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Abstract 

  The characteristics of hydrogen permeation with flat sheet Pd/Ag purification membrane 

for compact methanol steam reformer were investigated experimentally, theoretically and 

numerically. 

The performance of high purity hydrogen production from methanol for a compact 

steam reformer was investigated experimentally. A 77wt.% Pd/23wt.%Ag membrane with 

25μm thickness and CuO/ZnO/Al2O3 catalyst were used. Heating was performed by a 

Bunsen type burner using City Gas 13A. The methanol reforming and purification of H2 

were investigated at different reference catalyst zone temperatures (589-689K), pressures 

at the upstream side (0.20-0.50MPa), steam to methanol(S/C) ratios (0.8-1.6) and reactant 

flow rates (1.7  10
-4

 to 4.4  10
-4

 mol/s). The results show that at high reference 

temperature, high pressure and certain points of the reactant flow rate, the maximum 

hydrogen permeation rate is obtained when the S/C ratio is around 1. In addition, it is 

shown that the compact methanol steam reformer with a Pd/Ag membrane is able to 

produce high purity hydrogen with very low CO concentration, which fulfills the Polymer 

Electrolyte Fuel Cell (PEFC) requirement (<10ppm). It was found that the H2 permeation 

rate obtained from the experiment could not be well predicted by Sieverts’ equation, 

therefore a more fundamental study is necessary to clarify the reason why such significant 

difference occurs.  

The fundamental study on the effect of feed flow rate of hydrogen mixture on the H2 

permeation for flat sheet Pd/Ag membrane was performed experimentally. H2:N2 mixture 

was used to neglect the surface adsorption effect of non-H2 species. For hydrogen 

purification, a same type of Pd/Ag membrane with 25μm thickness and 0.02m diameter 

was used. No metal support was set with the membrane to prevent any possible influence 
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from it. The permeation rate of H2 was investigated under various feed flow rates (1.49

10
-5

-2.98 10
-4

mol/s), for pressures of 0.20-0.30MPa, reference membrane temperatures of 

523-723K and inlet hydrogen mole fraction of 0.75-0.80. The downstream (permeated) 

side pressure was set constant at 0.10MPa. The results demonstrated that when the feed 

flow rate is decreased, the H2 permeation rate decreases. In this case, the prediction by the 

Sieverts’ equation is still not going well with the experimental results, both qualitatively 

and quantitatively. Thus, it is confirmed that the phenomenon of decrease in hydrogen 

concentration at the membrane surface occurs, which is supposed due to the effect of H2 

permeation itself. It is suggested that a new prediction method which can well estimate the 

H2 permeation rate with such trend is needed.   

Then, a theoretical equation to estimate H2 permeation mole flux was proposed, which 

considers the decrease in hydrogen concentration at the membrane surface due to effect of 

H2 permeation itself. When the proposed equation that takes into account the effect of H2 

permeation is used, the H2 permeation mole flux can be predicted quantitatively by using 

the concentration of H2 of the feed mixture. This shows that the diffusive transport effect 

plays an important role as well as the convective transport effect when determining H2 

concentration at the membrane surface. In addition, the normalization of the theoretical 

results shows that the trend of the decrease in the H2 permeation mole flux with respect to 

the mean mole flux follows the first order lag function, regardless of the inlet H2 partial 

pressures and inlet H2 mole fractions. 

Finally, the H2 concentration distribution during permeation for a flat sheet Pd/Ag 

membrane was investigated numerically. The geometry considered in the present 

investigation was similar with those of the experimental study to imitate the real hydrogen 

purification process. In addition to the various feed flow rates, the inlet H2 mole fraction 
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was varied from 0.70 to 0.80 and different species besides N2 (CO2, Ar and He) were 

considered for binary H2 mixture to understand the behaviour of H2 permeation in a wider 

range. The numerical result for the case of H2:N2 mixture was validated experimentally, 

and is found quantitatively fit with the estimation by the proposed analytical method. For 

the cases with different inlet H2 mole fraction and species in H2 mixture, the numerical 

results show very good agreement with the analytical results except for the case of H2:He 

mixture. Generally, for various operating conditions, the numerical results demonstrate the 

decrease in H2 mole fraction towards the membrane surface, which makes clear the 

concentration polarization phenomena near the surface. It was found that the concentration 

polarization is strengthened when hydrogen mixture with low mean mole flux, high 

upstream pressure and high binary diffusivity is used. Overall, it can be said that the 

molecular diffusion, that is concentration polarization plays a significant role for 

permeation with flat sheet Pd/Ag membrane. 
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Nomenclature 

 

𝐴   : effective membrane surface area, m
2 

C  : mole concentration, mol.m
-3

 

1c   : hydrogen concentration of hydrogen atoms on the metal surface, mol/m
3
   

   𝑑   : membrane thickness, m 

D   : mass diffusivity, m
2
. s

-1
  

   𝐹   : estimated hydrogen permeation rate, mol/s 

   𝐹𝑝𝑒𝑟   : hydrogen permeation rate, mol/s 

𝐹𝑎𝑙𝑙,𝑜𝑓𝑓−𝑔𝑎𝑠  : total flow rate of off-gas, mol/s 

𝐹𝐻2,𝑜𝑓𝑓−𝑔𝑎𝑠  : flow rate of hydrogen in off-gas, mol/s 

    𝐹𝑖𝑛   : feed flow rate, mol/s 

  𝐹𝑖𝑛,𝐻2
  : feed flow rate of hydrogen, mol/s 

rF   : radial external force, N 

 reacF   : reactant flow rate, mol/s 

𝐹𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑   : total flow rate of unreacted methanol and steam, mol/s 

zF   : axial external force, N 

f   : hydrogen permeation mole flux, mol.s
-1

m
-2

 

massf   : hydrogen mass flux, kg m
-2 

s
-1

 

dmass,f  : mass flux of hydrogen which comes out from membrane at downstream 

side , kg.s
-1

.m
-2

 

mass,uf  : mass flux of hydrogen towards membrane surface at upstream side, 

kg.s
-1

.m
-2

 

mean,of  : mean mole flux for normalization, mol.s
-1

.m
-2
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meanf   : mean mole flux, mol.s
-1

.m
-2

 

2,Hmeanf  : hydrogen mean mole flux, mol.s
-1

.m
-2

 

2,Hinnetf   : net inlet hydrogen mass flux , kg.s
-1

.m
-2

 

z   : vertical distance from center of membrane surface, m 

inletz   : vertical distance between membrane surface and inlet, m 

K   : Sieverts’ constant or solubility, mol.m
-3

.Pa
-0.5

 

M   : molecular weight, kg.mol
-1

 

       𝑃0  : total pressure at upstream side, Pa 

  𝑃1   : total pressure at membrane surface of upstream side, Pa 

   𝑃2   : total pressure at membrane surface of downstream side, Pa 

2HP   : hydrogen partial pressure, Pa 

𝑃𝐻2,𝑖𝑛    : hydrogen partial pressure at inlet, Pa 

 𝑃𝐻2,1   : hydrogen partial pressure at membrane surface of upstream side, Pa 

      𝑃𝐻2,1(𝑟𝑒𝑓)   : reference hydrogen partial pressure at membrane surface of upstream 

side, Pa 

  𝑃𝐻2,2   :hydrogen partial pressure at membrane surface of downstream side, Pa 

  inP  : total pressure at the inlet, Pa 

0P   : total pressure at upstream side, Pa 

1P   : total pressure at membrane surface of upstream side, Pa 

   p   : static pressure, Pa 

 𝑞    : hydrogen permeance coefficient, mol.m
-1

.s
-1

.Pa
-0.5

 

 r   : radial distance on membrane surface, m 

 maxr   : maximum radial distance (membrane radius), m 

   𝑇  : temperature, K 
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memT      : membrane temperature, K 

  𝑇𝑚𝑒𝑚(𝑟𝑒𝑓)  : reference membrane temperature, K 

  𝑇𝑐𝑎𝑡(𝑟𝑒𝑓)   : reference catalyst zone temperature, K 

v   : velocity, m.s
-1

 

bv   : velocity towards membrane surface at very close to membrane, m.s
-1

 

vinlet  :velocity at the inlet, m.s
-1

 

inzv ,   : inlet velocity, m.s
-1

 

X   : mole fraction , - 

inHX ,2
 : inlet mole fraction of hydrogen, - 

1,2HX   : H2 mole fraction at membrane surface of upstream side, - 

inNX ,2
  : inlet mole fraction of nitrogen, - 

𝑋𝐻2 ,𝑜𝑓𝑓−𝑔𝑎𝑠  : mole fraction of hydrogen in off-gas, - 

Y   : mass fraction, - 

 

Greek letters and Symbols 

  𝛼   : steam to methanol (S/C) ratio 

  δ  : normalized permeation mole flux, - 

ε  : normalized mean mole flux, - 

   : viscosity, Pa.s 

   : mixture density, kg.m
-3

  

2H   : mass concentration of hydrogen, kg.m
-3

 

2N   : mass concentration of nitrogen, kg.m
-3

 

 σ  : collision diameter, 
o

A   

   : collision integral 
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Subscripts 

i  : species i 

j  : species j 

r  : radial direction 

z  : axial direction 
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1.1 Background 

 

The interest on hydrogen technologies is, in recent years, growing due to capability in 

producing energy in a clean way, without harmful influence on environment. For instance, 

Polymer Electrolyte Fuel Cell (PEFC) converts directly chemical energy, that is hydrogen 

to electrical energy while having only water and heat as by-products.  

Even though hydrogen is the most abundant chemical element on our earth, it is 

primarily in a form of water and hydrocarbons, which needs suitable extraction processes 

in order to obtain hydrogen molecules. In industrial scale, the extraction is mainly 

performed by reforming of hydrocarbons (Dicks 1996), such as catalytic steam reforming, 

catalytic partial oxidation and autothermal reforming (the combination of catalytic steam 

reforming and catalytic partial oxidation). However, the reforming processes 

simultaneously produce undesirable impurities for fuel cell systems especially CO which 

could damage the fuel cell when the amount becomes sufficiently high. Therefore, 

purification is necessary to separate these impurities, in which membrane is the best choice 

for the small to medium scale industries due to low energy expenditure (Vadrucci et al. 

2013). Membrane for hydrogen purification can be classified into two categories, namely 

as polymeric membrane and inorganic membrane. Then, the inorganic membrane can be 

divided into porous membrane and nonporous(dense) membrane. The present study 

focuses mainly on the dense membrane, that is Pd based purification membrane. 

The phenomenon of hydrogen diffusion through heated palladium (Pd) has been firstly 

observed by Thomas Graham in 1866 and a breakthrough in researches on Pd based 
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membrane occurs in 1960s when the Palladium(Pd)/Silver(Ag) alloy membrane was 

discovered which could prevent embrittlement problem faced by Pd membrane (Grashoff 

et al. 1983). In recent years, there has been considerable interest on the use of Pd based 

membrane such as Pd/Ag and Pd/Cu membrane to separate hydrogen (H2) from gaseous 

mixtures in industrial sectors due to its high permeability and permselectivity. The Pd 

based membrane was very useful to produce on-site hydrogen by methanol reforming for 

electronic industry and for fuel cells. In line with the increase in applications of Pd based 

membrane, the phenomenon of hydrogen permeation through this type of membrane has 

attracted many researchers to understand the permeation behavior under various operating 

conditions. It was found that there is still a lack in theoretical study to predict hydrogen 

permeation through the Pd based membrane for the case of hydrogen mixture.  

Therefore, in this dissertation, a prediction method of hydrogen permeation through Pd 

based membrane, that is Pd/Ag membrane for the case of hydrogen mixture is introduced, 

in which the method is validated experimentally. Numerical investigation is performed to 

understand the characteristics of hydrogen concentration distribution during permeation, 

for various operating conditions. The hydrogen permeation characteristics of the membrane 

are described at first using our compact methanol steam reformer.     

    

1.1.1 Compact Methanol Steam Reformer with Pd Based Membrane 

 

The compact reformer in connection with Polymer Electrolyte Fuel Cell (PEFC) is an 

attractive option for supplying hydrogen for light-duty vehicles and portable electronic 

devices such as cellular phones, tablet computers and laptop computers. The development 

of compact reformers started more than a decade ago, with the aim of setting a reformer, 
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catalytic burner and hydrogen purification device in a single package for vehicle 

application (Emonts et al. 1998). The integrated compact reformer is supposed to be a 

reliable solution compared to complex, high price and bulky designed reformer systems 

consisting of separated units (Gepert et al. 2006). Due to the difficulty in transporting and 

storing hydrogen, the compact reformer which utilizes alcohols as fuel seems to be more 

practical (Liwei et al. 2011). Methanol is suitable for steam reforming because of the high 

H/C ratio, high reactivity and moderate reforming temperature (Fujimoto et al. 1987, 

Gepert et al. 2006). Compared to the other liquid fuels such as liquid hydrogen and 

ammonia, the cost of hydrogen generation from methanol is still relatively low (Sato et al. 

1998, Saika et al. 2006,).   

Based on the reaction formula, the endothermic steam reforming process is more 

preferable than exothermic partial oxidation due to the higher hydrogen production from 

one mole methanol. The reaction model of methanol steam reforming is shown by Eq. 1.1 

as follows: 

 

CH3OH + H2O        3H2 + CO2 -49.5 kJ/mol                            (1.1) 

 

For methanol steam reforming, the commercial catalyst CuO/ZnO/Al2O3 was widely 

used at moderate temperature ranges from about 423K to 623K because a high conversion 

rate was obtained (Agrell et al. 2002, Basile et al. 2006,). Previous studies demonstrated 

that geometry, steam to carbon (S/C) ratio, temperature and flow pattern are the key 

performance of the catalytic reforming reactor (Davieau and Erickson 2007, Yoon et al. 

2007, Chein et al. 2012).  

Through methanol steam reforming, gas species other than H2 such as CO2 and CO are 
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also produced. Previous studies showed that CO causes a decrease in the reactive surface 

area of the electrode fuel cell for H2 dissociation (Narusawa et al. 2003) while both CO  

and CO2 cause a decline in H2 partial pressure (Narusawa et al. 2003
(ii)

,
 
Jae-Young et al. 

2010), which affects the fuel cell performance. It was shown that CO damages the PEFC if 

it is more than 10ppm (Katsuki 2005). Therefore, it is necessary to purify hydrogen 

produced by methanol steam reforming before it is sent to the PEFC. There are several 

potential methods available for the hydrogen purification, such as selective CO 

methanation, selective CO oxidation and purification by Pd based membrane. The first two 

methods only can give very low CO concentration (<10ppm) at very low temperature of 

around 100 to 200
o
C. Due to this, purification by Pd based membrane is the most suitable 

method, that is the membrane is well-known for its high permeability and permselectivity 

characteristics (Hohlein et al. 1996). 

Experimental and theoretical studies related to methanol steam reformer integrated with 

a purification membrane were conducted under various operating conditions and different 

configurations (Arstad et al. 2006, Basile et al. 2006, Iulianelli et al. 2008, S. Damle 2009, 

H. Israni and P. Harold 2011) with the aim to obtain high methanol conversion and high H2 

permeation. In previous studies, two types of membrane were used; tubular type (Iulianelli 

et al. 2008, H. Israni and P. Harold 2011) and flat sheet or foil type (Arstad et al. 2006, 

Basile et al. 2006, S. Damle 2009). Generally, the flat sheet type membrane is widely used 

and is more suitable for commercial applications because the simpler process to produce it 

and compability with various experimental conditions and geometries. Besides, less 

thickness of flat sheet type membrane is sufficient for structural stability, which results in 

the less cost (S. Damle 2009). Meanwhile, the available tubular type membrane is already 

fixed with its holder, which makes it difficult to be modified for various reformer designs 
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and experimental conditions. As mentioned by Tong et al. (2008), there were efforts to 

increase the hydrogen permeation flux through tubular type membrane, such as depositing 

Pd-based film with thickness 0.8-5μm on a metal porous substrate by sputtering technique. 

In 2008, a tubular type membrane was produced by a new electroless plating process 

which seems to be commercially useful. However, as asserted by S. Damle (2009), the flat 

sheet type membrane is still less expensive than the existing tubular type membrane.    

A Pd or Pd/Ag alloy membrane was adopted in many hydrogen purification studies due 

to its ability to provide high fluxes and high permselectivity. Alloying Pd with Ag or Cu is 

necessary to prevent embrittlement when the membrane is exposed to hydrogen at 

temperatures below 573K (critical temperature), and at pressures below 2MPa (critical 

pressure) (Gepert et al. 2006). In addition, previous researchers have demonstrated that the 

addition of Ag to a Pd membrane could improve the hydrogen permeability, reaching 

maximum when the Ag content is around 23 wt.% (Uemiya et al. 1991
(ii)

). This is a main 

reason why Pd 77wt.%/Ag 23.wt% membrane is widely used nowadays for hydrogen 

purification.  

