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Abstract

Development of high performance hydrogen-selectiveganic membrane has become an
important requisite for the production of hydrogan,energy carrier that could cater the ongoing
energy revolution. This paper describes a novdbridymethod to process high performance
hydrogen perm-selective membranes by the rapid @\Wdification of a sol-gel silica layer. The
initial N, permeance values through a membrane were broogim dy 4 orders of magnitude to
2.74 x10"° mol m? s* Pa' within 5 minutes of CVD, while maintaining the, ffermeance
values as high as 6.430" mol mi? s* Pa' (Ho/N, = 2300). It is likely that the reduction in the
CVD zone thickness achieved by the presence oéxisting sol-gel silica layer is the reason for

the rapid modification of the pore structure tothgerformance membranes.
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Introduction

Hydrogen perm-selective membranes have attractech nmterest in membrane separation
applications, particularly for applications in fuetlls and membrane reactors, because of the
importance of hydrogen as an energy carrier forfthere [1-2]. Membrane reactors for the
production of hydrogen require thermally and medtally stable membranes with excellent
hydrogen permeability and perm-selectivity. Metaimposite membranes, especially thin
palladium-based films/membranes on porous suppshtsy excellent hydrogen permeance and
separation. But cost concerns and durability proklassociated with their reaction with sulphur,
carbon monoxide and catalyst materials limit thegdplications [3]. Membranes made from
porous ceramics, such as microporous silica merebraoffer alternatives to palladium
membranes. These membranes have long been codsaereplacements to the conventional
polymeric membranes for their physical, thermal am@mical stability while offering high

permeability and selectivity for hydrogen [4].

Several techniques have been reported to procéisa siembranes, among which sol-gel
synthesis [5-10] and chemical vapor deposition (CYI1-19] attract most attention. Sol-gel
method could precisely control the pore size ance{structure; though the retention of un-
reacted or partially reacted materials in the sblrgatrix have shown to considerably affect the
stability of the membranes prepared by this methG¥.D methods derive chemically
homogenous deposits, especially inside the messpoiehe supports. The main problem

associated with CVD processing of membranes isitloatly allowed deposition of a single tube
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at one step and the deposition durations were rlyrtoag. Moreover, the gas permeance values
were generally lower than the sol-gel counter paisn though the stability and durability of the
films were considerably better. Here we describeogel hybrid coating method that could
drastically reduce the membrane processing effartthe same time end-up with superior
performance than the membranes made with the bakadlogies’ when used alone. These new

membranes have shown high gas permeance andagfecti

A good membrane is determined by (a) precise cbofréhe pore size in the molecular size
region and hence having the ability to selectiyidigr gas and vapor molecules, (b) few pinholes
and cracks and thereby avoiding nonselective midediffusion and (c) minimum membrane

thickness to maximize the flux of permeating molesuAttaining all these properties together

in a membrane is mostly a difficult task.

Generally, sol-gel silica membranes are preparedifpgoating a mesoporous substrate (usually
y-alumina) with a silica sol made using alkoxidegoumsor, followed by controlled drying and
firing at high temperatures between 673-1073 Kmipst cases, the process has to be repeated
several times to ensure a defect-free membranacgaurHere, the membrane quality is greatly
dependant on the sol-chemistry [15, 20-21]. CVD foeanes are prepared by the reaction of gas
phase precursors inside or around the mesopordustrate pores. Especially when the reaction
took place inside the substrate pores, the seigctislues reported were much higher than sol-
gel membranes, though gas permeance values weeg. Iblgre also, a strong dependency with

the preparation conditions (deposition gas comjmositemperature, pressure, etc.) determines
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membrane quality and long CVD times were generalgessary to process high quality
membranes. Earlier reports suggest a dense memstraicéure for these membranes compared
to sol-gel membranes as envisaged from the highaticn energy measured for the permeance
of small gas molecules [22-23]. As mentioned, etlevugh the H selectivity measured with
these membrane were quite high, thepgeérmeance were lower (~1Gnol m? s* Pa') when
compared to sol-gel membranes. Fig. 1 displaysrétetion of H permeability with that of
selectivity for various silica membranes at higmperatures as reported in the literature. In order
to simultaneously improve the membrane gas perngeand separation performance, we have
devised a new hybrid processing method involvinghbeol-gel and CVD procedures. This
method should also assist the large scale progessimembranes and membrane bundles, by
drastically reducing the CVD time and hence theltdime required for fabricating high

performance silica membranes, where mostly CVD iBriee slowest processing step involved.

