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ABSTRACT 

This paper describes the preparation and properties of 
an inorganic membrane with permeability for H2

comparable to palladium and with over 99.9% selectivity 
over larger species like CO, CO2 and CH4.  The membrane 
is a composite formed by the deposition of a thin, 20 nm 
SiO2 layer on an alumina support.  The alumina support is 
obtained by the deposition of a boehmite sol on top of a 
porous substrate, so as to create a uniform structure with 
small pore sizes.  The permeation of the small gas species, 
H2, He, and Ne through the silica layer is analyzed in detail 
in order to obtain insight about the transport mechanism 
and the structure of the silica.  The order of permeance 
through the silica layer is highly unusual, He > H2 > Ne, 
following neither molecular weight nor size.  The order of 
permeation is quantitatively explained using a statistical 
mechanics approach, which takes into consideration the 
density of solubility sites for the various species and the 
vibrational frequency of the species within the sites.  An 
extension of the Masaryk-Fulrath treatment for glasses 
combined with the Percus-Yevick model is used to estimate 
the vibrational frequency (7.0x1012 s-1), solubility site 
density (3.0x1026 m-3 for H2) and the average distance 
between sites (0.84 nm).  This is the first time an inorganic 
membrane has been described in detail at the nanometer 
level. 
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statistical mechanics theory, solubility sites 

1 INTRODUCTION

Silica-based membranes have been studied extensively 
because of their excellent properties in selective hydrogen 
permeation.  The first membranes were obtained [1,2,3] by 
placing silica inside the pores of Vycor glass substrates 
using reactive chemical vapor deposition (CVD).  In a 
subsequent development it was found that better results 
were obtained by placing the silica on the outer surface of 
the substrate to form a thin compact layer [4].  Until 
recently the mechanism of hydrogen permeation through 
silica membranes has not been studied in detail.  In this 
paper we develop the theory of gas permeation through the 
silica layer building upon an existing description for 
vitreous silica glasses [5].  A key aspect of the existing 
theory is the presence of solubility sites for the permeating 
species.  In this work we calculate the distance between 
solubility sites using the Percus-Yevick treatment for a  

dense liquid, which assumes it is composed of random, 
non-interacting spheres. 

The order of permeance through the silica layer is 
highly unusual, He > H2 > Ne, following neither molecular 
weight nor size.  This is the same order as observed in 
vitreous silica glass, but occurs with lower activation 
energies in the silica layer.  The order of permeation is 
explained for the first time using a statistical approach, 
which takes into consideration the density of solubility sites 
for the various species and the vibrational frequency of the 
species within the sites.  

The membranes are generally prepared by chemical 
vapor deposition of a silica precursor at low temperatures 
using H2O, O2 or O3 as co-reactants.  This work describes 
the preparation of a special highly hydrogen permeable 
silica membrane, referred to as Nanosil, obtained by an 
adaptation of the method.  Instead of using low 
temperatures, the SiO2 layer is deposited at high 
temperatures by thermal decomposition.  This gives rise to 
a composite membrane with excellent selectivity (~103) for 
the small gas molecules (He, Ne and H2) over other larger 
gas molecules (CO2, CO, and CH4).   

2 EXPERIMENTAL 

The silica/alumina membrane was prepared by 
depositing a thin silica layer on a porous -alumina support 
by the thermal decomposition of tetraethylorthosilicate 
(TEOS) at 873 K in an argon stream.  The membrane 
support used in this study was purchased from US Filter 
(Part No. S700-0011), and had a tubular geometry with an 
outside diameter of 10 mm and a thickness of 1.5 mm.   
This membrane support had a multi-layered structure 
consisting of a coarse -Al2O3 tube coated with finer layers 
of -Al2O3 and an inner top layer of -Al2O3 of average 5 
nm pore size.  A 4 cm section of the alumina membrane 
support was connected at both ends to two pieces of dense 
alumina tubing using a high temperature glass glaze 
(Duncan, IN, Part No. 1001).  Gas tight connections 
between the membrane support and the dense tubing were 
obtained after 0.5 h of thermal treatment at 1150 K.    

