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Abstract: This study 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 adopted a membrane 
reactor operated due to the non-equilibrium state with H2 separation from the reaction space. This study aimed 
to clarify the characteristics of Ni/Cr/Ru catalyst using for a biogas dry reforming membrane reactor. 
Additionally, this study also investigated the comparison of the characteristics of Ni/Cr/Ru catalyst with that 
of Ni/Cr catalyst. The impact of operation temperature, the molar ratio of CH4 : CO2, the differential pressure 
between the reaction chamber and the sweep chamber and the introduction of sweep gas on the characteristics 
of the biogas dry reforming membrane reactor using Pd/Cu membrane and Ni/Cr/Ru catalyst was examined. 
The concentration of H2 using Ni/Cr/Ru catalyst was larger than that using Ni/Cr catalyst by 2871 ppmV for 
the molar ratio of CH4 : CO2 = 1.5 : 1 at the reaction temperature of 600 ℃ and the differential pressure of 0 
MPa without a sweep gas, especially. Under this condition, CH4 conversion, H2 yield and thermal efficiency 
were 67.4 %, 1.77×10-2 % and 0.241 %, respectively. 

Keywords: biogas dry reforming; membrane reactor; Ni/Cr/Ru catalyst; Ni/Cr catalyst; operation 
condition 

 

1. Introduction 

Since H2 is a secondary energy source, it is thought to be one of promising fuels to solve the 
global warming problem in the world. Many countries including Japan are trying to develop the 
technology in order to produce H2 as well as the system using H2 as a fuel. Though there are many 
approaches to produce H2, this study focuses on a biogas dry reforming to produce H2. Generally, 
biogas is a fuel consisting of CH4 (55 – 75 vol%) and CO2 (25 – 45 vol%) [1], which 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 produced biogas was obtained in 
the world, which was approximately five times larger than that produced in 2020 [2]. It can be 
expected that the amount of produced biogas will increase more. Therefore, this study thinks that the 
biogas will be a promising source to produce H2. 

Generally speaking, a biogas is 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. This study has already 
proposed the combination system consisting of biogas dry reforming reactor and solid oxide fuel cell 
(SOFC) [4-6]. SOFC can use H2 as well as CO which is a by-product from biogas dry reforming as a 
fuel. Therefore, this study thinks that this system can be available for wider operation range of the 
proposed system. 

Many studies were investigated by some researchers [7-13]. The selection of the catalyst used for 
biogas dry reforming is important. According to the literature survey by the authors [7-11], a Ni-
based catalyst is the most popular catalyst type for biogas dry reforming. Tang et al. developed [7] 
Ni/Rh catalyst and revealed that the reaction of CH* → C* becomes difficult after doping of Rh, which 
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prevented the formation of C*. After that, the formation of carbon deposits was reduced and the 
carbon deposition resistance of the Rh-Ni catalyst was improved. Ni/Al/LDF developed by Rosset et 
al. [8] performed the CH4 conversion of 88 % and the CO2 conversion of 93 % at the reaction 
temperature of 700 ℃ . Bimetallic Ni/Ru and Ni/Re catalysts developed by Moreno et al. [9] 
performed the CH4 conversion of 75 % and the CO2 conversion of 82 % at the reaction temperature of 
1023 K. Ni-Ce/TiO2-ZrO2 developed by Shah and Modal [10] performed the maximum produced CH4 
of approximately 90 % and H2/CO ratio of 0.75 when CO2/CH4 ratio was 1.5. Ni/CO/TiO2 developed 
by Sharma and Dhir [11] performed the CH4 conversion of 87.13 % and the CO2 conversion of 92.6 % 
with 41.1 % production of H2. 

