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Abstract

:

Hydrogen is a clean and valuable energy carrier, and there is growing consensus that a hydrogen-based economy could be the key to ensuring the long-term reliability and environmental friendliness of the world’s energy supply. There are a variety of methods and technologies that may be used to produce hydrogen; among them, sorption-enhanced steam reforming is regarded as the way that is the most effective. For the purpose of making a decision about which catalysts to employ in SESR in the future, this study compared three distinct kinds of catalysts. The wet impregnation method was used to manufacture the waste-derived CaO-implemented Ni-based catalysts, which were then used in sorption-enhanced steam reforming (SESR) to produce hydrogen (H2). X-ray diffractometry (XRD), field emission scanning electron microscopy (FESEM), and thermogravimetric analyses (TGA) were used to analyze the catalysts. XRD results showed that the crystallinity behavior for all types of catalysts such as 10NMA, 10NCMA-E, and 10NCMA was identical. The spinel compounds such as NiAl2O4 and MgAl2O4 were identified in all three types of catalysts. At high temperatures, such as at 800 °C, all catalysts were stable, evident from TGA results. During three sorption cycles, the 10NCMA-based catalyst demonstrated the highest sorption capacity among the three varieties of catalysts, followed by the 10NCMA-E catalyst. During the first, second, and third calcination cycles, the 10NCMA-based catalyst released 23.88%, 22.05%, and 23.33% CO2, respectively. 10NCMA-E can be a potential catalyst for the SESR process by decreasing the material manufacturing cost and overall cost of the SESR process.
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1. Introduction


Ecological issues associated with fossil fuels in energy generation drive research into hydrogen (H2) production via sustainable and cost-effective methods [1]. For the manufacturing of urea and methyl alcohol, fuel cell technologies, and the treatment of fossil resources in numerous petroleum and chemical sectors, an enormous amount of H2 is required [2]. In addition, H2 has a greater heating value (140 MJ/kg) in comparison to other popular fuels; hence, it is a perfect energy carrier. Consequently, there has been a consistent rise in the requirement for H2 [3]. In contrast to gasoline, which has a volumetric density of 4.4 kg/m3 at standard circumstances of pressure and temperature, this substance has a volumetric density of only 0.09 kg/m3. Because of this, the fuel tank that is used to store H2 gas must either be significantly larger or pressurized to a pressure of up to 700 bars, despite the fact that H2 is a more reliable source of energy than other fuels such as petroleum [4,5]. In 2020, the world generated nearly 70 Mt of H2, with 76% of that amount coming from CH4, 23% coming from coal, and the other 1% coming from oil and power generation. This resulted in a decrease in the amount of CO2 that was emitted into the atmosphere [6].



Coal gasification [7], thermochemical water splitting [8], chemical looping technology [9,10], direct methane decomposition [11], steam methane reforming (SMR) [12], and partial oxidation of methane [13] are established techniques for H2 generation. Among these techniques, and despite its disadvantages, such as increased energy usage and reaction complications, SMR has been implemented at the industrial scale [14]. The SMR method consists of two reactions: reforming of methane (1) and water gas shift (2), which are endothermic and exothermic, respectively [15]. However, overall, the SMR method is an endothermic process.


  C  H 4  +  H 2  O   ↔ C O + 3  H 2    Δ  H  298 K   = + 206.3   k J / m o l  



(1)






  C O +  H 2  O   ↔ C  O 2  +  H 2    Δ  H  298 K   = − 41.1   k J / m o l  



(2)







Generally, the equilibrium SMR reaction produces a resultant gas with a H2 concentration of about 70% [16]. Additionally, the process produces at least 3 kg CO2 for each kg of CH4 utilized [17]. In recent years, sorption-enhanced steam methane reforming (SESMR) has gained interest as a greener approach [18]. Based on Le Chatelier’s principle, the combination of CO2 capture and traditional SMR using a sorbent drives the equilibrium rate of reactions toward H2 creation and lowers CO2 in the output stage [19].



