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Abstract

:

In this study, the application of a calcium-based bifunctional catalyst/sorbent is investigated in modified chemical looping steam methane reforming (CLSMR) process for in situ CO2 sorption and H2 production. The yttrium promoted Ca-Co samples were synthesized and applied as bifunctional catalysts/sorbent. The influence of reduction temperature (500–750 °C), Ca/Co and Ca/Y ratios (1.5–∞ and 3–18, respectively) and catalyst life time are determined in CLSMR process. The physicochemical transformation of fresh, used and regenerated samples after 16 redox cycles are determined using X-ray powder diffraction (XRD), N2 adsorption–desorption, field emission scanning electron microscopy (FESEM), energy dispersive X-ray spectroscopy (EDX) and transmission electron microscopy (TEM) techniques. The effect of yttrium promoter on the structure of catalyst and regeneration step on the reversibility of bifunctional catalyst/sorbent was two important factors. The characterization results revealed that the presence of yttrium in the structure of Ca-9Co sample could improve the morphology and textural properties of catalyst/sorbents. The suitable reversibility of bifunctional catalyst/sorbents during the repeated cycles is confirmed by characterization of calcined samples. The Ca-9Co-4.5Y as optimal catalyst illustrated superior performance and stability. It showed about 95.8% methane conversion and 82.9% hydrogen yield at 700 °C and stable activity during 16 redox cycles.
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1. Introduction


Excessive consumption of fossil fuels (natural gas, coal and oil) and emission of large amount of greenhouse gases such as CO2 have an uncontrollable impact on global warming. This matter has increased worldwide environmental concern [1,2,3,4]. Further improvements in the efficiency of energy production processes and the use of environmental friendly energy carriers are effective methods to overcome these problems [5,6]. Hydrogen is introduced as a good candidate to achieve this goal. H2 has been considered as a potential alternative fuel that can provide the future energy. It is also a clean energy source owing to its by-product that is harmless water vapor when it is converted into useful energy [7,8,9,10]. Hydrogen could be used as an important feedstock in different chemical and petrochemical processes such as methanol, ammonia and hydrochloric acid production. In addition, it is a suitable fuel for fuel cells, turbines and internal combustion engines [7,11,12,13,14,15]. In recent years, production of hydrogen could be performed by various processes such as electrolysis, biomass gasification and reforming [5,16,17,18,19,20]. However, reforming of natural gas is a common industrial technology for large scale of hydrogen production. Methane has received particular attention due to its high availability and low cost. In addition, it has high hydrogen to carbon ratio and produces fewer by-products compared to other hydrocarbons [12,17,21]. According to steam methane reforming (SMR) or partial oxidation of methane (POM) processes, methane was initially reacted with steam or oxygen to produce synthesis gas in the reformer (Equation (1) for SMR and Equation (2) for POM) [22]. Then, water gas shift (WGS) reaction was applied to increase the molar ratio of H2/CO for the production of hydrogen.


     CH  4  +  H 2  O ↔ 3  H 2  + CO   ∆  H  298 K   = 206   kJ   mol     



(1)






     CH  4  +  1 2   O 2  ↔ 2  H 2  + CO   ∆  H  298 K   = − 35   kJ   mol     



(2)






   CO +  H 2  O ↔  H 2  +   CO  2  ∆  H  298 K   = − 41   kJ   mol       



(3)







H2 production in Reforming process has some problems such as difficult reaction condition, high energy consumption, multiple steps and high process costs [17,23]. In addition, in partial oxidation of methane, the O2 comes from either air or pure oxygen [24]. Using air as oxygen source has the disadvantage of N2 impurity and NOX in its syngas, while a costly oxygen plant is required in the second one [25].



In order to overcome these defects, chemical looping reforming (CLR) concept has been defined in recent years. In this method, a metal oxide as solid oxygen carrier (OC) is used instead of air for reduction of fuel to synthesis gas (H2 and CO). As a result, the fuel and air do not contact directly. The oxygen will be transferred from OC to fuel through the reduction of metal oxide to      Me  x   O  y − 1     , according to Equation (4). Subsequently, the reduced metal oxide is reoxidized to its initial state (     Me  x   O y    ) as indicated in Equation (5) [5,26].


