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Abstract 

Perovskite-based oxygen carriers have shown promise for the partial oxidation of methane in 

fixed bed reactors, but they have not been investigated in detail in bubbling fluidized bed 

reactors, where bypassing of the methane and backmixing of the product gas can occur. Using 

a Lanthanum strontium ferrite (La0.85Sr0.15FeO3) as the oxygen carrier, it is demonstrated that 

excellent performance can be achieved in a fluidized bed reactor for both the partial oxidation 

of methane during reduction of the oxygen carrier and the carbon dioxide or water splitting 

reactions during re-oxidation of the oxygen carrier in a chemical looping fashion. The effective 

oxygen storage capacity is > 10 wt.%, allowing to produce > 6 mol of synthesis gas with a ratio 

of hydrogen to carbon monoxide slightly below 2 during partial oxidation, and > 6 mol of carbon 

monoxide or hydrogen during re-oxidation per kg oxygen carrier in a complete redox cycle. 

The selectivity towards synthesis gas is > 99% and the conversion of carbon dioxide to carbon 

monoxide (or steam to hydrogen) is ~ 97% (or ~ 94%) at temperatures > 900°C. 

Introduction 

The efficient conversion of CH4 to a synthesis gas (a mixture of H2 and CO) via reforming 

reactions (such as the dry reforming of methane, DRM, or the steam reforming of methane, 

SRM) or its partial oxidation, POx, require catalysts, which are often expensive or toxic, or 

both. POx can be performed also non-catalytically but demands high reaction temperatures 

(for a CH4 conversion of > 99%, reaction temperatures > 1000°C at 1 atm or > 1450°C at 

50 atm are needed). Depending on the reaction scheme, different ratios of H2 to CO (ranging 

from 1:1 for DRM to 3:1 for SRM) can be expected in the product gas, which may be used 

directly in downstream chemical production processes, e.g. Fischer-Tropsch synthesis. For 

the partial oxidation of CH4 (CH4 + 0.5 O2 → 2 H2 + CO), a supply of O2 is needed, which is a 

main contributor to the operating costs of the process [1,2]. Instead of using gaseous O2, it has 

been proposed to use lattice oxygen of metal oxides to convert CH4 into a synthesis gas [3,4], 

and this has been termed chemical looping reforming [5]. The principal idea is to keep the 

oxygen to fuel ratio low to prevent the fuel from being fully oxidized to CO2 and H2O [6–8], 

allowing to use a wide range of metal oxide-based oxygen carrier, e.g. NiO or Mn2O3. Some 

metal oxides naturally convert CH4 to synthesis gas (instead of combusting it) owing to their 

thermodynamic properties, e.g. La-Fe-based perovskites [9–12]. In this class of materials, to 

improve reactivity and selectivity towards synthesis gas, doping of the A-site (La) of the 

perovskite with Sr has mostly been employed [13–15], but also the partial substitution of the Fe 



on the B-site with Mn [16], Al [17] or Cr [18] has been reported to have a positive effect on the 

partial oxidation performance. La-(Sr)-Fe-based perovskites do not only possess beneficial 

thermodynamic properties for the partial oxidation of CH4, but also, once a fraction of the lattice 

oxygen has been consumed, for the splitting of CO2 (or H2O) to generate CO (or H2). Hence, 

this class of materials is often investigated for combined partial oxidation and CO2 (or H2O) 

splitting reaction schemes [19–22]. Subject to the oxidant used, the sum of the two reaction half 

steps is equivalent to the DRM (with CO2 as oxidant) or SRM (with H2O as oxidant), where 

from CH4 and the oxidant a synthesis gas with a ratio of H2 to CO of 1:1 or 3:1 is produced; 

often such schemes are referred to as chemical looping reforming. The thermodynamic 

properties of perovskites vary as function of A- or B-site substitution and non-stoichiometry in 

lattice oxygen. The perovskite system in general is very well understood and characterized [23–

25], but for most applications, a reduction beyond the perovskite structure is not considered, 

thus utilizing only a fraction of the theoretical amount of redox-active lattice oxygen [26–29]. In 

this work, we do not report on the development of new perovskite-based oxygen carriers, but 

use a well-known La-Sr-Fe-O system, specifically La0.85Sr0.15FeO3, as oxygen carrier and 

investigate its performance for partial oxidation of CH4 and the subsequent splitting of CO2 (or 

H2O) to maximize the utilization of the material’s redox-active lattice oxygen. While several 

other studies have shown good results with similar materials in membrane [30] or fixed bed 

reactors [31–33], only a few studies have employed fluidized bed reactors [34–36]. We demonstrate 

that an excellent performance of La0.85Sr0.15FeO3 can be achieved in a fluidized bed reactor 

for both the partial oxidation of CH4 and the splitting reaction, while potentially eliminating the 

use of O2/air entirely. The effective oxygen storage capacity was > 10 wt.%, equivalent to a 

production of > 6 mol of synthesis gas during reduction and > 6 mol of CO or H2 during re-

oxidation per kg of oxygen carrier (note that 0.1 kg of lattice oxygen per kg oxygen carrier 

corresponds to 3.125 mol of O2). 

