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Abstract

:

The present study aims to analyze the performance characteristics of the biogas dry reforming process conducted in a membrane reactor using Ni/Cr catalysts and to compare these characteristics with those obtained using pure Ni catalysts. The effect of the pre-set reaction temperature, the molar ratio of CH4:CO2 and the pressure difference between the reaction chamber and the sweep chamber on the characteristics of biogas dry reforming is analyzed. In the present work, the molar ratio of the supplied CH4:CO2 is varied to 1.5:1, 1:1 and 1:1.5. In this case, CH4:CO2 = 1.5:1 simulates a biogas. The pressure difference between the reaction chamber and the sweep chamber is varied to 0 MPa, 0.010 MPa and 0.020 MPa. The reaction temperature is changed to 400 °C, 500 °C and 600 °C. It is revealed that the highest concentration of H2 is achieved using a Ni/Cr catalyst when the molar ratio of CH4:CO2 is 1.5:1 at the differential pressure of 0.010 MPa and the reaction temperature of 600 °C. Under this condition, the H2 yield, H2 selectivity and thermal efficiency are 12.8%, 17.5% and 174%, respectively. The concentration of the H2 produced using a Ni/Cr catalyst is larger than that produced using a Ni catalyst regardless of the pre-set reaction temperature, the molar ratio of CH4:CO2 and the differential pressure.
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1. Introduction


The amount of global warming gases such as CO2 is increasing in the world. According to a recent report, the global mean concentration of CO2 in atmospheric air was 415 ppmV in September 2022 [1]. Every country in the world has set the goal of decreasing the amount of CO2 emissions by 2030 or 2050, e.g., zero by 2050 in Japan. Many procedures to reduce the amount of CO2 emissions can be considered. This study considers renewable H2, named green H2, as a promising candidate. Though there are many approaches to producing green H2, this study focuses on H2 production via biogas dry reforming. Biogas is a gaseous fuel consisting of CH4 (55–75 vol%) and CO2 (25–45 vol%) [2], which is usually produced from fermentation by the action of anaerobic microorganisms on raw materials, e.g., garbage, livestock excretion and sewage sludge. We can claim that H2 production from biogas is carbon neutral since the by-product of its biogas production process, CO2, can be absorbed by plants. According to the International Energy Agency (IEA) [3], 62.3 billion m3 of biogas, with an equivalent energy of 1.43 EJ, was produced globally in 2019. This volume of the produced biogas in 2019 was five times larger than that recorded in 2000. Therefore, it can be claimed that biogas is a promising energy source.



Biogas is used as a fuel for a gas engine or a micro gas turbine [4]. Biogas contains CO2 of approximately 40 vol%, resulting in the efficiency of the power generation being reduced because of the smaller heating value compared with a natural gas. This study suggests H2 production via biogas dry reforming in order to utilize it as a fuel for a solid oxide fuel cell (SOFC) system. An SOFC system can also use CO produced via biogas dry reforming as a fuel, providing an effective energy production system.



Some researchers have investigated biogas dry reforming [5,6,7,8,9,10,11,12,13,14,15]. The catalyst for biogas dry reforming is one of the important factors for promoting the performance of biogas dry reforming. A Ni-based catalyst is the most popular catalyst for biogas dry reforming. A Ni-Ru bimetallic catalyst integrated with zeolite was developed and exhibited both CO2 and CH4 conversions of approximately 100% at 800 °C [5]. The H2/CO ratio was almost 0.6 within the operating temperature range from 500 °C to 800 °C. A Ni-SiO2@SiO2 core–shell catalyst was developed for coke resistance and exhibited CH4 conversion of 70% and CO2 conversion of 90% at 700 °C [6]. The H2/CO ratio was 0.9 at 700 °C, and it was reported that the calcination temperature of the catalyst did not show a remarkable impact on the performance of biogas dry reforming. A catalyst with low Ni loading (2.5 wt%) modified with Gd, Sc or La was developed, and it exhibited CH4 conversion of 49% and CO2 conversion of 96% at 750 °C as its best performance [7]. The H2/CO ratio was over 0.9 at 750 °C. The impact of the La/Mg ratio on the performance of a biogas-dry-reforming Ni/Mg/La/Al catalyst was evaluated [8]. The Mg1La4 (Ni: 55 mol%; Al: 33 mol%; Mg: 2.2 mol%; La: 8.8 mol%) exhibited the best performance, which was CH4 conversion of 80% and CO2 conversion of 94% as well as a H2/CO ratio of 2 at 700 °C. Bimetallic Ni/Ru and Ni/Re catalysts also exhibited CH4 conversion of 82% and CO2 conversion of 75% with a 0.5 Ni/Ru (Ni: 15.2 wt%; Ru: 0.4 wt%; the other materials: modified support) catalyst at 700 °C as their best performance [9]. A H2/CO ratio of 0.9 was obtained under the same condition. Yttria-modified Zr supported on 5 wt% of a Ni-based catalyst, changing the Ce from 1 wt% to 3 wt%, exhibited CH4 conversion from 70% to 85% and CO2 conversion from 75% to 85% at 700 °C [10]. The optimum loading of Ce was 2 wt%. The H2/CO ratio changed from 0.9 to 1.04 at 700 °C. A Ni-Ce/TiO2-ZrO2 catalyst was developed using the Taguchi method, and it exhibited not only the highest CH4 conversion of 90% but also the highest H2/CO ratio of 0.75 among the different CO2/CH4 ratios [11]. Ni/Al layered double hydroxides (LDH) reconstructed with Mg and Zn catalysts exhibited not only the highest CH4 conversion of 70% at 650 °C but also the highest CO2 conversion of 90% at 750 °C [12]. The highest H2/CO ratio of 2.7 was obtained at 550 °C, which was a relatively low temperature compared to the other studies. A Ni-impregnated pyrochlore catalyst exhibited CH4 conversion of 92% and CO2 conversion of 99% at 850 °C, which increased with the increase in temperature from 650 °C to 850 °C [13]. In addition, the highest CH4 conversion was obtained in the case of CH4:CO2 = 1:1, while the highest CO2 conversion was obtained in the case of CH4:CO2 = 1.5:1. The highest H2/CO ratio of 2.7 was obtained at 850 °C. A Ni/γ-Al2O3 cordierite monolith catalyst was developed via the sol–gel method, performing high CH4 conversion of over 95% and high CO2 conversion of over 85% during continuous operation for 40 h at 800 °C [14]. In this operation, the highest H2/CO ratio of 1.0 was obtained at 18 h. Ni/Co supported on a TiO2 catalyst exhibited CH4 conversion of 88% and CO2 conversion of 93% at 900 °C, which increased with the increase in temperature from 650 °C to 900 °C [15]. The H2/CO ratio increased with the increase in temperature from 650 °C to 900 °C, and it exhibited 0.84 as the highest ratio. Several Ni-based catalysts were investigated, although the best Ni-based catalyst has not been clarified yet. In addition, most of the previous studies were conducted at over 700 °C. Since biogas dry reforming entails an endothermic reaction, a lower reaction temperature is better to promote the thermal efficiency of the reactor. Although several Ni-based catalysts have been attempted as described above, including Ni-SiO2@SiO2 [6], Ni loading modified with Gd, Sc or La [7], Ni/Mg/La/Al [8], bimetallic Ni/Ru and Ni/Re [9], Yttria-modified Zr supported on 5 wt% of a Ni-based catalyst, changing the Ce from 1 wt% to 3 wt% [10], Ni-Ce/TiO2-ZrO2 [11], Ni/Al layered double hydroxides (LDH) reconstructed with Mg and Zn [12], Ni/γ-Al2O3 cordierite monolith, and Ni/Co supported on a TiO2 catalyst, a Ni/Cr has not been investigated. According to a previous study reporting the performance of Ni/MgO with Sn, Ce, Mn and Co [16], the higher catalytic activity for Co-promoted catalysts can be attributed to its high affinity for O2 species due to promoting the coke resistance properties. From another previous study reporting the performance of Ni/γ-Al2O3 [17], a γ-Al2O3 helps to improve catalytic activity and suppressed carbon deposition. Since Ni/Cr is a Ni alloy, it is expected to prevent more carbon deposition than Ni alone.



