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Abstract:



A new series of Ba-Co-O perovskite-type oxygen carriers has been successfully synthesized by the microwave-assisted sol-gel method and further applied for producing an O2/CO2 mixture gas. The oxygen adsorption/desorption performance of synthesized samples was studied in a fixed-bed reactor system. Effects of A/B-site substitution on the oxygen desorption performance of Ba-Co-O–based perovskites are also included. Furthermore, the effects of operating conditions including the adsorption time and temperature as well as the desorption temperature on oxygen production performance were investigated in detail. The results indicated that BaCoO3-δ exhibited an excellent oxygen desorption performance among the synthesized A/B-site–substituted ACoO3-δ and BaBO3-δ samples, and that the optimal adsorption time, adsorption temperature and desorption temperature for BaCoO3-δ were determined to be 20 min, 850 °C and 850 °C, respectively, in this study.
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1. Introduction


The combustion of fossil fuels contributes to the emission of CO2 into the atmosphere, which consequently causes global warming [1,2,3]. Oxyfuel combustion represents a promising technique which can achieve a zero CO2 emission, which has the following advantages: (1) up to 95% CO2 concentration in the dry flue gas; (2) improved boiler efficiency; (3) reduced power consumption in the flue gas treatment because of the small amount of flue gas involved; and (4) denitrogenation equipment and process being saved [4,5]. However, the high cost of cryogenic air separation is a major economic challenge to the deployment of the oxyfuel combustion technology with carbon capture. Therefore, it is of great significance to reduce the cost of oxygen production for the oxyfuel combustion power plants in the future when CO2 capture becomes a necessity [6].



Perovskite-type metal oxides have been receiving increasing attention for a wide variety of applications, such as in components of capacitors, microwave technology, varistors, electrodes, and immobilization of nuclear wastes, as well as being used catalysts for oxidation and hydrogenation [7,8,9,10].



Recently, a new process for producing pure O2 or O2/CO2 gas streams by a perovskite-type oxygen carrier was proposed for oxy-fuel combustion technology [11]. The oxygen production processes based on perovskite are, as shown in Figure 1, as follows: (1) the O2 adsorption process, in which air is used as a feed gas to recover the perovskite structure; (2) the O2 desorption process, in which CO2 is used as a sweep gas to desorb O2 from the perovskite and to produce an O2/CO2 flue gas stream. The reversible adsorption/desorption processes based on the perovskite-type oxygen carrier are described below [12]:


[image: there is no content]
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Figure 1. Simplified schematic of O2/CO2 production for oxyfuel combustion.
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It was first reported by Teraoka et al. that La1-xSrxCo1-yFeyO3-δ has a cubic perovskite structure showing oxygen permeability at high temperatures [13]. Since then, many studies have focused on the selection and syntheses of the materials and their structural identity and stability, thermal properties, and O2 adsorption/desorption performance [14,15]. However, the relatively low oxygen desorption performance and regeneration capacity may be the major drawbacks for perovskite materials, which may lead to challenges in achieving a high efficiency of O2 production in industrial applications. Therefore, the development of perovskite-type oxygen carrier materials with excellent oxygen desorption performance and cyclic performance is necessary.



Ba-Co-O–based perovskites are the promising ones that have drawn considerable public attention because of their high oxygen permeation flux when used as a dense perovskite ceramic membrane. However, only a few reports have been found evaluating the use of perovskite as an oxygen carrier for oxygen production. Therefore, the development of BaCoO3-δ powders needs further research. This study aims to develop BaCoO3-δ powders with an improved O2/CO2 production performance for oxyfuel combustion systems and, further, to investigate the improvement of the oxygen desorption performance of BaCoO3-δ through fixed-bed experiment measurements. The effects of A/B site doping and the optimal operating conditions are also investigated and analyzed.