After the joint connection, an additional -Al2O3 layer 
was introduced on top of the existing -Al2O3 layer of the 
alumina support to reduce defects or pinholes that give rise 
to a low hydrogen selectivity in the silica layer.  A 0.05 M 
dispersion of boehmite ( -AlOOH) sol was prepared 

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-9-2     Vol. 3, 2004272



following the method reported by Uhlhorn [6].  Aluminum 
tri-sec-butoxide (Aldrich, 97%) was added to boiling water 
with vigorous stirring, and 0.07 mole HNO3 per mole 
butoxide was added.  This colloidal solution was boiled 
until most of the butanol was evaporated, then was refluxed 
for 20 h.  Polyvinylalcohol (PVA, Fluka, M.W. 72000) 
solution was prepared separately by adding 3.5 g of PVA to 
100 cm3 of boiling water followed by 5 cm3 of 1 M HNO3.
The PVA solution was then refluxed for 4 h.  A final 0.05 
M boehmite sol was prepared after adding 660 cm3 of the 
PVA solution per mol of boehmite followed by stirring for 
3 h at 353 K.  The alumina support tubing was dip coated 
with the 0.05 M boehmite sol for 10 s, dried for 24 h at 
room temperature, and then calcined at 873 K for 24 h 
(heating rate 1 K min-1).

For the CVD of the silica layer, the alumina support 
substrate was installed concentrically inside another piece 
of glass tubing of 14 mm inside diameter using machined 
Swagelok fittings with Teflon ferrules.  After placing the 
assembly in an electric furnace, argon gas flows were 
introduced on the outer shell side (19 mol s-1) and inner 
tube side (15 mol s-1) of the reactor (flow rates in mol s-1

may be converted to cm3 min-1 (NTP) by multiplying by 
1.5), and the temperature was raised to 873 K.  A flow of 
tetraethylorthosilicate (TEOS, Aldrich, 98%) was 
introduced on the inside of the porous alumina substrate 
using a bubbler (at 298 K) with argon (4 mol s-1) as a 
carrier gas.  This stream was mixed with the tube stream of 
argon before introducing it to the tube side to produce a 
stream with a TEOS concentration of 0.02 mol m-3 (0.045 
mol %).  The synthesis of the silica membrane was studied 
by varying the silica deposition time.  The CVD process 
was interrupted at various times and the permeance of H2,
CH4, CO, and CO2 were measured at different deposition 
times at 873 K   

General gas permeation measurements were conducted 
in the temperature range of 373 – 873 K by flowing 40 

mol s-1 of a pure gas at 160 kPa through the inner tube.  
The permeation rate of each gas exiting from the shell side 
of the reactor assembly was measured with a sensitive 
bubble flow meter at atmospheric pressure.  The permeance 
of gas was obtained from the expression Qi = Fi / A Pi,
where Qi is the permeance (mol m-2 s-1 Pa-1) of species i, Fi

is the gas flow rate on the shell side (mol s-1), A is the 
surface area (m2) of the membrane section, and Pi is the 
pressure difference (Pa) between the shell and tube side.  
For higher sensitivity the permeance of the gases was also 
measured with a gas chromatograph (GC) equipped with a 
thermal conductivity detector (SRI, Model 8610B).  The 
tube side gas flow rates and pressure conditions were the 
same as above, however, on the shell side an argon flow 
was introduced as a sweep gas for the permeated gas.  The 
shell side outlet gas flow rate was measured using a bubble 
flow meter, and the flow was injected into the GC to obtain 
the concentration of the permeated gas.  The permeance 
was then calculated using the outlet gas flow rate and the 
concentration of the permeated gas on the shell side.   

3.  RESULTS and DISCUSSION 

The evolution of the gas permeance on the silica 
membrane was measured at 873 K as a function of the silica 
deposition time to monitor the formation of the silica layer 
on the membrane support.  The results are shown in Fig. 1.   

