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1.1 CO2 capture and storage 
A general consensus exists that the earth is experiencing rapid climate changes, 

which may cause a redistribution of the global climates. Although it is unknown 

whether this is beneficial or disastrous for human beings, it will undoubtedly affect 

human civilization. For example, global warming may cause ice melting in 

Antarctica and Greenland, which leads to a rise of the sea level and eventually some 

low altitude cities and countries may disappear.  

Although there is no universal agreement about the cause of global warming, 

many climate scientists assume that the anthropogenic emission of carbon dioxide 

(CO2) into the atmosphere is one of the main reasons. In order to reduce CO2 

emissions, it is recommended to apply CO2 capture and storage (CCS) techniques at 

large CO2 point sources. An example of such a source is a fossil fuel-fired power 

plant. Combined, these fossil fuel-fired power plants account for some 30 % of the 

worldwide CO2 emissions. A way of CCS is to compress (100 bar - 150 bar) and 

transport CO2 to a storage site, where it is deposited into an underground geological 

formation for permanent storage. A simple scheme of this process is shown in Figure 

1.1. 

 
Figure 1.1. Overview of CO2 capture and storage. 
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In the past twenty years, many techniques have been developed and 

demonstrated for CO2 capture in fossil fuel-fired power plants. Generally, these 

techniques can be divided into three categories: post-combustion CO2 capture, oxy-

fuel combustion and pre-combustion CO2 capture. 

1.1.1 Post-combustion CO2 capture 

Post-combustion CO2 capture involves the removal of CO2 from the flue gas of a 

combustion process.  The advantage of post-combustion CO2 capture is that it can be 

implemented to an existing combustion process (as e.g. in a power plant) without 

making many changes to the plant layout. A disadvantage is that the CO2 

concentration in the flue gas is very low (usually less than 15 mole %) because the 

main component is N2 and that the flue gas is at near atmospheric pressure. Several 

techniques are developed for the separation of CO2 from the flue gas such as 

absorption/desorption, membrane separation and cryogenic distillation [1-4]. 

The most mature technique in the post-combustion CO2 capture area is the 

absorption/desorption method as schematically shown in Figure 1.2. CO2, as present 

in the flue gas, is chemically bound to a solvent between 40 oC and 60 oC. The CO2 

enriched solvent is pumped to a stripper where the temperature is increased to 110 - 

130 oC in order to remove the absorbed CO2. After desorption the lean solvent is 

cooled and recycled to the absorption stage via a lean-rich solvent heat exchanger 

and a cooler to bring the temperature down to the optimal absorption temperature. 

Many candidates are available to be used as solvent in this process. 

Monoethanolamine (MEA) is already for many years one of the mostly used solvent 

to separate CO2 on an industrial scale. However, with a MEA solution containing 70 

wt% of water with high specific heat capacity and latent heat, the CO2 absorption (at 

40 °C) and desorption (at 120 °C) cycles with the MEA solvent are not very energy 

efficient. The overall energy consumption in this process is ~ 450 
2COkWh/t  

(including the CO2 compression), which accounts to a drop of ~ 30 % in net 
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efficiency of the power plant.  

 
Figure 1.2. A typical monoethanolamine (MEA) absorption process for CO2 capture 

from the flue gas [5]. 

1.1.2 Oxy-fuel combustion 

The separation of CO2 from N2 as described in section on post-combustion CO2 

capture is avoided in an oxy-fuel combustion process, because here pure oxygen 

instead of air is used to combust the fossil fuel (see Figure 1.3). In this way the flue 

gas mainly consists of CO2 and water vapor. This water vapor is removed by cooling 

and knocking out the free water, after which the flue gas contains 80-98% CO2, 

resulting in an efficient CO2 capture process. Since the combustion of fossil fuel with 

pure oxygen can generate temperatures up to 3500 oC, which is too high for typical 

power plant burners, pure oxygen is usually mixed with a part of the flue gas to 

decrease the oxygen concentration in the burner. It is reported that a composition of 

35 % (v/v) oxygen with 65 % (v/v) CO2 is needed in order to have a similar flame 

temperature as when air is used [6]. 
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Figure 1.3. Basic principle of oxy-fuel technology [7]. 

In most cases the oxygen, required for an oxy-fuel combustion process is 

produced by cryogenic distillation of air, as this technique currently is the only 

mature way for air separation on a large scale. The energy consumption for oxygen 

production by means of cryogenic distillation is reported to be 200-240 
2OkWh/t  

(gaseous oxygen at 1 atmosphere and 15 oC) [8]. This amount of energy results in a 

decrease of ~10 % in the net efficiency of the power plant. This efficiency drop is 

much less than that in the MEA based post-combustion CO2 capture process.  

1.1.3 Pre-combustion CO2 capture 

Pre-combustion CO2 capture is a process that produces a carbon-free fuel before 

combustion. This process comprises two main steps: fuel reforming and H2/CO2 

separation, as shown in Figure 1.4.  

 
Figure 1.4. Basic principle of pre-combustion process [9].  

In the first step fuel is reformed by steam or oxygen or both, and a mixture of H2 
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and CO (syngas) is obtained, as shown in eq. (1.1) to (1.3) for methane or coal 

(assuming that there is only carbon present in the coal). In any case, the produced 

syngas undergoes a water gas shift reaction where CO is converted to CO2 and more 

H2 is produced, as shown in eq. (1.4).  

Steam reforming of methane 
o

4 2 2 rCH + H O CO + 3H 250 kJ/molH  (1.1) 

Partial oxidation of methane 
o

4 2 2 rCH + O CO + 2H 36 kJ/molH  (1.2) 

Coal gasification 
o

2 2 2 r4C + 2H O + O 4CO + 2H 130 kJ/molH  (1.3) 

Water gas shift reaction 
o

2 2 2 rCO + H O CO + H 2.8 kJ/molH  (1.4) 

After these reactions H2 must be separated from CO2. This separation can either 

be done by a conventional CO2 absorption (solvent based) or adsorption (pressure 

swing adsorption) method or by using H2- or CO2 selective membranes. In the case 

of membrane separation, the separation process can be coupled with the water gas 

shift reaction in one membrane reactor. In this way the reaction, as shown in eq. 

(1.4), can be shifted to the right by simultaneously removing the produced H2 or CO2.  

After the gas separation step, the produced H2 is combusted with air in a gas 

turbine to generate electricity, and the exhaust gas is used to heat a steam turbine 

cycle for further electricity generation. This process is called integrated gasification 

combined cycle (IGCC) with CO2 capture if coal is used as the fuel, and natural gas 

combined cycle (NGCC) with CO2 capture if natural gas is used as the fuel. 

One may note that an air separation unit is also needed in some of the pre-

combustion CO2 capture line-ups, which is similar to an oxy-fuel combustion 

process. The difference between these two processes is that the amount oxygen 

needed, e.g., the oxygen necessary for partial oxidation of methane to CO and H2 is 
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only 25 % of that in a complete oxidation of methane to CO2 and H2O. 

1.2 Oxygen transport membranes integrated in oxy-fuel combustion 
As mentioned above, the oxygen needed for the oxy-fuel combustion process is 

produced by cryogenic distillation of air, which is an energy-intensive process. In 

order to reduce the energy consumption for oxygen production, it has been proposed 

to use dense ceramic oxygen transport membranes and it is assumed that the energy 

consumption in this process can be significantly reduced [10]. 

1.2.1 Oxygen transport through a dense ceramic membrane 

A dense ceramic oxygen transport membrane comprises different metal oxides. 

A key feature of these metal oxides is that they are not stoichiometric at room or 

elevated temperature. Some of the oxygen sites in the crystal structure are not 

occupied, which are called oxygen vacancies. The lattice oxygen around the oxygen 

vacancies may hop randomly from their original sites to the oxygen vacancies if they 

possess sufficient thermal energy to overcome the energy barrier.  

If the two sides of the membrane are exposed to different oxygen partial 

pressures (
2OP ), the random hopping of oxygen ions has a statistical direction from 

the high 
2OP  side to the low 

2OP  side. Since oxygen ions are negatively charged, a 

counter-transport of electronic charge carriers is required to maintain charge 

neutrality in the membrane. This electronic current can be realized either by an 

external circuit if the membrane material is purely ionic conducting or by 

simultaneous transport of electrons if the membrane material is mixed ionic-

electronic conducting. These two routes are schematically shown in Figure 1.5. Some 

research is performed on the first configuration [11, 12], but most studies on oxygen 

transport membranes are focused on the second configuration, because here no 

external electrical circuit is required, resulting in a far more simple membrane system 

[13]. In this thesis, the discussion on oxygen transport is based on these mixed ion-
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electron conducting (MIEC) membranes without further notation. 

 

 

 
Figure 1.5. Configuration of oxygen transport membrane with (a) and without (b) an 

external circuit. 

The oxygen transport through a MIEC membrane comprises of 3 steps, i.e.: (1) 

the surface-exchange reaction on the membrane surface at the high 
2OP  side; (2) the 

simultaneous diffusion of charged species in the bulk phase and (3) the surface-

exchange reaction on the membrane surface at the low 
2OP  side. The slowest of these 

three steps determines the overall oxygen flux, which is called rate limiting step. The 

rate limiting step depends on membrane material, operating conditions and 

membrane geometry. Bouwmeester et al. [14] use the concept of critical thickness 

(Lc) to distinguish the rate limiting steps: 
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 i
c

DL
k

 (1.5) 

where Di is the self-diffusion coefficient of oxygen anions and k is the surface 

exchange coefficient. When the membrane thickness (L) is much higher than Lc, bulk 

diffusion dominates oxygen transport; when L is much lower than Lc, surface-

exchange reactions are important. 

If the oxygen transport through the membrane is controlled by bulk diffusion, 

the oxygen flux can be described by the Wagner equation [15]:  

 
O2

2 2

O2

ln
el ion

O O2
el ionln

ln
(4 )

P

P

RTj d P
F L

 (1.6) 

where 
2Oj  is the oxygen permeation flux, R the gas constant, T absolute temperature, 

F Faraday constant, L membrane thickness, ion  oxygen ionic conductivity, el  

electronic conductivity and 
2OP  is the oxygen partial pressure. For most MIEC 

membranes, the electronic conductivity el  is often two orders of magnitude higher 

than ion . Therefore  eq. 1.6 can be rewritten as: 

 
O2

2 2

O2

ln

O ion O2
ln

d ln
(4 )

P

P

RTj P
F L

 (1.7) 

If the oxygen surface exchange is the rate limiting step, i.e. L << Lc, only some 

empirical relations have been found to predict the oxygen flux  [16], namely: 

 
2 2 2

5/8 5/8
O O O( )J P P  (1.8) 

or 

 
2 2 2

1/4 1/4
O O O( )J P P  (1.9) 

These equations have been successfully used to describe the oxygen flux within the 

erbia-stabilized bismuth oxide system although physical meaning is not very clear 

[16]. 
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1.2.2 Integration of oxygen transport membranes in the oxy-fuel combustion process 

The integration of oxygen transport membranes in the oxy-fuel combustion 

process can be applied in two ways, as illustrated in Figure 1.6. In the first way 

(Figure 1.6a), air is used as the feed gas, nitrogen is retained and pure oxygen is 

produced. There are three gas streams in this operation mode, and thus it is called 3-

end mode. In the second way (Figure 1.6b), a sweep gas is used to carry away the 

permeated oxygen, and there are four gas streams in this operation mode, so it is 

called 4-end mode. 
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Figure 1.6. Illustration of membrane-integrated oxy-fuel combustion process in 3-end 

(a) and 4-end mode (b). 

In the 3-end mode either the feed (air) side of the membrane is compressed or at 

the permeate side of the membrane a vacuum is applied or a combination of these 

two methods. In this way a 
2OP  gradient is created across the membrane. Pure 

oxygen, as separated by the membrane, is diluted by recycled flue gas to avoid 

extremely high temperatures during of fuel combustion.  

In the 4-end mode, a sweep gas is used to carry the permeated oxygen and also 

to decrease the 
2OP  at the sweep side for creating a 

2OP gradient across the 

membrane. In this 4-end mode a higher 
2OP  gradient can be created if compared with 

the 3-end mode. For example, assume, for both modes, that the total pressure is 10 

bar at the feed side (air) and 1 bar at the permeate side of the membrane. The 
2OP  at 
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the feed side is identical for both cases, i.e. ~2.1 bar. While the 
2OP  at the permeate 

side is different. In the 3-end mode, the 
2OP  is equal to the total pressure, i.e. 1 bar. In 

the 4-end mode the 
2OP  is lower than the total pressure because there is also sweep 

gas. Assume that the oxygen mole fraction is 0.5, then the 
2OP  is only 0.5 bar. Thus 

the 
2OP  difference in 3-end mode is 1.1 bar, while 1.6 bar in the 4-end mode. This 

difference leads to a fact that the required pressure for air compression is lower in the 

4-end mode, which is one of the biggest advantages of the 4-end mode. 

1.3 State of the art membranes for oxy-fuel combustion 
There are two general requirements for the membranes to be used in the oxy-fuel 

combustion process: stability and permeability.  

In the 3-end mode membranes are only exposed to nitrogen and oxygen, and 

most of the MIEC membranes are chemically stable in these gases. Besides chemical 

stability phase stability has to be considered when using MIEC membranes. The 

phase stability is affected by temperature and 
2OP . Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) 

and SrCo0.8Fe0.2O3-δ (SCF) are considered for air separation application because of 

their high oxygen fluxes [17-20]. Oxygen flux values for  BSCF are reported as high 

as ~1.6 ml/min under a 
2OP  gradient of 0.21/0.05 bar at 950 oC, with a membrane 

thickness of 1.5 mm [20]. Similar oxygen flux data are given for SCF. BSCF suffers 

from a slow phase transition from a pure cubic structure to a mixture of a cubic and a 

hexagonal structure below ~825 oC [21, 22], which causes a decline in oxygen flux 

with time. For SCF a transition from the cubic perovskite to the lower conducting 

orthorhombic brownmillerite phase has been found when the temperature is below 

790 oC and the 
2OP  is less than 10-2 bar [18, 23, 24]. Therefore, in order to use these 

membranes, the operation temperature should be above the phase transition 

temperature, i.e. 825 oC and 790 oC for resp. BSCF and SCF. An alternative way is to 
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stabilize the high-conducting perovskite phase to a lower temperature by doping. 

Yakovlev et al. reported that doping of 3 mol% Zr- at the B-site (Co/Fe site) of BSCF 

can stabilize the cubic structure down to 800 oC [25]. Chen et al. [26] have also 

found that ~4 mol% Zr-doping at the B-site can stabilize SCF to ~700 oC in a 
2OP  of 

10-4 bar. 

For membranes, to be used in the 4-end mode, one of the options is to use CO2, 

which is known as an acid gas, as the sweep gas. As most of the MIEC oxides 

contain alkaline-earth elements (Ca, Sr or Ba) a carbonation reaction occurs when 

these membranes are exposed to a CO2-containing atmosphere. This reaction results 

in the formation of an alkaline-earth carbonate layer, which is impermeable for 

oxygen, on the membrane surface, resulting in a decline in oxygen flux or even to a 

non-permeating membrane. Changing the sweep gas from helium to CO2 results in 

an immediate stagnation of the oxygen flux for BSCF membranes [27]. It is also found 

that the oxygen flux of SCF membrane decreases to almost zero in 80 hours when 

CO2 is used as sweep [28]. In recent years, more and more research has been focused 

on the development of CO2-resistant membranes. Kilner et al. reported that 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) membranes have a high CO2 resistance [29]. In [30] it 

is reported that LSCF-based hollow fibre membranes (membrane thickness ~200 μm) 

show a stable oxygen flux of ~0.8 ml/min at 950 oC when CO2 is used as sweep gas. 

Wei et al. have developed K2NiF4-type (Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+δ (PLNCG) 

membranes which show good CO2 resistance and similar oxygen flux as LSCF 

membranes [31, 32]. Chen et al. fabricated several dual phase membranes such as 

La0.8Sr0.2MnO3-δ (LSM)-Zr0.84Y0.16O1.92 (YSZ) and LSM-Ce0.8Sm0.2O2−δ (SDC) [33, 

34], which show excellent CO2 resistance but rather low oxygen flux.  

Besides the membrane stability, the oxygen permeability of the membranes is 

also important. A summary on oxygen flux data of different membranes has been 

given by Sunarso et al [13]. In principle, the higher of the oxygen permeability, the 

less membrane area is needed for a certain air separation duty, thus the cost for air 
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separation will be reduced. Generally, there are two ways to increase the oxygen flux 

if the membrane material has already been chosen, i.e. decrease the membrane 

thickness or increase the surface exchange rate. According to eq. 1.6, the oxygen flux 

is inversely proportional to the membrane thickness if bulk diffusion predominates 

the oxygen transport. For example, a supported BSCF thin film (70 μm thick) shows 

an oxygen flux of ~ 6 ml/min at 950 oC [35], which is much higher than that of a 1.5 

mm thick BSCF membrane (~1.6 ml/min) [20]. One may notice that the decrease in 

thickness by a factor of ~20 only results in an increase in oxygen flux by a factor of 

~4. This relative small increase in oxygen flux is possibly caused by the change in 

the rate limiting step. At a membrane thickness of 70 μm, or maybe even at a higher 

thickness, oxygen transport is controlled by the surface exchange reaction. So there is 

a limit in increasing the oxygen flux by decreasing the membrane thickness. If the 

flux is controlled by the oxygen surface exchange rate, a porous layer can be applied 

on the dense membrane to increase the total surface area and thus increase the 

surface exchange rate. The coated layer can be the same material as the membrane or 

a different, dedicated, material. In the latter case materials with a higher oxygen 

exchange rate are usually considered. 

1.4 Scope of the thesis 
The objective of the research, as described in this thesis, is to investigate the 

feasibility of integrating MIEC membranes into the oxy-fuel combustion process for 

CO2 capture. This includes the fabrication of appropriate membrane materials and the 

design of a membrane-integrated oxy-fuel process.  

Chapter 2 and 3 are focused on the characterization of the membrane properties. 

In chapter 2, a novel, simple and easy way to determine the oxygen non-

stoichiometry of the perovskite materials by a carbonation process is developed. 

Chapter 3 presents a numerical method to more accurately measure the oxygen ionic 

conductivity of the MIEC membranes, using data obtained from a standard 

laboratory permeation set-up. In chapter 4, a CO2 resistant SCF membrane has been 
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developed by partial substitution of Co/Fe by Ta, but at the cost of a reduction in 

oxygen flux by ~ 30%. In chapter 5 it is found that the CO2 resistance of SCF 

membranes is greatly affected by the ambient 
2OP , and it is possible to avoid CO2 

poisoning of the membrane by increasing the ambient 
2OP , rather than by doping. 

Chapter 6 gives a design of a MIEC membrane based oxy-fuel combustion process as 

simulated in UniSim®. Finally, in chapter 7, recommendations and outlook for future 

research work are given. 
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Chapter 2 Oxygen non-stoichiometry 
determination of perovskite materials by a 

carbonation process 
 

Abstract: 
A new and easy method is developed to determine the oxygen non-stoichiometry 

of perovskite materials under equilibrium conditions. The method is based on the 

complete decomposition of the powder to stoichiometric metal oxides and/or metal 

carbonates by using CO2 as reacting gas. The oxygen non-stoichiometry is calculated 

from the mass change caused by this reaction. Its applicability is demonstrated by 

using SrCoO3-δ, BaCoO3-δ, BaFeO3-δ and BaCeO3-δ as representative materials. The 

oxygen non-stoichiometry (δ) values at 950 ˚C in air were determined as 0.48, 0.36, 

0.43 and 0.03 respectively. These values can be used as reference points for oxygen 

non-stoichiometry analysis at other temperatures.  

 

 

 

 

 

 

 

 

 
This chapter has been published as: 

W. Chen, A. Nijmeijer, L. Winnubst, Oxygen non-stoichiometry determination of perovskite 
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2.1 Introduction 
An important issue in defect chemistry is the study of the oxygen non-

stoichiometry of metal oxides, especially for materials with high oxygen deficiency 

[1-3]. Examples are several perovskite systems with general formula ABO3-δ, where δ 

represents the oxygen non-stoichiometry value. Several methods are developed to 

measure this oxygen non-stoichiometry as function of temperature and oxygen partial 

pressure [4]. All these methods are based on the analysis of the change in oxygen 

non-stoichiometry Δ(δ) as function of temperature or oxygen partial pressure, which 

are briefly reviewed as following. 

For the measurement of Δ(δ) thermal gravimetric analysis (TGA) is the most 

popular and frequently used method [5]. In this method it is assumed that the only 

reason for mass change is the release or incorporation of oxygen at varying 

temperatures or oxygen partial pressures. The mass change of the sample can then 

easily be converted to Δ(δ). Another technique to measure Δ(δ) is coulometric 

titration [4], where samples are placed in a sealed vessel made from yttria-stabilized 

zirconia (YSZ). One part of the YSZ (connected with electrolytes) is used as an 

oxygen pump, while another separate part is used as oxygen sensor. A defined 

amount of oxygen is pumped out/in quantitatively by applying a fixed electrical 

potential over the pump part of the vessel. The change in oxygen partial pressure in 

the vessel is not only related to the amount of oxygen removed by pumping, because 

oxygen is also released from the powder sample during pumping. From the 

difference between the measured oxygen partial pressure in the vessel and the 

amount of oxygen pumped out Δ(δ) can be calculated. A method similar to 

coulometric titration is solid electrolyte coulometry (SEC). The difference however is 

that in the latter case the experiment can be done in open systems or in a gas flowing 

mode. Details can be found in Teske, Bode and Vashook’s work [6-8].  