     Me  x   O y  +   CH  4  ↔   Me  x   O  y − 1   + CO +  H  2     



(4)






     Me  x   O  y − 1   +  1 2   O 2  ↔   Me  x   O y    



(5)







According to Equation (3), an elimination product is necessary for the complete conversion of CO to CO2 and producing high purity hydrogen. If a product of WGSR were removed during the process, the equilibrium would be shifted to the right and the amount of produced hydrogen increases (Le Chatelier’s principle). The use of hydrogen membranes (for eliminating hydrogen) and carbon dioxide sorbents (for removing CO2 from the gaseous products) are two effective methods for achieving this purpose. Therefore, the CO2 sorption process can be used along with the chemical looping steam methane reforming process and introduce a new concept, which is so-called sorption enhanced chemical looping reforming (SECLR) [27]. Ca-, Mg- and Li-based solid sorbents are highly impressive sorbents in CO2 sorption process. However, Ca-based sorbents are more interesting because of its high CO2 sorption capacity (0.786 g of CO2/g of sorbent), resistivity of coke rein, stability in long term cyclic operation, low cost and wide availability [28,29,30,31]. The exothermic carbonation reaction between calcium oxide and CO2 is performed as shown in Equation (6).


     CaO    ( s )    +   CO   2  ( g )    →   CaCO   3  ( s )      ∆  H  298 K   = − 178   kJ   mol     



(6)







The calcination of CaCO3 is required for regeneration of sorbent and reusing CaO in multiple reforming cycles (Equation (7)).


     CaCO   3  ( s )    →   CaO    ( s )    +   CO   2  ( g )      ∆  H  298 K   = 178   kJ   mol     



(7)







Researchers have more recently examined the uses of physical mixture of calcium oxide and an oxygen carrier in the SER process. In this regard, Hafizi and his co-workers [12,18] synthesized 15Fe–5Ca/Al2O3 and 22Fe2O3/MgAl2O4 oxygen carriers and cerium promoted CaO sorbent. In their studies, OCs and sorbents were mixed and used in SECLR process to produce hydrogen with high purity. Buelens et al. [32] considered Ni/MgAl2O4 as methane reforming catalyst, active Fe2O3 particles supported in a matrix of MgAl2O4 particles as oxygen carrier and CaO promoted by Al2O3 as solid CO2 sorbent in SDRM process for producing high purity syngas. Dou et al. [33] studied NiO/NiAl2O4 oxygen carrier and a solid sorbent such as calcium oxide in SECLR of glycerol. Ryden and Ramos [34] developed NiO oxygen carrier and calcium based CO2 sorbent in SECLR of methane. These studies showed that calcium was an effective agent for enhancing the purity of hydrogen. The evidence indicates that calcium oxide a long with an oxygen carrier as bifunctional catalyst/sorbent could be used in chemical looping processes. Figure 1 illustrates the overall mechanism of SECLR process that consists of three interconnected reactors. In the first reactor, oxygen carrier is reduced during the reaction with methane (Equation (4)), while bifunctional catalyst/sorbent simultaneously performs a direct reaction with methane in the presence of steam for the production of hydrogen rich gas stream (Equation (8)). When some reactions including methane reforming, CO2 sorption and water gas shift reaction occur at the same time, the overall procedure leads to the following reaction:


   2   CH   4  ( g )    + 4  H 2   O   ( g )    +   CaO    ( s )    ↔   CaCO   3  ( s )    + 8  H  2  ( g )    +   CO  2    ∆  H  298 K   = 151   kJ   mol     



(8)







In this reaction, calcium oxide is transformed to calcium carbonate and thus a calcination step is required for returning to its initial state. The calcination of calcium carbonate is performed at high temperature in the second reactor owing to the endothermic nature of the regeneration reaction (Equation (7)). The third reactor is applied in order to reoxidize the reduced oxygen carrier [27,35].



As stated above, for improving the activity of catalyst in CLR process, the addition of an appropriate oxygen carrier to the structure of calcium oxide seems to be necessary. The required oxygen carrier should be able to undergo repeated redox cycles. Furthermore, some important screening criteria such as high methane conversion, low cost, an acceptable oxygen transfer capacity, attrition and agglomeration resistance, non-toxicity and sufficient reversibility should be considered for a correct choice [36,37]. Some possible transition metals including active oxides of nickel, copper, cobalt, iron and manganese, possess greatly conditions mentioned above [36,38]. These metals have high tendency to deposition: not enough reactivity of iron and manganese, high tendency to agglomeration and sintering at high temperature for copper owing to its low melting point, high speed of carbon formation on the surface of oxygen carrier and subsequently rapid catalyst deactivation for nickel. Cobalt has a high oxygen storage capacity and a suitable activity in reaction with methane. In addition, only a few studies on the application of cobalt oxide as oxygen carrier are reported in the CLSMR process [9,39,40,41].