In previous research works, different types of SMR catalysts have been emphasized, such as those synthesized from Ni [20], Co [21], and noble metals like Ru [22], Pt [16], and Rh [23]. From an economic standpoint, noble metals are not favored [15]. Furthermore, as the reaction progresses, the activity of Ni-based catalysts reduces due to carbon deposition [24,25,26]. The addition of a suitable support, such as Al or Mg, increases the surface area of the catalyst and retarded carbon deposition [27,28]. Several sorbents at high temperature have been previously investigated, such as CaO [29], Li2O3Zr [30], Li4O4Si4 [31], MgO [32], and Na2O3Zr [33]. Among these, sorbents based on calcium oxide (CaO) are particularly promising for a number of reasons: (i) carbonation (3) takes place at atmospheric pressure and 600–700 °C, circumstances lower than traditional SMR; and (ii) appropriate CO2 sorption capacity and significant reactivity to CO2 at temperatures greater than 500 °C [34]. In addition, it might be synthesized from less-expensive sources such as waste eggshell materials and possesses regeneration capabilities in SESR [35].


  C a O + C  O 2    ↔ C a C  O 3    Δ  H  298 K   = − 178.2     k J / m o l    



(3)







When the sorbent becomes depleted, a reverse carbonation process (3) regenerates the composite [36]. Production of an appropriate CO2 sorbent is essential for the effective operation of SESMR. Moreover, the sintering process can be enhanced by integrating support into the hollow solid structure [18]. The suitability of a combined sorbent catalyst material has been demonstrated to be more effective than distinct beds of catalysts and sorbents. The idea of a combined sorbent–catalyst material has been utilized to help the exothermic and endothermic processes of SESMR balance each other out in terms of energy [37].



In the literature, it has been shown that CaO derived from waste, such as eggshells, scallop shells, and cockle shells, can be just as effective as commercial CaO-based hybrid materials [38], and that they can even outperform them in some cases [39,40]. Eggshells containing approximately 94% CaCO3 [41] are a source of inexpensive sorbent [42]. According to the global poultry trends, egg consumption has increased by approximately 18% over the past decade, while egg production has increased by nearly the same amount. In 2018, global production of eggs was 78 million metric tons, resulting in 8.58 million metric tons of eggshells being discarded [43]. It has been estimated that the cost of disposing of discarded eggshells generated during the processing of food is more than one million US dollars annually [44]. This expense can be avoided by employing the eggshells as a source of sorbent. Consequently, more than 40,000 tons of CaCO3 can be obtained from 45,000 tons of eggshells yearly through food processing [45].



The literature demonstrates that eggshell-derived CaO has a greater CO2 capture ability than commercial CaO used as a sorbent [46]. This is due to the smaller particulate size and greater subjected surface area for the adsorption reaction. It appears to be a less expensive and greener source for increased H2 purity. In order to consider the SESR application, the CaO sorbent must be derived from eggshell waste [35] and its activity in Ni, Mg, and Al in a heating reactor must be investigated. According to the literature, a comparison between unpromoted CaO, commercial CaO, and waste-derived CaO-promoted Ni-based aluminum supported in the presence of a Mg catalyst for the application of SESR remains unexplored.



In the presence of a CaO sorbent, the opposition to carbon formation can be enhanced through a rise in single-atom carbon gasification [15]. Different types of catalysts have been investigated for the sorption-enhanced steam reforming process. However, a comparison between chicken-and-duck-eggshell-derived sorbents and commercial sorbents, promoted by and without sorbent Ni-based catalysts, has not been studied. The present study focused on synthesizing and characterizing 10NMA, 10NCMA-E, and 10NCMA catalysts for the sorption-enhanced steam reforming of glycerol. The catalysts were synthesized using a wet impregnation method and characterized via a field emission scanning electron microscope (FESEM), temperature-programmed reduction (TPR), X-ray diffraction (XRD), and thermogravimetric analysis (TGA). The comparison was carried out using all three types of catalysts over the course of three sorption cycles using a fixed-bed tubular reactor.




2. Materials and Methods


2.1. Materials and Reagents


The nitrate precursors of nickel (Ni), magnesium (Mg), and calcium (Ca) were employed in the development of catalysts. Additionally, for each type of catalyst, gamma alumina (γ-Al2O3) was utilized as a support material. Table 1 contains an in-depth description of each component that was consumed in the production of the catalysts.