It should be mentioned that in order to determine the absolute oxygen non-

stoichiometry for both the TGA and the coulometric titration method, an absolute 



Oxygen Non-stoichiometry Determination … 
 

21 
 

value of δ at a fixed temperature and oxygen partial pressure is necessary (called 

reference point). A traditional way to obtain such a reference point is iodometric 

titration [9]. Here samples are dissolved in HCl with the presence of an excess of KI 

and heated in an oxygen-free (nitrogen) environment. During this process, the 

transition metal ions (such as Co3+, Co4+, Fe3+, Fe4+) were reduced, and I− was 

oxidized to I2. The amount of I2 released is quantitatively determined by redox 

titration using Na2S2O3 as the titrant agent. The oxygen non-stoichiometry was 

calculated based on the amount of I2 formed. Another way to measure the reference 

point is hydrogen reduction [10], by making use of the phenomenon that at elevated 

temperatures (~700 oC) several cations in oxides will react with hydrogen to the 

metallic state or to the metal oxides, and the absolute content of oxygen in these 

oxides is determined by monitoring the mass loss of the sample in a hydrogen 

containing gas with a TGA setup, while the final products are determined by X-Ray 

Diffraction (XRD).  

In this paper a new and convenient method is reported to measure the absolute 

oxygen content (3-δ) of perovskite materials at a thermodynamic equilibrium state. 

Since several metal oxides, especially perovskite structured oxides, contain alkaline 

earth metals, which are very sensitive to CO2, these materials easily decompose at 

elevated temperature in a CO2 containing atmosphere [11]. After complete reaction 

and obtaining stoichiometric products the oxygen non-stoichiometry can easily be 

calculated. To demonstrate this method, SrCoO3-δ, BaCoO3-δ, BaFeO3-δ and BaCeO3-δ 

were chosen as representative materials in this study, because of their relative simple 

compositions, while products after reaction with CO2 can easily be identified. 

However, it is expected that this method can also successfully be applied for other 

perovskite materials with well-defined reaction products. 

2.2 Experimental 
SrCoO3-δ, BaCoO3-δ, BaFeO3-δ and BaCeO3-δ were synthesized using an EDTA 

complexation/pyrolysis process as described in detail in [12]. In this work metal 
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nitrates were dissolved in demineralized water under stirring at a stoichiometric ratio. 

EDTA, dissolved in ammonia, was added and after chelating for several minutes 

citric acid was added. The molar ratio of total metal ions : citric acid : EDTA was 

1.0 : 1.5 : 1.0. The pH value of the solution was adjusted to 6 by adding ammonia. 

Subsequently NH4NO3 was added as an ignition aid at an amount of 100 g NH4NO3 

per 0.1 mole of metal ions. This final solution was heated at 120-150 ˚C under 

stirring to evaporate water until it changed into a viscous gel, which was transferred 

to a stainless steel vessel and heated on a hot plate at a temperature of around 500 ˚C, 

while a vigorous combustion took place, resulting in a fluffy powder. The powder 

was collected and calcined in a room furnace at 950 ˚C for 5 hours at a heating and 

cooling rate of 3 oC/min.  

Isothermal gravimetric analyses were carried out on a Netzsch TG 449 F3 

Jupiter®. About 20 mg of powder was weighed in an alumina crucible and placed in 

the TGA setup.  The temperature was increased to 950 ˚C in flowing air (79 ml/min 

N2 and 21 ml/min O2) at a heating rate of 10 oC/min. The system was isothermally 

hold in air at 950 ˚C for 1 hour in order to reach a steady equilibrium state, indicated 

by a constant mass of the sample at this holding. Subsequently the gas was switched 

to a CO2/N2 mixture (80 ml/min CO2 and 20 ml/min N2; N2 is used as protective gas 

for the setup). After completion of the reaction between powder and CO2 (when no 

mass change was observed), the system was cooled to room temperature in the same 

CO2/N2 mixture at a cooling rate of 10 oC /min. All TGA experiments were based on 

a correction file measured with a blank crucible to exclude background data. After 

TGA measurements the samples were ground with a mortar and the phase 

composition was analyzed by X-ray diffraction (Bruker D2 PHASER with Cu Kα 

radiation, accelerate voltage 30KV, current 10 mA, step size 0.02, time per step 1s). 

For comparison the X-ray diffraction patterns of freshly synthesized powders (after 

calcination) were analyzed as well. 

After obtaining the oxygen non-stoichiometry value (δ) in air at 950 ˚C the 
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values of δ at other temperatures were determined by simple TGA experiments in air. 

In these experiments the temperature was stepwise increased from 550 ˚C to 950 ˚C 

in flowing air (79 ml/min N2 and 21 ml/min O2) and hold at intervals of 100 ˚C. 

Based on the reference point at 950 ˚C, oxygen non-stoichiometry at other 

temperatures was calculated. 

2.3 Results 
Isothermal gravimetric analysis is a convenient way to study quantitatively the 

reaction between perovskite materials and CO2 [13], and the results are given in 

Figure 2.1. It can be seen that the reactions are very fast for all four materials, 

resulting in a final increase in weight of respectively 119.04 %, 114.18 %, 108.92 % 

and 113.67%. In order to make sure that the reactions were completely finished, the 

systems were hold for a longer time at 950 ˚C before cooling. During this cooling 

procedure in the same CO2/N2 atmosphere no mass change was observed. 

 
Figure. 2.1. Normalized plot of mass change of (a) SrCoO3-δ, (b) BaCoO3-δ, (c) BaFeO3-δ and 

(d) BaCeO3-δ in air/CO2 at 950oC 
The phase composition of powder samples before and after TGA experiments 
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were examined by X-Ray diffraction and the results are shown in Figure 2.2. From 

this figure it can be seen that the characteristic peaks of the perovskite materials were 

not present any more after CO2 exposure, indicating that the decomposition reaction 

is complete. By indexing the XRD patterns of CO2-treated powders, products of the 

carbonation reactions can be determined.  

 
Figure. 2.2. X-Ray Diffraction pattern of (a) SrCoO3-δ, (b) BaCoO3-δ, (c) BaFeO3-δ and (d) 

BaCeO3-δ before (lower) and after (upper) CO2 treatment at 950 ˚C. #: As prepared samples;  
● in (a): SrCO3; ● in (b-d):BaCO3; * in (a-d): CoO, CoO, BaFe2O4, and CeO2  

Tables 2.1-2.4 summarize the XRD data to prove the degree of matching of the 

XRD signals of standard materials with those of the products after reaction. In these 

tables only characteristic peaks are given, however full indexing of the XRD data 

was performed in this work. From these data it is concluded that the diffraction 

angles (2θ) match very well. The slight deviations in intensities for some signals 

might be caused by the overlap of different peaks for the products obtained after the 

decomposition reaction. For example, in the case of SrCoO3-δ after reaction with CO2 
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(figure 2.2c), the characteristic peaks of CoO (111) and SrCO3 (112) are so close to 

each other that it is impossible to separate them, which makes the intensity of CoO 

(111) even higher than that of CoO (200) (see table 2.1). 

Table 2.1 Comparison of XRD patterns of SrCoO3-δ after reaction with CO2 at 950°C 
with standard XRD peaks (Cu Kα radiation) 

 

Materials 
XRD 
peaks 
(2θ) 

Normalized 
peak 

intensity 
(Area, %) 

Characteristic 
peaks for pure 
material (2θ) 

Peak 
intensity 
for pure 
material 

(%) 

(h k l) 

   ICDD PDF No.: 78-0431  

CoO 36.51 117 36.49 68 (111) 

 42.40 100 42.38 100 (200) 

 61.50 56 61.49 45 (220) 

 73.65 35 73.66 16 (311) 

 77.55 25 77.52 11 (222) 

   ICDD PDF No.: 05-0418  

SrCO3 25.16 100 25.17 100 (111) 

 25.80 46 25.80 70 (021) 

 36.17 35 36.18 34 (112) 

 36.51 75 36.53 40 (130) 

 44.09 24 44.08 50 (221) 

 47.69 20 47.69 35 (132) 

 49.89 34 49.92 31 (113) 
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Table 2.2 Comparison of XRD patterns of BaCoO3-δ after reaction with CO2 at 
950°C with standard XRD peaks (Cu Kα radiation) 

 

Materials 
XRD 
peaks 
(2θ) 

Normalized 
peak 

intensity 
(Area, %) 

Characteristic 
peaks for pure 
material (2θ) 

Peak 
intensity for 

pure 
material 

(%) 

(h k l) 

   
                        

 
ICDD PDF No.: 78-0431 

 

CoO 36.59 54 36.49 68 (111) 
 42.49 100 42.38 100 (200) 
 61.58 54 61.49 45 (220) 
 73.75 19 73.66 16 (311) 
 77.61 27 77.52 11 (222) 
      
   ICDD PDF No.: 71-2394  

BaCO3 23.98 100 23.90 100 (111) 
 24.39 48 24.31 52 (021) 
 34.13 25 34.10 21 (112) 
 34.70 23 34.61 25 (130) 
 42.09 27 42.00 28 (221) 
 44.94 22 44.92 23 (132) 
 46.78 19 46.80 18 (113) 
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Table 2.3 Comparison of XRD patterns of BaFeO3-δ after reaction with CO2 at 950°C 
with standard XRD peaks (Cu Kα radiation) 

 

Materials 
XRD 
peaks 
(2θ) 

Normalized 
peak 

intensity 
(Area, %) 

Characteristic 
peaks for pure 
material (2θ) 

Peak 
intensity for 

pure 
material 

(%) 

(h k l) 

 
   

ICDD PDF No.: 25-1191  
BaFe2O4 28.27 99 28.22 54 (402) 

 28.47 100 28.41 100 (212) 
 32.79 80 32.70 56 (610) 
 33.32 38 33.22 27 (020) 
 44.19 50 44.12 21 (422) 
     
   ICDD PDF No.: 71-2394  

BaCO3 23.90 100 23.90 100 (111) 
 24.33 57 24.31 52 (021) 
 34.05 28 34.10 21 (112) 
 34.64 19 34.61 25 (130) 
 42.03 27 42.00 28 (221) 
 44.88 22 44.92 23 (132) 
 46.70 31 46.80 18 (113) 
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Table 2.4 Comparison of XRD Patterns of BaCeO3-δ after reaction with CO2 at 
950°C with Standard XRD Peaks (Cu Kα radiation) 

Materials 
XRD 
peaks 
(2θ) 

Normalized 
peak 

intensity 
(Area, %) 

Characteristic 
peaks for pure 
material (2θ) 

Peak 
intensity for 

pure 
material 

(%) 

(h k l) 

 
  

 
 

ICDD PDF No.: 43-1002  
CeO2 28.55 100 28.55 100 (111) 

 33.08 26 33.08 27 (200) 
 47.49 53 47.48 46 (220) 
 56.33 48 56.34 34 (311) 
 76.66 15 76.70 12 (331) 
      
   ICDD PDF No.: 71-2394  

BaCO3 23.89 100 23.90 100 (111) 
 24.27 73 24.31 52 (021) 
 34.02 35 34.10 21 (112) 
 34.68 15 34.61 25 (130) 
 42.01 21 42.00 28 (221) 
 44.95 20 44.92 23 (132) 
 46.65 17 46.80 18 (113) 

 
 

According to the XRD results, the reactions between SrCoO3-δ, BaCoO3-δ, 

BaFeO3-δ, BaCeO3-δ and CO2 at 950 oC can be described as follow: 

 3-δ 2 3 2
1-δSrCoO +CO SrCO +CoO+ O
2

 (2.1) 

 3-δ 2 3 2
1-δBaCoO +CO BaCO +CoO+ O
2

 (2.2) 

 3-δ 2 2 4 3 2
1-2δ2BaFeO +CO BaFe O +BaCO + O

2
 (2.3) 

 3-δ 2 3 2 2
δBaCeO +CO BaCO +CeO - O
2

 (2.4) 

As shown by XRD, in our case the products (CoO, SrCO3, BaCO3, CeO2 and 
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BaFe2O4) are stoichiometric and the reactions are complete. The following equation, 

describing the mass change during the reaction, can then be established: 

 
3-δ

1 2

ABCoO ssMW MW
m m

 (2.5) 

where m1 and 
3-δABCoOMW  represent the mass and molecular weight of the samples 

before the reaction with CO2; m2 and MWSS are the mass and the sum of the 

molecular weights of the products after reaction. For example, MWSS for reaction (1) 

is the sum of mole weight of SrCO3 and CoO. Since MWSS is known and m1 and m2 

can be determined from the TGA results, the molecular weight of ABO3-δ can be 

calculated according to eq. (2.5) and subsequently the oxygen non-stoichiometry (δ) 

is determined to be as 0.48, 0.36, 0.43 and 0.03 for SrCoO3-δ, BaCoO3-δ, BaFeO3-δ 

and BaCeO3-δ respectively, which is in agreement with literature [14-16].  

Based on the reference point measured at 950 oC in air, oxygen non-

stoichiometry (δ) at other temperatures can be acquired according to eq. (2.6). 

 950

950

mm =
MW MW

T

T

 (2.6) 

where Tm  and MWT  represent the mass and molecular weight of ABO3-δ at 

temperature T, 950m  and 950MW  are the mass and molecular weight at 950 ˚C. In this 

study, the temperature was stepwise increased to 950oC in air, and at each measuring 

point (550 ˚C, 650 ˚C, 750 ˚C, 850 ˚C, and 950 ˚C) the temperature was kept constant 

until a steady state was reached. The results, as given in Figure 2.3, clearly indicate 

that equilibrium was really obtained during these holding temperatures as no weight 

loss is observed prior to the next heating step. The oxygen non-stoichiometry was 

calculated according to eq. (2.6) and results are shown in Figure 2.4. For BaCeO3-δ, 

due to extremely small mass change during heating, we could not do the same 

analysis as above with our equipment, so the result for BaCeO3-δ was not given in 

this study. 
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Figure. 2.3. Mass change of powder sample in air as function of temperature; (a) SrCoO3-δ, 
(b) BaCoO3-δ and (c) BaFeO3-δ 
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Figure. 2.4. Temperature dependence of oxygen non-stoichiometry (δ) in SrCoO3-δ (▲), 
BaCoO3-δ (■) and BaFeO3-δ (●) in air; Dashed lines are guides to the eye 

 

2.4 Discussion 
The principle of this method is similar to the hydrogen reduction method, 

because in both cases the perovskite materials react with a sweeping gas resulting in 

stoichiometric products; subsequently the oxygen non-stoichiometry is calculated 

from the mass change. However, the reaction mechanism is completely different, one 

is reduction and another one is carbonation. Due to this difference, some materials 

that do not react with CO2 may react with hydrogen, and some materials that do not 

react with hydrogen may react with CO2, which gives the idea that we can choose 

appropriate method for certain material. For example, BaCeO3-δ is a well-known 

perovskite material for hydrogen separation and it is very stable in hydrogen 

containing atmosphere, indicating that we cannot use hydrogen reduction method to 

determine its oxygen non-stoichiometry, however this material is very sensitive to 

CO2 and we can analyze the oxygen non-stoichiometry by CO2 method.  

An accurate analysis of the phase composition of the reaction products is of great 

importance, which in this work was examined by room-temperature XRD. It should 
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be pointed out that there might be some phase transitions during the cooling process, 

meaning that the phase composition at 950 ˚C could be different. However, as in this 

work no mass change was observed during cooling, the assumption can be made that 

the products of the reactions (1-4) at 950 ˚C are the same as those analyzed at room 

temperature and can be used to calculate the oxygen non-stoichiometry by eq. (2.5). 

Nevertheless, high temperature XRD in a CO2 atmosphere is the best way to identify 

the phase composition. This might be possible, because CO2 is not explosive and 

toxic and it is therefore safe to conduct XRD experiments under such conditions, 

which is not the case for the explosive properties of hydrogen at the higher 

temperatures of interest. 

Evaluation of the accuracy of the method is also important, especially when the 

oxygen non-stoichiometry change is very small, like for BaCeO3-δ. The cumulative 

error of this method may arise from different steps in the experiment, but the most 

important one is weighing part. In this study, the weighing error of our TGA 

equipment is around 0.01 % (20~50 mg powder was used), and it will cause 0.01 

deviation in the oxygen non-stoichiometry calculation. Generally, there are two ways 

to increase the accuracy of this method. The first one is to increase the accuracy of 

the TGA setup, however this is limited, due to current technology; e.g.: the best 

accuracy for an electronic balance is 0.001 mg. Alternatively, one can use more 

powder to increase the accuracy as well. In some other studies, around 1 g or even 

3~4 g was used for TGA measurements [17, 18]. If for example in  this study 200 mg 

powder was used and weighed with the same accuracy, the deviation of 3-δ would be 

reduced to 0.001.  

2.5  Conclusion 
A new method to determine the oxygen non-stoichiometry of perovskite 

materials under equilibrium state has been developed and demonstrated by using 

SrCoO3-δ, BaCoO3-δ, BaFeO3-δ and BaCeO3-δ as representative materials. The oxygen 

non-stoichiometry (δ) of these 4 materials at 950oC in air was measured to be 0.48, 
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0.36, 0.43 and 0.03 respectively. Based on these reference points, the oxygen non-

stoichiometry at other temperatures was also measured, while this method is 

expected to be successful for other perovskite materials as well. This method is not 

only restricted for analysis of δ in air, large variations in oxygen partial pressures can 

also be used, because the equilibrium state for all partial pressures can easily be 

attained at (sufficient) high temperatures.    
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Chapter 3 A description of oxygen transport in a 
bench-scale oxygen permeation set-up using 

computing fluid dynamics 

Abstract 
Measuring the oxygen permeability of dense ceramic membranes is usually 

performed with a lab-scale oxygen permeation set-up, in which feed and sweep gas 

are directly flushed to the membrane surface. Due to concentration gradients within 

the experimental setup, the oxygen partial pressure (
2OP ) measured at the outlet of 

the set-up is not the same as the 
2OP  on the membrane surface, which leads to an 

inaccurate calculation of the oxygen ionic conductivity (a measure of oxygen 

permeability) of the membranes. In order to overcome this problem, a computational 

fluid dynamics (CFD) model is developed to describe the oxygen transport in such a 

set-up and special attention is paid to the exact oxygen partial pressures on the 

membrane surface. With this CFD model, the oxygen ionic conductivity of a selected 

model membrane, SrCo0.8Fe0.2O3-δ (SCF), is calculated. In addition, the influence of 

several parameters such as the distance from sweep gas inlet to the membrane 

surface, the sweep gas flow rate and the type of sweep gas on the oxygen partial 

pressure distribution in the setup is studied. 
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3.1 Introduction  
Dense ceramic membranes made from mixed ionic-electronic conducting 

(MIEC) oxides have attracted considerable attention in the past decades due to their 

potential application in oxygen separation from air. The major advantage of oxygen 

separation by these membranes over other techniques, such as cryogenic distillation 

and pressure swing adsorption (PSA), lies in their infinite selectivity, i.e. only oxygen 

can go through the membranes. In addition, the oxygen separation can easily be 

coupled with other chemical processes where oxygen is required, for example, partial 

oxidation of methane or oxy-fuel combustion for CO2 capture [1-3]. 

The research on MIEC membranes was initiated by Teraoka et al. [4] in the 

1980’s. After that, a lot of work has been done to improve the performance of the 

MIEC membranes, for example, to increase the oxygen permeability. A commonly 

used method to measure the oxygen permeability of a MIEC membrane is a high 

temperature oxygen permeation experiment, which usually makes use of a bench-

scale set-up as schematically shown in Figure 3.1. In most cases air is used as feed 

gas and an inert gas such as helium or argon is used as sweep gas. The oxygen flux 

through the membranes can be calculated by analyzing the oxygen concentration at 

the exit of the set-up, usually by using an oxygen sensor or a gas chromatograph 

(GC).  
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Figure 3.1. Schematic diagram of the high temperature oxygen permeation set-up.  

The oxygen flux through a MIEC membrane reflects the oxygen permeability 

through the membrane. However, the oxygen flux is affected by many parameters, 

such as membrane thickness, operating temperature and feed/sweep gas flow rate. A 

better way to evaluate a MIEC membrane is to determine the oxygen ionic 

conductivity, which is an intrinsic material property of the membrane and can be 

obtained from the oxygen permeation data by using the following equation, as 

proposed by Chen et al. [5]. 

 2

2

2
O2

2 2
O

ion O
O constant

4( )
ln

P

djF LP
RT d P

 (3.1) 

where 
2Oj  is oxygen flux, R the gas constant, T absolute temperature, F the Faraday 

constant, L the membrane thickness, ion  the oxygen ionic conductivity, 
2OP  the 

oxygen partial pressure at the feed side and 
2OP  the oxygen partial pressure  at the 

sweep side of the membrane. 
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For calculating ion  of a membrane from oxygen flux data, it is in most cases 

assumed that the oxygen partial pressure (
2OP ) at the outlet (= “sweep gas + O2” in 

Figure 5.1) has the same value as the oxygen partial pressure at the surface (=
2OP ). In 

other words it is assumed that the oxygen permeation set-up, as shown in Figure 3.1, 

works as a Continuous Ideally Stirred-Tank Reactor (CISTR), which means a perfect 

mixing of both nitrogen/oxygen in the feed (air) compartment and sweep gas/oxygen 

in the permeate compartment. However, the validity of the CISTR assumption 

depends on the reactor geometry as well as operating parameters. Very often this 

CISTR assumption is not true and the gas mixing is incomplete [6], i.e. the 
2OP  

measured at the outlet of the permeation set-up is not equal to the 
2OP  on the 

membrane surface, hence the calculation of ion  based on the CISTR assumption is 

not accurate. In order to obtain a more accurate value of ion  for a membrane, it is 

necessary to know the exact 
2OP  on the membrane surface. However, direct 

measuring of 
2OP  on the membrane surface is experimentally very difficult in such a 

small device and any probing in the permeation set-up will inevitably affect the flow 

field.  