On the other hand, the use of appropriate promoter in the structure of bifunctional catalyst/ sorbent is an effective technique for the modifications of the textural and catalytic properties. In such cases, promoters could suppress the coke formation and prevent sintering and agglomeration of the samples [42]. Among different promoters, yttrium possesses specific properties which differ it from other promoters. Ramirez-Hernandez et al. [43] investigated the influence of yttrium promote Ni/Al2O3 in the steam reforming of ethanol. Their results illustrated that the presence of yttrium caused less carbon deposition, better reducibility of nickel and lower temperature. Li and the co-workers [44] assessed the promoting behavior of yttrium over NiO/SBA-15 catalyst in the CO2 reforming of methane and found that it has decreasing effect on the carbon deposition and increased the dispersion of nickel, thermal stability and catalytic activity. Therefore, yttrium seems to be potentially appropriate for applying in our favorable process.



The main objective of this research is the investigation of a novel bifunctional catalyst/sorbent in the modified configuration of chemical looping steam methane reforming process for one step production of hydrogen rich stream. For this purpose, yttrium is incorporated in the framework of calcium-cobalt using co-precipitation method and used as bifunctional catalyst/sorbent. Different parameters such as the effect of reduction temperature, calcium to cobalt and calcium to yttrium mass ratios and cyclic life time are studied on the performance of catalysts. The evaluation of gas composition provided a useful technique for understanding the performance of bifunctional catalyst/sorbent and modified process. Moreover, various characterization techniques include: XRD, Brunauer-Emmett-Teller (BET), EDX, TEM and FESEM are applied to analyze the fresh and used (in both the calcined and carbonated forms) samples. Finally, the life time and stability of optimized catalyst are investigated over 16 redox cycles.




2. Results and Discussion


2.1. Sample Characterization


The freshly synthesized samples were characterized before activity tests, after reduction period and after calcination/oxidation section to investigate the structural changes of each catalyst/sorbent. The XRD patterns of fresh, used and regenerated Ca-9Co and Ca-9Co-4.5Y bifunctional samples after 16 redox cycles are demonstrated in Figure 2. The used samples were in the reactor during 16 cycles within about 26 h. The regenerated samples had the same procedure with a different step at the end, about 1 h the calcination/oxidation was carried out on the samples. The patterns of both fresh samples shows the formation of CaO at 2θ = 32.3°, 37.5°, 54.0°, 79.9° and 88.8° (JCPDS card No. 01-082-1691). The results of used samples show the formation of CaCO3 according to 2θ = 23.1°, 29.5°, 43.3°, 47.3°, 48.6° and 57.5° (JCPDS card No. 00-002-0629). The XRD patterns of calcined samples have expressed that calcium carbonates are completely converted to calcium oxide and can be considered as the main substance. It shows appropriate reversibility of calcium oxide through multiple cycles. A comparison between used samples after 16 redox cycles demonstrates that the sample containing yttrium showed better performance in direct reaction with methane. The intensity of unreacted CaO peaks after reduction step is decreased severely in the case of yttrium promoted bifunctional catalyst/sorbent. As presented in this figure, the calcium-cobalt spinel (Ca2Co2O5) is detected at 2θ = 16.5° and 39.5° in Ca-9Co sample, while it is clear that calcium-cobalt spinel does not exist in Ca-9Co-4.5Y sample. It proves that yttrium promoter is able to properly inhibit the formation of calcium-cobalt spinel. This phenomenon shows that yttrium as structural promoter could significantly increase the stability and activity of catalyst/sorbents [36]. In Figure 2, it should be noted that the elemental carbon (C) was not observed over the used samples. Therefore, it could be found that carbon deposition did not occur on the surface of bifunctional catalyst/sorbents, which could be due to the basic and natural properties of calcium oxide and yttrium promoter. On the other hand, the cobalt oxide (Co3O4) in fresh sample is reduced to CoO after reduction period, while it is reoxidized to Co3O4 after calcination/oxidation step. The reduction of Co3O4 in the first cycle shows the transference of lattice oxygen (from cobalt oxide as oxygen carrier) to methane.



Figure 3 illustrates the FESEM images of fresh samples including synthesized calcium, Ca-9Co and Ca-9Co-4.5Y. As shown in Figure 3b the Ca-9Co catalyst has a dense structure with more aggregated particles. To investigate the influence of cobalt on the surface properties of catalyst/sorbent, FESEM images of pure calcium oxide is demonstrated (Figure 3a). It is clear in this figure that the particle size of synthesized calcium oxide is increased by adding cobalt as oxygen carrier to the structure of catalyst/sorbent (Figure 3a,b). It could be stated that cobalt brings the small particles of calcium oxide close together and makes larger particles than synthesized pure calcium. It explains that cobalt compresses the structure of calcium oxide. It is expected that using a suitable structural promoter in the framework of catalyst/sorbent can solve this problem. A comparison between Ca-9Co and Ca-9Co-4.5Y samples (Figure 3b,c) indicates that the particle size of Ca-9Co-4.5Y is smaller than that of Ca-9Co. It shows that yttrium can decrease the size of calcium oxide particles and create a more uniform structure.



