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Abstract 

This work addresses the thermochemical stability of ceramic materials –typically used in oxygen 

transport membranes– under the harsh gas environments found in oxyfuel combustion processes. 

Specifically, a dual-phase NiFe2O4-Ce0.8Tb0.2O2-δ (NFO-CTO) composite and a single-phase 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) were studied. The effect of the main contaminants present in this kind 

of processes (CO2, SO2 and H2O) has been tested. NFO-CTO composite remains stable under all the 

conditions studied whereas LSCF presents a poor stability in the presence of CO2 and SO2. Regardless 

of the treatment, NFO-CTO conserves its crystalline structure, without giving rise to new species due 

to segregation or incorporation of sulphur and/or carbon. On the contrary, LSCF is prone to degradation 

in contact with CO2 and SO2, segregating Sr in the form of SrCO3 and SrSO4 and Co and Fe in the form 

of CoO and Fe3O4. It is also shown that SO2 interaction with LSCF is stronger than in the case of CO2. 

A concentration of just 2000 ppm of SO2 in CO2 is enough to subdue the formation of SrCO3, promoting 

the segregation of Sr only in the form of SrSO4. With the results presented in this work, it is possible to 

conclude that the NFO-CTO is a suitable candidate from the thermochemical viewpoint to be used as 

membrane material in 4-end modules for oxygen generation integrated into oxyfuel combustion 

processes whereas the use of LSCF should be dismissed. 
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1. Introduction 

 

Advanced oxyfuel combustion schemes employ pure oxygen mixed with recycled exhaust gases instead 

of air to carry out the combustion. These technologies will enable efficient CO2 capture due to the 

production of almost pure CO2 in the exhaust gases, since there is no dilution in N2 as in the case of 

conventional combustion using air [1, 2]. Other benefits of oxyfuel combustion are the lower NOx and 

SOx emissions and the potential applicability in both new and existing plants through retrofitting [2-4]. 

These features have attracted high interest in recent years and different technical reports have pointed 

out that this technology is expected to be ready for commercialisation in a range of 10-20 years [3]. 

Figure 1 shows a typical block diagram of an oxyfuel combustion process. Nowadays, oxygen 

separation from air is based on cryogenic distillation and pressure swing technologies. However, these 

processes give rise to important energy penalties, which fall in the range of 8-12 %. This is a drawback 

that still remains to be sorted out and that can compromise the viability of the whole process [1, 3]. For 

this reason, the use of oxygen transport membranes (OTMs) is an appealing alternative technology for 

air separation due to its lower energy requirements [5, 6]. 

 

 
Figure 1. Block diagram of an oxy-combustion process with the air separation unit highlighted in 

green (HP: High pressure; LP: Low pressure) 

 

Mixed ionic-electronic conductors (MIEC) are a family of materials with huge potential for their 

application in fields like solid oxide fuel cells or OTMs [7-9]. These materials are able to transport both 

ions (such as O2- or H+) and electronic charge carriers (electrons/holes) [10]. As a consequence, their 

use in oxygen separation by means of oxygen transport membranes is awakening much interest in 

research [8]. OTMs are gas-tight membranes that can transport oxygen ions when a gradient of oxygen 

partial pressure (pO2) is applied through them. When this gradient of partial pressure is applied, O2- ions 

are transported from the side of higher pO2 (air feed/retentate side) to the side of the lower pO2 
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(sweep/permeate side) owing to the presence of defects in the crystal lattice of MIECs [7, 8]. 

Simultaneously, electron holes are transported in the opposite direction, to compensate the movement 

of anions, avoiding the use of an external electrical circuitry [9]. Consequently, these materials are only 

permeable to oxygen, providing a 100 % of selectivity [7, 8]. The typical MIECs for the application in 

OTMs are single phase perovskites (ABO3) or fluorites (AO2) [8]. 

 

Nevertheless, the future application of OTMs depends on their ability to reduce the energy penalty 

associated with the high temperatures needed for oxygen transport and this strongly depends on the 

degree of integration of the membrane modules [3, 11]. The separation driving force (pO2 gradient) is 

built by increasing the air feed pressure [8]. However, this gives rise to an increase in the energy 

consumption of the air separation process (thus affecting the global energy penalty). In addition, the 

membrane is subjected to an important stress due to the pressure difference between both sides of the 

membrane. This leads to issues related to the mechanical resistance of the materials used, which become 

more severe at the high operating temperatures of the modules (around 800 ºC). For this reason, an 

interesting alternative is the application of the so-called 4-end module (Figure 2) [11, 12]. This design 

is based on the use of the exhaust gases from the oxy-combustion process to sweep the permeate side 

of the membrane. Indeed, these gases do not contain much oxygen, O2 concentration in the permeate is 

assumed to be lower than 1%. Studies about the implementation of the 4-end module concept have 

found that the drop in the overall plant efficiency can be limited to 5.2 % [3]. However, these gases are 

composed mainly by CO2 with small amounts of SO2 and different contents of moisture. The 

concentration of SO2 and moisture depends on the fuel used in the combustion [13, 14]. Table 1 shows 

CO2, SO2 and H2O concentrations in the exhaust gases from different coal oxy-combustion processes 

that have been previously reported. These three gases (CO2, SO2 and H2O) can have a critical effect on 

the thermochemical stability of single phase MIECs [8, 13, 15, 16]. 