In this work, a method is developed to determine ion  of a MIEC membrane 

more accurately from oxygen permeation experiments with the aid of computational 

fluid dynamics modeling (CFD). It is also intended to understand the oxygen 

gradient in the above mentioned reactor and its effect on the oxygen flux through the 

membrane. For this purpose the COMSOL Multiphysics® program was applied as 

modeling tool while SrCo0.8Fe0.2O3-δ was used as membrane material in this study. 
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3.2 Experimental and methodological procedure 

3.2.1 Membrane fabrication and oxygen permeation experiments 

SrCo0.8Fe0.2O3-δ (SCF) was synthesized using an EDTA complexation/pyrolysis 

process. Metal nitrates were dissolved in demineralized water under stirring at a 

stoichiometric ratio. EDTA, dissolved in ammonia, was added and after chelating for 

several minutes citric acid was added. The molar ratio of total metal ions : EDTA : 

citric acid was 1.0 : 1.0 : 1.5. The pH of the solution was adjusted to 6 by adding 

ammonia. Subsequently NH4NO3 was added as an ignition aid at an amount of 100 g 

NH4NO3 per 0.1 mole of metal ions. This final solution was heated at 120-150 °C 

under stirring to evaporate water until it changed into a viscous gel and was 

transferred to a stainless steel vessel and heated on a hot plate at a temperature of 

around 500 ˚C, while a vigorous combustion took place, resulting in a fluffy powder. 

The powder was collected and calcined in a room furnace at 950 °C for 5 hours at a 

heating and cooling rate of 3 °C/min. The calcined powders were uniaxially pressed 

at 4 MPa into disk shapes, subsequently cold isostatically pressed at 400 Mpa for 6 

minutes and sintered in ambient air at 1200 °C for 10 hours. 

The experimental set-up for oxygen permeation measurements is schematically 

shown in Figure 3.1. Disk-shaped samples with a diameter of 15 mm and a relative 

density > 90 % were polished to a thickness of 1 mm and ultrasonically cleaned in 

ethanol. The membranes were sealed to one end of a quartz tube (diameter 12 mm) 

using gold paste as sealant. After sealing at 1000 °C for 2 hours the temperature was 

lowered to 950 °C, and air was fed to one side of the sample (100 ml/min), while 

helium was led at 50 ml/min over the permeate side as sweep gas to carry away the 

permeated oxygen. The composition of the effluent stream at the permeate side was 

analyzed by an oxygen sensor (Systech ZR893). A gas chromatograph (Varian CP 

4900 equipped with a 5 Å molecular sieve column using helium as carrier gas) was 

used to check the leakage of the sealing. If there is no nitrogen peak in the GC 
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spectrum of the permeate gas, it is assumed that the sealing is gas tight. 

3.2.2 Oxygen transport through a MIEC membrane 

The oxygen flux through a dense ceramic MIEC membrane is generally 

described by Wagner’s equation, assuming bulk oxygen diffusion to be the rate 

limiting step [7]: 
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 (3.2) 

For most MIEC membranes, the electronic conductivity el  is two orders of 

magnitude higher than ion  and therefore eq. (3.2) can be rewritten as: 
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If ion  is dependent of 
2OP , the following empirical power law is used to describe the 

oxygen ionic conductivity ion  as function of 
2OP   [7]: 

 
2

0
ion ion O( )nP  (3.4) 

where o
ion  is the conductivity at standard state (

2OP = 1 bar). By integrating eq. 

(3.3) with (3.4), the following equation for the oxygen flux is obtained 
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3.2.3 Design of a numerical model for the oxygen permeation set-up 
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Figure 3.2. Schematic representation of the oxygen permeation set-up as used for the 

simulation.  

The model used for the Computational Fluid Dynamics (CFD) simulation is 

schematically shown in Figure 3.2 and the dimensions of this model are given in 

Table 3.1. It should be noted that the incomplete gas mixing may occur at both the 

feed side and permeate side of the membrane. The change in 
2OP  in the feed side, 

however, is expected to be rather small, because in most cases a large flow rate is 

used and only a small part of the oxygen is consumed [6]. Therefore, in this study 

2OP  is assumed to be constant in the feed compartment of the set-up (0.21 bar), while 

in the permeate compartment of the reactor a gradient in 
2OP  is expected. 

The 
2OP  distribution in the permeate compartment is obtained by simultaneously 

solving the Navier-Stokes and Maxwell-Stefan diffusion equations with the boundary 

conditions as given in Table 3.2. It should be noted that the laminar flow model is 

selected for the flow field calculation. This was allowed because Reynold’s number 

is < 50 in the smallest diameter of the system (sweep gas inlet tube) for sweep gas 
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flow rates up to 90 ml/min. 

Meshing is an important factor that can affect the accuracy of a CFD simulation. 

In general, finer meshing usually ensures a higher accuracy, but it also increases 

computation work. In this study, we gradually refined the mesh by reducing the 

element size until the simulation results remained the same. The total number of 

elements, used in this study, is ~ 20,000. 

Table 3.1. Geometry of the permeation set-up  

Variable Value Units 

Membrane radius, Rm 6 mm 

Membrane thickness 1 mm 

Sweep gas inlet tube (inner radius), r 1.5 mm 

Distance of sweep gas inlet to membrane, D 3.6 mm 

Sweep gas tube thickness, T  1 mm 

Pressure 1.0 atm 

Simulated length, L 15 mm 
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Table 3.2. Boundary conditions for simulation 

Boundary conditions (convection) Type 

Sweep gas inlet Mass flow 
Membrane inlet Pointwise mass flow** 
Sweep gas outlet Pressure (1 bar) 
Axis Axial symmetry 
Membrane Non-slip 
Wall Non-slip 
  
Boundary conditions (diffusion) Type 

Sweep gas inlet Oxygen mole fraction (0.001) 

Sweep gas outlet Convective flow 

Axis Axial symmetry 

Membrane Inward flux** 

Wall No flux 

** The inward flux is calculated by eq. (3.5). 

3.2.4 Calculation of oxygen ionic conductivity from oxygen permeation data 

As can be seen form eq. (3.5), the oxygen ionic conductivity of a MIEC 

membrane is dependent on 
2OP . The calculation of o

ion and n from oxygen 

permeation measurements was done in 2 steps. The first step is to estimate o
ion and 

n under the CISTR assumption, so by assuming that the 
2OP  measured at the outlet of 

the set-up is identical to that on the membrane surface (
2OP ). By using eq. (3.1) a 

data set of ion  ~
2OP  is obtained in this way. This data set is used to fit the eq. (3.4) 

by applying a least-square algorithm. In this way the two parameters, o
ion  and n, are 

obtained but still assuming a CISTR approach of the permeation set-up.  
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In the second step, the estimated o
ion  and n from the first step are used as input 

parameters for the COMSOL model, where there is no CISTR assumption. The 

fitting program with COMSOL is illustrated in Figure 3.3. With a given set of o
ion

and n the 
2OP  on the membrane surface and at the outlet of the permeation set-up are 

calculated with COMSOL. During iteration, o
ion  and n  were adjusted until the 

calculated 
2OP  at the outlet of the permeation set-up is in agreement with the 

2OP  

measured in experiments.  

 
Figure 3.3. Fitting procedure for calculation of the oxygen ionic conductivity. s

O2P  and 
e

O2P  are the oxygen partial pressure at the outlet of the reactor, respectively calculated using 
the COMSOL Multiphysics® program model and the experimentally determined one. 

3.3 Results and discussion 

3.3.1 Oxygen permeation results 

Table 3.3 gives the oxygen flux of SCF membranes at different temperature and 

at different sweep flow rates. As we can see, the oxygen permeation flux increases 

with sweep gas flow rate, which is because of the overall 
2OP  at the permeate side of 

the membrane is decreased when a higher sweep gas flow rate is used, leading to an 

increase of the driving force. The oxygen flux decrease with decreasing sweep flow 
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rate as observed at 800 °C is explained by the phase transition of SCF from the cubic 

to the orthorhombic structure [8-9], which latter has a lower oxygen permeability. 

The phase transition of SCF occurs at around 790 °C, and is affected by the 
2OP . At 

lower 
2OP (meaning in this case a higher sweep-gas flow rate) the phase transition is 

more likely to occur.  
Table 3.3. Oxygen flux of SCF membranes at different temperatures and different sweep gas 
flow rates 

 

3.3.2 Oxygen ionic conductivity of SCF 

Fitting results of o
ion  and n without (= initial values, using eq. (3.1) and (3.4)) 

and with (= fitted values, using COMSOL) CISTR assumption are given in Table 3.4. 

As can be seen, both o
ion  and n tend to be smaller if a CISTR assumption is made 

and the difference is getting more pronounced at a higher temperature.   

Table 3.4. Oxygen ionic conductivity o
ion  and power index n obtained from fitting 

experimental results. 

  800°C 850°C 900°C 950°C 

Initial 

values 

o
ion  (S/cm) 0.83 1.26 1.47 1.79 

n 0.34 0.28 0.24 0.22 

Helium flow 

rate 
2Oj  (mol/cm2/s, ×10-7) 

(ml/min) 800°C 850°C 900°C 950°C 

31.19 3.13 5.99 7.88 9.86 

47.69 3.03 6.19 8.40 10.74 

73.49 3.07 6.65 9.22 12.03 

95.89 3.00 6.71 9.56 12.58 
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Fitted 

values 

o
ion  (S/cm) 0.82 1.30 1.53 1.87 

n 0.57 0.43 0.36 0.32 

From an Arrhenius plot of log ( o
ion ) versus 1000/T (Figure 3.4, non-CISTR), 

suggesting a thermal activation process for o
ion , an activation energy of 25 ± 4 

kJ/mole is calculated, which is similar to the result as reported by Qiu et al. [9].  The 

n value increases with decreasing temperature, suggesting that the ionic conductivity 

is more sensitive to 
2OP  at lower temperature. 

 

Figure 3.4. Temperature dependence of o
ion  for SCF membrane. 
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3.3.3 Parameters influencing the 
2OP  distribution at the permeate side of the 

membrane 

In order to compare the influence of different parameters on the 
2OP  at the 

permeate side of the membrane, a reference case is required. In this reference case 

the following assumptions are made: (1) the distance between sweep gas inlet and 

membrane surface is 3 mm; (2) helium is chosen as sweep gas with a flow rate of 60 

ml (STP)/min; (3) the operating temperature is 900 °C; (4) oxygen ionic conductivity 

data are taken from Table 3.4 ( o
ion  = 1.53 S/cm and n = 0.36). Other parameters are 

kept identical as given in Table 3.1. In the parametric study, the following cases had 

been investigated: 

(1) The distance D between sweep gas inlet and the membrane (Figure 3.2) was 

varied from 1 to 5 mm with a step size of 2 mm. 

(2) The sweep gas flow rate was varied from 30 to 90 ml/min (STP) with a step size 

of 30 ml/min (STP). 

(3) When different sweep gases are used, the oxygen concentration profile in the 

reactor might be different because the diffusion coefficient between oxygen and the 

respective sweep gases is different (see table A3.1 in the appendix). In this 

parametric study, helium, argon, nitrogen and carbon dioxide were used as sweep 

gas.  

Effect of reactor geometry 

Due to direct flushing and the high velocity of the sweep gas in the inlet tube (~ 

1 m/s at 900 °C when a flow rate of 60 ml/min is used), the 
2OP  on the membrane 

surface is found to be higher at the edge (at the wall of the set-up) and lower at the 

center. Besides, the 
2OP  on the membrane surface is higher than that far away from 

the surface. Both cases are strongly affected by the distance between the sweep gas 

inlet tube and the membrane surface (D). As can be seen from Figure 3.5, a large D 
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seems to lead to a more homogenous oxygen partial pressure distribution.  

 

Figure 3.5. 
2OP  (bar) in the permeation set-up as a function of D (distance from sweep 

gas inlet to membrane surface), I, II and III resp.:  D=1, 3 and 5 mm. Helium is used as sweep 
gas with a flow rate of 60 ml/min.  

 
Figure 3.6. Influence of D (distance from sweep gas inlet to membrane surface) on: (a) 

2OP  on the membrane surface; (b) ratio of 
2OP  on the membrane surface to that at the outlet of 

the set-up. I, II and III resp.: D = 1, 3 and 5 mm. Helium is used as sweep gas with a flow rate 
of 60 ml/min. Radial distance: distance from membrane center to edge. 

For a quantitative description of the 
2OP  profile on the membrane surface, a plot 
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of 
2OP  on the membrane surface against the radial distance (from membrane center to 

edge) is given in Figure 3.6a. It should be mentioned that the 
2OP on the membrane 

surface is defined as the 
2OP  in the first mesh element layer from the membrane 

surface, which is around 3 μm. It can be seen from Figure 3.6a that the 
2OP  on the 

membrane surface is more homogenous when a small D (1 mm) is used, for example, 

when D is 1 mm, the 
2OP  at the edge of the membrane is ~ 2.2 times of that in the 

center, compared to a ratio of 1.04 when D is 5 mm.  

Due to the lower gas velocities at the membrane surface in case of a large D, the 

O2-concentration profile is more governed by the diffusive transport of the 

permeating oxygen than by the convective influence of the sweep gas and 

concentration polarization occurs In contrast, a small D causes higher sweep gas 

velocities at the membrane surface and therefore leads to a good transport of the 

permeating oxygen away from the surface. This affects also the permeation rate. 

When D is chosen to be 1, 3 and 5 mm, the oxygen flux is calculated to be 1.30, 1.26 

and 1.23 ml/cm2/min, and it is obvious that a small D increases the oxygen flux due 

to more effective sweeping. 

Compared to the measured oxygen partial pressure at the outlet of the setup, we 

can see from Figure 3.6b, that when a large D (5 mm) is used, the 
2OP  on the 

membrane surface is higher than that at the outlet of the setup, regardless of the 

radial distance; while, for smaller D (1 and 3 mm), the 
2OP  on the membrane surface 

is partly higher (at the membrane edge) and partly lower (membrane center) than that 

at the outlet of the setup. The average of this ratio is calculated to be 0.85, 1.03 and 

1.15 for D = 1, 3 and 5 mm, respectively, which suggests both large and small D 

leads to a large deviation between 
2OP  on the membrane surface and the value 

measured at the outlet of the set-up, while D = 3 mm seems to be a good selection in 
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this study and in that case the CISTR assumption is rather realistic. 

 

Effect of sweep gas flow rate 

The effect of sweep gas flow rate on the 
2OP  profile in the reactor is shown in 

Figure 3.7.  

 

Figure 3.7. 
2OP  (bar) in the permeation set-up as a function of helium flow rate, (I to III) 

helium flow rate: 30, 60 and 90 ml/min.  

 
Figure 3.8. Influence of helium flow rate on: (a) 

2OP  on the membrane surface; (b) ratio 

of 
2OP  on the membrane surface to that at the outlet of the set-up. I, II and III resp.: 30, 60 

and 90 ml/min. Radial distance: distance from membrane center to edge. 
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In the present study, helium is used as sweep gas. It can be seen that increasing 

the helium flow rate decreases the overall 
2OP  within the reactor and therefore also 

on the membrane surface. It can be deduced from Figure 3.8a that 
2OP  on the 

membrane surface is reduced from 3.7-4.0 bar to 1.5-1.9 bar when the helium flow 

rate increases from 30 to 90 ml/min. A decrease in 
2OP  on the membrane surface 

leads to an increase in driving force for oxygen flux, meaning a higher oxygen flux. 

As can be seen from Figure 3.8b, the difference of 
2OP  at the membrane surface and 

at the outlet of the reactor is getting bigger when a higher helium flow rate is applied. 

Effect of sweep gas type 

In most cases inert gases such as helium, argon, nitrogen or non-inert gases like 

CO2 are used as sweep gas to study the oxygen permeation of dense membranes [2, 

10-12]. One must be aware of the fact that diffusion of oxygen into the sweep gas is 

different for different gases. According to the Chapman–Enskog’s theory (see 

appendix), the diffusion coefficient for binary gas system is mainly affected by the 

molecular weight differences between the gases (see eq. (3.7) in appendix). For 

example, the diffusion coefficients of oxygen in helium (7.20×10-4 m2/s) at 900 °C is 

more than 3 times higher than that of oxygen in argon (2.12×10-4 m2/s), indicating 

that diffusion of oxygen into helium is much faster than oxygen into argon. Therefore 

a faster mixing between the oxygen/helium is expected than that between the 

oxygen/argon. Figures 3.9 and 3.10 give the simulation results when different sweep 

gases are used. It is clear that the gas mixing, as well as the 
2OP  homogeneousness on 

the membrane surface, is strongly affected by the sweep gas type. For example, when 

argon is used as sweep gas, the 
2OP  at the edge of the membrane is 111 % higher than 

that in the center, compared to only 18 % when  helium is used as sweep gas. When 

helium is used as sweep gas, the ratio of 
2OP  on the membrane surface versus 

2OP  at 
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the outlet of the permeation set-up is the smallest, indicating best mixing. Due to the 

faster diffusive oxygen transport away from the membrane surface with higher binary 

diffusion coefficients concentration polarization decreases. The permeation rate  

therefore reaches its highest value when using He as sweep gas (1.26 ml/cm2/min), 

compared with 1.23, 1.23 and 1.22 ml/cm2/min for N2, Ar and CO2 as sweep gas, 

respectively. 

 

Figure 3.9. 
2OP  (bar) in the permeation set-up when different sweep gas is used, I, II, III 

and IV resp.: He, N2, Ar and CO2.  Sweep gas flow rate: 60 ml/min. 

 

Figure 3.10. Influence of different sweep gases on: (a) 
2OP  on the membrane surface; 

(b) ratio of 
2OP  on the membrane surface to that at the outlet of the set-up. I, II and III resp.: 
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He, N2, Ar and CO2. Sweep gas flow rate: 60 ml/min. Radial distance: distance from 
membrane center to edge. 

 

3.4 Conclusions 
A CFD model is developed to describe the oxygen transport in a commonly used 

lab-scale oxygen permeation set-up. The oxygen ionic conductivity of the SCF 

membranes is obtained by fitting the oxygen permeation data with the aid of a CFD 

model, while no CISTR assumption is required. It is found from the CFD simulation 

that the 
2OP  directly on the membrane surface differs from that obtained by 

measuring the 
2OP  at the outlet. Furthermore, the fact that the 

2OP on the membrane 

surface is not homogeneous emphasizes the difficulty of using the CISTR 

assumption for determining the ionic conductivity from permeation measurements. 

Using the membrane's surface partial pressures determined by CFD simulations leads 

to a smaller oxygen ionic conductivity as when calculating the ionic conductivity 

under the CISTR assumption.  

The influence of different parameters, such as the distance from sweep gas inlet 

to the membrane surface, the sweep gas flow rate and the sweep gas type, has been 

studied, and the following results were found: 

(1) The distance from sweep gas inlet to the membrane surface affects the 
2OP in both 

radial direction and axial direction. At increasing distance the 
2OP  on the membrane 

surface becomes more homogenous due to the lower sweep gas velocity at the 

surface, causing less convection. However, when the distance is too large, the overall 

2OP  on the membrane surface will be much higher than that measured at the outlet of 

the set-up. 

(2) The binary diffusion coefficient in the oxygen-sweep gas mixture has a strong 

influence on the concentration distribution in the setup. Higher diffusion coefficients 

lead to a better mixing and therefore a faster transport of the oxygen away from the 
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membrane surface. Faster mixing leads to a more homogeneous oxygen partial 

pressure distribution in the setup. Helium as sweep gas gives the highest diffusion 

coefficient and results in the most homogeneous oxygen partial pressure distribution 

in the setup, if compared with gases like N2, Ar of CO2. 

(3) A higher sweep gas flow rate decreases the overall 
2OP  at the permeate side of the 

membrane, thus increasing the oxygen flux, which makes the 
2OP  on the membrane 

surface less homogenous. This influence is relatively small compared with the 

geometry change of the setup and sweep gas composition. 
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3.5 Appendix 

3.5.1 Calculation of the diffusion coefficient of a gas mixture 

For a binary gas system, the diffusion coefficient can be estimated by Chapman–

Enskog’s equation: 

 

3 3/2

1 2
2
12

1 11.86 10 T
M M

D
P

 (3.6) 

where D is the diffusion coefficient for the gas mixture; Mi the molar mass for gas i; 

1 2
12 2

 the average collision diameter (Lennard-Jones characteristic length); T 

the temperature; P the pressure and  a dimensionless temperature-dependent 

collision integral. Results of several diffusion coefficients, using this equation, are 

given in table A3.1. 

Table A3.1. Calculated gas diffusion coefficient at 1 bar. Values for σ12 and Ω can be 

found in Hirschfelder’s book [13]. 

 Diffusion coefficient (m2/s, ×10-4) 

Temperature (K) He-O2 N2-O2 Ar-O2 CO2-O2 

1073 6.21 1.77 1.71 1.24 

1123 6.70 1.91 1.84 1.34 

1173 7.20 2.05 1.98 1.44 

1223 7.71 2.19 2.12 1.55 

1273 8.25 2.35 2.26 1.65 

 

3.5.2 Calculation of the viscosity of single and mixed gases 

Calculation of the viscosity of a single gas 
The viscosity of a single gas at a certain temperature and pressure is usually easy 
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to find in handbooks. There is a small change in viscosity with pressure but a relative 

larger change in viscosity with temperature. The relationship between viscosity and 

temperature can be described by Sutherland’s law[14]: 

 
3/2

0
0

0

T C T
T C T

 (3.7) 

This in turn is equal to  

 
3/2T

T C
 (3.8) 

where 0 0
3/2

( )

o

T C
T

 is a constant for the gas. 