 

Experimental 

The perovskite-based La0.85Sr0.15FeO3-δ oxygen carrier particles (for simplicity, the formula 

La0.85Sr0.15FeO3 is used to denote the oxygen carrier in most instances) were synthesized from 

nitrates using a modified Pechini-method, followed by granulation and calcination at 1250°C. 

The material was characterized using X-ray diffraction (XRD), electron microscopy (scanning 

and transmission electron microscopy, SEM and TEM, with energy-dispersive X-ray 

spectroscopy, EDX), N2 sorption, Raman spectroscopy and inductively coupled plasma optical 

emission spectroscopy (ICP-OES). 

The performance of the oxygen carrier for converting CH4 in a redox fashion was evaluated 

using a thermogravimetric analyzer and a fluidized bed reactor. The off-gases from both 

apparatus were sampled continuously and analyzed using infrared, thermal conductivity and 

paramagnetic analyzers. Details on the experimental methods are available in the Supporting 

Information (SI).  



Table 1: Summary of the experimental conditions in the fluidized bed experiments. 

Experimental parameter # 1 # 2 # 3 # 4 # 5 

Temperature (°C)a  800 – 950 900 900 900 900 – 950 

Pressure (atm)  1 1 1 1 1.4 

Reduction step 
Atmosphere 8.6 vol.% CH4 8.6 vol.% CH4 8.6 vol.% CH4 8.6 vol.% CH4 8.6 vol.% CH4 

Time (s) 900 900 900 900 900 

1st Oxidation step 
Atmosphere 7.1 vol.% CO2 7.1 vol.% CO2 7.0 vol.% steamb 7.1 vol.% CO2 7.1 vol.% CO2 

Time (s) 600 600 600 600 600 

2nd Oxidation step 
Atmosphere 85.7 vol.% air 85.7 vol.% air 85.7 vol.% air - 85.7 vol.% air 

Time (s) 300 300 300 - 300 

Total flow (ml min-1)  700 525, 700, 875 700 700 700 

Comment 
 Effect of 

temperature 
Effect of total 
flow rate 

Effect of steam 
Effect of air 
oxidation step 

Effect of 
pressure 

a The actual bed temperature was usually 10 – 15°C higher than the set reactor temperature. 
b The flow rate of the water pump was set to 2.4 ml h-1. 

A summary of the experimental conditions using the fluidized bed, for which particles sieved 

to 250 – 425 μm were used, is given in Table 1. In all experiments, diluted gas mixtures were 

used with N2 being the diluent. More than 80 redox cycles were performed in the fluidized bed, 

corresponding to more than 50 h of fluidization at high temperature. The reactor and filters 

were cleaned after every ~ 8 – 10 h of operation. No significant particle breakage, attrition or 

loss of material was observed, although the granulated particles were not optimized for 

mechanical stability. No attempts were made to measure the compression strength of the 

particles, keeping in mind that the compressing strength of oxygen carrier particles can be an 

important parameter for operation at large scale to estimate their lifetime. The following 

performance indicators were used on a N2-free basis: 

 Conversion of CH4, XCH4, at time t = 1 – mole fraction of CH4 measured in the off-gas / 

sum of mole fractions of CO, CO2 and CH4 measured in the off-gas 

𝑋𝐶𝐻4(𝑡) = 1 −
𝑥𝐶𝐻4(𝑡)

𝑥𝐶𝑂(𝑡) + 𝑥𝐶𝑂2(𝑡) + 𝑥𝐶𝐻4(𝑡)
 Eq. 1 

 Selectivity towards synthesis gas, SSyngas, at time t = (sum of mole fractions of CO and 

H2 measured in the off-gas) / (sum of mole fractions of CO, H2, CO2 and H2O measured 

in the off-gas) 

𝑆𝑆𝑦𝑛𝑔𝑎𝑠(𝑡) =
𝑥𝐶𝑂(𝑡) + 𝑥𝐻2(𝑡)

𝑥𝐶𝑂(𝑡) + 𝑥𝐶𝑂2(𝑡) + 𝑥𝐻2(𝑡) + 𝑥𝐻2𝑂(𝑡)
 Eq. 2 

 Oxygen storage capacity, ROC = (mass of initial oxidized oxygen carrier – mass of 

oxygen carrier when all redox-active lattice oxygen has been consumed) / (mass of 

initial oxidized oxygen carrier) 