In addition, a Ru-based catalyst is also popular catalyst type for biogas dry reforming. Ru/ZrO2-
La2O3 catalyst developed by Soria et al. [12] performed the increase in the CH4 conversion and the 
CO2 conversion with temperature. The CH4 conversion and the CO2 conversion increased up to 25 % 
and 20 % at the reaction temperature of 500 ℃, respectively. Ru/Ni/Al2O3/MgAl2O4/YSZ catalyst 
developed by Andraos et al. [13] performed the CH4 conversion of 96 % and the CO2 conversion of 
98 % at 750 ℃. Ru/-Al2O3 investigated the molar ratio of CH4 : CO2 on the CH4 conversion and the 
CO2 conversion, the highest CH4 conversion and CO2 conversion were obtained in case of the molar 
ratio of CH4 : CO2 = 1.6 and 1.8, respectively. The highest CH4 conversion and the CO2 conversion 
were 56 % and 20 %, respectively. 

Though several Ni-based bimetallic catalysts have been investigated, Ni/Cr catalyst has not been 
investigated well without the authors’ previous study [5]. In addition, there is no study on the 
characteristics of Ni/Cr/Ru catalyst used for biogas dry reforming yet. Therefore, this study adopts a 
Ni/Cr/Ru catalyst for a biogas dry reforming in order to clarify the characteristics of Ni/Cr/Ru catalyst. 
In addition, this study compares the characteristics of Ni/Cr/Ru catalyst using for a biogas dry 
reforming with that of Ni/Cr catalyst using for a biogas dry reforming. 

In addition, it is important to operate lower temperature for the improvement of the thermal 
energy efficiency of the biogas dry reforming since the biogas dry reforming is an endothermic 
reaction. For this purpose, a membrane reactor is one effective procedure since the H2 production is 
promoted by providing the non-equilibrium state with H2 separation from the reaction space [5]. 
According to the authors’ previous study, 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. Therefore, this study adopts 
using Pd/Cu membrane. 

The aim of this study is to clarify the characteristics of Ni/Cr/Ru catalyst using for a biogas dry 
reforming membrane reactor. In addition, this study also conducts the comparison of the 
characteristics of Ni/Cr/Ru catalyst with that of Ni/Cr catalyst. The impact of operation temperature, 
the molar ratio of CH4 : CO2, the differential pressure between the reaction chamber and the sweep 
chamber and the introduction of sweep gas on the characteristics of the biogas dry reforming 
membrane reactor using Pd/Cu membrane and Ni/Cr/Ru catalyst is examined. 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 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 scheme can be considered: 
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H4 ↔ 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 

Figure 1 illustrates 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 (MCHNS1; 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 taps. 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 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 reaction 
space is 16 × 10-5 m3. A porous Ni/Cr/Ru (Ni: 69.2 wt%, Cr: 29.6 wt%, Ru: 1.2 wt%) catalyst is charged 
in the reaction chamber. In addition, Ni/Cr (Ni: 65 wt%, Cr: 35 wt%) catalyst is also charged in the 
reaction chamber as a reference catalyst. The mean hole diameter of Ni/Cr/Ru catalyst and Ni/Cr 
catalyst is 1.95 mm. From the manufacture’s brochure, the porosity of Ni/Cr/Ru catalyst and Ni/Cr 
catalyst is 0.93. The weight of charged Ni/Cr/Ru catalyst and Ni/Cr catalyst is 66.3 g and 55.3 g, 
respectively. 
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Figure 2. Schematic drawing of detail of reactor part. 

Figure 3 displays 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 20 m. The temperature 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 controlled by a data logger (GL240; Graphic Corporation). 

 

Figure 3. Photo of charged Ni/Cr/Ru catalyst in the reactor. 
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 [14], 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 [14]. This study 
investigates the effect of installation of sweep gas. 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 
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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 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 (GC320; 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. 