Nevertheless, for application in gas mixture, hydrogen permeation through Pd based 

membrane deteriorates, which is caused by the competitive adsorption and resistance by 

other gas species such as CO, CO2, excessive methanol and steam (Hara et al. 1999, 

Amandusson et al. 2000). The experimental and simulation studies that were conducted at 

moderate temperature (498-573K) and pressure (0.3-0.5MPa) ranges revealed that the 

decrease in transmembrane H2 flux through the Pd/Ag membrane is mainly caused by the 

competitive adsorption of CO, followed by CH3OH, CO2 and H2O (Israni and Harold 

2010). The study also demonstrated that the surface adsorption effect due to all species, 

except CH3OH, weakened with an increase in membrane temperature. Based on several 
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previous studies, it seems to be necessary to keep the membrane temperature of 553K and 

above when using the Pd or Pd alloy membrane to reduce the disturbance effect of these 

non-hydrogen species and to obtain higher hydrogen permeation flux (Hara et al. 1999, 

Israni and Harold 2010).  

For compact reformer, the S/C ratio, the reactant flow rate, and the pressure are 

supposed to be important parameters to be considered as well as the temperature. In 

summary, it can be said that there are many issues to be made clear to design efficient 

compact methanol steam reformer. 

 

1.1.2 Transport Mechanism of Hydrogen Permeation through Pd Based 

Membrane  

 

Generally, hydrogen purification membrane can be classified into two categories: 

(i)organic(polymer) and (ii) inorganic membrane (Adhikari and Fernando 2006). For the   

inorganic membrane, in the view point of membrane structure categorization, it is then can 

be subdivided into ceramic and metal membrane. Meanwhile, in the view point of the 

separation mechanism, it is also can be divided into porous and nonporous (dense) 

membrane (Adhikari and Fernando 2006, Baker 2012). In general, porous membranes are 

typically made of ceramic, while nonporous (dense) membranes are typically made of 

polycrystalline ceramic or metal. 

Among these types of membranes, inorganic dense membranes have attracted the 

interests of many researchers due to their capability to separate completely hydrogen from 

gaseous mixtures (Basile et al. 2011). Here, the dense Pd based membrane is widely used 

because of its high permeability and permselectivity (Uemiya et al. 1991, Lin 2001, Basile 
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et al. 2011). Hydrogen permeation through the Pd based membrane follows 

solution-diffusion transport mechanism as schematically illustrated by Fig. 1.1, which is 

mainly based on two main processes; i) adsorption and dissociation of hydrogen molecule 

at the membrane surface of upstream side, while recombination and desorption of 

hydrogen molecule at the downstream side, and ii) diffusion of hydrogen atom in metallic 

lattice (Baker 2012, L. Holleck 1970, L. Ward and Dao 1999). L. Ward and Dao (1999) 

considered the additional elementary processes for better understanding of hydrogen 

permeation; (iii) molecular hydrogen transportation from (to) the bulk gas phase to (from) 

the gas layer adjacent to the surface at the upstream (downstream) side, and (iv) transition 

of atomic hydrogen from the surface (bulk metal) into the bulk metal (surface) at the high 

(low) pressure side
 
. 

  

 

Fig. 1.1 Solution-Diffusion Transport Mechanism (L. Holleck 1970, L. Ward and 

Dao 1999, Baker 2012) 

 

If the adsorption and dissociation is a very rapid process, then the hydrogen atoms on the 
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membrane surface are considered in equilibrium with the gas phase. In this case, the 

hydrogen concentration of hydrogen atoms on the metal surface, 1c , is given by Sieverts’ 

Law (Sieverts and Zapf 1935, Baker 2012): 

 

                          
5.0

1 2HKPc                                 (1.2) 

 

where K  is Sieverts’ constant or solubility and 
2HP  is the hydrogen partial pressure in 

the gas phase. Then, it can be quantified with Fick’s First Law as follows (Uemiya et al. 

1991
(ii)

): (see Appendix A)  

 

                         2,1, 22 HH PP
d

q
f                            (1.3) 

 

where f : hydrogen permeation mole flux, :q  hydrogen permeance coefficient, :d  

membrane thickness, 1,2HP : hydrogen partial pressure at membrane surface of upstream 

side and 2,2HP : hydrogen partial pressure at membrane surface of downstream side.   

When the temperature is sufficiently high, the adsorption and dissociation are very fast, 

thus the diffusion of atomic hydrogen through the metallic lattice becomes the 

rate-controlling step (Baker 2012). Therefore, Sieverts’ Law is obeyed, in which H2 mole 

flux is linear with respect to difference in square root of hydrogen partial pressures 

between upstream and downstream side. Ma (2008) mentioned that for the case of Pd/Cu 

membrane, the Sieverts’ Law is followed when only the temperature is kept above 573K , 

while Israni and Harold (2010) observed that the permeation through Pd/Ag membrane still 

follows Sieverts’ Law even the temperature was set lower than 500K. However, at 

sufficiently low temperature, the adsorption and dissociation becomes the rate-controlling 
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step, and the permeation characteristics deviate from Sieverts’ Law.  

In addition to temperature, the thickness of the membrane also plays an important role 

which can affect the compliance with Sieverts’ Law. As the Pd based membrane becomes 

thinner, diffusion in metallic lattice becomes rapid enough that the other processes could 

begin to affect the permeation, which is supposed to be caused by various factors such as 

surface processes (Collins and Ways 1993), surface poisoning (Antoniazzi et al. 1989) and 

grain boundaries (Yan et al. 1994). In this case, several studies have put different 

limitation of thickness, but generally it can be said that the thickness should be higher than 

10μm (L Ward and Dao 1999, Federico et al. 2006) in order to ensure Sieverts’ Law is 

followed. Meanwhile, several researchers have concluded that diffusion-limited 

permeation, that is Sieverts’ Law still can be extended to thicknesses less than 10μm 

(Uemiya et al. 1991, Israni and Harold 2010). Regarding to this contrary conclusion, when 

the difficulty in controlling and quantifying factors such as aforementioned membrane 

surface and grain boundary condition is considered, it can be acceptable that there is no 

exact agreement about the limitation of membrane thickness.    

   

1.1.3 Permeation with High H2 Permeation Ratio 

 

H2 permeation ratio is defined as the fraction of H2 feed flow rate which permeates 

membrane (Chen et al. 2011). When the feed flow rate of hydrogen is sufficiently high to 

cause the rate of permeated hydrogen becomes relatively very small in comparison to the 

feed flow rate, the Sieverts’ equation as shown by Eq.(1.3) could be applied directly to 

predict the H2 permeation rate through Pd based membrane for both pure H2 and H2 

mixture (Catalano et al. 2009, Chen et al. 2011). For the case of H2 mixture, the value of 
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hydrogen partial pressure at membrane surface of upstream side ( 1,2HP ) in Eq.(1.3) can be 

determined by using the hydrogen mole fraction of the bulk flow. That is to say, it is 

assumed that the hydrogen partial pressure at membrane surface and bulk flow of upstream 

side are uniform.  

The recent technical breakthrough in membrane technology since about 20
th
 century has 

changed the scenery of hydrogen purification, in which the performance of membrane has 

substantially improved due to the rapid development of membrane materials, membrane 

modification and fabrication (He et al. 1999). However, in line with the progress of 

membrane technology, it is unavoidable that the H2 permeation ratio increases to certain 

extent, in which the fraction of H2 feed rate which permeates membrane becomes 

sufficiently high. In this case, the direct prediction by Sieverts’ equation causes deviation 

from the actual permeation rate when H2 mixture is used as a feed gas (Chen et al. 2008, 

Catalano et al. 2009), implies that the use of feed hydrogen concentration cannot give the 

correct 1,2HP  in Sieverts’ equation. Chen et al.(2011) mentioned that the H2 permeation 

ratio must be less than or equal to 30% in order to use directly the Sieverts’ equation for 

the case of tubular type Pd based membrane with H2 mixture cross-flow.  

Number of researchers (Catalano et al. 2009, Chen et al. 2011,Chen et al. 2012) asserted 

that the H2 permeation rate becomes significantly important for the case of high H2 

permeation ratio, in which the permeation rate starts to affect the flow condition near the 

membrane surface. This situation could trigger the phenomenon of concentration 

polarization, which could be clearly observed when a long tubular type membrane was 

used (Caravella et al. 2009, Catalano et al. 2009, Chen et al. 2011, Chen et al. 2012). The 

concentration polarization is described as an accumulation of the less permeable species 

and a depletion of the more permeable species in the boundary layer adjacent to the 
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membrane, which causes the build up of concentration gradient in the boundary layer 

(Gaohong et al. 1999). In such situation, H2 permeation rate becomes dominant, that is the 

concentration polarization becomes more pronounced for higher H2 permeation ratio. In 

addition, Morgues and Sanchez (2005) mentioned that the concentration polarization also 

becomes more serious when the operating pressure is increased and the membrane 

selectivity is enhanced. Contrary to the pressure and selectivity, they expected that the 

concentration polarization is abated when the feed velocity is increased because the 

boundary layer where hydrogen concentration gradient is built up becomes thinner. This 

statement was then supported by Chen et al. (2011) who performed 2-D simulation to 

observe the concentration polarization of hydrogen permeation for Pd based membrane 

tube with the H2 mixture cross flow.            

The phenomenon of concentration polarization in the case of high H2 permeation ratio 

has attracted many researchers recently to introduce the prediction method of H2 

permeation rate under such case. Catalano et al.(2009) considers the concentration 

polarization as a resistance which causes the hydrogen concentration decrease towards the 

membrane surface. They introduced an external mass transport coefficient for such 

phenomenon to relate the value of hydrogen concentration at the bulk gas phase and at the 

membrane surface. Because of the major contribution of diffusion due to H2 permeation, 

the mass transport coefficient has been introduced which takes into account such 

contribution. Semi-empirical equations have been proposed for prediction of H2 

permeation rate, in which some experimental data are necessary in order to use it.  

Meanwhile, Caravella et al. (2009) created the concentration polarization maps to 

evaluate the phenomenon quantitatively when the inlet and outlet conditions are specified. 

They have adopted the concentration polarization coefficient to create the map which takes 
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into account the permeation elementary steps, including adsorption of hydrogen molecule 

at the membrane surface, diffusion through the Pd-based membrane and desorption of H2 

molecule from the membrane surface. The proposed manual map is very useful to reduce 

the uncertainties when designing hydrogen purification equipment.   

Then, an analytical method to predict H2 permeation rate for a flat sheet Pd/Ag 

membrane with H2 mixture stagnating flow has been introduced (Faizal et al. 2012, Faizal 

et al. 2013), with the assumption that both diffusive and convective transport around the 

membrane plays an important role to determine the permeation rate. Similar concept has 

been applied by Xie et al. (2013) to obtain the potential maximum hydrogen permeation 

rate for ideal tubular type Pd membrane.   

  

1.1.4 Inhibiting Characteristics of Non-H2 Species on Pd Based 

Membrane 

 

For permeation through Pd based membrane with H2 mixture, besides the decrease in 

bulk H2 partial pressure difference across the two sides of the membrane due to dilution by 

the existence of other species, the decline in H2 permeation flux still could be observed 

because of two main factors (Hou and Hughes 2002). First factor is the decrease in H2 

partial pressure at the membrane surface due to external mass transfer resistance, that is 

concentration polarization which has been described in the Section 1.1.3. The other factor 

is competitive adsorption and possible poisonous or coking of non-H2 species on the 

surface of Pd based membrane. For the latter case, the non-H2 species in hydrogen mixture 

can be classified into three categories, namely as inert gas (N2, Ar etc.), inhibitors (CO, 

H2O etc.) and poisonous gases (H2S etc.) (Barbieri et al. 2008). In many experiments, due 
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to negligible competitive adsorption of N2 on the surface of Pd based membrane, the 

binary H2:N2 mixture is widely used as a benchmark when evaluating the effect of 

inhibitors and poisonous gases on H2 permeation through Pd based membrane (Hou and 

Hughes 2002). In the present study, the poisonous gases are not included into our 

discussion because the attention is mainly paid to the products and excessive reactants of 

methanol stream reforming (CO, CO2, excessive CH3OH and excessive H2O). These gases 

are considered as inhibitors (Hou and Hughes 2002, Israni and Harold 2010), which are 

closely related to the interaction between the gases and the surface of membrane.  

The competitive adsorption of non-H2 species could decrease the hydrogen permeation 

by occupying the hydrogen dissociative sites, thus reducing the amount of adsorbed H2 

(Amandusson et al. 2000, Hou and Hughes 2002, Catalano et al. 2010). Several 

researchers found in their experiment that the adsorption effect by CO is very strong if 

compared to that by other non-H2 species which causes dramatic reduction in H2 

permeation when it is added to feed pure H2 or H2 mixture (Amandusson et al. 2000, 

Barbieri et al. 2008, Nguyen et al. 2009). This is the reason why most of the experimental 

work (Hara et al. 1999, Amandusson et al. 2000, Li et al. 2000) focused on CO behavior 

rather than the other species, with the aim to prevent or reduce the competition by CO. 

Generally, the capability of adsorption of non-H2 species on Pd based membrane is in 

sequence of CO > CH3OH > CO2 > H2O (Israni and Harold 2010).      

Hou and Hughes (2002) mentioned that adsorption effect of aforementioned non-H2 

species except CH3OH are temperature dependence, that is the effect becomes less when 

the temperature is increased because the species easily desorb from membrane surface at 

higher temperature. In addition, for thicker membrane, diffusion of atomic hydrogen 

through the metallic membrane would be the controlling step, thus the adsorption effect of 
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these species are less if compared to that for thinner membrane. Therefore, it can be 

concluded that higher temperature is needed to completely eliminate the adsorption effect 

of these species for thinner membrane. For instance, Amano et al. (1990) found that the 

CO starts to influence the permeation through 0.7mm (700µm) thickness Pd membrane 

when the operating temperature was below 523K while Li et al. (2000) could observe the 

CO inhibitive effect at temperatures up to 653K when using the same type of membrane 

with 10 µm thickness.  

To predict H2 permeation flux through Pd based membrane with the present of CO for 

the case of low H2 permeation ratio, Barbieri et al. (2008) introduced a model which is a 

combination of Sieverts’ equation and Langmuir isotherm to take into account both 

dilution and adsorption effects caused by CO. They revealed that hydrogen permeation flux 

decreases with an increase in partial pressure of inhibitors (in this case, CO). Then, Miguel 

et al. (2012) proposed a rearrangement of Sieverts’-Langmuir equation which is based on 

average partial pressure of inhibitors and the logarithm-mean-driving force to take into 

account the concentration gradients along the axial length of the tubular membrane. They 

concluded besides CO, the inhibition effect caused by CO2 also must not be neglected. 

For the case of H2:CO mixture with high H2 permeation ratio, the polarization map 

proposed by Caravella et al. (2010) which considers both inhibitive effect by CO and 

concentration polarization simultaneously can be used to predict the H2 permeation mole 

flux through Pd based membrane. When the inlet and outlet conditions are specified, the 

map can be referred manually.  
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1.2 Objectives 

 

Polymer Electrolyte Fuel Cell (PEFC) which converts directly chemical energy 

(hydrogen) to electrical energy is one of the attractive options to supply energy in a clean 

way, that is without any harmful effect on environment. This is because the PEFC only 

produces water and heat as by-products. Thus, the compact reformer in connection with 

PEFC is an attractive option for light duty vehicles, such as motorcycle and power assisted 

bicycle, and small electrical device applications such as cellular phones, tablets and laptop 

computers. The development of the compact reformer already started more than a decade, 

but most undergoing researches still investigated the best operating condition which could 

provide the high permeation of H2. Based on the literature survey, it is revealed that the 

effect of key parameters such as temperature, pressure, steam to carbon (S/C) ratio and 

reactant feed flow rate on the performance of compact methanol steam reformer with 

purification membrane was less explored, although for the methanol steam reformer 

without membrane configuration, has been done. In addition, the mechanism how the key 

parameters affect the performance of compact reformer is still not clearly described.  

Therefore, the first objective of the present study is to understand the performance of a 

compact methanol steam reformer with hydrogen purification Pd/Ag membrane, which is 

suitable for small electrical device application. The effect of aforementioned key 

parameters on the performance of methanol steam reforming reaction and hydrogen 

permeation are investigated for the compact methanol steam reformer.  

Based on the results of experiment for compact methanol steam reformer, it was found 

that the well-known Sieverts’ equation is not going well for estimation of H2 permeation 

rate. In this case, a more fundamental study is necessary to confirm the reason why the 
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significant difference between the prediction by Sieverts’ equation and experimental results 

occurs.       

Therefore, the second objective is to understand the fundamental characteristics of 

hydrogen permeation through a flat sheet Pd/Ag membrane. In this case, experimental 

study is carried out without using any metal support. In addition, H2:N2 mixture was used 

in the experiment because nitrogen is non-inhibiting gas, thus the effect of competitive 

adsorption of non-H2 species can be neglected.  

Number of researchers asserted that for the case of high H2 permeation ratio, H2 flux 

becomes an important parameter in addition to pressure and feed flow rate which could 

affect the permeation. However, a theoretical equation which considers directly the effect 

of H2 flux itself, has not been proposed yet. Therefore, the third objective of the present 

study is to propose a theoretical equation based on Sieverts’ equation to estimate H2 

permeation mole flux for hydrogen mixture. The proposed analytical method considers the 

hydrogen concentration decrease at the membrane surface due to effect of H2 permeation 

itself, with the assumption that both diffusive and convective transport around the 

membrane are taken into account. In this case, the proposed method is validated with the 

present experimental results.     