Though several Ni-based bimetallic catalysts have been investigated, no study has been conducted on a Ni/Cr catalyst. Therefore, this study adopts a Ni/Cr catalyst for biogas dry reforming. In addition, the present study also adopts a pure Ni catalyst to compare its performance with that of the Ni/Cr catalyst.



Biogas dry reforming is an endothermic reaction, and, thus, it is adequate at promoting the reaction conduction at a lower temperature in order to increase the total energy efficiency. Using a membrane reactor is one approach to decrease the reaction temperature since the H2 production is promoted due to causing the non-equilibrium state by H2 separation from the reaction space. According to the most well-regarded research, it has been observed that a Pd membrane can be adopted for CH4 dry reforming [18,19,20,21,22,23,24,25,26,27,28]. Alloy membranes, e.g., Pd/Ag [18,19,20], Pd/Au [21,22] and Pd/Cu [23,24], have been applied generally. A hollow fiber membrane reactor can perform 72% higher CH4 conversion compared to a traditional fixed-bed reactor [25]. A Pd/Au alloy membrane used in a two-zone fluidized-bed reactor exhibited that CH4 conversion and H2 selectivity were higher than those of a conventional fluidized-bed reactor [26]. Regarding the expensive dense H2 selective membrane and the inexpensive porous Vycor glass membrane, the impact of the flow rate of the sweep gas on CH4 conversion has been examined using two membrane reactors [27]. A previous study concluded that CH4 conversion, H2 recovery and the H2/CO ratio increased with the increase in the reaction pressure at 800 °C [28]. In addition, the H2/CO ratio reduced with the increase in CO2/CH4 ratio [28]. It can be considered from the literature survey that the membrane reactor using a Pd-base membrane is effective to improve the performance of biogas dry reforming. Therefore, the present study adopts the membrane reactor in order to improve the performance of biogas dry reforming. However, there is no report on the membrane reactor using a Ni/Cr catalyst for biogas dry reforming.



Consequently, the purpose of the present study is to analyze the performance characteristics of biogas dry reforming carried out in a membrane reactor using a Ni/Cr catalyst and to compare these with the characteristics obtained using a pure Ni catalyst. The effect of the reaction temperature, the molar ratio of CH4:CO2 and the pressure difference between the reaction chamber and the sweep chamber on the characteristics of biogas dry reforming is examined. As described above, the molar ratio of CH4:CO2 = 1.5:1 simulates a biogas. A pure Pd membrane has relatively high solubility for carbon, resulting in a loss of permeability due to the membrane degradation [29]. Consequently, a Pd/Cu alloy membrane is adopted in the present study.



