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Catalytic membrane reactors, consisting of a silica microporous layer and a Ni-catalyst layer, 
were prepared for the application of steam reforming of methane. Ni-catalysts were 
impregnated inside a-alumina supports (average pore size: 1 11m; outer/ inner diameter: 10/ 8 
mm; length 9 cm), followed by coating microporous silica layers for hydrogen separation on the 
outer surface of the Ni-impregnated supports. membrane reactors hydrogen 
selectivity over nitrogen of 30-100 with hydrogen permeance of l-10xl0'6 m\STP)m- 2s' 1kPa· 1 

were applied to the steam reforming of methane with addition of a small amount of oxygen. The 
reaction was carried out at 500 °C, and feed and permeate pressure were at l kPa and 20 
kPa, respectively. The ratio of feed flow rate of steam to CH4 (S/C) was kept at 3, while that of 
oxygen to CH4 (0/C) was controlled at 0 or 0.2. Methane conversion was increased upto 0.8 
beyond the equilibrium (0.44 on the present condition) with hydrogen extraction. Steam 
reforming of methane with hydrogen extraction showed a lower temperature the catalytic 
membranes, especially in inlet region of the catalytic membrane, than without hydrogen 
extraction, suggesting that steam reforming reaction of endothermic reaction was enhanced by 
hydrogen extraction. The experimental results (conversion and hydrogen recovery) showed a 
reasonably good agreement with the simulations of a eo-current, isothermal and plug-flow-type 
membrane reactor. 
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I. INTRODUCTION 
Production of hydrogen by reforming of methane is 

limited, since the main reaction of methane reforming, 
that is, the steam reforming of methane (SRM) 
CH4+H20=C0+3H2, and the water shift reaction CO + 
H20 = C02 + H2 are subject to the thermodynamic 
equilibrium. A number of studies of membrane reactors 
for methane steam reforming using dense membranes 
such as palladium have been reported [1], while a 
limited number of papers have repmted on membrane 
reactors for methane reforming that use porous 
membranes: steam reforming of methane using alumina 
membranes [2] and silica membranes [3, 4], and C02 

reforming of methane using microporous silica 
membranes [5]. Membrane characteristics such as the 
permeabilities of hydrogen, water vapor, and methane, 
crucial factors that influence the performance of 
membrane reactors, have not been extensively 
investigated. Additional experimental investigations of 
membrane reactors using porous membranes would be 
important from the viewpoint of the dependency of the 
performance of membrane reactors on operating 
conditions (flow rate, pressure). 

Another important factor is that SRM reaction is 
endothermic. The possibility of an autothermal reaction, 
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that is, a self-sustaining reaction in terms of reaction 
heat, was pointed out for the case of the SRM reaction 
with added oxygen (OSR) in a palladium membrane 
reactor [6]. 

In this study, catalytic membrane reactors, consisting 
of a silica hydrogen separation layer on Ni-catalyst 
impregnated substratcs, were and used for 
methane steam reforming with the addition of oxygen. 

2. EXPERIMENTAL 
The nickel catalyst was immersing an 

a-alumina porous substrate (pore size 1 flm, outer 
diameter 10 mm, inner diameter 8 mm, length 9 cm) in 
the nickel nitrate solution, followed at 500 OC 
in air. The hydrogen separation layer was then formed 
on the outer surface of the substrates [3, Catalytic 
membranes were fired in air at 500 OC, and reduced to 
the elemental state by treatment with hydrogen at 500 OC 
prior to use [3]. 

A mixture of methane and steam (H20/CH4 =3) was 
continuously supplied to the catalytic membranes at a 
methane flow rate of approximately 0.5-20xl0'6 mol s·1

• 

The feed stream was approximately atmospheric, while 
the permeate stream was evacuated down to 
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approximately 20 kPa using a diaphragm pump. The 
reaction was carried out at 500 'C. Reactant gaseous 
mixtures were fed to the inner stream of the cylindrical 
membranes. Gas compositions were determined using 
two types of on-line gas chromatographs: GC-1 and 
GC-2. GC-1, equipped with a packed column of 
Gaschropack 54 at an operating temperature of 180 ~C 
was used for the analysis of water vapor and C02, whtle 
GC-2 with Molecular-Sieves operated at 80 'C was used 
for other gases such as H2, N2, and CO. The material 
balance of carbon, hydrogen, and oxygen atoms was 
within the maximum errors less than 10%. 