𝑅𝑂𝐶 =
𝑚𝑜𝑥 −𝑚𝑟𝑒𝑑

𝑚𝑜𝑥
 Eq. 3 

 Lattice oxygen conversion, X[O], at time t = (moles of lattice oxygen consumed) / (total 

moles of redox-active lattice oxygen in the oxygen carrier)  

𝑋[𝑂](𝑡) =
∫ 𝑛𝑂2
𝑡

𝑡0
⋅ 𝑑𝑡

𝑛𝑂2,𝑂𝐶
= ∫

𝑋𝐶𝐻4,𝐹𝑒𝑒𝑑(𝑡) ⋅ (𝑥𝐶𝑂(𝑡) + 𝑥𝐻2𝑂(𝑡)) + 𝑥𝐶𝑂2(𝑡))

𝑥𝐶𝑂(𝑡) + 𝑥𝐶𝑂2(𝑡) + 𝑥𝐶𝐻4(𝑡)

𝑡

𝑡0

⋅ 𝑛̇𝑡𝑜𝑡,𝐹𝑒𝑒𝑑 ⋅ 𝑑𝑡 ⋅
1

𝑛𝑂2,𝑂𝐶
 Eq. 4 

where ṅtot,Feed is the total molar flow rate of gas entering the reactor 



 Ratio of H2 to CO, R, at time t = (mole fraction of H2 measured in the off-gas) / (mole 

fraction of CO measured in the off-gas) 

𝑅 =
𝑥𝐻2(𝑡)

𝑥𝐶𝑂(𝑡)
 Eq. 5 

 Conversion of CO2 to CO, XCO2, at time t = (mole fraction of CO measured in the off-

gas) / (sum of mole fractions of CO and CO2); the conversion of steam to H2 was 

calculated equivalently. 

𝑋𝐶𝑂2(𝑡) =
𝑥𝐶𝑂(𝑡)

𝑥𝐶𝑂(𝑡) + 𝑥𝐶𝑂2(𝑡)
 Eq. 6 

 

Average values were computed for the time span of the true partial oxidation period, i.e. after 

non-selective lattice oxygen was consumed for the combustion of CH4 and the selectivity 

towards synthesis gas was > 99% until the end of the reduction step. 

 

Results and Discussion 

Material development 

The initial material development focused on a wide range of Sr-Fe-based perovskites with 

various degrees of substitution of the A- and B-sites; the detailed discussion of these results 

is beyond the scope of the present work. Briefly, from TGA experiments it was found that 

substitution of Sr with La was necessary for high reactivity and high selectivity towards 

synthesis gas (i.e. a mixture of CO and H2). The optimum substitution of La with Sr was found 

to range between 0.1 and 0.2, in agreement with results reported in the literature [37]. Higher 

reactivity for CH4 oxidation with a higher degree of substitutions of La by Sr was not observed 
[38,39]. Resistance towards sintering could be improved by partially substituting Fe (B-site of the 

perovskite) with Cr at the expense of a lowered oxygen storage capacity, whereas substitution 

with Co or Mn improved the resistance towards coking. Partial substitution of Fe with Al 

improved the oxygen carrier’s reactivity for the conversion of CH4, but also increased its 

tendency for coking, in contrast to what has been reported elsewhere [40]. Despite the 

beneficial effects the B-site substitutions had, it was relatively tedious to obtain phase-pure 

perovskites owing to the differences in ionic radii that would prevent its stable incorporation in 

the perovskite lattice following Goldschmidt’s geometrical considerations [41]. Many materials 

thus contained mixtures of spinel and perovskite, which ultimately resulted in a reduced 

selectivity towards synthesis gas. The oxygen carrier of choice was La0.85Sr0.15FeO3, because 

it showed the most stable performance in the fluidized bed experiments with no significant 

phase changes upon redox cycling; this is discussed in detail below.   

TGA experiments 

Investigation of the performance of the oxygen carrier for the partial oxidation of CH4 was 

carried out initially in a TGA at 850°C (note that the actual sample temperature was ~ 3 – 5°C 

lower than the setpoint). The off-gas from the TGA was sampled and analyzed continuously 

to determine the selectivity towards synthesis gas. The conversion of CH4 in the TGA 

experiments was always very low due to the cantilever-type balance arm with the reactive gas 

flowing horizontally over the sample; thus, most of the gas was not in contact with the oxygen 

carrier inside the crucible and left the TGA reaction chamber unconverted.  