The reaction scheme of CH4 dry reforming is described as follows:


CH4 + CO2 ⟷ 2CO + 2H2 + 247 kJ/mol



(1)







Moreover, the following reaction schemes can be claimed to consider the phenomena that occurred in this study:


CO2 + H2 ⟷ CO + H2O + 41 kJ/mol



(2)






CO2 + 4H2 ⟷ CH4 + 2H2O − 164 kJ/mol



(3)






CH4 + H2O ⟷ CO + 3H2 − 41 kJ/mol



(4)




where Equation (2) is a reverse water gas shift reaction (RWGS), Equation (3) is a methanation reaction, and Equation (4) is a steam reforming of CH4. Regarding a carbon deposition, the following reaction schemes can be considered:


CH4 ⟷ C + 2H2 + 75 kJ/mol



(5)






2CO ⟷ C + CO2 − 173 kJ/mol



(6)






CO2 + 2H2 ⟷ C + 2H2O − 90 kJ/mol



(7)






CO + H2 ⟷ C + H2O − 131 kJ/mol



(8)








2. Experiment


2.1. Experimental Apparatus Set-Up


Figure 1 illustrates the schematic drawing of the experimental set-up of this study. The experimental apparatus consists of a gas cylinder, mass flow controllers (S48–32; producer: HORIBA METRON INC.; Kyoto, Japan), pressure sensors (KM31; producer: NAGANO KEIKI; Tokyo, Japan), valves, a vacuum pump, a reactor composed of reaction chamber and sweep chamber, and gas sampling taps. The reactor is installed in an electric furnace. The temperature in the electric furnace is controlled by far-infrared heaters (MCHNNS1; producer: MISUMI; Tokyo, Japan). CH4 gas with a purity over 99.4 vol% and CO2 gas with a purity over 99.9 vol% are controlled by mass flow controllers and mixed before flowing into the reaction chamber. The pressure of the mixed gas at the inlet of the reaction chamber is measured using pressure sensors. Ar gas with a purity over 99.99 vol% is controlled using a mass flow controller, and the pressure of the Ar gas is measured using a pressure sensor. Ar is supplied as a sweep gas. The exhausted gas at the outlet of reaction chamber and sweep chamber is suctioned using a gas syringe via the gas sampling tap. The concentration of sampled gas is measured using a TCD gas chromatograph (Micro GC CP4900; producer: GL Science; Tokyo, Japan) and a methanizer (producer: GL Science; Tokyo, Japan). The minimum resolution of the TCD gas chromatograph as well as the methanizer is 1 ppmV. The gas pressure at the outlet of the reactor is measured using a pressure sensor. The gas concentration and pressure are measured at the outlet of reaction chamber and sweep chamber, respectively.



Figure 2 illustrates the detail of the reactor in this study. The reactor is composed of a reaction chamber, a sweep chamber and a H2 separation membrane. The reaction chamber and the sweep chamber are made of stainless steel with a size of 40 mm × 100 mm × 40 mm. The volume of the reaction space is 16 × 10−5 m3. A porous pure Ni catalyst or a Ni/Cr (Cr: 35 wt%) catalyst is charged in the reaction chamber. The mean hole diameters of the Ni catalyst and the Ni/Cr catalyst are 0.8 mm. According to the producer brochure, the porosities of a Ni and a Ni/Cr catalyst are 0.95 and 0.93, respectively. The weights of the charged Ni catalyst and Ni/Cr catalyst are 53.3 g and 70.3 g, respectively. Figure 3 shows a photo of the catalysts filled in the reactor of this study. A Pd/Cu alloy membrane (Cu of 40 wt%; producer: Tanaka Kikinzoku Kogyo; Tokyo, Japan) is installed between the reaction chamber and the sweep chamber, which helps to separate H2. The thickness of the Pd/Cu alloy membrane is 20 μm. This study considers that the key parameters to decide the performance of H2 separation membrane are thickness and composition, i.e., the weight ratio of Cu to Pd. When the thickness of the H2 separation membrane decreases, the performance of H2 separation is improved due to the decrease in permeation resistance. In addition, the performance of H2 separation is improved when the ratio of Cu to Pd decreases, resulting from the superior performance of H2 separation of Pd compared to that of Cu. In this study, the authors have used the commercial Pd/Cu membrane with the thickness of 20 μm. The producer of the Pd/Cu membrane is Tanaka Kikinzoku Kogyo, which is a very famous noble metal producer in Japan. According to the producer of the Pd/Cu membrane, the thinnest commercial Pd/Cu membrane is 20 μm due to the strength. We measure the temperatures at the inlet, the middle and the outlet of the reaction and sweep chambers using K-type thermocouples. We collect the measured temperatures and pressures using a data logger (GL240; producer: Graphtec Corporation; Yokohama, Japan).



Table 1 shows the experimental parameters in this study. The molar ratio of the supplied CH4:CO2 is varied to 1.5:1, 1:1 and 1:1.5. In this case, CH4:CO2 = 1.5:1 simulates a biogas. The feed ratio of sweep gas, which is defined as the flow rate of sweep gas divided by the flow rate of supply gas consisting of CH4 and CO2, has been set at 1.0 since the best performance of CH4 dry reforming was confirmed at this condition from the authors’ previous study [30]. The pressure difference between the reaction chamber and the sweep chamber, which is measured by the pressure sensors installed at the outlet of the reaction chamber and the outlet of sweep chamber is varied to 0 MPa, 0.010 MPa and 0.020 MPa. The impact of the molar ratio on the performance of CH4 dry reforming has been examined by changing the pre-set reaction temperature to 400 °C, 500 °C and 600 °C. The temperature of the reaction chamber and sweep chamber are measured using thermocouples as shown in Figure 1. In this study, the temperature means the initial temperature of reaction chamber and sweep chamber, i.e., the pre-heated temperature before supplying the mixed gas of CH4 and CO2, which are measured and confirmed by thermocouples. The gas concentrations in the reaction and sweep chambers have been evaluated using an FID gas chromatograph (producer: GL Science; Tokyo, Japan) and a methanizer (producer: GL Science; Tokyo, Japan). This study exhibits the mean data of five trials for each experimental condition in the following figures. The distribution of each gas concentration is below 10%.