Experimental

Pore size of the commercially available capillarpstrates (NOK, Japan) was brought down to 5
nm range by applying a thipalumina layer. A silica layer was coated over thedumina layer
using sol-gel processing. The alumina and silidapseparation and coating conditions were
based on our previous studies [9, 21, 24]. Thizgss distributed a thin layer of silica network
over they-alumina layer with some infiltration into thealumina pores. This sol gel coated
substrates were subjected to CVD using tetrametigsilicate (TMOS) and ©as reactants at
873 K. The CVD process parameters were selectedratified from our previous studies of
counter diffusion CVD iny-alumina layer [19, 25-26]. Chemical vapor depositiimes of 2

hours or more were necessary in those studiesefpapg a membrane giving/N, separation
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factor of ~3000. Just as in the previous studiesOBMvas supplied through the shell side and
O, was supplied through the inner side so that thetien takes place at the point of intersection
of the reactants and forms a deposit in the regi@as permeance measurements were performed
by the dead-end method and perm-selectivity valere calculated from the ratio of individual
gas permeance values. XPS measurements wererpeddsy ULVAC-PHI, Inc., Kanagawa,

Japan.

Results and discussion

The gas separation performance of a membrane pagr5 min of CVD is shown in Fig. 2.
As shown, H and N gas molecules displayed activated diffusion thihotlge membrane. The
activation energy values calculated forahd N through the membrane were 15.56 kJ tranid
11.86 kJ mot, respectively. This data is quite different froml-gel silica membranes as
activation energy for the poorly permeating Molecule is seldom measured or reported for sol-
gel silica membranes [21]. We have previously reggbithat membranes prepared using the
counter diffusion CVD method for 2 hours usuallyultbshow very low N permeance through
them [25-27]. Obviously, the present membrane ctalpresumed to have a structure formed
within a very short span of CVD time, though theatselectivity values (#N, = 2300) and
hydrogen permeance values achieved were in parothir reported CVD silica membranes and

sol-gel silica membranes respectively. (see Figire

The initial N, permeance through the silica membrane layer, 620D reaction, was more or

less similar to that through thealumina layer without silica sol-gel coating (1AD° mol m?
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s pa' and 1.9810° mol m#s* Pa’, respectively, at 873 K). These values also ditlvaoy
much with feed gas pressure, suggesting a defestdebstrate structure. The similarity in
permeance values indicated that the sol-gel sitcating failed to completely block the
alumina pore structure or form a separation layeten the experimental conditions employed.

Rather, it formed a loose network of silica paesgcbver and into thealumina pore structure.

The structural features of the sol-gel layer areddhanges occurred in the membrane within the
5 minutes of CVD could be explained as in schemergin Fig. 3. The silica-sol formed a thin
web-like network of silica particles around tftalumina pores and pore-mouth. TMO$-©OVD
reaction deposited silica in this sol-gel silica-fitled region, effectively concentrating the aeti
reaction zone within this thin layer. Based on meed thickness values of similar gamma
alumina membranes (2:B1) and reported values of silica membrane layektiess (10-50nm)
[9], it could be assumed that the thickness ofrdation zone could be reduced by a factor of
10-100 by this procedure. 5 minutes of reactionukh@bviously be sufficient for depositing

enough silica to cover the already modifiedlumina pore surface in this thin region.

The CVD reaction time on this membrane was furihereased up to 2 hours to evaluate the
change in membrane performance. Th#Nkl separation values almost doubled to 5000. But,
even after 2 hours of CVD reaction,, MJas maintained activated transport through this
membrane; though with slightly lower activation egyeof 8.54 kJ mot compared to the initial
case. The variation in membrane performance witheased CVD time is given in Table 1.