Table A3.2. Sutherland’s constant, reference values and λ values for some gases [15]: 

Gas C [K] T0 [K] μ0 [μPa s] λ [μPa s K-1/2] 

air 120 291.15 18.27 1.51 
N2 111 300.55 17.81 1.41 

O2 127 292.25 20.18 1.69 

CO2 240 293.15 14.8 1.57 

CO 118 288.15 17.2 1.43 

H2 72 293.85 8.76 0.64 

NH3 370 293.15 9.82 1.30 

SO2 416 293.65 12.54 1.77 

He 79.4 273 19 1.48 

 

3.5.3 Calculation of the viscosity of mixed gases 

The viscosity of a gas mixture can be calculated according to Sutherland-Thiesen 

equation [16]: 
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 m
1 1

1

1.3851

n
i

n
i i

ji i ij
j i

x
x D

 (3.9) 

In case of a binary gas system, eq. (3.9) can be written: 

 1 2
m

1 1 2 2

2 12 1 1 12 2

1.385 1.3851 1x x
x D x D

 (3.10) 

where μi is the viscosity of gas i; xi is the mole fraction of gas i; Dij is the diffusion 

coefficient between gas i and j; ρi is the density of gas i and μm is the viscosity of the 

gas mixture. 
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Chapter 4 Ta-doped SrCo0.8Fe0.2O3-δ membranes: 
Phase stability and oxygen permeation in CO2 

atmosphere 
Abstract: 

The chemical and structural stability of perovskite-derived SrCo0.8Fe0.2O3-δ 

(SCF) and Sr(Co0.8Fe0.2)0.9Ta0.1O3-δ (SCFTa) were investigated by both isothermal 

gravimetric analysis (TGA) and X-Ray diffraction (XRD). It was shown that the 

reaction between SCF and CO2 at elevated temperature is almost negligible when Ta 

is doped to SCF. XPS analysis shows that the basicity of SCFTa is less than that of 

SCF, which may be contributed to the enhanced stability of SCFTa in CO2 

atmosphere. Ta5+ also increases the perovskite phase stability of SCF in low oxygen 

partial pressure (pO2<10-2 atm), which was proven by the disappearance of a strong 

shrinkage signal during thermal expansion measurements. In the oxygen permeation 

measurement, the oxygen flux of SCFTa was slightly lower than that of SCF when an 

air–helium gradient was applied over the membrane, but it remained almost the same 

when pure CO2 was introduced as sweep gas, while, the oxygen flux of SCF dropped 

drastically at first and decreased to zero after 60 hours in the CO2 atmosphere. 

 

 

 

 

 

 
This chapter has been published as: 

W. Chen, C.-S. Chen, L. Winnubst, Ta-doped SrCo0.8Fe0.2O3-δ membranes: Phase stability and 

oxygen permeation in CO2 atmosphere, Solid State Ionics, 196 (2011) 30-33. 
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4.1 Introduction 
One of the reasons for global warming is the massive anthropogenic emission of 

CO2, which arises mainly from use of fossil fuels. It has been proposed that burning 

fossil fuels with CO2-diluted O2 produces a concentrated CO2 gas stream and thus 

enables efficient CO2 capture [1, 2]. To improve the economic competiveness of this 

oxy-fuel combustion technique, there are substantial efforts in developing ceramic 

oxygen separation membranes that have a potential to reduce the oxygen production 

cost by one third over the present cryogenic air separation process [3]. It is reported 

that the O2/CO2 mixture, necessary for combustion, could be supplied by using CO2 

as sweep gas for the transport of oxygen through a Mixed Ionic and Electronic 

Conductor (MIEC) membrane [4-6]. The MIEC usually has the oxygen deficient 

perovskite structure (ABO3-δ), in which oxygen ions are transported via hopping of 

oxygen vacancies, while electrons are conducted along the B-O-B network. Several 

new materials have been explored from which SrCo0.8Fe0.2O3-δ (SCF) is regarded as 

one of the most promising material. However, SCF has been reported to undergo a 

phase transition from cubic perovskite to orthorhombic brownmillerite below 790°C. 

Moreover, because of the presence of the alkaline-earth element Sr, SCF is very 

sensitive to acidic gasses like CO2. Yi et al. showed that exposure of SCF to an 

atmosphere containing 5% CO2 at 810°C resulted in the decomposition and partial 

failure of the membrane [7]. Zeng et al. also found that SCF completely decomposed 

after annealing in CO2 at 950oC [8].  

Recently, high valence ions such as Ti4+ and Ta5+ have been reported to have 

positive effect on the phase stability and CO2 tolerance of some MIECs. Zeng et al. 

have found that Ti doping considerably decreased the reaction between CO2 and SCF 

[8], while Wang’s group has been reported that introduction of Ta into SrCoO3-δ 

improves phase stability and reversibility in air [9], and Ta containing  

BaCo0.7Fe0.2Ta0.1O3-δ also exhibits high stability, high permeability and a low thermal 

expansion coefficient [10]. Bi et al. also found that partial substitution of Ce by Ta 
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strongly increased the chemical stability of BaCe0.8Y0.2O3-δ against CO2 [11], and 

they claimed that the relatively high electronegativity of Ta decreased the basicity of 

BaCe0.8Y0.2O3-δ, and consequently increased the chemical stability in a CO2 

environment. So it is reasonable to make the assumption that partial substitution of 

the B-site Co and Fe in SCF by Ta may increase its phase stability and CO2 tolerance.  

In this work, 10% of the Co and Fe cations in SCF were substituted by Ta, 

aiming to increase to the stability of SCF in CO2 atmosphere. Both isothermal 

gravimetric and XRD were used to study the effect of Ta doping on phase stability, 

while oxygen permeation measurements were performed to examine permeation 

performance under operating conditions. 

4.2 Experimental 
SrCo0.8Fe0.2O3-δ (SCF) and Sr(Co0.8Fe0.2)0.9Ta0.1O3-δ (SCFTa) powders were 

synthesized using an EDTA complexation/pyrolysis process [12]. Required quantity 

of SrCO3 were dissolved in diluted nitric acid and appropriate amounts of Co(NO3)2, 

Fe(NO3)3 solutions and EDTA (metal-cation: EDTA=1:1) were added. The pH of the 

solution was adjusted to 2 with ammonia and finally Ta2O5 was added. The mixture 

was evaporated at 80oC while stirring until a viscous resin was obtained and 

subsequently heated on a hot plate, resulting in a rapid and vigor auto-ignition. The 

resultant powder was calcined at 1000oC for 5 h. The calcined powders were pressed 

uni-axially at 4 MPa into disk shapes, subsequently cold isostatically pressed at 

300Mpa, and sintered in ambient air at 1200oC (SCF) or 1237oC (SCFTa) for 15h.  

Densities of the sintered samples were determined using Archimedes method in 

mercury. The phase composition was analyzed using XRD (Philips X’Pert Pro Super, 

Cu Kα). The O1s XPS spectra of as-calcined powders were measured using an 

ESCALAB MK II, VG equipment, and analyzed with the Gaussian peaks software. 

Isothermal gravimetric analyses were carried out in a home-built apparatus equipped 

with an analytical balance. About 1 g of powder was placed in a quartz sample holder 

suspended from the bottom of the balance with a hooked quartz stick, and was heated 
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in flowing air to 900oC. When the sample mass reached a constant value at 900oC, a 

CO2 stream was introduced instead of air and the mass change was recorded and 

sampled by a computer.  

Thermal expansion measurements were conducted using a dilatometer 

(NETZSCH DIL 402C) at a heating/cooling rate 3 °C. First, sintered SCF and SCFTa 

samples were heated to 1000oC in nitrogen (pO2 ~10-4 atm) and then cooled to room 

temperature also in nitrogen. After that, the as-annealed samples were heated to 

1000oC again in nitrogen and the thermal expansion was recorded.  

The experimental setup for oxygen permeation measurements is schematically 

shown in Figure 4.1. Disk-shaped samples with a diameter of 15 mm and a relative 

density > 90 % were polished to a thickness of 1 mm and ultrasonically cleaned in 

ethanol. The membranes were sealed to one end of an alumina tube at 1020oC using a 

glass ring as sealant. After sealing, the temperature was lowered to 900oC, and air 

was fed to one side of the sample (100ml/min), while He or CO2 (50ml/min) was led 

over the other (permeate) side to carry away the permeated oxygen. The composition 

of the effluent stream at the permeate side was analyzed by an online gas 

chromatograph (Ke Xiao instrument China GC-1690T). The oxygen flux was 

corrected for any oxygen leakage through the glass sealant or imperfection in the 

pellet by measuring the concentration of nitrogen in the effluent stream. The amount 

of leakage oxygen is typically less than 5% of the total amount of the permeated 

oxygen. 
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Figure 4.1. Schematic diagram of the high temperature permeation setup 

4.3 Results and Discussion 

4.3.1 Phase composition and thermal expansion 

Figure 4.2 shows the room temperature XRD patterns of as-calcined SCF and 

SCFTa powders. The XRD patterns can be indexed as cubic perovskite, and there is 

no evidence of second phase, indicating that a phase pure perovskite structure can be 

obtained by the synthesis method described above.  
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Figure 4.2. XRD patterns of as-calcined SCF and SCFTa. All peaks are indexed in cubic 

setting 
For SCF, it is well known that, during heating, a phase transition from the 

brownmillerite to the perovskite crystal structure occurs around 790oC when pO2 is 

less than 10-2 atm [13-16], accompanied by a sudden volume decrease of more than 

1% which may result in cracking of the membrane. Because of the sudden expansion 

during the formation of the perovskite crystal structure, analyzing the thermal 

expansion as function of temperature is a simple tool for detecting whether a 

membrane experiences this phase transition. Such a sudden expansion is even better 

visible when the derivative of the expansion as function of temperature is depicted. 

Thermal expansion measurements for both SCF and SCFTa were conducted and the 

results are shown in Figure 4.3. A sudden large shrinkage for un-doped SCF at 

around 760oC is observed which can be identified as the phase transition from the 

orthorhombic brownmillerite to the cubic perovskite structure. In previous work [17], 

we have found that addition of Zr increases the phase stability of SCF in a nitrogen 

atmosphere and decreases the volume change. However, still a small change in 

thermal expansion occurs when 4% Zr (the solubility limit in SCF) was added. 

While, no such shrinkage is observed for SCFTa (see Figure 4.3), suggesting that Ta 
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doping can completely prevent the phase transition. 

300 400 500 600 700 800 900 1000

-5

-4

-3

-2

-1

0

1

2

3
 

dL
/L

0
(d

T)
-1
(K

)-1
10

-5
 

 

Temperature (oC)

SCF

SCFTa

 
Figure 4.3. Derivative of the expansion as function of temperature of SCF and SCFTa 

(in nitrogen) 

4.3.2 Effect of Ta-doping on the reaction between SCF powders and CO2 

Isothermal gravimetric analysis of SCF and SCFTa powders in CO2 atmosphere 

at 900°C are given in Figure 4.4. The mass of the SCF powder immediately increased 

upon exposure to pure CO2 at 900°C, resulting in a mass gain of 14.5% after 18 

hours. While the Ta-doped SCF powder showed a slight increase in mass of only 

1.7% after 17 hours of CO2 exposure. Obviously, the reaction between SCF and CO2 

is largely restrained by the doping of Ta to SCF. After the isothermal gravimetric 

analysis, the samples were cooled to room temperature in CO2 atmosphere and X-ray 

powder diffraction measurements were conducted to study the phase composition. 

The results given in Figure 4.5 show that the SCF sample completely decomposed 

into strontium carbonates and iron/cobalt oxides, which is in accordance with the 

work of Rui [18] and Yang [19]. For the Ta-doped SCF, only a small amount of 

SrCO3 was present but this could be regarded as an extremely small amount, while 
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the perovskite structure of SCFTa was largely preserved.  
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Figure 4.4. Mass change of SCF and SCFTa powder samples upon exposure to CO2 at 

900oC 
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Figure 4.5. XRD patterns of SCF and SCFTa after isothermal gravimetric analysis in 

CO2 atmosphere at 900oC for 19 and 17 hours respectively and subsequently cooled to room 
temperature in CO2. P: perovskite; C: SrCO3; O: metal-oxides 
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The general reaction between SCF or SCFTa and CO2 can be written as follow 

[20]: 

0.8 0.2 3-δ 2

3 2 3 2

SrCo Fe O +CO
0.9-δSrCO +0.1Fe O +0.8CoO+ O

2
  (4.1) 

0.8 0.2 0.9 0.1 3-δ 2

3 2 3 2 5 2

Sr(Co Fe ) Ta O +CO
0.76-δSrCO +0.09Fe O +0.72CoO+0.05Ta O + O

2

 (4.2) 

If δ is assumed to be 0.5 [21], as mentioned in , it can be calculated from these 

chemical reactions in combination with the mass loss as determined by isothermal 

gravimetric analysis (Figure 4.2) that over 85% (mole) of SCF has decomposed, 

while this decomposition less than 8% for SCFTa. Generally, the chemical reactions 

as given in eq. (4.1) and (4.2) can be regarded as a Lewis acid-base reaction, where 

CO2 acts as the acid while the metal oxides represent the solid base [11]. The 

intensity of this reaction is determined by the basicity of the metal oxides, and it is 

well known that the basicity of a metal oxide is defined as the ability of these species 

to donate electrons to an adsorbed molecule (in this case CO2). In general, the O1s 

binding energy (O1s BE), which is related to the charge density around the oxide 

ions, is usually used as a measure for the basicity of metal oxides [22, 23]. A higher 

O1s BE means a lower charge density and consequently it is harder for the oxides to 

donate electrons to the adsorbed molecule. In this work, the O1s BE of SCF and 

SCFTa were measured by X-ray Photoelectron Spectroscopy (XPS). The XPS spectra 

of the O1s BE signals are shown in Figure 4.6, and all specific data are summarized 

in table 4.1. 
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Figure 4.6. O1s binding energy of lattice oxide ions and absorbed oxygen of SCF and 

SCFTa powders as determined by XPS 
Table 4.1. O1s binding energies of SCF and SCFTa 

       Absorbed oxygen (eV) Lattice oxygen (eV) 

SCF 531.4 528.7 

SCFTa 531.4 529.1 

The peak at 531.4 eV is assigned to oxygen absorbed on the particle surface [8], 

which is identical for both SCF and SCFTa. However, the peak for lattice oxygen of 

SCFTa in XPS shifts to a higher value by 0.4 eV compared with pure SCF, indicating 

that the electron donating capacity of SCFTa is less and consequently its basic 

character is weaker than that of SCF. One possible reason for the lower basicity of 

SCFTa is that the Ta-O bond strength of 799.1 kJ/mol is much higher than that of Co-

O (384.5 kJ/mol) and the Fe-O bond (390.4 kJ/mol) [24]. So, partial substitution of 

Co and Fe, as present on the B-sites of SCF, by Ta increases the average B-O bond 

strength and consequently decreases the surface charge density, leading to a decrease 

of the basicity of SCF.  
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4.3.3 Oxygen permeation 
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Figure 4.7. Time dependence of oxygen permeation flux through 1 mm membranes at 

900oC; Sweep gas flow rate (He, CO2): 50ml/min 
■: SCF in He; □: SCF in CO2; ●: SCFTa in He; ○: SCFTa in CO2 

To examine the oxygen permeation performance of SCF and SCFTa membranes 

under operating conditions, i.e. in a CO2 atmosphere, long term oxygen permeation 

measurements were performed at 900°C under air/CO2 gradient (air flow rate 100 

ml/min). The results, as given in Figure 4.7, showed a permeability of around 1×10-6 

mol/cm2/s for SCF when helium (50 ml/min) was used as sweep gas, which is in 

accordance with literature [15]. However, when CO2 (50 ml/min) was introduced, the 

flux suddenly dropped to 7.2×10-7 mol/cm2/s, followed by a decrease to almost zero 

after 57 hours of CO2 exposure at the sweep side of the membrane. For SCFTa, it 

took almost 30 hours to achieve a steady oxygen permeation flux in helium, which 

has also been found by Zhu and Yi in their work [25, 26]. This could be due to 

readjusting of the lattice structure from the as-prepared state to a steady state under 

permeation conditions or to a reduction of the initial surface oxygen desorption rate. 
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When CO2 was introduced as sweep gas instead of helium, the oxygen permeation 

flux dropped from 9×10-7 mol/cm2/s to 8.5×10-7 mol/cm2/s. This drop in permeation 

is much lower than that of SCF. Even more important is that the flux remained 

almost constant during the following 50 hours (7.8×10-7 mol/cm2/s after 50 hours). 

Overall, it is worthwhile to get a stable membrane at the expense of sacrificing a little 

of permeability because stability is of top importance in industry. The good 

performance of SCFTa undoubtedly suggests that SCFTa should be a promising 

material for oxygen production in the oxy-fuel process. 

4.4 Conclusion 
The phase transition from perovskite to brownmillerite at low oxygen partial 

pressure (pO2<10-2 atm) can effectively be restrained by substitution of Co and Fe 

with 10 % Ta at the B site of SrCo0.8Fe0.2O3-δ (SCF). Oxygen permeation 

measurements were conducted and the results showed that the Ta-doped SCF 

possessed much better long-term stability in a CO2 atmosphere than pure SCF. A 

possible reason is that Ta doping decreases the basicity of SCF, which restrains the 

acid-base reaction of CO2 with SCF. Actually, the decrease of basicity has been 

proven by XPS analysis. To sum up, the good performance of SCFTa in reducing 

atmosphere as well as in CO2 atmosphere makes this material an interesting 

candidate as membrane in the oxy-fuel combustion process. 
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Chapter 5 Oxygen-selective membranes 
integrated with oxy-fuel combustion 

Abstract: 
The perovskite-type oxide SrCo0.8Fe0.2O3-δ (SCF), a highly oxygen-permeable 

material, is restricted for application in the membrane-integrated oxy-fuel 

combustion process by its low tolerance to CO2. In the present work, we found that 

the CO2 tolerance of SCF is improved by increasing the oxygen partial pressure in 

the CO2-containing gas. Long term oxygen permeation experiments, at 950 ºC, 

showed that mixing 5 % of oxygen into the CO2 sweep gas effectively prevents 

degradation of the SCF membrane. X-ray photoelectron spectroscopy it was indicates 

that the increase in CO2 tolerance of SCF is caused by a decrease in basicity of the 

material with increasing oxygen partial pressure. Based on these experimental 

results, a modified oxy-fuel combustion process is proposed. Calculation of the 

required membrane area for operating a 50 MW coal-fired power plant showed that 

the modified process comprises a viable option.   
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5.1 Introduction 
Oxy-fuel combustion is a promising technique for CO2 capture in a fossil fuel-

fired power plant. In a typical oxy-fuel combustion process, pure oxygen instead of 

air is used for fuel combustion, resulting in a concentrated CO2 gas stream, thus 

enabling efficient CO2 capture. In most cases pure oxygen is separated from air via 

the cryogenic distillation or the pressure swing adsorption (PSA) process. Both 

processes are energy intensive, which limits further development of the oxy-fuel 

combustion technique [1, 2]. It is proposed that oxygen can be produced by using 

mixed ionic-electronic conducting (MIEC) ceramic membranes, through which 

(neutral) oxygen transport at elevated temperatures (usually higher than 700 ºC) [3, 

4]. A general scheme of this process is given in Figure 5.1. The oxygen, as separated 

from air by the membrane, is carried by the sweep gas CO2, while the CO2/O2 gas 

mixture is used to combust the fossil fuel. After combustion and purification, the 

exhaust gas mainly consists of CO2 (> 95 %). Part of the CO2 is recycled as sweep 

gas and the rest is compressed for delivery and storage.  

 
Figure 5.1. Scheme for membrane integrated oxy-fuel combustion process. 

Most MIEC materials have the perovskite crystal structure and contain alkaline-

earth elements like Ca, Sr or Ba. Due to the presence of these elements, a carbonation 

reaction tends to occur when these membranes are exposed to a CO2-containing 

atmosphere. This reaction results in the formation of an alkaline-earth carbonate 
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layer on the membrane surface, which is impermeable for oxygen, resulting in a 

decline in oxygen flux or even to a non-permeating membrane. For example, 

SrCo0.8Fe0.2O3-δ (SCF), a highly oxygen-permeable material, showed a decrease in 

oxygen flux to almost zero within 100 hours when using CO2 as sweep gas [5]. In 

order to increase the CO2 tolerance of SCF membranes, Sr2+ was partially substituted 

with La3+ [6], or Co/Fe with Ti4+, Zr4+, Ta5+ or Nb5+ [7, 8]. However, this 

improvement in CO2 tolerance was at the expense of a decrease in oxygen flux [9]. 

Besides partial substitution, there are other parameters that affect the CO2 

tolerance of SCF, for example, temperature and CO2 partial pressure (pCO2). Yi et al. 

[10] found that SCF is more stable at higher temperature and lower pCO2 (balanced 

with helium), and suggested SCF membranes should be operated above 900 ºC. In 

the present study we examined another possible parameter: the oxygen partial 

pressure (pO2), which has not been reported before to the best of our knowledge, as a 

way to improve the CO2 tolerance of alkaline-earth containing perovskite materials. 

In this study thermal-gravimetric analysis (TGA) was used to investigate the effect of 

pO2 on the stability of the SCF perovskite system in a CO2-containing atmosphere. 

X-ray photoelectron spectroscopy (XPS) was used to examine the oxygen bonding 

energy of SCF at different oxygen partial pressures. Oxygen permeation experiments 

were performed to test the CO2 tolerance of SCF membranes under operating 

conditions by adding 0 % or 5 % of oxygen to the sweep gas (CO2). Finally, we 

propose a modified oxy-fuel combustion process and estimated the SCF membrane 

area needed in a combustion process for a 50 MW coal-fired power plant. 

