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ABSTRACT 
The Sulfur-Iodine (S-I) cycle has been considered as one of the efficient and promising thermochemical water-
splitting cycles for hydrogen production using nuclear energy.  However, the catalytic SO3 decomposition 
process in the S-I cycle demands high temperature heat (>800°C).  Existing nuclear reactors cannot provide 
such heat for SO3 decomposition.  AECL proposed a direct resistive heating concept to compensate for the 
requirement of high temperature heat.  An experimental program was established at AECL to demonstrate the 
concept and to develop reliable catalyst structures for SO3 decomposition.  Due to the high temperature and 
harsh chemical environment, Hastelloy C-276 was selected as the material for the heating element and reactor.  
The catalyst was directly applied on the surface of an electrical heating element.  SO3 was produced online 
from H2SO4 in a pre-heated vessel.  The SO3 decomposition percentage was determined using the measured 
O2 concentration in the exit gas stream.  The results showed that SO3 decomposition can be successfully 
achieved with the direct-resistive heating method.  As much as 90% of the initial SO3 was decomposed under 
the experimental conditions explored.  The Pt-based catalyst performed better than the Fe-based catalyst in the 
low temperature region (<700°C).  The effect of carrier gas flow on SO3 decomposition was also considered.  
 

Keywords: Resistive heating; SO3 decomposition; hydrogen production; S-I cycle; nuclear energy 
 

1. Introduction 

Hydrogen is a very important commercial commodity that is used in the manufacturing of nitrogen fertilizers, 
upgrading of crude oil, and as a fuel in the emerging hydrogen economy.  World consumption of hydrogen is 

increasing and reached about 70 million tonnes in 2009, growing at about 7% per year [1].  The demand of 

hydrogen is expected to continuously increase in the next few decades.  Japan alone will require 28.3 billion 

Nm
3
 in 2020 and 46 billion Nm

3
 in 2030 [2].  Currently, more than 90% of hydrogen is made from fossil fuels, 

either from natural gas, liquid hydrocarbons or coal.  Hydrogen production from fossil fuels generates carbon 
dioxide (CO2) emissions which contribute to climate change.  Hydrogen can be also made from water by 
electrolysis or thermal decomposition.  Low temperature water electrolysis is a proven and currently commercial 
technology.  However, it involves high electrical energy consumption that makes the produced hydrogen more 
expensive compared with the hydrogen produced from fossil fuel processes.  Hydrogen production from steam 
electrolysis and thermochemical decomposition of water requires high temperature heat and lowers the 

electricity consumption, thus improving the overall energy efficiency compared with the fossil fuel processes [3]. 

 

Over 200 distinct thermochemical cycles were considered in the 1980’s by the Gas Research Institute [4].  All 

steps of 15 of these cycles were found to be operable, batch-wise, with reagent-grade chemicals.  Since then, 
extensive efforts have been made to select the most promising candidate thermochemical cycles for further 
development.  On the basis of thermal efficiency, the S-I cycle stood out as one of the best thermochemical 

cycles for hydrogen production [5].  Fig. 1 shows the three chemical reactions in the S-I cycle, namely a) sulfuric 

acid evaporation and decomposition; b) hydrogen iodide formation (Bunsen reaction) and separation; c) 
hydrogen iodide decomposition to produce hydrogen.  Within the S-I cycle, all sulfur and iodine species are 
recycled and reused.  The net inputs to the cycle are heat and water and the net outputs from the cycle are pure 
hydrogen and oxygen.   
 
Decomposition of H2SO4 requires operating temperatures greater than 800°C which can be satisfied by GEN IV 

nuclear reactors [6] and [7].  Nuclear energy is a source of green energy that does not contribute to the CO2 

emissions.  A high temperature gas-cooled reactor (HTGR) was constructed at Oarai Research and 
Development Center of Japan Atomic Energy Agency (JAEA), with a reactor outlet temperature of 950°C 

achieved in April of 2004 [2].  The Korea Atomic Energy Research Institute (KAERI) has set up a national plan 

to demonstrate massive hydrogen production by 2020 using a very high temperature reactor (VHTR) [8].  In 

2001, the US Department of Energy (USDOE) launched a new International Nuclear Energy Research Initiative 
(I-NERI) for bilateral and multilateral international collaborations on nuclear research.  Hydrogen production 
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from the future GEN IV nuclear reactors is an important component of this initiative.  Atomic Energy of Canada 

Ltd. (AECL) is participating in the I-NERI program.  Based on its successful CANDU
®

 nuclear reactors, AECL is 

currently developing a supercritical water-cooled reactor (SCWR) as its contribution to the Generation IV 
program.  Potential processes to produce hydrogen using energy from SCWR are also being assessed at 

AECL [9]. 

