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ABSTRACT 
 

This study investigates the potential of using graded porous stainless steel (PSS) support structures to reduce 
the cost and size of membrane hydrogen separation units and maximize hydrogen production from steam 
reforming processes. Palladium (Pd) alloy composite membranes offer potential to reduce costs associated 
with distributed steam reforming by producing nearly pure hydrogen more efficiently and compactly than 
conventional separation methods. Typical membrane separator units consist of a thin Pd layer deposited on a 
PSS support structure. Due to the high cost of palladium, it is desired to minimize the amount used while also 
ensuring membrane reliability. The thickness of the deposited layer is largely determined by pore sizes on the 
surface of the support and can vary from 2 to 20 μm. Typical PSS support configuration includes a fine (1-10 
μm pore radius) layer and one or two coarse (>10 μm) layers fabricated with selective laser sintering. Recent 
advances in additive manufacturing methods offer the potential to produce lower-cost PSS supports in which 
more finely graded pore size distributions can be produced. An analytical mass transfer model is developed to 
assess the impact of these different geometries on membrane unit performance for representative operating 
conditions. Preliminary results suggest improvements to the support geometry may increase hydrogen recovery 
by up to 20% for a given surface area. 
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1. INTRODUCTION  
 
Increasing hydrogen demand has driven the need to improve its production and distribution methods. Of 
particular interest is the natural gas reforming process, which currently accounts for 48% of hydrogen 
production in the United States [1]. Existing natural gas delivery infrastructure and challenges associated with 
hydrogen delivery suggest distributed (~1,500 kg/day) natural gas reforming may be the most effective 
production method for the transition into a hydrogen economy. One challenge hindering the use of distributed 
steam reforming is high hydrogen cost compared to central production plants (~750,000 kg/day), which benefit 
from economy of scale [2-4]. Improved hydrogen purification methods at the back end of the reforming process 
that scale to expected distributed production levels may curtail this disparity. 
 
The most common method of hydrogen purification is pressure swing adsorption (PSA), which uses multiple 
columns packed with adsorbent beds that remove hydrogen from the syngas stream through a series of drastic 
pressure changes [5]. Although very successful for central production, vibration sensitivity and cyclical 
operation make PSA undesireable for small scale production [5]. Highly selective Pd alloy membranes address 
these issues while producing nearly pure (99.99%+) hydrogen. Pd alloy membranes usually take the form of a 
thin layer of PdAg alloy deposited on a porous support structure in a countercurrent shell-and-tube form. The 
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hydrogen-rich syngas flows on the shell side, with pure hydrogen permeating through the selective layer and 
out in the sweep gas, as seen in Figure 1.  
 

 
 

Fig. 1 A cross section of the membrane unit. 
 

The porous structure provides mechanical support to the Pd layer as pressure differences between the feed and 
sweep can be up to 2 MPa [6,7]. These supports can be made from sintered stainless steel, porous ceramics, or 
glass. Sintered stainless steel is the most widely used option due to its ease of manufacturing, high mechanical 
durability, and similar thermal expansion coefficient to Pd, all of which are important for higher volume 
production [8,9]. Presently, porous stainless steel (PSS) supports are made using selective laser sintering (SLS) 
which uses a laser to sinter powdered stainless steel into a solid porous structure. Varying laser power and scan 
speed controls how particles sinter together and subsequently the porous structure properties (pore size, 
porosity, tortuosity) [10,11].  

Prior research has shown that as surface pore size decreases, the required Pd thickness to avoid pinhole 
development also decreases [8]. A generally accepted rule of thumb is that the Pd layer thickness must be three 
times the diameter of the largest surface pore [8,9]. Current technology allows for PSS pore sizes as low as 0.1 
μm; however, manufacturing costs have driven prior investigations to use supports with no more than three 
PSS layers (a very fine (0.1-1 μm) surface layer and up to two rough (5-10 μm) base layers), or ceramic 
supports that have smaller pore sizes but do not possess vital characteristics of PSS mentioned prior [12]. The 
growing use of additive manufacturing (AM) and subsequent improvement in technology may provide 
opportunity for supports with graded pore size distributions [13]. Nearly all research in Pd membrane based 
hydrogen separation has focused on the characteristics and transport through the membrane itself. However, 
the porous support structure is a significant resistance that cannot be neglected. Furthermore, the PSS 
represents an important cost driver, as the geometry and transport characteristics drive the Pd layer thickness. 
Thus, this study uses an analytical transport model to assess the influence of different PSS geometries possible 
through present SLS and future AM manufacturing methods on Pd membrane unit performance.   

 
 

2. TRANSPORT MODEL DEVELOPMENT 
 
Concentration-driven hydrogen transport through Pd alloy membranes follows a series resistance mechanism 
which includes bulk flow resistance, Pd layer resistance, and porous support resistance. Additional mass 
transfer resistance can be present on the sweep side and in the porous support depending on sweep conditions 
[14-16]. For this study it is assumed that the sweep side will be operating under vacuum with negligible 
resistance, as would be expected for conditions in which almost pure hydrogen is required [15].  
 