The proposed theoretical equation, however, could not describe the H2 concentration 

distribution near the membrane surface during permeation. In this case, two-dimensional 

numerical simulation is performed to understand the H2 concentration distribution near the 

membrane surface for a flat sheet Pd/Ag membrane. The geometry and boundary 

conditions used in the simulation are similar with the membrane module of the present 

experimental study to imitate the real hydrogen permeation process.                      
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1.3 Scheme of Dissertation 

 

 This dissertation consists of six chapters: Chapter 1 is an introduction of this thesis, and 

the following Chapter 2 refers to the experimental investigation on performance of 

compact methanol steam reformer with a flat sheet Pd/Ag membrane. Meanwhile, Chapter 

3 is much more fundamental than Chapter 2, which regards to the experimental 

investigation on the effect of feed flow rate on H2 permeation for a flat sheet Pd/Ag 

membrane, by using a membrane module. In Chapter 4, a theoretical equation is proposed, 

and it is used to discuss fundamentally the effect of feed flow rate. In addition to 

experimental and theoretical investigation, numerical simulation is performed in Chapter 5, 

to demonstrate clearly the H2 concentration distribution near the membrane surface during 

permeation. Finally, the concluding remarks are presented in Chapter 6.      

In Chapter 2, the performance of compact methanol steam reformer is evaluated 

experimentally for various reference temperatures, pressures, S/C ratios and reactant flow 

rates. The discussion is mainly focused on the characteristics of methanol steam reforming 

and permeation of H2 for various aforementioned parameters. The best operating condition 

to obtain the maximum hydrogen permeation rate is finally concluded. In this part, the 

comparison between the estimation of H2 permeation rate by original Sieverts’ equation 

and experimental results is performed, which demonstrates the significant deviation 

between them. In this case, a much more fundamental study is necessary to understand the 

characteristics of H2 permeation for flat sheet Pd/Ag membrane, which can confirm the 

reason why such significant difference occurs.    

In Chapter 3, the effect of feed flow rate on H2 permeation for a flat sheet Pd/Ag 

membrane is investigated experimentally, without considering resistance from metal 
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support and the adsorption effect of non-H2 species. In this Chapter, the comparison 

between the estimation by the Sieverts’ equation and experimental results are performed 

again.      

Meanwhile, in Chapter 4, a theoretical equation which considers the hydrogen 

concentration decrease at membrane surface due to the effect of H2 flux itself is proposed, 

and is validated with experimental results of Chapter 3. Then, the effect of feed flow rate 

on H2 permeation for hydrogen mixture is discussed fundamentally by using this equation.     

Finally, in Chapter 5, a two-dimensional numerical simulation is performed, to discuss 

the H2 concentration distribution near the membrane surface for the case of high H2 

permeation ratio. In this numerical study, the geometry is similar with that of the present 

experimental study. The comparison between the numerical, theoretical and experimental 

results is performed initially in this part. Then, the hydrogen concentration profiles along 

the central axis of the membrane and along the radial distance of the membrane surface for 

various feed flow rates, pressures, inlet H2 mole fractions and species in H2 mixture are 

particularly discussed.    
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Compact Methanol Steam Reformer with Hydrogen 

Purification Pd/Ag Membrane 
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2.1 Introduction 

Experimental and theoretical studies related to methanol steam reformer integrated with 

a purification membrane have been conducted under various operating conditions and 

different configurations (Arstad et al. 2006, Basile et al. 2006, Iulianelli et al. 2008, S. 

Damle 2009, H. Israni and P. Harold 2011). Most of the researchers nowadays paid more 

attention on the best operating condition to obtain the reliable performance of the compact 

reformer. Iulianelli et al. (2008) investigated the optimum condition for methanol steam 

reforming in a Pd/Ag membrane reactor by determining the most suitable pressure, sweep 

factor and flow configuration without emphasizing on the effect of temperature and 

steam/methanol ratio. Meanwhile, the other studies (Arstad et al. 2006, H. Israni and P. 

Harold 2011) investigated the possibility to perform the methanol steam reforming in a Pd 

based membrane reactor, with the discussion on the effect of non-H2 species on the 

membrane performance. Therefore, it is suggested that the performance evaluation of 

compact methanol steam reformer for various operating conditions and designs is being 

actively carried out, with the aim to obtain high methanol conversion and high H2 

permeation. However, the effect of key parameters especially steam/carbon (S/C) ratio and 

reactant flow rate on the performance is still less explored, and this is included in our 

present discussion.        

Hydrogen permeates the Pd based membrane due to a solution-diffusion transport and 

then hydrogen permeation through the membrane can be estimated by applying Sieverts’ 

equation with Fick’s First Law (Catalano et al. 2009). The permeation is based on two 

main processes; i) adsorption (desorption) and dissociation (recombination) of hydrogen 



 

CHAPTER 2 

 

22 

 

molecule (atoms) at the upstream (downstream) membrane surface, and (ii) diffusion of 

hydrogen atoms in the metallic lattice (L. Holleck 1970, L. Ward and Dao 1999). Sieverts’ 

law states that for a relatively thick membrane (thickness  10μm), this diffusion 

mechanism is a rate-limiting step for hydrogen permeation (L. Ward and Dao 1999, 

Federico et al. 2006). In this case, the Sieverts’ type driving force exponent is 0.5, which is 

applicable for dense Pd-based membranes. L. Ward and Dao (1999) considered the 

additional elementary processes for better understanding of hydrogen permeation; (iii) 

molecular hydrogen transportation from (to) the bulk gas phase to (from) the gas layer 

adjacent to the surface at the upstream (downstream) side, and (iv) transition of atomic 

hydrogen from the surface (bulk metal) into the bulk metal (surface) at the high (low) 

pressure side. 

In our study, the characteristics of methanol steam reforming reaction and hydrogen 

permeation through Pd/Ag membrane for compact methanol stream reformer were 

investigated under various operating conditions. Based on several previous studies (Hara et 

al. 1999, Israni and Harold 2010), it seems necessary to maintain the hydrogen purification 

at a temperature of 553K and above when using the Pd or Pd alloy membrane to reduce the 

disturbance effect of non-hydrogen species and to obtain higher hydrogen permeation flux. 

Additional power for pressurization of the upstream side was not necessary because the 

pressure was exerted by reformed gas instead of using a compressor. In addition, H2 

permeation rate obtained from the experiment was compared with the prediction by the 

original Sieverts’ equation. 
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2.2 Reaction Model, Experimental and Estimation Method 

 

2.2.1 Reaction Formula of Methanol Steam Reforming 

 

The overall methanol steam reforming reaction model is shown in the following 

equation.  

 

CH3OH + H2O     3H2 + CO2 -49.5 kJ/mol                              (2.1) 

 

In a real methanol steam reformer, a small amount of CO is formed. As we mentioned in 

Chapter 1, CO reduces H2 permeation even though the concentration of CO is as low as the 

order of magnitude of 10ppm. In this paper, CO formation is modeled using the following 

two-step equations: 

                                                                                               

Methanol decomposition reaction: CH3OH     CO + 2H2 -90 kJ/mol          (2.2)                                                              

Water-gas shift reaction        : CO + H2O      CO2 + H2 +40.5 kJ/mol     (2.3) 

 

2.2.2 Experimental Setup and Procedures 

 

The experimental setup of the flow system and the compact reformer unit are shown in 

Figs. 2.1 and 2.2, respectively. For the reforming process, tablet type catalyst 

CuO/ZnO/Al2O3 (CuO 42 mass%, ZnO 47 mass% and Al2O3 10mass%) with diameter and 

height of 3.2mm, was arranged around the center of the reformer. To obtain high purity 

hydrogen, a 25μm thickness 77 wt.% Pd/23 wt.% Ag flat sheet membrane with diameter of 
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0.068m and effective surface area of 3.63×10
-3

m
2
 was hold by copper gasket and was set 

downstream of the catalyst zone. The purification membrane was supported by sintering 

porous stainless steel. For both measurement of reference catalyst zone and reference 

membrane temperature, K-type thermocouples (sheath diameter 1.6mm, material SUS316) 

were used. For measurement of reference catalyst zone temperature, a hole with diameter 

of 0.002m (2mm) and depth of 0.045m (45mm) was made to locate the thermocouple, as 

shown in Fig. 2.2. The position for the measurement of the reference catalyst zone 

temperature was set at horizontal distance of ~0.005m (~5mm) next to the wall of catalyst 

zone. Meanwhile, the position for the measurement of the reference membrane temperature 

was set at vertical distance of ~0.01m (~10mm) below the purification membrane. A 

thermocouple was placed at the one of the outlets of off-gas for measuring the reference 

membrane temperature. The whole reformer body was insulated with insulation materials 

(asahi light caster 10 with water addition 80 mass%, and glass wool) to prevent heat loss.   

As shown in Fig. 2.1, the heating was performed by a Bunsen type burner using City 

Gas 13A while the reformer was first purged with nitrogen. The purging process was 

stopped when the measurement value became close to desired reference catalyst zone 

temperature. Then, methanol and water pressurized by nitrogen were supplied to the 

catalyst zone through the piping which was heated by ribbon heater. The flow rate of 

methanol and water were set by mass flow controllers (Horiba STEC, model: LV-410). 

After vaporization of methanol and water by heat from ribbon heater, hydrogen then was 

formed at the catalyst zone by steam reforming. To keep the reference catalyst zone 

temperature, the heat from the Bunsen type burner was controlled by adjusting City Gas 

13A flow rate. In this case, the reference catalyst zone temperature and respective 

reference membrane temperature were almost stable for sufficiently long time period, due 
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to the high heat capacity of stainless steel and heat loss protection by the insulation 

materials.  

After the reference catalyst zone temperature was stable, a needle valve was controlled 

to pressurize the reformed gas at the upstream side. When the pressure of the reformed gas 

was increased, hydrogen started to permeate the membrane. In this case, the pressure was 

adjusted parallel with the observation on the pressure reading. The flow rate of off-gas was 

measured by a high precision film flow meter (Horiba STEC, model: VP-4U) and its mole 

concentration was measured by a gas chromatograph (Shimazu, model: GC-2014ATE and 

C-R8A). The flow rate of the purified gas was measured by a soap-film flow meter (GL 

Sciences 50ml) and its mole concentration was measured by a gas chromatograph and a 

CO infrared instrument (Horiba, model VIA-510) with a range of 0ppm to 200ppm as well 

because CO concentration was usually lower than 200ppm. 

In our study, the experiments were conducted under various experimental conditions as 

mentioned in Table 2.1. 

Table 2.1  Experimental Conditions 

No. 

 

Reference Catalyst 

Zone  

Temperature,  

Tcat(ref) [K] 

Upstream 

Pressure, 

P0 [MPa] 

S/C Ratio, 
𝛂  

Reactant Flow Rate,  

Freac [mol/s] 

1 589-689 0.40 1 2.8×10
-4

 

2 637 0.20-0.50 1 2.8×10
-4

 

3 637 0.40 0.8-1.6 2.8×10
-4

 

4 637 0.40 1 (1.7-4.4) ×10
-4 

 

The reference catalyst zone temperature (Tcat(ref) ) was set from 589 to 689 K to obtain 
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maximum methanol conversion rate. The pressure range was set from 0.20 to 0.50MPa, to 

obtain high hydrogen flux and at the same time, to consider the mechanical strength of the 

membrane. In other words, the range of pressure difference between upstream side and 

downstream(permeated) side was 0.10MPa to 0.40MPa and the permeated pressure was 

atmospheric in all series of experiment. Meanwhile, the S/C ratio was varied between 0.8 

to 1.6, which was commonly used for reducing CO in the reformed gas while maintaining 

high methanol conversion rate. The reactant flow rate was set from 1.7 × 10
-4

 to 

4.4 ×10
-4

mol/s to supply around 5.6×10
-4

 mol/s (2 mol/h) highly purified hydrogen to a 

PEFC. 
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Fig. 2.1 Experimental Setup 
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(a)  Compact Methanol Steam Reformer                           b.(i) Catalyst arrangement 

Fig. 2.2 Compact reformer for methanol steam reforming and catalyst arrangement 
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2.2.3 Structure of Compact Methanol Steam Reformer 

It is important to consider what kind of design that can give the reliable performance, 

which fulfills the requirement for the small electrical devices. It is desirable to design the 

compact reformer with high hydrogen permeation rate, but at the same time, it is important 

to minimize the power input. In this case, high heat capacity of stainless steel is used as 

material for the reformer body and the insulation materials are used to prevent heat loss. As 

a result, the reference catalyst zone temperature and respective reference membrane 

temperature were almost stable for sufficiently long time period. In addition, due to the use 

of stainless steel and the location of the burner as shown by Fig.2.2, one burner is 

sufficient to heat both catalyst zone and hydrogen purification zone simultaneously. In this 

case, the burner is set inside the reformer, and the whole reformer is heated. 

Then, as shown by Fig. 2.2(b), the catalysts are arranged around the center, and are hold 

by plates. In this case, a good gas circulation can be obtained which can give the reliable 

methanol conversion rate. The use of plates to hold the catalysts can prevent the possible 

waste caused by excessive catalysts.   

Figure 2.2 also shows that there is a separation or partition between the hydrogen 

purification zone and catalyst zone. The separation is very important to protect the 

membrane from damage due to very reactive methanol steam reforming reaction.  

A small tunnel which connects the catalyst zone and hydrogen purification zone is 

created. This tunnel is necessary to form a smooth flow around the membrane surface. 

Besides, due to the effect of feed flow rate on hydrogen permeation, such geometry is 

necessary to increase the hydrogen permeation rate by increasing the flow rate towards the 

membrane surface. 

For hydrogen purification, a Pd/Ag membrane with 25μm thickness is used because to 
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obtain high hydrogen permeation rate while considering the mechanical strength of the 

membrane. Besides, this thickness is sufficient in order to ensure that the membrane 

follows Sieverts’ Law. The compliance with Sieverts’ Law enables us to predict the 

hydrogen permeation rate that can be obtained under certain operating conditions.  

When we think the compact reformer for home devices application, safety aspect must 

be taken into account. Therefore, the use of stainless steel material is supposed to be 

practical to withstand with pressurization. Besides, we do not operate the compact reformer 

under high pressure for the safety reason. 

Furthermore, there are several recommendations for compact methanol steam reformer 

in connection with Polymer Electrolyte Fuel Cell (PEFC): 

i) The structure of the compact reformer should be as simple as possible for easier 

maintenance, thus the time allocated for the maintenance will become shorter. This 

includes the use of flat sheet type membrane for hydrogen purification and the 

simple structure of catalyst zone for methanol steam reforming reaction. 

ii) Flat sheet Pd/Ag membrane should be used instead of tubular Pd/Ag membrane 

because simpler structure of the flat sheet membrane is less expensive than tubular 

type membrane. 

iii) The use of flat sheet Pd/Ag membrane with sufficient thickness in compact methanol 

steam reformer allows us to estimate the maximum hydrogen permeation rate prior 

to designing the reformer. The estimation can be done by using our proposed 

analytical method based on Sieverts’ equation with the consideration of permeation 

effect. 
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2.2.4 Theoretical Background 

 

The hydrogen permeation rate of the hydrogen purification membrane is estimated by 

Sieverts’ Law, which is quantified with Fick’s First Law as mentioned in Eq. (2.4) (Uemiya 

et al. 1991
(ii)

): 

 

𝐹 =
𝑞𝐴

𝑑
(√𝑃𝐻2,1 −√𝑃𝐻2,2)                                                                                                          (2.4) 

 

The hydrogen permeance coefficient (𝑞) for the Pd/Ag membrane is estimated using Fig. 

2.3 as a function of membrane temperature. 

Figure 2.3 shows that the hydrogen permeance coefficient is around 1.0x10
-8

 to 2.0x10
-8

 

mol.H2.m
-1

.s
-1

.Pa
-0.5

 and increases with an increase in temperature. The values of the 

coefficient, however, are different quantitatively (Chabot et al. 1988, Nishimura et al. 

2002). It is not clear the difference in the present study , but it can be supposed that the 

characteristics of the membrane is sensitive to the manufacturing process, the condition to 

be used and so on. Thus, we used two values in Fig. 2.3 in the analysis of the present study. 

Figure 2.4 shows a schematic of the hydrogen partial pressure profile near the membrane 

surface. As shown in Fig. 2.4, the H2 concentration variation close to the membrane is not 

taken into account . In this case, PH2,1 is estimated as follows, 

 

𝑃𝐻2,1 =
𝐹𝑖𝑛,𝐻2
𝐹𝑖𝑛

𝑃𝑖𝑛                                                                                                                            (2.5) 

                                                                   

In this experiment, the mixture which is supplied to the upstream side of the membrane, 

is produced by steam reforming. Then, we use the actual reformed gas composition to 
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estimate the permeation rate through the membrane based on Sieverts’ equation. In our 

experimental study, 𝐹𝑖𝑛,𝐻2  and 𝐹𝑖𝑛 are then determined as follows, 

 

𝐹𝑖𝑛,𝐻2 = 𝐹𝑝𝑒𝑟 + 𝐹𝐻2,𝑜𝑓𝑓−𝑔𝑎𝑠                                                                                                    (2.6)                                                                 

 

where 𝐹𝐻2,𝑜𝑓𝑓−𝑔𝑎𝑠 is obtained by Eq. (2.7) below. 