2.2. Evaluation Factor for Performance of Proposed Reactor


We evaluate the performance of the proposed reactor by the gas concentration at the outlet of the reaction and sweep chambers, including CH4 conversion (XCH4), CO2 conversion (XCO2), H2 yield (YH2), H2 selectivity (SH2) and CO selectivity (Sco). This study defines them as follows:


XCH4 = {(CCH4, in − CCH4, out)}/(CCH4, in) × 100



(9)






XCO2 = {(CCO2, in − CCO2, out)}/(CCO2, in) × 100



(10)






YH2 = (1/2CH2, out)/(CCH4, in) × 100



(11)






SH2 = CH2, out/(CH2, out + CCO, out) × 100



(12)






SCO = CCO, out/(CH2, out + CCO, out) × 100



(13)




where CCH4, in is a concentration of CH4 at the inlet of reaction chamber (ppmV), CCH4, out is a concentration of CH4 at the outlet of reaction chamber (ppmV), CCO2, in is a concentration of CO2 at the inlet of reaction chamber (ppmV), CCO2, out is a concentration of CO2 at the outlet of reaction chamber (ppmV), CH2, out is a concentration of H2 at the outlet of reaction chamber and sweep chamber (ppmV), and CCO, out is a concentration of CO at the outlet of reaction chamber (ppmV).



Moreover, this study also evaluates H2 permeability (H) and permeation flux (F) as follows:


H = (CH2, out, sweep)}/{(CH2, out, sweep) + (CH2, out, react)} × 100



(14)






  F =   P  (     P  r e a c t , a v e     −    P  s w e e p , a v e      )   δ  × 100    



(15)




where CH2, out, sweep is a concentration of H2 at the outlet of sweep chamber (ppmV), CH2, out, react is a concentration of H2 at the outlet of reaction chamber (ppmV), P is a permeation factor (mol/(m·s·Pa0.5)), Preact, ave is an average pressure of the reaction chamber (MPa), Psweep, ave is an average pressure of sweep chamber (MPa), and δ is the thickness of the Pd/Cu alloy membrane (m).



Moreover, this study also evaluates the thermal efficiency of the proposed reactor (η). The definition of thermal efficiency of the proposed reactor is as follows:


  η =    Q  H 2      (   W  S . C .   +  W  R . C .   +  W p   )    × 100  



(16)




where QH2 is the heating value of produced H2 based on a lower heating value (W), WR.C. is the amount of pre-heating of the supply gas for the reaction chamber (W), WS.C. is the amount of pre-heating of the sweep gas for the sweep chamber (W), and Wp is the pump power to provide the pressure difference between the reaction chamber and the sweep chamber (W).





3. Results and Discussion


3.1. Impact of Pre-Set Reaction Temperature


Figure 4 exhibits the effect of the pre-set reaction temperature on each gas concentration in the reaction chamber varying the molar ratio of CH4/CO2. Figure 5 shows the impact of the pre-set reaction temperature on the concentration of H2 in the sweep chamber changing the molar ratio of CH4/CO2. In these figures, the pressure difference between the reaction chamber and the sweep chamber is 0.010 MPa. In addition, W and W/O indicates the condition with a sweep gas and that without a sweep gas in these figures, respectively. Table 2 lists CH4 conversion, CO2 conversion, H2 yield, H2 selectivity, CO selectivity, H2 permeability, permeation flux and thermal efficiency.



We can see from Figure 4 that the concentration of H2 and the ratio of concentration of H2 to that of CO increase with the increase in the pre-set reaction temperature regardless of the molar ratio of CH4/CO2. Since Equations (1) and (5) are endothermic reactions, the concentration of H2 and the ratio of concentration of H2 to that of CO increase with the increase in the pre-set reaction temperature [31,32]. Additionally, we can see from Figure 5 that the concentration of H2 in the sweep chamber increases with the increase in the pre-set reaction temperature regardless of the molar ratio of CH4/CO2. At higher pre-set reaction temperature, the concentration of H2 in the reaction chamber is higher compared to the lower pre-set reaction temperature. Since the difference of concentration of H2 between the reaction chamber and the sweep chamber is larger at the high pre-set reaction temperature such as 600 °C, the driving force for H2 separation increases. As a result, the concentration of H2 in the sweep chamber increases with the increase in the pre-set reaction temperature.



Comparing the concentration of H2 using a Ni catalyst with that using a Ni/Cr catalyst shown in Figure 4, the concentration of H2 using a Ni/Cr catalyst is larger especially at 600 °C. Although no study has previously investigated a Ni/Cr catalyst for biogas dry reforming, several Ni alloy catalysts have exhibited better performance compared with a pure Ni catalyst [5,6,7,8,9,10,11,12,13]. The composite catalysts of Ni alloy give synergistic interactions, which reduce the NiO species and the particle size, resulting in the enhancement of performance as well as resistance against a carbon formation [33,34].



