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Abstract: This study focuses on a biogas dry reforming to produce H2. Biogas contains CO2 of 40 vol% 

approximately, indicating that the efficiency of the power generation is reduced because of the 

smaller heating value compared with a natural gas. The authors have proposed the combination 

system consisting of biogas dry reforming reactor and solid oxide fuel cell (SOFC). Since a biogas 

dry reforming is an endothermic reaction, this study adopts a membrane reactor which can be 

operated by causing the non-equilibrium state with H2 separation from the reaction space. This 

study aims to clarify the impact of thickness of Pd/Cu membrane on the characteristics of the biogas 

dry reforming membrane reactor using Pd/Cu membrane and Ni/Cr catalyst. The impact of the 

operation temperature, the molar ratio of CH4:CO2 and the differential pressure between the 

reaction chamber and the sweep chamber on the characteristics of the biogas dry reforming 

membrane reactor using Pd/Cu membrane and Ni/Cr catalyst is examined changing the thickness 

of Pd/Cu membrane. As a result, the highest concentration of H2 is 122711 ppmV which is obtained 

in case of CH4:CO2 =1:1 at the reaction temperature of 600 ℃ and the differential pressure of 0 MPa 

using the Pd/Cu membrane whose thickness of 40 m. 

Keywords: Biogas dry reforming; Ni/Cr catalyst; Thickness of Pd/Cu membrane; Optimum experimental 

condition 

 

1. Introduction 

H2 is one of promising fuels to solve the global warming problem in the world. Many countries 

including Japan are trying to develop the technology to produce H2 as well as the system using H2 as 

a fuel. This study focuses on a biogas dry reforming to produce H2. Biogas is a fuel consisting of CH4 

(55 – 75 vol%) and CO2 (25 – 45 vol%) [1]. It is generally produced from fermentation by the action of 

anaerobic microorganisms on raw materials, e.g. garbage, livestock excretion and sewage sludge. In 

2020, 1.46 EJ of biogas was produced in the world, which was approximately five times larger than 

that produced in 2000 [2]. Therefore, this study thinks that the biogas can be expected a promising 

source to produce H2. 

Biogas is generally utilized as a fuel for a gas engine or a micro gas turbine [3]. Biogas contains 

CO2 of 40 vol% approximately, indicating that the efficiency of the power generation is reduced 

because of the smaller heating value compared with a natural gas. The authors have proposed the 

combination system consisting of biogas dry reforming reactor and solid oxide fuel cell (SOFC) [4-6]. 

SOFC can use not only H2 but also CO which is a by-product from biogas dry reforming as a fuel. 

Therefore, this system can be available for wider operation range of the proposed system. 

Biogas dry reforming was investigated by some researchers [7-12]. The catalyst used for biogas 

dry reforming is important. A Ni-based catalyst is the most popular catalyst type for biogas dry 

reforming. Ni/Ru bimetallic catalyst developed by Miao et al. [7] performed CO4 conversion and CH2 
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conversion of 100 % over 750 ℃ and H2/CO of 1.0 within the temperature range from 773 K to 800 ℃. 

Ni/Mg-Al2O3 developed by Shaffner et al. [8] performed CO4 conversion and CH2 conversion of 80 % 

at 500 ℃ and H2/CO ratio of approximately 1.0 within the temperature range from 350 ℃ to 800 ℃. 

Ni-SiO2@SiO2 core-shell developed by Kaviani et al. [9] performed the increase of CO4 conversion and 

CH2 conversion from 500 ℃ to 700 ℃ where CO4 conversion and CO2 conversion increased from 

20 % to 70 % and from 30 % to 90 %, respectively. H2/CO ratio increased from 0.6 to 0.8 for the 

temperature increase from 450 ℃ to 700 ℃. Ni/MgO/Al2O3 with modifier (Gd, Sc, La) developed by 

Ha et al. [10] performed CH4 conversion of 50 % and CO2 conversion of 95 %. In addition, H2/CO ratio 

exhibited from 0.8 to 1.0. Ni/Co/Al2O3 developed by Hajizadeh et al. [11] performed the increase in 

CH4 conversion from 5 % to 100 % from 400 ℃ to 550 ℃. If the pressure is higher, the increase rate 

of CH4 conversion rises with the reaction temperature. Ni/Mg/La/Al catalyst developed by Calgaro 

et al. [12] performed CH4 conversion of 70 % and CO2 conversion of 80 % at 750 ℃. In addition, 

H2/CO ratio was 0.85 at 750 ℃. 