Figure 1. Gas permeance vs. silica deposition time. 

Initially, the fresh alumina support showed very high 
permeance for all of the gases (H2 = 2.2  10-5, CH4 = 9.7 
10-6, CO = 7.1  10-6, CO2 = 5.4  10-6 mol m-2 s-1 Pa-1).
The permeance of all the gases decreased with silica 
deposition time.  For hydrogen, the permeance decreased 
rapidly after 3 h of silica deposition to the order of 10-7 mol 
m-2 s-1 Pa-1, and then decreased slowly with further silica 
deposition.  In contrast, the permeance of CH4, CO, and 
CO2 showed a continuous and rapid drop with silica 
deposition.  After 12 h of deposition the permeance of 
hydrogen remained at 1.2  10-7 mol m-2 s-1 Pa-1, whereas 
the permeance of the other gases dropped off significantly 
(CH4 = 4.3  10-11, CO = 6.7  10-11, CO2 = 8.0  10-11 mol 
m-2 s-1 Pa-1).  The results indicate that a complete silica 
layer was formed on the alumina support after 12 h of 
deposition, and that the layer was selective for H2 transport 
while significantly excluding passage of CH4, CO, and CO2

through the membrane.  Before the silica deposition, the 
permeance order of the gases through the alumina support 
was H2 > CH4 > CO > CO2 showing an inverse dependence 
on the molecular weight of the gases, in agreement with the 
Knudsen diffusion mechanism.   However, after 3 h of 
silica deposition the permeance order changed to H2 > CO2

> CO > CH4, which followed molecular size (H2 = 0.289 
nm, CO2 = 0.33 nm, CO = 0.376 nm, CH4 = 0.38 nm [7]), 
and this order was retained with further silica deposition.  
This gives evidence that the mechanism of molecular 
differentiation by the silica layer is through size selectivity. 

The hydrogen selectivity over other gases is shown as a 
function of hydrogen permeance in Fig. 2.  The selectivity 
for hydrogen on the fresh alumina support was low for all 
the gases.  The selectivity was characteristic of Knudsen 
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diffusion.  After 3 h of silica deposition the selectivity for 
hydrogen showed a slight increase accompanied by a large 
decrease in H2 permeance from the order of 10-5 to 10-7 mol 
m-2 s-1 Pa-1.  The H2 selectivity then increased rapidly with 
further silica deposition, with only a small drop in hydrogen 
permeance.  After 12 h of silica deposition the hydrogen 
selectivity of the membrane increased to over 1000 for all 
the gases (CH4: 2800, CO: 1800, CO2: 1500).  This is a 
purity above 99.9 %. 

Figure 2.  Selectivity of hydrogen vs. H2 permeance. 

The temperature dependence of small gas transport 
through the silica membrane obtained after 12 h of silica 
deposition was investigated by measuring the permeance of 
He, H2 and Ne at various temperatures (373 – 873 K).  It 
was found that the permeance of these gases through the 
silica membrane was activated, and increased with 
temperature.  This differed from the permeance in the fresh 
alumina membrane support where the permeance decreased 
with temperature in accordance with the Knudsen transport 
mechanism.  

Figure 3. Theoretical and Experimental Permeance Curves. 

The permeance order of these gases was unusual  

He > H2 > Ne 

as it did not follow the size (He = 0.26 nm, H2 = 0.289 nm, 
Ne = 0.275 nm [7]) nor the mass of the species (He = 4.0 
au, H2 = 2.01 au, Ne = 20.1 au).

