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Abstract: The climate change impact associated with greenhouse gas emissions is a major global
concern. This work investigates perovskite compounds for oxygen separation from air to supply
oxygen to oxyfuel energy systems to abate these significant environmental impacts. The perovskites
studied were Me0.5Sr0.5Co0.8Cu0.2O3−δ (MeSCC) where the A-site substitution was carried out by
four different cations (Me = Ca, Mg, Sr, or Ba). SEM analysis showed the formation of small particle
(<1 µm) aggregates with varying morphological features. XRD analysis confirmed that all compounds
were perovskites with a hexagonal phase. Under reduction and oxidation reactions (redox), Ba and
Ca substitutions resulted in the highest and lowest oxygen release, respectively. In terms of real
application for oxygen separation from air, Ba substitution as BaSCC proved to be preferable due to
short temperature cycles for the uptake and release of oxygen of 134 ◦C, contrary to Ca substitution
with long and undesirable temperature cycles of 237 ◦C. As a result, a small air separation unit
of 0.66 m3, containing 1000 kg of BaSCC, can produce 18.5 ton y−1 of pure oxygen by using a
conservative heating rate of 1 ◦C min−1. By increasing the heating rate by a further 1 ◦C min−1,
the oxygen production almost doubled by 16.7 ton y−1. These results strongly suggest the major
advantages of short thermal cycles as novel designs for air separation. BaSCC was stable under
22 thermal cycles, and coupled with oxygen production, demonstrates the potential of this technology
for oxyfuel energy systems to reduce the emission of greenhouse gases.

Keywords: oxygen; oxyfuel; perovskite; carbon capture

1. Introduction

The recent 2021 Intergovernmental Panel on Climate Change (IPCC) report [1] has
given a code red to humanity due to the continuous and increasing CO2 emissions world-
wide. These emissions are directly associated with the use of fossil fuels in energy and
transportation, leading to climate change. Evidence of climate change is mounting with
major and serious environmental events in 2021 such as wildfires in the USA, Canada,
Turkey, Greece, and Italy, in addition to the unprecedented damage caused by floods in
both Germany and Belgium. Hence, there is an immediate need to start reducing CO2
emissions to abate the deleterious global effect of climate change.

The problem here is that our contemporary society is highly dependent on energy
systems that maintain jobs, social stability, economic growth, and our quality of life. Our
current energy needs are provided by fossil fuels (84%) and renewable resources (16%;
e.g., mainly, hydro, solar, and wind powers) [2]. As our main energy needs are likely
to be dependent upon fossil fuels for the foreseeable future to maintain world stability,
our society has greater responsibilities to avert climate change for the sake of future
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generations. In terms of energy production systems, one feasible approach is carbon
capture from coal power generation plants followed by pure CO2 pipeline transportation
for storage in stable underground geological formations [3–5]. One approach of great
interest is oxyfuel coal combustion that leads to the production of almost pure CO2 [6–8].
Advances in oxyfuel combustion are directly associated with materials improvement as
oxygen carriers in chemical looping process [9–12], many of which are perovskite-type
materials [13,14], or using perovskites for oxygen separation in thermal redox cycling
process or as membranes [15,16].

Perovskite compounds containing metal oxides (i.e., Ba, La, Sr, Co, Fe, Cu, Ca, Zn,
Zr, and Y among others) [17–28] have been widely reported for oxygen separation from
air. These compounds have been extensively used to prepare perovskite membranes and
optimised to deliver high oxygen fluxes [29–32]. Membrane systems are advantageous as
they offer continuous operation. However, perovskite membranes operate at very high
temperatures (~900 ◦C), and sealing engineering solutions are complex and expensive. To
avoid sealing problems, perovskites can also be prepared as powders to separate oxygen
from air in batch processes [33–35]. These are similar to thermal swing sorption processes
via the redox reaction, whereby oxygen is released (reduction) at the high temperature point
and sorbed (oxidation) at the low temperature point. Under redox cycling, perovskites
undergo a series of thermochemical and structural changes to separate oxygen from air.