Though several Ni-based bimetallic catalysts have been investigated, Ni/Cr catalyst is not 

investigated well without the authors’ previous study [5]. Consequently, this study adopts a Ni/Cr 

catalyst for a biogas dry reforming in order to clarify the performance of Ni/Cr catalyst. 

Additionally, since a biogas dry reforming is an endothermic reaction, it is important to operate 

lower temperature for the improvement of the thermal energy efficiency of the biogas dry reforming 

process. For this purpose, using a membrane reactor is one effective procedure since the H2 

production is promoted by causing the non-equilibrium state with H2 separation from the reaction 

space [5]. The authors previous study [5] reported the experimental investigation on the biogas dry 

reforming membrane reactor using Pd/Cu membrane and Ni/Cr catalyst. Compared to pure Ni 

catalyst, the concentration of produced H2 was higher when using Ni/Cr catalyst. Though the impact 

of operation temperature, the molar ratio of CH4:CO2, the differential pressure between the reaction 

chamber and the sweep chamber on the performance of the biogas dry reforming membrane reactor 

using Pd/Cu membrane and Ni/Cr catalyst was investigated [5], the effect of thickness of Pd/Cu 

membrane has not been investigated yet. In the previous study [5], the thickness of Pd/Cu membrane 

was 20 m. The thinner H2 separation membrane can be expected the higher H2 separation 

performance due to lower H2 permeation resistance. However, we have to consider the strength of 

H2 separation membrane at the larger differential pressure between the reaction chamber and the 

sweep chamber as well as the higher temperature operation. 

Therefore, this study aims to clarify the impact of thickness of Pd/Cu membrane on the 

characteristics of the biogas dry reforming membrane reactor using Pd/Cu membrane and Ni/Cr 

catalyst. The impact of the operation temperature, the molar ratio of CH4:CO2 and the differential 

pressure between the reaction chamber and the sweep chamber on the characteristics of the biogas 

dry reforming membrane reactor using Pd/Cu membrane and Ni/Cr catalyst is examined changing 

the thickness of Pd/Cu membrane. The molar ratio of CH4:CO2 = 1.5:1 simulates a biogas in this study. 

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

CH4 + CO2 ↔ 2CO + 2H2 + 247 kJ/mol (1) 

Moreover, the following reaction schemes can be considered as the phenomena occurred in this 

study: 

CO2 + H2 ↔ CO + H2O + 41 kJ/mol  (2) 

CO2 + 4H2 ↔ CH4 + 2H2O － 164kJ/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) 
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2. Experiment 

2.1. Experimental apparatus 

Figure 1 shows the schematic drawing of the experimental apparatus of this study. The 

experimental apparatus consists of a gas cylinder, mass flow controllers (S48-32; HORIBA METRON 

INC.), pressure sensors (KM31), 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; MISUMI). 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 by pressure sensors. Ar gas with a purity over 99.99 

vol% is controlled by a mass flow controller, and the pressure of Ar gas is measured by a presser 

sensor. Ar is provided as a sweep gas. The exhausted gas at the outlet of reaction chamber and sweep 

chamber is suctioned by a gas syringe via the gas sampling tap. The concentration of sampled gas is 

measured by TCD gas chromatograph (GL Science). The minimum resolution of TCD gas 

chromatograph and the methanizer is 1 ppmV. The gas pressure at the outlet of the reactor is 

measured by a pressure sensor. The gas concentration and pressure are measured at the outlet of 

reaction chamber and sweep chamber, respectively. 

 

Figure 1. Schematic drawing of experimental apparatus [5]. 

Figure 2 shows 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 reaction 

space is 16 × 10-5 m3. A porous Ni/Cr (Cr: 35 wt%) catalyst is changed in the reaction chamber. The 

mean hole diameter of Ni/Cr catalyst is 0.8 mm. We can know from the procedure brochure that the 

porosity of Ni/Cr catalyst is 0.93. The weight of charged Ni/Cr catalyst is 74.6 g. 
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Figure 2. Schematic drawing of detail of the reactor. 

Figure 3 shows a photo of the catalyst filled in the reactor of this study. Pd/Cu membrane (Cu of 

40 wt%; Tanaka Kikinzoku) is selected as a H2 separation membrane. The thickness of Pd/Cu 

membrane is changed by 20 m, 40 m and 60 m. This study thinks that the performance of 

membrane reactor depends on the balance between the reaction performance of catalyst and the 

separation performance of H2 separation membrane. Therefore, this study investigates the impact of 

thickness of Pd/Cu membrane on the characteristics of membrane reactor changing the initial reaction 

temperature, the molar ratio of CH4:CO2 and the differential pressure between the reaction chamber 

and the sweep chamber. Figure 4 shows a photo of Pd/Cu membrane with the thickness of 60 m. 