3. RESULTS AND DISCUSSION 

3.1 Catalytic membranes 
Figure 1 shows a cross-section of a catalytic 

membrane. An intermediate layer can be observed on 
the outer surface of the substrate with a thickness of 
approximately 1~2 11m. The top layer, which functions 
for hydrogen perm-selectivity, appears to be less th~ 1 
Jlm. Nickel catalysts were observed on the a-alumma 
support. The average amount of Ni impregnation was 
approximately 0.25 g. 

Intermediate 
layer 

a-AI20.3 
support (Ni­

catalyst) 

Fig. 1 Cross-section of a catalytic membrane 

3.2 Effect of added oxygen on temperature profile of 
catalytic membranes 

Figure 2 shows a temperature profile along the axis; 
the temperature of the outside of the membrane housing 
was maintained at 500 oc and the temperature inside the 
cylindrical membrane was measured by moving the 
location of the thermocouple inside the membrane. The 
temperature along the membrane axis was 500 :i: 5 oc 
under conditions of N2 flow. For the case of the SRM 
reaction without membrane permeation (SRM/ wP), the 
inside temperature, which was 490 °C at the inlet due to 
the endothermic reaction, increased along the axial 
direction and approached the same temperature profile 
as that for nitrogen flow, indicating that SRM occurred 
mainly in the first half of the membrane and no reaction 
occurred in the last half. With membrane permeation, 
the temperature decreased several °C. This indicates that 
the endothermic SRM reaction was enhanced by 
membrane permeation. For the case of OSR, the 
temperature was approximately 510 °C at the inlet, 
decreased drastically and then had approximately the 
same profile as that for N2 flow especially in the last half 
of the catalytic membrane. No oxygen was detected in 
the permeate or retentate stream, suggesting that it was 
suggested that the exotherrnic reaction of methane 
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Fig. 2 Temperature profile along the axial direction for 
OSR (a) and SRM (b) (M-8; FcH4"'l.3xl0-5 mol s·1

; 

S/C"'3, 0/0=0.2; Ph""l 00 kPa, PI=20kPa) 

510 ,..---------------

~0.5 

49o L _ _._=:=::======~-_j 
0 0. 2 0. 4 0. 6 0. 8 

L/Z H 

Fig. 3 Temperature profile along the axial di:ection for 
SRM and OSR without membrane permeatton (M-8; 

Frn4=3.8xl0-6 mol s·1; S/C=3, Ph""100 kPa) 

combustion occurred near the inlet, followed by an 
endothermic steam reforming reaction. With membrane 
permeation, the temperature profile decreased by several 
°C, similarly to SRM. 

Figure 3 also shows temperature profiles along the 
axis for the case of SRM and OSR without membrane 
permeation. The effect of the flow rate of oxygen on 
temperature profile under a constant Cf4 flow rate is 
shown in the figure. The inlet temperature of SRM 
reaction was approximately 497 "C, which is higher than 
the case of Fig. 2 due to a lower flow rate of methane. 
With an increase in 0/C, in the range of 0 to 0.5, the 
temperature at the inlet increased from 497 to 508 °C. 
Therefore, temperature was found to be dependent upon 
both feed flow rate of methane and oxygen. Based on 
the temperature profile, it would be expected that the 
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reaction of methane reforming could be autothermal, if 
the controlled addition of oxygen along the catalytic 
membrane is possible. 

Figure 4 shows the time course for the conversion and 
flow rate during steam reforming (SRM) and oxidative 
stream reforming (OSR) reactions with/ without 
membrane permeation. For the case of SRM, the 
conversion of methane without membrane permeation, 
which was achieved by closing the permeate stream, 
showed approximately the same value as the equilibrium 
conversion of 0.44 at 100 kPa, and increased with 
membrane permeation where the permeate stream was 
evacuated to approximately 20 kPa. It should be noted 
that the total flow rate was also increased with 
membrane permeation. For the case of OSR with an 
oxygen addition of O/C=0.2, the value for methane 
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Fig. 4 Time course ofCH4 conversion for OSR 
and SRM with/ without H2 permeation. 