Perovskites are an interesting and special type of ceramic material. Perovskites are
crystalline materials containing two cation sites (A and B) and defined by the general
formula ABO3 [36,37]. The cation sites A and B are generally constituted of rare earth
and alkaline elements, respectively. Teraoka et al. [38] demonstrated that the perovskite
structure can be optimised in terms of oxygen vacancy defect concentration by adding
other cations (A′ or B′) of different sizes and valences, thus creating perovskite crystal with
a general formula AxA′1−xByB′1−yO3−δ. However, the mixing of cations to be effective in
forming perovskite crystalline structures must meet the tolerance factor (t), also known as
the Goldschmidt number [39].

Lin’s group reported a series of SrCoFe oxides and perovskite in thermal swing redox
cycling [40,41]. Although these materials separated oxygen from air, the oxygen production
was hampered by very low oxygen desorption rates. However, by substituting La in the
A-site, and forming LaSrCoFe perovskites, Lin’s group demonstrated that the redox cycles
reduced, and oxygen production increased to 1.2 wt% per unit mass of LaSrCoFe [42].
Based on these promising results, there is an array of perovskite compounds that can
be developed for the purpose of separating oxygen from atmospheric air by thermal
swing redox processing. Provided that the Goldschmidt tolerance factor is met, there are
numerous cations that can be substituted in A- and B-sites. The engineering considerations
of these materials are those related to oxygen uptake/release per unit mass of the sorbent
and shorter redox temperature range. By coupling these two engineering parameters, high
oxygen production can be achieved as shorter redox temperature range implies that the
redox cycle can be repeated more often.

There are numerous potential perovskite candidates that could meet the required
engineering oxygen production. The most obvious candidate is BaSrCoFe (BSCF), one of
the most studied perovskite materials used for oxygen separation from air in membrane
systems [43]. However, Leo et al. [44] reported that the substitution of Fe with Cu in
the B-side led to the formation of a new compound BaSrCoCu (BSCC) where oxygen
fluxes more than doubled as compared to BSCF. Indeed, Cu based oxides are promising
materials for oxygen storage. For instance, Motuzas et al. [45] showed that Cu in CuCo
binary oxides increased the oxygen exchange in Co, leading to 5.0 wt% oxygen uptake.
Subsequently, Vieten et al. [46] reported that that SrFeCu perovskites reached 2 wt%
oxygen uptake, superior than many other perovskite compounds tested, such as CaSrMn
at thermal cycle of 400 to 1000 ◦C. Therefore, Cu-based oxides and perovskites proved to
deliver best performance in membranes and in thermal swing redox processes. Although
there is stronger evidence from literature that quartenary perovskite membranes deliver
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the highest oxygen fluxes, previous studies for thermal swing redox process were limited
to binary oxides or ternary perovskite compounds.

Therefore, this work investigates the effect of quartenary perovskite compounds for
oxygen separation from air. Cu-based perovskites were selected in view of their best proven
performance reported in literature. This work focuses particularly on the A-site substitution
of SrCoCu (SCC) perovskites with other metal cation (Me = Ba, Ca and Mg), thus forming a
quartenary perovskite compound, MeSCC. The influence of A-site metal cation substitution
is addressed in terms of materials properties and oxygen exchange (uptake and release) in
a range of temperatures and redox cycling. Furthermore, the performance of the MeSCC
compounds is assessed in terms of oxygen production by taking into consideration oxygen
uptake and cycling time.

2. Materials and Methods

All chemicals used in this work were purchased from AlfaAesar and used as received,
including Cu(NO3)22.5H2O, Co(NO3)26H2O, Sr(NO3)2, Ca(NO3)24H2O, Mg(NO3)26H2O,
Ba(NO3)2, ethylenediamine tetraacetic acid (EDTA), and citric acid. All samples were pre-
pared by using a modified Pechini method and based on the general formula
Me0.5Sr0.5Co0.8Cu0.2O3−d, where the cation Me represents Ca, Mg, Sr, or Ba. Initially,
the precursor chemicals were mixed prior to the addition of citric acid. Subsequently, the
resultant mixture was dissolved in water followed by the addition of EDTA to the solution,
forming a sol. Under constant stirring, ammonia (32 wt% in water) was added to the sol
until EDTA was completely dissolved. The clear solution was heated to 120 ◦C and left
under stirring until a viscous fluid was formed. To complete the evaporation, the fluid
was transferred to an oven for 12 h at 200 ◦C. Upon drying, the resultant solid was initially
calcined at 450 ◦C with a dwell time of 4 h in air to burn any organics. This was followed by
a second calcination step at 1000 ◦C for 4 h in air to decompose carbonates and leading to
the formation of perovskite structures. The resultant perovskites Me0.5Sr0.5Co0.8Cu0.2O3−δ
(MeSCC) were named MgSCC, CaSCC, and BaSCC depending on the cation substitution in
the A-site of the perovskite crystal. A blank sample SrSCC containing Sr in the A-site only
as a ternary perovskite compound was also prepared and tested for comparison purposes
with the other quartenary MeSCC perovskite compounds.