The temperatures at the inlet, the middle and the outlet of the reaction and the sweep chamber are 

measured by K-type thermocouples. The initial reaction temperature is controlled and set by far-

infrared heater which is confirmed by the thermocouples. The measured temperature and pressures 

are collected by a data logger (GL240; Graphic Corporation). 

 

Figure 3. Photo of charged Ni/Cr catalyst in the reactor. 
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Figure 4. Photo of Pd/Cu membrane with the thickness of 60 m. 

Table 1 lists the experimental parameters in this study. The molar ratio of provided CH4:CO2 is 

changed by 1.5:1, 1.1 and 1:1.5. The molar ratio of CH4:CO2 simulates a biogas in this study. According 

to the authors’ previous study [13], the feed ratio of sweep gas to supply gas defined as the flow rate 

of sweep gas divided by the flow rate of supply gas composing of CH4 and CO2 has been set at 1.0, 

which is the optimum feed ratio of sweep gas to supply gas [13]. The differential pressure between 

the reaction chamber and the sweep chamber is varied to 0 MPa, 0.010 MPa and 0.020 MPa. This 

differential pressure is measured and confirmed by the pressure sensors installed at the outlet of the 

reaction chamber and the outlet of sweep chamber. The initial reaction temperature which is the 

initial temperature of the reactor is varied to 400 ℃ , 500 ℃  and 600 ℃ . The initial reaction 

temperature is measured by thermocouples before suppling the mixed gas of CH4 and CO2 as well as 

the sweep gas into the reactor. The gas concentrations at the outlet of the reaction chamber and the 

sweep chamber are detected by an FID gas chromatograph (GC3220; GL Science) and a methanizer 

(MT221; GL Science). This study shows the average data of five trials for each experimental condition 

in the following figures. The distribution of each gas concentration is below 10 %. 

Table 1. Parameters of experimental conditions. 

Parameter Information 

Initial reaction temperature (Pre-set 

reaction temperature) [℃] 

400, 500, 600 

Pressure of supply gas [MPa] 0.10 

Differential pressure between the reaction 

chamber and the sweep chamber [MPa] 

0, 0.010 and 0.020 

Molar ratio of provided CH4 : CO2 (Flow 

rate of provided CH4 : CO2 [NL/min]) 

1.5:1, 1:1 and 1:1.5 

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

Feed ratio of sweep gas to supply gas [-] 1.0 

2.2. Assessment factor to evaluate the performance of membrane reactor 

This study evaluates the performance of proposed membrane reactor by the gas concentration 

at the outlet of the reaction chamber and the sweep chamber. Using these data, CH4 conversion (XCH4), 

CO2 conversion (XCO2), H2 yield (YH2), H2 selectivity (SH2) and CO selectivity (SCO) are evaluated. These 

assessment factors are defined as follows: 

XCH4 = (CCH4, in－CCH4, out)/(CCH4, in) × 100 (9) 

XCO2 = (CCO2, in－CCO2, out)/(CCO2, in) × 100 (10) 
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YH2 = (1/2)(CH2, 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 means a concentration of CH4 at the inlet of reaction chamber [ppmV], CCH4, out means a 

concentration of CH4 at the outlet of reaction chamber [ppmV], CCO2, in means 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 means a concentration of H2 at the outlet of reaction chamber and sweep 

chamber [ppmV], and CCO, out means a concentration of CO at the outlet of reaction chamber [ppmV]. 

Moreover, H2 permeability (H) and permeation flux (F) are evaluated as follows: 

H = (CH2, out, sweep)/(CH2, out, sweep + CH2, out, react) × 100 (14) 

( )
100

,,


−
=



avesweepavereact PPP
F

 (15) 

where CH2, out, sweep means a concentration of H2 at the outlet of sweep chamber [ppmV], CH2, out, react 

means a concentration of H2 at the outlet of reaction chamber [ppmV], P means a permeation factor 

[mol/(m・s・Pa0.5)], Preact, ave means an average pressure of the reaction chamber [MPa], Psweep, ave means 

an average pressure of sweep chamber [MPa] and  means the thickness of Pd/Cu alloy membrane 

[m]. 

Furthermore, the thermal efficiency of the membrane reactor () is also evaluated, which is 

defined as follows: 

( )
100

....

