr0.5Co0.8Fe0.2O3�d

a 1 875 1.9 0 16

La0.6Sr0.4Co0.8Fe0.2O3�d

a 1 900 — 0.1 26

La0.9Sr0.1FeO3�d

a 1 1000 0.22 — 25
40 wt% NiFe2O4–60 wt% Ce0.9Gd0.1O2�d

a 0.5 950 0.18 0.16 7 and 20

40 wt% Fe2O3–60 wt% Ce0.9Gd0.1O2�d

a 0.5 950 0.10 0.08 21

40 wt% Mn1.5Co1.5O4�d–60 wt%

Ce0.9Pr0.1O2�d

a

0.5 1000 0.22 0.20 22

40 wt% Pr0.6Sr0.4FeO3�d–60 wt%

Ce0.9Pr0.1O2�d

a

0.6 950 0.27 0.18 8

25 wt% Sm0.6Ca0.4CoO3�d–75 wt%
Ce0.8Sm0.2O2�d

b

0.5 950 0.23 0.16 36

40 wt% Nd0.6Sr0.4FeO3�d–60 wt%

Ce0.9Nd0.1O2�d

a

0.6 950 0.26 0.21 This work

40 wt% Nd0.6Sr0.4FeO3�d–60 wt%
Ce0.9Nd0.1O2�d

c

0.6 950 — 0.48 This work

a Both sides of the membrane uncoated with La0.6Sr0.4CoO3�d porous layer.
b Both sides of the membrane coated with 25 wt% Sm0.6Ca0.4CoO3–d–75

wt% Ce0.8Sm0.2O2�d porous layer.
c Air side of the membrane coated with La0.6Sr0.4CoO3�d porous layer.

Fig. 5 Oxygen permeation fluxes as a function of time while period-
ically changing the sweep gas. Conditions: 150 cm3 min�1 air as feed
gas, 49 cm3 min�1 He and 1 cm3 min�1 Ne or 49 cm3 min�1 CO2 and
cm3 min�1 Ne as sweep gas; membrane thickness: 0.6 mm.
Temperature: 950 �C. Without LSC coating.
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perovskite structure. It has been reported that CO2-tolerant

materials (such as La0.6Sr0.4Co0.8Fe0.2O3�d,
26,40,41

La0.6Ca0.4Co0.8Fe0.2O3�d)
42 can be obtained by doping a less

basic alkaline-earth metal or non-alkaline earth metals (such as

La, Ca).40–43 In our study the 40NSFO–60CNO membrane has

good reversibility of the oxygen permeation uxes and good

chemical stability in a CO2 atmosphere.

The time dependence of the oxygen permeation ux through

the 40NSFO–60CNO dual phase composite membrane with and

without an LSC coating for CO2 as the sweep gas is shown in

Fig. 6 During the whole oxygen permeation, oxygen permeation

uxes for the uncoated and coated membranes are about 0.21

cm3 cm�2 min�1 and 0.48 cm3 cm�2 min�1 respectively at

1000 �C and no decrease with time was found. Combining the in

situ XRD, the reversibility of the oxygen permeation measure-

ments when switching the sweep gases from CO2 to He, and the

stable oxygen permeation uxes on our 40NSFO–60CNO, we can

exclude chemical reactions between the two NSFO and CNO

phases involved such as those reported in previous studies of

dual phase membranes.7,8,20,21

40NSFO–60CNO membrane reactor in the partial oxidation of

methane (POM) to synthesis gas

Fig. 7 presents the temperature inuence on CH4 conversion,

CO selectivity and oxygen permeation ux through the 40NSFO–

60CNO dual phase membrane in the POM to synthesis gas. It

was observed that the oxygen permeation uxes increased from

2.44 cm3 min�1 cm�2 to 4.33 cm3 min�1 cm�2 and methane

conversion increased from 82.1% to 98.8% with increasing

temperatures from 875 �C to 950 �C while the CO selectivity

slightly decreased from 99.6% to 98.1%. This behavior is in

good agreement with the observation in previous studies.8,33

The reasons for this behavior are explained as follows: (1) the

increased oxygen permeation ux was due to the increase of the

oxygen diffusion rate through the 40NSFO–60CNO membrane

and the faster surface kinetics with increasing temperature. (2)

Further, the increasing amount of permeated oxygen leads to

the increase of the methane conversion. (3) The decrease of the

CO selectivity with increasing temperature is ascribed to some

excess oxygen in comparison to the amount of oxygen required

for the stoichiometry of POM.