 

Table 1. Reported CO2, SO2 and H2O composition in exhaust gases from coal oxy-combustion 

processes. 

CO2 
(vol % on a dry basis) 

SO2 
(ppm a dry basis) 

H2O 
(vol %) Reference 

n.a.(1) < 1000 n.a.(1) [13] 
90-95 1500-1800 n.a.(1) [17] 
n.a.(1) 1000-3000 n.a.(1) [18] 
80-95 600-700 n.a.(1) [19] 
60-90 1000-9000 10-40 [20] 
67-72 800-1600 21 [21] 
40-85 n.a.(1) 10-60 [22] 

(1) n.a.: not available 
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Figure 2. Schematic representation of a 4-end module for application of OTMs in oxy-fuel 

combustion. 

 

Single-phase perovskites that present good performance in terms of oxygen permeability under clean 

conditions, like BaxSr1-yCoyFe1-yO3-δ and La1-xSrxCoyFe1-yO3 (with O2 fluxes above 2 ml·min-1·cm-2 at 

850 ºC [23, 24]) are not stable against the presence of both CO2 and SO2, and in addition, they suffer a 

dramatic drop in O2 to nearly zero in atmospheres with only 10-15% CO2 and when exposed to SO2 

[25-27] making them unsuitable for oxyfuel applications. These perovskites easily form carbonates and 

sulphates (mainly Ba and Sr carbonates/sulphates) or undergo phase segregation [13, 16]. This was also 

observed in several works focused on La0.6Sr0.4Co0.2Fe0.8O3-δ stability when used as SOFC cathodes 

exposed to CO2 and SO2 [28-30], as well as for similar perovskites consisting of La0.6Sr0.4CoO3-δ [31, 

32]. In addition, the presence of steam in the system affects both the oxygen transport properties and 

the thermochemical resistance of MIECs [15, 33-35]. According to Wang et al. [34], when moisture 

content is low, it can have some beneficial effect, facilitating the recombination of the oxygen ions to 

molecular oxygen on the membrane surface. However, when moisture content is high, H2O can be 

adsorbed on the membrane surface, thus blocking the oxygen vacancies. From the thermochemical 

stability point of view, the presence of steam can promote the formation of new species, such as metal 

hydroxides, that will modify the transport properties [34, 36]. In addition, when both CO2 and H2O are 

present in the gas stream, there is a synergistic effect that promotes the formation of SrCO3 [15, 35]. 

On the other hand, single-phase perovskites stable against these gases present poor O2 permeability 

[37]. Thus, it is necessary to develop materials that can combine high oxygen permeability and good 

thermochemical stability in the operating conditions. Dual-phase MIECs appear as a potential 

alternative able to achieve this objective. In dual-phase membranes, one phase (normally doped ZrO2 

or CeO2-based fluorite) provides the ionic conductivity while the other phase provides the electronic 
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conductivity [38]. Initially, ceramic-metal systems, in which noble metals were used as electronic 

conductors, were proposed. However, this alternative has already been discarded due to the high cost 

imposed by the use of these expensive metals. Nowadays, combinations of spinel-fluorite and 

perovskite-fluorite are being studied as potential substitutes of ceramic-metal systems [39-41]. In spite 

of the encouraging results from these studies, until now there is no membrane that combines both high 

permeability and thermochemical resistance under real conditions. 

 

An interesting dual-phase MIEC candidate for this application is Ni2FeO4-Ce0.8Tb0.2O2 (NFO-CTO) 

[40, 42]. It has been found  that 10 µm-thick membranes built with this composite can achieve high O2 

flux rates of up to 2.5 ml·min-1·cm-2 at 850 ºC under clean conditions [43], as well as showing resistance 

to some extent against CO2, SO2 and H2O [44]. Furthermore, promising O2 fluxes under CO2 and SO2 

atmospheres have been obtained with 0.7 mm-thick NFO-CTO membranes [45]. However, its 

thermochemical resistance against the presence of these gases needs to be tested in environments that 

simulate real conditions in a 4-end module for OTMs. This work addresses the stability of a NFO-CTO 

composite in the presence of CO2, SO2 and H2O under close-to-real conditions and compares it with a 

state of the art single-phase perovskite (La1-xSrxCoyFe1-yO3) in order to determine the potential of NFO-

CTO for its application as composite for OTMs. 

 

2. Experimental 

 

2.1. Materials 

 

Two different MIECs were used in this study, a single phase La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF, provided 

by H.C. Starck GmbH for thermochemical stability tests and made at RWTH Aachen for the long term 

stability tests) and a dual phase NiFe2O4-Ce0.8Tb0.2O2-δ (NFO-CTO) prepared by Instituto de Tecnología 

Química. LSCF was prepared in the form of powder and in the form of disks. The powder was used 

with the aim of maximizing the contact between the gases and the materials, thus enhancing the 

reactions that may occur and facilitating the study of the stability of the materials. The compact disks, 

tested in long-term stability experiments, were used with the objective of simulating the conditions that 

will take place in real modules of OTMs where dense membranes will be in contact with the gases. 

Similarly, the NFO-CTO composite was prepared in the form of loose powder and compact disks. In 

addition, a series of specimens were prepared also in the form of prismatic bars to study potential 

sintering effects of the treatment in the two phases of the composite. 