The diffraction patterns of the resultant powders were measured by using a Rigaku
SmartLab X-ray Diffractometer equipped with 9 kW rotating (Cu) anode X-ray generator op-
erating at 45 kV and 200 mA by step scanning in the range of 10 ≤ 2θ ≤ 100◦. The recorded
XRD patterns were compared and cell parameters calculated by using DIFFRAC.SUITE
EVA software. The oxygen exchange was analyzed from 25 to 1000 ◦C at a rate of 5, 10 and
20 ◦C min−1 in air by using a thermogravimetric analyzer (TGA/DSC 1, Mettler-Toledo).
The air feed flow rate was set as a constant at 80 mL min−1 for all measurements. The
morphological features of the perovskite samples were examined by using a Jeol JSM-7001F
SEM with a hot (Schottky) electron gun at an accelerated voltage of 5 kV.

3. Results and Discussion

Figure 1 shows representative SEM images of sintered samples, which display similar
particle features. For instance, small particles (<1 µm) coalesced forming necks, attributed
to the sintering effect at high temperatures. However, different morphological features
are observed. The magnesium substituted material was composed of clusters of small
particles (Figure 1a), whereas the calcium analog displayed a layered structure containing
several particles (Figure 1b). The strontium-substituted perovskite resulted in longer thin
shape particles of intergrown network (Figure 1c). Finally, the barium analog yielded larger
aggregates of sintered particles (Figure 1d).
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[110], 28.46 [113], 32.53 [300], 43.857 [006], 46.51 [125], 47.64 [116], 55.46 [306], 57.99 [045], 
62.39 [235], 68.11 [505] and 75.47 [336] (PDF #04-015-9915) for strontium; and 19.95 [110], 
26.71 [101], 31.11 [110], 41.48 [002], 44.11 [102], 52.83 [112], 54.37 [211], 65.25 [212], 71.46 
[302], and 73.83 [311] (PDF #04-016-5545) for barium-containing materials. These patterns 
show the formation of perovskite compounds containing crystal phases. Furthermore, mi-
nor additional peaks at 36.54 [111], 42.61 [200], 62.06 [220], 73.89 [311], and 77.66 [220] 
corresponding to the CoO pattern (PDF #00-043-1004) were observed for the samples with 
magnesium and calcium. Therefore, all MeSCC samples confirm that the metal cation 
(Mg, Ca, Sr, and Ba) used was fully substituted in the A-site. 

 
Figure 2. X-ray diffraction patterns of as prepared perovskite materials. 

Figure 1. SEM images of Me0.5Sr0.5Co0.8Cu0.2O3−δ where Me is Mg (a), Ca (b), Sr (c), Ba (d).

Figure 2 exhibits the XRD patterns of MeSCC samples. These patterns contain multi-
ple peaks with the major diffractions at 2θ 18.52 [001], 28.44 [020], 32.52 [211], 36.62 [310],
42.61 [030], 43.79 [202], 46.58 [212], 55.61 [330], 61.79 [041], 68.23 [422], 74.12 [601], 75.55 [050]
and 78.01 [620] [(PDF #00-040-1018) for magnesium; 18.75 [110], 29.33 [115], 32.48 [300],
36.56 [121], 40.46 [223], 42.53 [208], 43.59 [217], 44.70 [225], 46.34 [218], 57.1 [318], 62.04
[423], 69.71 [427], 73.93 [115] and 77.94 [613] (PDF 00-060-0753) for calcium; 18.546 [110],
28.46 [113], 32.53 [300], 43.857 [006], 46.51 [125], 47.64 [116], 55.46 [306], 57.99 [045], 62.39
[235], 68.11 [505] and 75.47 [336] (PDF #04-015-9915) for strontium; and 19.95 [110], 26.71
[101], 31.11 [110], 41.48 [002], 44.11 [102], 52.83 [112], 54.37 [211], 65.25 [212], 71.46 [302],
and 73.83 [311] (PDF #04-016-5545) for barium-containing materials. These patterns show
the formation of perovskite compounds containing crystal phases. Furthermore, minor
additional peaks at 36.54 [111], 42.61 [200], 62.06 [220], 73.89 [311], and 77.66 [220] cor-
responding to the CoO pattern (PDF #00-043-1004) were observed for the samples with
magnesium and calcium. Therefore, all MeSCC samples confirm that the metal cation (Mg,
Ca, Sr, and Ba) used was fully substituted in the A-site.