  
Figure 1: Results from a TGA experiment performed at 850°C using CH4 during reduction and air during oxidation 
with fresh La0.85Sr0.15FeO3. a) – c) show the normalized sample mass, heatflow, temperature and gas 
concentrations recorded during the first five reaction cycles. d) – f) focus on the 5th reduction showing the 1st 
derivative of the normalized sample mass, heatflow, ratio of [H2]/[CO] and gas concentrations. 

Figure 1 summarizes the results from a typical TGA experiment when the oxygen carrier 

La0.85Sr0.15FeO3 was reduced in CH4 and oxidized in air. Figure 1 a) – c) show the recorded 

sample mass, heatflow, temperature and gas concentrations for the first five reaction cycles 

(note that the term “gas concentration” in this work is equivalent to “mole fraction” and is thus 

reported without units). From the normalized sample mass, plotted in Figure 1 a), at the end 

of the reduction step, it can be seen that the oxygen carrier “activated” with cycling. The 

increase in sample mass after the local minimum implies that coking occurred, which was 

confirmed by Raman spectroscopy when analyzing a sample collected after reduction (shown 

in Figure S9 in the SI). These carbon deposits were burned in the subsequent oxidation step 

with air, resulting in the production of CO2, as seen in Figure 1 c). The magnitude of the CO2 

peaks at the beginning of the oxidation step increased with cycle number, because more 

carbon was deposited on the oxygen carrier’s surface during reduction. With activation of the 

oxygen carrier, the extent of reduction (i.e. the consumption of lattice oxygen) increased, 

leaving more time for coking to occur. CO2 was generated also during the first re-oxidation 

step, although this was not directly apparent from the change of sample mass. The change of 

sample mass during reduction thus reflected overlaying effects of lattice oxygen consumption 

(mass decrease) and coking due to the decomposition of CH4 (mass increase), with the latter 

being more significant for high oxygen carrier conversions. Interestingly, the sample mass 

after oxidation increased with cycling beyond the sample mass of the as-synthesized material, 

suggesting additional uptake of oxygen.   

On an oxide basis, La0.85Sr0.15FeO3 consists of 59.2 wt% La2O3, 6.6 wt% SrO and 34.2 wt% 

Fe2O3. Considering these three components separately for the purpose of lattice oxygen 

estimation, only Fe2O3 is reducible under the conditions of the TGA experiments, giving a 

theoretical oxygen storage capacity of 10.3 wt% O2 per g oxygen carrier. The oxygen storage 

capacity of the oxygen carrier after the 5th reaction cycle was 10.6 wt.% (after correcting for 

carbon produced) and was thus in good agreement with only lattice oxygen from “Fe2O3” being 

redox-active.  

a) 

b) 

c) 

d) 

e) 

f) 



Both the heatflow and temperature measurements in Figure 1 a) and b) show that the 

reduction of the oxygen carrier with CH4 was endothermic and that the re-oxidation with air 

was strongly exothermic. This is different from the conventional partial oxidation of CH4 with 

O2 co-fed, which is an exothermic reaction. Despite the large increase in sample temperature, 

no sintering/agglomeration of the oxygen carrier powder was observed when collecting it after 

the cycling experiment and the oxygen carrier powder could easily be pulverized by moving it 

gently between fingers. 

Figure 1 d) – f) focus in detail on the 5th reduction step. The heatflow and temperature profiles 

in Figure 1 d) indicate that most of the reduction of the oxygen carrier occurred in a single, 

endothermic step. However, at the very beginning of the reduction reaction (within the first 

~ 20 s), a local maximum in the heatflow curve was observed, in line with small amounts of 

CO2 being produced Figure 1 f)). CH4 was thus combusted before being partially oxidized to 

a synthesis gas by the oxygen carrier; this observation will become clearer in the discussion 

of the results from fluidized bed experiments below. During the production of a synthesis gas, 

no CO2 was measured in the off-gas from the TGA (Figure 1 f)), yielding a selectivity towards 

synthesis gas > 99%. The ratio of H2 to CO was close to 2, as expected from thermodynamic 

considerations and previous observations made in other studies [10,17]. After ~ 720 s into the 

reduction, the ratio of H2 to CO increased to values > 2 due to the cracking of CH4 with the 

simultaneous production of H2 and carbon. 

Another series of cycling experiments was performed using CO2 as the only oxidant in the 

oxidation step; the results are shown in Figure S1 in the SI. The sample mass was always 

regenerated completely after oxidation with CO2 in a mildly exothermic reaction, i.e. no strong 

increase in temperature was observed during oxidation, in contrast to the experiment where 

the oxidation step was carried out in air. The measured oxygen storage capacity was 

~ 9.9 wt.% and thus only slightly lower than when the material was oxidized in air. In the 

experiment shown in Figure S1, an “activated” oxygen carrier was used that had been cycled 

in the fluidized bed before, thus explaining the higher tendency for coking. Otherwise, no 

significant differences were observed during reduction compared to the experiment where air 

was used in the oxidation step.  

