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Abstract. Thermochemical water splitting processes based on Sulfur-Iodine cycle can be conveniently 

improved using solid intermediates, in order to increase the global yield and avoid the use of concentrated 

acid at high temperatures. In this context, an innovative process has been conceived, where a metal oxide, 

namely NiO, is reduced into oxygen and the correspondent metal, which can be suitably stored and reacted 

with steam into hydrogen when and where necessary. Data previously obtained and published, together with 

the integration of experimental results have been used to evaluate the technical feasibility and the heat 

duties of each step of the proposed cycle. The starting point was a Nickel compounds based process already 

extensively characterized, which has been modified using low toxic Iron (III) species as intermediates for 

oxygen formation. Based on the theoretical and experimental analysis carried out, the resulting cycle 

thermal efficiency is quite promising, about 19%, also taking into account the hydrogen generation step. 

1 Introduction  
Solar driven thermochemical water splitting cycles 

(TWSC) are considered a valid alternative to the direct 

thermal water splitting, which can only occur at about 

3500°C, in very severe operating conditions which lead 

to serious issues related to materials and products 

separations [1]. Moreover, solar receivers present a 

limited thermal efficiency above 1000°C [2]. For these 

reasons, several TWSC processes were proposed in the 

last years, and, among them, the so called “Sulfur-Iodine” 

cycle [3][4][5] can be operated at relatively limited 

temperatures (<900°C). In this cycle the water molecule 

is “incorporated” into sulfuric and hydriodic acids by the 

“Bunsen reaction”. Then, both are thermally 

decomposed, the former at around 900°C into oxygen and 

sulfur dioxide, and the latter at about 500°C, leading to 

hydrogen and iodine. Iodine and sulfur dioxide are 

recirculated to the Bunsen section, to be converted again 

into the two acid solutions. The cycle is schematized in 

Figure 1. 

 

 
 

Fig. 1. Scheme of the “Sulfur Iodine” cycle 
 

Compared to other TWSC, this process presents the 

advantage to employ commonly chemicals as 

intermediates, but also the drawback of a relative great 

number of reactive and separative phases, quite corrosive 

compounds at high temperatures, and the requirement of 

specific heterogeneous catalysts, with an important 

thermodynamic limitation for hydriodic acid cracking [4]. 

In this regard, the use of solid intermediates was 

investigated as an alternative solution to overcome some 

of the described issues, and Nickel compounds were 

proposed at this aim by Prosini et al [6]. The modified 

cycle is illustrated in Figure 2. Hydrogen is quantitatively 

produced at high purity and low temperature by reacting 

metallic Nickel with sulfuric acid, and a sulfate and an 

iodide are decomposed in place of the related acids. 

However, it is necessary to reduce the toxicity of the 

employed intermediates and it is important to consider a 

proper method to store and transport the hydrogen 

produced. 

 

 
 

Fig. 2. Scheme of the “Sulfur-Iodine” cycle modified by using 

Nickel based intermediates [6] 

 

ENEA, in the contest of the “Electric System  Research  

Program”,  funded  by the  Italian Ministry of Ecological 

Transition (Implementation plan 2019-2021), has been 

continuing to investigate modified  “Sulphur-Iodine” 

schemes, and, as a first result, as presented in the present 
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paper, an innovative one has been conceived to limit the 

use of Nickel only to the HI section. This metal, being 

stable and dense, can be easily transported and used as 

reactant to obtain hydrogen “on-demand” when and 

where necessary, just reacting it with water. Available 

literature data were employed to demonstrate the 

feasibility of the process, integrated with a necessary 

experimental evaluation, that is, the study of the reaction 

yield between Iron (III) oxide and Sulfuric acid 50 wt%. 

2 Materials and methods 
Analytical grade Iron (III) oxide (Fe2O3) was purchased 

by Sigma-Aldrich, Sulfuric acid 96 wt% (Carlo Erba) 

was used to prepare the 50 wt% solution.  

The production yield of Iron (III) sulfate (Fe2(SO4)3) was 

determined by using a Mettler-Toledo thermogravimetric 

system, TGA/DSC1, with 70μl alumina crucible and 

chromatographic air as carrier gas (40 Nml/min). 

3 Results and discussion 
As discussed in the previous paragraph, it is necessary to 

reduce, at least partly, the toxicity of the employed 

intermediates and it is important to consider a proper 

method to store and transport the hydrogen produced. 

Regarding the former, only Nickel iodide decomposition  

has to date been investigated [7], but it is still possible to 

utilize a different and safer sulfate, namely the Ferric salt 

(Fe2(SO4)3). Moreover, the cycle can be modified in order 

to obtain the cracking of Nickel oxide (NiO), producing 

Nickel to be employed as hydrogen store source on 

demand. This way, the resulting metal can be easily 

accumulated and transported, aso considering its high 

density and stability, thus providing a suitable method for 

hydrogen storage.  

The involved reactions, balanced to achieve one mole of 

Nickel and half mole of Oxygen, are summarized in 

Table 1. The core of the process is the Bunsen reaction 

(Eq. I), where aqueous solutions of Sulfuric acid (H2SO4) 

and Hydriodic acid (HI) are produced, at a concentration 

of about, respectively, 50wt% and 57wt%. In order to 

separate the two phases, an excess of iodine must be 

introduced, with a ratio of around 3.5:1 (mol I2/mol 

HI)[8][9]. The two acids are purified according to the 

scientific literature[10] and reacted following equations 

III and VI.  