Processes 2022, 10, x FOR PEER REVIEW 4 of 13 
 

 

 
Figure 1. SEM images of Me0.5Sr0.5Co0.8Cu0.2O3−δ where Me is Mg (a), Ca (b), Sr (c), Ba (d). 

Figure 2 exhibits the XRD patterns of MeSCC samples. These patterns contain multi-
ple peaks with the major diffractions at 2θ 18.52 [001], 28.44 [020], 32.52 [211], 36.62 [310], 
42.61 [030], 43.79 [202], 46.58 [212], 55.61 [330], 61.79 [041], 68.23 [422], 74.12 [601], 75.55 
[050] and 78.01 [620] [(PDF #00-040-1018) for magnesium; 18.75 [110], 29.33 [115], 32.48 
[300], 36.56 [121], 40.46 [223], 42.53 [208], 43.59 [217], 44.70 [225], 46.34 [218], 57.1 [318], 
62.04 [423], 69.71 [427], 73.93 [115] and 77.94 [613] (PDF 00-060-0753) for calcium; 18.546 
[110], 28.46 [113], 32.53 [300], 43.857 [006], 46.51 [125], 47.64 [116], 55.46 [306], 57.99 [045], 
62.39 [235], 68.11 [505] and 75.47 [336] (PDF #04-015-9915) for strontium; and 19.95 [110], 
26.71 [101], 31.11 [110], 41.48 [002], 44.11 [102], 52.83 [112], 54.37 [211], 65.25 [212], 71.46 
[302], and 73.83 [311] (PDF #04-016-5545) for barium-containing materials. These patterns 
show the formation of perovskite compounds containing crystal phases. Furthermore, mi-
nor additional peaks at 36.54 [111], 42.61 [200], 62.06 [220], 73.89 [311], and 77.66 [220] 
corresponding to the CoO pattern (PDF #00-043-1004) were observed for the samples with 
magnesium and calcium. Therefore, all MeSCC samples confirm that the metal cation 
(Mg, Ca, Sr, and Ba) used was fully substituted in the A-site. 

 
Figure 2. X-ray diffraction patterns of as prepared perovskite materials. Figure 2. X-ray diffraction patterns of as prepared perovskite materials.

All samples were analysed by using Diffrac.Suite Eva software, and results are pre-
sented in Table 1. It is interesting to observe that results reveal the formation of a hexagonal
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crystal phase consistent with reports elsewhere [47–49]. The Goldschmidt tolerance factor
(t) varied depending on the Me substitution in the A side. For instance, Ba substitution re-
sulted in a tolerance factor BaSCC (t = 1.04) higher than other compounds MgSCC (t = 0.89)
CaSCC (t = 0.97), and SrSCC (t = 0.98). The unit cell parameters were also calculated
as displayed in Table 1. It is interesting to note the trend in the volumes of the unit cell
of the A-site substitution of Sr > Mg > Ca > Ba did not increase in the same fashion as
the size of the ion radii Ba2+ (1.61 Å) > Sr2+ (1.44 Å) > Ca2+ (1.34 Å) > Mg2+ (0.89 Å).
In this case, SrSCC is a blank sample for comparison purpose, as the A-site contains Sr
(Sr0.5Sr0.5Co0.8Cu0.2O3−δ equal to Sr1.0Co0.8Cu0.2O3−δ) only, and not two cations as the
other compounds.

Table 1. Calculated Goldschmidt tolerance factor (t) and unit cell parameters for lattice (a, b, c) and
volume (V) of as-sintered perovskite compounds.