2.1 Feed mass transfer 
 
Hydrogen transport through the feed can be described using the Stefan-Maxwell equation assuming unimolecular 
flux as done by Hou & Hughes [17]:  
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Here, PHs is the hydrogen partial pressure in the shell, PH1 is at the Pd surface and PT is the total shell pressure. The 
convective mass transfer coefficient, kH, is approximated using a convective mass transfer correlation as described 
by Coulson et al. [18] for laminar flow and Welty et al. [19] for turbulent flow. For transport along the length of 
the membrane, z, a differential mass balance is performed over dz length. 
 
2.2 Pd membrane mass transfer 
 
Transport through the Pd layer can be modeled using a solution-diffusion mechanism as approximated by 
Sievert’s Law:  
 

𝑁  𝑄 𝑃 ,   𝑃 ,  

Where Q is a permeance coefficient that takes on an Arrhenius form which depends mainly on temperature 
and Pd thickness, L, as described by Boon et al. [6].  
 
When mass transfer through the Pd alloy layer is rate limiting, n=0.5 and Sievert’s Law is obeyed. Deviations 
from n=0.5 suggest other steps are controlling hydrogen permeation, such as external mass transfer 
[5,17,20,21]. This study assumes transport through the Pd alloy layer is rate limiting and mass transfer 
inhibition effects such as polarization and CO/H2O surface adsorption are negligible, based on the operating 
temperature, feed composition, and Pd thickness [1,6,17,22-27]. 
 
2.3 Porous support mass transfer 
 
Transport through the porous support depends largely on the average pore size and kinetic energy of the 
transporting species. The Knudsen number, Kn, relates these parameters to determine the relative contribution 
of viscous flow and Knudsen diffusion [17,28]. For conditions and geometries common to Pd membrane 
operation, transport through the porous support is a combination of both viscous and Knudsen diffusion such 
that 
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Where ε is porosity, r is the average pore radius, τ is the tortuosity, l is the support thickness, η is the hydrogen 
viscosity, and M is the molecular weight of hydrogen.  
 
The support is divided into multiple layers – each of which uses Eq. 3 to predict the flux through the different 
layers. Figure 2 shows the geometry of the module used in this study. 
 
Conservation of mass requires that the flux at each step of hydrogen permeation must be equal. Using 
Engineering Equation Solver [29], the system of equations can be solved. Numerical values used in Eq. 1, 2, 
& 3 are tabulated in Table 1. Pore sizes were chosen based on capabilities of PSS support manufacturers [12]. 
 

(3) 

(1) 

(2) 
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Fig. 2 Module geometry used for distributed production-scale simulations 

 

 
Table 1 Numerical values used in flux Eq. 1, 2, & 3 for this study. 
 

Variable Value Units  Variable Value Units 

kH 0.04 m s-1  r 0.05-2.5 μm 

Q 0.0003  mol m-2 Pa-0.5 s-1  η 2 x 10-5 Pa s 
L 5 μm  τ 1.25 - 
n 0.5 -  l 0.75 mm 

ε 0.5 -  M 2.2 kg kmol-1 
 
 
 

3. RESULTS AND DISCUSSION 
 
3.1 Model Results 
 
Model Validation. The model was validated using experimental results from Boon et al. [14] for a hydrogen-
nitrogen feed. The membrane module was tested at 400 °C with a 55 mole% hydrogen feed at a total pressure of 
3 MPa and varying sweep pressure with and without nitrogen as a sweep gas. The study used a ceramic support 
structure composed of a thin top layer with an average pore size of 80 nm on top of a coarse layer with an average 
pore size of 1.7 μm. Fig. 3 shows flux at three positions along the membrane for this work and values reported by 
Boon et al. [14]. 
 
The flux peaked at 0.65 mol m-2 s-1 at the inlet before dropping to below 0.1 mol m-2 s-1 near the outlet of the 
membrane. These fluxes are larger than those typically found when operating at conditions representative of larger 
scale hydrogen production and thus were only used to validate the present model. 
 
Model Results. Once the model was validated it was used to investigate the effects of support pore size and 
distribution on a distributed production-scale process. As mentioned prior, the support often presents a significant 
mass transfer resistance and heavily influences the size and performance of the Pd layer [7,8]. To assess these 
impacts, four different support structure compositions were considered, ranging from uniform porosity of 0.1 µm 
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to a graded porosity from 0.1 to 5.0 µm in four layers, as shown in Figure 2. These simulations were run at 
conditions representative of distributed production, assuming a hydrogen yield of 1,500 kg/day, as mentioned 
prior. This corresponds to a total membrane feed flowrate of 450 m3 hr-1. Membrane geometry and operating 
conditions are tabulated in Table 2. For the purpose of this study, a single tube design was modeled; however, 
future studies will model the membrane module in a multitube configuration, as would be expected in actual use. 
 