Figure 4 indicates the nitrogen adsorption/desorption isotherms of fresh Ca-9Co and Ca-9Co-4.5Y samples. Both catalyst/sorbents exhibited II-type isotherms and H3-type hysteresis loops. This isotherm shows that the samples are macro porous and the specified hysteresis loops indicate the monolayer adsorption of N2 on the surface of catalysts [45]. The pore size distribution of Ca-9Co reveals that the pores are distributed over a wide range (5–120 nm), while the addition of yttrium could arrange the pores in a narrow range (20–85 nm).



The physical properties of fresh Ca-9Co and Ca-9Co-4.5Y catalyst/sorbents including BET surface area, average pore diameter and pore volume are reported in Table 1. As indicated in this table, the BET surface area and pore volume of Ca-9Co sample were increased by adding yttrium as promoter to the structure of sample, while no noticeable change was observed in average pore diameter. It shows that yttrium enhances the porosity and uniformity of catalyst/sorbent.



The TEM analysis of fresh samples was performed to compare the agglomeration and dispersion of metal oxide particles in the presence of yttrium promoter. Figure 5 displays the TEM images of Ca-9Co and Ca-9Co-2Y bifunctional catalyst/sorbents. The agglomeration of cobalt-calcium matrix particles is observed in some parts of Ca-9Co sample as shown in Figure 5a. However, yttrium improved the dispersion of cobalt oxide particles and decreased the particle size (Figure 5b). In addition, these images clearly illustrate the porous structure of fresh samples.




2.2. Catalytic Activity of Ca-mCo


To achieve the optimal cobalt loading, Ca-mCo (m = 1.5, 2.3, 4.0, 9.0 and ∞) bifunctional catalyst/sorbents were prepared and tested in CLSMR process. According to these examinations, the methane conversion, hydrogen yield and average H2/CO molar ratio over Ca-mCo catalysts were determined as shown in Figure 6. The tests are performed at different reduction temperatures (500–750 °C) and calcination/oxidation at 750 °C. For instance, a 100-min reduction cycle is performed at 550 °C (0–50 min) followed by calcination/oxidation at 750 °C (50–100 min). The molar ratio of steam to carbon is considered constant and equal to 2, which is needed in the reduction step. This figure shows that methane conversion and hydrogen yield are increased with reduction temperature, which is because of the endothermic nature of direct reaction between methane and bifunctional catalyst/sorbent (Equation (7)). In addition, Figure 6 reveals that the methane conversion and hydrogen yield are increased to about 94.9% and 81.5% with the increment of calcium to cobalt mass ratio and then decreased with further increasing the ratio. In addition, average H2/CO molar ratio follows a similar trend and it is enhanced to about 5.2 for Ca-9Co at 700 °C and then decreases to about 4.8 for Ca-∞Co at the same temperature. It should be noted that the addition of cobalt as a suitable oxygen carrier to the structure of catalyst increases the activity; however, cobalt compacts the structure of catalyst and greater amounts of cobalt can prevent the easier accessibility of gaseous reactant to inner layers of catalyst/sorbent, which confirms the BET results. Therefore, it could be found that maximum methane conversion, hydrogen yield and average H2/CO molar ratio occur using the bifunctional catalyst/sorbent with the Ca/Co mass ratio of 9 (Ca-9Co). For example, the average methane conversion and average hydrogen yield are increased from 72.6% and 65.4% for Ca-1.5Co to 94.9% and 81.5% for Ca-9Co at 700 °C, respectively. The average methane conversion of Ca-9Co is about 93.15% at 650 °C.