 

 
 
Fig. 1. Chemical reactions involved in S-I cycle. 
 
The AECL SCWR design provides a nominal outlet temperature of up to 625°C.  This temperature is not 
sufficient for SO3 decomposition although it meets the temperature requirement for other reaction steps in S-I 
cycle.  AECL has proposed a novel catalytic approach to decompose SO3 by using a direct resistively heated 

catalytic structure [10].  With this method, the catalyst is brought to greater than 800°C using electricity 

generated by SCWR or existing CANDU
®

 nuclear reactors.  The overall thermal efficiency of the S-I cycle will 

be compromised to some extent due to the use of electricity.  However, the direct resistive heating method has 
a few obvious strengths. 
 

 A very high temperature heat source is not required for the H2SO4 decomposition step. The hydrogen 
production through S-I cycle is achievable even if a VHTR is unavailable. 

 The system can run at ambient or negative pressure so that the chemical equilibrium is favourable for 
H2SO4 and SO3 decomposition. 

 The heat exchanger interfacing the nuclear reactor and the chemical reactor is avoided.  Challenges related 
to the materials and engineering designs of heat exchangers are eliminated. 

 
The direct resistive heating approach was originally proposed by AECL for hydrogen production via steam 

methane reforming [11].  Recently, an experimental program [12] was established at AECL to investigate the 

possibility of using the direct resistive heating method to accomplish the H2SO4 decomposition step.  The H2SO4 
decomposition step actually consists of two successive reactions as shown in Eq. (1) and Eq. (2).  The 
formation of SO3 from H2SO4 is a thermal decomposition process without the requirement of a catalyst and 
occurs at temperatures as low as 350°C.  The decomposition of SO3 is a catalytic decomposition process which 
requires high temperature and catalysts for an appreciable decomposition rate.  Some metal and metal oxide 

catalysts have been studied for the decomposition of SO3 [13], [14] and [15].  In this paper, the direct resistive 

heating method is demonstrated for the SO3 decomposition using platinum and iron oxide catalysts. 
 

OHSOSOH Co

23

350

42  
            (Thermal decomposition)          (1) 

 

22

800

3 5.0 OSOSO Co  
             (Catalytic decomposition)          (2) 

 

2. Experimental 

2.1 Preparation of catalyst bed for SO3 decomposition 

A typical catalyst bed consists of a metal strip (substrate or support) coated with catalyst.  Due to the corrosive 
nature of the reactants, high operating temperature in the tests and limited internal space of the reactor, plain 
strips of Hastelloy C-276 metal sheet were used as the catalyst structure for SO3 decomposition.  Both ends of 
the strip were made wider than the central body to improve the electrical connection.  The surface of the strip 
was roughened with sand paper, cleaned and degreased.  Both Fe2O3 (Fisher Scientific; Lot #912246A) and 
10% Pt/TiO2 catalysts were applied using proprietary methods to the Hastelloy C-276 strips in this study.  The 
Fe2O3 catalyst on the Hastelloy strips had a brick-red appearance and the Pt/TiO2 catalyst showed a dark grey 
color.  Visual inspection did not find any cracks or defects in the catalyst layer. 
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2.2 Reactor assembly 

The reactor used to study SO3 decomposition was made from Hastelloy C-276 tubing and is shown in Fig. 2.  
The reactor body had a length of 250 mm and an outside diameter (OD) of 25 mm.  Matching flanges were 
welded to both ends of the tube.  The gas stream from the pre-heater entered the reactor through a gas inlet on 
one flange.  The decomposed products were discharged from a gas outlet located on the other flange.  At the 
end of each flange, there was a Conax connector to seal the electrical connection rod.  A ceramic liner, inside 
diameter (ID) of 15 mm, was inserted into the reactor tubing to electronically insulate catalyst bed from the 
reactor body.  The assembled reactor was leak tested with helium before each experiment. 
 

 
  
Fig. 2. Direct resistive heating reactor for the SO3 decomposition process. 
 

