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CO2 capture via an oxy-fuel route through the U-shaped (Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O41d (PLNCG) hollow fiber
membrane with 100% CH4 conversion and 100% CO2 selectivity for 450 h has been explored for the first time. X-ray
diffraction, scanning electron microscopy, and energy dispersive spectroscopy characterizations of the spent hollow fiber
membrane have also been investigated. All these results indicate that PLNCG hollow fiber membrane shows excellent
reaction performance and good stability under oxy-fuel reaction conditions, which will be a potential rounte for reduc-
ing CO2 emissions worldwide. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 3856–3862, 2013
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Introduction

Environmental issues due to the emission of pollutants
from fossil fuels combustion have become global problem.
Combustion of fossil fuels leads to the CO2 emission into
the atmosphere, which is believed to contribute the undesired
global problem.1–4 Therefore, the reducing the emissions of
CO2 into the atmosphere became an urgent issue. Recently,
CO2 capture, storage, as well as the utilization technologies
for reducing the CO2 emission from fossil fuel fired power
plants have gained great attention of academia, industry, and
the decision makers in governments. Precombustion, oxy-
fuel combustion, and post combustion are three major CO2

capture technologies for power generation.5 In the precom-
bustion, the technique is complex and the total capital costs
of the generating facility are very high, and the separation
efficiency of H2 and CO2 also needs to be improved.6 In the
post combustion technology, the low concentration of CO2

in the power-plant flue gas (typically 4–14%) means that a
large volume of gas has to be handled, which results in a
large equipment size and high capital costs. An attractive
process is oxy-fuel combustion, that is, burning coal with
pure O2 or O2/CO2 mixtures instead of with air. There are
several big projects around the world including CS Callide
(Australia), Vattenfal (Germany), Inabensa (Spain), and the
oxy-fuel coal combustion is the process of choice for the
rejuvenated FutureGen (USA) program.7 The oxy-fuel com-
bustion concept for power generation relies on the idea that
when the fossil fuel is combusted with oxygen, it generates a
flue gas of mainly CO2 and water, as well as small amounts
of ash and trace elements. By cooling the flue gas, water can
be easily removed and then the highly concentrated CO2 can

be easily obtained. To control the flame temperature and
keep up the gas volume in the boiler,8,9 the recycled CO2

from the flue gas is normally used to dilute the oxygen
before combustion. In this process, highly concentrated CO2

can be produced for subsequent transportation and geological
storage. However, the key problem is how to get cheap oxy-
gen in a large scale for the oxy-fuel combustion.

Nowadays, there are two traditional ways to get pure
oxygen in industry, that is, swing adsorption technology and
cryogenic fractionation technology. Swing adsorption
technology is mainly dominated by the large gas separation
companies including BOC, Praxair, Air Products and Chemi-
cals, Air Liquide, Linde, and UOP. However, the market for
this mature technology is mainly in the small to medium
range while large-scale is generally carried out by cryogenic
separation processes. Cryogenic air separation is the most
established technique for the large-scale production of O2.
However, the operation of the unit will consume about 15%
of the electrical output of the power station.10,11

Another technology with potential air separation technology
is dense ceramic membranes. These mixed ionic and elec-
tronic conducting (MIEC) membranes, which exhibit both
ionic and electronic conducting properties to separate O2 from
air,12 have attracted a large research effort in the last two dec-
ades. Of particular attention, integrating dense ceramic mem-
branes in coal power generation can reduce O2 energy costs
by 35% or more as compared to conventional oxygen proc-
esses.8,13,14 A key issue refers to CO2 which causes instability
of MIEC materials structure. Therefore, the development of
CO2-stable MIEC membrane material is very important for
this concept. However, many alkaline-earth metal-containing
materials are quite sensitive to CO2 due to the formation of
carbonates15–21 and the oxygen permeation fluxes through
these membranes usually decreases sharply once contacted
with CO2. In recent years, K2NiF4-type MIEC membrane
materials, which are alkaline-earth metal-free, have been
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proved to be CO2-tolerent, such as La2NiO41d.
22,23

(Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O41d (PLNCG) exhibits rela-
tively high oxygen permeation rate, which is developed by
Yashima et al.24,25 Herein, we explored the CO2 capture for
power station based on the oxy-fuel combustion using a MIEC
membrane, and PLNCG was chosen as the membrane reactor
material due to its excellent stability and oxygen permeation
under CO2 from our previous work.26,27

Experimental

PLNCG powder was prepared through the sol-gel route
with citric acid and ethylene diamine tetraacetic acid
(EDTA).26 The U-shaped28 PLNCG hollow fiber membranes
were prepared by phase-inversion spinning followed by sin-
tering.7,29–36 Details can be found in our previous work.26,27

The oxy-fuel combustion of methane in the U-shaped
PLNCG hollow fiber membrane reactor was investigated in a
high-temperature permeation cell, as shown in Figure 1. A
mixture of CH4 and CO2 was fed to the core side while the
air was fed to the shell side of the hollow fiber membrane.
An online gas chromatograph (Agilent 7890) with a thermal
conductivity detector was used to analyze the composition of
the flue gas. The CH4 conversion (XCH4) and the CO2 selec-
tivity (SCO2) are calculated as follows

XCH 4
5ð12

FCH 4

out

FCH 4

in
Þ3100% (1)

SCO 2
5ð12

FCO

FCH 4

in 2FCH 4

out
Þ3100% (2)

where Fgas is the flow rate of the corresponding gas.
The phase structures of the powder and sintered mem-

branes were determined by x-ray diffraction (XRD, Bruker-
D8 ADVANCE, Cu Ka radiation). The microstructures and
the elemental compositions of the membranes were observed
and analyzed by a scanning electron microscope (SEM,
JEOL JSM-6490LA) and the energy dispersive spectroscopy
(EDS).

Results and Discussion

Oxy-fuel combustion concept

The basic concept of oxy-fuel combustion for CO2 capture
based on the MIEC membranes is shown in Figure 2. At
high temperatures, oxygen is transported through the MIEC
hollow fiber membrane as oxygen ion. Simultaneously, elec-
trons are transported in the opposite direction to maintain
electric neutrality. Oxygen separated from the shell side of
the hollow fiber is consumed in the core side by the methane
combustion according to

CH412O2!CO212H2O (3)

Thereby, the combustion process generates a flue gas con-
sisting mainly of CO2 and H2O. After a simple downstream
condensation of H2O, then CO2 can be easily removed. The
recycled CO2 replaces the N2 in the combustion air to lower
the flame temperature and keep the gas volume in the
boiler.8 The advantage of this combustion is that 100% CO2

can be captured easily after condensation, which is helpful
to realize the zero-emission power plant and beneficial to cut
the cost of CO2 capture.

Effect of different conditions on reaction performance

Figure 3 shows the effect of the temperature on the CH4

conversion, CO2 selectivity, and the oxygen permeation flux
in the oxy-fuel combustion of methane in the U-shaped
PLNCG hollow fiber membrane reactor. The oxygen permea-
tion flux obviously increases with rising temperature because
both of the oxygen surface exchange and the bulk diffusion
are improved at high temperatures. As expected, the CH4

conversion also increases with rising temperature due to the
increase of the oxygen permeation flux, and it can even
reach 100% at 975�C. However, the CO2 selectivity
decreases with increasing temperature when the temperature
is below 925�C, whereas increases with increasing tempera-
ture when the temperature is above 950�C. Under the given
conditions, the partial oxidation of methane as well as the
total oxidation of methane simultaneously occur in the U-
shaped PLNCG hollow fiber membrane reactor. In other
words, both the reactions in Eqs. 3 and 4

Figure 1. High-temperature membrane reactor for
oxy-fuel combustion.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 2. Concept of oxy-fuel combustion for CO2

capture based on the MIEC membranes.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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CH41
1

