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Cobalt doped silica membranes for the separation of H2/CO2 were formed on γ-alumina/α-alumina substrates by means of sol-gel processing. These membranes showed selectivity levels of up to 86 with H2 permeability of 2.2x10-8mol∙m-2∙s-1∙Pa-1 at 160°C. XRD analysis reveals that crystalline Co3O4 is formed throughout the silica matrix upon silica xerogel calcination at 600°C and there is subsequent loss of the Co3O4 phase upon reduction in hydrogen at 500°C for 15 hours.
1. Introduction
Amorphous silica membranes have long been known to give high selectivities for various gas separations. Recently, metal oxide doped silica has shown increased hydrothermal stability[1]-[3] and enhanced hydrogen transport by preferential adsorption onto reduced metal species[4]. Though pure silica membranes are amorphous, metal oxide doped silica membranes show crystallinity due to the presence of metal oxides. In this study, we present our initial gas permeation results of cobalt-doped silica membranes and XRD analysis of a similarly prepared xerogel.
2. Experimental
2.1 Sol-gel Solutions
The sol-gel solutions to be used for membrane formation and xerogel analysis are based on tetraethyl orthosilicate (TEOS), absolute ethanol (EtOH), 30% hydrogen peroxide (H2O2) in water (H2O) and cobalt nitrate hexahydrate (Co(NO3)2.6H2O). The initial approach is to use a solution of ratio 255EtOH: 4TEOS: 1Co(NO3)2.6H2O : 9H2O2 : 40H2O based on previous work by Mori et al.[5],[6].
2.2 Membrane Formation
Six layers of cobalt doped silica solution were dip coated on α-alumina-supported γ-alumina substrates. Each layer was subsequently calcined at 600°C in ambient conditions, and the completed membrane was reduced in a H2 flow at 500°C for 15 hours.  

2.3 Gas Permeation
The single permeation tests are conducted in a custom made permeation setup. Experiments are carried out within a temperature range of 20°C to 200°C and pressure difference range of 100-300kPa with gases of hydrogen, helium, nitrogen, and carbon dioxide. The membranes are dried at 200°C prior to permeation testing to remove any water adsorbed to the pores in the membrane.  

2.4 Xerogel XRD Analysis
XRD characterization is conducted using a Bruker D8 Advance with a graphite monochromator using Cu Kα radiation. The tested range of 2θ is from 15 to 70 degrees.

3. Results & Discussion
3.1 Gas Permeation
The permeation of gases as a function of temperature for the silica-cobalt membranes is shown in Fig 1a. The permeance increased with temperature for He and H2, but decreased for CO2 and N2 showing activated transport for only He and H2. The maximum permeance at 160°C was at 9.5x10-8 and 2.2x10-8 mol∙m-2∙s-1∙Pa-1 for He and H2, respectively. At the same temperature both N2 and CO2 permeated at 2-3 orders of magnitude lower, resulting in large selectivities of He/N2=350 and H2/CO2=86 as displayed in Fig 1b.
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Fig. 1.  (a) Permeation of selected gases (b) Selectivity of gases
3.2 Xerogel XRD Analysis
The X-ray diffraction spectra of xerogel samples are shown in Fig. 2. Amorphous silica xerogel samples are characterized by broad humps. The metal doped xerogel calcined in air display a crystalline structure with several defined peaks assigned to Co3O4[7],[8]. Upon hydrogen reduction, the metal doped xerogel loses its crystalline structure, showing the broad humps similar to amorphous silica xerogel, while no Co3O4, CoO, or Co peaks were observed[7],[8]. This suggests that reduced cobalt may be present but not detectable, or the cobalt has formed into another amorphous phase.
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Fig. 2. XRD profile of cobalt doped silica xerogel before and after 

reduction in H2
4. Conclusion
There are no signs of enhanced hydrogen transport such as noted by Ikuhara et al.[4], and little supporting evidence that a reduced elemental cobalt phase exists within the silica matrix to promote the adsorption of hydrogen. It is likely then that the addition of cobalt served only to possibly enhance the structure of the silica matrix resulting in considerable activated transport of helium and hydrogen species. The exact means of this process is still not fully understood.
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