2.3 System and process description 

A schematic diagram of the laboratory test rig to study the SO3 decomposition is shown in Fig. 3.  The 
laboratory test rig includes a reactor assembly containing a direct electro-resistively heated catalyst strip, a pre-
heater as an evaporator and decomposer of H2SO4, a condenser cooled by circulating water at 5°C, a series of 
bubblers containing 30% KOH solutions, a gas conditioning unit (Horiba, ES-C510SS) to absorb moisture and 
acid in the gas stream, an oxygen analyzer (Illinois Instruments, Model 910) to measure the O2 concentration in 
gas stream, an acid feed pump (Masterflex), and carrier gas supply.  Thermocouples (OMEGA Engineering 
Inc.) were placed in the rig to monitor and control the process temperatures at different locations.  The process 
values such as temperature were recorded digitally and stored in computer by a data acquisition system 
(Keithley 2700 Multimeter / Data Acquistion System with a 20-Channel, Differential Multiplexer Module). 
 
Carrier gas (N2) was flowing through the test rig at a typical flow rate of 1 L/min.  Water was fed into the pre-
heater and run for 10 minutes before 98% H2SO4 was fed into the test rig.  The H2SO4 was heated to 
500~550°C in the pre-heater and decomposed into SO3 and H2O vapour.  The carrier gas (N2) brought the 
decomposed vapour products into the reactor.  The SO3 decomposition took place at the surface of the catalyst 
strip whose temperature was controlled between 800°C and 850°C.  The KOH solutions in bubblers were 
expected to absorb all acidic components in the gas stream, leaving only oxygen and water vapour in the carrier 
gas.  Residues of acidic gases and water vapour were further absorbed by the gas conditioning unit.  The O2 
concentration in gas stream was then measured by the oxygen analyzer.  The measured oxygen concentration 
was used to calculate the conversion percentage of SO3 based on the stoichiometry in Eq. (2). 
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Fig. 3. Schematic diagram of the direct resistive heating test rig. 
 

3. Results and discussion 

3.1 Proof of concept 

The concept of direct resistive heating was to directly heat catalysts to desired temperatures with electrical 
energy.  This requires the catalyst to be coated on a conductive substrate (as heating element) that can convert 
the applied electricity to high temperature heat.  Type 304 stainless steel was used to make the catalytic module 

for steam methane reforming [11].  However, stainless steel materials could not be used as catalyst substrates 

for the SO3 decomposition due to the material corrosion under these decomposition conditions.  Other materials 
that are corrosion-resistant under these experimental conditions were required.    
 

 
 
Fig. 4. Demonstration of direct resistive heating in a quartz tube. 

 
Hastelloy C-276 is a nickel-molybdenum-chromium alloy with the addition of tungsten.  It has excellent corrosion 
resistance in a wide range of corrosive media (including H2SO4) and is especially resistant to pitting and crevice 
corrosion.  Therefore, Hastelloy C-276 was selected to prove the concept of direct resistive heating.  A number 
of initial experiments were performed to determine the surface temperatures of electrically heated Hastelloy C-
276 strips.  Fig. 4 is a photograph of a Hastelloy C-276 roll being heated electrically in a quartz tube.  The 
Hastelloy C-276 structure was coated with 10% Pt/TiO2 catalyst.  The electrical power was increased gradually 
while the temperature was measured.  Temperatures up to 1050°C were achieved by the direct resistive heating 
method.  After more than five hours in air or N2, the Hastelloy C-276 structure retained good physical integrity.  
The catalyst coating adhered well to the metal substrate with no obvious peeling or flaking.  It should be noted 
that some hot spots were observed at corners and bending areas of the Hastelloy C-276 structure.  The non-
uniform temperature was likely due to the uneven current densities throughout the roll substrate.  Therefore, flat 
Hastelloy C-276 strips were recommended for laboratory use. 
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In order to examine the long-term durability of the catalyst structure, a Hastelloy C-276 strip coated with Fe2O3 
were heated in air at 1000°C for 65 hours.  The photograph in Fig. 5 shows the catalyst-coated strip after the 
heat treatment.  The Fe2O3 catalyst maintained its brick-red colour.  No visual crack or peeling was found.  This 
initial test provided evidence to support the feasibility of applying direct resistive heating method to the SO3 
decomposition in S-I cycle. 

 

 
 
Fig. 5. Fe2O3 catalyst strip after treatment at 1000°C for 65 hours. 
 