2.3. Effect of Yttrium Promoter on Catalytic Activity of Ca-9Co-nY Catalyst/Sorbent


To study the effect of yttrium promoter on the structural properties and activity of Ca-Co bifunctional catalyst/sorbent, Ca-9Co-nY samples with different calcium to yttrium mass ratios (n = 3.0, 4.5, 9.0, 18.0) were synthesized and examined in CLSMR process at different reduction temperatures (Figure 7). It shows that raising the reduction temperature increases methane conversion and hydrogen yield for all samples. For instance, methane conversion and hydrogen yield are about 20.9% and 15.0% at 500 °C and reach to about 96.9% and 83.4% at 750 °C for Ca-9Co-3Y, respectively. As indicated in Figure 7c, by decreasing the calcium to yttrium mass ratio from 18 to 4.5, the average H2/CO molar ratio is increased from about 4.5 to 5.3 at 700 °C. The average H2/CO molar ratio was decreased slightly by further increment of yttrium content. It shows that the addition of yttrium content increases the porosity of catalyst/sorbent and improves the dispersion of cobalt and availability of calcium oxide in the catalyst structure. Therefore, the amount of produced hydrogen is increased and subsequently hydrogen to carbon monoxide molar ratio is enhanced. In addition, the higher surface area of promoted sample (indicated in Table 1) shows the better tendency of catalyst/sorbent on both activity and selectivity of produced components. The activity of catalysts were in the order of Ca-9Co-4.5Y    >    Ca-9Co-9Y   >   Ca-9Co-18Y. The higher amount of yttrium improved the performance of catalyst because increasing the porosity and specific surface area of catalyst could significantly enhance the oxygen carrier capability to transition of lattice oxygen [46,47]. Moreover, increasing the surface area could increase the availability of bifunctional catalyst/sorbent active sites for reaction with methane (Equation (7)). According to this figure, further increase in yttrium content of catalyst/sorbent reveals negative effect on methane conversion, hydrogen yield and average H2/CO molar ratio for most temperatures. It could be due to the reduction in the amounts of calcium and cobalt oxides in the structure of catalyst/sorbents and covering the active cites with excessive yttrium oxide [43,48]. The comparison of Figure 6 and Figure 7 evidences that yttrium could modify the catalyst performance and increases the methane conversion and hydrogen yield mainly at lower temperatures. For example, methane conversion is increased from about zero at 500 °C and 95.9% at 750 °C for Ca-9Co catalyst/sorbent to about 37.2% at 500 °C and 97.8% at 750 °C for Ca-9Co-4.5Y. When temperature is increased from 500 to 750 °C the hydrogen yield is changed from about 29.9% to 83.8% for Ca-9Co-4.5Y, while it is 0.0% and 82.2% for Ca-9Co, respectively. Consequently, Ca-9Co-4.5Y is selected as an excellent bifunctional catalyst/sorbent with highest activity in CLSMR process.



The experimental results of a complete isothermal reduction-calcination/oxidation cycle for the samples containing different amount of yttrium (n = 3–18) with steam to carbon (S/C) molar ratio of 2 are illustrated in Figure 8. This figure reveals that the bifunctional catalyst/sorbent is an effective agent on the composition of gaseous products. As indicated in Figure 8a, the conversion of methane and production of hydrogen in the reduction step, and release of carbon dioxide in the calcination step are low thus the performance of Ca-9Co-18Y sample seems to be inadequate. The activity of bifunctional catalyst/sorbent is improved by increasing the amount of yttrium in the samples, as shown in Figure 8b–d. It occurs due to the increasing of the sample porosity that results in higher contact between reactant and active sites, as illustrated in the previous section, and controlling of direct activity of the samples toward reacting with methane. According to XRD results (Figure 2), the absence of coke in the used samples shows that released CO2 in the calcination/oxidation step is related to the calcination of CaCO3. Therefore, H2/CO molar ratio and the volume percentage of CO2 in the calcination/oxidation section are two important criteria for investigating the samples’ behavior. All three samples (Ca-9Co-9Y, Ca-9Co-4.5Y and Ca-9Co-3Y) demonstrate similar profile in the reduction and calcination/oxidation steps; although the one with calcium to yttrium mass ratio of 4.5 shows the best performance according to upon discussions. For example, H2/CO molar ratio and volume percentage of CO2 in the calcination/oxidation step are about 4.8 and 6.7, respectively, for Ca-9Co-9Y sample. These values increase to about 5.3 and 6.9 for Ca-9Co-4.5Y and relatively decrease to about 5.1 and 6.8 for Ca-9Co-3Y, indicating the better performance Ca-9Co-4.5Y catalyst/sorbent.




2.4. CO2 Concentration in the Reaction Media


The evolution of gas compositions of four bifunctional catalyst/sorbents containing yttrium (n = 3.0, 4.5, 9.0, and 18.0) illustrated that the average volume percentage of CO2 in the reaction media was about 0.5 vol % at lower temperatures (500–550 °C) and 2.1 at higher temperatures (750 °C). Antzara et al. [6] reported the performance of different oxygen carriers including NiO/ZrO2, NiO/TiO2, NiO/SiO2 and NiO/Al2O3 in CLR process at 650 °C. The results exhibited high activity with the high composition of hydrogen about 75–80%, while the composition of carbon dioxide in the dry gaseous product was in the order of 10–12%. In the other study, Ryden et al. [49] tested NiO/MgAl2O4 oxygen carrier in the chemical looping reforming of methane process. The experiment was performed at high temperature (888–914 °C) in the fuel reactor and the result represented that the average composition of CO2 was about 11.5%. To assist the reader, a summary table is presented (Table 2). The comparison between the obtained result and literature data clearly revealed a reduction of about 10% in the composition of CO2 in produced dry gas. Therefore, the modified CLSMR process developed in this work acts as an effective method for increasing the purity of syngas in the output stream.