 

       𝐹𝐻2,𝑜𝑓𝑓−𝑔𝑎𝑠 = 𝑋𝐻2 ,𝑜𝑓𝑓−𝑔𝑎𝑠  ×  𝐹𝑎𝑙𝑙,𝑜𝑓𝑓−𝑔𝑎𝑠                                                                (2.7)      

 

Then, inlet total gas flow rate 𝐹𝑖𝑛 is determined from the Eq. (2.8), as shown below. 

 

     𝐹𝑖𝑛 =  𝐹𝑝𝑒𝑟 + 𝐹𝑎𝑙𝑙,𝑜𝑓𝑓−𝑔𝑎𝑠 + 𝐹𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑                                                                              (2.8) 

 

By substituting 𝑃𝐻2,1 in Eq.(2.4) with Eq.(2.5), the following Eq.(2.9) is obtained. 

 

  𝐹 =
𝑞𝐴

𝑑
(√

𝐹𝑖𝑛,𝐻2
𝐹𝑖𝑛

𝑃𝑖𝑛 −√𝑃𝐻2,2)                                                                                             (2.9)  

Then, Eq.(2.9) is used to estimate the H2 permeation rate based on Sieverts’ equation. 
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Fig. 2.3 Hydrogen permeance coefficient (q) of 77wt.% Pd/23wt.% Ag membrane  
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Fig. 2.4 Pressure profile of the permeation system 
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2.3  Results and Discussion 

 

The performance of compact methanol steam reformer was investigated experimentally 

in terms of mole fraction of reformed gas, methanol conversion rate and H2 purification.   

 

2.3.1 Methanol Steam Reforming Process 

 

In this section, the experimental results of the effect of reference catalyst zone 

temperatures, pressures at the upstream side, steam to methanol ratios (S/C ratio), and 

reactant flow rates on mole fraction of reformed gas and methanol conversion rate, are 

presented. 

 

2.3.1.1 Temperature Dependence 

Figure 2.5 shows the effect of reference catalyst zone temperature on the mole fraction 

of reformed gas and the methanol conversion rate. The figure shows that the mole fraction 

of reformed hydrogen is constant in the experimental temperature range, at almost 0.75, 

which is the theoretical mole fraction of H2 estimated from Eq. (2.1). Meanwhile, the CO2 

decreases while CO increases with an increase in reference temperature. This is mainly 

caused by the formation of more CO and less CO2 at higher reference temperature due to 

the suppression of the exothermic water-gas shift reaction, which is shown in Eq.(2.3). The 

figure shows that the methanol conversion rate reaches maximum at around 0.75, 

indicating that not all of the methanol is converted to hydrogen. In addition, the conversion 

rate decreases significantly when the reference catalyst zone temperature is decreased from 

620K to 590K. This is mainly due to a decrease in the catalyst activity, when the reference 

catalyst zone temperature becomes lower than 620K. 

 

2.3.1.2 Pressure Dependence 

Figure 2.6 shows the mole fraction of reformed gas and the methanol conversion rate 

under various operating pressures. The figure shows that the mole fractions of reformed H2, 

CO2 and CO are 0.75, 0.20 and 0.05, respectively. The reformed H2, CO2 and CO remained 

constant, indicating that the methanol decomposition and water-gas shift reaction are little 
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influenced by the pressure. The methanol conversion rate is almost constant at about 0.75 

once the pressure reaches 0.30MPa. Initially, when the pressure decreases to 0.20MPa, the 

conversion rate slightly decreases. Since the contact time between the reactants and 

catalyst decreases with a decrease in pressure, the amount of hydrogen produced also 

decreases. 

 

2.3.1.3 Dependence on Steam/Methanol (S/C) Ratio  

Figure 2.7 shows the effect of the S/C ratio on the mole fraction of reformed gas and the 

methanol conversion rate. The figure shows that the reformed hydrogen is almost constant 

at 0.75 though it decreases slightly when S/C ratio<1. When S/C ratio<1, there is 

insufficient steam to react with methanol, and as a result, the hydrogen mole fraction 

slightly decreases. The mole fraction of CO2 increases while CO decreases with an 

increase in the S/C ratio. This is because more CO from methanol decomposition is 

converted to CO2 by the water-gas shift reaction when the S/C ratio is increased. The 

figure shows that the conversion rate is almost constant for various S/C ratios though it 

shows a slight fluctuation. 

 

2.3.1.4 Dependence on Reactant Flow Rate 

Figure 2.8 shows the effect of reactant flow rate on the mole fraction of reformed gas 

and the methanol conversion rate. The figure shows that the mole fraction of H2, CO2 and 

CO tends to be constant at 0.75, 0.21 and 0.04, respectively. It is interesting to note that the 

methanol conversion rate dramatically decreases with an increase in the reactant flow rate. 

This is mainly caused by the decrease in the residence time of the reactants when the flow 

rate is increased. The decrease in the residence time causes fewer reactant molecules to 

contact the catalyst in a sufficient time for reforming. Consequently, fewer reactants were 

converted to hydrogen through the reforming process. 

As a conclusion for the Section 2.3.1.1 to 2.3.1.4, the results show that when reference 

catalyst zone temperature is equal or higher than 620K, and pressure is equal or higher than 

0.30MPa, the maximum methanol conversion rate is obtained when the reactant flow rate 

is low. The methanol conversion rate is insensitive to the S/C ratio within this experimental 

range. However, even when the reference temperature is increased or S/C ratio is decreased, 

the undesired CO also increases, which is mainly caused by the suppression of the 
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exothermic water-gas shift reaction. Besides, as reported by previous study (Huang et al. 

2007), at certain point of high temperature, the performance of catalyst CuO/ZnO/Al2O3 

starts to deteriorate, which may cause the decrease in methanol conversion rate. In addition, 

even higher conversion rate is obtained at lower reactant flow rate, less hydrogen is 

produced. 
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Fig. 2.5 Effect of reference catalyst zone temperature on mole fraction of reformed gas and 

methanol conversion rate (P0: 0.4MPa, α: 1, Freac: 2.8×10
-4 

mol/s) 
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Fig. 2.6  Effect of pressure at upstream side on mole fraction of reformed gas and 

methanol conversion rate (Tcat(ref): 637K, α: 1, Freac: 2.8×10
-4 

mol/s) 
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Fig. 2.7 Effect of S/C ratio on mole fraction of reformed gas and methanol conversion rate 

(Tcat(ref): 637K, P0: 0.40MPa) 
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Fig. 2.8  Effect of reactant flow rate on mole fraction of reformed gas and methanol 

conversion rate (Tcat(ref): 637K, P0: 0.40MPa, α: 1) 
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2.3.2 Hydrogen Purification 

 

In this section, the results of the hydrogen permeation rate under various operating 

parameters including the reference membrane temperature, pressure at the upstream side, 

S/C ratio and reactant flow rate are described. 

 

2.3.2.1 Dependence on Temperature 

Figure 2.9 shows the hydrogen permeation rate under various reference membrane 

temperatures. The figure shows that initially, the hydrogen permeation rate increases 

significantly with an increase in the reference membrane temperature. This is caused by the 

increase in the hydrogen permeance coefficient and significant increase in methanol 

conversion rate shown in Fig. 2.5, when the reference temperature is increased. Figure 2.9 

shows that the increase rate of the permeation rate gradually decreases when the reference 

temperature becomes higher than 580K, which is caused by the almost constant and slight 

decrease in the methanol conversion rate at this temperature range.  

The CO concentration contained in the permeated gas under various operating reference 

membrane temperatures is mentioned. This indicates that high purity hydrogen with a very 

low CO concentration can be obtained for all temperature ranges, which is able to be used 

for PEFC application (< 10 ppm) (Katsuki 2005). 

 

2.3.2.2 Dependence on Pressure 

Figure 2.10 shows the effect of upstream side pressure on the hydrogen permeation rate. 

The hydrogen permeation rate increases with an increase in the pressure, which is caused 

by the larger difference between hydrogen partial pressure at the upstream side and the 

permeated side. The figure shows that the increase rate of the hydrogen permeation rate 

gradually decreases. Details of this trend are discussed in Section 2.3.4.      

Table 2.3 shows the high purity hydrogen with low CO concentration, which is less than 

0.3 ppm, is obtained under various pressures. 

 

2.3.2.3 Dependence on Steam/Methanol (S/C) Ratio 

Figure 2.11 shows the effect of the S/C ratio on the hydrogen permeation rate. The figure 
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shows that the hydrogen permeation rate reaches maximum at the S/C ratio around unity 

and decreases on both sides. When the S/C ratio is decreased from 1 to 0.8, the hydrogen 

permeation rate decreases. This is mainly due to the decrease in the hydrogen mole fraction 

in the reformed gas when the S/C ratio is decreased. The decrease in the hydrogen mole 

fraction decreases the permeation rate because the hydrogen partial pressure decreases. On 

the other hand, when the S/C ratio becomes higher than 1, the permeation rate tends to 

decrease gradually. When the S/C ratio is increased from unity, more excessive steam at 

the upstream side exists, which causes the decrease in the hydrogen mole fraction. As a 

result, the permeation rate decreases with an increase in the S/C ratio because the hydrogen 

partial pressure at the upstream side decreases. As shown in Table 2.4, all values of CO 

concentration are very small and fulfil the PEFC requirement (<10ppm) (Katsuki 2005). 

 

2.3.2.4 Dependence on Reactant Flow Rate 

Figure 2.12 shows the effect of the reactant flow rate on the hydrogen permeation rate. 

The permeation rate initially increases with an increase in the reactant flow rate, and 

reaches a maximum when the reactant flow rate is around 2.8×10
-4

 mol/s. When the 

reactant flow rate is increased from 1.7 to 2.8×10
-4

 mol/s, the flow velocity towards the 

membrane surface increases. The higher flow velocity produces a higher hydrogen 

concentration at the membrane surface, which causes an increase in the hydrogen 

permeation rate. However, once the reactant flow rate exceeds 2.8×10
-4

 mol/s, the effect of 

the decrease in the methanol conversion rate mentioned in Section 2.3.1.4 on the decrease 

in H2 partial pressure is considered to overcome the effect of the increase in the flow 

velocity towards the membrane. Consequently, less hydrogen is permeated due to the 

decrease in hydrogen partial pressure at the upstream side. 

Table 2.5 shows that CO concentration in the permeated gas is very small, and thus is 

suitable for the PEFC application. 
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Fig.2.9 Effect of reference membrane temperature on hydrogen permeation rate (P1: 0.4 

MPa, α: 1, Freac: 2.8×10
-4

 mol/s) 
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Fig. 2.10 Effect of upstream side pressure on hydrogen permeation rate (Tmem(ref): 583K, 

 α: 1, Freac: 2.8×10
-4

 mol/s) 
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Fig. 2.11 Effect of S/C ratio on hydrogen permeation rate (Tmem(ref): 583K, P0: 0.40 MPa, 

Freac: 2.8×10
-4

 mol/s) 
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Fig. 2.12 Effect of reactant flow rate on hydrogen permeation rate (Tmem(ref): 583K, P0: 0.40 

MPa, α: 1) 

 

 

 
Table 2.5 CO concentration at different reactant flow rates 

 Reactant Flow Rate, Freac 
[×10

-4 
mol/s] 

1.7 2.2 2.8 3.3 3.9 4.4 

CO concentration [ppm] 0.00 0.08 0.05 0.08 0.06 0.05 

 

 

 

 

 

 

 

 

0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

2.5E-04

3.0E-04

1.0E-04 2.0E-04 3.0E-04 4.0E-04 5.0E-04

H
yd

ro
g
en

 P
er

m
ea

ti
o
n

 R
at

e,
 F

p
er

 [
m

o
l/

s]
  

Reactant Flow Rate, Freac [mol/s] 



                                                                                       

CHAPTER 2 

48 

 

2.3.3 Example of System of Compact Methanol Steam Reformer with 

PEFC 

 

In our research, the compact reformer that we proposed is for small electrical device 

application, with the power output of around 35W. In this case, when 50% efficiency is 

assumed for a fuel cell (Su, 2009), the required hydrogen production rate for the power 

output of 35W is calculated to be around 0.90 mol/h (2.5x10
-4

mol/s). Here, 0.90 mol/h 

(2.5x10
-4

mol/s) is the maximum hydrogen permeation rate which is obtained when the 

compact reformer operates under reference membrane temperature ( )( refmemT ) of 583K, 

upstream pressure (
0P ) of 0.50MPa, steam to methanol ratio ( ) of 1 and methanol flow 

rate(
reacF ) of 1mol/h. 

Let say we have a system of a compact reformer in connection with Polymer Electrolyte 

Fuel Cell (PEFC) with the efficiency of 50% (Su, 2009) as shown below.  

 

 

 

 

 

 

Fig. 2.13  Compact reformer in connection with PEFC 

 

The size of the system depends on the purpose. Based on Fig. 2.13, it can be said that the 

size of methanol and water storage plays an important role to ensure the portability of the 

system. In this case, the size of storage is supposed to be as small as possible. Table 2.6 

shows the various sizes of storage and the respective time available to use the system, 

based on the condition as shown in Fig. 2.13. Here, the properties of methanol and water 

that are used for the calculations are shown in Table 2.7. 

 

 

 

Fuel Cell
35WCompact 

Reformer

50%
efficiency0.9 mol/h of

high purity H2

1 mol/h 
of methanol

1 mol/h 
of steam

Methanol
storage 

Water 
storage



                                                                                       

CHAPTER 2 

49 

 

Table 2.6 Size of storage and time available to use the system 

 Storage Size [ml] Mass Content [kg] Time Available [hr] 

-limited by methanol storage 

Methanol 250 0.20 ~6 

Water 0.25 

Methanol 500 0.40 ~12 

Water 0.50 

Methanol 1000 0.79 ~24 

Water 1.00 
 

Table 2.7 Properties of methanol and water 

 Molar mass [g/mol] Density [kg/m
3
] 

Methanol (CH3OH) 32 791.8 

Water (H2O) 18 1000 
     

Based on Table 2.6, when a bigger storage is used in the system, the time available to 

use the system becomes longer. It can be said that even the storage with the smallest size of 

250ml is used, the available time to use the system is still reasonable (~6 hours). However, 

as mentioned previously, the size of the storage strongly depends on the purpose. For 

instance, if the user wants to use the system to run a laptop computer continuously for 

more than 1 day, then the storage of methanol should be bigger than 1000ml. But, it is 

important to note that it is desirable the storage with smaller size is used in the system, 

because the portability of the system is more possible. In this case, the fuel top-up is more 

preferable than to increase the size of fuel storage.         

 

2.3.4 Estimation of Hydrogen Permeation Rate 

 

The hydrogen permeation rate under various pressures at the upstream side is estimated 

by Eq. (2.9). The estimated values are compared with experimental data. 

 

2.3.4.1 Dependence on Pressure 

Figure 2.14 shows the results of estimation for the hydrogen permeation rate under 

various (a) pressures at the upstream side and (b) differences in square root of the hydrogen 

partial pressures, along with the experimental data. Here, 𝑃𝐻2,1(𝑟𝑒𝑓) is the reference partial 

pressure of hydrogen at the upstream side, which is equal to 𝑃𝐻2,𝑖𝑛 . The values for 

hydrogen permeance coefficient (q) are estimated from Fig. 2.3, as 2.0 × 10−8 
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mol.m
-1

.s
-1

.Pa
-0.5 

and 1.4 × 10−8 mol.m
-1

.s
-1

.Pa
-0.5

.  

The figure shows that when the total pressure at the upstream side (𝑃1) is increased, the 

corresponding difference in square root of hydrogen partial pressures (√𝑃𝐻2,1(𝑟𝑒𝑓) −

√𝑃𝐻2,2) also increases due to the almost constant inlet hydrogen concentration and the 

constant atmospheric pressure of 𝑃𝐻2,2. As a result, the estimated hydrogen permeation 

rate increases, as well as experimental result. Figure 2.14(b) shows that the permeation rate 

estimated by the Eq.(2.9) increases linearly with an increase in difference of the square 

root of hydrogen partial pressures, whereas the experimental result shows that the increase 

rate of the permeation rate gradually decreases. In this case, a more fundamental study is 

necessary to make clear the reason why such significant difference between the prediction 

by Sieverts’ equation and experimental result occurs. This fundamental study is further 

discussed in Chapter 3.   

 

2.3.5 Membrane Surface Variation During Permeation 

 

For further discussion, we observed the surface topography of the purification 

membrane by a Scanning Electron Microscope (SEM). Figure 2.15 shows SEM images of 

an unused membrane and a used membrane. Figure 2.15(a) shows that the unused 

membrane has a smooth surface while Fig. 2.15(b) shows that the used membrane has a 

rough surface and uneven distribution of the black and white area, which probably causes a 

non-uniform permeation to occur at the surface.  

The changes in the physical characteristics of the membrane surface after the permeation 

as shown by the figure are supposed to be due to the blockage or adsorption of non-H2 

species on the surface, which decreases the hydrogen permeation. 
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Fig. 2.14  Effect of (a) pressure at upstream side and (b) difference in square root of 

hydrogen partial pressures on hydrogen permeation rate, based on experiment and 

estimation (Tmem(ref): 583K, α: 1, Freac: 2.8×10
-4

 mol/s)
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(a) unused membrane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) used membrane 

Fig. 2.15  The SEM images of (a) unused membrane and (b) used membrane 
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2.4 Conclusions 

 

The performance of a compact methanol steam reformer using catalyst CuO/ZnO/Al2O3 

for methanol steam reforming reaction and a Pd/Ag membrane for hydrogen purification 

was studied experimentally. The mole fraction of reformed hydrogen under various 

reference catalyst zone temperatures, pressures at the upstream side, S/C ratios and reactant 

flow rates is almost constant at 0.75, which corresponds to the mole fraction of H2 

estimated by the overall steam reforming reaction formula.  