 

LSCF was synthesized by a sol-gel Pechini route using nitrate precursors[46]. The powder was ball-

milled in ethanol for 4 h, pressed into disc shaped samples and sintered at 1200 °C for 5 h. The dense 

samples were polished and divided into four 7 x 7 mm pieces. The NFO-CTO composite powder was 
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prepared by a one-pot Pechini process, which yields powder with both phases being better intermixed 

than the solid state synthesis method [16]. Transition metal and lanthanide nitrates were dissolved in 

distilled water solution. Ce(NO3)3·6H2O and Fe(NO3)3·9H2O were provided by Sigma Aldrich. 

Tb(NO3)3·6H2O and Ni(NO3)3·6H2O were provided by ABCR GmbH. After all salts were dissolved, 

citric acid (Sigma Aldrich) was added as chelating agent to prevent partial segregation of metals. 

Ethylene glycol was then added to polymerize with the chelating agent, producing an organometallic 

polymer (molar ratio metal:chelating agent:gelating agent 1:2:4). Complexation and gelation were 

followed by dehydration in air at low temperature (up to 270 °C). Thermal decomposition of the 

precursors was carried out at 750 °C in air, obtaining the composite powders with the correct structural 

phases (fluorite for the CTO and spinel for the NFO). Finally, the composite powder was sintered at 

1200 ºC in air during 4 hours, thus reproducing sintering conditions of NFO-CTO when deposited as 

catalytic layer on a membrane. Dense bars were obtained by uniaxially pressing the composite powder 

in bars of 40 mm of length and 5 mm2 of base at 125 MPa and subsequently calcining them at 1400 °C 

for 10 h (2 ºC·min-1 heating rate, 5 ºC·min-1cooling rate). A schematic figure with the preparation 

method of the powder, disks and bars of NFO-CTO was included in the Supplementary Info (Figure 

S1). The dense disks were prepared following the same procedure as for LSCF. The disks and bars 

presented a density of 98%. 

 

2.2. Thermochemical stability testing 

 

The thermochemical testing of the powder samples and the dense bars (in the case of NFO-CTO) was 

performed in an up-flow vertical testing unit made of quartz (Figure 3). The testing unit consisted of a 

quartz liner containing a porous plate to hold the sample and distribute the gas evenly during the 

treatment. A thermocouple was placed in the middle of the material bed to monitor the temperature 

during the treatment. 
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Figure 3. Scheme of the quartz liner of the testing unit used for the thermochemical testing of the 

MIEC powders. 

 

Approximately 1 g of fresh powdered sample (along with the pellets in the case of NFO-CTO) was 

placed in the quartz testing unit, which was introduced in a vertical furnace chamber heated by SiC 

rods. Once the unit was introduced in the chamber, it was heated up to the reaction temperature under 

air atmosphere. The experiments were performed at atmospheric pressure and at 850 ºC and 900 ºC. 

Once the temperature was reached, the gaseous mixture started to be fed. Different gaseous mixtures 

were used to test the effect of the different components upon the material. Table 2 summarizes the 

composition of the gaseous streams used in the stability tests.  

 

Table 2. Conditions of the thermochemical stability tests performed with the powders and the pellets. 

  Feed dry gases Added 

Test Temperature 
(ºC) 

CO2 
(% vol) 

SO2 
(ppm) 

H2O 
(% vol.) 

Blank 850 850 100 0 0 
Blank 900 850 100 0 0 
500SO2 850 900 99.95 500 0 
500SO2 900 900 99.95 500 0 
100SO2 10H2O 850 850 99.99 100 10 
500SO2 10H2O 850 850 99.95 500 10 
2000SO2 10H2O 850 850 99.8 2000 10 
500SO2 30H2O 850 850 99.95 500 30 

 

Initially, a series of experiments at 850 ºC and 900 ºC with CO2 and mixtures of 500 ppm of SO2 in CO2 

were performed with the aim of addressing the effect of these gases on the materials at different 
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temperatures. Then, moisture was added to study its influence on the process. Finally, the concentration 

of SO2 and the moisture contents were varied. The levels of SO2 and H2O were chosen according to the 

different conditioning options for exhaust gases that might be available in oxyfuel combustion plants. 

These gases can be conditioned prior entering the OTM module with the aim of partially removing the 

SO2 and/or their moisture content. Although this goes against the efficiency of the overall process (gas 

conditioning involves energy consumption), it can help to use MIECs that could be resistant against 

SO2 and H2O up to a threshold in concentration but that present low resistance when this threshold is 

surpassed. For this reason, it is necessary to study the effect of the concentration of SO2 and the moisture 

content, with the aim of determining the harshest conditions at which the MIECs can operate without 

degradation. In this work, three levels of SO2 concentration have been defined: 

 

• Level 1: 100 ppm. To achieve such a low SO2 concentration it is necessary to carry out 

desulphurization at low temperatures, which will result in important losses of energy efficiency 

because the exhaust gases have to be re-heated prior to their introduction in the OTM module. 

• Level 2: 500 ppm. This level of desulphurization can be achieved at high temperatures, thus 

reducing the energy penalty associated to Level 1. 

• Level 3: 2000 ppm. No desulphurization treatment is needed, thus maximizing energy 

efficiency. 

 

Similarly to the procedure with SO2, three levels of moisture have been defined: 

 

• Level 1: 0 % vol. All the moisture is removed from the exhaust gases. This will require a 

condensation unit that will consume important amounts of energy and a subsequent re-heating 

unit. Consequently, this will lead to remarkable energy penalties.  