2 
++

=
WpWW

Q

CRCS

H  (16) 

where QH2 means the heating value of produced H2 based on the lower heating value [W], WR.C. means 

the amount of pre-heat of supply gas for the reaction chamber [W], WS.C. means the amount of pre-

heat of the sweep gas for the sweep chamber [W], and Wp is the pump power to give the differential 

pressure between the reaction chamber and the sweep chamber [W]. 

3. Results and discussion 

3.1. Impact of initial reaction tempreature and molar ratio of CH4:CO2 

To investigate the impact of thickness of Pd/Cu membrane on the reaction characteristics in the 

reaction chamber, Figures 5, 7 and 9 show the concentration of H2, CO, CH4 and CO2 at the outlet of 

reaction chamber at the differential pressure of 0 MPa, 0.010 MPa and 0.020 MPa, respectively. In 

these figures, the initial reaction temperature (reaction temperature) is changed by 400 ℃, 500 ℃ 

and 600 ℃. In addition, the molar ratio of CH4:CO2 is changed by 1.5:1, 1:1 and 1:1.5. Moreover, 

Figures 6, 8 and 10 show the concentration of H2 at the outlet of the sweep chamber to investigate the 

impact of thickness of Pd/Cu membrane on the H2 separation characteristics at the differential 

pressure of 0 MPa, 0.010 MPa and 0.020 MPa, respectively. In these figures, the initial reaction 

temperature (reaction temperature) is changed by 400 ℃, 500 ℃ and 600 ℃. In addition, the molar 

ratio of CH4:CO2 is changed by 1.5:1, 1:1 and 1:1.5. 
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Figure 5. Impact of Pd/Cu membrane on the reaction characteristics in the reaction chamber 

changing the initial reaction temperature and the molar ratio of CH4:CO2 (differential pressure: 0 

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 thickness of Pd/Cu membrane on the H2 separation characteristics in the sweep 

chamber changing the initial reaction temperature and the molar ratio of CH4:CO2 (differential 

pressure: 0 MPa; a): CH4:CO2 = 1.5:1, b): CH4:CO2 = 1:1, c): CH4:CO2 = 1:1.5). 

 

 

 

Figure 7. Impact of thickness of Pd/Cu membrane on the reaction characteristics in the reaction 

chamber changing the initial reaction temperature and the molar ratio of CH4:CO2 (differential 

pressure: 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 8. Impact of Pd/Cu membrane on the H2 separation characteristics in the sweep chamber 

changing the initial reaction temperature and the molar ratio of CH4:CO2 (differential pressure: 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 9. Impact of thickness of Pd/Cu membrane on the reaction characteristics in the reaction 

chamber changing the initial reaction temperature and the molar ratio of CH4:CO2 (differential 

pressure: 0.020 MPa; a): CH4:CO2 = 1.5:1, b): CH4:CO2 = 1:1, c): CH4:CO2 = 1:1.5). 
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Figure 10. Impact of thickness of Pd/Cu membrane on the H2 separation characteristics in the sweep 

chamber changing the initial reaction temperature and the molar ratio of CH4:CO2 (differential 

pressure: 0.020 MPa; a): CH4:CO2 = 1.5:1, b): CH4:CO2 = 1:1, c): CH4:CO2 = 1:1.5). 

According to Figures 5, 7 and 9, it is seen that the concentration of H2 at the outlet of reaction 

chamber increases with the increase in the reaction temperature. Since DR is an endothermic reaction 

as shown in Equation (1), the reaction is progressed with the increase in the reaction temperature 

well. H2 production rate of DR increases with the increase in reaction temperature according to the 

theoretical kinetic study [14]. This tendency is obtained irrespective of the molar ratio of CH4:CO2, 

the thickness of Pd/Cu membrane and the differential pressure between the reaction chamber and 

the sweep chamber. 

It is seen from Figures 6, 8 and 10 that the concentration of H2 at the outlet of the sweep chamber 

increases with the increase in the reaction temperature. Since the concentration of H2 at the outlet of 

the reaction chamber is higher at higher reaction temperature, it is thought that the driving force to 

penetrate Pd/Cu membrane is bigger due to the large H2 partial pressure difference between the 

reaction chamber and the sweep chamber, i.e. large concentration difference of H2 between the 

reaction chamber and the sweep chamber, resulting in the higher concentration of H2 at the outlet of 

the sweep chamber. 