2.2. Synthesis of CaO from Chicken and Duck Eggshells


The waste eggshells from chicken and duck were collected from the restaurants where they were used. After the eggshells had been broken up into smaller pieces, they were placed in a bowl of boiling water for 2 h. Following the soaking process, the membrane was taken out and given a DI water rinse. After drying in the oven at 100 °C for 24 h, the eggshells were pulverized in a mortar to obtain very fine particles. In the final step, the powdered eggshells were calcined in an oven at 900 °C for three and a half hours to turn the calcium carbonate into calcium oxide [47].




2.3. Characteristics of Eggshells


Eggshell is mostly made up of organic matter and the inorganic compounds carbonates, sulphates, and phosphates of calcium and magnesium. Eggshell contains amounts of Na, K, Mn, Fe, Cu, and Sr metals [48]. Eggshells have a density of approximately 2.53 g/cm3. Eggshells are primarily composed of calcium carbonate (94%), organic matter (4%), calcium phosphate (1%), and magnesium carbonate (1%) [49,50,51].




2.4. Preparation of Catalysts


Three types of catalysts, such as 10 wt% Ni/10 wt% Mg/γ-Al2O3 (10NMA), 10 wt% Ni/5 wt% Ca/10 wt% Mg/γ-Al2O3 (10NCMA-E), and 10 wt% Ni/5 wt% Ca/10 wt% Mg/γ-Al2O3 (10NCMA), were synthesized using the wet impregnation method. In order to prepare the Mg-nitrate precursor solution, 10 wt% of Mg-nitrate was dissolved in DI water and added to 10 g of 10NMA catalyst. This precursor solution containing magnesium nitrate was added drop by drop to the γ-Al2O3 while it was continuously mixed for 3 h at room temperature. Like the Mg/γ-Al2O3 solution, the Ni-precursor solution (10 wt%) was added drop by drop. After drying the resulting combination in an oven at 100 °C, a solid sample was obtained, which was then ground into powder using a porcelain mortar. The material was calcined using a ceramic crucible in a muffle furnace. The same procedure was repeated for each 10 g of the 10NCMA and 10NCMA-E catalysts. Before adding Ni-nitrate, 5 wt% Ca was added to the mixture. The difference between the 10NCMA and 10NCMA-E catalysts is only the source of calcium oxide. For the synthesis of the 10NCMA catalyst, commercially available calcium was utilized, while for 10NCMA-E the calcium was obtained from chicken and duck eggshells. All the samples were calcined at 800 °C for 6 h using a muffle furnace.




2.5. Characterization of Catalysts


2.5.1. Field Emission Scanning Electron Microscopy (FESEM)


Using FESEM (Zeiss model evo LS15), the morphology of the synthesized catalysts was examined. Energy-dispersive X-ray spectroscopy (EDX) with mapping was conducted to examine the elemental composition or chemical composition of the catalysts. The powder catalysts were utilized in the copper stub along with a two-minute coating of gold film. EDX and FESEM were used to conduct elemental studies of the Mg-modified support with Ni and Ca distribution.




2.5.2. X-ray Diffraction (XRD)


Examining the crystallinity phases using X-ray diffraction (XRD; Bruker D8 Advance) involved exposing the sample to CuKa radiation at a voltage of 40 kV and current of 40 mA while the sample was scanned from 10 to 90 degrees with a step size of 2 min−1.




2.5.3. Thermogravimetric Analysis (TGA)


A thermogravimetric analyzer (Perkin Elmer, Model: STA6000) using N2 as standard gas was used to conduct thermal analysis of the prepared catalysts in order to calculate the weight loss. At a rate of 30 °C/min, catalysts were heated from room temperature to 800 °C.




2.5.4. CO2 Sorption Test


The sorption capacity of the catalyst for multiple carbonation–calcination cycles was investigated using the fixed-bed tubular furnace reactor. A catalyst sample weighing 0.1 g was positioned in the reactor’s stainless tube at the center and sealed with quartz wool. Before starting the reaction, the catalyst was reduced to 800 °C for 30 min in a 60 mL/min H2/N2 (1:1) flow. The outlet gases from the reactor were detected using gas chromatography (GC) equipped with the fixed-bed tubular furnace reactor. The setup for the experiment is shown in Figure 1.