According to Table 2, it is found that most of the CO2 conversion shows a negative value. According to not only the concentrations of H2, CH4 and CO2, indicated in Figure 4, but also CH4 and CO2 conversion, indicated in Table 2, the reaction consuming CH4 and producing CO2 occurs. Additionally, it is found from Table 2 that CO selectivity is much higher compared to H2 selectivity. In this study, it is thought that some H2 remained in the reaction chamber as shown in Figure 4, although some H2 moved to the sweep chamber as shown in Figure 5. In other words, all H2 produced by dry reforming does not move to the sweep chamber. Therefore, it can be explained as follows: (i) H2 is produced by the reactions shown in Equations (1) and (5); (ii) the produced H2 is consumed by the reaction shown in Equation (2), resulting in CO production; (iii) a part of CO produced the reaction shown in Equations (1) and (2) is consumed during the reaction shown in Equation (6); (iv) H2O produced during the reactions of Equations (2) and (3) are consumed by Equation (4). The methanizer and TCD gas chromatograph used in this study for the gas analysis cannot detect H2O. Therefore, the authors have inferred the reaction process to explain that CO2 conversion shows a negative value. The authors are currently investigating the reaction mechanism by the numerical simulation using a commercial software COMSOL Multiphysics. In this numerical simulation, Equations (2)–(4) as well as (1) are considered. As a result, the authors have confirmed the production of H2O. The authors would like to prove the reaction mechanism claimed in this paper in the near future work.



It is known from Table 2 that CO selectivity is much higher compared to H2 selectivity. According to the previous studies on biogas dry reforming using a Zr- and Y-modified Ni/Mg/Al double-layered hydroxide catalyst or a CeO2-MgO/Ni catalyst [35,36], the H2/CO ratio, i.e., H2 selectivity, increases with the pre-set reaction temperature from 600 °C to 850 °C or from 700 °C to 900 °C, respectively. This indicates that dry reforming is favored and that CH4 has higher conversion compared to CO2 at temperatures over 600 °C [36]. This study set the reaction temperature under 600 °C. Therefore, CO selectivity is much higher than H2 selectivity. In addition, according to the literature survey, the ratio of H2 to CO (=H2 selectivity; SH2 in this study) using a Ni-SiO2@SiO2 [6] was from 0.2 to 0.9 when changing the temperature from 500 °C to 700 °C. On the other hand, the ratio of H2 to CO using a Ni-Ru bimetallic catalyst integrated with MFI zeolite-loaded cerium zirconium oxide [5] was approximately 1.0 from 500 °C to 800 °C. However, the definition of H2 selectivity was the ratio of the flow rate of H2 at the outlet of the reactor to the flow rate of CO at the outlet of the reactor, which is different from the definition in our study. In this study, SH2 is defined by Equation (12). Since the denominator of H2 selectivity equation in this study is larger than that in the reference, the H2 selectivity, i.e., SH2, shows the smaller value. However, this study thinks it is important to define the ratio of produced H2 compared to the produced H2 and CO shown in Equation (2) since we can know the production ratio of H2 intuitively.



Since the H2 yield is low, the thermal efficiency, which is influenced by the amount of produced H2 as shown in Equation (16), is also low. To obtain a higher H2 yield and thermal efficiency, the experiment will be conducted at over 600 °C in future work.



This study also defines the other H2 selectivity, CO selectivity and carbon balance as follows:


S′H2 = CH2, out/(2·CCH4, out) × 100



(17)






S′CO = CCO, out/(CCH4, out + CCO2, out) × 100



(18)






Carbon Balance = (CCH4, unreacted + CCO2, unreacted + CCO, out)/(CCH4, in + CCO2, in) × 100



(19)




where CCH4, unreacted is an unreacted concentration of CH4 at the outlet of the reaction chamber (ppmV), and CCO2, unreacted is an unreacted concentration of CO2 at the outlet of the reaction chamber (ppmV). After the calculation of H2 selectivity, CO selectivity and carbon balance, it is revealed that the highest S′H2 is obtained in the case of CH4:CO2 = 1.5:1 using a Ni/Cr catalyst at 600 °C without a sweep gas, which is 26.5%. The condition using a Ni/Cr catalyst at 600 °C without a sweep gas provides the highest S′H2 compared to the other conditions irrespective of molar ratio. In addition, it is revealed that the highest S′co is obtained in the case of CH4:CO2 = 1:1.5 using the Ni/Cr catalyst at 600 °C with a sweep gas, which is 373%. The condition using the Ni/Cr catalyst at 600 °C with a sweep gas provides the highest S′co compared to the other conditions irrespective of molar ratio. Regarding the carbon balance, it is revealed that the highest carbon balance is obtained in the case of CH4:CO2 = 1.5:1 using the Ni/Cr catalyst at 600 °C with a sweep gas, which is 144%. The condition using the Ni/Cr catalyst at 600 °C with a sweep gas provides the highest carbon balance compared to the other conditions irrespective of molar ratio.




3.2. Impact of Molar Ratio of CH4/CO2


Figure 6 shows the impact of the molar ratio of CH4/CO2 on each gas concentration in the reaction chamber. Figure 7 shows the impact of the molar ratio of CH4/CO2 on the concentration of H2 in the sweep chamber. In these figures, the pressure difference between the reaction chamber and the sweep chamber is 0.010 MPa, and the reaction temperature is 600 °C. Additionally, W and W/O indicate the condition with a sweep gas and without a sweep gas in these figures, respectively.



We can see from Figure 6 that the highest concentration of H2 is obtained for the molar ratio of CH4:CO2 = 1.5:1 at 600 °C using the Ni/Cr catalyst. This study claims that some H2 remained in the reaction chamber as shown in Figure 4, although some H2 moved to the sweep chamber, as shown in Figure 5. In other words, all H2 produced by dry reforming does not move to the sweep chamber. Since the amount of CH4 is larger in this case, it can be explained as follows: (i) H2 is produced by the reactions shown in Equations (1) and (5); (ii) the produced H2 is consumed by the reaction shown in Equation (2), resulting in CO production; (iii) a part of CO produced by reactions shown in Equations (1) and (2) is consumed by Equation (6); (iv) H2O produced by the reactions shown in Equations (2) and (3) are consumed during Equation (4).