Table 2 Operating conditions and membrane geometry  
 

Variable Value Units  Variable Value Units 
T 350 °C  de 0.1 m  

Pshell,0 0.5 MPa  z 0-70 m 

dshell 0.2 m   yH2,0 0.67 - 
dmem 0.1 m  Ptube 0 MPa 
rtube 0.047 m  V 450 m3 hr-1 

 
 
As expected, the model predicted the maximum flux at the membrane inlet for all PSS support configurations, 
where the concentration driving force is largest. Values ranged from 0.012 to 0.062 mol m-2 s-1 for the single and 
four-layer supports, respectively. Fig. 4 shows hydrogen recovery in the shell as a function of membrane length 
for each support geometry configuration. Near the middle of the membrane length, the support utilizing four pore 
sizes results in as much as 20% more recovery than that of the single layer support. Additionally, the recovery is 
improved by slightly over 10% along the entire membrane. 

 
Fig. 5 shows the reduction in membrane surface area required for a given percent recovery for each layer 
addition. Surface area reduction peaks at low percent recovery for all three scenarios. Near 80-90% recovery, 
the required surface area is reduced by ~10% for the addition of one layer, ~15% for the addition of two layers, 
and nearly 20% for the addition of three layers. The question then arises of which layer has the greatest impact 
on the membrane performance. Fig. 6 shows hydrogen partial pressure at each permeation step from the feed 
bulk to the sweep-side of the support structure. It is evident that the first layer of the support structure is 
presenting the largest mass transfer resistance, resulting in a larger pressure drop than any other support layer.  
This suggests that the benefit of using a graded support structure arises from minimizing the thickness of the  

  
Fig. 3 Comparison of flux at different axial positions  
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Fig. 4 Hydrogen recovery percent as a function of membrane length L=80 m 
 

 

Fig. 5 Percent reduction in required surface area as a function of recovery for each coarse layer addition and 
subsequent layer thickness reduction. 
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Fig. 6 Partial pressure of hydrogen at various points of permeation as a function of reduced length. L=80 m 
 

fine surface layer. This is supported by Fig. 7 which shows the surface area required for a given percent 
recovery for both the four-layer support and a support which utilizes a similar thickness surface layer and three 
subsequent layers of larger pore size. Required surface area is identical for the two configurations, suggesting 
the surface layer – which is between 10 and 50 times finer than the subsequent layers – presents the largest 
mass transfer resistance. Practical implications of this result are discussed in the next section. 
 

 

 
 

Fig. 7 Comparison of performance between the graded support and a support with equal top layer thickness 
and coarse bottom layers 
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4. CONCLUSIONS 
 
An analytical model was constructed to predict mass transfer resistances and membrane performance for a 
composite Pd membrane utilizing a PSS support structure. The model was validated using experimental flux values 
reported in literature. The validated model was then used to investigate the use of different support pore sizes and 
distributions. Distributions in the support structure showed significant impacts on the overall membrane 
performance, with recovery varying by up to 20% for a given length. Studying the pressure drop at each permeation 
step revealed that the finest support layer contributes drastically more mass transfer resistance than the three 
following layers. This suggests that any changes made to the coarse support layers will present negligible changes 
in mass transfer resistance compared to those resulting from changing the finest layer. However, depositing a very 
fine layer on top of a very course layer may present manufacturing challenges. Additionally, a large pore size 
gradient between two layers may present issues associated with structural resistance to large pressure drops. This 
should be an area of future modelling and experimentation.  
 
While this study assumes constant and uniform pore size on the surface, commercially available supports often 
show large variations in actual surface pore size [28]. Ensuring consistent pore size distribution would allow for 
better control over support layers and subsequent Pd thickness. Theoretically, depositing Pd onto a support with a 
0.1 μm surface pores would only require a Pd thickness of 0.3 μm if applying the aforementioned rule of thumb 
[8,9]; however, current Pd deposition methods only allow for Pd layers of minimum 0.5-2 μm and Pd layers this 
thin present other mass transfer resistances [20,21,30-32]. Optimizing the membrane module design then becomes 
a tradeoff between minimizing Pd use and mitigating resulting mass transfer resistances caused by the ultra thin 
Pd. 
 
Lastly, large membrane length scales predicted by this study suggest the use of multitube membranes may be 
required. Several studies have simulated small scale multitube designs for Pd membranes and have found 
improved mass transfer by the use of baffles within the module [23-25]. However, these studies were conducted 
using mass flows up to 100 times smaller than those used in this study and it is agreed upon that extensive research 
is necessary to better understand the scale-up behavior of the multitube module. [23-25]. To assess the impact of 
different scaled-up membrane module designs, a full steam reforming process simulation will be made using Aspen 
HYSYS [33]. Metrics such as energy input, hydrogen recovery, and membrane module cost will be evaluated. 
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