 

Fluidized bed experiments 

Figure 2 presents the results from an experiment using the fluidized bed reactor at 900°C; in 

a) gas concentrations measured in the off-gas from the reactor are shown for a complete 

reaction cycle, and in b) the corresponding bed temperature and pressure are shown. Figure 

2 c) – f) focus on the reduction step only. Similar plots for cyclic experiments performed at 

800°C, 850°C and 950°C are shown in Figures S2 – S4 in the SI. 



  
Figure 2: Results from a fluidized bed experiment performed at 900°C using CH4 for reduction and CO2 and air, 
respectively, during the two oxidation steps using ~ 7.5 g of La0.85Sr0.15FeO3. a) and b) show the gas 
concentrations, pressure and bed temperature recorded during a complete reaction cycle. c) – f) focus on the 
reduction step showing the gas concentrations, bed temperature, lattice oxygen conversion, conversion of CH4 and 
the ratio of [H2]/[CO]. Note that for a direct comparison of the off-gas and temperature measurements, the 
temperature curve was shifted in time by 25 s. The grey vertical line indicates when [CO2] falls below 0.1% and the 
selectivity towards synthesis gas was > 99%.  

Similar to the gas profiles observed in the TGA experiments, CO2 was produced at the 

beginning of the reduction step due to the combustion of CH4 with lattice oxygen from the 

oxygen carrier (this was verified through blank experiments and using a humidity sensor, with 

which a ratio of H2O to CO2 of ~ 2 was measured), causing an increase in bed temperature 

(Figure 2 c) and d)). Subsequently, there was a sharp transition to partial oxidation with only 

very small amounts of CO2 (< 0.05 vol.%) and steam (~ 0.2 – 0.3 vol.%) present in the off-gas 

(the steam concentration is not shown in Figure 2). The selectivity towards synthesis gas in 

the partial oxidation regime was always > 99%. Note that the shape of the gas profiles was 

affected by gas mixing effects downstream of the bed in the sampling system, resulting in an 

overlap of CO2 and synthesis gas. Owing to the endothermicity of the partial oxidation reaction, 

the bed temperature decreased by more than 30°C. The conversion of CH4 increased during 

that time from 42% to 71%, implying that the formation of oxygen vacancies during reduction 

had a larger effect on the material’s activity than the reaction temperature [42]. Interestingly, 

contrary to observations made in the TGA experiments, the ratio of H2 to CO was < 2 

throughout the reduction reaction and increased with increasing conversion of CH4. Figure 2 

e) shows that the total consumption of redox-active lattice oxygen during reduction was ~ 75%, 

whereby ~ 7% of the total redox-active lattice oxygen was consumed at the very beginning for 

the combustion of CH4 and was hence non-selective for partial oxidation.  

Turning to the oxidation steps, it is apparent from Figure 2 a) that most of the CO2 was 

converted to CO. The conversion of CO2 to CO in this experiment was ~ 97% prior 

breakthrough and varied only marginally with the amount of lattice oxygen recovered. Even 

though the oxygen carrier was largely re-oxidized with CO2 (~ 88% of the lattice oxygen 

converted during reduction was replenished by oxidation with CO2), the second oxidation step 

with air resulted in a considerable increase in temperature of the bed. At the highest 

temperature studied (reactor set temperature of 950°C), the bed temperature peaked at 

1085°C. The oxidation reaction in air was fast and limited by the supply of oxygen.  

a) 

b) 

c) 

d) 

e) 

f) 



The results of the fluidized bed experiments are summarized in the bar charts in Figure 3 a) – 

f). Average values reported in Figure 3 a) – c) were determined for the average temperatures 

shown in Figure 3 d). 

 

 

 
Figure 3: Summary of the results from the fluidized bed experiments of series #1 and #3 in Table 1. a) – c) show 
the average conversion of CH4, average lattice oxygen conversion and average ratio of [H2]/[CO] for the average 
bed temperatures plotted in d). In e), the conversion of CH4 and the corresponding ratio of [H2]/[CO] are plotted for 
four consecutive reaction cycles at an average bed temperature of 885°C when the oxygen carrier was still 
activating; for comparison, values obtained for the fully activated oxygen carrier are shown. In f), the conversions 
of CO2 to CO and steam to H2 are compared for different temperatures. Error bars represent two standard 
deviations based on measurements from at least five reaction cycles. 

