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Abstract-Methane steam refonniug has been carried out in a Pd-Ru membrane reactor at 500-600 ~ The mem- 
brane reactor consisted of a Pd-6%Ru tube of 100 gm wall thickness and commercial catalysts packed outside of the 
membrane. The methane conversion was significantly enhanced in the membrane reactor in which reaction equilibrium 
was shifted by selective permeation of hydrogen through tile meillblarle. The methane coilversion at 500 ~ was 
improved as high as 80% in the membrane reactor, while equilibrium conversion in a fixed-bed reactor was 57%. 
The effect of gas flow rate and temperature on the performance of the membrane reactor was investigated and the 
results were compared with tile simulated result from tile model. The model predictioil is ill good agreement with 
tile expefiilleiltal result. In order to apply tile membrane in practice, however, file thicklleSS of tile membrane has 
to be reduced. Therefore, the effect of membrane thickness on performance of the membrane reactor was estimated 
using the model. 
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INTRODUCTION 

Palladium-based membranes have been extensively studied in 
membrane reactor configurations to enhance tile conversion or 
selectivity of  dehy&ogenation or hy&ogenation reactions [HsietL 
1996; Gryaznov and Orekhova, 1998]. In the case of  eqnilib- 
riuill-limited dehydrogenation reaction, tile close coupling of tile 
reaction with selective permeation of hydrogen through the mem- 
brane significantly increased the conversion of the reaction at 
constant temperature. Reduction of the operating temperature 
while keeping the same conversion of the dehydrogenation reac- 
tion is also possible in tile palladium membrane reactor clue to 
the shift of  equilibrium toward the hydrogen-producing side. In 
the mean time, high purity hydrogen could be obtained from 
tile permeate side of tile membrane reactor. 

In membrane application, palladium is usually alloyed with 
oilier metals to increase tile mechanical strength, hydrogen sol- 
ubility and catalytic activity of the membrane toward hydrogen 
dissociation. Palladium-silver membrane has been commonly 
used for purification of hydrogen. Palladium-rutilenium alloy is 
known to be very stable at high temperature up to 550 ~ and 
the long-term strength of this alloy at high temperature was 
greater by a factor of 5 than that of  pure palladiunl [Gryaznov 
and Orekhova, 1998]. Pure palladium membrane is sensitive to 
poisoning and coking. On tile other hand, it was found tiaat pal- 
ladium-mthenium membrane had higher resistivity towards po- 
isoning, stabilizing the hydrogen permeation rate for longer time 
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during hydrogenation reaction. With the increase of ruthenium 
content, file hydrogen permeability ti~-ough tile palladiuill-ruthe- 
nium membrane attained a maximum at a ruthenium content of 
about 5.5 wt%. 

In this study, we used palladium-ruthenium membrane to in- 
vestigate the enhancement of the conversion of methane steam 
reforuling reaction. In conventional technology, tilis reaction is 
carried out in multi-tubular fixed-bed reactors operated at tem- 
peratures up to 850 ~ Previous works on palladium-based mem- 
branes showed that the equilibrium of the steam reforming reac- 
tion could be considerably shifted, resulting in an increase of me- 
thane conversion or reduction of operating temperature [Saracco 
and Specchia, 1994; Adris et al., 1997; Kiln et al., 1 999]. The 
higher stability of the palladium-ruthenium membrane and its 
higher resistivity toward poisoning would be ideal for tiffs mem- 
brane to be applied in methane steam reforming reaction. The aim 
of tilis study is first to conflrln tile enhancement of  tile conver- 
sion of the reaction using Pd-Ru membrane, and then to discuss 
the possibility of using this membrane in practical application. 

EXPERIMENTAL 

1. Membrane 
Pd-6 wt%Ru membrane tubes of 0.95 mm outside diameter 

and 100 gill wall thickness were supplied fi-om Russia (Ekater- 
inburg Plant of Nonferrous Metals Processing). Stainless steel 
tubes of 1/16" outside diameter were connected at either side of 
a 12.8 cm-long membrane tube by gold welding. 
2. Reactor 

The reactor consists of a membrane tube placed concentric 
to an outer quartz tube of 6 mm inner diameter. Tile nickel ca- 
talysts (ICI 46-1) of 30-40 mesh particle size were packed in the 
annulus region. Tile total weight of tile catalyst was 3.1 g. 
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A mixture of methane, water vapor and argon with a molar 
ratio of 1:4:4 was introduced to the feed side (catalyst side) of 
the membrane. Water was injected to the feed stream with a 
pump. In the permeate side of the membrane, argon was used as 
a sweep gas. The gas composition at the outlet of  the membrane 
reactor was analyzed by using a gas chromatograph (HP58901~) 
after removal of water fronl the stream. Methane conversion 
(Xc, ee4) was calculated by carbon balance as: 

Xc~4- x~.o +Xoo~ (1) 
Xc~4 q-Xco +Xco2 

where x: denotes the mole fraction of component j. 