According to Figures 5, 7 and 9 and Figures 6, 8 and 10, the thickness of Pd/Cu membrane which 

exhibits the highest concentration of H2 at the outlet of the reaction chamber and the sweep chamber 
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depends on the differential pressure between the reaction chamber and the sweep chamber. 

Generally speaking, the penetration resistance of H2 is lower when the thickness of Pd/Cu membrane 

is thinner, resulting that H2 is separated well. At the differential pressure of 0 MPa, the highest 

concentration of H2 in the reaction chamber as well as the sweep chamber is obtained for the thickness 

of 40 m irrespective of molar ratio of CH4:CO2. Since the differential pressure of 0 MPa means the 

permeation flux of 0 mol/(m2・s), the driving force of H2 separation is the concentration difference of 

H2 between the reaction chamber and the sweep chamber mainly. At the differential pressure of 0.020 

MPa, the concentration of H2 in the sweep chamber for the thickness of 20 m is the highest among 

the investigated thicknesses, while the concentration of H2 at the outlet of the reaction chamber for 

the thickness of 20 m is the lowest among the investigated thicknesses irrespective of the molar ratio 

of CH4:CO2 as shown in Figure 9. The permeation flux at the differential pressure of 0.020 MPa is 

7.07×10-4 mol/(m2・s) which is the largest among the investigated differential pressures, resulting 

that the effect of pressure on the H2 separation performance is the largest. In addition, since the 

thickness of 20 m is the thinnest among the investigated thicknesses, the penetration resistance of 

H2 of Pd/Cu membrane is the smallest. As a result, it can be claimed that the H2 produced in the 

reaction chamber penetrates via Pd/Cu membrane well under the combination condition of the 

differential pressure of 0.020 MPa and thickness of 20 m. As to the differential pressure of 0.010 MPa, 

the optimum thickness of Pd/Cu membrane which obtains the highest concentration of H2 in the 

reaction chamber as well as that in the sweep chamber is not clear. It is also influenced by the molar 

ratio of CH4:CO2. The impact of H2 separation performance on the reaction mechanism including DR 

as well as the other reactions as shown in Equations (2) – (3) is thought to be existed. The kinetic study 

considering the gas separation is the future work in this study. 

Comparing the molar ratio of CH4:CO2, the concentration of H2 in case of the molar ratio of 

CH4:CO2 = 1:1 is the highest among the investigated conditions. Since the molar ratio of CH4:CO2 = 

1:1 is the stoichiometric ratio of FR as shown in Equation (1), it is thought that H2 is produced easily. 

The kinetic pressure in case of CH4:CO2 = 1.5:1 and 1:1.5 is 3.18×10-4 Pa, while that in case of CH4:CO2 

= 1:1 is 2.03×10-4 Pa. Since the differential pressure between the reaction chamber and the sweep 

chamber is much larger than the kinetic pressure, it is thought that the impact of increase in static 

pressure with the decrease in kinetic pressure on the H2 separation performance is small. 

It is seen from Figures 6, 8 and 10 that the concentration of H2 at the outlet of the sweep chamber 

in case of the molar ratio of CH4:CO2 = 1:1 is higher compared to the other molar ratios except for the 

differential pressure of 0.020 MPa. Since the concentration of H2 in the reaction chamber is higher at 

higher reaction temperature, it is thought the driving force to penetrate Pd/Cu membrane is bigger, 

resulting in the higher concentration of H2 in the sweep chamber. As to the differential pressure of 

0.020 MPa, the differential pressure is too high, resulting that the separation rate of H2 might be higher 

than the production rate of H2 by Ni/Cr catalyst in the reaction chamber. As a result, it is thought that 

the effective non-equilibrium sate can not be obtained. Comparing the concentration of H2 at the 

outlet of the reaction chamber shown in Figures 5, 7 and 9, the concentration of H2 at the differential 

pressure of 0.020 MPa is relatively lower than that at the other differential pressures. We can also 

know the lower production performance of H2 at the differential pressure of 0.020 MPa according to 

this tendency. 