Compound
Calculated from Measurements

t a (Å) b (Å) c (Å) V (Å3) Crystal Structure

MgSCC 0.89 9.497 9.497 12.402 968.85 Hexagonal
CaSCC 0.95 9.08 9.08 10.32 736.9 Hexagonal
SrSCC 0.98 9.5 9.5 12.427 971.4 Hexagonal
BaSCC 1.04 5.591 5.591 4.28 115.9 Hexagonal

Figure 3 shows that the mass of all samples decreased as the temperature increased,
attributed to the reduction of the MeSCC samples. This result implies that oxygen was
desorbed (i.e., released) from the perovskite structure. The opposite trend occurred when
the temperature decreased, as all samples increased in mass, thus gaining oxygen from
air. This is associated with the oxidation reaction and known as sorption (i.e., uptake).
Hence, these results confirmed the redox reactions of all perovskite samples as a function
of the temperature. The total mass change of the MeSCC samples followed the trend of
the Ba (1.72 wt%) > Sr (1.69 wt%) > Mg (1.41 wt%) > Ca (0.87 wt%). These results correlate
well with Ba and Sr substitution in the A-site of perovskites. For instance, BaSrCoFe (BSCF)
has been extensively studied owing to this compound excellent performance as perovskite
membrane [50]. The highest performance of Ba and Sr A-site substation is a direct result of
the redox effect, in line with the results observed in this work for MeSCC compounds.
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Figure 4a displays the redox cycle hysteresis of all samples as a function of tempera-
ture. These results clearly indicate different temperatures in terms of oxygen desorption
as temperature increased and sorption with temperature decreased. For instance, the
mass loss or desorption started at 400 ◦C (MgSCC), 452 ◦C (SrSCC), 522 ◦C (BaSCC), and
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669 ◦C (CaSCC) until the final tested temperature of 1000 ◦C. However, the mass gain or
sorption for CaSCC is comparatively smaller than that of the other tested perovskites as
the temperature decreased from 1000 ◦C. All samples started gaining mass slowly, though
there was a significant mass gain at both 775 ◦C (MgSCC and SrSCC) and 810 ◦C (BaSCC).
These results are in line with Figure 3. The heat flow results in Figure 4b are consistent with
the redox reactions. As the temperature increases, heat is provided for the oxygen release,
confirming a reduction reaction which is endothermic. By the same token, as oxygen is
absorbed, heat is released, thus giving an exothermic reaction. It is also observed that the
endothermic peaks for the oxygen release have higher areas as Ba > Sr > Mg > Ca. This
trend follows the mass uptake in Figure 3 as Ba > Sr > Mg > Ca and confirms that more
energy is required as the MeSCC releases more oxygen from their structure.

Processes 2022, 10, x FOR PEER REVIEW 6 of 13 
 

 

Figure 4a displays the redox cycle hysteresis of all samples as a function of tempera-
ture. These results clearly indicate different temperatures in terms of oxygen desorption 
as temperature increased and sorption with temperature decreased. For instance, the mass 
loss or desorption started at 400 °C (MgSCC), 452 °C (SrSCC), 522 °C (BaSCC), and 669 °C 
(CaSCC) until the final tested temperature of 1000 °C. However, the mass gain or sorption 
for CaSCC is comparatively smaller than that of the other tested perovskites as the tem-
perature decreased from 1000 °C. All samples started gaining mass slowly, though there 
was a significant mass gain at both 775 °C (MgSCC and SrSCC) and 810 °C (BaSCC). These 
results are in line with Figure 3. The heat flow results in Figure 4b are consistent with the 
redox reactions. As the temperature increases, heat is provided for the oxygen release, 
confirming a reduction reaction which is endothermic. By the same token, as oxygen is 
absorbed, heat is released, thus giving an exothermic reaction. It is also observed that the 
endothermic peaks for the oxygen release have higher areas as Ba > Sr > Mg > Ca. This 
trend follows the mass uptake in Figure 3 as Ba > Sr > Mg > Ca and confirms that more 
energy is required as the MeSCC releases more oxygen from their structure. 

 
Figure 4. Comparison of the performance of MeSCC. (a) Oxygen sorption/desorption and (b) heat 
flow as a function of time at a heating/cooling rate of 20 °C min−1. 