2
O2!CO12H2 (4)

occur in the membrane reactor. The ratio of CH4 to O2

decreases with increasing temperature due to the increase of
the oxygen permeation flux. Therefore, the partial oxidation
of methane is the main reaction at lower temperatures, while
the total oxidation of methane is the dominate reaction at
higher temperatures. When the temperature is below 925�C,
the amount of CO produced according to the partial oxida-
tion increases with the increase of temperature, which leads
to the decrease of the CO2 selectivity as shown in Figure 3.
On the other hand, when the temperature is above 950�C,
the amount of CO2 coming from the total oxidation of meth-
ane increases with increasing temperature, which results in
the increase of CO2 selectivity.

The methane conversion vs. temperature at different fed
oxygen concentrations is calculated, as shown in Figure 4.
The fed oxygen concentration increases with increasing tem-
perature, which can be come from the enhanced oxygen per-
meation flux through the membrane. The simulated result of
methane conversion increases from 61 to 100% during 875–
975�C, whereas the experimental value increases from 31 to
100%. It has to be admitted that there is a difference
between the modeling and experimental results, especially at
relatively low temperatures. There are several reasons: (1)
the hollow fiber membrane reactor with small inner diameter
(about 500 mm) is regarded as a fixed-bed reactor with cm-
scale dimension, which will bring in some difference
between the microcosmic and macroscopical reactors; (2) the
permeated oxygen through the membrane is distributed and
the feed oxygen concentration varies along the hollow fiber
membrane. However, for modeling, the oxygen concentration
is assumed as a constant at each temperature. Actually, near
the methane inlet, the ratio of CH4/O2 is relatively high and
the oxygen can be consumed totally. Along the gas flow
direction, the ratio of CH4/O2 decreases gradually. To the
contrary, the ratio of CH4/O2 is relatively low and the oxy-
gen cannot be consumed in time near the outlet. That is why
the actual methane conversion is much lower than the mod-
eling result; (3) the modeling results are calculated on the
basis of ideal thermodynamic equilibrium and the reaction
time is infinite. However, the simulated results are in good
agreement with the experimental results at relatively high
temperatures. It is because the reaction velocity increases
with increasing temperature and the experimental results
tend to achieve the simulated value.

Figure 5 shows the effect of the CH4 concentration in the
feed gas on the CH4 conversion, the CO2 selectivity, and the
oxygen permeation flux in the oxy-fuel combustion of meth-
ane at 975�C. Different CH4 concentrations are adjusted by
changing the flow rate of the diluted gas (CO2). In the CH4

concentration range of 4.7–10%, CH4 can be completely
consumed by oxygen, and the CH4 conversion is 100%.
When the CH4 concentration is below 7.6%, the CO2 selec-
tivity is 100%. However, when the CH4 concentration is

Figure 3. Effect of the temperature on the CH4 conver-
sion, CO2 selectivity, and the oxygen permea-
tion flux in the oxy-fuel combustion of
methane.

Conditions: Fair 5 150 mL/min, FCH41CO2 5 5.34 mL/min,

CCH4 5 10%. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 4. Dependence of methane conversion on tem-
perature with different oxygen feed concen-
trations.

Solid: experimental results; open: modeling results.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 5. Effect of the CH4 concentration in the sweep
gas on the CH4 conversion, CO2 selectivity,
and the oxygen permeation flux in the oxy-
fuel combustion of methane at 975�C.

Conditions: Fair 5 150 mL/min, FCH41CO2 5 7.33 mL/

min. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]
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above 7.6%, the partial oxidation of methane also takes
place in the hollow fiber membrane reactor, which causes
the decrease of the CO2 selectivity.