3.2. Impact of differential pressure between the reaction chamber and the sweep chamber 

To investigate the impact of thickness of Pd/Cu membrane on the reaction characteristics in the 

reaction chamber, Figure 11 shows the concentration of H2, CO, CH4 and CO2 for the differential 

molar ratio of CH4:CO2. In this figure, the reaction temperature is 600 ℃. In addition, the differential 

pressure between the reaction chamber and the sweep chamber is changed by 0 MPa, 0.010 MPa and 

0.020 MPa. Moreover, Figure 12 shows the concentration of H2 in the sweep chamber to investigate 

the impact of thickness of Pd/Cu membrane on the H2 separation characteristics for the different 

molar ratio of CH4:CO2. In this figure, the reaction temperature is 600 ℃. In addition, the differential 

pressure between the reaction chamber and the sweep chamber is changed by 0 MPa, 0.010 MPa and 

0.020 MPa. 
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Figure 11. Impact of thickness of Pd/Cu membrane on the reaction characteristics in the reaction 

chamber changing the differential pressure (reaction temperature: 600 ℃; a): CH4:CO2 = 1.5:1, b): 

CH4:CO2 = 1:1, c): CH4:CO2 = 1:1.5). 
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Figure 12. Impact of thickness of Pd/Cu membrane on the H2 separation characteristics in the sweep 

chamber changing the differential pressure (reaction temperature: 600 ℃; a): CH4:CO2 = 1.5:1, b): 

CH4:CO2 = 1:1, c): CH4:CO2 = 1:1.5). 

According to Figure 11, the concentration of H2 at the outlet of the reaction chamber relatively 

increases with the decrease in the differential pressure between the reaction chamber and the sweep 

chamber irrespective of the molar ratio of CH4:CO2. In addition, we can see from Figure 12 that the 

concentration of H2 at the outlet of the sweep chamber increases with the decrease in the differential 

pressure between the reaction chamber and the sweep chamber irrespective of the molar ratio of 

CH4:CO2, which follows the tendency observed in Figure 11. Moreover, the highest concentration of 

H2 at the differential pressure of 0 MPa is obtained for the thickness of Pd/Cu membrane of 40 m for 

the reaction chamber as well as the sweep chamber. The kinetic pressure in case of CH4:CO2 = 1.5:1 

and 1:1.5 is 3.18×10-4 Pa, while that in case of CH4:CO2 = 1:1 is 2.03×10-4 Pa. Since the differential 

pressure between the reaction chamber and the sweep chamber is much larger than the kinetic 

pressure, it is thought that the impact of increase in static pressure with the decrease in kinetic 

pressure on the H2 separation performance is small. Since the differential pressure of 0 MPa means 

the permeation flux of 0 mol/(m2・s), the driving force of H2 separation is the concentration difference 

of H2 between the reaction chamber and the sweep chamber mainly. Since the concentration of H2 at 

the outlet of the reaction chamber for the thickness of 40 m is the highest among the investigated 

thicknesses shown in Figure 11, it is thought that the concentration of H2 at the outlet of the sweep 

chamber for the thickness of 40 m is the highest, as shown in Figure 12, after the penetration of H2 

through Pd/Cu membrane. 
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3.3. Comparison of assessment factor among the investigated experimental conditions 

To investigate the performance of proposed membrane reactor using Ni/Cr catalyst and Pd/Cu 

membrane, Table 2 lists comparison of CH4 conversion, CO2 conversion, H2 yield, H2 selectivity, CO 

selectivity, H2 permeability, permeation flux and thermal efficiency for the different reaction 

temperature, the molar ratio of CH4:CO2 and the differential pressure between the reaction chamber 

and the sweep chamber.  

Table 2. Comparison of CH4 conversion, CO2 conversion, H2 yield, H2 selectivity, CO 

 selectivity, H2 permeability, permeation flux and thermal efficiency (a): CH4:CO2 = 1.5:1, b): 

CH4:CO2 = 1:1, c): CH4:CO2 = 1:1.5). 

(a) 

CH4 

conversion 

[%] 

CO2 

conversion 

[%] 

H2 yield [%] H2 selectivity 

[%] 

CO selectivity 

[%] 

H2 

permeability 

[%] 

Permeation 

flux 

[mol/(m2・s)] 

Thermal 

efficiency [%] 

400 ℃ 

0 MPa 

12.9 -13.1 1.00×10-3 2.02×10-3 100 0 0 1.36×10-2 

0.010 MPa 

9.14 -7.46 4.28×10-4 8.77×10-4 100 58.5 5.00×10-3 2.40×10-3 

0.020 MPa 

8.30 -6.19 1.78×10-4 3.47×10-4 100 0 7.07×10-3 2.40×10-3 

500 ℃ 

0 MPa 

16.2 -17.3 2.62×10-1 5.24×10-1 99.5 1.62 0 2.74 

0.010 MPa 

7.44 -4.76 5.06×10-2 9.48×10-2 99.9 1.65×10-1 2.50×10-3 5.39×10-1 

0.020 MPa 

8.05 -5.69 4.34×10-2 8.65×10-2 99.9 1.92×10-1 3.54×10-3 4.62×10-1 

600 ℃ 

0 MPa 

11.1 -5.40 1.69 3.15 96.9 6.22×10-1 0 14.8 

0.010 MPa 

39.2 -49.1 1.12 2.19 97.8 5.19×10-2 5.00×10-4 9.90 

0.020 MPa 

25.1 -29.3 7.04×10-1 1.33 98.7 1.54×10-1 7.07×10-4 6.20 

(b) 