2.5. Life Time of Ca-9Co and Ca-9Co-4.5Y Bifunctional Catalyst/Sorbents


With the aim of investigating the stability of bifunctional catalyst/sorbents, the performance of optimized sample containing Ca-9Co and Ca-9Co-4.5Y were tested through 16 consecutive cycles. Therefore, the variation of methane conversion with time was determined at 700 °C, as shown in Figure 9. The methane conversion of Ca-9Co is relatively low in the first and second cycles. It might be due to the incomplete oxidation of solid phase in the reduction step. The methane conversion increases to about 99.5% from cycle 3 to 10 and then decreases by about 2.5% at the last cycle. It shows that the activity of Ca-9Co catalyst/sorbent is reduced after a few cycles. Sintering, agglomeration and pore blockage are the main reasons for this event. However, the methane conversion of Ca-9Co-4.5Y catalyst is about 99.5% and remains rather constant over 16 redox cycles. In fact, yttrium improved the thermal stability of the sample and improved the catalyst stability and resistance against catalyst destruction.



In addition, the carbon balance on the data of optimal sample in the lifetime test at 700 °C was performed during a complete cycle including reduction and calcination/oxidation steps. The results revealed the carbon balance of about 84–88%, which might be due to the thermal cracking of methane on the wall of tubular reactor.




2.6. Characterization of Used and Regenerated Catalyst/Sorbents


The FESEM images of used (after carbonation) and regenerated (after calcination/oxidation) Ca-9Co and Ca-9Co-4.5Y catalyst/sorbents are displayed in Figure 10. A comparison of fresh samples (Figure 3b,c) and used ones (Figure 10a,c) demonstrates the large agglomeration in the formation of CaCO3 [5], sintering, pore blockage and changing the morphology of bifunctional catalyst/sorbents during the direct reaction with methane in the reduction step. Figure 10b,d represents that the regenerated catalysts in calcination/oxidation step can greatly return to the initial structural morphology. Therefore, it proves the stable performance of mentioned catalyst/sorbent during successive cycles in the CLSMR process.



The nitrogen adsorption–desorption isotherm and pore size distribution of optimum sample after reduction step is depicted in Figure 11. It showed the type II isotherm with the hysteresis loops of type H3.



BET analysis related to this sample is performed and the results are explained as 6.5 m2/g BET surface area and 0.055 pore volume while pore diameter is equal to 29.56 nm. A comparison between this result and the ones of fresh sample (Table 1) indicates that the surface area of used Ca-9Co-4.5Y is reduced from 17.9 m2/g to 6.5 m2/g, which could be due to the pore blockage by sorption of CO2 during the reduction test. The formation of CaCO3 through the reaction of CO2 and CaO and the destruction of the structure especially in the elementary cycles make the structure more compressed. The loss of catalyst porosity during the reduction can be observed from reported pore volume (reduction from 0.161 cm3/g to 0.055 cm3/g), which confirms the FESEM result (Figure 10b).



In accordance with XRD results of used samples after about 26 h exposure (16 redox cycles) (Figure 2), the absence of coke revealed that all of carbon in the structure of used samples were presented in the formation of CaCO3. Therefore, the relative amount of carbon estimated by EDX analysis of used samples is a good factor for evaluating the amount of calcium has participated in the reaction media. Figure 12a,b demonstrates the EDX results of Ca-9Co and Ca-9Co-4.5Y bifunctional catalyst/sorbents after reduction step, respectively. According to EDX results, the amount of carbon for the used Ca-9Co is about 5.3% and increases to about 8.0% for Ca-9Co-4.5Y. Hence, it was evidenced that the higher progress of main reaction in the presence of Ca-9Co-4.5Y bifunctional catalyst/sorbent and increasing the production of hydrogen. The results are in a good agreement with pervious results (Figure 6b and Figure 7b).





3. Experimental Methods


3.1. Preparation of Bifunctional Catalyst/Sorbent


The bifunctional catalyst/sorbents containing Ca-mCo and Ca-mCo-nY (m and n demonstrate the calcium to cobalt and calcium to yttrium mass ratios, respectively) were synthesized with co-precipitation method. Firstly, Ca-Co bifunctional catalyst/sorbents were prepared by adding a certain amount of Co(NO3)2·6H2O (Merck, Darmstadt, Germany) solution to Ca(NO3)2·4H2O (Merck) solution with different calcium to cobalt ratios. Then, the precursor aqueous solutions were mixed together over a wide range of 1.5–∞ (Ca/Co) in a three necked balloon and 0.5 M NaOH as the precipitant agent was added drop-by-drop with vigorous stirring. The addition of precipitant was continued isothermally at 80 °C until the pH of 11. Then, it was aged for about 15 h. After that, the precipitate was filtered and washed repeatedly with warm DI water. The samples were dried at 100 °C overnight and calcined at 700 °C for 3 h with the heating ramp of 4 °C/min. In addition, it should be noted that the samples undergo a calcination/oxidation step at 750 °C for 1 h prior to each experiments. The pure calcium oxide is labeled as synthesized CaO.