The average conversion of CH4 increased with temperature without noticeably affecting the 

selectivity towards synthesis gas. The activation of the oxygen carrier observed in the TGA 

was also seen in the fluidized bed experiments: Figure 3 e) shows that the average conversion 

of CH4 increased over the first four reaction cycles at 885°C (reactor set temperature of 900°C) 

and was still much lower than that of the fully activated material after ~ 50 h of cycling in the 

fluidized bed; note that no significant change in activity of the oxygen carrier was observed 

after ~ 15 h of cycling in the fluidized bed. 

The lattice oxygen conversion was determined at the end of the reduction period (after 900 s) 

and was found to increase with conversion of CH4. The ratio of H2 to CO measured was directly 

related to the conversion of CH4, as can also be seen by comparing Figure 2 e) and f). A ratio 

of H2 to CO < 2 implies that one or more side reactions occurred where H2 was consumed 

and, or, CO was produced. For the La-Sr-Fe-based oxygen carrier this is only possible in a 

reactor where backmixing of product gas can occur, such as a fluidized bed. One possible 

side reaction is the reverse water-gas shift reaction (rWGS, CO2 + H2 → CO + H2O), which is 

thermodynamically favored at the temperatures investigated in this work with an equilibrium 

constant of unity at ~ 820°C. The decomposition of CH4 (CH4 → C + 2H2) can be ruled out as 

a major side reaction because it would increase the ratio of H2 to CO. The synthesis gas 

produced through the partial oxidation of CH4 reacts with the oxygen carrier particles to 

produce CO2 and steam, which in turn could react with the synthesis gas following the rWGS 

reaction, or re-oxidize the partially reduced oxygen carrier to generate synthesis gas again. 

Since the rWGS reaction is favored at higher temperatures, one would expect to observe lower 

a) 

b) 

c) 

d) 

e) 

f) 



ratios of H2 to CO with increasing temperature. From the results in Figure 3 a) – d) it appears 

the ratio was more correlated with the conversion of CH4 than the actual bed temperature. In 

addition, experiments with varying total flow rates (series #2 in Table 1, the results are 

presented in Figure S5 in the SI) showed that longer gas-solid contact times (i.e. lower gas 

flow rates) resulted in larger ratios of H2 to CO, whereas shorter gas solid contact times (i.e. 

larger gas flow rates) resulted in lower ratios of H2 to CO. These results, together with the fact 

that during the partial oxidation stage the concentration of steam measured in the off-gas was 

more than four times higher than that of CO2, suggest that the rWGS reaction was not 

ultimately determining the final product gas composition and that dynamic reduction/oxidation 

reactions of the gas species with the oxygen carrier were also important. 

Conventional partial oxidation of CH4 with O2 co-feed is thermodynamically favored at low 

pressure due to volume expansion; increasing the pressure at a given temperature will 

therefore lower the conversion of CH4. Similar effects were expected to occur when using 

lattice oxygen as oxidant. Unfortunately, the maximum pressure of the fluidized bed was 

limited to ~ 0.4 bar above atmosphere. The results are presented in Figure S6 in the SI and 

show that the average bed temperature was lower than under atmospheric conditions due to 

the higher gas density and the higher extent of reduction, making a direct performance 

comparison with atmospheric conditions difficult. The average conversion of CH4 was ~ 0.6 at 

elevated pressure, which was comparable with the values measured at ambient pressure 

(Figure 3 a)). Interestingly, the average ratio of H2 to CO was higher than at atmospheric 

pressure, suggesting that side reactions were suppressed. 

Figure 3 f) compares the conversion of CO2 to CO measured during the oxidation step with 

CO2 as a function of temperature; in addition, experiments were performed using steam as 

the oxidant to determine the conversion of steam to H2. The conversion CO2 to CO was ~ 97% 

for average bed temperatures of 913 and 958°C and was not affected by elevated pressure. 

At lower set reactor temperatures of 800 and 850°C, the conversion CO2 to CO varied 

somewhat with the amount of lattice oxygen recovered, from ~ 97% after 60 s to ~ 86% after 

240 s (Figure S3 in the SI). Experiments performed with steam as oxidant at an average bed 

temperature of 916°C gave conversions of steam to H2 of ~ 94%, which was much higher than 

what “conventional” oxygen carrier materials, e.g. Fe2O3, achieve thermodynamically in 

chemical looping H2O splitting schemes [20,43]. The H2 produced had a purity > 98.5% on a 

steam- and N2-free basis, with CO being the only measurable contaminant at the very 

beginning of the oxidation reaction (Figure S7 in the SI). From the amount of CO produced 

during the steam oxidation step via gasification, the total amount carbon deposited on the 

oxygen carrier during reduction was < 130 μg per g oxygen carrier at all temperatures studied, 

which was too little to be detected by XRD or Raman spectroscopy ((Figure 4 a) and Figure 