The effect of the flow rate in the core side on the CH4

conversion, the CO2 selectivity, and the oxygen permeation
flux in the oxy-fuel combustion of methane at 975�C are pre-
sented in Figures 6 (high flow rate) and 7 (low flow rate). In
both the two figures, the oxygen permeation flux increases
with rising the total gas flow rate in the core side due to the
increase of the oxygen permeation driving force. The CO2

selectivity also increases with the increase of the oxygen
permeation flux (shown in Figure 6), and it keeps 100%
when the total gas flow rate in the core side is above 14 mL/
min. However, the CH4 conversion decreases with rising the
total gas flow rate in the core side. As shown in Figure 7,
CH4 conversion keeps 100% due to the relatively low total
gas flow rate in the core side and the long contact time with

the membrane. At a constant CH4 concentration of 10%, the
CO2 selectivity is 100% when the total gas flow rate in the
core side is below 5.3 mL/min, whereas it decreases at
higher total gas flow rate in the core side (>5.3 mL/min)
which is due to the competition of the partial oxidation of
methane.

Long-term performance

It has been reached a consensus that the oxygen permeable
membranes-based oxy-fuel technology is likely to become an
economically justified technology which is able to push for-
ward the carbon capture and storage and particular the oxy-
fuel technology to commercial realization.37 However, it has
to be pointed out that the oxy-fuel combustion with flue gas
recycling has not been carried out on a pilot scale because
none of the presently known oxygen permeable membrane
materials with appreciable oxygen fluxes were found to be
stable under the harsh conditions of a real flue gas (CO2,
SO2, ash, etc.).37,38 Therefore, it is still a challenge to apply
the oxygen permeable membranes in oxy-fuel technology
with CO2 capture. A key issue refers to CO2 which causes
instability of MIEC materials structure. In other words, the
CO2-stable MIEC membrane material is very necessary for
this concept. In our previous work, PLNCG has been proved
to be CO2-tolerant.26,27 During an 310-h oxygen permeation
test, the oxygen permeation flux keeps constant even though
CO2 exists simultaneously on the both air and sweep sides
of the PLNCG hollow fiber membrane, which indicates the
excellent stability of PLNCG under CO2-containing atmos-
phere.27 Therefore, PLNCG can be expect to be applied to
supply oxygen for the oxy-fuel combustion with CO2 capture
for long-term operation.

As expected, the U-shaped PLNCG hollow fiber mem-
brane exhibits excellent stability when it is applied in the
oxy-fuel combustion of methane. Figure 8 shows the long-
term behaviors of the CH4 conversion, the CO2 selectivity,
and the oxygen permeation flux in the oxy-fuel combustion
in the U-shaped PLNCG hollow fiber membrane reactor at
975�C. During this combustion test, 100% CH4 conversion
with 100% CO2 selectivity are obtained steadily. It should
be noted that a mixture of 90% CO2 with 10% CH4 was fed

Figure 6. Effect of the high sweep gas flow rate on
the CH4 conversion, CO2 selectivity, and the
oxygen permeation flux in the oxy-fuel
combustion of methane at 975�C.

Conditions: Fair 5 150 mL/min, FCH4 5 0.733 mL/min.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 7. Effect of the low sweep gas flow rate on
the CH4 conversion, CO2 selectivity, and the
oxygen permeation flux in the oxy-fuel
combustion of methane at 975�C.

Conditions: Fair 5 150 mL/min, CCH4 5 10%. [Color

figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 8. Long-term operation of the oxy-fuel combus-
tion of methane in the U-shaped PLNCG
hollow fiber membrane reactor at 975�C.