The higher hydrogen permeation rate is attained when we use the higher reference 

membrane temperature and higher pressure. For the S/C ratio, we obtain the maximum 

permeation rate when the ratio is around 1 because the hydrogen partial pressure at the 

upstream side becomes highest when no excessive reactant at the upstream side exists. For 

the reactant flow rate, the permeation rate is maximum at a certain value where the 

hydrogen concentration at the membrane surface becomes highest due to the maximum 

effect of high flow velocity towards the membrane. The significant difference between the 

prediction by Sieverts’ equation and experimental H2 permeation rate demonstrates that the 

prediction method is not going well in this case. Therefore, a more fundamental study is 

necessary to make clear the reason why such significant difference occurs.  
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3.1 Introduction 

 

Recent studies have revealed that for the case of hydrogen mixture with high fraction of 

H2 feed rate that permeates membrane (high H2 permeation ratio), the well-known Sieverts’ 

equation alone still could not estimate the hydrogen permeation flux accurately even 

though only non-inhibiting gases were used in the hydrogen mixture. Several researchers 

(Caravella et al. 2009, Catalano et al. 2009, Chen et al. 2011, Chen et al. 2012) have 

revealed that not only feed concentration of mixture, but feed flow rate also becomes an 

important parameter in such condition which could affect the permeation characteristics for 

tubular type membrane.  

Based on previous studies, the permeation characteristics for flat sheet Pd/Ag membrane 

was less explored, unlike that for the long tubular type membrane (Zhang et al. 2006, 

Caravella et al. 2009, Catalano et al. 2009, Chen et al. 2011, Chen et al. 2012). As 

mentioned in Chapter 2, the H2 permeation rate for compact methanol steam reformer is 

much lower than the prediction by Sieverts’ equation. Then, in this chapter, a more 

fundamental study on H2 permeation for flat sheet Pd/Ag membrane was performed 

experimentally. Differ from the experimental study in Chapter 2, the study in this chapter 

used the unsupported membrane with stagnating flow at the upstream side of the 

membrane surface, to study the effect of feed flow rate without considering any possible 

influence from metal support. In addition, the non-inhibiting N2 was used in binary 

hydrogen mixture to neglect any adsorption effect of non-H2 species. The experimental 

results were then compared with prediction by the Sieverts’ equation. 
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3.2 Experimental Methods and Procedures 

 

An experimental setup for the hydrogen permeation test is shown in Fig. 3.1. 

Hydrogen/Nitrogen mixture was used because nitrogen is a non-inhibiting inert gas 

(Barbieri et al. 2008). For the purification process, a flat sheet, dense 77wt.% Pd/23wt.% 

Ag membrane with a thickness of 25μm, diameter of 0.02m and effective surface area of 

3.14x10
-4 

m
2
 was set inside the test module. Meanwhile, the position of K-type 

thermocouple (sheath diameter 1.6mm) for measurement of the reference membrane 

temperature ( )(refmemT ) was set at 10mm above the membrane at downstream side along 

centerline. The heating was performed by a ribbon heater, which covers the entire body of 

the module. Then, the whole covered module body was insulated to prevent heat loss. The 

leakage check was conducted by Swagelok liquid leak detector before and after the 

experiment for safety and to confirm no leakage occurs. In addition, we confirmed that no 

permeation of nitrogen occurs through the membrane. 

Initially, the experimental module was purged by nitrogen and then, the module was 

heated by the ribbon heater. Once the reference temperature reached the desired 

temperature, the mixture of hydrogen and nitrogen was supplied to the module through the 

inlet which was set at 3.2mm atop the membrane surface at the upstream side. The flow 

rate of each gas was controlled by mass flow controllers (Horiba STEC, model: SEC-E40 

MK3 300sccm for H2, and 100 sccm for N2). The total pressure of the gas mixture at the 

upstream side was controlled by a needle valve when hydrogen started to permeate the 

membrane. In this case, the permeated (downstream) pressure was atmospheric pressure. 

The flow rate of purified gas was measured by a soap-film flow meter (GL Sciences 50ml) 

once the reading of the flow rate became stable.  
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In this study, the effect of the feed flow rate of H2/N2 mixture on the hydrogen 

permeation rate was investigated experimentally as a function of reference membrane 

temperatures ( )(refmemT ), total pressures at the upstream side ( 0P ) and inlet H2 mole fractions 

(
inHX ,2
). Meanwhile, the results of the experiments with pure hydrogen were used to obtain 

the value of the hydrogen permeance coefficient. 

 

3.2.1 Experimental Conditions for Pure Hydrogen 

 

The hydrogen permeation rate was measured as a function of the feed flow rate for the 

case of pure hydrogen to determine the hydrogen permeance coefficient of the purification 

membrane. The experimental conditions are presented in Tables 3.1 and 3.2. 

 

Table 3.1 Dependence of permeation on hydrogen feed flow rate 

No. of series 1 

Reference membrane temperature, )(refmemT [K] 523 

Total pressure, 0P [MPa] 0.20 

Inlet hydrogen flow rate,
2,HinF [mol/s] 6.69x10

-5
~2.23x10

-4
 

 

 

 

Table 3.2 Permeation test 

No. of Series 1 2 3 

Reference membrane 
temperature, )(refmemT [K] 

523 623 723 

Total pressure, 0P [MPa] 0.20-0.30 

Inlet hydrogen flow rate,  

2,HinF [mol/s] 
2.23x10

-4
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Fig. 3.1  Experimental Setup 
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8
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3.2.2 Experimental Conditions for Hydrogen Mixture 

 

3.2.2.1 Reference Condition (Effect of Feed Flow Rate) 

The experiments were conducted under various conditions, as shown in Tables 3.3 and 

3.4. For the cases with various pressures and temperatures, the inlet hydrogen mole 

fraction was set to 0.75 ( in,Nin,H 22
X:X =0.75:0.25). This mole fraction was selected based on 

the overall methanol steam reforming reaction model, as demonstrated in Chapter 2.  

Meanwhile, for the cases with various inlet H2 mole fractions, the pressure and 

temperature were set constant at 0.25MPa and 623K, respectively. For all cases, the 

downstream side was at atmospheric pressure. 

Table 3.3 Experimental conditions for various pressures and temperatures 

No. of Series 1 2 3 

Upstream pressure,

0P [MPa] 
0.20 0.25 0.30 

Reference membrane 
temperature, 
 )(refmemT [K] 

623 523-723 623 

Feed flow rate,  

inF [mol/s] 
1.5x10

-5
~2.98x10

-4
 

 

Table 3.4 Experimental conditions for various inlet H2 mole fractions 

 ( 0P :0.25MPa, )( refmemT :623K)  

No. of Series 1 2 3 

Inlet H2 mole fraction, inHX ,2
 0.70 0.75 0.80 

Feed flow rate, 

inF [mol/s] 
2.78x10

-5
~1.94x10

-4 
2.78x10

-5
~2.50x10

-4
 

 

3.3 Theoretical Background 

 

In this section, the Sieverts’ equation is reconsidered to estimate H2 permeation mole 

flux.     

The hydrogen permeation mole flux through a dense Pd-based membrane can be 

estimated by Sieverts’ law, which is quantified with Fick’s First law as shown in Eq. 

(3.1)(Uemiya et al. 1991):   
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 2,1, 22 HH PP
d

q
f                  (3.1) 

 

where f is the hydrogen permeation mole flux, q  is the hydrogen permeance coefficient,  

d  is the membrane thickness, 1,2HP  is the hydrogen partial pressure at the membrane 

surface of upstream side and 2,2HP  is the hydrogen partial pressure at the membrane 

surface of downstream side.  

Figure 3.2 shows the hydrogen partial pressure profile near the membrane surface of the 

upstream side. Here, inP  is total pressure at the inlet, 0P  is total pressure at the upstream 

side, 1P  is total pressure at the membrane surface of upstream side, inHP ,2
 is the 

hydrogen partial pressure at the inlet, meanf  is the mean mole flux (feed flow rate per 

effective membrane surface area) and 
2,Hmeanf is the mean hydrogen mole flux. As shown in 

Fig. 3.2, Line 1 represents the hydrogen partial pressure profile when the decrease in the 

H2 concentration toward the membrane is not taken into account. In this case, the H2 partial 

pressure at the membrane surface as represented by Point A is assumed to be the same as 

that far from the membrane surface. Therefore, 1,2HP can be estimated by Eq. (3.2) as 

follows, 

 

in

mean

Hmean

inHH P
f

f
PP 2

22

,

,1,                  (3.2) 

 

where meaninHHmean fXf  ,, 22
. By substituting 1,2HP  in Eq. (3.1) with Eq. (3.2), the 

following Eqs. (3.3) is obtained.  . 

 














 2,

,

2

2

Hin

mean

Hmean
PP

f

f

d

q
f                   (3.3) 

 

Equation (3.3) then is used to estimate H2 permeation mole flux for the reference 

conditions. 
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Fig. 3.2 Pressure profile of the permeation system 
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3.4 Results and Discussion 

 

3.4.1 Pure Hydrogen Case 

 

3.4.1.1 Permeation Characteristics for Pure Hydrogen 

Figure 3.3 shows the permeation characteristics of a Pd/Ag membrane used in this study 

when the upstream side of the membrane was pressurized with pure hydrogen. These 

experiments were carried out at 523K, 623K and 723K. The figure shows that the H2 flux 

was linear with respect to the difference in square root of hydrogen partial pressures 

between the upstream side and downstream side. This demonstrates that the purification 

membrane follows the Sieverts’ law, which means that the H2 flux was controlled by 

diffusion of H atom across the membrane. 

Figure 3.4 shows the effect of the feed flow rate on the H2 permeation rate through a 

Pd/Ag membrane for the case of pure H2. The figure shows that the permeation rate does 

not depend on the feed flow rate, and thus demonstrates that the hydrogen permeance 

coefficient is not affected by the feed flow rate. The minimum inlet H2 flow rate that was 

set for the experiment was about 6.694x10
-5

 mol/s (~0.241 mol/h) to ensure the pressure at 

the upstream side could be sustained. In Fig. 3.4, the dotted line shows the condition of H2 

permeation rate is equal to the inlet H2 flow rate. Thus, the area where 
2,HinF  is equal or 

lower than that of the dotted line cannot be realized. 

 

3.4.1.2 Permeance Coefficient 

Figure 3.5 shows the hydrogen permeance coefficient for Pd based membranes as a 

function of a reciprocal temperatures. It was found that the permeance coefficient for the 

membrane of the present study was relatively higher in comparison to that for other 

membranes. However, similar trend was obtained with other membranes, in that the 

coefficient of the membranes increases with an increase in temperature and gradually 

becomes flat with further increase in temperature.  

The values of the hydrogen permeance coefficient ( q ) used for the estimation for case of 

H2 mixture with various inlet H2 partial pressures are presented in Table 3.5. In addition, 

the values used for the estimation for case of H2 mixture with various inlet H2 mole 
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fractions are presented in Table 3.6. For the latter case, other piece of flat sheet Pd/Ag 

membrane with the same thickness was used, in which it has been confirmed to follow 

Sieverts’ Law.    

All the values of the coefficient were determined by substituting Eq.(3.1) with the 

experimental data in the present study.  

 

Table 3.5 Values of hydrogen permeance coefficient for the case of H2 mixture with 

various inlet H2 partial pressures 

Total Pressure,

0P  [MPa] 

Reference Membrane 
Temperature, 
 )(refmemT [K] 

Hydrogen Permeance 
Coefficient, 

q [molm
-1

s
-1

Pa
-1/2

] 

0.20 623 3.9x10
-8

 

0.25 

523 2.8x10
-8

 

623 3.8x10
-8

 

723 4.0x10
-8

 

0.30 623 3.6x10
-8

 

 

Table 3.6 Values of hydrogen permeance coefficient for the case of H2 mixture with 

various inlet H2 mole fractions 

Inlet H2 mole fraction, 

inHX ,2
 

Hydrogen Permeance Coefficient, 

q [molm
-1

s
-1

Pa
-1/2

] 

0.70 4.0x10
-8

 

0.75 4.3x10
-8

 

0.80 4.3x10
-8
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Fig. 3.3 Pure H2 permeation characteristics of Pd/Ag membrane 
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Fig. 3.4 Effect of inlet H2 flow rate on H2 permeation rate for pure H2 ( )(refmemT :523K,

0P :0.20MPa) 
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Fig. 3.5  Hydrogen permeance coefficient( q ) for Pd based membranes 
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3.4.2 Hydrogen Mixture Case 

 

3.4.2.1 Dependence on Feed Flow Rate  

Figure 3.6 shows the effect of the feed flow rate on the H2 permeation rate, for different 

reference membrane temperatures. The figure shows that the H2 permeation rate increases 

with an increase in the feed flow rate. This is supposed due to the increase in flow velocity 

towards the membrane surface of the upstream side, which causes the increase in hydrogen 

concentration at the membrane surface of upstream side. Due to the increase in hydrogen 

concentration, the hydrogen partial pressure at the membrane surface also increases when 

the feed flow rate is increased. In addition, it was a reasonable result that the H2 

permeation rate increases with an increase in reference membrane temperature, which 

corresponds to the increase in the hydrogen permeance coefficient, as shown in Fig. 3.5. 

Figure 3.6 shows that for most of the feed flow rates, the difference in the permeation rate 

between the case of Tmem(ref) =523K and Tmem(ref)=623K is much larger than the difference 

between the case of Tmem(ref)= 623K and Tmem(ref) =723K. These significant differences 

correspond to the trend of changes in the hydrogen permeance coefficient when the 

reference temperature was increased, as shown in Fig. 3.5. 

Figure 3.7 shows the effect of the feed flow rate on the H2 permeation rate, for different 

inlet hydrogen partial pressures at the upstream side. Similar to the observation by previous 

researchers for the case of tubular type membrane (Catalano et al. 2009), the permeation 

rate is higher for a higher feed flow rate. This is supposed to be due to the increase in the 

hydrogen partial pressure at the membrane surface of the upstream side when the feed flow 

rate is increased, as already mentioned above. 

Figure 3.8 shows the effect of the feed flow rate on the H2 permeation rate, for different 

inlet hydrogen mole fractions. The figure demonstrates that the permeation rate is higher 

for a higher feed flow rate, in which the reason has already been mentioned in the previous 

paragraph. The figure also shows that when the inlet H2 mole fraction is increased, the H2 

permeation rate increases. This is supposed due to the increase in H2 concentration at the 

membrane surface, that is H2 partial pressure at the membrane surface when the inlet H2 

mole fraction is increased.   
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Fig. 3.6  Effect of feed flow rate on H2 permeation rate, for different reference membrane 

temperatures ( inHP ,2
: 0.19MPa, 2,2HP : 0.10MPa) 
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Fig. 3.7 Effect of feed flow rate on H2 permeation rate, for different inlet hydrogen partial 

pressures ( )(refmemT : 623K, 2,2HP : 0.10MPa) 
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Fig. 3.8 Effect of feed flow rate on H2 permeation rate, for different inlet hydrogen mole 

fractions ( )(refmemT : 623K, inHP ,2
: 0.19MPa, 2,2HP : 0.10MPa) 
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3.4.2.2 Comparison Between Estimation by Sieverts’ Equation and Experimental 

Results 

Figures 3.9(a)-(c) and 3.10(a)-(c) show the H2 permeation mole flux as a function of 

mean mole flux. Here, the feed flow rate in the experiment was converted to mean mole 

flux, which represents the feed flow rate divided by the effective membrane surface area. 

In Figs. 3.9(a)-(c) and 3.10(a)-(c), the experimental result, estimation by Eq.(3.3) along 

with the limitation line of which H2 permeation mole flux is equal to the mean H2 mole 

flux, are presented.  

Experimental results show that the H2 permeation mole flux generally decreases with a 

decrease in the mean mole flux, and becomes very close to the limitation when the mean 

mole flux is very low. This trend cannot be estimated by Eq.(3.3) because Eq.(3.3) 

demonstrates constant H2 permeation mole flux, independence from the mean mole flux by 

definition. Furthermore, the prediction by Sieverts’ equation also gives the unrealistic 

results, once the estimated H2 permeation mole flux exceeds the limitation line, which 

means the permeation mole flux becomes higher than the mean mole flux. Even when the 

inlet hydrogen partial pressure or inlet hydrogen mole fraction is changed, the same trend 

is obtained.  

As shown by Figs 3.9(a)-(c) and 3.10(a)-(c), the experimental results are much lower 

than the estimation by the Sieverts’ equation, that is Eq.(3.3). This elucidates that when 

inHP ,2
 is used in the Eq.(3.3), the 1,2HP  is overestimated, thus the estimation gives much 

higher permeation mole flux in comparison to the permeation flux obtained from the 

experiment. On the other hand, when the mean mole flux is increased, the H2 permeation 

mole flux becomes closer to the estimation by Eq.(3.3), thus demonstrates that 1,2HP  

approaching to inHP ,2
. 