Parameters 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 [-] 0 (W/O), 1.0 (W) 

2.2. Assessment Factor to Evaluate the Performance of Membrane Reactor 

This study evaluates the performance of proposed membrane reactor by 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

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 reaction 
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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 



pCSCR

H

WWW
Q

  (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. Comparison of Each Gas Concentration in Reaction Chabmber and Sweep Chamber Using Ni/Cr/Ru 
Catalyst with That Using Ni/Cr Catalyst Changing the Reaction Temperature and the Differential Pressure 
between the Reaction Chamber and The Sweep Chamber 

Figures 4 and 5 show the impact of reaction temperature on each gas concentration in the 
reaction chamber and the concentration of H2 in the sweep chamber, respectively. The differential 
pressure between the reaction chamber and the sweep chamber is changed by 0 MPa, 0.010 MPa and 
0.020 MPa. In these figures, the molar ratio of CH4 : CO2 is 1.5 : 1. In addition, W and W/O indicates 
the condition with a sweep gas and that without a sweep gas, respectively in these figures. Each gas 
concentration in the reaction chamber and the sweep chamber using Ni/Cr/Ru catalyst is compared 
to that using Ni/Cr catalyst in these figures. According to Figures 4, it is seen that the concentration 
of H2 in the reaction chamber increases with the increase in the reaction temperature. DR is an 
endothermic reaction as shown in Equation (1), resulting that the reaction is progressed with the 
increase in the reaction temperature well according to the theoretical kinetic study [15]. This tendency 
is confirmed irrespective of catalyst type as well as the differential pressure between the reaction 
chamber and the sweep chamber. On the other hand, it is seen from Figure 5 that the concentration 
of H2 in sweep chamber increases with the increase in the reaction temperature. The concentration of 
H2 in the reaction chamber is higher at higher reaction temperature, resulting that the driving force 
to penetrate Pd/Cu membrane is larger due to the large H2 partial differential pressure between the 
reaction chamber and the sweep chamber, i.e. large concentration difference of H2 between the 
reaction chamber and the sweep chamber. As a result, the higher concentration of H2 in the sweep 
chamber is obtained. 

Regarding the impact of differential pressure between the reaction chamber and the sweep 
chamber, it is thought from Figures 4 and 5 that the concentration of H2 in the reaction chamber and 
the sweep chamber is higher with the decrease in the differential pressure. 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 in the reaction chamber. Since 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, the effect of pressure on the H2 separation performance is the 
largest. As a result, it is thought that the effective non-equilibrium state can not be obtained. 
Comparing the concentration of H2 in the reaction chamber shown in Figure 4, the concentration of 
H2 at the differential pressure of 0.020 MPa is relatively lower than that at the differential pressures. 
It is revealed that the production performance of H2 is lower at the differential pressure of 0.020 MPa 
according to this tendency. 

As to the impact of sweep gas, it is not large according to Figures 4 and 5. Since the produced 
H2 is not high, the driving force, i.e. the difference in the partial pressure of H2 between the reaction 
chamber and the sweep chamber is not high. As a result, it is thought that the improvement of H2 
separation is not obtained by the introduction of sweep gas. 
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Comparing the performance of catalyst type, the concentration of H2 in the reaction chamber 
and that in the sweep chamber using Ni/Cr/Ru catalyst are much higher than those using Ni/Cr 
catalyst according to Figures 4 and 5. This tendency is confirmed irrespective of the reaction 
temperature and the differential pressure. It is revealed from Figure 4 that the concentration of H2 
using Ni/Cr/Ru catalyst is higher than that using Ni/Cr catalyst by 2871 ppmV for the molar ratio of 
CH4 : CO2 = 1.5 : 1 at the reaction temperature of 600 ℃ and the differential pressure of 0 MPa without 
a sweep gas, especially. Since there is no previous study investigating the performance of Ni/Cr/Ru 
catalyst, it is a new knowledge obtained by this study. According to the previous study investigating 
Ni/Ru/Al2O3, Ni/Ru/MgAl2O4 and Ni/Ru/YSZ [13], the supported material, e.g. MgAl2O4 having the 
high sintering resistance played a very important role during DR reaction. In addition, these 
supported materials exhibited a high interaction between Ni and them, resulting that high activity 
and stability. On the other hand, Cr was investigated as a co-catalyst in the authors’ precious study 
[5]. As a result, it has been revealed that Ni/Cr is superior to Ni as a catalyst for biogas DR. In other 
words, Cr performs as a catalyst, not a supported material. In this study, Ni, Ru and Cr have been 
selected as catalyst. This study thinks that the synergy effect of them is obtained. 