M O D E L  

A relatively simple mathematical model was established to 
simulate the performance of the membrane reactor with catalyst 
on the feed side. Two independent reactions taking place in the 
reactor are: 

CH4+H20 CO+ 3H~ (2) 
CO+H,O=CO,+H, (3) 

The steady-state material balance for component j in the feed 
side and permeate side of the membrane reactor is derived by 

considering longitudinal variation. 

In the feed side of the membrane 

d(04%) ~dQ~' '+Wc/Lr,=0 (4) 

In the permeate side of the membrane 

d(Qpy,) +=dQ~ ~ =0 (5) 

where Q~ x:, Qp, yj are total molar flow rate and gas composition 
in the feed side and permeate side, respeclively, d is diarneter of 
the membrane, Wc denotes the weight of catalyst, and L is the 
length of  the membrane reactor. 

The permeation rate of component j ttn-ough the Pd-Ru mem- 
brane, Q S  ~, is given for hydrogen as: 

K,( pgs-X,- pZgg y ) 

where P~ and Pp are total pressure in the feed side and permeate 
side, respectively, and Kj is permeation rate constant. Since only 
hydrogen can permeate through the membrane, K:= 0 for com- 
ponents other than hydrogen. 

Reaction rate of  component j, rj, in Eq. (4) is based on cata- 

lyst weight and can be expressed as follows. 

r~ <, r~+v~ r~ (7) 

where v2j, h, v> r3 are stoichiometric coefficient and reaction 
1-ate for reactions (2) and (3), respectively. The following rate ex- 
pression is used for reaction (2) [Tsot,sis et al., 1993], 

r2=k~ Pcs4 Pmo ks P~a Pco (8) 

where k~ and k2 are reaction rate constants related to the equili- 
briunl constmlt for reaction (2), as: 

Table 1. Typical reaction conditions and parameters 

Methane feed: 2-7.5 cm3[STP]/min 

Feed composition: xc,s4: xs2o:x~ = 1 : 4:4 
Reactor temperature: 500 ~ 

Feed- and permeate-side pressure: P:,=Pp= 1 atm 
Catalyst weight: Wc=l .3  g 

Membrane length and outer diameter: L 12.8 cm, d 0.095 cm 

Permeation rate constant for hydrogen: 
K~ 4.7 c n l 3 [ S T P ] / n l i n - g n l 2 - a _ l l i !  ~ 5 

Reaction rate constant: k~ = 1.209 • 10 4 mol/s_gcat_atm 2 
Equilibrium constants: Kp2=9.398 • 10  .4 a t m  2 

I~3=5.139 

Kp : v / t ~ -  PhPco (9) 
*-1, *-2 PcNaPs~o 

We assume that the water-gas shift reaction (3) is always in 
equilibrium with the following equilibrium constant, 

P~Pco~ 
K ~ 3 - ~  (10) 

The goveming E@. (4) and (5) were nondilnensionalized and 
solved together with Eq. (6)-(10) by IMSL subroutines. In the 
model, there are no adjustable lmrameters except for the reaction 
rate constant kl which was determined fi-onl the result of  a f~xed- 
bed reactor. Typical reaction conditions and lmrameters are sum- 
nrarized in Table 1. 

R E S U L T  A N D  D I S C U S S I O N  

1. Effect  of  Feed  F low Rate  

Fig. 1 shows the effect of  the feed flow rate on the methane 
conversion in the membrane reactor at 500 ~ The methane con- 
version without a sweep gas flow increased slightly with de- 
creasing the feed flow rate and became close to the equilibrium 
conversion of 57% which could be obtained in a fixed-bed reac- 
tor at relatively low rate of feed flow. With a sweep gas flow of 

Fig. 1. Effect of feed f low rate on methane conversion at 500 
~ 
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Fig. 2. Effect of  feed f low rate on mole fraction of  H: in the 
membrane  reactor at 500 ~ 

150 cc/min, the methane conversion increased significantly. At a 
feed flow of  18 cc/mirl, the methane conversion was improved to 
80~ The difference in conversion with and without sweep gas 
flow incre0~sed with decreasing the flow rate of reactants. The 
effect of  the feed flow rate on the mole fraction of hydrogen at 
the feed outlet is shown in Fig. 2. Without a sweep gas flow, the 
hydrogen mole fi-action at the feed outlet was about 30% and 
increased slightly as the feed flow rate decreased. On the other 
hand, the hydi-ogen mole fraction in the presence of a cc~lstmlt 
sweep gas flow decreased below 25% as the feed flow rate de- 