The results in Figure 4 fundamentally reflect the mechanism of oxygen separation 
from air that is well known for perovskite materials described by Equation (1) as follows: 𝐴𝐵𝑂ଷି஺ ሺ௢௫௜ௗ௔௧௜௢௡ሻሺ𝐿𝑜𝑤 𝑇𝑒𝑚𝑝ሻ ↔ 𝐴𝐵𝑂ଷି஻ ሺ௥௘ௗ௨௖௧௜௢௡ሻሺ𝐻𝑖𝑔ℎ 𝑇𝑒𝑚𝑝ሻ + 0.5ሺ𝐵 − 𝐴ሻ𝑂ଶ, (1)

where A and B are the two cation sites of the perovskite crystal materials, and O is the 
oxygen molecule. At low temperature, oxygen ions are incorporated or sorbed into the 
crystal structure, also known as oxidation. At high temperatures, oxygen ions are released 
or desorbed from the crystal structure and combine at the surface of the particle to form 
O2 molecule, in a process called reduction. This redox process is modulated by oxygen 
ions and differs completely from molecular gas separation by size exclusion in membranes 
based on porous crystals [51] and amorphous silica [52], or molecular gas sorption/de-
sorption in the pressure swing adsorption (PSA) process using solid sorbents [53] or 
amine-functionalised solid sorbents [54]. 

In terms of engineering application, these results beg the question of which of the 
above MeSCC samples has the best prospect for separating oxygen from air. Let us con-
sider a simplified process flow diagram in Figure 5 containing a vessel (adsorbent bed 
with MeSCC) for oxygen separation from air. This process works under a redox cycle. In 
the oxidation cycle, the adsorbent bed is at the highest temperature set point, so the hot 
air feeding reduces the temperature of the vessel and leads to oxygen absorption by 
MeSCC. An added benefit here is that as oxygen absorbs, high concentration nitrogen gas 
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The results in Figure 4 fundamentally reflect the mechanism of oxygen separation
from air that is well known for perovskite materials described by Equation (1) as follows:

ABO3−A (oxidation)(Low Temp)↔ ABO3−B (reduction)(High Temp) + 0.5(B− A)O2 (1)

where A and B are the two cation sites of the perovskite crystal materials, and O is the
oxygen molecule. At low temperature, oxygen ions are incorporated or sorbed into the
crystal structure, also known as oxidation. At high temperatures, oxygen ions are released
or desorbed from the crystal structure and combine at the surface of the particle to form O2
molecule, in a process called reduction. This redox process is modulated by oxygen ions and
differs completely from molecular gas separation by size exclusion in membranes based on
porous crystals [51] and amorphous silica [52], or molecular gas sorption/desorption in the
pressure swing adsorption (PSA) process using solid sorbents [53] or amine-functionalised
solid sorbents [54].

In terms of engineering application, these results beg the question of which of the
above MeSCC samples has the best prospect for separating oxygen from air. Let us consider
a simplified process flow diagram in Figure 5 containing a vessel (adsorbent bed with
MeSCC) for oxygen separation from air. This process works under a redox cycle. In the
oxidation cycle, the adsorbent bed is at the highest temperature set point, so the hot air
feeding reduces the temperature of the vessel and leads to oxygen absorption by MeSCC.
An added benefit here is that as oxygen absorbs, high concentration nitrogen gas exits the
vessel, which can be sold as a feedstock to other industrial applications. In the reduction
cycle, the vessel at the low temperature set point is initially emptied of any non-absorbed
gas. Subsequently, the temperature is increased to the high temperature set point when the
oxygen is released from the MeSCC sorbent and exits the vessel accordingly. Then the redox
cycles are repeated. In terms of industrial application, this simplified process will require
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CO2 guard bed and water-drying units prior to pure dry feed air entering the column for
O2 and N2 separation. CO2 and H2O are detrimental to perovskites, resulting in loss of
performance. CO2 reacts of oxides in perovskite materials resulting in carbonation [55],
and CO2 and water as steam accelerates leaching of perovskite compounds [56].
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The redox cycling in Figure 5 can be deducted from simple engineering principles of
mass balance. It consists of an oxidation cycle (ox), on reduction cycle (red) and two idle
cycles to equilibrate the column conditions between the cycles of ox/red and red/ox. The cal-
culation of the annual production of oxygen (Pox) was carried out on the engineering basis
of 1000 kg mass of sorbent MeSCC (msorb) for the percentage of O2 mass sorbed/desorbed
(mox%) and the number of redox cycles per year (Cn,y) as in Equation (2):

Pox = msorbmox%Cn,y (2)

The number of redox cycles per year (Cn,y) can be determined by using Equation (2):