The synthesis of yttrium promoted calcium-cobalt bifunctional catalyst/sorbent (Ca-mCo-nY, where n shows the mass ratio of Ca/Y = 3, 4.5, 9 and 18) was performed with the same procedure. For this purpose, a 0.25 M aqueous solution of Y(NO3)3·6H2O was added to initial solution of calcium-cobalt and precipitation was performed as discussed previously.




3.2. Samples Characterization


Various characterization techniques were applied for analyzing the textural structure, specific surface area and the influence of reactive features on the samples. The identification of crystalline phases in solid samples was achieved using XRD. The XRD patterns were attained by name of a Bruker D8 advanced powder diffractometer by monochromatic CuKα radiation, operated at 40 kV and 40 mA. Scanning was performed in a step-scan mode, with a step size of 0.1° for 2θ between 10–90 and a scan time of 2 s at each step. Specific surface area and cumulative pore volume of the samples were determined using the BET and BJH methods from N2 adsorption–desorption isotherms, respectively. A Micrometric ASAP 2020 instrument was applied for BET tests. Before the analysis, the samples were degassed at 250 °C for a least 3 h. For investigating the surface morphology and elemental composition of the fresh and used catalysts, FESEM and EDX were carried out by a MIRA3 TESCAN apparatus. The TEM measurements were carried out using Zeiss-EM10C TEM unite (100 KV).




3.3. Catalytic Evaluation


The performance of prepared catalyst/sorbents was investigated in a fixed bed reactor (65 cm length and 1.2 cm inner diameter) in CLSMR process, which was electrically heated in a vertical furnace. The temperature of catalyst/sorbents was monitored during the process with a K-type thermocouple. This thermocouple was located in the center of catalyst bed and fixed the favorable temperature during each cycle. For each activity test, an amount of 1.5 g powdered catalyst/sorbent was exposed to a gaseous streams containing 60 mL/min reducing gas (CH4) diluted in argon (120 mL/min) in reduction step, and 20 vol % oxidizing gas (O2) balanced with argon in the calcination/oxidation section. The flow rates of these gases was intently controlled using three distinct mass flow controllers (Unit instruments, model UFC 1661). The desired amount of water was injected with a high accurate syringe pump to a heated line before the reactor and then the generated steam was mixed with inlet gas stream and fed to the reactor in the reduction step. The reduction section was performed isothermally at 500–750 °C for 45 min and the calcination/oxidation period was carried out at 700 °C for about 1 h. Actually, the calcination was conducted until carbon dioxide concentration became zero in the produced gas. The calcination and oxidation steps are merged; thus, in the regeneration step (containing calcination and oxidation), a mixture of oxygen and carrier is injected simultaneously with increasing the bed temperature. Thus, the unreacted oxygen is present in the reactor effluent in regeneration step (Figure 13). Each section in a cycle was separated via 3 min pure argon purging with the purpose of driving the remained gases out of the bed. A condenser followed by a separator was considered for separating excessive water from gaseous products. An online gas chromatograph (Bruker 450) was applied to analyze composition of obtained dry gas for each 9 min. The schematic of experimental setup is shown in Figure 13.



According to following equations, methane conversion (    X    CH  4      ) and hydrogen production yield (    Y   H 2      ) were calculated for evaluating the activity of catalyst/sorbents in the CLSMR process.


    X    CH  4    =    (   F    CH    4  in        )  −  (   F    CH    4  out        )     (   F    CH    4  in        )    × 100   



(9)






    Y   H 2    =    F   H 2      2 ×  (   F    CH    4  in        )    × 100   



(10)




where     F    CH    4  in         ,     F    CH    4  out          and     F   H 2       represents the inlet and outlet molar flow rates of methane (mol/min) and the outlet molar flow rate of hydrogen (mol/min), respectively.