Thus, it is suggested that a new prediction method based on Sieverts’ equation which 

considers the decrease in hydrogen concentration at the membrane surface, is necessary to 

estimate H2 permeation rate for H2 mixture. Corresponding to previous study (Catalano et 

al. 2009) for tubular type membrane, H2 permeation flux itself is supposed to become an 

important parameter in this case. This will further discussed in Chapter 4.
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(a) inHP ,2
: 0.15MPa, 2,2HP : 0.10MPa  

 

 

 

 

 

 

 

 

 

 

(b) inHP ,2
: 0.19MPa, 2,2HP : 0.10MPa 

 

 

 

 

 

 

 

 

 

 

(c) inHP ,2
: 0.23MPa, 2,2HP : 0.10MPa 

Fig. 3.9 Effect of mean mole flux on H2 permeation mole flux ( )(refmemT : 623K) 
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(a) inHX ,2
:0.70, inHP ,2

: 0.19MPa, 2,2HP : 0.10MPa
 

 

 

 

 

 

 

 

 

 

 

(b) inHX ,2
:0.75, inHP ,2

: 0.19MPa, 2,2HP : 0.10MPa 

 

 

 

 

 

 

 

 

 

 

(c) inHX ,2
:0.80, inHP ,2

: 0.19MPa, 2,2HP : 0.10MPa 

Fig. 3.10 Effect of mean mole flux on H2 permeation mole flux ( )(refmemT : 623K) 
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3.5 Conclusion 

 

In the present study, the effect of feed flow rate of hydrogen mixture on the hydrogen 

permeation for flat sheet Pd/Ag membrane was investigated experimentally. 

The test for pure hydrogen demonstrates that the Pd/Ag membranes used in the present 

study follows the Sieverts’ Law. In addition, it was found that the hydrogen permeance 

coefficient of the Pd/Ag membranes in this study is relatively higher in comparison to that 

in the other studies, but the trend of changes in the permeance coefficient with temperature 

is similar.  

For the hydrogen mixture, the experimental results showed that the H2 permeation rate 

decreases when the feed flow rate is decreased, regardless of temperatures, inlet H2 partial 

pressures and inlet H2 mole fractions. This trend cannot be estimated by the Sieverts’ 

equation, thus elucidates that the hydrogen partial pressure at membrane surface is 

overestimated when the inlet hydrogen partial pressure is used in the equation. Then, the 

phenomenon of hydrogen concentration decrease at membrane surface is confirmed, which 

is supposed due to the effect of H2 permeation itself.   
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Chapter 4 

Theoretical Analysis on Hydrogen Permeation with 

Flat Sheet Pd/Ag Membrane for Hydrogen Mixture 
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4.1 Introduction 

 

Recent studies have revealed that for the case of hydrogen mixture with high fraction of 

H2 feed rate that permeates membrane (high H2 permeation ratio), the well-known Sieverts’ 

equation alone still could not estimate the hydrogen permeation flux accurately even 

though only non-inhibiting gases were used in the hydrogen mixture (Chen et al. 2008, 

Catalano et al. 2009, Chen et al. 2011). Catalano et al. (2009) reported that during this 

condition, H2 permeation flux is one of the important factors that could affect the flow 

properties near the membrane surface of the upstream side. This reveals that the use of feed 

flow rate in the Sieverts’ equation without considering the effect of H2 flux could cause 

deviation from the actual H2 permeation flux. Several researchers have studied the effect of 

feed flow rate on permeation characteristics in such condition for tubular type membrane, 

experimentally (Catalano et al. 2009, Zhang et al. 2006) and numerically (Zhang et al. 

2006, Caravella et al. 2009, Chen et al. 2011, Chen et al. 2012). They have demonstrated 

the phenomena of concentration polarization, which could be clearly observed when a long 

tubular membrane was used.  

To describe the permeation characteristics in such condition, Gaohong et al.(1999) 

asserted that a better correlation to describe the gas separation needs to be investigated, 

which can explain the effect of permeation itself clearly, while Mourgues and Sanchez 

(2005) concluded that the general relation for multiple parameters such as permeate flux, 

operating pressure and feed velocity is difficult to obtain because these parameters depend 

on each other. Several studies (Caravella et al. 2009, Catalano et al. 2009, Caravella et al. 

2010) have been conducted to introduce new methods for estimating hydrogen permeation 

flux for the case of high H2 permeation ratio. Catalano et al. (2009) used a mass transport 

coefficient to consider the major contribution of diffusion due to permeation. 

Semi-empirical equations were proposed to estimate the hydrogen permeation rate, in 

which some experimental data is necessary in order to use the equations. A polarization 

map has also been created by Caravella et al. (2009) as a useful tool to evaluate the 

concentration polarization manually once the inlet and outlet conditions are specified. In 
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another study (Caravella et al. 2010), a novel permeation reduction coefficient was 

introduced to consider the inhibition by CO and concentration polarization simultaneously. 

Even though many researchers (Gaohong et al. 1999, Mourgues and Sanchez 2005, 

Catalano et al. 2009, Chen et al. 2011) pointed out that the permeation flux (or permeation 

rate) plays a significant role in such condition in addition to the other parameters, it seems 

that the relation for multiple parameters including H2 permeation flux has not been 

proposed yet.                     

As mentioned in Chapter 3, the actual H2 permeation mole flux for H2 mixture decreases 

with a decrease in mean mole flux, and this could not be predicted by Sieverts’ equation. 

Then, in this chapter, such trend is discussed by using a proposed theoretical equation that 

takes into account the effect of H2 permeation itself. The estimation of H2 permeation mole 

flux by Sieverts’ equation is quantitatively reconsidered by taking into account the 

hydrogen concentration decrease at the membrane surface of the upstream side due to 

permeation. The proposed analytical method is supposed to be practically useful for the 

permeation system with similar geometry, in which the similar geometry has been 

implemented for many applications (Arstad et al. 2006, Unemoto et al. 2007, S. Damle 

2009).    

 

4.2 Theoretical Background 

 

In this section, the Sieverts’ equation is reconsidered quantitatively to take into account 

the decrease in hydrogen concentration at the membrane surface due to permeation. 

As mentioned in Chapter 3, the hydrogen permeation mole flux through a dense 

Pd-based membrane can be estimated by Sieverts’ law, which is quantified with Fick’s 

First law as shown in Eq. (4.1)(Uemiya et al. 1991):   

 

 2,1, 22 HH PP
d

q
f                                               (4.1) 

      

Figure 4.1 shows the hydrogen partial pressure profile near the membrane surface of the 

upstream side. Here, inP  is total pressure at the inlet, 0P  is total pressure at the upstream 

side, 1P  is total pressure at the membrane surface of upstream side, inHP ,2
 is the 
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hydrogen partial pressure at the inlet, meanf  is the mean mole flux (feed flow rate per 

effective membrane surface area) and 
2,Hmeanf is the mean hydrogen mole flux. As 

described in Chapter 3, Line 1 in Fig. 4.1 represents the hydrogen partial pressure profile 

when the decrease in the H2 concentration toward the membrane is not taken into account. 

In this case, 1,2HP can be estimated by Eq. (4.2) as follows, 

 

in

mean

Hmean

inHH P
f

f
PP 2

22

,

,1,                  (4.2) 

 

which is same with Eq.(3.2) in Chapter 3. In this case, meaninHHmean fXf  ,, 22
. In the case of 

pure hydrogen, no hydrogen concentration decrease occurs and Eq. (4.2) can be used to 

estimate the hydrogen permeation mole flux accurately.  

However, for the case of hydrogen mixture, the hydrogen partial pressure varies as 

represented by Line 2 schematically and the hydrogen permeation mole flux is 

overestimated when Eq. (4.2) is used. In our study, Eq. (4.2) is extended to take into 

account the decrease in hydrogen concentration at the membrane surface due to permeation, 

as represented by Point B. In this case, 1,2HP can be estimated by Eq. (4.3) as follows, 
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mean

Hmean

H P
ff

ff
P




 2

2

,

1,                          (4.3) 

 

where 10 PPPin  . By substituting 1,2HP  in Eq. (4.1) with Eqs. (4.2) and (4.3), the 

following Eqs. (4.4) and (4.5) are obtained.  . 
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which is same with Eq.(3.3) in Chapter 3, and 
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In this case,
ff

ff

mean

Hmean




2,

 in Eq. (4.5) represents H2 mole fraction at the membrane 

surface of the upstream side with consideration of the decrease in hydrogen concentration 

due to permeation. 

Equation (4.5) is then rewritten as follows, 
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          (4.6) 

 

Equation (4.6) is solved using Newton-Raphson method (S. Rao 2002). As shown in Eq. 

(4.6), f can be obtained when the boundary conditions are determined.  
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Fig. 4.1 Pressure profile of the permeation system 
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4.3 Results and Discussion 

 

4.3.1 Comparison Between Estimation by Theoretical Equation and 

Experimental Results 

 

In this section, the experimental result for the case of H2 mixture with various inlet H2 

partial pressures and various inlet H2 mole fractions in Chapter 3 is used for comparison 

with H2 permeation mole flux estimated by the proposed theoretical equation.  

Figures 4.2(a)-(c) and 4.3(a)-(c) show the H2 permeation mole flux as a function of 

mean mole flux for H2 mixture with various inlet H2 partial pressures and various inlet H2 

mole fractions, respectively. Here, the feed flow rate in the experiment was converted to 

mean mole flux, which represents the feed flow rate divided by the effective membrane 

surface area. In Figs. 4.2(a)-(c) and 4.3(a)-(c), the experimental result, estimation by 

Eq.(4.4), estimation by Eq.(4.5) along with the limitation line of which H2 permeation 

mole flux is equal to the mean H2 mole flux, are presented.  

Experimental results show that the H2 permeation mole flux generally decreases with a 

decrease in the mean mole flux, and becomes very close to the limitation when the mean 

mole flux is very low. This trend can be estimated quantitatively by Eq.(4.5), but not by 

Eq.(4.4). In this case, Eq.(4.4) demonstrates constant H2 permeation mole flux, 

independence from the mean mole flux by definition. Even when the inlet hydrogen partial 

pressure or inlet hydrogen mole fraction is changed, the same trend is obtained.  

Figures 4.2(a)-(c) and 4.3(a)-(c) also demonstrate that the H2 permeation mole flux 

gradually reaches to estimation by Eq.(4.4) when the mean mole flux is increased. This 

trend is supposed to be similar to the mechanism of first order lag function. Therefore, a 

straight line with gradient of the curved line of Eq.(4.5) at (0,0) is created as shown by Figs. 

4.2(a)-(c) and 4.3(a)-(c) to estimate the value of mean mole flux for normalization 

( omeanf ,  ) which corresponds to “time constant” in the first order lag function. Then, the 

intersection between this line and the line of estimation by Eq.(4.4) gives the value of 

omeanf ,  . In this case, the value estimated by Eq.(4.4) in Figs. 4.2(a)-(c) and 4.3(a)-(c) 

corresponds to “gain” in the first order lag function. Then, the result for each case is 

normalized to describe similarity of the mechanism of H2 permeation according to the first 
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order lag function, for the cases with different inlet H2 partial pressure and different inlet 

H2 mole fraction. This is further discussed in Section 4.3.3. 
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(a) inHP ,2
: 0.15MPa, 2,2HP : 0.10MPa  

 

 

 

 

 

 

 

 

 

 

(b) inHP ,2
: 0.19MPa, 2,2HP : 0.10MPa 

 

 

 

 

 

 

 

 

 

 

(c) inHP ,2
: 0.23MPa, 2,2HP : 0.10MPa 

Fig. 4.2 Effect of mean mole flux on H2 permeation mole flux ( inHX ,2
:0.75, )(refmemT : 623K) 
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(a) inHX ,2
:0.70, inHP ,2

: 0.19MPa,
 2,2HP : 0.10MPa 

 

 

 

 

 

 

 

 

 

 

(b) inHX ,2
:0.75, inHP ,2

: 0.19MPa, 2,2HP : 0.10MPa 

 

 

 

 

 

 

 

 

 

 

(c) inHX ,2
:0.80, inHP ,2

: 0.19MPa, 2,2HP : 0.10MPa 

Fig. 4.3 Effect of mean mole flux on H2 permeation mole flux ( )(refmemT : 623K) 
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4.3.2 Mechanism of Proposed Theoretical Equation 

 

In this section, the theoretical result for the case of H2 mixture with various inlet H2 

partial pressures is used to describe the mechanism of the proposed theoretical equation.  

Figure 4.4 shows H2 partial pressure at the membrane surface of the upstream side 

estimated by Eq. (4.5), as a function of mean mole flux. Meanwhile, Fig. 4.5 shows the H2 

mole fraction at the membrane surface of the upstream side estimated by
ff

ff

mean

Hmean




2, , as a 

function of mean mole flux. 

Figure 4.4 shows that for any inlet hydrogen partial pressure, the H2 partial pressure at 

the membrane surface decreases with a decrease in the mean mole flux. In addition, the 

figure shows that the H2 partial pressure at the membrane surface is always lower than the 

inlet value ( inHP ,2
), which is represented by straight dotted lines. It is interesting to note 

that the H2 partial pressure goes to 0.10MPa when the mean mole flux is approaching to 0 

mol/(m
2
s), which is the same as H2 partial pressure at the membrane surface of 

downstream side ( 2,2HP ).  

Meanwhile, Fig. 4.5 demonstrates that the H2 mole fraction at the membrane surface 

decreases with a decrease in the mean mole flux, and is always smaller than the inlet mole 

fraction ( inHX ,2
). This is caused by the diffusion effect due to hydrogen concentration 

decrease at the membrane surface. It is interesting to note that the H2 mole fractions for 

0.15MPa, 0.19MPa and 0.23MPa go to different values with a decrease in mean mole flux 

as shown in Fig. 4.5, which are 0.50,0.40 and 0.33, respectively. These values represent the 

minimum mole fraction, when the hydrogen partial pressure at the membrane surface of 

the upstream side becomes equal to that of the downstream side ( 2,2HP =0.10MPa), as 

shown in Fig. 4.4. In addition, the H2 mole fraction at the membrane surface is always 

lower for higher inlet hydrogen partial pressure, which is supposed due to the stronger 

effect of diffusion when the inlet hydrogen partial pressure is increased.  
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Fig. 4.4 H2 partial pressure at the membrane surface of the upstream side with 

consideration of decrease in hydrogen concentration, under various mean mole fluxes 

( )(refmemT : 623K, 2,2HP : 0.10MPa) 
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Fig. 4.5 H2 mole fraction at the membrane surface of the upstream side with consideration 

of decrease in hydrogen concentration, under various mean mole fluxes ( )(refmemT : 623K, 

2,2HP : 0.10MPa) 
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4.3.3 Normalization of Theoretical Results 

 

Figures 4.6 and 4.7 show the normalized permeation mole flux (δ) as a function of the 

normalized mean mole flux (ε) for the H2 mixture with various inlet H2 partial pressures 

and inlet H2 mole fractions, respectively. In both cases, the reference membrane 

temperature ( )(refmemT ) is 623K. Here, ε and δ are given as follows: 

 

omean

mean

f

f

,

                                                            

(4.7) 

 

     δ =
𝑃 𝑟   𝑡 𝑜  𝑀𝑜𝑙  𝐹𝑙𝑢𝑥 𝐸𝑠𝑡   𝑡 𝑑 𝑏𝑦 𝐸𝑞.(4.5)

𝑃 𝑟   𝑡 𝑜  𝑀𝑜𝑙  𝐹𝑙𝑢𝑥 𝐸𝑠𝑡   𝑡 𝑑 𝑏𝑦 𝐸𝑞.(4.4)
                                                             (4.8) 

 

A dashed curved line which represents the first order lag function is also created in Figs. 

4.6 and 4.7. In the present study, the “gain” in the first order lag function is renamed as 

“normalized flux estimated by Eq.(4.4)” while the “time constant” is renamed as 

“normalized mean mole flux constant” to fit with the phenomena. Similar to the method to 

estimate omeanf , , the normalized mean mole flux constant is obtained from the intersection 

between the line of normalized flux estimated by Eq.(4.4) and the line with gradient of the 

dashed curved line at (0,0) as shown in Figs. 4.6 and 4.7. In this case, the value of 

normalized flux estimated by Eq.(4.4) is 1 and the value of normalized mean mole flux 

constant is also 1. 

Figures 4.6 and 4.7 show that the changes in δ with respect to ε can be expressed by a 

single curved line without regard to the inlet H2 partial pressures and inlet H2 mole 

fractions, respectively. Initially, this trend is found to follow the mechanism of first order 

lag function, with the equation as follows: 

 

)exp(1                                  (4.9) 

 

When   is 1, that is   is that of the normalized mean mole flux constant, the 
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normalized permeation mole flux( ) is 63% of the normalized flux estimated by Eq.(4.4), 

which means the first order lag function. When ε is further increased, the δ approaches 1. 

The value of δ, however deviates from the curve of the first order lag function. This 

indicates that the effect of diffusion does not disappear so quickly with an increase in the 

mean mole flux.  
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Fig. 4.6 Normalization of theoretical results for various pressures ( )(refmemT :623K, 2,2HP : 

0.10MPa) 
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Fig. 4.7 Normalization of theoretical results for various inlet H2 mole fractions 

( )(refmemT :623K, inHP ,2
: 0.19MPa, 2,2HP : 0.10MPa) 
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4.4 Conclusion 

 

In the present study, a theoretical equation to estimate hydrogen permeation mole flux 

was proposed, by taking into account the decrease in hydrogen concentration at the 

membrane surface of the upstream side due to permeation.  