• Level 2: 10 % vol. Partial removal of the moisture is needed. This will give rise to energy 

penalties, although considerably lower than those from Level 1. 

• Level 3: 30 % vol. This level will not need any condensation of the moisture, thus avoiding 

associated energy penalties in the whole process. 

 

Combining the three levels defined for SO2 concentration and moisture content, the experimental design 

shown in Figure 4 was followed to study the effect of these variables. These experiments were 

performed at 850 ºC because it was found that the damaging effect of the gases over the LSCF is higher 

at 850 ºC than at 900 ºC since carbonates and sulphates of the metallic components are less stable at the 

higher temperature. 
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Figure 4. Experimental design for the study of the effect of SO2 concentration and moisture content 

on the LSCF and NFO-CTO. 

 

The mixtures of CO2 and SO2 were prepared by mixing the gas content of two different gas cylinders 

containing pure CO2 and a mixture of 2000 ppm of SO2 in CO2. Then, steam was added using an 

evaporator, composed by a syringe pump and a heated pipe connected to the testing unit. The total flow 

rate used was 0.25 NL·min-1. The outlet gases passed through a gas cooling system with a volume of 

0.5 L, where steam was condensed and removed. The cooling system was filled with a basic solution 

of Ca(OH)2 to neutralize the acidic nature of the water recovered, which contained acid species due to 

the presence of CO2 and SO2 in the system. The dry exhaust gases passed through a series of SO2 traps 

to remove this toxic gas prior their release into the ventilation system. The experiments lasted for a total 

of 8 hours, and then the unit was taken out of the hot chamber and cooled down as quickly as possible 

under the reaction atmosphere. Once the material reached room temperature, it was recovered for 

characterization. 

 

For the long-term stability testing of the sintered disks of LSCF and NFO-CTO, a slightly different set-

up was employed. Samples were placed on a gold plated sample holder seated on top of an aluminum 

oxide support tube through which the test gas flowed. Gold plating was applied to prevent chemical 

reaction between the sample and the aluminum oxide (Figure 5). Test runs were carried out for 200 h 

at 850 °C and a constant flow of a N2/SO2 gas mixture. The flow rate was 50 NmL·min-1 and the SO2 

concentration was varied between 2 and 50 ppm.  
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Figure 5. Scheme of the long-term stability test setup for the sintered samples. 

 

2.3. Material characterization 

 

X-ray diffraction (XRD) patterns of the powder samples were obtained using a PANalytical 

diffractometer equipped with a Ni-filtered Cu Kα radiation. The XRD patterns were processed using 

the software X’Pert Highscore Plus to identify the species present in the samples. The characterization 

of the sintered samples was performed with a STOE Theta–Theta XRD reflection diffractometer with 

Cu-Kα-radiation. 

 

X-ray fluorescence (XRF) was performed to determine the chemical composition of the fresh and spent 

powders, especially the sulphur content. Measurements were performed using a MiniPal 4 EDXRF 

spectrometer (PANalytical), equipped with a 30 kV rhodium anode tube. In addition, elemental analysis 

was used to detect the presence of carbon or sulphur that could have been incorporated during the 

treatment. These analyses were performed using an EuroVector EuroEA Elemental Analyzer (CHNS), 

with the combustion chamber operating at 1293.15 K. Flash combustion gases were separated by gas 

chromatography column and peaks were detected in a thermal conductivity detector (TCD). The TCD 

signal for each element is translated to weight percentage content. 

 

A Perkin Elmer FTIR 100 spectrometer was used for performing the attenuated total reflection Fourier 

transform infrared spectroscopy in the powders (ATR-FTIR). Background subtracted spectra of the raw 

and the treated samples were collected at room temperature by co-adding 32 scans at 4 cm-1 resolution 

in transmittance mode. Data were baseline corrected using Spectrum 10™ software. 
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Raman spectra of the powdered samples were obtained using a Renishaw inVia Raman spectrometer 

equipped with a Leica DMLM microscope and a 785-nm Nd ion laser as an excitation source. A x50 

objective of 8-mm optical length was used to focus the depolarized laser beam on a spot of about 3 µm 

in diameter. The Raman scattering was collected with a charged coupled device (CCD) array detector. 

 

Scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) studies of the 

powders and pellets was done in a JEOL JSM6400 operated at 20 KV. The microscope was equipped 

with an energy dispersive X-ray spectroscopy (EDS) system. The LSCF disks were characterized in a 

SEM (LEO/Zeiss, 1450VP, Jena, Germany) with an EDS system (Oxford INCA). 
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3. Results and discussion 

 

3.1. Thermochemical stability of LSCF 

 

3.1.1. Studies with the powder samples 

 

Figure 6 shows the XRD patterns of the fresh and spent samples of LSCF, treated at 850 and 900 ºC 

under CO2 and a binary mixture of 500 ppm of SO2 in CO2 and treated with a ternary mixture of 500 

ppm of SO2 in CO2 with 10 % vol. of moisture at 850 ºC. When LSCF was treated under CO2 

atmosphere, the material was modified. LSCF was still the main component, although the presence of 

SrCO3 and Fe and Co oxides was clearly identified in the sample. These findings were in agreement 

with results previously reported by other authors, who also found that Sr and Co strongly segregated 

from the perovskite structure due to the presence of CO2 [33, 47]. Sr reacts easily with CO2 to form 