5.2 Experimental procedure and methodology 

5.2.1 Sample preparation 

SrCo0.8Fe0.2O3-δ (SCF) was synthesized using an EDTA complexation/pyrolysis 

process. Metal nitrates were dissolved at a stoichiometric ratio in demineralized 

water under stirring. EDTA, dissolved in ammonium hydroxide, was added for 
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chelating and after several minutes citric acid was added as well. The molar ratio of 

total metal ions : citric acid : EDTA was 1.0 : 1.5 : 1.0. The pH of the solution was 

adjusted to 6 by adding ammonium hydroxide. Subsequently NH4NO3 was added as 

an ignition aid at an amount of 100 g NH4NO3 per 0.1 mole of metal ions. The final 

solution was heated at 120-150 °C under stirring to evaporate water until the system 

changed into a viscous gel, which was transferred to a stainless steel vessel and 

heated on a hot plate at a temperature of around 500 ºC, while a vigorous combustion 

took place, resulting in a fluffy powder. The powder was collected and calcined at 

950 ºC for 5 hours at a heating and cooling rate of 3 °C/min. The calcined powders 

were uniaxially pressed at 4 Mpa into disk-shaped membranes, subsequently cold 

isostatically pressed at 400 Mpa for 6 minutes, and sintered in ambient air at 1200 °C 

for 10 hours at a heating rate of 3 °C/min and a cooling rate of 2 °C/min. 

5.2.2 Thermal-gravimetric analysis (TGA) 

Isothermal gravimetric analyses were carried out on a Netzsch TG 449 F3 

Jupiter®. About 20 mg of powder was weighed in an alumina crucible and placed in 

the TGA setup. The system was heated to 950 ºC in flowing ‘synthetic’ air (95 

ml/min N2 and 25 ml/min O2; all gas flow rates are given under standard temperature 

and pressure without further notation) at a heating rate of 10 °C/min. The system was 

isothermally held for 1 hour in order to attain equilibrium, indicated by a constant 

weight of the sample. Subsequently the sweep gas was changed to a CO2/O2/N2 

mixture (total flow rate 120 ml/min with a CO2 flow rate 80 ml/min; O2 flow rate is 

variable and N2 is used as balance). After 5 hours, the system was cooled down at 

10 °C/min in the same flowing gases. All TGA data were processed with a correction 

file of a blank crucible using the same temperature program, to exclude background 

data of the equipment.  

5.2.3 X-ray photoelectron spectroscopy analysis 

For X-ray photoelectron spectroscopy (XPS: ESCALAB MK II, VG equipment) 
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analysis SCF bars (8 mm × 4 mm × 3 mm) were prepared using the same procedure 

as for the disk-shaped membranes. After sintering and polishing to the desired 

dimensions, the samples were annealed in nitrogen (pO2 = 10-4 bar) or oxygen (pO2 = 

1.0 bar) at 950 °C for 20 hours and quenched to room temperature within a few 

seconds. Afterwards, the bars were broken and only the center part of the cross 

section was analyzed by XPS using an X-ray beam size of 250 μm and a step size of 

0.05 eV. 

5.2.4 Oxygen permeation measurements 

 
Figure 5.2. Schematic diagram of the high temperature permeation setup. 

The experimental setup for oxygen permeation measurements is schematically 

shown in Figure 5.2. Disk-shaped membranes with a diameter of 15 mm and a 

relative density > 90 % were polished to a thickness of 1 mm and ultrasonically 
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cleaned in ethanol. The membranes were sealed to one end of a quartz tube (diameter 

12 mm) using gold paste and a sealing temperature of 1000 °C. After sealing, the 

temperature was lowered to 950 °C, and air was applied as feed gas to one side of the 

membrane (100 ml/min), while CO2 (50 ml/min) or a CO2/O2 gas mixture (50 

ml/min) was applied to the other side to sweep away the permeated oxygen. The 

composition of the effluent gas at the permeate side was analyzed by an oxygen 

sensor (Systech ZR893). A gas chromatograph (Varian CP 4900 equipped with 5 Å 

molecular sieve column using He as carrier gas) was used to check for any leakage of 

the sealing. If there was no nitrogen peak in the spectrum for the permeate gas 

stream, it was assumed that the sealing was sufficient and oxygen permeation due to 

leakage was neglected. 

5.2.5 Membrane area calculation 

The aim of this calculation is to estimate the membrane area needed for a 50 

MW coal-fired power plant. This was done in two steps: 1) calculation of the oxygen 

produced by a single membrane tube and 2) determination of the total required 

membrane area, necessary for the power plant, based on the calculation for a single 

tube. 
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Oxygen production by a single membrane tube 

 
Figure 5.3. Schematic drawing of (a) a membrane module and (b) a membrane tube.  

Tubular membranes were chosen in this study and a simple scheme of the 

membrane module and a membrane tube is shown in Figure 5.3. For the calculation 

the oxygen production by a single membrane tube, the following assumptions are 

made: (1) oxygen is transported from the shell side to the core side of the membrane 

tube; (2) the sweep and feed gas flows are in a counter-current mode; (3) there is no 

oxygen concentration polarization in the radial direction; (4) the absolute pressure 

drop in the membrane module is neglected; (5) the oxygen transport in both core and 

shell side of the membrane is described by a convection diffusion and a reaction 

model (eq. (5.1) - (5.2)) [11]; (6) the oxygen flux is governed by Wagner’s equation 

(eq. (5.3)) [12], in which the electronic conductivity of the membranes is 

predominant and the ionic conductivity constant.  
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Where f , D , P , F and vv  are O2 mole fractions, O2 diffusion coefficients in the 

gas phase, absolute pressure, volume flow rate and velocity of the sweep (with 

subscript s) gas or feed (with subscript f) gas; R gas constant, z the coordinates along 

the membrane tube, T absolute temperature, mV  molar volume of oxygen in the gas 

phase oxygen at given temperature and pressure, Fa Faraday constant, d membrane 

thickness, ion  oxygen ionic conductivity, R1 the radius of the tube membrane 
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(average of outer and inner diameter) and R2 the distance from center of the tube 

membrane to the wall boundary (Figure 5.3). i
sf , i

ff  i
sf  and i

ff  are the O2 mole 

fractions at the inlet (with superscript i) and outlet (with superscript o) of sweep gas 

and feed gas and L the length of the membrane tube. 

Eq. (5.1)-(5.2), in combination with the boundary conditions as given in eq. 

(5.4), can be numerically solved if sweep/feed gas flow rates (F) and their O2 mole 

fractions (f) at the inlet of the membrane tube are known ( i i i i
s f s f, , ,F F f f ). From 

these results gas flow rates and O2 mole fractions at the outlet of the membrane tube 

can be calculated ( o o o o
s f s f, , ,F F f f ). In most cases, i i

s fandf f  are fixed, while i
sF  

and i
fF  can be adjusted if necessary. For example, if a certain O2 mole fractions 

( o o
s f,f f ) in the sweep/feed gas at the outlet of the membrane tube is required, 

appropriate i
sF  and i

fF  values have to be chosen. In this study. In this work  o
sf  is 

fixed at a value of 0.35 because it has been reported that a composition of 

approximately 35 % O2 and 65 % of CO2 (v/v) is needed in an oxy-fuel combustion 

process to ensure the flame temperature and heat capacity of gases to match fuel 

combustion in air [14]. Besides, o
ff  is kept at a value of 0.02 which means that 

around 92 % of oxygen in the air is recovered. 

As the increase of sweep gas flow rate is caused by the permeated oxygen, the 

amount of moles of oxygen produced by a single membrane tube,
2OF , can be 

calculated with eq. (5.5): 

 
2

o i
O s sF F F  (5.5) 

Total membrane area calculation 

The total membrane area is based on a 50 MW coal-fired power plant. In this 

power plant, the combustion of coal is described by reaction (6) assuming coal 
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contains 100 % of carbon. 

 2 2C+O CO  (5.6) 

If it is further assumed that the heat density of coal is 30 MJ/kg (HHV) and the 

overall efficiency of the power plant is 30 % [15], the total amount of coal needed for 

one hour operation of this power plant is 

 coal
50 MW 3600 s 1667 kmole

30 MJ/kg 0.3 12 kg/kmole
N  (5.7) 

The oxygen needed for the combustion of coal has the same mole number. Since 

the oxygen produced by a single tube membrane is known (eq. (5.5)), the number of 

tubular membranes, Nm, and also the total membrane area, A, can be calculated: 

 2

2

T
O

m
O

F
N

F
 (5.8) 

 1 m2π LA R N  (5.9) 

where 
2

T
OF is the amount of total oxygen needed and 

2OF  is the amount of oxygen 

produced by a single membrane tube.  

5.3 Results and discussion 

5.3.1 Thermal-gravimetric analysis 

The calcined SCF powder was checked to have a phase pure perovskite crystal 

structure by means of XRD. The reaction between SCF and CO2 was studied by 

isothermal gravimetric experiments TGA. In Figure 5.4a, the results of TGA 

experiments at 950 °C are described under varying pO2 by adjusting the N2/O2 ratio 

and keeping the pCO2 constant at 0.67 bar. The weight of the SCF powder samples 

immediately increases upon exposure to a CO2-containing gas mixture, while the rate 

of weight gain is different when the experiments were performed at different pO2 (10-

4, 0.05, 0.10 and 0.20 bar); a higher pO2 leads to a lower reaction rate of CO2 with the 

SCF powder sample. After 5 hours, the weight of the samples increased by 15.4 %, 
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10.4 %, 8.6 % and 6.2 % respectively. Clearly, the reaction between SCF and CO2 at 

950 °C is strongly affected by pO2.  

 
Figure 5.4. Weight change of SCF powder samples under different conditions; a) 

variation in pO2; b) variation in temperature. (pCO2 = 0.67 bar in all cases; balance: N2). 

Another parameter that can influence the reaction between SCF and CO2 is the 

temperature. At 1000 °C, the reaction was very slow, and after 5 hours, the weight 

only increased by 0.8 %, compared to 9. 4 % and 8.6 % for 900 °C and 950 °C, 

respectively, when using a pO2 of 0.1 bar. A higher temperature leads to a lower 

reaction rate (Figure 5.4b), which indicates that SCF is more stable at higher 

temperatures. This result is in accordance with previous data of Yi et al. [10]. A 

similar trend has been found for other perovskite structures like BaCe0.9Y0.1O3–δ [16]. 

A thermodynamic analysis has been performed by Brandão et al. [17] for the 

explanation of this temperature effect.   
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5.3.2 XPS analysis 

 
Figure 5.5. O1s binding energy of SCF samples quenched from 950 °C at different pO2; 
a) pO2 = 10-4 bar; b) pO2 = 1.0 bar; P1: Absorbed water; P2: Absorbed oxygen; 

P3: Lattice oxygen. (Details about peak position can be found in the Table 5.1) 

 
Table 5.1. Peak positions of the XPS spectrum as given in Fig. 5.5. 

pO2 (bar) P1 (eV) P2 (eV) P3 (eV) 

1×10-4 (Fig. 

5a) 
533.0 531.4 528.9 

1.0 (Fig. 5b) 533.0 531.4 529.5 

The inhibition of the reaction between SCF and CO2 can be explained by the 

Lewis acid–base theory, where CO2 is regarded as the gas acid and SCF as the solid 

base [5]. The intensity of this reaction is determined by the basicity of SCF, which 
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may be different under different conditions, for example, different temperature or 

pO2. In general, the basicity of a metal oxide is defined as its ability to donate 

electrons to an adsorbed molecule (in this case CO2). The O1s binding energy (O1s 

BE), which is related to the charge density around the oxide ions, is usually taken as 

a measure of the basicity of a metal oxide [18, 19]. A higher O1s BE means a lower 

charge density, consequently, it is more difficult for the oxides to donate electrons to 

the adsorbed molecules [20], indicating a lower basicity of the metal oxide. To check 

whether the O1s BE for SCF is pO2 dependent, we annealed SCF bulk samples in 

oxygen (pO2=1 bar) and nitrogen (pO2=10-4 bar) at 950 °C for 20 hours and 

quenched them to room temperature. XPS analysis was used to determine the O1s 

BE. The raw XPS data were de-convoluted into three Gaussian peaks (Figure 5.5). 

The peak at 533.0 eV is assigned to absorbed water, 531.4 eV to oxygen in absorbed 

oxygen, and 528-530 eV to lattice oxygen [21, 22]. For absorbed water and oxygen, 

the O1s BE has the same value in both pO2 cases. For the lattice oxygen an increase 

in O1s BE from 528.9 eV to 529.5 eV was observed when pO2 was increased from 

10-4 to 1 bar. This suggests that the basicity of SCF tends to be lower at higher pO2, 

thus lowers the affinity of reaction between SCF and CO2. This result is in agreement 

with the TGA analysis (Figure 5a). 

5.3.3 Oxygen permeation measurements 
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Figure 5.6. Long-term oxygen permeation tests of SCF membranes at 950 °C by using 

pure CO2 (circles) or an O2/CO2 mixture (squares, O2 mole fraction 5 %) as sweep gas (50 
ml/min for both cases). Feed gas: air. Membrane thickness: 1 mm. 

To check the stability of SCF membranes in CO2 under operating conditions, 

two long term (90 hours) oxygen permeation measurements were performed, at 

950 °C, in CO2 atmosphere. In the first experiment synthetic air (O2 20 ml/min and 

N2 80 ml/min) was used as feed gas, and pure CO2 (50 ml/min, pO2 ≈ 10-4 bar) was 

used as sweep gas. In the second experiment, a mixture of O2/CO2 (O2 2.5 ml/min 

and CO2 47.5 ml/min) was used as sweep gas, and the feed gas was partly changed 

(O2 50 ml/min and N2 50 ml/min) to ensure a comparable pO2 gradient across the 

membrane for both experiments. The results of oxygen permeation measurements, as 

given in Figure 5.6, show that the SCF membranes behaved quite differently in pure 

CO2 than in the CO2/O2 mixture. If pure CO2 is used as sweep gas, the oxygen flux 

decreased quickly to zero within 25 hours. A similar result has also been reported by 

Zeng et al. [5]. By using an O2/CO2 mixture (pO2 = 0.05 bar) as sweep gas, the 

oxygen flux decreased by 34 % in the first 10 hours, and slowly recovered to 90 % of 

its original value in the following 50 hours, and then became constant. Although it is 
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still not clear what caused the oxygen flux decrease in the first 10 hours, it is obvious 

that the addition of some oxygen to the sweep gas indeed enhances the CO2 tolerance 

of SCF membranes in a CO2 atmosphere under operating conditions, and thus 

prevented the oxygen flux from decreasing in the long run. However, as shown in 

Figure 5.5, the reaction between SCF powder and CO2 could not be prevented at a 

temperature of 950 ˚C by increasing pO2 up to 0.20 bar, which seems to be in conflict 

with the oxygen permeation results. This “conflict” is attributed to the dynamic 

process occurring at the permeate side of the membrane. During an oxygen 

permeation experiment, oxygen is released from the membrane surface at the 

permeate side in the form of oxygen molecules, creating a higher oxygen activity at 

the membrane interface than in the gas bulk phase [23, 24]. This dynamic process, 

which is different from the stationary environment in the TGA experiments, is 

beneficial for the membrane stability.  

5.3.4 Process design and membrane area calculation 

 

 
Figure 5.7. A modified process scheme for the membrane integrated oxy-fuel 

combustion. 
Based on these experimental results we propose a new design for a membrane 

integrated oxy-fuel combustion process (Figure 5.7). In this concept an extra CO2/O2 

recycle is introduced to increase the pO2 in the CO2 sweep gas. This modification 
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ensures that the pO2 in the CO2 sweep gas at the inlet of the membrane module is 

high enough to protect SCF from degradation by carbonation. However, this 

modification also leads to an increase of needed membrane area because part of 

CO2/O2 gas stream is used for recycling and the driving force for oxygen permeation 

is also slightly decreased. In order to quantitatively study this effect, a calculation 

was performed of the total membrane area needed for a 50 MW coal-fired power 

plant using O2 mole fractions in the CO2 sweep varying from 0.005 to 0.1 (details 

about this calculation can be found in the experimental procedure and methodology 

section). The membrane geometry and operating conditions are listed in Table 5.2.  

Table 5.2. Membrane geometry and operating conditions of oxygen permeation in a single 
membrane tube. 
Variable Value Units 

Membrane length (L) 100 cm 

Membrane outer diameter 1.0 cm 
Membrane inner diameter 0.8 cm 
Ionic conductivity 1.0 S/cm 
   
Feed side pressure 10 bar 
Sweep side pressure 1.7* bar 
Temperature 1223 K 
Diffusion coefficient of O2/N2 2.19** cm2/s 
Diffusion coefficient of O2/CO2 1.55** cm2/s 
   
O2 mole fraction of feed gas at inlet ( i

ff ) 0.209 - 

O2 mole fraction of sweep gas at inlet ( i
sf ) 0.005-0.1 - 

O2 mole fraction of feed gas at outlet ( o
ff ) 0.02 - 

O2 mole fraction of sweep gas at outlet ( o
sf ) 0.35 - 

 
*: Typical pressure for oxy-fuel application [1]. 

**: The binary diffusion coefficients of O2/N2 and O2/CO2 at 950 °C were calculated with 

Chapman-Enskog’s theory [25]. 
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The results of calculation are given in Figure 5.8. When i
sf  (O2 mole fraction in 

CO2 sweep gas) is increased to 0.05, which has been proven to be sufficient to 

protect SCF membranes against CO2 degradation, the total needed membrane area 

increases from 4.97×104 to 5.81×104 m2, so only by ~17 % compared with the 

(theoretical) case of using pure CO2 as sweep gas.  

 
Figure 5.8. Calculated SCF membrane area for a 50 MW coal-fired power plant with 

different O2 mole fractions of CO2 in the sweep gas.  

5.4 Conclusion 
This study demonstrates that degradation of SrCo0.8Fe0.2O3-δ (SCF) perovskite, 

oxygen-selective, membranes in a CO2 atmosphere is affected by the oxygen partial 

pressure in the CO2 sweep gas. Increasing the oxygen partial pressure enhances the 

CO2 tolerance of these membranes. Long term oxygen permeation tests at 950 °C 

showed that mixing 5 % of oxygen to the CO2 sweep gas can prevent the SCF 

membrane from degradation without sacrificing its high oxygen permeability. Based 

on these experimental results a modified membrane integrated oxy-fuel combustion 
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process is proposed. A simple membrane area calculation shows that 17 % of 

additional membrane area is necessary for achieving the same oxygen yield  

compared with pure CO2  as sweep gas. 
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Chapter 6 Membrane-integrated oxy-fuel 
combustion: process design and simulation 

Abstract: 
In this chapter a membrane-integrated oxy-fuel combustion process is designed 

and simulated in UniSim®. The results show that a net efficiency of 32.1 % is 

obtained for a coal-fired power plant where 20 tonne/h of coal is burned for electric 

power generation, which is higher than that of an oxy-fuel combustion process using 

oxygen from cryogenic distillation of air (29.6 %). The specific electrical energy 

demand for CO2 capture in this oxy-fuel process, including oxygen production and 

CO2 compression (to 100 bar), is calculated to be ~159 
2e COkWh / t . The required 

membrane area for the power plant is approximately 71,000 m2 based on Ta-doped 

SrCo0.8Fe0.2O3-δ (SCF) membranes. Inspired by the research as described in chapter 4, 

a modified process is proposed, in which un-doped SCF membranes are used for air 

separation and an extra O2/CO2 loop is introduced to protect the SCF membranes. 

The modified process shows a similar net efficiency of 31.9 %, but a considerably 

lower amount of membrane area (49,000 m2) is necessary.  
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List of symbols 

A Surface area of an heat exchanger (m2) 

Am Total needed membrane area (m2) 

d Membrane thickness (cm) 

Di Membrane inner diameter (cm) 

Do Membrane outer diameter (cm) 

outE  electric power output (MW) 

tE  thermal power released from the coal combustion (MW) 

2OE  Power for oxygen production (MW) 

2

COM
COE  Power for CO2 compression to 100 bar (MW) 
i

ff  Oxygen mole fraction of the feed gas at inlet 
o

ff  Oxygen mole fraction of the feed gas at outlet 
i

sf  Oxygen mole fraction of the sweep gas at inlet 
o

sf  Oxygen mole fraction of the sweep gas at outlet 
i

fF  Feed gas flow rate in a single membrane tube at inlet (mole/h) 
o

fF  Feed gas flow rate in a single membrane tube at outlet (mole/h) 
i

sF  Sweep gas flow rate in a single membrane tube at inlet (mole/h) 
o

sF  Sweep gas flow rate in a single membrane tube at outlet (mole/h) 
i

f (T)F  Total feed gas flow rate of the membrane module at inlet (mole/h) 
o

f (T)F  Total feed gas flow rate of the membrane module at outlet (mole/h) 
i

s (T)F  Total sweep gas flow rate of the membrane module at inlet (mole/h) 
o

s (T)F  Total sweep gas flow rate of the membrane module at outlet (mole/h) 

2OF  Oxygen produced by a single membrane tube (mole/h) 

2

T
OF  Oxygen produced by the whole membrane module (mole/h) 

2Oj  Oxygen flux (mole/cm2/s) 

L  Length of the membrane tube (cm) 

2Om
2Om  Oxygen mass flow rate (tonne/h) 
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2COm
2COm  CO2 capturing mass flow rate (tonne/h) 

2COF  CO2 molar flow rate (mole/h) 

mN  Total needed membrane tube number 

fP  Operating pressure of the feed gas (bar) 

sP  Operating pressure of the sweep gas (bar) 

2OP  Oxygen partial pressure (bar) 

2OP  Oxygen partial pressure at feed side (bar) 

2OP  Oxygen partial pressure at sweep side (bar) 

Q  Heat transferred per unit time in a heat exchanger (MW) 

R Gas constant (J/mole/K) 

2COSE  Specific energy for CO2 capture (
2e COkWh / t ) 

2OSE  Specific energy for O2 production (
2e OkWh / t ) 

T Temperature (K) 

lmΔT  Logarithm mean temperature difference between the two fluids (K 

U Overall heat transfer coefficient of the heat exchanger (W/m2/C) 

t e  Overall steam turbine efficiency 
 Power plant net efficiency 

r  Power plant net efficiency of the reference case 

o  Power plant net efficiency of the oxy-fuel combustion process 

 Oxygen recovery 
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6.1 Introduction 
Coal-fired power plants contribute to around 30 % of the total anthropogenic 

CO2 emission to the atmosphere, which is considered to be one of the main reasons 

of the global climate change. In the past 20 years several techniques are developed to 

reduce the CO2 emission and several overviews of these techniques were published 

[1-3]. Among these techniques post-combustion, combined with amine absorption, is 

the most mature one. In this technique CO2 in the flue gas from the power plant is 

chemically absorbed at ambient temperature by an amine and the CO2-enriched 

amine then flows through a stripper where temperature is increased to 110 oC - 130 
oC to remove the absorbed CO2 [4]. After CO2 removal, the amine solvent is pumped 

back to the absorber via an amine lean-rich heat exchanger and a cooler to bring it 

down to the absorber temperature level. In this technique, large amounts of energy 

has to be applied for the desorption of CO2 in the stripper because part of the water in 

the amine solvent (around 70 wt %) is also evaporated. The overall energy 

consumption for CO2 capture in this amine absorption process is approximately 340-

450 
2e COkWh /t , which results in a net efficiency drop of 30-35 % for the whole post-

combustion process [5-7].  