The results can be explained [8] using an equation 
originally derived to describe permeability of monatomic 
gases in vitreous glass that was based on a mechanism 
involving jumps between solubility sites [5].  The equation 
used a classical statistical mechanics approach [9] and 
assumed equilibrium sorption in the sites [10], random 
motion, and a transition state with two degrees of 
vibrational freedom and one degree of translational 
freedom. For the case of hydrogen this equation needs to be 
adapted to account for the partial loss of rotational degrees 
of freedom as the molecule passes through the doorways.   
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In this equation Q is the permeance of a gas, L is the 
thickness of the membrane, d is the jump distance, m is the 
mass of the species, h is Planck’s constant, k is 
Boltzmann’s constant, * is the vibrational frequency of the 
species in the doorways between the sorption sites, T is 
temperature, Ns is the number of solubility sites available 
per m3 of glass volume, NA is Avogadro’s number,, R is the 
gas constant, and EK is the activation energy for hopping 
between sorption sites.  For non-monatomic gases  is the 
symmetry number of the permeating species, with  = 2 in 
the case of hydrogen, and I is the moment of inertia.  The 
results are shown in by the curves in Fig. 3.  As can be 
seen, very good fits are obtained to the experimental points.   

A concern about the application of the permeability 
equation (1) is the use of an arbitrary jump distance.  The 
jump distance should not be an independent parameter, but 
should be the average distance, d, between the sites.  If the 
sites do not interact and are non-overlapping (i.e., the sites 
are subject to an excluded volume interaction), then d 
should only be a function of number density, Ns and 
diameter of the sites, .

A collection of randomly distributed sites embedded in 
a solid may be treated as an assembly of hard spheres that 
are mutually impenetrable and have no interactions.  This is 
a situation that can be addressed by the Percus-Yevick 
treatment in the theory of liquids, where the spheres 
represent the atoms of the liquid.  The representation of an 
amorphous solid as a liquid is appropriate as both have only 
short range order [11].   

Considering that the sites are non-interacting and may 
not overlap, only the short-range correlations will be 
important.  This is called the Percus-Yevick (PY) 
approximation. For the case of hard spheres, the direct 
correlation function C(k), can be calculated analytically 
using the PY approximation [12] given in the next page. 

1E-4 1E-5 1E-6 1E-7 1E-8

10

100

1000

10000

12 h CVD

9 h CVD

6 h CVD

3 h CVD

Fresh
Alumina

H
2
 S

e
le

ct
iv

ity

H
2
 Permeance / mol m

-2
 s

-1
 Pa

-1

 H
2
 / CH

4

 H
2
 / CO

 H
2
 / CO

2

400 500 600 700 800 900
1E-8

1E-7

1E-6

400 500 600 700 800 900
1E-8

1E-7

1E-6

Ne

H
2

He

Points: Experimental values
Curves: Calculated values

P
e
rm

e
a

n
ce

 /
 m

o
l m

-2
s-1

P
a

-1

Temperature / K

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-9-2     Vol. 3, 2004274



      
(2) 

where, the  is the diameter of the site and s  is 
the volume fraction occupied by the sites.  Details will be 
given in a future publication [13]. 

Although analytical solutions for the radial distribution 
function and its derivatives are available [14], these still 
involve infinite sums and are cumbersome to use.  In this 
work the radial distribution function is calculated 
numerically 

Figure 4.  Relationship between number of solubility sites 
and jump distance 

The figure compares values used in the vitreous glass 
literature, the P-Y calculation results, and the prediction for 
a random array of points (NS)

-1/3. It can be seen that the 
jump distances used in the description of vitreous glass are 
the smallest, even smaller than the predictions from the 
array of points of zero volume, which is impossible.  These 
previously used jump distances are consequently in error.  
The jump distances calculated by the P-Y treatment are 
larger than those predicted by the array of points, as they 
should be for a collection of sites of finite diameter.  In this 
case the size of the solubility sites was taken to be 0.3 nm, 
which is what is expected for both the glass and the silica 
membranes.   

Using these results and fitting the experimental results 
(Fig. 3) to equation (1) gives the following values of the 
parameters.   The numbers are physically realistic. 

Table 1.  Parameters in equation (1). 

Species He H2 Ne 

 (s-1) 5.3x1012 7.0x1012 2.7x1012

NS (m
-3) 4.7x1026 3.0x1026 4.0x1026

EK (kJ mol-1) 8.0 13.8 16.6 
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