3.2 SO3 conversion with Pt/TiO2 and Fe2O3 catalysts 

To establish a baseline for the SO3 decomposition, an externally heated quartz reactor (ID of 25 mm and length 
of 100 mm) was used to determine the SO3 conversion on 10% Pt/TiO2 and Fe2O3 catalysts.  The quartz 
reactor was randomly packed with catalyst-coated ceramic rings (4.76 mm).  The baseline data are presented 
in Fig. 6.  The SO3 conversion increased with increasing bed temperatures for both 10% Pt/TiO2 and Fe2O3 
catalysts.  The 10% Pt/TiO2 catalyst performed better than the Fe2O3 catalyst at temperatures below 700°C.  
The decomposition of SO3 was noticeable at temperatures as low as 500°C for the 10% Pt/TiO2 catalyst.  At 
temperatures above 700°C, the catalytic activities of both catalysts were comparable.  More than 80% of the 
SO3 was decomposed at 900°C.  This conversion efficiency is consistent with the theoretical modeling results of 

the H2SO4 decomposition process [16].  

 
As noted above, to test the direct resistive heating method, a ceramic liner (99.8% Al2O3) was used to 

electrically isolate the catalyst strip from the reactor body.  Dokiya [17] reported that Al2O3 was able to facilitate 

the SO3 decomposition although it was not as efficient as Pt or Fe2O3.  It became necessary to examine the 
catalytic activity of the ceramic liner and to determine its impact on the decomposition process.  The ceramic 
liner was installed in the test rig and tested over a temperature range from 600°C to 900°C.  The results are 
shown in Fig. 7.  The ceramic liner (labeled as “Empty Reactor” in Fig. 7) did not facilitate the SO3 
decomposition up to 750°C and only 10% of the SO3 was decomposed at 900°C.  Therefore, the contribution 
from the ceramic liner to the overall conversion efficiency was very small at bed temperatures below 850°C.   
 
Fig. 7 shows that the SO3 decomposition was successfully achieved with resistively heated 10% Pt/TiO2 and 
Fe2O3 catalysts.  Over the temperature range from 550°C to 850°C, the SO3 conversion steadily increased with 
increasing operating temperatures.  The 10% Pt/TiO2 catalyst consistently demonstrated higher catalytic activity 
than the Fe2O3 catalyst, especially at low temperatures.  The direct resistive heating method proved to be 
feasible in these tests.  Compared with the baseline data in Fig. 6, the conversion of SO3 was generally lower 
when the direct resistive heating method was used.  This was probably due to the shorter residence time of SO3 
on the catalyst surface when a flat strip was tested.  The flat strips in these tests were shorter than the quartz 
reactor containing ceramic rings. 
 
The reactor was taken apart at the end of each series of tests.  Visual inspection of the catalyst strip revealed 
that the catalysts originally on the Hastelly C-276 strip were partially lost.  Some dark-grey flakes were found 
inside the ceramic liner. These observations were inconsistent with the results from the proof-of-concept tests 
which were conducted in air.  The harsh chemical environment during SO3 decomposition seemed to be 
detrimental to the activity and integrity of the catalysts.  Further effort should be focused on the development of 
new efficient and durable catalysts. 
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Fig. 6. SO3 conversion by catalyst-coated ceramic rings under external heating. 
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Fig. 7. SO3 conversion with direct resistive heating method. 
 

3.3 Influence of carrier gas flow on SO3 conversion 

The system for the SO3 decomposition was operated at a reactor temperature of 835°C and a slightly positive 
pressure (<120 kPa).  N2 was the carrier gas to bring SO3 from the pre-heater into the reactor where SO3 was 
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catalytically decomposed into SO2 and O2.  The influence of carrier gas flow rate on the SO3 conversion was 
examined by reducing the N2 flow from 1025 mL/min to 865 mL/min.  The flow rate of SO3 was expected to 
remain unchanged during the period of each test at a constant H2SO4 feed rate.  Reducing N2 flow rate had 
three possible consequences.  1) The concentration (i.e. partial pressure) of SO3 was increased in the gas 
stream; 2) The linear velocity of SO3 was decreased over the surface of catalyst strip; 3) The temperature of the 
gas stream at the inlet of reactor might be changed.   
 
For gas phase reactions at constant temperature and pressure, increasing SO3 concentration results in an 

increased decomposition rate [18].  A faster decomposition rate gave increased conversion.  As shown in Fig. 8, 

the SO3 conversion indeed increased from 85% to 90% on reducing the N2 flow from 1025 mL/min to 865 
mL/min.  Increasing the residence time by reducing the linear velocity of SO3 would have also contributed to the 
observed increase in SO3 conversion.  It should be noted that a much larger catalyst strip (15 mm wide and 240 
mm long) was used to maximize the effect of carrier gas flow.  The SO3 conversion in Fig. 8 was 
correspondingly higher than that in Fig. 7. 
 