As described in Chapter 3, for the hydrogen mixture, the experimental results showed 

that the H2 permeation rate decreases when the feed flow rate is decreased. This trend of 

the H2 permeation mole flux can be analytically estimated when the effect of the 

permeation flux of H2 itself is taken into account in the Sieverts’ equation. As a result, the 

H2 permeation mole flux can be predicted by using concentration of H2 of the feed mixture. 

This demonstrates that the diffusive transport effect around the membrane plays an 

important role as well as the convective transport effect in determining the H2 mole 

fraction at the membrane surface. On the other hand, when the mean mole flux is 

sufficiently high, the role of diffusion transport becomes negligibly small compared to the 

convection transport, thus the permeation mole flux can be well estimated by the original 

Sieverts’ equation without taking into account the effect of permeation flux of H2 itself.   

For sufficiently low mean mole flux, the dependence of H2 permeation mole flux on the 

mean mole flux follows the first order lag function without regard to the inlet H2 partial 

pressures and inlet H2 mole fractions. When the mean mole flux is further increased, the 

normalized permeation mole flux starts to deviate from the function. It means that the 

diffusion transport effect does not disappear so quickly with an increase in the mean mole 

flux. 
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Chapter 5 

Numerical Analysis on Hydrogen Permeation with 

Flat Sheet Pd/Ag Membrane for Hydrogen Mixture 
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5.1 Introduction 

Number of studies asserted that the permeation flux itself is one of the important factors
 

which could affect the flow properties near the membrane surface for the case of H2 

mixture with high H2 permeation ratio (Ludtke et al. 1998, Gaohong et al. 1999, Mourgues 

and Sanchez 2005, Pizzi et al. 2008, Catalano et al. 2009, Chen et al. 2013). They have 

demonstrated the phenomena of concentration polarization along the horizontal direction 

of tubular type membrane, which becomes more pronounced when longer membrane is 

used. Numerical investigation by Chen et al. (2011) for tubular type membrane with H2 

mixture cross flow elucidates that the concentration polarization becomes stronger when 

the pressure difference or membrane permeance is increased. Then, further investigation on 

the phenomena of concentration polarization for the same type of membrane was 

performed to consider the effect of sweep gas which was supplied at the permeated side 

(Chen et al. 2012). They found that the better performance of hydrogen separation could be 

obtained when counter-current mode was applied, in which the flowing direction of sweep 

gas is opposite with that of feed gas.       

For the case of high H2 permeation ratio, Catalano et al. (2009) have introduced the 

mass transport coefficient to consider the effect of H2 permeation flux. They have proposed 

the semi-empirical equation to predict the H2 permeation flux in such situation, in which 

some experimental data are necessary in order to use the equation. Meanwhile, a 

polarization map has been introduced by Caravella et al. (2009) to evaluate the strength of 

concentration polarization when the inlet and outlet condition are specified. For permeation 

system with sweep gas supplied at the permeated side, concentration polarization index has 
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been created by Chen et al. (2012) in order to evaluate the behavior of H2 permeation. To 

consider the effect of polarization and inhibition by CO simultaneously, the novel 

permeation reduction coefficient was introduced by Caravella et al.(2010). Nagy et 

al.(2013) introduced a model which can be used to know the best operating condition to 

obtain high separation efficiency for a dense polymer membrane. They have concluded that 

the convective velocity of the feed gas mixture causes the curvature effect on the 

concentration distribution in boundary layer near the membrane (Nagy 2010, Nagy 2012).             

Based on previous studies, in the case of high H2 permeation ratio, it is suggested that 

the fundamental study on characteristics of H2 permeation for a flat sheet Pd/Ag membrane 

was less explored, unlike for tubular type membrane (Catalano et al. 2009, Chen et al. 

2011, Chen et al. 2012, Caravella et al. 2009). Even though the analytical method
 
of H2 

permeation mole flux has been introduced in previous chapters, a numerical analysis to 

clearly describe the H2 concentration distribution for such geometry and condition, has not 

been performed yet. Therefore, in this study, the numerical investigation was performed to 

understand the H2 concentration distribution in such case fundamentally without 

considering the effect of membrane support (Liang and Hughes 2005). The geometry used 

in the present investigation was similar with the membrane module used in the experiment 

to imitate the real hydrogen purification process.   

       

5.2 Numerical Simulation 

 

5.2.1 Computational Domain 

 

The numerical simulation was performed in two-dimensional axi-symmetric 
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configuration using Fluent 13.1(ANSYS) software to discuss the hydrogen permeation 

mechanism for mixture from the viewpoint of transport phenomena. The centerline of the 

module for the permeation test corresponds to the axis of symmetry. The geometry is 

determined following the experimental apparatus in Chapter 3. 

The flow condition is assumed to be a steady and laminar, incompressible flow of binary 

hydrogen mixture. Ideal gas assumption is applied and the mixture is treated as isothermal. 

Fick’s Law was used for molecular diffusion, which indicates the mass flux of molecular 

diffusion is proportional to the gradient of mass fraction. In addition, the gravitational 

effect was negligible in this analysis. Species conservation condition was applied at the 

inlet to allow the inlet diffusion.  

The computational domain along with the boundary conditions and coordinate system 

for the case of binary H2:N2 mixture are shown in Fig. 5.1. The binary hydrogen mixture 

was issued from the inlet. The gases that do not permeate the membrane flow out from the 

outlet. The wall was set as an impermeable wall and no slip boundary condition was 

assumed for velocity. The boundary conditions for the membrane is described in detail in 

Section 5.2.3. 
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Fig. 5.1 Computational domain with boundary conditions 
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5.2.2 Governing Equations 

 

The equations of continuity, momentum conservation and species conservation used are 

as follows: 

 

Continuity equation: 

   
0















r

v

r

v

z

v

t

rrz 
                      (5.1) 

 

Momentum conservation equation in z -direction: 

   
r

vrv

rz

vrv

rt

v zrzzz













  11
 

 

z

rzz
F

z

v

r

v
r

rr
v

z

v
r

zrz

p





























































 

1

3

2
2

1 
        (5.2) 

 

Momentum conservation equation in r -direction: 
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Species conservation equation: 
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where z  is the axial coordinate, r  is the radial coordinate, zv  and rv  are the axial and 

radial velocities, p  is the static pressure, zF and rF  are the external forces and   is 
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the viscosity. In addition, iY  is the mass fraction of species i  and iD  is the mass 

diffusivity for species i  in the gas mixture. 

 

5.2.3 Boundary Conditions for Membrane 

Based on the surface conservation condition (Williams 1985, Ueda and Mizumoto 1989), 

the transportation of species at the penetrating surface is shown by Eq.(5.5) as follows:  

 

dmass

H

bH f
z

Y
DvY ,

2

2





                             (5.5) 

 

where   is mixture density, 
2HY  is mass fraction of hydrogen, bv  is the flow velocity 

towards membrane surface at very close to membrane, D  is the diffusion coefficient and 

dmassf ,
is the mass flux of hydrogen which comes out from the membrane at downstream side. 

In this case, bH vY
2

  is the mass flux by convection and 
z

Y
D

H




 2  is the mass flux by 

diffusion. 

The value of bv can be estimated as follows: 

 



umass

b

f
v

,

                               (5.6) 

 

where umassf ,  is the mass flux of hydrogen towards the membrane surface at the upstream 

side. 

By inserting Eq.(5.6) into Eq.(5.5), the following Eq.(5.7) is obtained. Then, the 

permeation model based on Eq.(5.7) is shown by Fig. 5.2 below.  
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Fig. 5.2 Permeation model 

 

As mentioned in Chapter 1.1.2, in the view point of separation mechanism, inorganic 

membrane can be divided into porous and nonporous(dense) membrane (Adhikari and 

Fernando, 2006). For porous membrane, the penetration of H2 occurs through the 

membrane, thus 

 

dmassumass ff ,,                                                          (5.8) 

 

which shows the importance of convective transport at very close to the porous membrane. 

  However, in the present study, a nonporous(dense) Pd/Ag membrane was used for 

hydrogen purification. In this case, no penetration occurs through the membrane and 

hydrogen gas is dissociated into ion at the membrane surface prior to permeating through 

the membrane (Adhikari and Fernando 2006, Phair and Donelson 2006, Chen et al. 2011, 

Chen et al. 2012). Therefore, the flow velocity at the membrane surface of upstream side 
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can be expressed as 0bv ( Chen et al. 2011, Chen et al. 2012). As a result, umassf ,  

becomes zero and then, 0,2
umassH fY  is assumed. Due to this assumption, based on 

Eq.(5.7), the transportation of species at the membrane surface of Pd/Ag membrane is 

given as follows: 

 

dmass

H

f
z

Y
D ,

2 



                                                        (5.9) 

 

At the membrane surface, the driving force for hydrogen permeation is the difference in 

hydrogen partial pressure between the upstream and downstream side. Hydrogen 

permeates the membrane based on Sieverts’ equation as follows (Uemiya et al. 1991
(ii)

): 

 

 2,1, 22 HH PP
d

qA
F                        (5.10) 

   

where F is hydrogen permeation rate, q  is hydrogen permeance coefficient, A  is 

effective membrane surface area, d  is membrane thickness, 1,2HP  is hydrogen partial 

pressure at membrane surface of upstream side and 2,2HP  is hydrogen partial pressure at 

membrane surface of downstream side. 

In the present numerical simulation, 1,2HP  could not be obtained directly . Therefore, 

Eq.(5.10) is modified to Eq.(5.15) as the following steps. 

Initially, when Eq.(5.10) is divided by A  and multiplied by the molecular weight of 

hydrogen(
2HM ), the following equation is obtained.  

 2,1, 222 HHHdmass PPX
d

q
Mf                                         (5.11) 
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where
2HX is the mole fraction of hydrogen and 1P  is the total pressure at the membrane 

surface of upstream side. From this point, further explanation on the derivation of 

membrane boundary condition is made based on binary H2:N2 mixture. Then, the 
2HX , 

mass fraction (
2HY ) and mass concentration (

2H ) for hydrogen were obtained using 

Eqs.(5.12) –(5.14). 
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222 HHH MC                                     (5.14) 

where 
2HC  and 

2NC are the mole concentrations for hydrogen and nitrogen, respectively. 

Meanwhile, 
2N  is the mass concentration for nitrogen. Then, by substituting Eqs. 

(5.12)-(5.14) into Eq.(5.11), the following equation was obtained. 
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Finally, by inserting Eq.(5.15) into Eq.(5.9), the boundary condition for the membrane is 

obtained as follows; 
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in which Eq.(5.9) is rewritten as follows, 

 

dmass

H

f
z

Y
D ,

2 



                                                        (5.9) 

 

  Based on Eq.(5.9) and (5.16), it can be said that the mass diffusion at the membrane 

surface is determined by the mass flux of hydrogen which comes out from the membrane 

at downstream side, that is hydrogen permeation mass flux.    

For calculation of diffusion coefficient ( D ), Chapman-Enskog formula (Bird et al. 1960, 

Caravella et al. 2008) as shown by Eq. (5.17) was used. 
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                              (5.17)  

 

where i jD  represents diffusion coefficient for binary mixture of species i  and species j . 

T  is absolute temperature, M is the molecular weight, P  is the absolute pressure,   is 

collision diameter and   is the collision integral. 

 

5.2.4 Calculation Conditions 

 

The H2 concentration distribution was investigated numerically for various feed flow 

rates, total pressures, inlet H2 mole fractions and species in binary H2 mixtures. For various 

feed flow rates, the calculation condition for numerical simulation is similar to the 
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experimental conditions as mentioned in Chapter 3.  

 

5.2.4.1 For various total pressures 

The binary H2:N2 mixture was considered in this part. The inlet H2 mole fraction ( inHX ,2
) 

and total downstream pressure ( 2,2HP ) were set as 0.75 and 0.10MPa, respectively. The 

calculation condition is shown in Table 5.1.   

 

Table 5.1 Calculation condition for various total pressures  

No. of Series 1 2 3 

Upstream Pressure, 0P

[MPa] 
0.20 0.25 0.30 

Membrane 

Temperature, ][KT  
623 623 623 

Feed Flow Rate, 

inF [mol/s] 

1.5x10
-5 

- 

2.98x10
-4

 

1.5x10
-5 

- 
2.98x10

-4
 

1.5x10
-5 

- 
2.98x10

-4
 

 

 

5.2.4.2 For various inlet H2 mole fractions 

In this part, H2:N2 mixture was considered. For all fractions, the value of hydrogen 

permeance coefficient(q) is taken as 3.86x10
-8 

mol.m
-1

.s
-1

.Pa
-0.5

.The downstream pressure 

at the membrane surface ( 2,2HP ) was set constant at 0.10MPa. The calculation condition is 

shown in Table 5.2.  
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Table 5.2 Calculation condition for various inlet H2 mole fractions 

No. of Series 1 2 3 

Inlet mole fraction of H2, 

inHX ,2  

0.70 0.75 0.80 

Total pressure, 0P [MPa] 0.25 0.25 0.25 

Membrane temperature, 

T [K] 
623 623 623 

Feed Flow Rate, inF [mol/s] 
2.98x10

-5
~ 

2.98x10
-4

 

2.98x10
-5

~ 

2.98x10
-4

 

2.98x10
-5

~ 

2.98x10
-4

 

 

5.2.4.3 For various H2 mixtures with different species 

The permeation characteristic for various H2 mixtures with different species was 

investigated. For all cases, the value of hydrogen permeance coefficient(q) is taken as 

3.86x10
-8

 mol.m
-1

.s
-1

.Pa
-0.5

. The diffusivity for each binary H2 mixture is calculated by  

Chapman-Enskog formula as shown by Eq. (5.17), and the calculated values are shown in 

Table 5.4. In this part, the downstream pressure at the membrane surface ( 2,2HP ) was set 

constant at 0.10MPa. The calculation condition is shown in Table 5.3.  

Table 5.3 Calculation condition for H2 mixtures with different species 

No. of Series 1 2 3 4 

H2 mixture H2:N2 H2:Ar H2:He H2:CO2 

Total pressure, 0P [MPa] 0.25 0.25 0.25 0.25 

Membrane temperature, 

T [K] 
623 623 623 623 

Feed Flow Rate, inF [mol/s] 
2.98x10

-5
~ 

2.98x10
-4

 

2.98x10
-5

~ 

2.98x10
-4

 

2.98x10
-5

~ 

2.98x10
-4

 

2.98x10
-5

~ 

2.98x10
-4
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Table 5.4 Binary Mixture Diffusivity at T : 623K and 0P :0.25MPa 

Gas mixture H2:N2 H2:Ar H2:He H2: CO2 

Diffusivity  

[x10
-4

 m
2
/s] 

1.07 1.10 2.17 0.903 

 

5.3 Results and Discussion 

5.3.1 Comparison with Experimental and Analytical Results 

 

Figure 5.3 shows the comparison between simulation, experimental and analytical 

results for various total upstream pressures. In this case, the analytical results are obtained 

by Eq. (4.5) in Chapter 4.   

Based on Fig. 5.3, it can be said that the numerical result is quantitatively fit with 

experimental and analytical result, which indicates that the numerical result is reliable to 

describe the H2 concentration distribution during H2 permeation. Figure 5.3 demonstrates 

that the H2 permeation mole flux increases with an increase in the mean mole flux (feed 

flow rate/effective membrane surface area). When the mean mole flux is increased, H2 

partial pressure at the membrane surface also increases which is further described in 

Section 5.3.2. 

Figures 5.4 and 5.5 show the comparison between simulation and analytical results for 

the case of various inlet H2 mole fractions and binary H2 mixtures, respectively. Figure 5.4 

demonstrates that the simulation result is quantitatively fits with the analytical result 

regardless of inlet H2 mole fraction. For various binary H2 mixtures except H2:He mixture, 

the simulation result shows very good agreement with analytical result both qualitatively 

and quantitatively. The deviation of H2:He mixture from the analytical result is supposed 

due to the significant difference in binary diffusivity. This is further described in Section 
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5.3.5.  

  

5.3.2 H2 concentration profile for various feed flow rates  

  

Radial profile of H2 concentration on the membrane surface and profile of H2 along the 

central axis of the membrane were plotted and discussed for various feed flow rates. In 

addition, the velocity profile along the central axis of the membrane for each feed flow rate 

was also presented. As mentioned previously, the feed flow rate was converted to mean 

mole flux, which represents the feed flow rate per effective membrane surface area. In this 

study, the net transport of species at the inlet consists of both convection and diffusion 

components. In this simulation, the inHX ,2  is considered as a reference value, which is the 

H2 mole fraction that specifies the convection component at the inlet. Then, for each mean 

mole flux, the H2 mole fraction is normalized by dividing it to the reference inlet H2 mole 

fraction ( inHX ,2
), that is 0.75. The dashed line of normalized H2 mole fraction is equal to 1, 

that is when the H2 mole fraction is equal to reference inlet H2 mole fraction, is also 

presented. 