4. Conclusions


Production of hydrogen rich syngas was investigated experimentally in a new CLSMR process via a direct reaction with bifunctional catalyst/sorbent and methane in the presence of steam. Co-precipitation method was applied to prepare Ca-nCo (n: Ca/Co ratio =1.5–∞ (pure CaO)), and Ca-nCo-mY (m: Ca/Y ratio = 3–18) bifunctional catalyst/sorbents. With the purpose of obtaining optimal Ca/Co and Ca/Y mass ratios and illustrating the effect of reaction temperature, the synthesized samples were tested in CLSMR process at different reaction temperatures (500–750 °C). The Ca-9Co-4.5Y showed the highest catalytic performance and lowest activity reduction compared to all other samples. For yttrium promoted Ca-9Co (m = 4.5), the methane conversion, hydrogen yield and H2/CO molar ratio, respectively, reached about 95.8%, 82.9% and 5.3 at 700 °C, while these parameters were about 95%, 81.5% and 5.2 for Ca-9Co. The XRD results of fresh samples revealed that the formation of calcium-cobalt spinel was prevented in the presence of yttrium. The FESEM images of fresh samples illustrated that the agglomerated structure with low porosity appeared with the addition of cobalt, while yttrium showed the potential for the modification and improvement of this structure and increased the catalyst/sorbent surface area. The characterization of used samples after reduction step demonstrated that the methane decomposition reaction and therefore the production of elemental carbon could not occur in this process. Moreover, the progress in the direct reaction of bifunctional catalyst/sorbent with methane along with steam reforming of methane on the surface of catalyst was confirmed by EDX analysis of reduced samples after reduction test. Comparing the XRD and FESEM of fresh, used and regenerated samples confirmed the nearly complete regeneration of yttrium promoted bifunctional catalyst/sorbent.
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Figure 1. Conceptual scheme of modified chemical looping steam methane reforming process. 
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Figure 2. XRD patterns of fresh, used (at 700 °C) and regenerated (calcined) catalyst/sorbents after 16 redox cycles. 
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Figure 3. FESEM images of fresh: (a) synthesized calcium; and (b) Ca-9Co; and (c) Ca-9Co-4.5Y catalyst/sorbents. 
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Figure 4. N2 adsorption/desorption isotherms and pore size distributions of fresh samples. 
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Figure 5. TEM images of fresh: (a) Ca-9Co; and (b) Ca-9Co-4.5Y. 
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Figure 6. Effect of reaction temperature and calcium to cobalt mass ratio on: (a) methane conversion; (b) hydrogen yield; and (c) average H2/CO molar ratio, at S/C = 2. 
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Figure 7. Effect of reaction temperature and yttrium loading on: (a) methane conversion; (b) hydrogen yield; and (c) H2/CO molar ratio, at S/C = 2. 






Figure 7. Effect of reaction temperature and yttrium loading on: (a) methane conversion; (b) hydrogen yield; and (c) H2/CO molar ratio, at S/C = 2.



[image: Catalysts 07 00270 g007a][image: Catalysts 07 00270 g007b]







[image: Catalysts 07 00270 g008a 550][image: Catalysts 07 00270 g008b 550] 





Figure 8. Variation of the gas composition with time for a typical cycle over: (a) Ca-9Co-18Y; (b) Ca-9Co-9Y; (c) Ca-9Co-4.5Y; and (d) Ca-9Co-3Y bifunctional catalyst/sorbents at 650 °C, S/C = 2. 
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Figure 9. Life time of Ca-9Co and Ca-9Co-4.5Y samples during 16 redox cycles at 700 °C. 
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Figure 10. FESEM images of: (a) used Ca-9Co after reduction step; (b) regenerated Ca-9Co after calcination/oxidation step; (c) used Ca-9Co-4.5Y after reduction step; and (d) regenerated Ca-9Co-4.5Y after calcination/oxidation step. 
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Figure 11. N2 adsorption–desorption isotherm and pore size distribution of used optimal sample (Ca-9Co-4.5Y). 
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Figure 12. EDX analysis of used: (a) Ca-9Co; and (b) Ca-9Co-4.5Y. 
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Figure 13. Experimental set up applied for CLSMR process. 
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Table 1. Structural properties of the fresh catalyst/sorbents.
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	Sample
	BET Surface Area (m2/g)
	Pore Diameter (nm) a
	Pore Volume (cm3/g) b





	Ca-9Co/fresh
	14.0
	25.55
	0.111



	Ca-9Co-4.5Y/fresh
	17.9
	26.41
	0.161







a BJH desorption average pore diameter. b BJH desorption pore volume.
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Table 2. Comparison of CO2 volume percentage in the product stream.
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	Sample
	Reaction Temperature (°C)
	Process Type
	Average Composition of CO2 (vol %) in Reduction Step
	References





	NiO/ZrO2
	650
	CLSMR
	12
	[6]



	NiO/MgAl2O4
	888–914
	CLSMR
	11.5
	[49]



	Ca-9Co-4.5Y
	650, 750
	Modified CLSMR
	1.3, 2.1
	This Study
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