Cn,y =
1

tn,y
(3)

and the time taken for each cycle tc can be calculated as per Equation (4) and normalized
from cycles per min to the total number of cycles for a full year as tn,y:

tc =
∆Tsorp

hsorp
+

∆Tdes
hdes

+ 2teq (4)

where h is the heating rate (◦C min−1) and ∆T is the temperature range (◦C) between
sorption (i.e., oxidation) and desorption (i.e., reduction), and teq is the time (min) taken to
equilibrate and switch the redox cycles. For this calculation, the heating rate was set at
1 ◦C min−1, a conservative assumption, instead of 20 ◦C min−1 as used in this experimental
laboratory work. Furthermore, there is a need to equilibrate the operating conditions
(i.e., temperature, fill and/or empty vessel) of the adsorption bed each time that the cycle
changes from reduction to oxidation and from oxidation back to reduction and so forth.

Hence, a reasonable time of 5 min was allocated for each cycle change. Another
important parameter for this calculation is the time taken by each MeSCC for both oxidation
and reduction reactions. In order to optimise the production of oxygen, the low- and high-
temperature set points were taken from Figure 4a where the oxygen sorption or desorption
changed from their highest to the lowest values. Therefore, the calculations of the annual
production of oxygen were carried out by using the values set out in Table 2.
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Table 2. Oxygen sorption/desorption (wt%) and redox temperature cycle (∆T) for the standard full
cycle (Figure 4) and optimised short cycle (see Figure S1 in Supplementary Information).

Standard Full Cycle Optimised Short Cycle

MeSCC m (wt%) ∆T (◦C) m (wt%) ∆T (◦C)

Ba 1.72 478 0.98 134
Sr 1.69 548 0.76 235

Mg 1.41 600 0.67 187
Ca 0.87 331 0.47 237

Figure 6 shows the oxygen annual production for all samples for the standard values
versus optimised values using Equations (2) and (3), and the parameters as per Table 2.
It is interesting to see how effective the optimised results for BaSCC were. They almost
doubled in oxygen production from 9.4 to 18.5 ton y−1, and likewise the second-best
oxygen production (MgSCC). In fact, the optimised cycle for BaSCC demonstrates the
effectiveness of short-time batch cycles, which was aided by significant increases in oxygen
sorption/desorption within a short redox temperature range (see calculations in Supple-
mentary Information). The other samples had a relative longer redox temperature range
for the optimised cycle and did not show significant variation in oxygen production as
compared to the standard cycle. This was attributed to the trade-off due to lower oxygen
sorption/desorption for optimised cycles. It is interesting to observe that MgSCC had the
lowest standard oxygen production, although it had higher optimised oxygen production
than SrSCC and CaSCC. This was associated with the fact that MgSCC had a shorter redox
temperature cycle than the other two samples.
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Figure 6. Annual oxygen production (t y−1) using values from Table 2 and a heating/cooling rate
of 1 ◦C min−1 and optimized conditions as a function of heating/cooling rates (See Figure S1 and
calculations in Supplementary Information). Condition: sorbent column equilibration time of 5 min
for each reduction and oxidation.

The best-performing BaSCC sample was further exposed to 30 redox cycles. Figure 7a
clearly shows that BaSCC was stable during redox cycling thus confirming the potential
of this material for oxygen separation from air. Further optimisation was carried out
by increasing the heating rate for each redox cycle. Results in Figure 7b shows a fitting
line (y = 16.7x), thus indicating that each time that the redox heating rates is raised by
1 ◦C min−1, the annual oxygen production increased by 16.7 tonnes. In other words, in-
creasing the column heating/cooling rates reduces the time required for the redox reactions,
thus reflecting in significant oxygen annual production increase. These calculations were
carried out on a basis of 1000 kg of BaSCC material. By taking into consideration an av-
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erage BSCC density of 5810 kg m−3 and a free volume of 50% between pellets/particles,
the column with 1000 kg of BaSCC sorbent bed will require a total volume of 0.66 m3.
Potentially, there are major capital cost savings by adopting BaSCC due to the column
size being relatively small whereas other ancillary equipment, such as gas compressors
to pressurise atmospheric air into the column, are not required as per the process flow
diagram (Figure 5). Heating rate is also a critical parameter for the redox cycling. Figure 7b
shows that the annual oxygen production increases linearly as a function of the heating rate.
By doubling the heating rate, the redox cycle halves as per Equation (3), thus explaining
that oxygen production increased twofold. These results can form the basis for scale-up
rules, although process engineering design including complex heat exchange recovery and
capital and economic cost analysis can be used to optimize the final design.