We can see from Figure 7 that the concentration of H2 in the sweep chamber is higher, which follows the concentration of H2 in the reaction chamber. Since the difference of the concentration of H2 between the reaction chamber and the sweep chamber is larger, the driving force for H2 separation increases. As a result, the concentration of H2 in the sweep chamber increases.



Comparing the concentration of H2 using a Ni catalyst with that using a Ni/Cr catalyst, as exhibited in Figure 6, the concentration of H2 using a Ni/Cr catalyst is larger regardless of the molar ratio of CH4/CO2. Although no study has investigated a Ni/Cr catalyst for biogas dry reforming, several Ni alloy catalysts have exhibit better performance compared with a pure Ni catalyst [5,6,7,8,9,10,11,12,13]. The composite catalysts of Ni alloys give synergistic interactions, which reduce the NiO species and the particle size, resulting in the enhancement of performance as well as resistance against a carbon formation [33,34].




3.3. Impact of Differential Pressure


Figure 8 displays the effect of differential pressure on each gas concentration in the reaction chamber. Figure 9 exhibits the effect of differential pressure on concentration of H2 in the sweep chamber. The molar ratio of CH4/CO2 is 1.5:1, and the reaction temperature is 600 °C in these figures. In addition, W and W/O indicates the condition with a sweep gas and without a sweep gas in these figures, respectively.



Comparing the concentration of H2 using a Ni catalyst with that using a Ni/Cr catalyst indicated in Figure 8, the concentration of H2 using a Ni/Cr catalyst is larger irrespective of differential pressure. Although no study has investigated a Ni/Cr catalyst for biogas dry reforming, several Ni alloy catalysts have exhibited better performance compared with a pure Ni catalyst [5,6,7,8,9,10,11,12,13]. The composite catalysts of Ni alloys give synergistic interactions, which reduce the NiO species and the particle size, resulting in the enhancement of performance as well as resistance against a carbon formation [35,36]. In addition, according to a previous study reporting the performance of Ni/MgO with Sn, Ce, Mn and Co [16], the higher catalytic activity for Co-promoted catalysts can be attributed to its high affinity for O2 species due to promoting coke resistance properties. Another previous study reports that the performance of Ni/γ-Al2O3 [17] helps to promote catalytic activity and prevent carbon deposition. Therefore, the authors think that a Ni/Cr catalyst may more adequately prevent carbon deposition compared to a Ni catalyst and that the overall performance of a Ni/Cr catalyst is better than that of a Ni catalyst.



In addition, the concentrations of H2 using a Ni/Cr catalyst in the reaction chamber and the sweep chamber without a sweep gas are higher than those with a sweep gas at the differential pressure of 0.010 MPa, as shown in Figure 8 and Figure 9. With a sweep gas, the kinetic pressure in the sweep chamber is larger, resulting in a decrease in the static pressure in the sweep chamber. It is thought that the difference of static pressure between the reaction chamber and the sweep chamber is larger, resulting in the performance of the H2 separation membrane being improved. It is necessary to match the H2 separation rate of the H2 separation membrane with the H2 production rate of the catalyst in order to obtain higher H2 production performance. Since the H2 separation rate with a sweep gas is too fast, the performance of H2 production with a sweep gas is lower compared to that without a sweep gas. On the other hand, the concentrations of H2 using a Ni/Cr catalyst in the reaction chamber and the sweep chamber with a sweep gas are higher than those without a sweep gas at the differential pressure of 0.020 MPa, as shown in Figure 8 and Figure 9. Since the amount of produced H2 in the reaction chamber in the case of the differential pressure of 0.020 MPa is lower compared to the case of the differential pressure of 0.010 MPa, it is easy to separate H2 using a sweep gas. Considering H2 separation only, the H2 separation performance of the Pd-based membrane is promoted with the increase in the pressure difference between the reaction chamber and the sweep chamber [37]. Additionally, the H2 separation performance of the Pd-based membrane is better when the purity of H2 is higher [38]. According to Figure 8, it is seen that the highest concentration of H2 in the reaction chamber is achieved at the differential pressure of 0.010 MPa when using a Ni/Cr catalyst. The concentration of H2 in the reaction chamber is higher, i.e., the purity of H2 is higher, at the differential pressure of 0.010 MPa due to the higher performance of the Ni/Cr catalyst. As a result, the concentration of H2 in the sweep chamber is also higher because of better H2 separation performance.





4. Discussion


From the investigation of this study, the highest concentration of H2 is obtained using a Ni/Cr catalyst when the molar ratio of CH4:CO2 is 1.5:1 at the differential pressure of 0.010 MPa and the reaction temperature of 600 °C without a sweep gas. Under this condition, the H2 yield and H2 selectivity are 12.8% and 17.5%, respectively. In addition, the thermal efficiency is 174%. As for the stability, the total test time of each catalyst in this study was approximately 50 h. After finishing all experiments, the catalyst has kept the performance and apparent form. When using a Ni catalyst, the coke formation (carbon deposition) was observed after the experiments. Figure 10 shows the photo indicating the carbon deposition using a Ni catalyst after the experiments. To improve the performance of H2 production and thermal efficiency, the following subjects are considered: (i) the optimization of shape, i.e., the pore size and weight ratio of the Ni/Cr catalyst, which decides the performance of dry reforming; (ii) the optimization of the thickness and weight ratio of the Pd/Cu membrane, which decides the H2 separation performance; (iii) the matching of the H2 separation rate of the Pd/Cu membrane and the H2 production rate of the catalyst, which decides the optimum experimental condition. These are the future works that will follow this study.