Fig. 8 shows the inuence of the methane concentration in the

feed on CH4 conversion, CO selectivity and oxygen permeation

ux through the 40NSFO–60CNO dual phase membrane in the

POM to synthesis gas at 950 �C. As shown in Fig. 8, with increasing

methane concentration, the methane conversion decreases from

99.9% to 92.1% while the CO selectivity increases from 97.4% to

99.6% and the oxygen permeation uxes increase from 3.16 cm3

min�1 cm�2 to 5.06 cm3 min�1 cm�2 when the methane

concentrations of the feed increase from 30% to 60%. This

experimental nding can be explained as follows: (1) the

Fig. 7 Influence of temperature on CH4 conversion (:), CO selectivity
(C) and oxygen permeation flux (-) through the 40NSFO–60CNO
dual phase membrane without LSC coating on the air side in the POM
to synthesis gas. Conditions: 150 cm3 min�1 air as feed gas, 11 cm3

min�1 He with 8.27 cm3 min�1 CH4 as sweep gas; 1 cm3 min�1 Ne as
internal standard gas. Membrane thickness: 0.6 mm.

Fig. 8 Influence of methane concentration on CH4 conversion (:),
CO selectivity (C) and oxygen permeation flux (-) through the
40NSFO–60CNO dual phase membrane without an LSC coating
on the air side in the POM to synthesis gas.Conditions: feed side: fair¼
150 cm3 min�1, sweep side: FHe + FCH4

+ FNe ¼ 20 cm3 min�1, 1 cm3

min�1 Ne as internal standard gas, membrane thickness: 0.6 mm.
Temperature: 950 �C.

Fig. 6 Oxygen permeation flux through the 40NSFO–60CNO dual
phasemembrane as a function of time with pure CO2 as the sweep gas
for membranes without and with porous LSC coating. Conditions:
150 cm3 min�1 air as feed gas, 49 cm3 min�1 CO2 as sweep gas; 1 cm3

min�1 Ne as internal standard gas. Membrane thickness: 0.6 mm.
Temperature: 950 �C.
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increased oxygen permeationux was due to the increased driving

force for oxygen permeation with increasing methane concentra-

tion. (2) However, at highmethane concentrations the oxygen ux

is increased, but more methane is available than that needed for

the stoichiometric POM. Thus, the methane conversion is

reduced. (3) The higher the methane concentration, the lesser CO

is oxidized to CO2 which results in a higher CO selectivity.

Conclusions

In this work, a novel dual phase oxygen transporting membrane

with the composition 40 wt% Nd0.6Sr0.4FeO3�d–60 wt%Ce0.9N-

d0.1O2�d (40NSFO–60CNO) has been developed by using the in

situ EDTA–citric acid sol–gel synthesis method. A stable oxygen

ux of 0.48 cm3 min�1 cm�2 can be achieved at 950 �C when

using CO2 as the sweep gas for a 0.6 mm thick membrane with a

porous La0.6Sr0.4CoO3�d (LSC) coating on the air side. The

40NSFO–60CNO membrane was stable for more than 150 h

when using pure CO2 as the sweep gas. The 40NSFO–60CNO

dual phase reactor was successfully used for the POM to syngas.

Methane conversion was found to be higher than 99.0% with

98.0% CO selectivity, a 4.33 cm3min�1 cm�2 oxygen permeation

ux was obtained under steady state conditions at 950 �C. The

results demonstrate that our 40NSFO–60CNO dual phase

membrane is not only stable in CO2 but also in reducing

atmospheres, which makes it a promising membrane material

for the oxyfuel process for CO2 capture. However, the oxygen

permeation ux is lower than that for the industrial application

requirement (1 cm3min�1 cm�2).43 In future, further research is

needed to improve the oxygen ux of this dual phase membrane

by doping as well by technical measures such as asymmetric

membrane structures12,44,45 or by surface enlargement as

demonstrated for a hollow bre structure.46
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