3. Results and Discussion


3.1. Morphology of Catalysts


Figure 2 shows the FESEM surface morphology of calcined 10NMA, 10NCMA-E, and 10NCMA. The FESEM results of fresh 10NMA synthesized using the wet impregnation method are illustrated in Figure 2a,b. Thick plate shapes, with different sizes of irregular and very porous particles in aggregated form, were observed. On the surface of the particles, it was found that Ni metal was dispersed in a specific pattern. In Figure 2c,d, the faces of triangles with a spherical appearance can be identified for the 10NCMA-E catalyst. However, by adding CaO derived from eggshells, the catalyst’s porosity was enhanced. Similarly to the 10NMA catalyst, Ni dispersion on the surface of the 10NCMA-E catalyst was observed. However, different size of particles with a wrinkled stone-like shape was observed for the surface morphology of the 10NCMA catalyst as shown in Figure 2e,f. Furthermore, some agglomeration was found in the 10NCMA catalyst. Among all three types of catalysts, 10NCMA-E has the most porous structure compared to the remaining two catalysts, and this is favorable for catalyst activity.




3.2. XRD Analysis


The XRD patterns for the 10NMA, 10NCMA-E, and 10NCMA catalysts are shown in Figure 3. The diffraction patterns at 2θ angles of 25.6, 35.2, 43.9, 52.7, 57.6, 61.2, 66.7, 68.3, and 76.4° are associated with Al2O3 [15,52]. The presence of a significant diffraction pattern at 2θ angles of 37.3° and 43.2° refers to the cubic phase of crystalline NiO [15], while at 2θ angles of 36.1 and 64.6°, the peaks refer to the MgAl2O4 and NiAl2O4, respectively. Therefore, the existence of NiAl2O4 in the catalysts increases their resistance to carbon production [15,53]. There was no significant difference among the three types of catalysts found. This was due to the fact that the peaks of CaO could not be identified using XRD for any of the three different types of catalysts. Crystalline phases can only be identified using the XRD technique if they have a composition that is greater than 5% [54].




3.3. Thermogravimetric Analysis


The findings from the TGA investigation on the temperature stability of the catalysts are presented in Figure 4. No significant weight loss was observed for the 10NMA catalyst when it was heated from room temperature to 800 °C. However, weight loss occurred for both the 10NCMA-E and 10NCMA catalysts during the temperature ranges 100–130 °C and 500–520 °C. During the range of 100–130 °C, the weight loss happened due to moisture content absorbed by the catalysts, while at 500–520 °C the weight loss was due to rapid dehydroxylation and CO2 release from close-packed carbonate ionic species [55]. At a temperature higher than 520 °C, both catalysts, 10NCMA-E and 10NCMA, became stable and no weight loss was observed.




3.4. CO2 Sorption Test


Using a fixed-bed tubular reactor, a CO2 sorption test for the 10NMA, 10NCMA-E, and 10NCMA catalysts was performed and investigated. Gas chromatography was used to investigate the gas composition shortly after the reaction had taken place. During the adsorption process, the reaction temperature was 550 °C, and during the desorption process, the temperature was 800 °C. For the adsorption process, in each of the three different sorption cycles, gas compositions of 30–34% CO2 and 66–70% N2 were provided. For the desorption process, however, only N2 gas was used. Figure 5 presents a comparison of the performance of the 10NMA-, 10NCMA-E-, and 10NCMA-based catalysts during the first adsorption (1A) cycle performed at 550 °C and the first desorption (1D) cycle performed at 800 °C. It was examined that the 10NCMA-based catalyst showed the highest CO2 sorption ability followed by the 10NCMA-E catalyst during the first carbonation/calcination cycle. When using catalysts based on 10NMA, the amounts of N2 and CO2 that were produced at the reactor’s outflow during the adsorption process were 67.58% and 32.42%, respectively. These levels of N2 and CO2 were quite close to what was delivered in the feed in terms of quantity. This demonstrates that the 10NMA catalyst did not react with the CO2 gas and that it was unable to adsorb the CO2 gas. During the desorption process that took place at 800 °C in the presence of pure N2, GC analysis was able to detect 99.37% N2 at the exit of the reactor. This indicates there was not a release of CO2 gas that was anticipated if the catalyst contained CO2 when it had been previously exposed to CO2. This confirms that the 10NMA catalyst did not adsorb any CO2 gas, and, as a result, no release of CO2 gas occurred when the catalyst was heated at a high temperature. However, in the case of the 10NCMA-E catalyst during the adsorption process, the amounts of N2 and CO2 gases noticed at the exit of the reactor were 70.78% and 29.22%, respectively. These concentrations of N2 and CO2 were a little smaller in comparison to those that were present at the inlet of the reactor. At the end of the process in which the catalyst was heated at a high temperature in the presence of pure N2, there was a trace amount (2.23%) of CO2 gas found at the output of the fixed-bed tubular reactor. This reveals that the CO2 originated from the catalyst after it was heated to 800 °C, and, as a result, this confirms that the catalyst absorbed CO2 gas during the adsorption process and then released CO2 gas during the calcination/desorption process. On the other hand, when a 10NCMA catalyst was simultaneously subjected to N2 and CO2 gas, the amount of CO2 gas that was produced at the output of the reactor was only 3.68%, which was significantly less than the amount that was provided at the input of the reactor, which was 30%. This suggests the catalyst was successful in adsorbing the CO2 gas. When the 10NCMA catalyst was heated to a temperature of 800 °C, the amount of adsorbed carbon dioxide that was liberated was 23.88%.