5. Conclusions


This study has investigated the performance characteristics of biogas dry reforming conducted in a membrane reactor using a Ni/Cr catalyst and compared these characteristics with those obtained using a Ni catalyst. The effect of the pre-set reaction temperature, the molar ratio of CH4:CO2 and the pressure gap between the reaction chamber and the sweep chamber on the characteristics of biogas dry reforming is also investigated. As a result, the following conclusions are obtained:




	(i)

	
The concentration of H2 as well as the ratio of concentration of H2 to that of CO increase with the increase in the pre-set reaction temperature in the reaction chamber irrespective of the molar ratio of CH4/CO2. The concentration of H2 in the sweep chamber also increases with the increase in the pre-set reaction temperature.




	(ii)

	
The concentration of H2 using a Ni/Cr catalyst is larger compared to that using a Ni catalyst regardless of the pre-set reaction temperature, the molar ratio of CH4/CO2 and the differential pressure.




	(iii)

	
The highest concentrations of H2 in the reaction chamber and the sweep chamber are obtained when the molar ratio of CH4:CO2 is 1.5:1 using a Ni/Cr catalyst among the investigated molar ratio conditions.




	(iv)

	
The concentrations of H2 using a Ni/Cr catalyst in the reaction chamber and the sweep chamber without a sweep gas are higher than those with a sweep gas at the differential pressure of 0.010 MPa, while the concentrations of H2 using a Ni/Cr catalyst in the reaction chamber and the sweep chamber with a sweep gas are higher than those without a sweep gas at the differential pressure of 0.020 MPa.




	(v)

	
The highest concentration of H2 is obtained using a Ni/Cr catalyst when the molar ratio of CH4:CO2 is 1.5:1 at the differential pressure of 0.010 MPa and the pre-set reaction temperature of 600 °C without a sweep gas. Under this condition, H2 yield, H2 selectivity and thermal efficiency are 12.8%, 17.5% and 174%, respectively.
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Figure 1. Schematic drawing of experimental apparatus set-up. 
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Figure 2. Schematic drawing of detail of the reactor. 






Figure 2. Schematic drawing of detail of the reactor.



[image: Fuels 04 00019 g002]







[image: Fuels 04 00019 g003 550] 





Figure 3. Photo for catalyst charged in the reactor. 
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Figure 4. Impact of pre-set reaction temperature on each gas concentration in the reaction chamber (pressure difference: 0.010 MPa; (a) CH4:CO2 = 1.5:1; (b) CH4:CO2 = 1:1; (c) CH4:CO2 = 1:1.5). 
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Figure 5. Impact of pre-set reaction temperature on concentration of H2 in the sweep chamber (pressure difference: 0.010 MPa; (a) CH4:CO2 = 1.5:1; (b) CH4:CO2 = 1:1; (c) CH4:CO2 = 1:1.5). 
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Figure 6. Impact of molar ratio of CH4/CO2 on each gas concentration in the reaction chamber (pressure difference: 0.010 MPa; pre-set reaction temperature: 600 °C). 
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Figure 7. Impact of molar ratio of CH4/CO2 on concentration of H2 in the sweep chamber (pressure difference: 0.010 MPa; pre-set reaction temperature: 600 °C). 
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Figure 8. Impact of differential pressure on each gas concentration in the reaction chamber (molar ratio of CH4/CO2 = 1.5:1; pre-set reaction temperature: 600 °C). 
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Figure 9. Impact of differential pressure on concentration of H2 in the sweep chamber (molar ratio of CH4/CO2 = 1.5:1; pre-set reaction temperature: 600 °C). 
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Figure 10. Carbon deposition when using a Ni catalyst. 
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Table 1. Experimental parameters.
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	Pre-set reaction temperature (°C)
	400, 500, and 600



	Pressure of supply gas (MPa)
	0.10



	Pressure difference between the reaction chamber and the sweep chamber (MPa)
	0, 0.010, and 0.020



	Molar ratio of supplied CH4:CO2

(Flow rate of CH4 and CO2 (NL/min))
	1.5:1, 1:1, and 1:1.5

(1.088:0.725, 0.725:0.725, and 0.725:1.088)



	Feed ratio of sweep gas to supply gas (-)
	0 and 1.0
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Table 2. Comparison of CH4 conversion, CO2 conversion, H2 yield, H2 selectivity, CO selectivity, H2 permeability, permeation flux and thermal efficiency (pressure difference: 0.010 MPa; (a) CH4:CO2 = 1.5:1; (b) CH4:CO2 = 1:1; (c) CH4:CO2 = 1:1.5).
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(a)




	
Pre-Set

Reaction

Temperature (°C)

	
Catalyst

	
Sweep Gas

	
CH4

Conversion (%)

	
CO2

Conversion (%)

	
H2 Yield (%)

	
H2 Selectivity (%)

	
CO Selectivity (%)

	
H2

Permeability (%)

	
Permeation Flux (mol/(m2·s))

	
Thermal

Efficiency (%)




