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Abstract: Careful optimisation of a safe and sustainable route for hydrogen 
production is a pressing need. Thermochemical processes employing water as 
raw material and nuclear/renewable energies as energy source are believed to 
be the best possible option in this direction, while alarming issues such as 
climate change and global warming are being taken into account. Amongst the 
well-identified cycles, the sulphur-iodine (S-I) thermochemical route assumes 
the highest thermal efficiency and the best one as regards its coupling to a high 
temperature nuclear reactor. Material development is the key issue to be 
addressed to realise successfully the potential of the S-I cycle. The most 
important area is development of gas-permeable membranes for enhancement 
of the equilibrium decomposition of HI, which is the most intricate step as far 
as the overall process efficiency is concerned. In order to overcome the low 
efficiency associated with the low equilibrium decomposition of HI, the authors 
intend to develop a hydrogen permselective membrane reactor. As a first step 
towards this development, a silica membrane of asymmetric nature was 
developed using sol-gel processing and dip coating, and characterised using 
scanning electron microscopy and a BET surface area analyser. A road map 
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towards realising the successful emergence of the membrane reactor is 
discussed. 

Keywords: nuclear hydrogen production; thermochemical cycle; membrane 
reactor. 
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1 Introduction 

Global warming and climate change needs the urgent employment of non-fossil based 
sources of energy production. An intelligent obvious option in this direction is hydrogen 
economy. Thermochemical cycle using water as raw material and nuclear/renewable 
energies as sources of energy is believed to be a safe, stable and sustainable route of 
hydrogen production. Amongst the well-studied thermochemical cycles, the  
sulphur-iodine (S-I) cycle (Goldstein et al., 2005; Nomura et al., 2005) is capable of 
achieving an energy efficiency of 50%, making it one of the most efficient cycles among 
all water-splitting processes. In addition, this cycle is the best possible one as regards to 
its coupling with high temperature nuclear reactor is concerned. The S-I cycle is similar 
to other chemical production processes in that it is highly suitable to scaling up to  
large-scale production of hydrogen. 

The SI cycle is characterised by three basic reactions as shown below. 

2 2 2 x 2 4I  + SO  + 2 + H O  2 HI  + H SO   (120 C)→ °  (1) 

2 4 2 2 22 H SO   2 SO  + 2 H O + O  (830 C)→ °  (2) 

x 2 22 HI   I  + H  (450 C)→ °  (3) 

The high reaction temperature environment and the chemicals associated in the S-I cycle 
pose a very corrosive working environment. Effective realisation of a safe hydrogen 
production plant requires careful selection and optimisation of materials involved within 
each section of S-I cycle. The third section, that is the HIx (HI + I2 + H2O) processing 
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section, is the most intricate step in terms of the process efficiency as it has the lowest 
over all rate and very complicated separations. In order to overcome the low efficiency 
due to the poor equilibrium decomposition of HI, ongoing research is dedicated towards 
development of a hydrogen permselective membrane (Pakizeh et al., 2007; de Vos and 
Verweij, 1998). Proper identification of suitable membranes is proposed to improve the 
efficiency of the overall cycle and make hydrogen production more economical. The 
present paper is an attempt in this direction for development of silica-membrane on 
alumina support with graded porosity using sol-gel processing. The authors intend to use 
the membrane in the form of a packed bed membrane reactor for the enhancement of 
equilibrium decomposition of HI. The experimental procedure optimised towards 
development of an asymmetric silica membrane is cited here followed by a discussion on 
the possible fabrication of a membrane reactor after the chemical and stability of 
membranes being ascertained. 

2 Experimental 

The silica sol was prepared (de Vos and Verweij, 1998) by acid catalysed hydrolysis and 
condensation of tetraethylorthosilicate (TEOS, Fluka) in ethanol as follows. A mixture of 
acid and water was carefully added to a mixture of TEOS and ethanol under vigorous 
stirring. During the addition of the acid-water mixture, the TEOS-ethanol mixture was 
placed in ice-bath to avoid premature (partial) hydrolysis. After the addition was 
complete, the reaction mixture was refluxed for 3 hours at 60°C in a water bath under 
continuous stirring. The reaction mixture had a final molar TEOS:ethanol:water:acid ratio 
(based on unreacted components) of 1:3.8:6.4:0.085.All processing steps were well 
controlled. 

Zeta potential measurements of alumina and silica sol were carried out with  
Zetasizer 3000 (Malvern). The average pore size determination of alumina was made 
with mercury porosimeter (Micromeritic). The specific surface area was determined by 
surface area analyser (Sorptomatic 1990). A detailed study on the surface morphology 
and cross-sections of monoliths and membranes were studied by scanning electron 
microscope (Seron AIS-2100) between 5 to 30 keV. 

3 Results and discussion 

The developmental step to obtain an alumina-silica composite membrane was worked out 
using dip coating technique on a highly porous alumina fibre board support. Alumina 
slurry was prepared under an optimised dispersion condition which was obtained through 
detailed zeta potential (z.p. at a pH of 3 was ~ 40mV, Figure 1) and viscosity (50 Vol. % 
solid content) studies using alumina powder (ALCOA) with size D50 of 300 nm  
(Figure 2). 