2. Experiments


2.1. Powder Synthesis


A series of BaBO3-δ (B = Co, Cr, Cu, Fe, Mn, Ni, Zn, Zr), ACoO3-δ (A = Mg, Ca, Sr, Ba) and Ba0.5Ln0.5CoO3-δ (Ln = Mg, Ca, Sr) were synthesized by microwave-assisted EDTA (Ethylenediaminetetraacetic acid) synthesis method [16,17,18,19,20,21]. For preparing BaCoO3-δ as example, the detailed microwave-assisted EDTA synthesis procedure is outlined in the flow chart shown in Figure 2. Metal nitrates Ba(NO3)2 and Co(NO3)2·6H2O were used as the raw materials and all of analytical purities. A design amount of metal nitrates and citric acid were dissolved in the NH3-EDTA solution. The mole ratios of EDTA: citric acid: total metal ions were controlled as 1:1.5:1. NH4OH solution was employed to adjust the pH value of precursor solution. The solution was then gently heated and stirred at 70 °C for 5 h and further dried at 105 °C for 10 h, respectively. Finally, the gel was irradiated with microwaves at 700 W for 30 min. The resultant black powders were characterized.


Figure 2. Flow chart of microwave-assisted EDTA synthesis.
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It should be noted that the microwave source is a domestic oven (Galanz, Foshan, China), operating at 2.45 GHz frequency with 700 W electricity consumption. Moreover, the dried gel powders were put in a porcelain crucible and placed inside another larger one for irradiation. In order to avoid damages, a breaker with large amount water was maintained inside during the experimental process.




2.2. Fixed-Bed Experiments


Oxygen adsorption/desorption experiments were performed in a fixed-bed reactor system as shown in Figure 3. It consists of a gas feeding system, a tube furnace with a quartz reactor, a gas analyzer (Gasboard 3100) and a computerized data-acquisition system. Oxygen concentrations during the desorption process were recorded to investigate the oxygen production performance of perovskite powders. About 1.0 g of powders was packed in the middle of the quartz reactor. Air and CO2 were, respectively, used as the feed gas for adsorption step and sweep gas for desorption step.


Figure 3. Schematic diagram of fixed-bed reaction system. (1) Gas cylinder; (2) valve; (3) flow controller; (4) thermocouple; (5) temperature controller; (6) quartz reactor; (7) horizontal tube furnace; (8) gas analyzer; (9) data acquisition system.



[image: Energies 10 00164 g003]






In the adsorption step, the powders were heated to a desired adsorption temperature in a flow of air at 1 atm pressure with a flow rate of 200 mL/min for 20 min. The adsorption step was followed by the desorption step with a switch of the sweep gas from air to CO2 stream at a flow rate of 200 mL/min, and the temperature was set to the predetermined desorption temperature. The desorption step was terminated when the O2 concentration dropped nearly to zero. Then the CO2 stream was switched to air to start a new cycle of the oxygen adsorption and desorption processes.





3. Results and Discussion


3.1. Effects of A-Site Substitution on Oxygen Desorption Performance


Figure 4 compares the oxygen adsorption breakthrough curves of different A-site totally/partially substituted ACoO3-δ (A = Mg, Ca, Sr, Ba) and Ba0.5Ln0.5CoO3-δ (Ln = Mg, Ca, Sr) perovskite samples at the air flow rate of 200 mL/min (the adsorption/desorption temperature is 850 °C). As shown in Figure 4, it is clear that A-site total/partial substitution has a significant influence on the oxygen desorption properties of BaCoO3-δ. The desorption amounts from different cases shown in Figure 4 are given in Table 1 and Figure 5, respectively, for ACoO3-δ (A = Mg, Ca, Sr, Ba) and Ba0.5Ln0.5CoO3-δ (Ln = Mg, Ca, Sr). The total oxygen desorption amount was evaluated by the integral scheme based on the obtained oxygen concentration distribution. The following equation can be used:


[image: there is no content]



(2)




where [image: there is no content] is the integration of the entire oxygen concentration during the desorption and Fout (mL/s) is the flow rate of the desorption effluent. It is supposed that [image: there is no content] ≈ [image: there is no content], while [image: there is no content] (g/mol) is the molecular weight of O2, [image: there is no content] (g) is the mass of the perovskite sample, and [image: there is no content] (g/g·sample) is the oxygen desorption amount for 1 g of the perovskite sample.