Figure 6 shows the comparison of the second sorption cycle between the 10NMA, 10NCMA-E, and 10NCMA catalysts. The 10NMA-based catalyst did not show any sorption capacity, comparable to what it showed in the first sorption cycle. Because the gas composition was nearly the same at the input and the outlet of the reactor, it follows that the catalyst did not succeed in capturing any CO2. In addition, heating the 10NMA catalyst did not cause the release of carbon dioxide, which is evidence that the catalyst is unable to adsorb carbon dioxide. Nevertheless, when a 10NCMA-E-based catalyst was used, the amount of CO2 that evolved at the reactor’s output was lower than the amount that was supplied at the intake. When the catalyst was heated at 800 °C in an atmosphere consisting only of N2 gas, it caused the catalyst to release CO2 gas, the composition of which was 90.08% N2 and 9.92% CO2. When permitted to interact with a gas that was composed of 66–70% nitrogen and 30–34% carbon dioxide, the catalyst that was generated from commercial CaO (10NCMA) absorbed CO2 through adsorption. Gas chromatography analysis revealed that there was 97.06% nitrogen gas and 2.94% carbon dioxide gas exiting the reactor. When the 10NCMA catalyst was heated at 800 degrees Celsius in the presence of nitrogen, there was a release of 22.05% CO2 gas. According to these findings, the 10NCMA-based bifunctional catalyst adsorbed the majority of the CO2 gas that was present at the temperature of the reaction, but it desorbed the gas during the calcination process.



Figure 7 presents the results of a comparison of the carbonation and calcination activities of the 10NMA-, 10NCMA-E-, and 10NCMA-based catalysts. In the third sorption cycle, it was noted that all three types of catalysts exhibited behavior that was comparable to that which was observed in the first and second sorption cycles. This indicates that the sorption capacity of the 10NCMA-based catalyst was the highest when compared to that of 10NCMA-E and 10NMA. The fact that no CO2 was adsorbed by the 10NMA catalyst when N2 and CO2 were supplied to the system is demonstrated by the desorption process in Figure 7. When the reactor was heated to 800 °C and 100% N2 gas was introduced, the 10NMA catalyst did not detect any CO2 gas. However, during the calcination process that followed the carbonation of 10NCMA-E, there was a release of 3.49% CO2. As a result, the CaO-based catalyst that was generated from wasted chicken eggshells was effective in all three cycles. In the end, the catalyst based on 10NCMA was successful in adsorbing all of the CO2 gas that had been supplied. When a 10NCMA-based catalyst was heated at 800 °C for 30 h, 23.37% CO2 gas was generated.