400 ℃ 

0 MPa 

9.37 -4.37 1.51×10-3 3.03×10-3 100 0 0 1.70×10-2 

0.010 MPa 

11.0 -6.02 2.07×10-4 4.19×10-4 100 48.3 5.00×10-3 1.20×10-3 

0.020 MPa 

18.2 -13.2 3.49×10-4 6.90×10-4 100 28.6 7.07×10-3 2.80×10-3 

500 ℃ 

0 MPa 

9.09 -3.33 3.93×10-1 7.51×10-1 99.2 3.38 0 3.37 

0.010 MPa 

6.73 -1.60 6.26×10-2 1.20×10-1 99.9 0 2.50×10-3 5.54×10-1 

0.020 MPa 

10.0 -4.92 5.41×10-2 1.10×10-1 99.9 0 3.54×10-3 4.79×10-1 

600 ℃ 
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0 MPa 

13.7 -5.73 1.51 2.84 97.2 1.06×10-1 0 11.0 

0.010 MPa 

18.4 -12.1 6.56×10-1 1.32 98.7 5.49×10-1 5.00×10-4 4.78 

0.020 MPa 

21.4 -14.8 7.97×10-1 1.51 98.5 2.76×10-1 7.07×10-4 5.82 

(c) 

400 ℃ 

0 MPa 

10.0 -2.50 1.34×10-4 2.76×10-4 100 0 0 1.20×10-3 

0.010 MPa 

11.4 -3.40 5.15×10-4 9.89×10-4 100 48.6 5.00×10-3 2.37×10-3 

0.020 MPa 

12.3 -4.03 2.75×10-4 5.56×10-4 100 0 7.07×10-3 2.47×10-3 

500 ℃ 

0 MPa 

10.1 -2.20 2.57×10-1 5.11×10-1 99.5 1.46×10-1 0 1.82 

0.010 MPa 

10.0 -2.43 5.15×10-2 1.06×10-1 99.9 2.43×10-1 2.50×10-3 3.64×10-1 

0.020 MPa 

8.21 -1.23 5.87×10-2 1.27×10-1 99.9 0 3.54×10-3 4.16×10-1 

600 ℃ 

0 MPa 

22.9 -10.9 1.95×10-1 3.68×10-1 99.6 2.05 0 1.12 

0.010 MPa 

18.7 -7.66 4.60×10-1 9.44×10-1 99.1 4.07×10-1 5.00×10-4 2.68 

0.020 MPa 

49.5 -28.1 5.38×10-1 1.00 99.0 6.74×10-4 7.07×10-4 3.12 

According to Table 2, we can see that CH4 conversion and CO2 conversion exhibits the positive 

value and the negative value, respectively. From this result, it can be claimed that the reaction 

consuming CH4 and that producing CO2 are occurred. In addition, it is seen from Table 2 that CO 

selectivity is higher than 90 %, indicating that CO is produced more compared to H2. These 

phenomena can be explained as follows: 

(i) H2 is produced by Equation (1) or Equation (5). 

(ii) CO is produced after consuming H2 via Equation (2). 

(iii) Carbon and CO2 are produced after consuming a part of CO via Equation (6). 

Since Equation (6) shown in (iii) is an exothermal reaction, CO can be produced easily. After the 

experiments in this study, the carbon was observed which can be explained as shown in Figure 13. 

The weight of Ni/Cr catalyst used in this study has been increased by 9.1 g after experiments, 

compared to the initial weight of 74.6 g. This is due to a carbon deposition shown in Equation (6). As 

to H2O formation shown in Equation (2), this study has confirmed it by the observation using the gas 

bag shown in Figure 14. The colored part, which is different from the other area in the red circle 

shown in Figure 14, indicates H2O formation. In addition, the numerical simulation result using the 

commercial software COMSOL Multiphysics which includes the simulation codes on Equations (1), 

(2), (3) and (4) with 3D model indicates H2O formation. For example, the concentration of H2O at the 

outlet of reactor in case of the molar ratio of CH4:CO2 = 1.5:1 at 400 ℃, 500 ℃ and 600 ℃ is 6228 

ppmV, 28946 ppmV and 33614 ppmV, respectively. The authors would like to report the detail of the 

numerical simulation in the near future. 
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Figure 13. Photo of Ni/Cr catalyst before and after experiments (left: before experiment, right: after 

experiment). 