creased 
Ills clear fi-om Fig. 1 and Fig. 2 that reaction equilibrium is 

shifted by using a Pd-Ru membrane reactor in which H2 partial 
pressure is lower at the reaction zone due to the continuous re- 
moval of H2 through the membrane. Increasing the feed flow rate 
in the presence of sweep gas flow decreases the magnitude of  the 
equilibrium shift clue to the reduction in the fi-action of hydrogen 
separated by permeation at the same membrane capacity. In ad- 
dition, at relatively high feed flow rate, the methane conversion 
is not COlnpletely restricted by equilibrium since the methane 
conversion at higher feed flow rate is lower than equilibrium con- 
version as shown in Fig. 1. Therefore, methane conversion in the 
membrane reactor decreases further with increasing the feed 
flow rate. The solid lines in Fig. 1 and Fig. 2 represent the re- 
sults estmlated fi-Oln the model inc!ica~lg that the model predicts 
closely the performance of a membrane reactor. 
2. Ef fec t  of  S w e e p  G a s  F l o w  Rate  

Fig. 3 shows the effect of sweep gas flow rate on the methane 
conversioll Increasing the sweep gas flow increases the methane 
conversioi1 This is clue to the reduction of hydrogen partial pres- 
sure in the permeate side, increasing the driving force for perme- 
ation and resulting in the higher rates of hydrogen removal from 
the reaction zone. The increase in conversion, however, becomes 
relatively small as the sweep gas flow increases. The simulated 
result from the model depicted as a solid line in Fig. 3 agrees 
well with the experimental result. 
3. Ef fec t  of  T e m p e r a t u r e  

As the temperature incre0~ses, hydrogen permeation rate thiough 
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Fig. 3. Effect  of  sweep gas f low rate on methane  conversion at 
500 ~ 

Fig. 4. Effect of temperature on melhane conversion in the mem- 
brane reactor. 

the membrane as well as the reaction rate increase, resulting in 
the increase of methane conversion as shown in Fig. 4. At  600 
~ the equilibrium conversion in a fixed-bed reactor is 89% 
while nearly complete conversion of methane can be obtained in 

a membrane reactor. 
4. C o m p a r i s o n  wi tb  an S i O  2 M e m b r a n e  R e a c t o r  

Previously, we carried out methane steam reforming in an 
SiO2-carrying porous glass membrane reactor which was pro- 
duced by chemical vapor deposition of SiO 2 on porous glass 
[Ha et al., 1993]. The performance of a 16 cm-lorlg S iQ  mem- 
brane reactor containing the salne amount of catalyst is com- 
pared with that of  Pd-Ru membrane reactoE Fig. 5 shows that 
much higher methane conversion can be obtained in the Pd-Ru 
membrane reactor due to the higher pemleation rate of hydrogen 
ttnough the Pd-Ru membrane. Permeation rate of  hydrogen 
thi-ough the SiO2 membrane at 500 ~ is one order of magifitude 
lower than that thiough the Pd-Ru membrane: 0.106 c~13 [STP]/ 
min-cm2-atm for SiO2 membrane and 4.7 cm3[STP]/min-cm 2- 
atm ~2 for Pd-Ru membrane. So the extent of  equilibrium shift 
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tempts have been made recently to produce thinner membranes 
[Shu et al., 1994]. It is expected from Fig. 6 that Pd-Ru mem- 
brane of 10 grn thickness would be used for practical applica- 
tions. Research is now underway to fabricate thin films of Pd- 
Ru films on porous ceramic suppart. 

S U M M A R Y  

Fig. 5. Comparison of the performance of  membrane  reactors 
at 500 ~ 

Methane steam reforming has been carried out at 500-600 ~ 
in a membrane reactor made of a Pd-6% Ru tube. The methane 
conversion was significantly enhanced in the membrane reactor. 
The conversion at 500 ~ was improved as high as 80% in the 
membrane reactor while equilibrium conversion in a fixed-bed 
reactor was 57%. With decreasing the feed flow rate or increas- 
ing the sweep gas flow rate, the methane conversion increased 
considerably. Nearly complete conversion could be obtained at 
600 ~ The model estimation is in good agreement with the 
experimental data. It was found fi-onl ratxlel prediction that Pd- 
Ru membrane of  10 grn thickness would have practical appli- 
cations. 

R E F E R E N C E S  

Fig. 6. Estimated methane conversion with  respect to the m e m -  
brane thickness at 500 "C. 

is more pronounced in the Pd-Ru membrane reactor. 
5. Es t imat ion  of  the Effect  of M e m b r a n e  Thickness  

Since the result fiora the raodel prediction agrees well with 
the experimental result, the effect of membrane thickness on con- 
version of  methane was estimated. Fig. 6 shows that, with de- 
creasing the membrane thickness fi-onl 100 gra to 10 gin, the rae- 
thane conversion increases by 50% due to the enhancement of 
the hydrogen removal from the reaction zone. 

The practical application of  the Pd-Ru membrane is quite lim- 
ited due to the high cost of palladium and relatively low hydro- 
gen permeation capacity of the membrane. Therefore, many at- 
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