SrCO3 due to its low chemical potential according to the Ellingham diagram (Figure S2 in the 

Supplementary Information). In the case of Co and Fe, they were segregated from the perovskite in the 

presence of CO2 to preserve the overall perovskite structure, compensating for the shortage of A-site 

metal elements [33, 48]. This segregation resulted in the appearance of LSCF perovskites with different 

compositions than the original (with less Sr, Fe and/or Co) although their concrete composition has not 

been determined in this work. When SO2 was incorporated to the gaseous mixture, the LSCF showed 

again low stability. SrSO4 appeared as new species in addition to the SrCO3 formed as a consequence 

of the presence of CO2 and Fe and Co oxides. Formation of SrSO4 in LSCF perovskites due to exposure 

to SO2 atmosphere has been previously observed [13, 49]. Both carbonates and sulphates signals were 

less intense when the experiments were carried out at 900 ºC, especially in the case of carbonates. This 

suggested that, at 900 ºC, CO2 and SO2 presented lower ability to react with LSCF components to give 

rise to new phases, due to the lower stability of these phases at this temperature. That means that an 

increase in the process temperature can help in protecting the LSCF from being damaged by the gaseous 

atmosphere. However, research efforts are being focused on the opposite direction: decreasing the 

process temperature, with the aim of decreasing the energy penalties linked to the air separation unit 

and the requirements for housing and sealing materials. 
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Figure 6. XRD patterns of the LSCF powder samples fresh and treated with CO2, CO2/SO2 and 

CO2/SO2/H2O mixtures at 850 and 900 ºC and atmospheric pressure. The inset shows a detail of the 

patterns from 2θ = 24 to 2θ = 55º, where most of the main signals of the new phases are present.  

 

As stated before, steam can affect both the oxygen transport properties and the thermochemical 

resistance of these materials [15, 33-35]. With the aim of studying the effect of H2O on the stability of 

LSCF, a 10 % vol. of steam was added to the experiment carried out with the mixture of 500 ppm of 

SO2 in CO2 at 850 ºC. As shown in Figure 6, there were no new species formed when H2O was added. 

The intensity of the peaks belonging to SrSO4 species seemed to increase slightly. However, this is not 

enough to point to some kind of synergetic effect due to the presence of H2O, similar to that previously 

reported between CO2 and H2O [15, 35], and this effect would be negligible compared with the 

damaging effect of the SO2 alone over the LSCF.  

 

XRD reveals the presence of species only if they form crystalline domains of enough size to be detected 

by this technique. For this reason, the materials were characterized using ATR-FTIR and Raman 
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spectroscopy, which are also sensitive to non-crystalline species and more sensitive to small domains. 

Figure 7 shows the ATR-FTIR and Raman spectra of the fresh and spent samples of LSCF. The results 

from the ATR-FTIR confirmed the findings from XRD about the poor resistance of LSCF against CO2 

and SO2. All the spent samples presented bands at 1452 and 1430 cm-1 that were not observed in the 

fresh sample. Bands between 1400 and 1600 cm-1 can be assigned to C=O bond stretching in carbonate-

like species. In addition, the spent samples also showed a sharp band at 858 cm-1. Bands between 850 

and 900 cm-1 are characteristic of the out of plane/in-plane bending of CO3
2− [10, 50, 51]. More 

concretely, Hu et al. [52] and Turianicová et al. [10] found that SrCO3 gave rise to bands at 855/1430 

and 858/1470 cm-1 respectively, which matched very well with the bands found in this work at 858, 

1430 and 1452 cm-1. The addition of SO2 gave rise to the appearance of several bands at 993, 1082, 

1125 and 1198 cm-1. SO4
2- ions present different absorption signals (symmetric and asymmetric 

stretching and bending) in the range of 950-1250 cm-1, especially strong in the range of 1080-1125 cm-

1 [10, 50, 53]. Turianicová et al. [10] reported similar bands (993, 1120-1124 and 1198-1205 cm-1) to 

those shown in this work. The observation of the Raman spectra of the LSCF treated samples allowed 

identifying a new peak at around 1000 cm-1, which corresponded to the formation of sulphates, 

confirming again the findings from XRD and ATR-FTIR [42, 54]. 

 

 
Figure 7. (a) ATR-FTIR (numbers in blue correspond to carbonate signals and numbers in green to 

sulphate signals); and (b) Raman spectra of the LSCF (powder samples) fresh and treated with CO2, 

CO2/SO2 and CO2/SO2/H2O mixtures at 850 and 900 ºC and atmospheric pressure. 

 

Figure 8 shows the XRD patterns of the LSCF samples treated with different concentrations of SO2 and 

H2O at 850 ºC. At low SO2 concentration (100 ppm), the intensity of the SrSO4 signals became very 

weak whereas the intensity of the SrCO3 signals became much stronger, similar to that from the 

(a) (b)
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experiment with pure CO2 (see Figure 6). Since the mere observation of the XRD signals is not enough 

to draw conclusions on the amount of the different phases present in each sample, a Rietveld refinement 

was used for semi-quantitatively determine the amount of each of these phases in the treated samples. 