The SO3 decomposition reaction is temperature-dependent.  The above discussed influence of N2 flow rate on 
the SO3 conversion was valid only if the gas stream temperature remained consistent at different N2 flow rates.  
A separate test was performed to confirm the gas stream at the inlet of the reactor had similar temperatures at 
different N2 flow rate.  The pre-heater was set at 600°C.  The temperature between the pre-heater and reactor 
was controlled at 580°C.  The N2 carrier gas flow rate was varied from 770 to 1080 mL/min.  Fig. 9 shows that 
the variation of N2 flow rate did not alter the measured temperature of the gas stream at inlet of reactor and had 
negligible influence on the temperature at the center of pre-heater.   
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Fig. 8. Influence of N2 flow rate on SO3 conversion on a Fe2O3 catalyst. 
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Fig. 9. Gas stream temperatures at inlet of reactor under various N2 flow rates. 
 

3.4 Start-up process for the SO3 decomposition 

With the direct resistive heating method, the catalyst was directly applied on the surface of heating element (i.e. 
Hastelloy C-276 strip).  The applied electrical power was only expected to heat the catalyst rather than the 
whole reactor.  Assuming an ideal situation with no heat loss, it would only need less than 10 seconds  to bring 
the catalyst temperature from 20 to 850°C at power supply settings of 36 A and 7.1 V.  However, it took almost 
two hours for the catalyst strip to reach a steady temperature of 850°C as shown in Fig. 10.  The prolonged 
warm-up time indicated significant heat loss from the catalyst strip. 
 
One potential heat sink was the continuous purge of N2 during the start-up process.  The N2 gas was expected 
to remove oxygen initially in bubbler solutions and any residue of sulfur-containing chemicals from the previous 
test.  This was necessary because oxygen concentrations were measured to calculate the SO3 conversion 
efficiency.  Addition of oxygen to the gas stream would introduce errors in the SO3 conversion values.  However, 
the N2 flow was also a pathway for heat loss from the catalyst strip.  Fig. 10 shows that N2 reached a stable 
temperature of 570°C in about 10 minutes at the inlet of reactor.  For most of the start-up time, the catalyst strip 
only needed to raise the N2 temperature from 570°C to 850°C.  The heat loss rate was estimated to be 6 J/s for 
a typical N2 flow of 1 L/min.  Such heat loss was only about 2% of the total power supplied.  Thus the heat loss 
through N2 flow was negligible.  It can be concluded that the majority of heat was lost to the reactor body (and 
to the environment through the reactor body).  Reducing the heat loss should shorten the start-up process and 
improve the economics of the direct resistive heating method for SO3 decomposition. 
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Fig. 10. Reactor temperatures during the start-up of the process. 
 

4. Conclusion and recommendations 

 
The S-I cycle has been the leading thermochemical process for hydrogen production using nuclear energy.  The 
SO3 decomposition step in the S-I cycle requires both high temperature heat and catalyst.  In this paper, a novel 
direct resistive heating method was successfully demonstrated to achieve satisfactory conversion of SO3 at 
various reactor temperatures.  Flat Hastelloy C-276 strips were used as catalyst support and heating element.  
Both 10% Pt/TiO2 and Fe2O3 catalysts were tested using a laboratory test rig.  The 10% Pt/TiO2 catalyst showed 
better performance than the Fe2O3 catalyst at temperatures below 700°C.  At temperatures above 700°C, both 
catalysts showed comparable performance for SO3 decomposition.  Other factors such as the flow rate of 
carrier gas and the size of catalyst strip were also considered.  The experimental results indicated that longer 
residence time inside the reactor enhanced the SO3 conversion. 
 
Due to the unique chemical environment and strict temperature requirement, there have been many technical 
challenges during this study.  Significant progress was made on issues of electrical connection, catalyst integrity, 
material corrosion, and system leaks.  Based on the results and experience in this paper, future work should 
focus on 1) new reactor design for better system efficiency and easier pilot-scale demonstration; 2) 
development of new catalyst formulations and new method to coat the catalyst; 3) economic assessment of the 
direct resistive heating method for hydrogen production.  Successful demonstration of the direct resistive 
heating method may greatly simplify and advance the S-I process for hydrogen production. 
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