S9). Importantly, performing the H2O (or CO2) splitting reaction using La-Sr-Fe-based 

perovskites, such as La0.85Sr0.15FeO3, can alleviate the conceptual drawbacks that fluidized 

beds have for H2O splitting over e.g. counter-current moving bed reactors [44,45]. This is 

because reduction and oxidation occur in a single reaction step, providing a constant 

production rate of H2 (or CO), with no additional thermodynamic limitations due to further 

phase transitions. With 1 kg of La0.85Sr0.15FeO3, > 6 mol of H2 (or CO) can be generated at 

nearly complete conversion.  

Another potential advantage of this class of oxygen carriers is the regenerability of lattice 

oxygen using CO2 (or steam) only, without requiring a separate oxidation step by air. One 

complete redox cycle is shown in Figure S8 in the SI, from which it is also apparent that the 

extent of the initial combustion of CH4 was reduced. Only ~ 1% of the total theoretical redox-

active lattice oxygen was consumed for the combustion of CH4 compared to ~ 7% when an 

additional air oxidation step was included in a full reaction cycle. It is important to note that the 



regeneration of lattice oxygen with air generates a large amount of heat that could potentially 

be utilized within the process, e.g. to balance the endothermicity of the partial oxidation 

reaction. Nonetheless, re-oxidizing the reduced oxygen carrier particles directly with air 

increases their temperature by several hundred degrees and potentially results in the 

defluidization of the bed, which would terminate operation immediately. 

 

Material characterization 

The perovskite La0.85Sr0.15FeO3-δ is a non-stoichiometric material that can store or release 

lattice oxygen without undergoing bulk phase changes, subject to oxygen partial pressure and 

temperature. The parameter δ takes theoretically values between 0 and 0.5, which is reflected 

by a varying unit cell parameter in the X-ray diffractogram [23]. 

 

  

  

  

  

Figure 4: a) XRD pattern obtained for the as-synthesized oxygen carrier, cycled oxygen carrier after oxidation with 
air, cycled oxygen carrier after oxidation with CO2, and cycled oxygen carrier after reduction with CH4. The vertical 
grey lines indicate the exact peak positions of the pattern for the as-synthesized oxygen carrier. The short lines 
below the XRD pattern act as reference for phase-pure La0.85Sr0.15FeO3. b) – d) show images of the powders that 
were analyzed to obtain the diffractograms shown in a). e) – g) show SEM images of the as-synthesized oxygen 

carrier particles (sieved to 250 – 425 μm) at different magnifications. 

Figure 4 a) plots diffractograms obtained for the as-synthesized oxygen carrier, oxygen carrier 

after ~ 50 h of fluidized bed operation when oxidized with air, oxidized oxygen carrier after 

~ 50 h of fluidized bed operation when oxidized with CO2, and oxygen carrier collected from 

the fluidized bed after the reduction stage after ~ 45 h of operation. The oxygen carrier was 

phase-pure and no secondary crystalline phases were found after cycling. Results from TEM 

with EDX maps of the oxygen carrier oxidized in air (Figure 5) show that all elements were 

distributed uniformly throughout the sample. Using ICP-OES, the actual molar ratio of La:Sr 

in the oxygen carrier was 5.0, equivalent to ~ 17% substitution of La with Sr. From the XRD 

400 μm 

40 μm 

10 μm 

a) b) 
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results in Figure 4 a), a very small shift in peak position towards higher diffraction angles is 

visible when comparing the diffraction pattern of the as-synthesized oxygen carrier with that 

of the cycled oxygen carrier oxidized in air. This shift reflects a decrease in δ, corresponding 

to a greater amount of lattice oxygen stored within the oxygen carrier. The increase in lattice 

oxygen was also observed in the TGA experiments (Figure 1 a)) during the activation of the 

oxygen carrier. Upon oxidation with CO2 only, the principal perovskite phase was recovered, 

but was depleted in oxygen, as can be seen from the shift in peak position towards lower 

diffraction angles. In addition, the color changed from dark grey to ocherous (Figure 4 c) and 

d)). The lower amount of (non-selective) lattice oxygen, i.e. a higher value of δ, in the material 

agrees well with the results from the fluidized bed, where the contribution of lattice oxygen to 

the combustion of CH4 at 900°C was reduced from ~ 7% to ~ 1%. It is also in good agreement 

with the results from the TGA experiments, where a difference in the amount of redox-active 

lattice oxygen was observed when re-oxidizing the oxygen carrier in CO2 or air, which can be 

explained with a change of δ.  

