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The present work focuses on the thermodynamic modeling of the Bunsen section of the Iodine-Sulfur t hermochemical cycle for hydrogen production on t he basis of a combination of UNIQUAC activity coefficient and solvation models. The complexity of the m aterial s ystem, two immiscib le electr olyte aq ueous phases (H 2 SO 4 rich a nd H I x rich), i s m anaged by de fining an e quivalent material sy stem abl e t o capt ure t he m ain physical p henomena. Onl y t he key speci es i nvolved a nd their m utual int eractions are taken into account, reducing the number of parameters to be est imated from a hun dred to o nly 15 . Resu lts sh ow a go od agreem ent with p ublished exp erimental d ata, with a better description of the impurities in the HI x phase than in the sulfuric acid phase.

Hydrogen is co nsidered t o be on e of th e best energy ca rriers for the future. It ca n be produced f rom wat er by t hermo-chemical cy cles. The Io dine-Sulfur ( IS) t hermochemical wate r sp litting cycle is o ne of t he m ost p romising (O'Keefe et al. ,198 2), chosen among one hundred other possi ble cy cles and expected to becom e a major source of massive hydrogen production combined with nuclear energy. This cycle, depicted in figure 1, is divided into three sections, namely: 1. The Bunsen section (I), where sulfur di oxide reacts with excess wate r and iodi ne to produce t wo i mmiscible el ectrolyte aq ueous phases: t he u pper phase containing mainly water an d sulfuric acid (H 2 SO 4 rich phase) and t he heavy phase with water, hydroiodic acid and iodine (HI x phase). 2. The sulfuric acid concentration and decomposition section (II), 3. The hydroiodic acid concentration and decomposition section (III). In the two last sections, intermediate acids break down upon heating to release oxygen and hy drogen respectively while wat er, i odine and s ulfur dioxide are recycled in the system. After modeling the phase equilibria of the HI x section (Hadj- [START_REF] Kali | HIx System Thermodynamic model for Hydrogen Production by the Sulfur-Iodine Cycle[END_REF], we focus in this paper on the complex liquid -liquid equilibrium occurring in the Bunsen section.

The Bunsen reaction

The starting point of the IS cycle is the Bunsen reaction: Like iodine, the excess of water causes the equilibrium to be shifted forward but it also causes a substantial change in the reaction Gibbs free energy due dilut on. T sulfuric acid co mplexes with water hydroiodic acid complex ith water iodine, according to the following equations (Elder et al., 2005):

H 2 SO 4 + 4H 2 O  (H 2 SO 4 + 4H 2 O) aq G°, 400 K = -66 kJ.mole -1 (R2) [2] 2HI + 8I 2 + 10H 2 O  (2HI + 10H 2 O + 8I 2 ) aq G°, 400 K = -104 kJ.mole -1 (R3) [3]
Combining the three reactions (R1), (R2) and (R3) leads to a modified Bunsen reaction 9 I 2 + SO 2 + 16 H 2 O  (2 HI + 10 H 2 O + 8 I 2 ) aq +

Bunsen section thermodynamic modeling

Liquid -liquid equilibrium calculation basis

The liqui d -l iquid e qu ves activities equality of each component i present in both phases, expressed in terms of activity coefficients  i by: Equilibrium equations:

    0      i i i i ' x , T x , T x x   Nc 1, i  [5]
At gi ven t emperature, pressure a nd gl obal compositions z, t he com positions of eac h and x') and t he sp lit ratio are calculated by solving a n equilibrium flash mod Partial mass balances: phase at equ ilibrium ( x  isothermal liquid-liquid el which includes equations [5-7]:

  0 1       i i i x x z   ' Nc 1, i  [6] Summation equation:     ' x x 0 i i i i [ 7 ]
An excess Gibbs free energy model is then needed to calculate the activity coefficients.

The new model versus previous models

In orde r t o c ompute activity coefficients , a symmetric con vention i s adop ted t hat (2002) 

1 2 3 2 ith {2C 3 }  {[H 3 O + ,(m 1 -1)H 2 O]
combines the UNIQUAC model [START_REF] Abrams | Statistical thermodynamics of liquid mixtures: A new expression for the excess Gibbs energy of p artly or completely mi scible sy stems[END_REF]) with Engel's electrolytic solvation model (Engels, 1990) 

m 1 H 2 O + HI  2C 1 (RS1) [8] with {2C }  {[H O + ,(m -1)H O]; I -} 1 3 1 2 2. Solvation of H 2 SO 4 by H 2 O: m 2 H 2 O + H 2 SO 4  2C 2 (RS2 ) [9] with {2C }  {[H O + ,(m -1)H O]; HSO -} 2 3 2 2 4
3. Solvation of HI by I 2 in the presence of water:

m H O + m I + HI  2C (RS3 ) [10]
3 w ; [I 3 -,(m 3 -1) I 2 ]} where C i are the resulting complexes, as defined by Engels (1990), and m i the solvation numbers. The corresponding solvation constants K i are function of the temperature:

  T / B A exp K i K K i i   [ 1 1 ]
Each so lvation equ ilibrium in troduces a n ew sp ecies, t he co mplex C i , and r equests 3 parameters to b e estim ated: m i , A Ki and B Ki . Therefore , the whole system with N C =7 2 SO 4 , C 1 , C 2 , C 3 ), has 93 parameters t o be e stimated fro m ibility g ap b etween th ese t wo ormulated: species (I 2 , H I, H 2 O, H experimental data: 84 pa rameters t o est imate n (n-1) UN IQUAC bi nary interactio n parameters with their temperature dependence and 9 parameters for the three solvation equilibria. This number is too high in view of available experimental data.

Model assumptions

On the basis of the operating conditions of Bunse n reaction (wate r and iodine in large excess (O'Kee fe et al. , 1982)), th e very larg e immisc species (Kracek, 1931) and the presence of I 3 -ions in the solution [START_REF] Palmer | The equilibria and kinetics of iodine hydrolysis[END_REF], a first series of hypotheses can be f a. [START_REF] Bondi | van der Waals Volumes and Radii[END_REF].

Available experimental data

Nowadays, av ailable experi mental dat a were pu blished by Sak urai et al. , 199 9, 2 000; l., 2008. The influence of HI (k), I 2 (m) and H 2 O (n) mole ghlight that t he relative e rrors are smaller Giaconia et al., 2007; Lee et a numbers for one sulfuric acid mole on liquid-liquid equilibria is studied. The data points are noted 1/k/m/n. General Atomic typical stoichiometry of reaction (R4) corresponds to a 1/2/8/14 data point. Most of those data are compiled in Lee et al. (2008). Covering the largest temperature range from 25°C to 120°C, they are used in this work.

Results and discussion

The reduced model reproduces demixtion for all experimental data. 

Conclusion

To our knowledge, for th e first ti me a th ermodynamic model rep resenting th e liqu idliquid equilibria of the Bunsen section of the Sulfur -Iodine thermochemical cycle over a l arge t emperature range i s proposed. T his m odel is b ased on UNIQUAC's activ ity coefficient model combined with solvation equilibria. Due to th e high level of co mplexity of t he system and the lack of experimental data, a fine descriptio sound hypoth n of all species and phenomena cannot be obtained. The formulation of eses, c oncerning t he s pecies pr esent and th eir in teractions, allo ws to m phase; water,
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  Figure 1. Sulfur -Iodine thermo-chemical cycle scheme.
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 22 Figure 2 present results by comparing the calculated and experimental molar fractions for HI x phase at 80°C. The histograms below detail the variation of errors with variables 'm' and 'n' for a given composition (HI/H 2 SO 4 /I 2 /H 2 O) = (1/2/m/n). Iodine Wat er Sulfuric acid I2 total dans la phase HIx (80°C)

  has used t he electro lyted by Chen an d E vans, (1986) t hat com bines t he Pi tzer-Debyections with t he NRTL th eory ns. Recently, O'Connell Mathias' model.

	lvation reactions:

  : the fi rst model accounts for short ra nge interactions by means of two terms (co mbinatorial and re sidual) a nd the second m odel accounts for complexes formation. Until th is work, all published m odels for this system were derived from a classical electrolyte appr oach. Fi rst, Davis a nd C onger ( 1980) p roposed t o a pply t he Pi tzer-

	Debye-Hückel m odel (Pitzer, 198 0). Later Math ias
	NRTL m odel develope
	Hückel m odel for l ong-range ion-ion elect rostatic in tera
	(Ren a on nd Prausnitz, 1968) f r s o hort-range energetic interactio
	t of (2008) proposed an improvemen
	3.3. Model description
	The proposed model considers three so
	1. Solvation of HI by H 2 O:

Table 1 .

 1 Total d issociation of bo th acid s (HI and H 2 SO 4 ) in t he presence of an excess of water; the second acidity of H 2 SO 4 being neglected. b. Solvation of all H + ions by three H 2 O molecules, independently whether they co me from HI or H 2 SO 4 totally dissociated. The hypotheses a and b enable to substitute the measured species HI and H 2 SO 4 by two apparent species, that we wri te [HI,3H 2 O] and [ H 2 SO 4 ,3H 2 O]. Binary interaction parameters matrix.

	They correspond to the

i a re est imated accordi ng t o Bond i's group c ontribution m ethod

Table 2

 2 

	rep orts the