Conditions: Fair 5 150 mL/min, FCH41CO2 5 5.34 mL/min,

CCH4 5 10%. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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to the core side in our long-term operation experiment and
no inert gas was used here for dilution. The CO2 concentra-
tion in the flue gas of this oxy-fuel combustion system is
above 96%. Comparing to the methane combustion with He
dilution in the La0.6Sr0.4Co0.2Fe0.8O3-d membrane reactor,39

the results of oxy-fuel combustion of methane in such a
K2NiF4-type oxide membrane reactor indicate a better reac-
tion performance. The oxygen permeation flux through such
a U-shaped PLNCG hollow fiber membrane in this oxy-fuel

combustion process keeps around 0.85 mL/min cm2. During
the 450-h operation, the CH4 conversion, the CO2 selectivity,
and the oxygen permeation flux are steady and no decrease
is found, which shows a good stability of this membrane. It
should be pointed out that although we had to stop the
test, the U-shaped PLNCG hollow fiber is still gas-tight after
450 h.

Characterization of the spent membrane

After the long-term oxy-fuel combustion, the spent
PLNCG hollow fiber membrane is characterized by XRD,
SEM, and EDS. Figure 9 presents the phase structures of the
PLNCG powder prepared by a combined EDTA-citrate com-
plexation, the fresh hollow fiber membrane sintered at
1300�C, and the spent hollow fiber membrane after 450-h
oxy-fuel combustion with high concentration of CO2 (in Fig-
ure 8). The XRD patterns indicate all of them are pure
K2NiF4 structure. Furthermore, after the 450-h oxy-fuel com-
bustion, no carbonate is observed which indicates that the U-
shaped PLNCG hollow fiber membrane exhibits excellent
phase structure stability in the flue gas atmosphere of the
oxy-fuel combustion.

Figure 10 also shows the SEM micrographs of the fresh
and spent PLNCG hollow fiber membrane after 450 h oxy-
fuel combustion. Figures 10A, B show the top view and the
wall of the fresh PLNCG hollow fiber membrane. An asym-
metry structure with a porous inner layer and a dense outer
layer can be observed on the membrane wall, which is bene-
ficial to the oxygen permeation. Actually, such an asymme-
try structure was formed during the phase-inversion process
in one step. In other words, the formation of the porous and
dense structures is resulted from the different diffusion speed
of solvent and nonsolvent in the phase-inversion process.40

Figure 9. XRD patterns of the PLNCG powder, fresh,
and spent hollow fiber membrane after 450-h
operation of methane combustion (in
Figure 8).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 10. SEM micrographs of the PLNCG hollow fiber membrane.

(A) top view, (B) the wall of the fresh hollow fiber, (C) inner surface of the fresh, and (D) spent hollow fiber after 450-h

operation of methane combustion (in Figure 8).
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Near the outer surface, the solvent flux is higher than the
nonsolvent flux, thus, the polymer concentration at the outer
surface would increase and it is contrary to the inner surface.
That is why the asymmetry structure can be formed in one
step during phase-inversion. Figures 10C, D present the inner
surfaces of the fresh and spent PLNCG hollow fiber mem-
brane after 450-h oxy-fuel combustion with high concentra-
tion of CO2 (in Figure 8). The particles on the inner surfaces
of both the fresh and spent membrane connect to each other
firmly. After the long-term oxy-fuel combustion, the inner
surface close to the reaction side of spent hollow fiber mem-
brane keeps intact which is similar to the fresh one (Figure
10C) and no carbon was detected by EDS, which indicates
the good stability under the harsh oxy-fuel combustion
conditions.

Conclusion

In summary, the CO2 capture for power station based on
the oxy-fuel combustion using a novel MIEC membrane of
the composition PLNCG in hollow fiber geometry is
explored. During the 450-h operation, 100% CH4 conversion
and 100% CO2 selectivity are obtained steadily, which
shows an excellent reaction performance. XRD, SEM, and
EDS characterizations indicate that the spent membrane still
maintains the perfect K2NiF4-type phase structure and intact
microstructure without carbonate. To the best of our knowl-
edge, this is the first report on the oxy-fuel combustion of
methane in a ceramic hollow fiber membrane reactor using
the recycled CO2 diluted methane as the feed gas without
inert gas for dilution. The oxygen permeable membrane-
based oxy-fuel technology of fossil fuel is still in its early
stages, and more laboratory efforts should be given in the
near future.
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