Another promising technique for CO2 capture is oxy-fuel combustion where 

pure oxygen, instead of air, is used for the combustion of coal, resulting in a 

concentrated CO2 gas stream thus enabling efficient CO2 capture, because no amine 

absorption/desorption process is required [8]. Pure oxygen, required for the oxy-fuel 

combustion process, can be produced via cryogenic distillation of air, which is a 

mature technique for oxygen separation from air, as established around 100 years 

ago. However, the energy consumption for oxygen production, using this technique, 

is relatively high. For a standalone cryogenic air separation unit the specific energy 

for oxygen production is about 200-240 
2e OkWh /t  [9] (oxygen under standard 

conditions), which leads to a net efficiency drop in the power plant of ~10 %. This 
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efficiency drop is much smaller than that in the amine based post-combustion 

process. In addition, the energy, necessary for oxygen production by cryogenic 

distillation, can be further decreased by optimizing this process, but 160 
2e OkWh /t  

seems to be a realistic limit [9]. To overcome this limit, it is proposed to produce the 

oxygen, required needed for the oxy-fuel combustion process, by using oxygen 

transport membranes (OTM), which are conductive only to oxygen at elevated 

temperatures (>700 oC) [5, 10-12]. A general scheme of this process is shown in 

Figure 6.1. The oxygen, as separated from air by the membrane, is swept by the CO2, 

while the O2/CO2 gas mixture is used for the combustion of the fossil fuels. After 

purification, the exhaust gas mainly consists of CO2, part of the CO2 is recycled as 

sweep gas, and the other part is compressed for delivery and storage. 

 
Figure 6.1. A simple illustration of the membrane-integrated oxy-fuel combustion 

process. 
A lot of research is performed in the field of exploring suitable membranes for 

air separation for this application [11, 13-18]. However, little work has been done on 

the overall evaluation of a membrane-integrated oxy-fuel combustion process, such 

as membrane area and energy balance estimation or to show whether the currently 

developed membranes are sufficient for, or far from, industrial application [19].  

In this study, a membrane-integrated oxy-fuel combustion process is designed 

for a coal-fired power plant, where 20 tonne/h of coal is burned for electric power. 
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This process is simulated in UniSim®, and the membrane area, necessary for air 

separation for the power plant, the net efficiency of the power plant and the energy 

demand for CO2 capture are calculated. For comparison, two other combustion 

processes are presented: a conventional coal-fired power plant, using air, without 

CO2 capture and an oxy-fuel combustion process using oxygen from cryogenic 

distillation of air. The differences among these processes are discussed. 

6.2 Coal-fired power plant without CO2 capture 
In a conventional coal-fired power plant, air is used to combust the coal and the 

CO2-containing exhaust gas is emitted to the atmosphere. A simple scheme of this 

process is shown in Figure 6.2. Here air is compressed to 1.7 bar (A1) to carry the 

pulverized coal to the burner, where combustion occurs. It is assumed that there is 

only carbon in the coal and the reaction between carbon and oxygen is 

stoichiometric, 

 ο
2 2 rC O CO 393.5 kJ/molH  (6.1) 

The thermal energy, released from the burner, is used by a steam turbine for 

electricity generation. It should be noted that the steam turbine system was not drawn 

in this process because its efficiency varies a lot in different power plants. In this 

work, we use a parameter called overall steam turbine efficiency ( t e ) to represent 

the conversion ratio from thermal power to electric power. 

 
Figure 6.2. Scheme for a conventional coal-fired power plant without CO2 capture 

(details about the material and power streams are given in table A6.1. in the appendix).  
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The temperature of the flue gas (A2) from the burner at ~ 400 oC is further 

decreased to 50 oC by a Heat-Recovery-Steam-Generator (HRSG), which energy 

(E3) is also used for the steam turbine system. After the HRSG the exhaust gas 

consists of some impurity (acid) gases like SO2 and NOx, which have to be removed 

in a purification step before emission to the atmosphere is allowed. However, as is 

mentioned above, it is assumed that there is only carbon in the coal and thus a 

purification step is omitted. The same strategy holds for all studies in this work. 

The electric power output ( outE ) and net efficiency ( r ) of the process were 

calculated by means of the following equations: 

 out 2 3 t e 1( )E E E E  (6.2) 

 out
r

t

100 %E
E

 (6.3) 

where E1, E2 and E3 are indicated in Figure 6.2 and tE , the total thermal energy 

released from the combustion, is calculated by the following equation: 

 
2

o
t r COE H F  (6.4) 

where o
rH  is the standard enthalpy change in the reaction shown in eq. (6.1), and 

2COF  the CO2 molar flow rate.  

As can be seen from eq. (6.2) and (6.3), t e  plays an important role in 

determining the electric power output and the power plant net efficiency. In principle, 

t e  has a theoretical maximum Carnot efficiency of ~64 % assuming the 

water/steam cycle works between room temperature (25 oC) and 565 oC (creep 

temperature of stainless steel), but an actual efficiency of up to 42 % for a modern 

coal-fired power plant is usually expected. In this study t e  is assumed to be 40 % 

for all cases [3]. 
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Table 6.1. Operating conditions and simulation results for a conventional coal-fired power 
plant without CO2 capture. 

Variable Value Units 

Coal consumption 20.0 tonne/h 

Air mass flow 230 tonne/h 

Air pressure after compression[2] 1.70  bar 

Compressor adiabatic efficiency 90.0** % 

Overall steam turbine efficiency ( t e ) 40.0 % 

Electric power output ( outE ) 70.2 MW 

Net efficiency ( r ) 38.5 % 

   **: Compressor adiabatic efficiency is kept at 90 % for all studies in this work 

The process, shown in Figure 6.2, was simulated in UniSim® design, which 

inherently ensures mass and energy balances across all components, includes 

thermodynamic data for all chemical species, calculates chemical equilibrium states 

for the combustion reaction. The simulation results are summarized in table 6.1 

(details about the material and power streams are given in table A6.1 in the 

appendix). The net efficiency of the power plant ( r ) is calculated to be 38.5 % 

according to eq. (6.2), which is in agreement with the case as treated by J. Black of 

the National Energy Technology Laboratory [3]. 

The process shown in Figure 6.2 is used as a reference case for comparison with 

processes where CO2 capture is applied. The net efficiency of the power plant is 

expected to be lower when CO2 capture is applied because some power has to be 

spent on CO2 processing. If one assumes that the net efficiency in this new process is 

η and that the CO2 mass flow rate is 
2COm
2COm (assume 100 % CO2 capture), then the 

energy, necessary to capture one unit of CO2, can be calculated by the following 

equation, 
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2

2

t r
CO

CO

( )ESE
m

2

r

COm
 (6.5) 

2COSE  is the specific energy demand for CO2 capture whose unit can be given as 

2e COkWh /t .  

6.3 Oxy-fuel combustion process 
In an oxy-fuel combustion process, as depicted in Figure 6.3, oxygen is used 

instead of air to combust the fuel. A CO2 recycle (A6, A7) is introduced to avoid 

extreme high temperatures in the burner [20]. The O2/CO2 ratio is adjusted to be 

0.35/0.65 (v/v) as it is reported that the combustion of coal with this O2/CO2 ratio has 

a similar flame temperature and heat capacity as the combustion of coal in air [21]. 

This O2/CO2 mixture (A1) is compressed to 1.7 bar to carry the pulverized coal to the 

burner for combustion, and the energy, released from combustion, is used for the 

steam turbine system for electricity generation. The flue gas from the burner (A3) 

flows through a HRSG for further steam generation and after that it is divided into 

two parts, one part (A6, identical to A7) is recycled and the other part (A5) is 

compressed for delivery and storage. The CO2 compression (to 100 bar) is carried out 

in 5 stages and after each stage the gas is cooled to 30 oC before the next 

compression step. 

 
Figure 6.3. Oxy-fuel combustion process with CO2 capture in a coal-fired power plant 

(details about the material and power streams are given in table A6.2. in the appendix). 
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The oxygen, necessary for this process, is produced via cryogenic distillation of 

air and the energy demand (electric power) for this oxygen production is assumed to 

be 200 
2e OkWh / t [9]. Taking that into consideration, the electric power output and 

net efficiency of this process can be calculated with the following equations, 

 
2 2

COM
out 2 3 t e 1 O CO( ) ( )E E E E E E  (6.6) 

 out
o

t

100%E
E

 (6.7) 

where 
2OE  and 

2

COM
COE  represent the power needed for the oxygen production and the 

CO2 compression (to 100 bar).  

The process shown in Figure 6.3 was simulated in UniSim® design and the 

results are given in table 6.2 (details about the material and power streams are given 

in table A6.2 in the appendix). The net efficiency is calculated to be 29.6 %, which is 

lower than that of the reference process without CO2 capture (38.5 %). This is due to 

the large amount of power, necessary for oxygen production (10.7 MW) and CO2 

compression (6.11 MW). According to eq. (6.5), the specific energy demand for CO2 

capture is calculated to be 221
2e COkWh /t . 
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Table 6.2.  Simulation results of the conventional oxy-fuel combustion process with CO2 
capture  

Variable Value Units 

Coal consumption 20.0 tonne/h 

O2 mass flow 53.3 tonne/h 

Power for oxygen production (
2OE ) 10.7 MW 

CO2 mass flow (captured part, A5) 73.4 tonne/h 

Power for CO2 compression (
2

COM
COE ) 6.11 MW 

CO2 mass flow (recycled part, A6) 138 tonne/h 

Power for O2/CO2 compression (E1) 2.17 MW 

Electric power output ( outE ) 54.0 MW 

Net efficiency ( o ) 29.6 % 

 

6.4 Membrane-integrated oxy-fuel combustion process 

6.4.1 Membrane module 

Membrane material selection 

The membrane, to be used in the membrane-integrated oxy-fuel combustion (see 

Figure 6.1) process, should be stable in a CO2 atmosphere, combined with sufficient 

oxygen permeability. However, for most highly permeable membranes such as 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and SrCo0.8Fe0.2O3-δ (SCF) membranes [22, 23], the 

stability of these membranes in CO2 atmosphere is a big issue. For example, the 

oxygen flux of SCF membranes decreases to almost zero after exposing the permeate 
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side to a pure CO2 sweep gas stream for 70 hours at 950 oC [10]. Alternatively, there 

are some membranes which are very stable in CO2 atmosphere, such as dual phase 

membranes or K2NiF4-type membranes [15, 17, 24, 25]. The oxygen fluxes of these 

membranes, however, are much lower, as compared with BSCF and SCF. In [11] it is 

found that SCF remains stable in a CO2 atmosphere when Co/Fe (i.e. B) is partly 

(10 %) substituted by tantalum (called as Ta-doped SCF), while the oxygen flux is 

not decreased a lot. For reasons of CO2 stability and sufficient oxygen flux, Ta-doped 

SCF is selected as membrane material for this study.  

The oxygen flux of a dense membrane is calculated by using the Wagner 

equation: 

 2

2

2

O
O ion2

O

ln
(4 )

PRTj
F d P

 (6.8) 

where 
2Oj  is the oxygen flux, R gas constant, T absolute temperature, F Faraday 

constant, d membrane thickness, ion  oxygen ionic conductivity and 
2OP  oxygen 

partial pressure (
2OP  at feed side and 

2OP  at sweep side). The oxygen ionic 

conductivity not only depends on the temperature but also on the
2OP . In this study, 

the membrane module works at a fixed temperature (950 oC) but in a changing 
2OP  

environment. In general, the oxygen ionic conductivity increases with increasing 

2OP , but the change in conductivity as function of 
2OP is quite small unless 

2OP  is 

less than 0.01 bar [26]. In this study the 
2OP  in the membrane module is higher than 

0.01 bar except at the very beginning of the sweep site of the (tubular) membrane 

module and therefore it is assumed that the oxygen ionic conductivity is constant in 

our case. Based on previous oxygen permeation studies at 950 oC under and 

0.21/0.04 bar 
2OP  gradient [10], the oxygen ionic conductivity of SCF is calculated 

to be ~1 S/cm. For Ta-doped SCF, the oxygen flux is around 30 % lower at the same 
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temperature and 
2OP  gradient. Therefore it is assumed that the oxygen ionic 

conductivity is 0.7 S/cm for this system. 

Membrane area calculation 

Different types of membrane designs are available, like flat, tubular, hollow fiber 

or monolithic configurations. All designs have advantages and disadvantages in 

terms of area, sealing and fabrication. A review paper by Vente et al. compared these 

configurations and it was concluded that a tubular design is the optimal one [27]. In 

this work a tubular membrane module is chosen for oxygen separation from air. A 

schematic drawing of the membrane module is shown in chapter 4 (Figure 4.3). In 

this study the membrane tubes are installed in parallel. Geometrical and operating 

parameters for one membrane tube are given in table 6.3.  
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Table 6.3. Geometry of one tubular membrane and operating conditions. 
Variable Value Units 

Membrane length (L) 100 cm 

Membrane outer diameter (Do) 1.0 cm 

Membrane inner diameter (Di) 0.8 cm 

Membrane thickness (d) 0.1 cm 

Pressure of feed gas ( fP ) 10 bar 

Pressure of sweep gas ( sP ) 1.7 bar 

Operating temperature 950 oC 

O2 mole fraction of feed gas at inlet ( i
ff ) 0.21 - 

O2 mole fraction of feed gas at outlet ( o
ff ) 0.02 - 

O2 mole fraction of sweep gas at inlet ( i
sf ) 0.005 - 

O2 mole fraction of sweep gas at outlet ( ο
sf ) 0.35 - 

In order to calculate the required amount of membrane area, it is necessary to 

know how much oxygen is produced by one single membrane tube and then the total 

needed membrane area can be extrapolated. As is schematically shown in Figure 6.4, 

it is assumed that the membrane operates in a countercurrent mode, where i
sF , i

fF  

are the sweep and feed gas flow rates at the inlet of the membrane tube, and o
sF , o

fF  

at the outlet, while i
sf , i

ff , o
sf  and o

ff  the corresponding oxygen mole fractions in 

these gas streams.  



Membrane-integrated oxy-fuel combustion: process design and simulation 

107 
 

 
Figure 6.4. Scheme of oxygen flux through a membrane tube, F represents gas flow rate 

and f is the corresponding oxygen mole fraction in the gas stream. 

In this study, i
ff  and o

sf  are fixed at 0.21 (oxygen mole fraction of air) and 0.35 

(as explained in section 6.3), and the default values of i
sf  and o

ff  are 0.005 (residual 

oxygen in CO2) and 0.02 (see table 6.3). With these values, a linear relationship 

between i
sF  and i

fF  is derived according to the conservation of mass for oxygen. 

 
i o o

i if f s
s fo i o

s s f

( ) (1 )
( ) (1 )

f f fF F
f f f

 (6.9) 

Note that eq. (6.9) is necessary rather than sufficient to meet the requirements of 

oxygen mole fractions. When i
sF  and i

fF  increase simultaneously, by solving the 

above mentioned problem according to the procedure as described in chapter 4 

(section 4.2.5), it is found that both o
sf  and o

ff  decreases, and there is only one 

combination of ( i
sF , i

fF ) that meet the constrains of oxygen mole fractions ( i
sf , i

ff  , 

o
sf  and o

ff ) with given membrane property and operating conditions, i.e., 

temperature and pressure. With this ( i
sF , i

fF ) combination, o
sF  and o

fF  can be 

calculated. In other words, if i
sf , i

ff  , o
sf  and o

ff  are specified, i
sF , i

fF  , o
sF  and 

o
fF  are also fixed, and the oxygen produced by a single membrane tube can be 
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calculated by: 

 
2

o i
O s sF F F  (6.10) 

Since the total amount of oxygen, necessary for the process, is known, the number of 

membrane tubes, Nm, can be calculated, as well as the total membrane area (Am), 

 2

2

T
O

m
O

F
N

F
 (6.11) 

 m i o m( + )
2

A D D LN  (6.12) 

where 
2

T
OF is the amount of total required oxygen, 

2OF  the amount of oxygen 

produced by a single membrane tube, Di and Do the membrane inner and outer 

diameter, and L the membrane length. 

6.4.2 Process design 

The design for a membrane-integrated oxy-fuel combustion process is shown in 

Figure 6.5. In this design air is compressed to 10 bar, preheated by a heat exchanger 

(HEX-1) and further heated (by Heater-1) to the desired temperature (950 ºC) before 

flowing to the membrane module. In the membrane module oxygen is depleted and 

the © gas (A4) is used to preheat the feed gas. After the heat exchanger the © gas 

(A5) is used to operate a gas turbine, where the energy released from gas expansion 

(E2) is transferred to the air compressors. At the sweep side of the membrane the 

permeated oxygen is swept by CO2 (A14), and this O2/CO2 mixture (A7), after 

passing a heat exchanger (HEX-2) to preheat the recycled CO2 sweep gas (A12), is 

used for the combustion of coal in the burner. The energy (E4) released from the 

burner is partly used to heat the air stream (E3) and the recycled CO2 stream (E6), 

and the remaining part is transferred to a water-steam recycle system for electricity 

generation. The flue gas (A9) from the burner flows through a HRSG where the 

energy (E7) is further used for steam generation. After the HRSG the flue gas (A10) 
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goes to a gas splitter (TEE), in which one part of it (A11) is recycled as sweep gas for 

the membrane module and the other part (A15) is compressed (to 100 bar) for 

delivery and storage.  

 
Figure 6.5. Flow sheet of membrane-integrated oxy-fuel combustion process (details about 

the material and power streams are given in table A6.3. in the appendix). 

In this design the gas compressors (all compressors) play an important role in the 

efficiency of the power plant. A key parameter for gas compressors is the maximum 

discharge temperature, which strongly depends on the materials and sealants used for 

the compressor. As a general rule the discharge temperature should be lower than 200 
oC for most gas compressors [28]. Multistage compression with intermediate cooling 

is therefore usually applied in order to reach the desired pressure. In this study a 

three-stage air and a five-stage CO2 compressor is used and the discharge 

temperature is kept below 150 oC, while the compressed gas is cooled down to 30 oC 

between the compressing stages. 

 The design includes two heat exchangers, a heat exchanger between compressed 

air and © air from the membrane module (HEX-1) and a heat exchanger between the 

recycled CO2 and the O2/CO2 mixture from the membrane module (HEX-2). The 

general equation for heat transfer across a surface A in a heat exchanger is [29]: 
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 lmΔQ UA T  (6.13) 

where Q is the heat transfer per unit time, U the overall heat transfer coefficient and 

lmΔT  the logarithm mean temperature difference between the two fluids. In general, a 

heat exchanger shows a higher efficiency at smaller values of lmΔT . However, a 

smaller lmΔT  leads to a smaller driving force for heat transfer and therefore a larger 

area of the heat exchanger is necessary. As a general rule, lmΔT  should be more than 

20 oC, and the temperature approach (the temperature difference between outlet 

temperature of hot fluid and inlet temperature of cold fluid) should be more than 10 
oC to avoid an extremely large heat exchanger [29]. In this study, lmΔT  in both heat 

exchangers is kept at ~ 150 oC and the temperature approach is kept at ~ 100 oC. 

These high values in lmΔT  and temperature approach are designed due to the low 

gas-gas heat transfer coefficient. 

6.4.3 Process simulation 

The process simulation was performed in UniSim®. The main assumptions such 

as coal consumption rate, compressor/expander efficiency and steam turbine 

efficiency are kept the same with the previous studies in this chapter (see table 6.1). 

Since there is no membrane unit in UniSim®, the flow rates and compositions of A3, 

A4, A7 and A14 (see Figure 6.5) were calculated with a dedicated membrane module 

solved by Matlab. The values were then transferred to UniSim® simulation. The 

power output and the net efficiency of the power plant were calculated as below: 

 out 4 6 3 7 t e com 2( ) ( )E E E E E E E  (6.14) 

 out
m

t

100%E
E

 (6.15) 

where comE  is the electric power necessary for all gas compressors (power for air 

compression + power for CO2 compression to 100 bar for stream A15 + E5).  

The simulation results are given in table 6.4. Details on material and power 
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streams are given in table A6.3 of the appendix. A net efficiency of 32.1 % is 

obtained, which is lower than the reference process, without CO2 capture (38.5 %), 

but higher than the conventional oxy-fuel combustion process (29.6 %).  