The data corresponding to this refinement are provided in the Supplementary Information (Figure S3, 

Table S1). As SO2 concentration rose, the amount of SrSO4 in the treated samples increased while the 

amount of SrCO3 decreased. The signals of SrCO3 practically disappeared when 2000 ppm of SO2 were 

used, decreasing to less than 3% wt. whereas it reached 12% wt. in the experiment performed with 100 

ppm of SO2. The intensities of the peaks belonging to Fe3O4 and CoO were almost constant regardless 

of the concentration of SO2 used in the treatment. Consequently, the weight percentage of these phases 

was almost constant in the range of 7-8% wt. for Fe3O4 and 1-2% wt. for CoO. These results suggested 

that the formation of SrCO3 competed with the formation of SrSO4, the latter being much stronger. A 

concentration of just a 0.2 % vol. (2000 ppm) of SO2 was enough to practically neutralize the effect of 

a concentration of 99.8 % vol of CO2. This way, SrSO4 was almost the only species formed when Sr 

was segregated from the perovskite. However, the segregation of Fe and Co and the consequent 

formation of Fe3O4 and CoO seem to be constant, regardless of the conditions studied. This could be 

expected since Fe and Co were segregated to preserve the perovskite structure after the segregation of 

Sr, irrespective to type of species formed (SrCO3 or SrSO4). 
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Figure 8. XRD patterns of the LSCF powder samples fresh and treated under different concentrations 

of SO2 and H2O at 850 ºC and atmospheric pressure. The inset shows a detail of the patterns from 2θ 

= 24 to 2θ = 55º, where most of the main signals of the new phases are present. 

 

The competitive mechanism that was inferred from the XRD analysis was also supported by the FTIR 

results. As shown in Figure 9a, when the concentration of SO2 increased the intensity of the peaks 

corresponding to SO4
2- species grew. On the contrary, the spectrum of the sample treated at 2000 ppm 

was practically flat in the range of 1300-1600 cm-1, where the signals corresponding to the CO3
2- species 

should have appeared. This confirmed the idea that a concentration of just 2000 ppm of SO2 was enough 

to practically avoid the formation of SrCO3 and the segregation of Sr from the perovskite proceeded to 

form only SrSO4. Raman spectra (Figure 9b) also confirmed that the increase in SO2 concentration 

favoured the formation of SO4
2-, since the intensity of the signal around 1000 cm-1 corresponding to 

SO4
2- increased and a second weak signal around 200 cm-1 appeared for the first time when a 

concentration of 2000 ppm of SO2 was used [42, 54]. 
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Figure 9. (a) ATR-FTIR; and (b) Raman spectra of the LSCF (powder samples) fresh and treated 

under different concentrations of SO2 and H2O at 850 ºC and atmospheric pressure. 

 

With the aim of semi-quantitatively determine the incorporation of C and/or S to the samples, as the 

identified species or as any other species not identifiable by means of XRD or vibrational spectroscopy, 

C and S contents were determined by means of elemental analysis and XRF. Results from the elemental 

analysis are shown in Table 3 (XRF, not shown, presented the same trends). Carbon was found in all 

the treated samples whereas sulphur was observed in all the experiments in which SO2 was added to the 

gaseous stream. 

 

Table 3. Elemental analysis of carbon and sulphur content in the fresh and treated samples of LSCF 

and NFO-CTO. Note: experimental error ±0.2%. (1) n.d.: not detected (below the limit of detection) 

  Elemental Analysis 
 Sulphur (wt. %) Carbon (wt. %) 

LSCF Blank 850 - 1.4 
 500SO2 850 2.3 0.7 
 100SO2 10H2O 850 0.7 1.2 
 500SO2 10H2O 850 2.2 0.7 
 2000SO2 10H2O 850 4.5 0.1 
 500SO2 30H2O 850 2.1 0.7 

NFO-CTO Blank 850 - n.d.(1) 
 500SO2 850 n.d. (1) n.d. (1) 
 100SO2 10H2O 850 n.d. (1) n.d. (1) 
 500SO2 10H2O 850 n.d. (1) n.d. (1) 
 2000SO2 10H2O 850 n.d. (1) n.d. (1) 
 500SO2 30H2O 850 n.d. (1) n.d. (1) 

(a) (b)



18 

 

3.1.2. Studies with dense sintered samples 

 

Sintered samples were tested for long-term stability (up to 1000 h). The diffraction patterns of the fresh 

LSCF sintered sample and of the samples subjected to 2, 10, 25 and 50 ppm of SO2 are shown in Figure 

10. The perovskite diffraction peaks of all the samples subjected to SO2/N2 were shifted to smaller 

angles. This indicated that a lattice expansion occurred. The diffraction patterns of the samples 

subjected to 2, 10, 25 and 50 ppm SO2 showed additional peaks corresponding to SrSO4. The intensities 

of these peaks did not exactly correspond to the intensities of the diffraction pattern due to a preferred 

orientation of the SrSO4 crystals on the surface, which was most noticeable in the sample subjected to 

50 ppm SO2. 

 

 
Figure 10. XRD patterns of the LSCF sintered disks fresh and treated with 2, 10, 25 and 50 ppm of 

SO2 at 850 °C and atmospheric pressure. 

 

Crystals were formed on the surface of all LSCF treated samples. The higher the concentration of SO2 

during the stability test, the larger the crystals grow on the surface. Even on the surface of the sample 

subjected to 2 ppm SO2, sulfur-containing crystals were detected. A SEM image and EDS mapping of 

a wedge-shaped crystal on the surface of the sample subjected to 50 ppm SO2 are shown in Figure 11. 

