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1. Introduction

Membranes have been successfully commercialized over the years for many industrial separation applications.  Key to implementing membrane technology is to understand the three critical aspects of any application, which are as follows; the process fluid, operating conditions and membrane properties.  These aspects are highly interdependent in an efficiently operating process and the potential exists for variability in each of these.  For the membrane developer it is important to understand the range of variability within the application.  It is even more important to understand and manage the range of variability within the membrane itself. This can be done by establishing performance claims that define a functional and commercially viable membrane.  Within this context this paper will discuss the differences between research targets, development goals and manufacturing claims.

2. Why Membranes?

Membrane separation is a relatively simple unit operation.  A properly designed membrane system is compact and can operate at process conditions.  For high temperature, high pressure industrial processes both capital and operational cost could be reduced by eliminating the need for cooling and/or compression.  Commercialization of a robust hydrogen selective membrane has the potential to change the chemical industry by replacing and/or enhancing traditional reaction and separation procedures, thereby resulting in sizable savings in energy consumption and capital investment in equipment.  This increased functionality would provide process engineers with a new tool to use for design of energy efficient processes for a variety of hydrogen related applications.

Palladium and its alloys are permeable to hydrogen and have been widely studied due to their high hydrogen permeability, chemical compatibility with many hydrocarbon containing gas streams, and their theoretically infinite hydrogen selectivity.   Palladium alloys such as Pd95Au5, Pd77Ag23 and Pd60Cu40 are options for industrial use based on increased tolerance to trace contaminants such as H2S and increased permeability.    There has been a significant amount of research done in this area with steady and compelling advancement over the last 10 years. The performance of several types of membranes is summarized in Fig. 1. 
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Figure1. Performance summary for membranes developed over the past decade.

The numbers in parentheses are references.

A Pd/Au alloy composite membrane developed by Pall and Colorado School of Mines (CSM) membrane is also shown in Fig. 1. It exhibited the highest performance characteristics of the membranes referenced.  Pall Corporation, a leading manufacturer of inorganic membranes has partnered with CSM to move this promising technology from lab research through development to commercialization.  Composite membranes, consisting of a thin Pd alloy film supported on a specially modified porous metal substrate, have been investigated as a means of improving the performance, reliability and cost effectiveness.  

3. Pathway to commercialization

Research efforts are mainly focused on discovery of new (novel) materials or processes.  This is followed by feasibility studies that establish the usefulness of the discovery.  Any failures along the way are simply stepping stones on the path of a successful research effort.  

Closely linked but separate is the development phase.  The main focus here is to determine the viability and practicality of the specific technology.  When considering a new membrane, of primary concern is the characterization of the physical and functional properties and the variability from sample to sample.   It is important to learn the impact of changes in the materials or processing and how this affects the functionally of the membrane.

The final stage for commercialization of a membrane requires a robust manufacturing process that produces a product that meets customer expectations and corporate profit goals.  Profit is very simply what is left over when the costs are subtracted from the value that the product adds.  Good manufacturing practice accounts for materials, labor, utilization, overheads and yield to maximize efficiency and minimize cost.  

There is potentially a big gap between the development stage and the manufacturing stage.   It is critically important to understand what this gap is and how to close it before attempting to bring a new membrane technology to market.

Product claims can be that bridge.

4.  Product Claims 

Product claims are a list of specifications that when taken in total define the product.  These claims set the customer expectations regarding what the product will do.  They also serve to establish the criteria for manufacturing. Claims can fall into two broad categories, physical and functional.   For a Pd alloy membrane the physical claims would include materials of construction, temperature and pressure limits.  Functional claims would include flux rate, separation factor and durability.  

It is important to note the difference between performance targets and product claims.  Targets are best used to guide research.  The US DOE has been very effective in doing this and the targets for a Pd alloy membrane used for distributed natural gas reforming are shown below.  

2010 DOE / EERE Targets for Dense Metallic Membranes*

·  Flux: 250scfh/ft2 @20 psi & 400ºC

·  Module Cost: $1,000/ft2
·  Durability: 3 years

·  Operating pressure: 400 psi
·  H2 Recovery: > 80%

·  H2 quality: 99.99 % 

* As per the Multi-Year RD&D Plan Updated 11/14/06 

http://www1.eere.energy.gov/hydrogenandfuelcells/mypp/pdfs/production.pdf

Research done by Pall Corporation and Colorado School of Mines has shown the feasibility of obtaining these targets.  For example the 2010 flux targets in pure gas streams were exceeded on several membranes. Two of these membranes are shown in Figs. 2-3.
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Fig. 2 Performance summary of PdAu membrane #102
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Fig. 3 Performance summary of PdAu membrane #115

These results justified advancing the program to the development phase.   The two membranes illustrate variability in the process. This phase, currently ongoing, is marked by detailed investigation into the cause and effect of variability in the materials, environment, processing methods and conditions.   This has to be done for each stage of the process including substrate, diffusion barrier and Pd alloy layer.    All three of these components have critical features which will need careful control during manufacturing.   

It is important to note that for the composite Pd alloy membrane under consideration in this paper it has been found that properties of the substrate and diffusion barrier layer have been shown to have a significant effect on the ability to form the functional layer.   

 Understanding the relationship between the input variables and the resulting membrane will allow optimization of the final product.  This information will also be used to design a manufacturing process that minimized the range of outputs given the real world variability that is known to exist.  This is the starting point for establishing product claims.  

5. Manufacturing process validation

Moving from development to manufacturing typically involves investment in capital equipment for larger volume production, larger scale production and/or implementation of process controls.    There is an optimization period where the engineering specifications are set to optimize performance and minimize the range of output.  The objective is to establish the functional range of properties and to ensure the manufacturing process can stay well within that range.  Product claims should then be established within the boundaries of what can be produced by a high yield manufacturing process and well within the functional boundaries.

It can be seen by this example that meaningful product claims can only be established after implementation and validation of the full scale manufacturing process.   This process can be expedited by leveraging the lessons learned during a properly run development program.

6. Application review

As previously discussed, the membrane is one of three critical parts of a successful application.  Ideally one membrane can be used for many applications but in many situations different applications require changes to the membrane properties.  A well designed manufacturing process can be adapted to produce different “grades” of membrane with changes to the engineering specifications.  For example different Palladium alloys may be needed for various applications.

7. Conclusions

1. Interdependency exists between the membrane, process fluid and operating conditions for any given application.
2. Application specific targets have been used by Pall and CSM during the research phase to establish Pd alloy membrane feasibility.
3. Membrane optimization and the relationship between input and output variables are currently being determined by Pall and CSM as part of the development phase.  Methods of controlling the output identified during this phase will be used to design a robust manufacturing process.
4. Manufacturing phase focuses on high yield, profitable production.
5. Product claims can only be established after validation of the manufacturing process.  These claims set customer expectations and provide guidelines for manufacturing.
6. A robust process can be adapted to produce various membrane grades as needed for different applications.
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