Increase in the $N, selectivity values together with th&y, values are typical of changes in
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membrane structure with two types of pores, abéncase of sol-gel membranes [21], where the
relative flux through the smaller pores becomeaasingly dominant. In the present case, the
membrane structure transformed from a discontinutatsiork of sol-gel silica particles to a
continuous and selective barrier within the firsinthutes of CVD. With additional CVD, the
membrane structure improves further with decreasgdselective diffusion, denoting a gradual

transformation to a fully compact layer of silica&mbrane.

XPS analyses of the silica-sol-coatedlumina samples, before and after CVD reactionehav
shown that the modification of layer (deposition @YD silica) occurred mostly within the
existing silica infiltrated region ofalumina layer (see supplementary information atdcat the
end of the paper for the XPS plots). It was fotimat, the Si2p peak taken from the surface of
sol-gel silica layer remained intact even after adion, while the peaks collected after
sputtering-out 100nm have grown significantly. Si&glected from 200nm depth has shown
marginal growth. This showed that most of the C\@aation took place inside thealumina
layer, within the fist few 100 nm’s range from tha&face, which was also the region where silica
sol particles presumed to have infiltrated into @ahemina layer. This well supported the previous
discussion that the vapor phase deposition proress area (thickness) was restricted by the
silica sol-gel layer and has effectively contriltlte the quick membrane formation. The high
values of hydrogen permeance measured with thes®raees also supported the fact that silica
deposition due to CVD occurred only in a very thager. Thus this novel hybrid processing
method could effectively be utilized for preparimgembranes with much better performances

than the conventional sol-gel or CVD silica memlesam a rapid manner.
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Based on the XPS data and the permeance througmehnebrane, the structural formation
process could be assumed as follows: During CVIxasparticles derived from the vapour
phase will get deposited as particles/islands, ehasnber density will grow with deposition
time, thus forming a layer of percolating silicartpdes along with the sol-gel deposited silica
particles/islands. The presence of sol-gel layeselecates the process of continuous layer
formation by restricting the thickness of active @¥Yone to the sol-gel silica modified region of
y-alumina membrane. The resultant membrane wouldmibeh thinner, thus reducing the
membrane formation time as well as increasing gasmeance through it. Previous studies with
bigger pore sizegraluminamembrane also supports this theory as the gas paoeafter CVD

reportedly decreased with increase in the poredfitiee substrate [27].

Recently, one of our groups have also scaled-uprmib#hod to make multiple membrane tube
bundles in one-step and hence proved its poteaBah technology ready for commercial

applications.

Conclusions

Hydrogen perm-selective membranes were prepareag usi hybrid process involving the
chemical vapor deposition of silica on a sol-gktailayer coated alumina substrates. The initial
N, permeance values through the membrane were brdoght by 4 orders of magnitude to 2.74

x10'° mol m? s* Pa' within 5 minutes of CVD, while maintaining the; ldermeance values as
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high as 6.4%107 mol m? s* Pa® (H./N, = 2300). The KN, separation values almost doubled

to 5000, after 2 hours of CVD reaction. Permeanu# separation results coupled with XPS

analysis have shown that, a reduction in vapor e@kagposition zone area (thickness) by the pre-

existing silica sol-gel layer has effectively cabtited to the quick membrane formation.
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gamma-alumina layer

(b)

Sol-gel silica layer forms a loose network
in a very thin area

(€)
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CVD reaction occurs in the thin
region modified by sol-gel silic

Thin silica layer made by the rapid
hybrid process

Figure 3. Membrane formation: (galumina layer (b) silica sol forms a network oaad into
the y-alumina layer (c) TMOS and oxygen are suppliedulgh either sides of the -alumina
layer where they react at the intersection regiosod-gel silica pre-filled region (silica coating
effectively reduces the thickness of the zone ofDCkéaction) (d) continuing deposition

completes the membrane architecture.
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Table 1. Single gas permeance values gfand N through the silica membrane at 600°C.

Activation energy values were calculated for thmgerature range 100-6U. Ideal selectivity

values were calculated from the single gas pernecdata.

CvD H2 N2 H2/N2 EaHZ EaNZ
reaction

time | (x10" mol/n? s P3 |(x 10™ mol/in? s P3| (ratio) | (kJ/mol) | (kJ/mol)
120 min 3.27 6.51 5027 19.40 8.54
30 min 3.02 7.62 3970 18.45 12.3
5 min 6.43 27.4 2343 15.36 11.8¢
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