Processes 2022, 10, x FOR PEER REVIEW 9 of 13 
 

 

of this material for oxygen separation from air. Further optimisation was carried out by 
increasing the heating rate for each redox cycle. Results in Figure 7b shows a fitting line 
(y = 16.7x), thus indicating that each time that the redox heating rates is raised by 1 °C 
min−1, the annual oxygen production increased by 16.7 tonnes. In other words, increasing 
the column heating/cooling rates reduces the time required for the redox reactions, thus 
reflecting in significant oxygen annual production increase. These calculations were car-
ried out on a basis of 1000 kg of BaSCC material. By taking into consideration an average 
BSCC density of 5810 kg m−3 and a free volume of 50% between pellets/particles, the col-
umn with 1000 kg of BaSCC sorbent bed will require a total volume of 0.66 m3. Potentially, 
there are major capital cost savings by adopting BaSCC due to the column size being rel-
atively small whereas other ancillary equipment, such as gas compressors to pressurise 
atmospheric air into the column, are not required as per the process flow diagram (Figure 
5). Heating rate is also a critical parameter for the redox cycling. Figure 7b shows that the 
annual oxygen production increases linearly as a function of the heating rate. By doubling 
the heating rate, the redox cycle halves as per Equation (3), thus explaining that oxygen 
production increased twofold. These results can form the basis for scale-up rules, alt-
hough process engineering design including complex heat exchange recovery and capital 
and economic cost analysis can be used to optimize the final design. 

 
Figure 7. (a) BaSCC redox recycling between 720 and 960 °C at a heating rate of 20 °C min−1, and (b) 
BaSCC annual oxygen production as a function of the heating and cooling rate of the column with 
BaSCC sorbent. 

Figure 8a shows the O2 mass desorbed from perovskites reported in literature. The 
BaSrCoCu in this work performed well with the seventh-best of ten results. However, this 
paper shows that short redox cycles are preferable giving the highest O2 production in-
stead of full cycles with the largest temperature changes. Not all the results in Figure 8a 
are available showing TGA redox cycling. Therefore, Figure 8b attempts to provide a fair 
comparison for results available in literature as the ratio of mass change over temperature 
change. A higher ratio is preferable, meaning that more mass of O2 is produced per 1 °C 
of temperature change. The best material in this work BaSrCoCu performed well against 
other perovskites second to an optimized BaCoFe* only. Therefore, BaSrCoCu can be fur-
ther optimized by changing the compositions of the A and B sites in order to deliver even 
higher performance. 

Figure 7. (a) BaSCC redox recycling between 720 and 960 ◦C at a heating rate of 20 ◦C min−1, and
(b) BaSCC annual oxygen production as a function of the heating and cooling rate of the column with
BaSCC sorbent.

Figure 8a shows the O2 mass desorbed from perovskites reported in literature. The
BaSrCoCu in this work performed well with the seventh-best of ten results. However,
this paper shows that short redox cycles are preferable giving the highest O2 production
instead of full cycles with the largest temperature changes. Not all the results in Figure 8a
are available showing TGA redox cycling. Therefore, Figure 8b attempts to provide a fair
comparison for results available in literature as the ratio of mass change over temperature
change. A higher ratio is preferable, meaning that more mass of O2 is produced per 1 ◦C of
temperature change. The best material in this work BaSrCoCu performed well against other
perovskites second to an optimized BaCoFe* only. Therefore, BaSrCoCu can be further
optimized by changing the compositions of the A and B sites in order to deliver even
higher performance.
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4. Conclusions

This work shows that the Ba substitution in MeSCC perovskite compounds resulted in
the highest oxygen mass production under redox reactions. In addition, BaSCC exhibited
the shortest redox thermal cycling, a major advantage as oxygen production rates increased,
doubling as compared with the other MeSCC perovskites containing Mg, Ca, and Sr. BaSCC
also proved to be stable. The combination of these important parameters has potential for
novel engineering systems and shows that BaSCC adsorbent vessels can be relatively small
with great capacity for oxygen separation from air. As a result, BaSCC thermal cycling
units have the potential to supply oxygen for oxyfuel combustion carbon capture systems
to abate the emission of greenhouse gases and climate change.
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