Figure 5.6 shows the radial profile of H2 concentration on the membrane surface as a 

function of mean mole flux. The figure shows that for all mean mole fluxes, the normalized 

H2 mole fraction at the membrane surface gradually decreases with an increase in 

normalized radial distance of membrane, and is always lower than the maximum 

normalized value of 1. Here, the average H2 permeation mole flux is calculated from this 

H2 concentration distribution. Figure 5.6 demonstrates that when the mean mole flux is 

increased, the H2 mole fraction at the membrane surface increases due to the effect of the 

increase in flow velocity towards the membrane surface. Thus, H2 permeation mole flux 
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increases due to the increase in H2 partial pressure at the membrane surface, following 

Sieverts’ Law. It is interesting to note that the H2 permeation mole flux obtained from the 

simulation could be well estimated by the proposed analytical method. When the mean 

mole flux is increased, the normalized concentration along the radial distance approaches 

to the maximum normalized value of 1, that is when radial H2 mole fraction along the 

membrane surface becomes 0.75.  

Figure 5.7 shows the H2 concentration profile along the central axis of the membrane as 

a function of mean mole flux. The figure shows that for all mean mole fluxes, the 

normalized mole fraction of H2 decreases towards the membrane surface, which is caused 

by the effect of H2 permeation. Thus, it confirms that concentration polarization happens in 

the permeation system. When the mean mole flux is decreased, the deviation of normalized 

H2 mole fraction at the membrane surface from the maximum normalized value of 1 

becomes larger, which means the molecular diffusion due to the effect of H2 permeation 

becomes stronger. Even though the H2 permeation mole flux decreases when the mean 

mole flux is decreased, the effect of the H2 permeation mole flux which causes the 

decrease in H2 concentration at the membrane surface becomes stronger, thus the 

concentration polarization is more clearly formed.  

When the mean mole flux is increased, the normalized H2 mole fraction at the 

membrane surface approaches to the maximum normalized value of 1. This is caused by 

the shorter residence time when the mean mole flux is increased, thus relatively smaller 

fraction of feed hydrogen permeates the membrane. In this case, the effect of convective 

transport starts to play an important role in the region at around the membrane, thus the 

concentration polarization is weakened. When the mean mole flux is sufficiently high, the 

effect of decrease in H2 mole fraction at the membrane surface can be negligible, thus the 
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H2 mole fraction is supposed to be almost same with the reference inlet H2 mole fraction. 

In addition, it is interesting to note that when the mean mole flux is sufficiently low, the net 

inlet H2 mole fraction ( innetHX ,2
) becomes lower than the reference inlet H2 mole fraction 

of 0.75, which is mainly due to the very low inlet velocity and strong effect of molecular 

diffusion. 

Figure 5.8 shows the velocity profile along the central axis of the membrane as a 

function of mean mole flux. Figure 5.8 demonstrates that for all mean mole fluxes, the 

velocity decreases towards the membrane surface, and finally becomes zero when reaching 

membrane surface. As mentioned previously, we used a dense(nonporous) Pd/Ag 

membrane for hydrogen purification.. Thus, the velocity at the membrane surface can be 

assumed as zero. 

 

5.3.3 H2 concentration profile for various pressures 

 

Figure 5.9 shows the H2 concentration profile along the central axis of the membrane as 

a function of total upstream pressure. The figure shows that for all pressures, the 

normalized H2 mole fraction decreases towards the membrane surface due to the effect of 

H2 permeation, which means concentration polarization happens. When the pressure 

difference (or upstream pressure) is increased, higher H2 permeation flux is obtained, but at 

the same time the effect of the H2 permeation flux on the H2 concentration decrease at the 

membrane surface becomes stronger, thus the deviation of normalized H2 mole fraction 

from the maximum normalized value of 1 becomes larger. In this case, diffusive effect 

becomes stronger for higher pressure, thus concentration polarization becomes more 

pronounced.  
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5.3.4 H2 concentration profile for various inlet H2 mole fractions 

 

Figure 5.10 shows the H2 concentration profile along the central axis of the membrane 

as a function of inlet H2 mole fraction. For each case, the local H2 mole fraction is 

normalized to respective reference inlet H2 mole fraction, to investigate the behavior of 

concentration polarization for various inlet H2 mole fractions. The figure shows that for all 

cases, the normalized H2 mole fraction decreases towards the membrane surface due to the 

effect of H2 permeation. The figure also demonstrates the redundancy of normalized H2 

mole fraction for different inlet H2 mole fraction, thus elucidates that the strength of 

concentration polarization effect is almost same regardless of the reference inlet H2 mole 

fraction.    

Figure 5.11 shows the radial profile of H2 concentration on the membrane surface as a 

function of inlet H2 mole fraction. For all inlet H2 mole fractions, the normalized H2 mole 

fraction at the membrane surface decreases with an increase in normalized radial distance, 

in which the average H2 permeation mole flux calculated from this H2 concentration 

distribution can be quantitatively estimated by the proposed analytical method as shown by 

Fig. 5.4. Based on Fig. 5.11, it can be said the radial profile for all cases are almost same, 

and the significant difference was not observed in our fraction range.               

 

5.3.5 H2 concentration profile for various binary H2 mixtures 

 

Figure 5.12 shows the radial profile of H2 concentration on the membrane surface for 

various binary H2 mixtures. The figure demonstrates that the normalized H2 mole fraction 

at the membrane surface for H2:CO2 is highest while for H2:He is lowest. Meanwhile, the 
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radial profiles of H2 concentration for H2:N2 and H2:Ar have almost same trend, both 

qualitatively and quantitatively. The various trends of the profile are supposed due to the 

difference in diffusivity of binary gas mixture, as shown by Table 5.4. It is interesting to 

note that the H2 permeation mole flux calculated from these various H2 concentration 

distributions except for the case of H2:He can be estimated quantitatively by the proposed 

analytical method.   

Figure 5.13 demonstrates the H2 concentration along the central axis of the membrane as 

a function of species in binary H2 mixture. When sufficiently low feed flow rate is used for 

H2 mixture with higher diffusivity, H2 permeation mole flux becomes less due to the 

stronger effect of concentration polarization. In this case, the effect of the H2 permeation 

mole flux on decrease in H2 concentration at membrane surface becomes stronger, thus the 

H2 mole fraction at membrane surface becomes lower. Due to the larger deviation of the 

normalized H2 mole fraction at membrane surface from the maximum normalized value of 

1, the concentration polarization effect becomes stronger when the H2 mixture with higher 

diffusivity is used. Therefore, the sequence of strength of concentration polarization effect 

can be shown as H2:He> H2:Ar> H2:N2> H2:CO2.             

The numerical results for various H2 mixtures elucidate that when the permeation system 

is switched from low to high H2 permeation ratio, the diffusivity of the gas mixture starts 

to play an important role which can significantly affects the H2 permeation flux through the 

membrane. The different behavior of H2 permeation could be clearly observed among the 

mixtures with inert gas (N2,Ar and He) when the permeation system undergoes the 

condition of high H2 permeation ratio, even though the similarity of these mixtures is well 

known for the case of low H2 permeation ratio.          
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(a) 0P : 0.20 MPa 

 

      (b) 0P : 0.25 MPa 

 

   (c) 0P : 0.30 MPa  

Fig. 5.3 Comparison between simulation, experimental and analytical results for 

various total upstream pressures ( inHX ,2
: 0.75, )(refmemT : 623 K, 

2,2HP : 0.10 MPa) 
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(a) inHX ,2
: 0.70 

 

(b) inHX ,2
: 0.75 

 

(c) inHX ,2
: 0.80 

Fig. 5.4 Comparison between simulation and analytical results for various inlet H2 mole 

fractions ( memT : 623K, 0P :0.25MPa, 
2,2HP : 0.10 MPa) 
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Fig. 5.5 Comparison between simulation and analytical results for various binary H2 

mixtures ( inHX ,2
: 0.75, memT : 623K, 0P :0.25MPa, 

2,2HP : 0.10 MPa) 
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Fig. 5.6 Radial profile of H2 concentration on the membrane surface as a function 

of mean mole flux ( inHX ,2
: 0.75, memT : 623K, 0P :0.25MPa , 2,2HP : 0.10 MPa) 
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Fig. 5.7 H2 concentration profile along the central axis of the membrane as a 

function of mean mole flux ( inHX ,2
: 0.75, memT : 623K, 0P :0.25MPa , 2,2HP : 0.10 

MPa) 
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Fig. 5.8 Velocity profile along the central axis of the membrane as a function of 

mean mole flux ( inHX ,2
: 0.75, memT : 623K, 0P :0.25MPa , 2,2HP : 0.10 MPa) 
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Fig. 5.9 H2 concentration profile along the central axis of the membrane as a 

function of total upstream pressure ( inHX ,2
: 0.75, memT : 623K, 

2,2HP : 0.10 MPa, 

meanf : 0.38 mol.s
-1

m
-2

) 
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Fig. 5.10 H2 concentration profile along the central axis of the membrane as a 

function of inlet H2 mole fractions ( memT : 623K, 0P :0.25MPa, 
2,2HP : 0.10 MPa, 

meanf : 0.38 mol.s
-1

m
-2

) 
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Fig. 5.11 Radial profile of H2 on the membrane surface as a function of inlet H2 

mole fractions ( memT : 623K, 0P :0.25MPa, 
2,2HP : 0.10 MPa, meanf : 0.38 

mol.s
-1

m
-2

) 
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Fig. 5.12 Radial profile of H2 concentration on the membrane surface as a 

function of species in H2 mixture ( inHX ,2
: 0.75, memT : 623K, 0P :0.25MPa, 

2,2HP : 0.10 MPa, meanf : 0.38 mol.s
-1

m
-2

) 
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Fig. 5.13 H2 concentration profile along the central axis of the membrane as a 

function of species in H2 mixture ( inHX ,2
: 0.75, memT : 623K, 0P :0.25MPa, 

2,2HP : 0.10 MPa, meanf : 0.38 mol.s
-1

m
-2

) 
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5.4 Conclusions 

 

The H2 permeation through a flat sheet Pd/Ag membrane for H2 mixture was 

investigated numerically. In the present investigation, the mean mole flux is varied for each 

total upstream pressure, inlet H2 mole fraction and binary H2 mixture.    

The numerical result for the case of H2:N2 mixture ( inHX ,2
=0.75) has been validated 

experimentally, and is found quantitatively fit with analytical result based on the Sieverts’ 

equation. For the cases with different inlet H2 mole fraction and species in binary H2 

mixture, the numerical results show very good agreement with the analytical results except 

for the case of H2:He mixture.  

The numerical results show a decrease in H2 mole fraction towards the membrane 

surface, which makes clear the concentration polarization near the membrane surface. 

Furthermore, the H2 mole fraction at the membrane surface approaches to the reference 

inlet H2 mole fraction when the mean mole flux is increased, which means the strength of 

molecular diffusion becomes less for larger mean mole flux and then, the concentration 

polarization is weakened. When the mean mole flux is decreased or the total upstream 

pressure is increased, the effect of molecular diffusion on the flow near the membrane 

becomes stronger, thus concentration polarization could be clearly formed. The numerical 

result for various inlet H2 mole fractions demonstrate the redundancy of normalized H2 

mole fraction profile, thus the difference in strength of concentration polarization effect 

was not observed in the present investigation. The numerical results also demonstrate that 

the role of mixture diffusivity becomes important when the permeation system is switched 

from low to high H2 permeation ratio, in which concentration polarization could be clearly 

observed in such situation. The concentration polarization effect becomes more important 

when the H2 mixture with higher binary diffusivity is used.    

Overall, it can be said that the molecular diffusion, that is concentration polarization 

plays a significant role for H2 permeation with flat sheet Pd/Ag membrane. 
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6. Summary and Concluding Remarks 

The performance of a compact methanol steam reformer with flat sheet Pd/Ag 

membrane for hydrogen purification was studied experimentally. The mole fraction of 

reformed hydrogen under various reference catalyst zone temperatures, upstream side 

pressures, S/C ratios and reactant flow rates is almost constant at 0.75, which corresponds 

to the mole fraction of H2 estimated by the overall methanol steam reforming reaction 

formula.  

The higher hydrogen permeation rate is attained when we use the higher reference 

membrane temperature and higher pressure. For the S/C ratio, we obtain the maximum 

permeation rate when the ratio is around 1 because the hydrogen partial pressure at the 

upstream side becomes highest when no excessive reactant at the upstream side exists. For 

the reactant flow rate, the permeation rate is maximum at a certain value where the 

hydrogen concentration at the membrane surface becomes highest due to the maximum 

effect of high flow velocity towards the membrane. Experimentally obtained H2 

permeation rate is much lower than the prediction by Sieverts’ equation, which indicates 

that the Sieverts’ equation is not going well in this case. In addition, the compact reformer 

with a purification membrane produces hydrogen with a very low CO concentration, less 

than 10ppm which is suitable for the PEFC application. 

To make clear the significant difference between the experimental H2 permeation rate 

and the prediction by Sieverts’ equation, hydrogen permeation for flat sheet Pd/Ag 

membrane was investigated experimentally by using H2:N2 mixture to neglect any 

adsorption effect of non-H2 species. For the hydrogen mixture, the experimental results 
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showed that the H2 permeation rate decreases when the feed flow rate is decreased while it 

is constant for pure hydrogen. This trend of the H2 permeation mole flux can be 

analytically estimated when the effect of the permeation flux of H2 itself is taken into 

account in the Sieverts’ equation. As a result, the H2 permeation mole flux can be predicted 

by using H2 concentration of the feed mixture. On the other hand, when the mean mole 

flux is increased, the permeation mole flux can be well estimated by the Sieverts’ equation 

without taking into account the effect of permeation flux of H2 itself.   

For sufficiently low mean mole flux, the dependence of H2 permeation mole flux on the 

mean mole flux follows the first order lag function without regard to the inlet H2 partial 

pressures and inlet H2 mole fractions. However, when the mean mole flux is further 

increased, the normalized permeation mole flux starts to deviate from the function. It 

means that the diffusive transport effect does not disappear so quickly with an increase in 

the mean mole flux. 

The numerical investigation on H2 permeation with flat sheet Pd/Ag membrane for H2 

mixture was performed to describe clearly the H2 concentration distribution during 

permeation. In the present investigation, the mean mole flux is varied for each total 

upstream pressure, inlet H2 mole fraction and binary H2 mixture. The numerical result for 

the case of H2:N2 mixture has been validated experimentally, and is found quantitatively fit 

with analytical result based on the Sieverts’ equation. For the cases with different inlet H2 

mole fraction and species in H2 mixture, the numerical results show very good agreement 

with the analytical results except for the case of H2:He mixture. The numerical results 

show a decrease in H2 mole fraction toward the membrane surface for various conditions, 

which makes clear the concentration polarization near the membrane surface. Furthermore, 

the H2 concentration gradient decreases and H2 mole fraction at the membrane surface 
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approaches to the maximum inlet H2 mole fraction when the mean mole flux is increased, 

which means the role of molecular diffusion becomes less important for larger mean mole 

flux and then, the concentration polarization is weakened. When the mean mole flux is 

decreased or the total upstream pressure is increased, the effect of molecular diffusion 

becomes more important, thus concentration polarization could be clearly formed. 

Therefore, it is elucidated that the diffusive effect plays an important role as well as 

convective effect in determining H2 mole fraction at membrane surface. The numerical 

result for various inlet H2 mole fractions demonstrate the redundancy of H2 mole fraction 

profile, thus the difference in strength of concentration polarization effect was not observed 

in the present investigation. The numerical results demonstrate that the role of mixture 

diffusivity becomes important during the permeation, in which concentration polarization 

could be clearly observed. The concentration polarization effect becomes stronger when 

the H2 mixture with higher binary diffusivity is used. Overall, it can be said that the 

molecular diffusion, that is concentration polarization plays a significant role for 

permeation with flat sheet Pd/Ag membrane when H2 mixture is used. 
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Appendix A: Derivation of Sieverts’ Equation  

 

Based on Fick’s First Law, hydrogen permeation through a small area of membrane 

during a small time interval is given as follows: 

 

dx

dC
Df

H2                                                       (A.1) 

 

where f  is hydrogen permeation mole flux, D is diffusion coefficient or diffusivity, 

2H
C  is hydrogen mole concentration and x  is length towards the direction of 

membrane thickness. Therefore, 
dx

dCH 2 is the hydrogen concentration gradient for the 

length x  of membrane.   

Then, based on Sieverts’ Law, hydrogen concentration at the membrane surface of 

upstream side ( 1,2H
C ) and downstream ( 2,2H

C ) are defined by Eq.(A.2) and (A.3), 

respectively. 

 

1,1, 22 HH PKC                                                      (A.2) 

2,2, 22 HH PKC                                                      (A.3) 

 

where K  is solubility, 1,2H
P  and 2,2H

P  are hydrogen partial pressure at membrane 

surface of upstream side and downstream side, respectively. Then, by substituting 

Eq.(A.2) and (A.3) into Eq.(A.1), the following Eq.(A.4) is obtained. 
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 2,1, 22 HH PP
d

DK
f                                               (A.4) 

 

In this case, ddx   where d  is membrane thickness. Then, the multiplication of 

D and K  gives q  (hydrogen permeance coefficient). Finally, Eq.(A.4) can be 

modified to Eq.(A.5), that is Eq.(1.3) in Chapter 1. 

 

 2,1, 22 HH PP
d

q
f                                                 (A.5) 

 

 