Figure 4. Oxygen desorption curves of ACoO3-δ (A = Mg, Ca, Sr, Ba) and Ba0.5Ln0.5CoO3-δ (Ln = Mg, Ca, Sr). The adsorption/desorption temperature is 850 °C.
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Figure 5. Comparison of oxygen desorption amount of ACoO3-δ (A = Mg, Ca, Sr, Ba) and Ba0.5Ln0.5CoO3-δ (Ln = Mg, Ca, Sr).
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Figure 5 shows that the oxygen desorption amount of A-site total substitution was in the following order: BaCoO3-δ > BaSrCoO3-δ > BaCaCoO3-δ > SrCoO3-δ> BaMgCoO3-δ > CaCoO3-δ > MgCoO3-δ. The substitution of Ba2+ with Sr2+/Ca2+/Mg2+ reduced the oxygen desorption amount for BaCoO3-δ. The lower desorption amount may be due to the smaller ionic radius, which is in the order Ba(1.75 Å) > Sr(1.58 Å) > Ca(1.48 Å) > Mg(1.03 Å). It is believed that the bigger ionic radius of Ba results in an increase of the lattice volume and in leading to a contribution to the transition of oxygen ions in the crystal. Therefore, high-temperature oxygen (β-oxygen) desorption is usually impacted by B-site substitution, but also by A-site substitution [22]. Moreover, for a fixed B-site composition, A-site ion with the same valence but different ionic radius affects the oxygen desorption property.




3.2. Effects of B-Site Substitution on Oxygen Desorption Performance


The effects of B-site substitution by different transition metal ions on the oxygen production performance of BaBO3-δ were studied. Figure 6 shows a comparison of the oxygen desorption performance for BaBO3-δ (B = Co, Cr, Cu, Fe, Mn, Ni, Zn, Zr). It indicates that the substitution of Co in the B-site with different transition metal ions had more significant effects on the oxygen desorption performance compared with A-site substitution. The B-site Co ion substituted by Cr, Cu, Fe, Mn, Ni, Zn, Zr reduced the oxygen desorption amount of BaCoO3-δ. It indicates that BaCoO3-δ has the best oxygen desorption performance among the above-mentioned A/B-site–substituted ACoO3-δ and BaBO3-δ. Therefore, BaCoO3-δ was selected as the candidate for further research.


Figure 6. Oxygen desorption curves of BaBO3-δ (B = Co, Cr, Cu, Fe, Mn, Ni, Zn, Zr).
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3.3. Effects of Adsorption Time


In order to investigate the effects of the adsorption time on the BaCoO3-δ oxygen production performance, BaCoO3-δ was exposed to an air flow for various adsorption times (10, 20, 30 or 40 min, respectively) at 850 °C in the adsorption process. The desorption performance curves and the oxygen desorption amount for BaCoO3-δ with different adsorption times are shown in Figure 7 and Figure 8, respectively. As shown in Figure 7 and Figure 8, the oxygen production amount increased with the increase of the adsorption time, varying from 10 min to 30 min. When the adsorption time increased continuously up to 40 min, the oxygen desorption amount declined a little. Considering energy conservation and reducing the cycle time in order to improve the efficiency, it was suggested that 20 min of adsorption time is more efficient than a longer adsorption time. The adsorption time of 20 min was then chosen and further applied to study the effects of other operation conditions on the oxygen desorption performance of BaCoO3-δ.


Figure 7. Oxygen desorption curves at different absorption times.



[image: Energies 10 00164 g007]





Figure 8. Comparison of oxygen desorption amount of BaCoO3-δ at different absorption times.
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3.4. Effects of Adsorption Temperature


Figure 9 compares the oxygen desorption curves of BaCoO3-δ at different adsorption temperatures varied from 750 °C to 900 °C (with the constant desorption temperature at 850 °C). The oxygen desorption amount calculated from the Equation (2) is given Figure 10. It shows that with the increase of the adsorption temperature, the oxygen desorption amount increased first, and then decreased. It may be because while the adsorption temperature is below 850 °C, the adsorption reaction is controlled by the kinetic process. A larger amount of oxygen is adsorbed due to the faster adsorption kinetics at a higher adsorption temperature. This leads to more oxygen desorbed in the desorption step. However, when the temperature is higher than 850 °C, the adsorption reaction is controlled by thermodynamics. Since the oxygen adsorption process for BaCoO3-δ is exothermic, the higher temperature has unfavorable effects on the adsorption process. Therefore, 850 °C was the optimal adsorption temperature for BaCoO3-δ in the current study.