(P1=100kPa, P2=20 kPa; S/C=3; 500 °C) 

510.-------------------------~ 

a) 
500 

490 
510 

b) 

CH4 [mol s·'] 
-+ .. Nz _._ 3.8x10"' 

........_ 8.7x10"' 

...- 11.7x10 .. 

E 500 
"' ..... ., 
c. 
E ., 
1-

490 
0 0.2 

CH4 [mol s·1] 

-+·· N2 _._ 3.8x10"" 
-A- 7.9x10 .. 

-- 9.7x10 .. 

0.4 0. 6 0. 8 

L/Z [-] 

Fig. 5 Temperature profile along the axial direction 
for SRM without membrane permeation (fresh (a) 

and after l80h reaction (b)) 

conversion without membrane permeation was larger 
than that of SRM because of methane combustion, and 
increased with membrane permeation. In terms of total 
flow rate and permeate flow rate, the flow rates 
increased by membrane permeation. 

3.3 Stability of catalytic activity 
Figure 5 shows temperature profiles of a catalytic 

membrane fresh and after 180 hr reaction. Temperature 
decrease observed in the firs half was obvious for the 
case of a fresh catalytic membrane, while that was not 
clearly observed after 180 hr reaction. This is probably 
caused by degradation of catalysts such as coking and 
sintering. Figure 6 shows SEM photos of impregnated 
catalyst of fresh, 180 hr, and long-term reaction. It is 
clear that Ni-catalysts of a fresh membrane was 
approximately 0.1 11m in size, and after long term 
reaction, the size was increased to 0.2-0.3 11m, indicating 
degradation of catalytic activity was caused by sintering. 

(a) 

(b) 

(c) 

Fig. 6 SEM photos of catalyst. (fresh (a), after 
180h reaction (b), and long term reaction (c).) 
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3.4 Catalytic membrane reaction 
Figure 7 shows data on the conversion of methane, 

XcH4• hydrogen yield, Y H2, and flow rate of the retentate 
and permeate streams, when a microporous silica 
membrane, M-11, was used. Conversion without 
membrane penneation showed approximately an 
equilibrium conversion {0.44 on the present condition), 
indicating that the reaction rate was sufficiently high in 
the experimental ranges of methane feed flow rate. XcH4, 

which was increased with membrane permeation, and 
hydrogen yield, Ym, increased to approximately 0.8 and 
3, respectively, with a decrease in CJ4 feed flow rate. 
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Fig. 7 Hydrogen yield, and CH4 conversion as a 
function ofCH4 inlet flow rate (Mll; SRM; ph== lOO 
k:Pa, Pl=20k:Pa; S/C=3; P(H2)=5.9xi0-6

/ 4.5xl0·6 

m3m"2s"1k:Pa·l, a(H2/N2)=87/69 before/ after 
reaction; a{H2/Hz0)=8) 

4. CONCLUSIONS 
Methane steam reforming with and without 

oxygen addition was theoretically and 
e~~erimentally investigated using microporous 
silica membranes, which allow the permeation of 
hydrogen as well as the feed and reactant gases 
based on permselectivity. Catalytic membrane 
reactors, consisting of a silica microporous layer 
and a Ni-catalyst layer, were prepared. Catalytic 
membra?e reactors showing hydrogen selectivity 
over mtrogen of 30-100 with a hydrogen 
permeance of l-10xl0·6 m3(STP)m-2s-lkPa·l 
were applied to the steam reforming of methane 
The reaction was carried out at 500 °C, and the 
feed and permeate pressure were maintained at 
100 kPa and 20 kPa, respectively. Methane 
conversion, XcH4, increased up to approximately 
0.8 beyond the equilibrium conversion of 0 44 by 
extracting hydrogen in permeate stream, a~d the 
permeated hydrogen yield, Y H2, reached a 

maximum of 3 with membrane permeation. 
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