 

 
(a) 

 
(b) 
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(c) 

Figure 4. Comparison of each gas concentration in reaction chamber using Ni/Cr/Ru catalyst with 
using Ni/Cr catalyst changing reaction temperature (CH4 : CO2 = 1.5 : 1, differential pressure: a): 0 
MPa, b): 0.010 MPa, c): 0.020 MPa). 

 
(a) 

 
(b) 
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(c) 

Figure 5. Comparison of each gas concentration in sweep chamber using Ni/Cr/Ru catalyst with using 
Ni/Cr catalyst changing reaction temperature (CH4 : CO2 = 1.5 : 1,  differential pressure: a): 0 MPa, 
b): 0.010 MPa, c): 0.020 MPa). 

3.2. Comparison of each Gas Concentration in Reaction Chabmber and Sweep Chamber Using Ni/Cr/Ru 
Catalyst with That Using Ni/Cr Catalyst Changing The Molar Ratio and the Differential Pressure between 
the Reaction Chamber and the Sweep Chamber 

Figures 6 and 7 show the impact of molar ratio on each gas concentration in the reaction chamber 
and the concentration of H2 in the sweep chamber, respectively. The differential pressure between 
the reaction chamber and the sweep chamber is changed by 0 MPa, 0.010 MPa and 0.020 MPa. In 
these figures, the reaction temperature is 600 ℃. In addition, W and W/O indicates the condition with 
a sweep gas and that without a sweep gas, respectively in these figures. Each gas concentration in the 
reaction chamber and the sweep chamber using Ni/Cr/Ru catalyst is compared to that using Ni/Cr 
catalyst in these figures. 

It is seen from Figure 6 that the highest concentration of H2 is obtained for the molar ratio of CH4 
: CO2 = 1.5 : 1 at 600 ℃ irrespective of the differential pressure and the catalyst type. The tendency 
that the highest concentration of H2 is obtained for the molar ratio of CH4 : CO2 = 1.5 : 1 among the 
investigated molar ratios matches with the authors’ previous study investigating Ni and Ni/Cr 
catalyst [5]. The reaction mechanism to explain why the highest concentration of H2 is obtained for 
the molar ratio of CH4 : CO2 = 1.5 : 1 can be explained as follows [5]: Since the amount of CH4 is larger 
in this case, (i) H2 is produced by the reactions shown in Equation (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 the reactions shown in Equations (1) and (2) is consumed by Equation (6), (iv) H2O 
produced by the reactions shown in Equation (2) and (3) are consumed during Equation (4). 

According to Figure 7, the concentration of H2 in the sweep chamber is the highest for the molar 
ratio of CH4 : CO2 = 1.5 : 1 among the investigated molar ratios. The concentration of H2 in the reaction 
chamber is higher at higher reaction temperature, resulting that the driving force to penetrate Pd/Cu 
membrane is larger due to the large H2 partial differential pressure between the reaction chamber 
and the sweep chamber, i.e. large concentration difference of H2 between the reaction chamber and 
the sweep chamber. As a result, the higher concentration of H2 in the sweep chamber is obtained. 

Comparing the performance of catalyst type, the concentration of H2 in the reaction chamber 
and that in the sweep chamber using Ni/Cr/Ru catalyst are much higher than those using Ni/Cr 
catalyst, especially for the molar ratio of CH4 : CO2 = 1.5 : 1 according to Figures 6 and 7. It is revealed 
that the superiority of Ni/Cr/Ru catalyst is obtained following the reaction mechanism as explained 
above. As to carbon deposition which is explained by Equations (5) and (6), this study has confirmed 
by the photo shown in Figure 8. We can observe that the color of catalyst is changed into black, which 
indicates a carbon deposition after the experiment. In addition, as to H2O formation which is 
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explained by Equations (2) and (3), this study has confirmed by the naked observation using gas bag 
shown in Figure 9. The left figure in Figure 9 is the gas bag to capture H2O which remains in the red 
circle shown in Figure 9. The changed color area on the white bar to capture H2O, which is shown in 
the right figure in Figure 9, indicates the formation of liquid H2O. During the experiment, H2O exists 
as a vapor since the reaction temperature is over 400 ℃. After capturing H2O by gas bag, the phase 
of H2O changes into a liquid due to temperature drop. 