Figure 9. Oxygen desorption curves at different absorption temperatures for BaCoO3-δ.
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Figure 10. Comparison of oxygen desorption amount of BaCoO3-δ at different absorption times.
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3.5. Effects of Desorption Temperature


Figure 11 presents the desorption performance obtained for BaCoO3-δ at different desorption temperatures varied from 750 °C to 900 °C (with the same adsorption temperature at 850 °C). As shown in Figure 12, the alteration of the oxygen desorption amount based on different desorption temperatures has the same tendency as that of the adsorption temperatures. It is clear that 850 °C was the ideal desorption temperature in this condition. It is known that the reaction between CO2 and BaCoO3-δ is a gas-solid reaction. The increased desorption temperature can lead to improved kinetics of the carbonation reaction. However, there is a decrease in the oxygen release quantity when the temperature reaches 900 °C. It might be caused by the decrease of the sample surface area. The high reaction temperature is conducive to promoting CO2 diffusion though the product layer, making the particles aggregate with a smaller surface area, which slows down the reactions. Therefore, an optimum oxygen desorption temperature for the selected perovskites appeared in the oxygen desorption process.


Figure 11. Oxygen desorption curves at different desorption temperatures for BaCoO3-δ.
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Figure 12. Comparison of oxygen desorption amount of BaCoO3-δ at different desorption times.
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3.6. Microstructure Analysis


Figure 13 compares the morphologies of the fresh BaCoO3-δ powders, the samples after six desorption cycles and the reverted products of BaCoO3-δ after six test cycles. The fresh BaCoO3-δ powders, as seen in Figure 13A, demonstrated a homogeneous morphology and most of the particles were multifaceted, resembling hexagonal shapes. It also shows that the shapes and sizes of the fresh BaCoO3-δ were mostly uniform and the average particle size was about 50 nm. When the fresh sample underwent six cycles of the desorption processes, as shown in Figure 13B, the particles became non-uniform in shape, and were composed of much bigger and irregularly shaped agglomerates, which were further merged together to form a relatively smooth surface. Figure 13C shows the reverted products of perovskite after six test cycles. As seen in Figure 13C, scattered spherical shapes could be found with a larger average particle size compared to the fresh sample.


Figure 13. TEM images of BaCoO3-δ powders: (A) fresh sample; (B) sample after six oxygen desorption cycles; (C) reverted products after six cycles.
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4. Conclusions


In this study, a new series of Ba-Co-O perovskite-type oxygen carriers were successfully synthesized by the microwave-assisted sol-gel method and applied to produce a O2/CO2 mixture gas. The effects of A/B-site substitutions and operating conditions on BaCoO3-δ perovskites were studied by fixed-bed experiments. The following conclusions can be drawn from this study:

	(1)

	
The results showed that the oxygen desorption amount of A-site substitution was in the order: BaCoO3-δ > BaSrCoO3-δ > BaCaCoO3-δ >SrCoO3-δ > BaMgCoO3-δ > CaCoO3-δ > MgCoO3-δ. The substitution of Ba2+ with Sr2+/Ca2+/Mg2+ reduced the oxygen desorption amount for BaCoO3-δ.




	(2)

	
The substitution of Co in the B-site with different transition metal ions had more significant effects on the oxygen desorption performance compared with A-site substitution. The B-site Co ion substituted by Cr, Cu, Fe, Mn, Ni, Zn, Zr reduced the oxygen desorption performance of BaCoO3-δ. It is indicated that BaCoO3-δ had the best oxygen desorption performance among the above A/B-site–substituted ACoO3-δ and BaBO3-δ.




	(3)

	
The effects of the operation parameters on the oxygen desorption performance of BaCoO3-δ were investigated in detail. It was found that the optimal adsorption time, adsorption temperature and desorption temperature for BaCoO3-δ were determined to be 20 min, 850 °C and 850 °C, respectively, in this specific case.
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