
Introduction
1)

The use of fossil fuels (petroleum oil, natural gas, etc.)

has contributed to the development of human societies,

but also to environmental pollution through thier by-

products, such as CO2 and SO2. Therefore, the devel-

opment of clean energy, such as renewable energy and

the use of hydrogen, is very important for not only the

next generation but also for modern-day human beings.

Particularly, hydrogen energy is being spotlighted

presently. Hydrogen is an attractive fuel for the future

because it is a renewable energy resource that is also

flexible as an energy carrier. One of the remarkable

methods for large- scale hydrogen production is therm-

ochemical water decomposition using heat energy from

nuclear, solar, and other sources. The IS process [1-9]

has been investigated for thermochemical hydrogen pro-

duction processes using heat energy from nuclear

sources. In the KIER (Korea Institute of Energy Research),
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the IS process, which was first proposed by General

Atomic Co. [1,2], and hydrogen production under

closed-cycle operation which has been demonstrated on

the laboratory scale in the JAERI (Japan Atomic Energy

Research Institute) [4-9], is under investigation with the

KAERI (Korea Atomic Energy Research Institute) [7].

The cycle is composed of the following reactions:

I2 (l) + SO2 (g) + 2H2O (l) 2HI (aq.) + H2SO4 (aq.) (1)

H2SO4 (aq.) H2O (g) + SO2 (g) + 1/2 O2 (g) (2)

2HI (g) H2 (g) + I2 (g) (3)

The so-called Bunsen reaction (1) is an exothermic SO2

gas-absorbing reaction, which proceeds spontaneously in

the temperature range 20 100
o
C. The sulfuric acid

(H2SO4) decomposition reaction (2) is an endothermic

reaction, which proceeds in two stages, i.e., gaseous

H2SO4 decomposes spontaneously into H2O and SO3 at

400 500
o
C and then SO3 decomposes into SO2 and O2

at ca. 800
o
C in the presence of a solid catalyst. The
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hydrogen iodide (HI) decomposition reaction (3) can be

performed in the gas phase or in the liquid phase. The

process has many attractive characteristics [all of the

chemicals circulate in the process as fluids, H2SO4

decomposition proceeds stoichiometrically with high

conversion ratio and large entropy change, and the

temperature range is suitable for utilizing the nuclear

heat supplied by an HTGR (High-Temperature Gas-

cooled Reactor)]. In the HI decomposition reaction,

hydrogen is produced by thermal decomposition of

gaseous HI. In the IS process, the HI processing is very

important because of the thermal efficiency of the

process. HI is separated from the HIx solution (HI-

H2O-I2 mixture) that was supplied from the Bunsen

reaction and then decomposed to produce hydrogen. A

simple option to realize the chemical change is

distillation of the HIx solution and subsequent gas phase

thermal decomposition of HI. However, because of the

presence of an azeotropic composition in the HI-H2O

mixtures (the molar ratio of HI H2O = 1 5), the distil-

lation requires a substantial excess thermal burden. Also,

the low-equilibrium decomposition ratio of hydrogen

iodide (ca. 20 %) imposes a large amount of HI circu-

lation within the process, which results in increased

thermal burden and decreased thermal efficiency. To

overcome these problems, GA studied an extractive

distillation using phosphoric acid. In the GA process, I2
and the compounds for H2O and HI were separated by

direct contact with phosphoric acid, and HI was

separated from the compounds of H2O (involving

phosphoric acid) and HI through extractive distillation.

The liquid phase HI was decomposed using a

heterogeneous or homogeneous Pd catalyst for HI

decomposition reaction; therefore, the phosphoric acid

was concentrated by steam re-compression from the

separated H2O (involving phosphoric acid) and the

concentrated phosphoric acid was recycled. The process

seems amenable to further improvement to reduce the

complexity of the scheme. RWTH, in Germany, studied

a reactive distillation under pressurized conditions, but

this method had problems, such as requiring a catalyst to

separate the HI solution and a low hydrogen production

ratio [3]. In JAERI, the EED process was employed to

concentrate HI from HIx solution; the reported thermal

efficiency of the IS process, based on the EED process,

was over 50 %. However, evaluating the applicability of

the EED process to the IS process requires many data,

including the HIx solution composition, temperature, and

pressure effect.

In this study, we attempted to concentrate HI (hydrogen

iodide) from HIx solution (molar ratio of HI H2O I2 =

1 5 0.5) through electro-electrodialysis (EED) at 30

120
o
C, and evaluated the performance at each tem-

peratures. Herein, the possibility to overcome the quasi-

Figure 1. Experimental apparatus used for EED.

azeotropic composition in HIx solution is discussed.

Experimental

Chemicals

Hydroiodic acid (YAKURI Co., 57 %) and iodine

(Junsei Co., 99 %) were used without further puri-

fication. Potassium iodide (Junsei Co., 99.5 %), sodium

hydroxide (SHINYO Co., 96 %), and sodium thiosulfate

pentahydrate (Jensei Co., 99 %) were used for titration.

Experimental Setup forElectro-Electrodialysis (EED)

Figure 1 shows the EED experimental apparatus. The

EED experimental setup consisted of the following main

parts. Reservoirs with glass tubes were formed by double

jacket to control the temperature in the anolyte and

catholyte. A peristaltic pump was used to control the

flow rate of the HIx solution. The vapor pressure of an

HIx solution is known to increase steeply upon in-

creasing the HI molality in the range higher than ca. 10

mol/kg. Thus, to avoid a pressure increase in the glass

reservoirs and also to minimize the dissipation of HI

vapor, the condensers were equipped in reservoirs.