Table 6.4. Simulation results for the membrane based oxy-fuel combustion process.  
Variable Value Units 

Air mass flow 250 tonne/h 

Power for air compression 17.2 MW 

Power from retentive air expansion (E2) 12.0 MW 

CO2 mass flow (captured part) 73.4 tonne/h 

Power for CO2 compression (to 100 bar) 6.11 MW 

CO2 mass flow (recycled part) 138 tonne/h 

Power for recycled CO2 compression (E5) 1.75 MW 

Total membrane area (Am) 71,000 m2 

Electric power output ( outE ) 58.5 MW 

Net efficiency ( m ) 32.1% - 

 

6.4.4 Specific energy demand for CO2 capture and oxygen production 

According to eq. (6.5), the specific energy demand for CO2 capture (so for CO2 

compression and oxygen production) is calculated to be ~159 
2e COkWh /t , which is 

lower than that in the oxy-fuel combustion process where oxygen is supplied by 

cryogenic distillation of air (221 
2e COkWh /t  see section 6.3). In the oxy-fuel 

combustion process, described in section 6.3, the specific energy demand for oxygen 

production can easily be determined, as it is a stand-alone process. For the 

membrane-integrated oxy-fuel combustion process, the oxygen production (by 
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membrane separation) is coupled with other processes in the power plant. It is 

therefore difficult to distinguish the power, necessary for oxygen production from 

other power demanding processes in this design. In order to calculate this and make a 

comparison with the cryogenic distillation of air process, the following assumption is 

made: 

The total reduction of power plant capacity due to CO2 capture consists of the 

powers, necessary for CO2 compression and oxygen production. 

 2

2

2

COM
t r CO

O
O

( )E E
SE

m
2

2Om
 (6.16) 

Since the power for CO2 compression is known (table 6.4), the power needed for 

oxygen production is subsequently obtained. The specific energy for oxygen 

production (104 
2e OkWh /t ), calculated according to eq. (6.16), is significantly lower 

than that of cryogenic distillation process (200 
2e OkWh /t ) [9].  

6.4.5 Parametric study 

In this section, the effect of oxygen recovery, operating pressure at membrane 

feed side and membrane thickness on the performance of the power plant are 

discussed. When one process parameter is varied, the other parameters are kept 

constant, having the values as used for the ‘standard case’ (see table 6.1 and 6.3). 

Effect of oxygen recovery 

In this design oxygen recovery (θ) is defined as the ratio of oxygen, permeated 

through the membrane, and total oxygen in the feed gas. This recovery is a function 

of the oxygen mole fractions of the feed gas at the in- and outlet of the membrane 

module. 

 
i i o o i o

f f f f f f
i i i o

f f f f(1 )
F f F f f f

F f f f
 (6.17) 
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As air is used as the feed gas, i
ff  is 0.21, then eq. (6.17) can be rewritten, 

 
o

f
o

f

0.21
0.21 (1 )

f
f

 (6.18) 

For the standard case of the membrane-integrated oxy-fuel combustion process, as 

described in section 6.4.3, the oxygen recovery has a value of 0.92.  It is obvious that 

θ decreases with o
ff  in the range of 0 to 0.21, meaning that a lower o

ff  results in a 

higher θ. Since the total amount of oxygen, necessary for the power plant is a 

constant, a lower feed flow rate is needed at lower o
ff . Consequently, in that case the 

energy for compression and heating the feed gas will decrease, which possibly affects 

the net efficiency of the power plant. In Figure 6.6 the effect of oxygen recovery on 

several process parameters and power plant efficiency are given. Figure 6.6a shows 

the effect of oxygen recovery (or oxygen mole fraction at the feed gas outlet: o
ff ) on 

the amount of oxygen produced by a single membrane tube. It is clear that when o
ff  

decreases, the mean 
2OP  at the air side also decreases, implying that the driving force 

for oxygen permeation is smaller, thus the oxygen produced by one single membrane 

tube decreases. Figure 6.6b indicates that by decreasing o
ff  from 0.10 to 0.01, the 

required feed gas flow rate ( i
fF ) decreases from 13.8 to 8.3 (×106 mole/h). This also 

means that the total membrane area, required for the production of a fixed amount of 

oxygen, increases from 61,000 m2 to 73,000 m2 (Figure 6c), meaning an increase of 

20 % in required membrane area. However the net efficiency of the power plant 

increases from 30.4 % to 32.2 % with decreasing o
ff . 
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Figure 6.6. Effect of oxygen recovery on several process parameters (a) Oxygen produced by 
one membrane tube; (b) Gas flow rate in the whole membrane module; (c) Total membrane 

area needed and (d) Net efficiency of the power plant. ( i
ff  remains constant in this 

parametric study). 

Effect of membrane feed side operating pressure 

Varying the operating pressure at the feed side of the membrane ( fP ) has two 

major impacts on the characteristics of the power plant: (1) the total required 

membrane area and (2) the net efficiency of the power plant (see Figure 6.7). Figure 

6.7a shows that a decrease in fP  from 13 bar to 4 bar results in a reduction in oxygen 

production by one single membrane tube from 0.79 to 0.24 mole/h. This can be 

explained by the fact that by decreasing in fP  the driving force for oxygen transport 
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through the membrane decreases and thus the amount of oxygen produced by one 

single membrane tube is reduced. This reduced oxygen production per membrane 

tube leads to an increase of the required amount of membranes from 59,000 m2 to 

195,000  m2 (Figure 6.7b), meaning an increase by more than a factor of 3. Finally, a 

decrease in fP  leads to a decrease in power, necessary for air compression, which 

causes an increase of the net efficiency of the power plant. It can be seen from Figure 

6.7c, when fP  decreases from 13 bar to 4 bar, the power plant net efficiency 

increases from 31.6 % to 33.6 %.  

The change in the amount of required membrane area as function of oxygen 

mole fraction at the outlet of the feed gas ( o
ff ) and as function of operating pressure 

at the feed side of the membrane ( fP ) will now be discussed. It is found that the 

influence of fP  is more pronounced than that of o
ff  (compare resp. Figure 6.7b and 

6.6c). This can be explained by the fact that changing fP  has an overall effect of 
2OP  

at the feed side of the membrane, i.e. an increase/decrease in fP  leads to an entire 

shift of 
2OP over the feed side, while a change in o

ff  only affects 
2OP  near the outlet 

of the feed side, leaving  
2OP  at the inlet of the feed side constant. 
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Figure 6.7. Effect of membrane feed side pressure ( fP ) on: (a) Oxygen produced by one 
membrane tube, (b) Total membrane area need and (c) The net efficiency of the power plant. 

Effect of membrane thickness 

According to eq. (6.8), the oxygen flux increases when the membrane thickness 

decreases (assuming membrane bulk diffusion as the rate determining step for 

oxygen permeation), which means that more oxygen is produced by one single 
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membrane tube. Since the total oxygen, necessary in this study is constant, less 

membrane area is needed. The influence of membrane thickness on the required 

amount of membrane area (under ‘standard’ operating conditions) is shown in Figure 

6.8. If the membrane thickness is reduced from 1.0 to 0.6 mm, the amount of 

membrane area decreases from 71,000 m2 to 42,600 m2. However, it should be noted 

that the membrane thickness cannot be reduced without limitations. This is not only 

because of manufacturing problems, but also because of the fragility of the 

membranes, which is very common for ceramics. A possible solution to this problem 

is to use supported thin films where a porous support is used to maintain the 

mechanical strength of the membrane, while a dense oxygen permeable layer/film is 

coated on top of it. In this way the membrane thickness can be reduced to as low as 

20 μm, and the oxygen flux will be significantly increased [30, 31]. Another issue 

which should be mentioned in this parametric study on membrane thicknesses is that 

all process parameters, as given in tables 6.1 and 6.3 (i.e.: the oxygen mole fractions, 
i

sf , i
ff  , o

sf  and o
ff , and the operating pressures, fP  and sP ), are constant, which 

implies that i
sF , i

fF  , o
sF  and o

fF  are also constant. Therefore, the variation in 

membrane thickness only affects the total amount of membrane area and not the net 

efficiency of the power plant.  
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Figure 6.8. Effect of membrane thickness on the amount of oxygen produced by one single 

membrane tube and total needed membrane area. 

6.4.6 Process modification 

As discussed in chapter 4, the CO2 resistance of high oxygen-permeable SCF 

membranes is largely improved by increasing 
2OP  in the CO2 sweep gas. Adding 5 % 

of oxygen in the sweep gas can protect SCF membranes from CO2 poisoning. This 

observation inspired us to propose a modified process, which is shown in Figure 6.9. 

In this modified process undoped SCF membranes are used for air separation and an 

extra O2/CO2 loop (A18) is introduced to increase 
2OP  in the CO2 sweep gas ( i

sf ) in 

order to protect the SCF membranes against CO2 poisoning. Due to the pressure drop 

in the membrane module, the extra O2/CO2 loop has to be recompressed (COM-2) 

before being mixed with recycled CO2. Since the temperature of the O2/CO2 mixture 

from the heat exchanger (HEX-2) is too high (473 oC), the O2/CO2 loop has to be 

cooled (to 150 oC in this study) before compression, and after the compression it is 

heated again to 950 oC. 
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Figure 6.9. A modified membrane-integrated oxy-fuel combustion process (details about the 

material and power streams are given in table A6.4. in the appendix). 

In this modified process the membrane geometry and operating conditions are 

kept constant (see table 6.1 and 6.3 except i
sf , which latter now has a value from 

0.05). The simulation results are given in table 6.5. Details about the material and 

power streams are given in table A6.4 of the appendix. This modified process almost 

has the same net efficiency (31.9 %) as the unmodified one (32.1 %). However, the 

required amount of membrane area in this modified process (49,000 m2) is much less 

than that in the unmodified one (71,000 m2), namely a reduction of more than 30 %. 

This is due to the fact that the SCF membrane used in the modified process has a 

higher oxygen permeability if compared with the Ta doped-SCF (see 6.4.1). 
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Table 6.5.  Simulation results for the modified membrane-integrated oxy-fuel combustion 
process. 

Variable Value Units 

Total needed membrane area 49,000 m2 

Electric power output 58.1 MW 

Net efficiency ( m ) 31.9 % 

Specific energy for CO2 capture 164 
2e COkWh /t  

Specific energy for O2 production 111 
2e OkWh /t  

 

6.5 Conclusion 
The integration of oxygen transport membranes into the oxy-fuel combustion 

process can decrease the energy demand for CO2 capture, as compared to a typical 

oxy-fuel combustion process where cryogenic distillation is used for oxygen 

production. In the present study, based on a power plant where 20 tonne/h of coal is 

burned for electric power generation, a net efficiency of 32.1 % is obtained for the 

membrane-integrated oxy-fuel combustion process (including CO2 compression to 

100 bar), which is higher than that of typical oxy-fuel combustion process (29.6 % 

including CO2 compression). The required membrane area is approximately 71,000 

m2. The specific energy demand for CO2 capture in this study is 185 
2e COkWh /t , and 

the specific energy demand for O2 production is 104 
2e OkWh /t . A modified process 

design is also proposed, in which higher oxygen permeable membranes (SCF) are 

used and an extra CO2/O2 loop is introduced to protect SCF from CO2 poisoning. The 

modified process shows a similar net efficiency of 31.9 %, but a significantly lower 

amount of required membrane area (49,000 m2). 
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6.6 Appendix:  

Table A6.1. Material and power streams for the coal-fired power plant without CO2 capture (see Figure 6.2) 
Material streams Air A1 A2 Coal Exhaust gas 

Temperature (oC) 25 79 400 25 50 

Pressure (bar) 1 1.7 1 1 1 

Mole flow (kmole/h) 7976 7976 7976 1667 7976 

Mass flow (tonne/h) 230 230 250 20 250 

Power streams E1 E2 E3   
(MW) 3.49 158.5 25.6   

 

Table A6.2. Material and power streams for the oxy-fuel combustion process with CO2 capture (see Figure 6.3) 
Material streams A1 A2 A3 A4 A5 A6 A7 O2 Coal 

Temperature (oC) 40 85 373 50 50 50 50 15 25 

Pressure (bar) 1 1.7 1.7 1 1 1 1 1 1.7 

Mole flow (kmole/h) 4763 4763 4763 4763 1667 3096 3096 1667 1667 

Mass flow (tonne/h) 190 190 210 210 73 136 136 53 20 

Power streams E1 E2 E3 CO2 compression    
(MW) 2.2 165.4 18.6 6.11    
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Table A6.3. Material and power streams for the membrane-integrated  oxy-fuel combustion process (see Figure 6.5) 

           

Material streams A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 

Temperature (oC) 112 716 950 950 212 4 950 435 435 50 

Pressure (bar) 10 10 10 9.99 9.99 1 1.7 1.7 1.2 1 

Mole flow (kmole/h) 8659 8659 8659 6992 6992 6992 4815 4815 4815 4815 

Mass flow (tonne/h) 250 250 250 196 196 196 192 192 212 212 

Material streams A11 A12 A13 A14 A15 Coal     
Temperature (oC) 50 101 850 950 50 25     

Pressure (bar) 1 1.7 1.7 1.7 1 1.2     

Mole flow (kmole/h) 3148 3148 3148 3148 1666 1659     

Mass flow (tonne/h) 138 138 138 138 73 20     

Power streams E2 E3 E4 E5 E6 E7 CO2 compression Air compression 
(MW) 11.97 18.85 179.9 1.75 4.89 22.81 6.11 17.2 
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Table A6.4. Material and power streams for the modified membrane-integrated  oxy-fuel combustion process (see Figure 6.9) 

Material streams A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 
Temperature (oC) 112 716 950 950 212 4 950 486 486 486 
Pressure (bar) 10 10 10 9.99 9.99 1 1.7 1.7 1.7 1.7 
Mole flow (kmole/h) 8659 8659 8659 6992 6992 6992 5280 5280 4763 4763 
Mass flow (tonne/h) 249.8 249.8 249.8 196.4 196.4 196.4 210.2 210.2 189.6 209.6 
Material streams A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 
Temperature (oC) 50 50 92 850 950 950 950 486 260 150 

Pressure (bar) 1 1 1.7 1.7 1.7 1.7 1.7 1.7 1.695 1.695 

Mole flow (kmole/h) 4763 3096 3096 3096 3096 3613 3613 517 517 517 

Mass flow (tonne/h) 209.6 136.2 136.3 136.3 136.3 156.9 156.9 20.6 20.6 20.6 

Material streams A21 A22 A23 A24 Coal      
Temperature (oC) 150 387 950 50 25      

Pressure (bar) 1.7 1.695 1.7 1 1.7      

Mole flow (kmole/h) 517 517 517 1667 1667      

Mass flow (tonne/h) 20.6 20.6 20.6 73.4 20.0      

Power streams E2 E3 E4 E5 E6 E7 E8 E9 E10  
(MW) 11.97 18.85 179.3 1.44 4.82 25.93 0.62 0.002 3.76  
Power streams CO2 compression Air compression       

(MW) 6.11 17.2       
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Chapter 7 Conclusions and recommendations 
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This thesis describes several fundamental aspects on the membrane-integrated 

oxy-fuel combustion process and can be divided in two parts: 1) The development 

and characterization of membrane materials; 2) The design, simulation and 

evaluation of a coal-fired power plant, coupled with a membrane module. 

A simple and easy method to measure the oxygen nonstoichiometry of a 

perovskite material is described in chapter 2. A Computing Fluid Dynamic (CFD) 

model is developed in chapter 3 to describe the oxygen gradient in a commonly used 

oxygen permeation set-up, as used to determine the oxygen ionic conductivity of a 

membrane. Chapter 4 provides the development of a CO2-stable membrane (Ta 

doped SrCo0.8Fe0.2O3-δ (SCF)) as can be used for the membrane-integrated oxy-fuel 

combustion process. In chapter 5 it is found that the CO2 tolerance of the SCF 

membrane is affected by the ambient oxygen partial pressure: mixing 5% oxygen to 

CO2 can prevent the membrane from degradation. In chapter 6 of this thesis a 

membrane-integrated oxy-fuel combustion process is designed, and this process is 

simulated  in Unisim for evaluation.  

In this final chapter, some general conclusions are drawn from the previous 

chapters, and some recommendations are given for future work. 

7.1 Incomplete gas mixing in a lab-scale permeation set-up 
Oxygen permeation measurements are performed to determine membrane 

properties like the oxygen flux through a membrane at a given oxygen partial 

pressure gradient and the (ionic) conductivity. These measurements are usually 

performed in lab-scale equipment as schematically given in Figure 3.1 (Chapter 3). 

By varying the oxygen partial pressure ( ) at the feed/sweep side of the membrane, 

it is possible to calculate the oxygen ionic conductivity using Wagner’s equation (see 

eq.1.6 in chapter 1) [1]. However, an ideal gas mixing has to be assumed in such a 

permeation set-up, i.e.: the oxygen partial pressure ( ) is homogeneous on the 

membrane surface and is identical with the value measured at the outlet of the set-up. 

2OP

2OP
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It is then assumed that the set-up functions as a Continuous Ideally Stirred Tank 

Reactor (CISTR). However,  with the aid of a CFD model, it is found in chapter 3 

that this assumption is not completely valid. The  on the membrane surface at the 

permeate is not homogeneous over the surface, while there might be also a difference 

between  as measured at the outlet of the set-up and the (average)   at the 

membrane surface. This incomplete gas mixing is affected by the set-up geometry as 

well as operating conditions like flow rate and type of sweep gas. It is shown that 

especially the type  of sweep gas has great influence on the gas mixing, e.g. using 

helium as sweep gas results in better mixing with oxygen  than argon. If using helium 

as sweep gas in the set-up as used in our Inorganic Membranes laboratory, there is 

only a slight deviation in the CISTR assumption. 

Due to incomplete gas mixing, calculation of the oxygen ionic conductivity 

based on the  measured at the outlet  is not accurate. A way to overcome this 

problem is to use a CFD model, as described in chapter 3. With this CFD model, no 

ideal gas mixing assumption is required, and the oxygen ionic conductivity can be 

obtained by fitting the experimental results.  

7.2 Chemical stability of MIEC membranes in a CO2-containing 

atmosphere 
The chemical stability of mixed ion-electron conducting (MIEC) membranes in 

a CO2-containing atmosphere is of relevance in a number of processes where CO2 is 

in contact with the membrane, e.g. when these membranes are applied in a 4-end 

mode operation, where CO2 is used as sweep gas. This chemical stability is affected 

by factors like membrane material, operation temperature and oxygen partial 

pressure in the CO2-rich sweep gas. 

 The type of membrane material has a major effect on the chemical stability. For 

example, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) has a very low tolerance to CO2. The 

introduction of CO2 in the sweep/feed gas causes an immediate decline in oxygen 

2OP
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flux [2, 3]. La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF) has a relatively high CO2 tolerance, and it 

is found that a stable oxygen flux is obtained when CO2 is used as sweep gas [4, 5]. 

SrCo0.8Fe0.2O3-δ (SCF) is somewhere in the middle, and using CO2 as sweep gas leads 

to a slow decrease in oxygen flux [6]. So a general order of CO2 tolerance for BSCF, 

SCF and LSCF is: LSCF>SCF>BSCF. However, it has also been found that the 

oxygen permeability of BSCF, SCF and LSCF is in reversed order of 

LSCF<SCF<BSCF, and it seems there is a trade-off between CO2 tolerance and 

oxygen permeability. In chapter 4 it is proven that 10% Ta doping at the Co/Fe (B-) 

site of SCF leads to an increase in CO2 tolerance, and a stable oxygen flux is 

obtained at 900 oC using CO2 as sweep gas, although the oxygen permeability is 

~30% smaller than that of the SCF membrane. It is found that the increase in the CO2 

tolerance is caused by a decrease in the Lewis basicity of the membrane, as revealed 

by XPS studies. 

Beside the type of membrane material, the operation temperature also plays an 

important role on the stability of the membrane in a CO2 atmosphere. Yi et al. 

reported [10] that the oxygen flux of SCF membranes decreases at 810 oC but 

remains almost unchanged at 900 oC when 5 % of CO2 is introduced to the feed gas 

(air). In chapter 5 isothermal gravimetric analyses were performed at 900 oC, 950 oC 

and 1000 oC using a sweep gas containing 67 % CO2, 10 % O2 and 23 % nitrogen. It 

is found that the reaction of SCF with CO2 is completely restrained when the 

temperature is raised to 1000 oC, compared to fast reactions with CO2 at 900 oC and 

950 oC. In principle, it is possible to use a MIEC membrane at a high temperature to 

avoid CO2 poisoning. However, some practical problems may arise if the temperature 

is too high. For example, the melting temperature of BSCF is ~ 1150 oC to 1200 oC. 

It is better not to operate MIEC membranes at a temperature that is very close to the 

melting temperature of the material. 

The effect of  on the stability of SCF membranes in a CO2-containing 

atmosphere has been intensively discussed in chapter 5. It is found that the chemical 

2OP
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stability of the membrane in a CO2-containing sweep gas is improved by increasing 

the oxygen partial pressure in the sweep gas. Long term oxygen permeation 

experiments, at 950 ºC, showed that mixing 5 % of oxygen into the CO2 sweep gas 

effectively prevents degradation of the SCF membrane. Here it is also observed that 

the increase in CO2 tolerance is due to a decrease in the Lewis basicity of the 

membrane, similar to the results of Ta-doped SCF as described in chapter 4. It should 

be noted that although the work was only focused on SCF, it is expected that similar 

Lewis acid/base effects on CO2-stability are valid for other perovskite systems. 

7.3 Evaluation of the membrane-integrated oxy-fuel combustion process 
The integration of MIEC membranes in the oxy-fuel combustion process is 

evaluated in chapter 6. It is found that the integration of oxygen transport membranes 

decreases the energy demand for CO2 capture, as compared to a conventional oxy-

fuel combustion process where cryogenic distillation is used for oxygen production. 