 

 
(a) 

 
(b) 
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(c) 

Figure 6. Comparison of each gas concentration in reaction chamber using Ni/Cr/Ru  catalyst 
with using Ni/Cr catalyst changing molar ratio (CH4 : CO2 = 1.5 : 1, differential pressure: a): 0 MPa, b): 
0.010 MPa, c): 0.020 MPa). 

 
(a) 

 
(b) 
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(c) 

Figure 7. Comparison of each gas concentration in sweep chamber using Ni/Cr/Ru catalyst with using 
Ni/Cr catalyst changing molar ratio (CH4 : CO2 = 1.5 : 1, differential pressure: a): 0 MPa, b): 0.010 MPa, 
c): 0.020 MPa). 

 
Figure 8. Photo of used catalyst (left: before experiment, right: after experiment). 

 

Figure 9. Photo of captured H2O by gas bag. 

3.3. Comparison of Assement Factor among the Investifated Experimental Conditions 

To investigate the preformance of proposed membrane reactor using Ni/Cu/Ru catalyst and 
Pd/Cu membrane, Tables 2–4 list comparison of CH4 conversion, CO2 convresion, H2 yield, H2 
selectivity, CO selectivity, H2 permeability, permeation flux and thermal efficiency for the different 
temperature, the molar ratio of CH4 : CO2 and the diffenretial pressure between the reaction chamber 
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and the sweep chamber, respectevely. In these tables, the assement factors for Ni/Cu are also listed 
as a reference. 

It is found from Tables 2–4 that the most of the CO2 conversion shows a negative value. 
According to the concentration of H2, CH4 and CO2 shown in Figures 4–7 as well as CH4 conversion 
and CO2 conversion listed in Tables 2–4, the reaction consuming CH4 and producing CO2 occurs [5]. 
In addition, it is seen from Tables 2–4 that CO selectivity is much higher than H2 selectivity. Though 
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and H2O has been confirmed as explained before. 

Table 2. Comparison of CH4 conversion, CO2 conversion, H2 yield, H2 selectivity, CO selectivity, H2 
permeability, permeation flux and thermal efficiency (pressure difference: 0 MPa; (a) CH4 : CO2 = 1.5 
: 1, (b) CH4 : CO2 = 1 : 1, (c) CH4 : CO2 = 1 : 1.5). 
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Table 3. 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 = 
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Table 4. Comparison of CH4 conversion, CO2 conversion, H2 yield, H2 selectivity, CO selectivity, H2 
permeability, permeation flux and thermal efficiency (pressure difference: 0.020 MPa; (a) CH4 : CO2 = 
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From the investigation by this study, the highest concentration of H2 using Ni/Cr/Ru catalyst is 
obtained for the molar ratio of CH4 : CO2 = 1.5 : 1 at the reaction temperature of 600 ℃ and the 
differential pressure of 0 MPa without a sweep gas, which is 3080 ppmV. Under this condition, CH4 
conversion, H2 yield and thermal efficiency are 67.4 %, 1.77×10-2 % and 0.241 %, respectively. This 
result is not high compared to the previous study using Ni based catalyst and Ru based catalyst [7-
13]. To improve the performance of H2 production and thermal efficiency, the following subjects can 
be considered: (i) the optimization of catalyst shape and composition, i.e., the pore size and the weight 
ratio of Ni, Cr and Ru, (ii) the optimization of thickness and composition of Pd/Cu membrane, i.e. the 
thinner membrane and the smaller ratio of Cu, (iii) matching of the H2 separation rate of Pd/Cu 
membrane and the H2 production rate of the catalyst, e.g. Ni/Cr/Ru, deciding the optimum operation 
condition. They are the future work in this study. 