	
400

	
Ni

	
W/O

	
10.8

	
−9.86

	
7.35 × 10−3

	
1.39 × 10−2

	
100

	
1.15

	
5.00 × 10−5

	
0.154




	
W

	
11.7

	
−11.3

	
4.24 × 10−4

	
7.98 × 10−4

	
100

	
0

	
5.00 × 10−5

	
5.72 × 10−2




	
Ni/Cr

	
W/O

	
12.2

	
−12.0

	
2.49 × 10−4

	
6.10 × 10−4

	
100

	
50.2

	
5.00 × 10−5

	
3.51 × 10−3




	
W

	
10.6

	
−9.70

	
3.36 × 10−4

	
6.16 × 10−4

	
100

	
98.3

	
5.00 × 10−5

	
2.29 × 10−3




	
500

	
Ni

	
W/O

	
9.25

	
−7.45

	
5.94 × 10−2

	
0.105

	
99.9

	
0.141

	
2.50 × 10−5

	
0.991




	
W

	
9.11

	
−7.10

	
0.105

	
0.205

	
99.8

	
7.97 × 10−2

	
2.50 × 10−5

	
1.11




	
Ni/Cr

	
W/O

	
12.6

	
−1.26

	
3.19 × 10−3

	
8.39 × 10−3

	
100

	
2.68

	
2.50 × 10−5

	
5.20 × 10−2




	
W

	
9.66

	
−6.22

	
0.674

	
1.17

	
98.8

	
0.260

	
2.50 × 10−5

	
7.16




	
600

	
Ni

	
W/O

	
9.62

	
−7.59

	
0.199

	
0.374

	
99.6

	
8.40 × 10−2

	
5.00 × 10−6

	
2.74




	
W

	
10.1

	
−8.49

	
0.145

	
0.312

	
99.6

	
0.173

	
5.00 × 10−6

	
1.28




	
Ni/Cr

	
W/O

	
26.1

	
4.92

	
12.8

	
17.5

	
82.5

	
1.84

	
5.00 × 10−6

	
174




	
W

	
21.6

	
−19.2

	
8.15

	
12.0

	
88.0

	
0.677

	
5.00 × 10−6

	
71.3




	
(b)




	
400

	
Ni

	
W/O

	
12.5

	
−7.52

	
4.34 × 10−4

	
8.40 × 10−4

	
100

	
29.9

	
5.00 × 10−5

	
5.89 × 10−3




	
W

	
14.1

	
−9.14

	
6.99 × 10−4

	
1.33 × 10−3

	
100

	
40.1

	
5.00 × 10−5

	
5.61 × 10−3




	
Ni/Cr

	
W/O

	
13.3

	
−8.27

	
1.00 × 10−4

	
2.42 × 10−4

	
100

	
0

	
5.00 × 10−5

	
1.76 × 10−3




	
W

	
11.1

	
−6.07

	
4.49 × 10−4

	
8.31 × 10−4

	
100

	
80.3

	
5.00 × 10−5

	
2.80 × 10−3




	
500

	
Ni

	
W/O

	
11.0

	
−5.29

	
0.347

	
0.656

	
99.3

	
2.88 × 10−2

	
2.50 × 10−5

	
4.82




	
W

	
10.3

	
−4.95

	
0.162

	
0.248

	
99.8

	
6.16 × 10−2

	
2.50 × 10−5

	
1.44




	
Ni/Cr

	
W/O

	
12.8

	
−7.83

	
3.67 × 10−3

	
9.80 × 10−3

	
100

	
5.76

	
2.50 × 10−5

	
4.82 × 10−2




	
W

	
10.8

	
−2.82

	
1.49

	
2.52

	
97.5

	
0.269

	
2.50 × 10−5

	
13.2




	
600

	
Ni

	
W/O

	
15.9

	
−10.5

	
0.200

	
0.388

	
99.3

	
1.06

	
5.00 × 10−6

	
2.27




	
W

	
13.9

	
−8.61

	
0.135

	
0.266

	
99.7

	
0.371

	
5.00 × 10−6

	
0.987




	
Ni/Cr

	
W/O

	
29.1

	
−1.31

	
11.7

	
1.60

	
84.0

	
2.34

	
5.00 × 10−6

	
1.31




	
W

	
20.4

	
−8.09

	
3.67

	
5.70

	
94.3

	
0.771

	
5.00 × 10−6

	
26.7




	
(c)




	
400

	
Ni

	
W/O

	
13.1

	
−4.59

	
1.04 × 10−3

	
2.45 × 10−3

	
100

	
0

	
5.00 × 10−5

	
1.46 × 10−2




	
W

	
12.9

	
−4.41

	
7.04 × 10−4

	
1.66 × 10−3

	
100

	
0

	
5.00 × 10−5

	
6.31 × 10−3




	
Ni/Cr

	
W/O

	
12.6

	
−4.21

	
5.04 × 10−4

	
1.09 × 10−3

	
100

	
292

	
5.00 × 10−5

	
1.80 × 10−3




	
W

	
13.5

	
−4.81

	
3.77 × 10−4

	
8.91 × 10−4

	
100

	
196

	
5.00 × 10−5

	
1.14 × 10−3




	
500

	
Ni

	
W/O

	
14.8

	
−5.41

	
0.220

	
0.352

	
99.6

	
0.628

	
2.50 × 10−5

	
2.43




	
W

	
14.2

	
−5.21

	
7.55 × 10−2

	
0.115

	
99.9

	
0.166

	
2.50 × 10−5

	
0.534




	
Ni/Cr

	
W/O

	
15.3

	
−5.01

	
0.783

	
1.22

	
98.8

	
1.34

	
2.50 × 10−6

	
8.58




	
W

	
13.1

	
−4.60

	
9.40 × 10−4

	
1.65 × 10−3

	
100

	
36.2

	
2.50 × 10−5

	
4.89 × 10−3




	
600

	
Ni

	
W/O

	
16.8

	
−6.84

	
0.139

	
0.275

	
99.7

	
0.270

	
5.00 × 10−6

	
1.27




	
W

	
16.8

	
−6.85

	
0.136

	
0.269

	
99.7

	
0.277

	
5.00 × 10−6

	
0.793




	
Ni/Cr

	
W/O

	
22.7

	
−3.65

	
5.53

	
7.94

	
92.1

	
1.05

	
5.00 × 10−6

	
50.1




	
W

	
19.4

	
−6.05

	
2.07

	
3.17

	
96.8

	
0.692

	
5.00 × 10−6

	
12.0
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