In a case study, based on a power plant where 20 tonne/h of coal is burned for 

electric power generation, a net efficiency of 32.1 % is obtained for the membrane-

integrated oxy-fuel combustion process (including CO2 compression to 100 bar), 

which is higher than that of a conventional oxy-fuel combustion process (29.6 % 

including CO2 compression). The required membrane area for the power plant is 

approximately 71,000 m2 based on Ta-doped SrCo0.8Fe0.2O3-δ membranes. The 

specific energy demand for CO2 capture in this study is 185 , and the 

specific energy demand for oxygen production is 104 . A modified process 

design is also proposed, in which higher oxygen permeable membranes (SCF) are 

used and an extra CO2/O2 loop is introduced to protect SCF from CO2 poisoning. The 

modified process shows a similar net efficiency of 31.9 %, but a significantly lower 

amount of required membrane area (49,000 m2). However, it should be noted that in 

the modified process, extra cost has to be spent on the heat exchangers and gas 

compressors (see figure 6.9). 

2e COkWh /t

2e OkWh /t
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7.4 Some recommendations for future work 

Membrane stability in a SO2-containing atmosphere 

In the 4-end mode operation of membranes as used in e.g. the oxy-fuel 

combustion process, the permeate side of the membrane is exposed to the recycled 

flue gas, which mainly contains CO2. However, depending on the fuel used and the 

gas purification technique applied, there might be some traces of other gases present 

in the flue gas which is partly recycled as a sweep gas. These species may affect the 

membrane performance, even at a very low concentration. An example of a strong 

membrane-poisoning gas is SO2. Wei et al. [11] have reported that 

(Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+δ (PLNCG) shows very high CO2 tolerance but 

rather low SO2 tolerance. The oxygen flux of a PLNCG membrane remains almost 

the same when the sweep gas was switched from helium to pure CO2, however, when 

the sweep gas was switched to helium containing 84 ppm SO2, the oxygen flux drops 

to half of its original value within 2 hours and keeps decreasing. Engels et al. [3] 

have also found similar results with Sr0.5Ca0.5Mn0.8Fe0.2O3-δ (SCMF). SCMF shows 

excellent CO2 tolerance, but when 360 ppm SO2 is introduced in the CO2 sweep gas, 

the oxygen flux is immediately stopped. In both cases, it is found that metal sulfates 

were formed, resulting in a membrane which is impermeable for oxygen. Since the 

decomposition temperature of metal sulfates is usually much higher than carbonates 

due to their high formation energy [12-14], SO2 might be a more severe problem 

compared with CO2. Thus, it might be of interesting to consider the 3-end mode 

operation for the oxy-fuel combustion process, because no sweep gas is required in 

such a case. 

Membrane stability in a water vapor containing atmosphere 

Water vapor may also exist in the recycled flue gas. Bucher et al. [15] have 

reported that adding ~1% water vapor to an Ar-O2 mixture in the feed gas decreases 

the oxygen surface reaction  rate of  La0.6Sr0.4Co0.2Fe0.8O3-δ by a factor of 10 at 600 
oC. Similar effects has also been found for La0.6Sr0.4Co0.8O3-δ [16]. It is interpreted 
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that the decrease in surface reaction rate is caused by the coverage of the whole 

sample surface with silicon. The quartz reactor acted as a silicon source, and volatile 

Si(OH)4(g), which forms in humid atmospheres, was transported via the gas phase to 

the reactive sample surface. In practice, there are various Si-sources such as glass 

seals and thermal insulation in the membrane module system. For operating these 

membranes in water vapor containing atmospheres it is important to avoid the use 

SiO2-containing materials for sealing etc.  

Process development for the 3-end mode 

The work described in this thesis is focused on the 4-end mode operation with 

regard to the application of the membrane in the membrane-integrated oxy-fuel 

process. For  the 3-end mode (see Figure 1.6a) there is a less strong demand on 

chemical stability as compared with the 4-end mode, because the membrane is not 

exposed to any “poisoning” gas like CO2 or SO2. Although the 3-end mode might be 

more promising in oxy-fuel combustion process, not a lot of research has been done 

on the development of  a process where  a membrane is applied in the  3-end mode. 

In future, simulation experiments on the 3-end mode must be regarded as well in 

making an estimation of the energy requirement for oxygen production, i.e. how 

much energy is needed to produce 1 tonne of oxygen in such a case.  
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Summary 
Dense ceramic oxygen transport membranes (OTMs) have an infinite selectivity 

for oxygen because oxygen is transported in the form of ions. This feature makes it 

of great potential in air separation and other oxygen related processes. This thesis 

describes original research on OTMs, including fundamental material studies as well 

as process engineering design and simulation.  

A general introduction is given in chapter 1, which includes a brief review of 

CO2 capturing techniques and the basic concept of using OTMs in the oxy-fuel 

process of a fossil fuel fired power plant. 

Chapter 2 and 3 are focused on the development of experimental and 

mathematical approaches for membrane characterization. In chapter 2 a new and 

easy method is described to determine the oxygen non-stoichiometry of perovskite 

materials, which are the most commonly used materials for OTMs. The method is 

based on the complete decomposition of the powder to stoichiometric metal oxides 

and/or metal carbonates by using CO2 as reacting gas. The oxygen non-stoichiometry 

is calculated from the mass change caused by this reaction. Its applicability is 

demonstrated by using SrCoO3-δ, BaCoO3-δ, BaFeO3-δ and BaCeO3-δ as representative 

materials.  

Oxygen permeability of the OTMs is another important membrane property for 

oxygen transport. Analysis of the oxygen permeability of dense ceramic membranes 

is usually performed with a lab-scale oxygen permeation set-up where feed and 

sweep gas are directly flushed over the membrane surface. Due to concentration 

gradients within the experimental setup, the oxygen partial pressure (
2OP ) measured 

at the outlet of the set-up does not always have to be the same as the 
2OP  on the 

membrane surface. This leads to an inaccurate calculation of the oxygen ionic 

conductivity (an intrinsic material property) of the membrane. In order to overcome 
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this problem, a computational fluid dynamics (CFD) model is developed and 

described in Chapter 3. In the description of this model special attention is paid to 

the exact oxygen partial pressures on the membrane surface at the permeate side. 

With this CFD model, the oxygen ionic conductivity of a selected model membrane, 

SrCo0.8Fe0.2O3-δ (SCF), is calculated. In addition, the influence is studied of several 

set-up parameters on the oxygen partial pressure distribution in the setup  such as the 

distance from sweep gas inlet to the membrane surface, the type of sweep gas used 

and the sweep gas flow rate. The following results were found: 

(1) The distance from sweep gas inlet to the membrane surface affects the 
2OP in both 

radial direction and axial direction. At increasing distance the 
2OP  on the membrane 

surface becomes more homogenous due to the lower sweep gas velocity at the 

surface, causing less convection. However, when the distance is too large, the overall 

2OP  on the membrane surface will be much higher than that measured at the outlet of 

the set-up. 

(2) The binary diffusion coefficient in the oxygen-sweep gas mixture has a strong 

influence on the concentration distribution in the setup. Higher diffusion coefficients 

lead to a better mixing and therefore a faster transport of the oxygen away from the 

membrane surface. Faster mixing leads to a more homogeneous oxygen partial 

pressure distribution in the setup. Helium as sweep gas gives the highest diffusion 

coefficient and results in the most homogeneous oxygen partial pressure distribution 

in the setup, if compared with gases like N2, Ar of CO2. 

(3) A higher sweep gas flow rate decreases the overall 
2OP  at the permeate side of the 

membrane, thus increasing the oxygen flux, which makes the 
2OP  on the membrane 

surface less homogenous. This influence is relatively small compared with the 

geometry change of the setup and sweep gas composition. 

The study in Chapter 4 and 5 is focused on the development of CO2 tolerant 
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membranes. CO2 tolerance is very important in a membrane-integrated fossil fuel 

fired oxy-fuel combustion process, because highly concentrated CO2 is used as 

sweep gas for the membrane module. Chapter 4 describes the development of a CO2 

stable membrane, namely Sr(Co0.8Fe0.2)0.9Ta0.1O3-δ (SCFTa), which is derived from 

SrCo0.8Fe0.2O3-δ (SCF). SCF is a high oxygen permeable membrane with very low 

CO2 tolerance. The reaction between SCF and CO2 leads to a decline in oxygen flux 

to 0 within 100 hours. When 10 % of Co/Fe is replaced by Ta, it is shown that the 

reaction between SCF and CO2 is almost prevented. XPS analysis shows that the 

basicity of SCFTa is less than that of SCF, which may be contributed to the enhanced 

stability of SCFTa in CO2 atmosphere. Ta5+ also increases the perovskite phase 

stability of SCF at low oxygen partial pressure (pO2<10-2 atm), which was proven by 

the disappearance of a strong shrinkage signal during thermal expansion 

measurements. In the oxygen permeation measurement, the oxygen flux of SCFTa 

was slightly lower than that of SCF when an air/helium gradient was applied over the 

membrane, but it remained almost the same when pure CO2 was introduced as sweep 

gas. 

A further study on the CO2 tolerance of SCF is given  in Chapter 5. It is found 

that the CO2 tolerance of SCF improves by increasing the oxygen partial pressure in 

the CO2-containing gas. Long term oxygen permeation experiments, at 950 ºC, 

showed that mixing 5 % of oxygen into the CO2 sweep gas effectively prevents 

degradation of the SCF membrane. XPS analysis indicates that the increase in CO2 

tolerance of SCF is caused by a decrease in basicity of the material with increasing 

oxygen partial pressure, which is in agreement with the studies as given in chapter 4. 

Based on these experimental results, a modified oxy-fuel combustion process is 

proposed. In this process a mixture of 5% O2 and 95% CO2 is used instead of pure 

CO2 as sweep gas. The required membrane area for operating a 50 MW coal-fired 

power plant is calculated based on this design, which shows that only 17 % 

additional membrane area is needed for oxygen production, compared to the case 
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where pure CO2 is used as sweep gas. However, it should be pointed out that the 

latter case is not realistic, because SCF membranes are not stable in a pure CO2 

atmosphere. 

Chapter 6 discusses the design of the whole process for a membrane-integrated 

oxy-fuel combustion process. Simulation results, using UniSim®, indicate for this 

process an overall net efficiency of 32.1 % for a coal-fired power plant where 20 

tonne/h of coal is burned for electric power generation. This efficiency is higher than 

that for an oxy-fuel combustion process using oxygen from cryogenic distillation of 

air (29.6 %). The specific electrical energy demand for CO2 capture in this oxy-fuel 

process, including oxygen production and CO2 compression (to 100 bar), is 

calculated to be ~ 159 
2e COkWh / t . The required membrane area for the power plant 

is approximately 71,000 m2 based on Ta-doped SrCo0.8Fe0.2O3-δ (SCFTa) membranes. 

Inspired by the results of the research as described in chapter 5, a modified process is 

proposed, in which un-doped SCF membranes are used for air separation and an 

extra O2/CO2 loop is introduced to protect the SCF membranes from CO2 poisoning. 

This modified process shows a net efficiency of 31.9 %, which is very closed the net 

efficiency of unmodified process 32.1 %, but a considerably lower amount of 

membrane area (49,000 m2) is necessary. 

Finally, in chapter 7, some conclusions are made and recommendations for 

future research are provided. More research should be done towards: (1) membrane 

stability in a SO2-containing atmosphere; (2) membrane stability in a water vapor 

containing atmosphere and (3) process development for a 3-end mode membrane 

configuration. 
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Samenvatting 
In dit proefschrift zijn  materiaalkundige studies van keramische, zuurstof 

selectieve, membranen beschreven en worden proces simulaties gemaakt, waarbij  

deze membranen gebruikt worden in het verbrandingsproces van steenkool voor 

elektriciteitsopwekking, geïntegreerd met CO2 opslag. Het zuurstof transport door 

deze gasdichte membranen is in de vorm van zuurstof ionen. Daarom hebben deze 

zuurstof transport membranen (OTMs = Oxygen Transport Membranes) een 

oneindige selectiviteit voor zuurstof en zijn interessant voor het scheiden van 

zuurstof uit lucht en voor andere zuurstof gerelateerde processen. 

In hoofdstuk 1 wordt een algemene inleiding gegeven over OTMs en daarnaast 

wordt een kort overzicht gegeven van de verschillende methodes om CO2 af te 

vangen (CO2 capture) bij fossiele brandstof gestookte elektriciteitscentrales. 

Tenslotte wordt het basisconcept behandeld van het gebruik van OTMs in het “oxy-

fuel process”, waarbij zuurstof van lucht wordt gescheiden, voordat het de 

verbrandingskamer in gaat. 

De hoofdstukken 2 en 3 geven zowel experimentele als mathematische 

beschrijvingen voor het bepalen van de eigenschappen van de membranen. in 

hoofdstuk 2 wordt een nieuwe en eenvoudige methode beschreven voor het bepalen 

van de afwijking (δ) van de (ideale) zuurstof stoichiometrie in de perovskiet 

kristalstructuur ABO3. De methode is gebaseerd op de volledige ontleding van het 

perovksiet poeder (met algemene formule: ABO3-δ) tot het stoichiometrisch metaal 

oxide en/of metaal-carbonaat door deze poeders te laten reageren in CO2. De 

afwijking (δ) van de (ideale) zuurstof stoichiometrie kan dan berekend worden aan 

de hand van de verandering van de massa ten gevolge van deze ontledingsreactie. De 

toepasbaarheid van deze methode voor het bepalen van δ  is aangetoond door gebruik 

te maken van SrCoO3-δ, BaCoO3-δ, BaFeO3-δ en BaCeO3-δ als zijnde representatieve 

OTM materialen. 
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De zuurstof doorlaatbaarheid (permeabiliteit) van OTMs is een andere 

belangrijke membraan eigenschap. De zuurstof permeabiliteit van dichte keramische 

membranen wordt meestal bepaald in een laboratorium opstelling. Door concentratie 

gradiënten in een dergelijke opstelling kan er aan het oppervlak van het membraan 

een andere gassamenstelling zijn dan bij de uitlaat/afvoer. Dit houdt in dat de 

zuurstof partiaaldruk (
2OP ), die gemeten wordt aan de uitlaat van de opstelling niet 

altijd dezelfde hoeft te zijn als de  
2OP aan het oppervlak van het membraan. Dit 

resulteert in een onnauwkeurige berekening van de zuurstof ionen geleidbaarheid van 

het membraan, wat een belangrijke intrinsieke parameter is voor deze materialen. 

Voor het bepalen van concentratie gradiënten in de meetopstelling is een 

“Computational Fluid Dynamics” (CFD) model ontwikkeld, wat wordt beschreven in 

hoofdstuk 3. Bij het uitwerken van dit model is met  name aandacht besteed aan het 

exact berekenen van de zuurstof partiaaldruk aan het oppervlak van de permeaat kant 

van het membraan. Met dit CFD model is de zuurstof ionen geleiding van het 

SrCo0.8Fe0.2O3-δ (SCF) membraan berekend. Tevens is de invloed bestudeerd van 

verschillende aanpassingen in de meetopstelling op de concentratie gradiënt aan de 

permeaat kant, zoals de afstand van de inlaat van het spoelgas tot het membraan 

oppervlak, de gas stroom snelheid en het soort spoelgas, wat gebruikt wordt, met de 

volgende resultaten: 

1) Bij toenemende afstand tussen spoelgas inlaat en membraan oppervlak wordt 

de 
2OP aan het membraan oppervlak meer homogeen, maar als de afstand te groot 

wordt, is de totale 
2OP  aan het oppervlak veel hoger dan de gemeten zuurstof 

partiaaldruk aan de uitlaat van de opstelling. 

2 ) De binaire diffusie coëfficiënt van het zuurstof-spoelgas mengsel heeft een 

grote invloed op de variaties van gas samenstelling in de opstelling. Hogere waarden 

van de diffusie coëfficiënt resulteren in een betere/snellere menging van zuurstof en 
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spoelgas en daardoor in een meer homogene  
2OP in de opstelling. Helium heeft, in 

vergelijking met N2, Ar, of CO2, de hoogste diffusie coëfficiënt en resulteert daarom 

in de meest homogene 
2OP in de opstelling. 

3) Door gebruik te maken van een hogere spoelgassnelheid neemt de totale 
2OP  

aan de permeaat kant van het membraan af, waardoor ook de 
2OP  aan het 

membraanoppervlak minder homogeen word. De invloed van deze procesparameter 

is relatief klein ten opzichte van de eerder genoemde parameters. 

De studie in hoofdstuk 4 en 5 is gericht op de ontwikkeling van membranen die 

stabiel zijn in een CO2 atmosfeer. Dit is van groot belang voor het membraan-

geïntegreerde oxy-fuel verbrandingsproces van fossiele brandstoffen, omdat puur 

CO2, of een gasmengsel met hoge CO2 concentratie, als spoelgas voor de membraan 

module wordt gebruikt. Hoofdstuk 4 beschrijft de ontwikkeling van een CO2 stabiele 

membraan, Sr(Co0.8Fe0.2)0.9Ta0.1O3-δ (SCFTa), wat is afgeleid van het bekende 

membraan materiaal SrCo0.8Fe0.2O3-δ (SCF). SCF vertoont een hoge zuurstof 

permeatie, maar in een CO2 atmosfeer neemt de permeatie snel af om na verloop van 

tijd (ca 100 muur) volledig zuurstof impermeabel te zijn.  De reactie tussen SCF en 

CO2 wordt bijna volledig tegengegaan als 10 % van het Co of Fe vervangen wordt 

door Ta. XPS analyse toont aan dat SCFTa minder basisch is dan SCF, waardoor het 

minder snel reageert met CO2. Daarnaast verhoogt het doteren van SCF met Ta5+ de 

stabiliteit van de perovskiet kristalstructuur bij lagere zuurstof partiaaldruk (
2OP   < 

10-2 atm). Bij een lucht/helium gradiënt over het membraan is de zuurstof 

permeabiliteit van SCFTa iets lager dan die van SCF, maar de SCFTa blijft dezelfde, 

constante, permeabiliteit houden als CO2 als spoelgas wordt gebruikt. 

In hoofdstuk 5 is een verdere studie uitgevoerd naar de tolerantie van SCF in 

een CO2 rijke atmosfeer. Aangetoond is dat de CO2 tolerantie van SCF beter wordt 

als er wat zuurstof aan het CO2 wordt toegevoegd. Een SCF membraan blijft stabiel 
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wat betreft zuurstof flux inden er 5 % zuurstof aan het CO2 spoelgas wordt 

toegevoegd. XPS analyses lieten zien dat de toename in CO2 tolerantie veroorzaakt 

wordt doordat het SCF minder basisch is  bij toenemende zuurstof partiaaldruk. Met 

de kennis, verkregen uit deze experimentele resultaten is een aangepast oxy-fuel 

verbrandingsproces voorgesteld, waarbij een mengsel van 5 % O2 en 95 % CO2  als 

spoelgas wordt gebruikt in plaas van puur CO2. Gebaseerd op dit ontwerp is 

uitgerekend dat slechts 17 % extra membraan oppervlak nodig is voor zuurstof 

productie  voor een 50 MW kolen gestookte elektriciteitscentrales in vergelijking met 

het gebruik van puur CO2 als spoelgas. Er moet wel op gewezen worden dat dit 

laatste geval (puur CO2 als spoelgas) niet realistisch is, omdat SCF membranen niet 

stabiel zijn in een 100 % CO2 atmosfeer. 

Hoofdstuk 6 bediscussieerd het volledige proces van een membraan-

geïntegreerde oxy-fuel verbrandingsproces. Simulatie resultaten, met gebruik making 

van UniSim®, geeft voor dit proces een totale netto  efficiëntie van 32.1 % voor een 

kolen gestookte elecriciteitscentrale waar 20 ton/uur steenkool wordt verbrand voor 

de opwekking van elektriciteit. Deze efficiëntie is hoger in vergelijking met een oxy-

fuel proces waarbij zuurstof verkregen wordt door cryogene destillatie van lucht 

(29,6 %). De elektrische energie, die noodzakelijk is voor afvangen van CO2, 

inclusief CO2 compressie tot 100 bar, is berekend op 159 
2e COkWh / t . Indien Ta-

gedoteerd SrCo0.8Fe0.2O3-δ (SCFTa) als membraan gebruikt wordt, is voor deze 

elektriciteitscentrale een totaal membraan oppervlak van 71.000 m2 nodig. 

Geïnspireerd door de resultaten, die in hoofdstuk 5 zijn beschreven, is een alternatief 

proces voorgesteld waarbij niet gedoteerd SCF is gebruikt voor het scheiden van 

zuurstof van lucht. Hierbij is een extra lus (“loop”) van O2/CO2 geïntroduceerd in het 

proces schema om de SCF membranen te beschermen tegen degradatie ten gevolge 

van CO2. Dit gemodificeerde proces geeft dezelfde netto efficiënte als voor het 

proces zonder “loop” en met SCFTa membranen, maar er is minder membraan 

oppervlak nodig (49.000 m2). 
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Tenslotte worden in hoofdstuk 7 de belangrijkste conclusies samengevat en 

worden aanbevelingen gegeven voor toekomstig onderzoek. De belangrijkste 

aanbevelingen zijn, dat er meer onderzoek gedaan moet worden naar de stabiliteit 

van deze membraan in SO2 en/of water bevattende atmosferen. Daarnaast zal bij een 

proces design ook nagegaan moeten worden wat de netto efficiëntie en het benodigde 

membraanoppervlak is bij gebruik making van de zogenaamde 3-end mode voor de 

membraan module (in plaats van de in dit proefschrift beschreven 4-end mode). 
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