Table 1. Reactions, steps and heat duties for the proposed 

thermochemical cycle 

 

 In reaction III, Ferric oxide (Fe2O3) reacts with the 

aqueous sulphuric acid solution producing the 

corresponding sulfate, which, in turn, is heated up to 

675°C (step IV). The heat duty reported for reaction II 

includes also the enthalpy necessary to evaporate the 

formed water. Fe2(SO4)3 is then decomposed under air 

atmosphere into sulphur dioxide (SO2), sulphur tri-oxide 

(SO3) and oxygen (reaction V). At that temperature, the 

molar ratio between the produced SO2 and SO3 is about 

0.42/0.58[12]. It is important to note that the reaction III 

can occur with H2SO4 at 50wt%[12], so avoiding an 

energetic costly sulfuric acid concentration. While the 

formation of the Iron(III) sulfate phase was 

demonstrated[12], no data were available about the actual 

reaction temperature and to confirm a quantitative 

neutralization between Iron(III) oxide and H2SO4 under 

those conditions. For this reason, a specific experimental 

verification was carried out for this work. Figure 3 shows 

the formation of Iron (III) sulfate, starting from Fe2O3 

and using H2SO4 50%wt, carried out in a TGA equipment 

using three different temperature ramps. 

 

 
 

Fig. 3. TGA analysis of Iron (III) Sulfate formation, starting 

from Fe2O3 and using stoichiometric H2SO4 50%wt; from top to 

bottom are shown: gravimetric curves, calorimetric curves and 

temperature ramps used (3°C/ min, 5°C/min and 10°C/min, N2 

carrier gas 40 Nml/min) 

 

Two processes occur simultaneously: the concentration of 

sulfuric acid with H2O loss and the reaction with oxide to 

give sulfate (with further water release). Table 2 reports 

 the yields and reaction times for the three ramps 

considered. The formation rates were calculated considering 

the mass and molar balances below: 
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Table 2. Reaction yields and times for: Fe2O3 + 3H2SO4 50%wt 

 

Temperature 

ramp 

3°C/min 5°C/min 10°C/min 

    

Yield 1 1 1 

Reaction time 

(min) 

42.25 31.19 18.23 

 

Clearly, an unitary conversion could be established even 

at the smallest reaction time. Regarding the actual 

neutralization temperature, since the evaporation of H2O 

is obviously endothermic, it can be assumed that the 

weak exothermic peak correspond to the formation of 

sulphate. Therefore, from Figure 3, it was possible to 

assume a realistic value of 170°C for the step III. 

In reaction VI, Nickel oxide is quantitatively converted to 

Nickel iodide at the same temperature of the Bunsen 

reaction[6]; this neutralization is exothermic[6] but water 

and excess of Iodine (step VII) present in the HI phase 

are to be evaporated, leading to a global endothermic 

process. NiI2 is then heated up 600°C and quantitatively 

decomposed into metallic Nickel and iodine[6] (steps 

VIII and IX). All reactions in this part of the cycle are 

performed under Nitrogen. 

All the gaseous products from III, V, VI, VII and IX are 

cooled down and reintroduced in the Bunsen reactor, 

where Sulfur dioxide, Sulfur trioxide and Iodine are 

absorbed and make available for the redox step. Iron (III) 

oxide from V is also brought back to 170°C, that is, at the 

reaction III temperature. 

The total balance of steps I-IX correspond to the 

reduction of Nickel oxide, obtaining Nickel as hydrogen 

source to be used on-demand (step X). Using the 

available thermodynamic data, this process is 

endoergonic and slightly endothermic[15][18][19]. The 

heat duty included in Table 1 considers the reaction 

enthalpy along with the energy necessary to heat Nickel 

and Water up to the reaction temperature, and the water 

vaporization heat. A temperature of 200°C is indicated by 

Yavor et al. for this step[17]. 

Assuming an unitary conversion of Nickel into 

Hydrogen, which might be achieved by removing the 

gaseous products during the reaction, and considering the 

ratio of the hydrogen low heating value (240.4 kJ/mol) to 

the overall energy inputs, it is possible to preliminarily 

estimate the cycle global efficiency, equal to about 0.19. 

If, on one hand, the heat duty of step X can be 

underestimated, given the realistic necessity to operate 

the reaction in an excess of water, on the other hand, also 

advantageous heat recoveries might be conceived to 

increase the cycle efficiency.  

4 Conclusions 
Using both literature and experimental data, the global 

thermal efficiency of a sulphur-iodine modified 

thermochemical cycle, was assessed. The proposed cycle 

is based on the adoption of an intermediate metal, which 

can be reacted with water to quantitatively produce 

hydrogen on demand, with the purpose to facilitate the 

storage and improve the dispatchability of this solar fuel. 

Clearly, the use of Nickel leads to safety and 

environmental issues: to overcome this problem a 

dedicated work is now on-going to modify the proposed 

process employing low or no-toxic intermediates, 

maintaining, at the same, a high global cycle efficiency. 
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