4. Conclusions 

This study has investigated to clarify the characteristics of Ni/Cr/Ru catalyst using for a biogas 
dry reforming membrane reactor. In addition, this study has also investigated the comparison of the 
characteristics of Ni/Cr/Ru catalyst with that of Ni/Cr catalyst. The impact of operation temperature, 
the molar ratio of CH4 : CO2, the differential pressure between the reaction chamber and the sweep 
chamber and the introduction of sweep gas on the characteristics of the biogas dry reforming 
membrane reactor using Pd/Cu membrane and Ni/Cr/Ru catalyst has been examined. As a result, the 
following conclusions can be drawn: 
(i) It is revealed that the concentration of H2 in the reaction chamber increases with the  
 increase in the reaction temperature. This tendency is confirmed irrespective of the  
 catalyst type as well as the differential pressure between the reaction chamber and the  
 sweep chamber. 
(ii) It is revealed that the concentration of H2 in the sweep chamber increases with the  
 increase in the reaction temperature. Since the concentration of H2 in the reaction  
 chamber is higher at higher reaction temperature, the driving force to penetrate Pd/Cu  
 membrane is larger due to the large H2 partial differential pressure between the  
 reaction chamber and the sweep chamber. As a result, the higher concentration of H2  
 in the sweep chamber is obtained. 
(iii) It is revealed that the concentration of H2 in the reaction chamber and the sweep  
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 chamber is higher with the decrease in the differential pressure. 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 in the reaction  
 chamber. As a result, it is thought that the effective non-equilibrium state can not be  
 obtained. 
(iv) Regarding the effect of sweep gas, since the produced H2 is not high, the driving force,  
 i.e. the difference in partial pressure of H2 between the reaction chamber and the  
 sweep chamber is not high. As a result, it is thought that the improvement of H2  
 separation is not obtained by the introduction of sweep gas. 
(v) Comparing the performance of catalyst type, the concentration of H2 in the reaction  
 chamber and that in the sweep chamber using Ni/Cr/Ru catalyst are much larger than  
 those using Ni/Cr catalyst. This tendency is confirmed irrespective of the reaction  
 temperature and the differential pressure. 
(vi) From the investigation by this study, the concentration of H2 using Ni/Cr/Ru catalyst  
 is larger than that using Ni/Cr catalyst by 2871 ppmV for the molar ratio of CH4 : CO2  
 = 1.5 : 1 at the reaction temperature of 600 ℃ and the differential pressure of 0 MPa  
 without a sweep gas, especially. This study thinks that the synergy effect of them is  
 obtained. 
(vii) It is revealed that the highest concentration of H2 is obtained for the molar ratio of  
 CH4 : CO2 = 1.5 : 1 at 600 ℃ irrespective of the differential pressure and the catalyst  
 type. The tendency that the highest concentration of H2 is obtained for the molar ratio  
 of CH4 : CO2 = 1.5 : 1 among the investigated molar ratios matches with the authors’ 
 previous study investigating Ni and Ni/Cr catalyst. 
(viii)  According to the assessment evaluation, the CO2 conversion shows a negative value  
 and CO selectivity is much higher than H2 selectivity. The reaction mechanism can be  
 explained as follows: (i) H2 is produced by the reactions shown in Equation (1) and  
 (5); (ii) the produced H2 is consumed by the reaction shown in Equation (2), resulting  
 that CO is produced; (iii) a part of CO produced by the reactions 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). 
(ix) From the investigation by this study, the highest concentration of H2 using Ni/Cr/Ru  
 catalyst is obtained for the molar ratio of CH4 : CO2 = 1.5 : 1 at the reaction temperature  
 of 600 ℃ and the differential pressure of 0 MPa without a sweep gas, which is 3080  
 ppmV. Under this condition, CH4 conversion, H2 yield and thermal efficiency are  
 67.4 %, 1.77×10-2 % and 0.241 %, respectively. 
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