The crystalline phases identified in the diffractogram of the reduced oxygen carrier were Fe, 

La2O3, and a mixed Sr-based Ruddlesden-Popper-phase. No carbide phases were detected 

as expected, since no appreciable degree of coking was observed in the fluidized bed. 

Interestingly, results from the fluidized bed suggest that the oxygen carrier was reduced 

completely, with all redox-active lattice oxygen consumed (equivalent to the fraction of Fe2O3 

being reduced to metallic Fe). Further, from the EDX maps obtained for the reduced oxygen 

carrier (Figure 5), Fe and Sr existed spatially separated, which implies that the Ruddlesden-

Popper-phase identified by XRD was, in fact, free of Fe.  

The oxygen carrier particles (sieved to 250 – 425 μm) used in the fluidized bed reactor were 

analyzed using SEM. The particles were irregular in shape and composed of micrometer-sized 

particles, which sintered together upon calcination at high temperature (Figure 4 e) – g)). Both 

the as-synthesized and cycled oxygen carrier particles had low BET surface areas (< 1 m2 g-1). 

The bulk density of the as-synthesized oxygen carrier was ~ 2490 kg m-3, whereas the bulk 

density of the cycled oxygen carrier was ~ 2430 kg m-3 and thus slightly lower. Assuming a 

void fraction of 0.45 when measuring the bulk density and using mass and volume of the 

orthorhombic unit cell of the perovskite yields a particle porosity of ~ 0.30. The minimum 

fluidization velocity Umf of the oxygen carrier particles at 900°C was ~ 5.9 cm s-1 (calculated 

using Wen and Yu’s correlation [46]), translating into values for U0/Umf at 900°C of ~ 4 – 5; the 

bed was in the bubbling regime in the absence of chemical reactions (here, U0 is the superficial 

gas velocity). 



C
y
c
le

d
, 

o
x
id

iz
e
d
 i
n
 a

ir
  

     

C
y
c
le

d
, 

re
d
u
c
e
d
 i
n

 C
H

4
 

     
Figure 5: High-angle annular dark-field (HAADF) images and elemental mapping of cycled oxygen carrier oxidized 
in air, and cycled oxygen carrier reduced in CH4. The images correspond to the same samples that were analyzed 
via XRD in Figure 4. 

Conclusions 

The suitability of perovskite-based La-Sr-Fe-oxides for the partial oxidation of CH4 and, or, 

H2O or CO2 splitting has been demonstrated before, but most studies have focused on fixed 

bed operation where no significant backmixing of the gases produced occurred. Our work 

focused on the cyclic operation of the oxygen carrier La0.85Sr0.15FeO3 in a fluidized bed reactor, 

demonstrating that high conversions of CH4 to synthesis gas can be achieved without co-

feeding any other gas, such as O2, CO2 or steam. The selectivity towards synthesis gas was 

> 99%, irrespective of the reaction temperature employed. The oxygen carrier was cycled 

under redox conditions at temperatures up to 950°C for more than 50 h without operational 

problems, even at elevated pressure. No sophisticated synthesis techniques were employed, 

making the production of such low-surface area materials feasible also at larger scale, e.g. via 

spray-drying using metal oxide precursors. No segregation of crystalline phases was observed 

during cycling, suggesting that the oxygen carrier La0.85Sr0.15FeO3-δ was always oxidized back 

to its thermodynamically most stable state, with only the non-stoichiometry δ varying 

depending on the oxidation atmosphere. On a particle scale, the oxygen carrier can therefore 

not “deactivate”. Reduction and oxidation occurred largely in a single reaction step, and the 

conversion of CO2 to CO was ~ 97% at temperatures > 900°C and limited by thermodynamics 

only (similarly, the conversion of steam to H2 was measured ~ 94%). The oxygen storage 

capacity was > 10 wt.%, allowing to produce > 6 mol of synthesis gas during reduction and 

> 6 mol of H2 or CO during oxidation per kg oxygen carrier. From a process point of view, the 

efficient integration of heat will be important, since the actual partial oxidation reaction of CH4 

with lattice oxygen is endothermic and the re-oxidation with CO2 or steam is only mildly 

exothermic. Oxidation of the reduced oxygen carrier with air is highly exothermic and could 

potentially supply some of the heat required to sustain the reduction reaction, but also 

replenishes unselective oxygen for the conversion of CH4 to synthesis gas. 

Future work will focus on the effect of higher operating pressure, scale up and improving the 

oxygen carrier’s reactivity for reduction by partially substituting Fe on the B-site of the 

perovskite. For example, using Al as substituent, the average conversion of CH4 was > 90% 

in preliminary investigations, emphasizing the scope for improving these materials further. 
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