The average pore diameter of unsupported alumina layer was found to be 0.1 μm 
from mercury porosimeter (Figure 3). Conditions were optimised for sintering of the 
layer to improve adherence and formation of the graded composite structure without 
cracks. The pore size varied across the cross section from 100 nm for the coated slurry 
surface to ten microns on the surface of the fibre board. Formation of silica film (with 
pores in the size of about 1.6 nm) on the alumina support with graded porous structure 
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was studied using a silica sol. The zeta potential of silica sol was found out to be –7.8 mV 
at pH 3 (Figure 4). The particle size of the silica was found to be ~ 2 nm from Zetasizer. 
The specific surface area was found to be about 55 m2/g by Brunaver-Emmett-Teller 
(BET) technique using nitrogen adsorption-desorption isotherms at P/P0 of 0.01 to 0.995 
at 77 K. Pore volume was obtained considering the amount of nitrogen adsorbed. The 
average pore diameter was found to be about 1.6 nm by Barret-Joyner-Halenda (BJH) 
method. 

Figure 1 Zeta potential of alumina slurry at pH = 3 (see online version for colours) 
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Figure 2 Particle size distribution of alumina slurry (see online version for colours) 
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Figure 3 Pore size distribution of aluminas (see online version for colours) 
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Figure 4 Zeta potential of silica sol at pH = 3 (see online version for colours) 
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Figure 5 Microstructure of alumina fibre board 

 

Figure 6 Microstructure of sintered alumina layer over alumina fibre board 
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Figure 7 Microstructure of silica layer 

 

Figure 8 Cross section of alumina supported silica membrane 

 

The graded porous structure was formed by dipping the fibre board (micro structure of 
alumina fibre board shown in Figure 5) in the alumina slurry and infiltrating it for 
varying periods of time followed by withdrawal at a constant rate of 30 cm per minute. 
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Due to the capillary action of pores present in the fibreboard, the alumina slurry got 
infiltrated and formed stongly adherent thick films of alumina (micro structure of alumina 
over alumina fibre board shown in Figure 6) with thickness varying up to 2 mm.  
As-grown support was sintered at 1000°C and was used as substrate for microporous 
silica membranes. Conditions were optimised for sintering of the layer to improve 
adherence and formation of the graded composite structure without cracks. Formation of 
silica film (with pores in the size of about 1.6 nm) on the alumina support with graded 
porous structure was studied using a silica sol. Silica membrane (micro structure of silica 
shown in Figure 7) was prepared by dipping the slurry-formed-alumina-surface supported 
on fibre board for two minutes in the silica sol, followed by drying/gelling and heat 
treatment at 600°C at a heating rate of 0.50C/min and a soaking time of two hours. The 
average pore diameter was found to be about 1.6 nm by BJH method. It is clear from 
Figure 7 that the layer of silica grown is having cracks, which was found to get healed up 
with repeated coating. A detailed study on the surface morphology and cross-sections of 
monoliths and membranes (Figure 8) were studied by scanning electron microscope. The 
studies clearly reveal the development of graded structure wherein the three distinct 
layers of alumina fibre board, thick and dense alumina layer and thin silica layer are 
remarkably identified. 

4 Road-map envisaged 

The hydrogen permselectivity of the membrane will be studied using gas-chromatograph. 
The major issue to be addressed is the stability of the membrane (Hwang et al., 2003) 
material in the environment of HI, I2 and water. Keeping this in view it is proposed to 
keep the membrane samples in the HIx environment at different set temperatures like 
100°C, 200°C, 300°C, 400°C and 500°C including room temperature for different set 
hours varying up to days. Thereafter the microstructural characterisations of membrane 
samples will be carried out to assess the generation of cracks/defects in the separating 
layer. XRD studies are also proposed to see if there is any degradation of silica phase. 
The findings from gas permeation studies would help us confirm the effect of HIx 
environment on membrane structure and morphology. After the stability of alumina 
supported silica membranes in high temperature and highly corroding environment is 
ascertained (Kubo et al., 2003; Lai, 1990), efforts will be undertaken for growth of a 
tubular silica membrane reactor (Nomura et al., 2004) with impregnation of catalyst, 
which can be of practical use in a scaled up HIx processing section. In this way we 
believe there could be drastic decrease in the thermal load in the distillation column, 
making the overall efficiency improved. 

5 Conclusions 

The authors believe, amongst so many issues related to material development,  
suitable membrane development is one of the most critical associated with the S-I 
thermochemical process. It is conceived that the incorporation of hydrogen permselective 
membrane reactor can help in the enhancement of overall thermal efficiency of the 
process. The authors successfully developed an alumina supported silica membrane of 
graded porosity using sol-gel processing. The parameters for development of a stable sol 
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solution and gelling conditions were optimised. The developed membranes were 
characterised using scanning electron microscope and BET surface area analyser. 
Presently the hydrogen permselectivity behaviour of the as-grown membrane is being 
assessed before a suitable membrane reactor is being designed. 
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