The crystal contained a high amount of sulfur as shown in the mapping (Figure 11b). Part of the surface 

area around the long wedge-shaped crystal presented a lighter colour (Figure 11a). This lighter area 

(marked by red arrows in the image) was completely depleted of strontium (Figure 11c) but was rich in 
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lanthanum (Figure 11d). Thus it can be concluded that strontium diffused from the bulk LSCF material 

to the surface forming crystals that consisted of strontium, sulfur and oxygen.  

 

 
Figure 11. (a) SEM image of a wedge-shaped crystal in the LSCF surface formed after the treatment 

with 50 ppm of SO2 (the red arrows mark the Sr-depleted light area); (b) sulphur, (c) strontium and (d) 

lanthanum EDS mapping of the LSCF surface after stability test in 50 ppm SO2/N2. 

 

3.2. Thermochemical stability of NFO-CTO 

 

3.2.1. Studies with the powder samples 

 

Figure 12a shows the XRD spectra of the NFO-CTO samples fresh and treated at 850 and 900 ºC with 

CO2, a mixture of 500 ppm of SO2 in CO2 and a mixture of 500 ppm of SO2 in CO2 adding a 10 % vol. 

of moisture at 850 ºC. The NFO-CTO showed very high stability since no new species were identified. 

The treated dual-phase composite conserved exactly the same composition and structure as the fresh 

sample under all the different conditions studied. In this case, the high stability of the NFO-CTO against 

10 µm

(a) SEM-Image (b) S

(c) Sr (d) La
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CO2 can be explained by the high resistance shown by each of its oxide components alone. In the case 

of the ionic conductor, it has been reported that the chemical stability of fluorites, and more concretely 

doped ceria, is very high in the presence of CO2 (especially higher than in the case of perovskites) [39, 

55, 56]. Regarding the electronic conductor, the spinel NiFe2O4, it cannot give rise to Ni or Fe 

carbonates at the temperatures studied in this work. According to the Ellingham diagram, Ni and Fe 

carbonates are not stable at these temperatures (Figure S2 in the Supplementary Information) [57]. 

Some studies in catalysis for hydrocarbon processing have reported that the spinel structure can be 

broken to give rise to metallic Ni and Fe oxides, but this behaviour would probably be due to the 

interaction of the spinel with hydrocarbons, since according to the results reported here, no segregation 

of Ni or formation of Fe oxides were observed [58]. When SO2 was added to the gaseous stream, the 

result was exactly the same, since no new peaks could be observed in the X-ray patterns. Although SO2 

can be adsorbed on ceria at low temperature forming bulk sulphate species, ceria is very stable against 

SO2 at the temperatures used in this study [59-61]. Moreover, there are references in catalysis where 

CeO2 is used to improve catalyst resistance against sulphur poisoning [62-65]. In the case of NiFe2O4 

spinel, the literature available is again scarce. Ni is the metal with higher potential to be sulphidized in 

the presence of sulphur gases, as has been reported in works using the NFO spinel in sulphur laden 

reducing atmospheres [58, 66]. However, according to previous studies, Ni sulphates are not stable at 

temperatures higher than 800 ºC, which may explain the absence of sulphur species in the spent samples 

[54, 66]. Finally, when steam was added, the material conserved again its structure and no changes or 

new species could be identified. Therefore, the possible synergetic effect between H2O and SO2 inferred 

in the case of the LSCF was not enough to promote the formation of sulphates in the NFO-CTO.  
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Figure 12. (a) XRD patterns; and (b) Raman spectra of the NFO-CTO powder samples fresh and 

treated with CO2, CO2/SO2 and CO2/SO2/H2O mixtures at 850 and 900 ºC and atmospheric pressure 

(a)

(b)
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In the case of the NFO-CTO, no bands were observed in ATR-FTIR spectra of both fresh and spent 

samples (see Figure S4 in the supplementary material). For this reason, Raman is the only vibrational 

spectroscopy technique that has been used to study the possible formation of new species in the NFO-

CTO after the exposure to CO2, SO2 and H2O. Figure 12b shows the Raman spectra of the fresh and 

treated samples of NFO-CTO. The spectra of the treated samples were coincident with the fresh sample 

and only a slight change in the relative intensities of the peaks at 470 and 482 cm-1 could be observed. 

Ni and Fe sulphate peaks can be coincident with the peaks from the original NFO-CTO (in the range of 

200-800 cm-1), but these compounds also present several intense peaks in the range of 800-1400 cm-1 

[42, 50, 54]. None of these signals were observed in the treated samples, and therefore the formation of 

these compounds was dismissed. 

 

Figure 13 shows the XRD patterns and the Raman spectra of the NFO-CTO samples treated with 

different concentrations of SO2 and H2O at 850 ºC. In the same way as in the previous set of 

experiments, this material exhibited a completely different behaviour than that from LSCF. NFO-CTO 

did not show any modification after the treatment, regardless of the concentration of SO2 and the H2O 

content of the gas stream. Both the XRD (Figure 13a) and the Raman spectra (Figure 13b) of the treated 

samples were coincident with those from the fresh sample, which enabled discarding the formation of 

new species after the treatments. These results confirmed the high resistance of this composite against 

SO2 and H2O. NFO-CTO is able to work under concentrations of SO2 and H2O contents high enough to 

avoid the use of desulphurization and dewatering processes prior to the OTM module, which can avoid 

energy efficiency losses in the whole oxyfuel combustion process. 