After analyzing the results from all three cycles, it was determined that the 10NMA catalyst did not exhibit any adsorption ability toward CO2 gas. This could be attributed to a lack of CaO content in the 10NMA catalyst. Due to the fact that MgO has a low sorption temperature, it is not possible for it to capture CO2 at temperatures between 500 and 700 °C. This is because MgCO3 begins to break down around 385 °C, which is lower than the sorption temperature of MgO [56]. The increase in the CaO content of the bifunctional catalyst enhanced its sorption capacity [15,18]. The sorbent releases pure CO2 through the calcination process (3) in the regeneration cycle, and the sorbent is then available for further CO2 adsorption during the subsequent reforming cycle [36]. According to the literature, the carbonation and calcination capacity of waste-eggshell-derived calcium oxide nickel-based magnesium- and aluminum-promoted catalysts decreases in consecutive cycles [15]. In the present study, the sorption ability of the 10NCMA-E based catalyst decreased slightly in the third cycle compared to second cycle. However, there is a need to improve the preparation method for extracting CaO from chicken and duck eggshells. Because the electrical configuration and the structure of catalysts rely on their interaction with the supporting material, the catalytic activity is highly impacted by the support that is used as well as the method that is employed during preparation [15,57].





4. Conclusions


Sorption-enhanced steam reforming is an all-in-one method of producing ultra-pure hydrogen gas via reforming, water gas shift, and carbon dioxide (CO2) capture. These reactions take place concurrently through a combination of a catalyst and a sorbent for CO2. This hybrid method offers numerous significant benefits over conventional steam reforming, including improved energy productivity and reduced capital expenditures. The synthesized catalysts showed good physicochemical properties. Among all catalysts, 10NCMA-E showed the highest levels of porosity. Furthermore, it can be seen from the XRD that the 10NCMA-E catalyst has similar characteristics to that prepared using commercial CaO (10NCMA). Among all three types of catalysts, the 10NCMA-based catalyst showed the highest sorption capacity followed by 10NCMA-E during three sorption cycles. The amount of CO2 released from the 10NCMA-based catalyst during the first, second, and third calcination cycle was 23.88%, 22.05%, and 23.37%, respectively. Following 10NCMA, the amount of CO2 released from the 10NCMA-E catalyst during the first, second, and third calcination cycle was 2.23%, 9.92%, and 3.49%, respectively. The CO2 sorption capacity of the NMA-based catalyst was negligible. This is a result of the absence of a CaO sorbent in the NMA-based catalyst. This shows that waste-chicken-and-duck-eggshell-based CaO can also be utilized as a sorbent in catalysts for sorption-enhanced steam reforming. However, the composition of CaO derived from chicken and duck eggshell waste must be purified and optimized. Further studies are required on the stability of the bifunctional catalyst.
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Figure 1. Schematic diagram of the experimental apparatus used to conduct sorption tests [15]. 
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Figure 2. FESEM analysis of calcined catalysts: (a,b) 10NMA, (c,d) 10NCMA-E, and (e,f) 10NCMA. 
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Figure 3. XRD images of 10NMA-, 10NCMA-E-, and 10NCMA-based catalysts. 
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Figure 4. TGA analysis for the 10NMA, 10NCMA-E, and 10NCMA synthesized catalysts. 
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Figure 5. Comparison between 10NMA-, 10NCMA-E-, and 10NCMA-based catalysts during first adsorption (1A) at 550 °C and desorption (1D) at 800 °C cycle. 
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Figure 6. Comparison between 10NMA-, 10NCMA-E-, and 10NCMA-based catalysts during second adsorption (2A) at 550 °C and desorption (2D) at 800 °C cycle. 
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Figure 7. Comparison between 10NMA-, 10NCMA-E-, and 10NCMA-based catalysts during third adsorption (3A) at 550 °C and desorption (3D) at 800 °C cycle. 
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Table 1. The description and particulars of the substances that were utilized in the synthesis of catalysts.
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	Material Name
	Purity
	CAS No
	Company





	Gamma alumina γ-Al2O3
	98%
	1344-28-1
	Merck



	Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O)
	98%
	10031-43-3
	Merck



	Calcium (II) nitrate tetrahydrate (Ca(NO3)2·4H2O)
	≥99%
	13477-34-4
	Merck



	Magnesium (II) nitrate hexahydrate

(Mg(NO3)2·6H2O)
	99.9%
	10026-22-9
	Sigma-Aldrich
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