 

Figure 14. Photo of produced H2O which is observed by gas bag (H2O is trapped in the red circle). 

According to the investigation in this study, the highest concentration of H2 is 122711 ppmV in 

case of CH4:CO2 =1:1 at the reaction temperature of 600 ℃ and the differential pressure of 0 MPa 

using the Pd/Cu membrane whose thickness of 40 m. Under this condition, the kinetic rate is 0.86 

mol/(m3・s) and the permeation flux is 0 mol/(m2・s). In addition, CH4 conversion, CO2 conversion, 

H2 yield, H2 selectivity, CO selectivity, H2 permeability and thermal efficiency is 13.7 %, -5.73 %, 

1.51 %, 2.84 %, 97.2 %, 1.06×10-1 % and 11.0 %, respectively. To improve the performance of H2 

production as well as thermal efficiency of the proposed membrane reactor, this study proposes using 

the other type of catalyst. This study has investigated Ni/Cr alloy catalyst. Though Ni is a popular 

catalyst for DR, Ru is also used for DR [15-17]. There is no report on Ni/Ru/Cr alloy catalyst used for 

not only DR but also membrane reactor. This study would like to study Ni/Ru/Cr catalyst in order to 

enhance the performance of DR in the near future. 

4. Conclusions 

This study has investigated to clarify the impact of thickness of Pd/Cu membrane on the 

characteristics of the biogas dry reforming membrane reactor using Pd/Cu membrane and Ni/Cr 
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catalyst. The impact of the operation temperature, the molar ratio of CH4:CO2 and the differential 

pressure between the reaction chamber and the sweep chamber on the characteristics of the biogas 

dry reforming membrane reactor using Pd/Cu membrane and Ni/Cr catalyst has been examined 

changing the thickness of Pd/Cu membrane. As a result, the following conclusions are obtained: 

(1) The concentration of H2 at the outlet of reaction chamber increases with the increase in 

the reaction temperature irrespective of the molar ratio of CH4:CO2, the thickness of Pd/Cu membrane 

and the differential pressure between the reaction chamber and the sweep chamber. In addition, the 

concentration of H2 at the outlet of the sweep chamber also increases with the increase in the reaction 

temperature. 

(2) At the differential pressure of 0 MPa, the highest concentration of H2 in the reaction 

chamber as well as the sweep chamber is obtained for the thickness of 40 m irrespective of molar 

ratio of CH4:CO2. At the differential pressure of 0.020 MPa, the concentration of H2 in the sweep 

chamber for the thickness of 20 m is the highest among the investigated thicknesses, while the 

concentration of H2 at the outlet of the reaction chamber for the thickness of 20 m is the lowest 

among the investigated thicknesses irrespective of the molar ratio of CH4:CO2. On the other hand, at 

the differential pressure of 0.010 MPa, the optimum thickness of Pd/Cu membrane obtaining the 

highest concentration of H2 in the reaction chamber as well as that in the sweep chamber is not clear. 

(3) The concentration of H2 at the outlet of the reaction chamber and the sweep chamber 

increases with the decrease in the differential pressure between the reaction chamber and the sweep 

chamber relatively irrespective of the molar ratio of CH4:CO2, respectively. 

(4) The reaction performed in this study can be proposed as follows: (i) H2 is produced by 

Equation (1) or Equation (5). (ii) CO is produced after consuming H2 via Equation (2). (iii) Carbon 

and CO2 are produced after consuming a part of CO via Equation (6). 

(5) The highest concentration of H2 is 122711 ppmV which is obtained in case of CH4:CO2 =1:1 

at the reaction temperature of 600 ℃  and the differential pressure of 0 MPa using the Pd/Cu 

membrane whose thickness of 40 m. Under this condition, the kinetic rate is 0.86 mol/(m3・s) and 

the permeation flux is 0 mol/(m2・s). In addition, CH4 conversion, CO2 conversion, H2 yield, H2 

selectivity, CO selectivity, H2 permeability and thermal efficiency is 13.7 %, -5.73 %, 1.51 %, 2.84 %, 

97.2 %, 1.06×10-1 % and 11.0 %, respectively. 
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