 



23 

 
Figure 13. (a) XRD patterns; and (b) Raman spectra of the NFO-CTO powder samples fresh and 

treated under different concentrations of SO2 and H2O at 850 ºC and atmospheric pressure 

(a)

(b)
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Elemental analysis was used for discarding C and/or S incorporation to the treated NFO-CTO as any 

other species not identifiable by means of XRD or vibrational spectroscopy. Results are shown in Table 

3. Contrary to the case of LSCF, none of these elements was found in the NFO-CTO samples, regardless 

of the treatment conditions. Therefore, incorporation of C or S in species not detectable by XRD or 

vibrational spectroscopies was also discarded. These results reinforced the conclusions that NFO-CTO 

is a composite resistant to the presence of CO2, SO2 and H2O at high temperature. 

 

3.2.2. Studies with dense sintered samples 

 

The XRD of the as prepared NFO-CTO sample and the pattern after the stability test with 1000 ppm of 

SO2 in N2 are shown in Figure 14. The diffraction peaks were narrower and the contribution of Kα2 

was observed more clearly in peaks at 2θ > 45º, suggesting that the crystallinity of the material increased 

and pointing to some degree of coarsening in the two phases. Apart from this, there were no new peaks 

after the stability test. Consequently, the SO2 exposure up to 1000 ppm and during 1000 h of testing did 

not lead to the formation of sulfates. 

 

 
Figure 14. XRD patterns of the NFO-CTO sintered disks fresh and treated with 1000 ppm of SO2 at 

850 °C and atmospheric pressure 

 

Although the resistance of NFO-CTO against the formation of new species has been demonstrated, it 

cannot be dismissed that sintering of the different phases (CTO or NFO) could occur during the 

treatment, e.g. changes in the grain morphology –coarsening–. In order to address this, the same 
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thermochemical stability tests performed with the powders were performed using small dense bars of 

the NFO-CTO composite. Those bars were analysed using SEM-EDS. SEM images of the cross-section 

of the original and the treated bars (in the harshest conditions: 2000 ppm SO2/10 % H2O and 500 ppm 

SO2/30 % H2O) are shown in Figure 15. In the high magnification backscattered pictures, it was possible 

to distinguish both NFO and CTO phases. In these images, the darker areas corresponded to the NFO 

(containing elements of lower atomic weight) whereas bright areas corresponded to the CGO 

(containing heavier elements). The distribution of both phases after the treatment remained 

homogeneous and no differences can be observed between the outer surfaces (marked with the white 

dashed box), which were directly exposed to the gaseous stream, and the inner surfaces, protected from 

the direct exposure to the gaseous stream. In addition, no significant differences between the original 

and the treated samples were observed. Only a slight increase in grain size was detected after the 

treatments. This slight increase in grain size was constant along the whole cross section of the bars. 

This suggested that no phase sintering occurred as a consequence of the interaction with the gases but 

as a consequence of the high temperature used in the treatment. The EDS spectra (available in Figure 

S5 from the Supporting Info) proved again that no sulphur was incorporated under any conditions. 
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Figure 15. SEM images of cross sections from : original NFO-CTO bars at 1000X (a) and 5000X (b); 

NFO-CTO bars treated with 2000 ppm of SO2 and 10% vol. of H2O at 1000X (c) and 5000X (d); and 

NFO-CTO bars treated with 500 ppm of SO2 and 30% vol. of H2O at 1000X (e) and 5000X (f). The 

white dashed boxes indicate the outer surface that was in direct contact with the gaseous stream. EDS 

of the different areas analysed are provided in the Supplementary Information. 

 

4. Conclusions 

 

The dual-phase NFO-CTO composite has been found to be stable under operation conditions relevant 

to 4-end modules of OTMs. NFO-CTO has been tested under concentrations up to 2000 ppm of SO2 in 

CO2 and moisture contents up to 30 % vol. The composite does not undergo any modification, 

(a)

30 μm

(c)

30 μm

(e)

30 μm

(b)

2 μm

(d)

2 μm

(f)

2 μm
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regardless of the conditions studied, even in long-term experiments (time on stream up to 1000 h). On 

the contrary, single-phase LSCF perovskite has been tested under similar conditions showing poor 

thermochemical stability. When LSCF is put in contact with CO2 and SO2 it easily forms SrCO3 and 

SrSO4, respectively. The effect is especially severe in the case of SO2 since a concentration of just 2000 

ppm of SO2 in CO2 is able to almost completely prevent the formation of SrCO3, segregating Sr from 

the perovskite structure only in the form of SrSO4. Furthermore, the presence of SO2 concentrations as 

low as 2 ppm is sufficient enough to form a SrSO4 phase on the surface of LSCF. 

 

With the results presented in this work, it is possible to conclude that the NFO-CTO composite is the 

preferred candidate (from the thermochemical stability point of view) to be used as mixed ionic-

electronic conductor in 4-end modules of oxygen transport membranes for their application in oxyfuel 

combustion. 
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Synopsis 

 

The thermochemical stability of two mixed ionic-electronic conductors has been tested under real 

operating conditions in 4-end modules of oxygen transport membranes for application in oxyfuel 

combustion. It has been found that the dual-phase NFO-CTO is stable under all the conditions tested 

whereas the single phase LSCF shows low stability, reacting with CO2 and SO2 to form carbonates 

and sulphates. 
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