Thermocouples were fitted in the cell, reservoirs, and

glass tube lines that were located in the cell inlet to

maintain the temperature.

Figure 2 illustrates the EED cell. The half-cell was

composed of a carbon plate, gasket, electrode, and cation

exchange membrane. An activated carbon cloth (CH700-

10, Kuractive Co.) was used as the electrode, and a

commercial cation exchange membrane (Nafion 117)

was employed in a cell. In the EED, the electrode

reaction was the following redox reaction of iodine to

iodide ions:
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Figure 2. Schematic diagram of the EED cell.

Therefore, with the help of selective proton permeation

through the membrane, we expected that the desired

“concentration” would be possible in the sense that the

HI mole fraction of the catholyte would increase while

that of the anolyte would decrease.

Concentration Experiment by EED

Experiments were performed under a constant DC

current. The flow rate of the HIx solution (molar ratio of

HI: H2O I2=1 5 0.5) was fixed at 40 mL/min. The

current density was 8 A/dm
2
. The experiments were

undertaken at temperatures ranging from 30 to 120
o
C for

10 h. In the course of EED, the compositions of the

anolyte and catholyte were measured by titration for HI

and I2 of a sample every 2 h; the concentration of H2O

was calculated by the weight change from the measured

HI and I2 compositions. After the was complete experi-

ment, the weights of the anolyte and catholyte were

measured for the calculation of the apparent transport

number of proton (t+) and the apparent electro-osmosis

coefficient ( ).β

A potentiostat (1480 A Multi-Channel, Solartron ana-

lytical) connected to an IBM computer was used as a

current supplier and to monitor the voltage of the cell.

The gasket was made of Teflon. In the cell, the effective

membrane area was 25 cm
2
(5×5 cm).

Results and Discussion

Cell Voltage

Figure 3 shows the relationship between the cell voltage

and the EED operation time at 30, 60, 90, and 120
o
C

with 8 A/dm
2
. The cell voltage increased steadily as a

function of time, and reached values 0.45, 0.33, 0.24, and

0.19 V after 10 h at 30, 60, 90 and 120
o
C, respectively.

At each EED operation temperature, the cell voltage

increased over time.

Figure 3. Relationship between the voltage and the EED

operation time.

It seems that the solution concentration in the catholyte

and anolyte were changed by EED operation, and that the

concentration difference between the catholyte and the

anolyte led the cell voltage to increase gradually. When

the diffusion transport of H
+
ion occurs from the anolyte

to the catholyte, the anolyte potential would increase for

dilution of HI and the catholyte potential would increase

for its concentration. The concentration of HI decreases

in the anolyte, leading to an increase of the cell voltage.

The reached cell voltage decreased as the temperature

increased. It seems that the solution resistance decreased

as the temperature increased. In EED operation, the tar-

get cell voltage is below 0.5 V to decrease the electrical

energy demand for a targeted efficient (over 40 %)

thermochemical water splitting IS process.

As shown in Figure 3, the cell voltage was below 0.5 V

in each experimental case. From these results, we expect

that the application of EED to the HI concentration of

HIx solutions (in this study, molar ratio of HI H2O I2=

1 5 0.5) will be useful for the thermochemical water

splitting IS process from the viewpoint of the cell voltage.

Membrane Properties

In the calculations of the apparent transport number of

proton (t+) and apparent electro-osmosis coefficient ( ),β

changed amounts of HI and H2O during the experiments

was used, in the catholyte. The transport properties were

calculated using the following equations, which were

derived from the mass balance in the catholyte taking the

changes due to electrode reaction into account and the

permeation through the ion exchange membrane.

Δ
(4)

β
Δ

(5)
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Figure 4. Relationship between the membrane properties and

the EED operation temperature.

Figure 5. Changes in the mole fractions of HI and I2 in the

catholyte for 10 h.

Figure 4 shows the relationship between the membrane

properties (transport number of proton and electro-

osmosis coefficient) and the EED operation temperature.

The apparent electro-osmosis coefficients increased as

the temperature increased, and reached 1.48 at 120
o
C.

The apparent transport number of proton decreased as the

temperature increased and reached 0.74 at 120
o
C. It

seems that the ion exchange membrane used (in this

study, a cation exchange membrane, Nafion 117) per-

meated more water than proton ions by its swelling under

elevated temperature.

In general, HI concentration from the HIx solution in

the catholyte represses water permeation through the ion

exchange membrane. For this reason and the above

results, we expect that EED operation in the HIx solution

(molar ratio of HI H2O I2 = 1 5 0.5) will be suitable at

60
o
C from the viewpoint of suitable membrane

properties, such as the transport number of proton and

the electro-osmosis coefficient.

Figure 6. HI mole fractions between the quasiazeotrope

composition and experimental results in the catholyte for 10 h.

Concentration of HIx Solution by EED

Figure 5 shows the changes in the mole fractions of HI

and I2 in the catholyte for 10 h in the HIx solution (molar

ratio of HI H2O I2 = 1 5 0.5) at each operational tem-

perature with 8 A/dm
2
. The HI mole fraction increased

and the I2 mole fraction decreased during EED operation

in the catholyte at each temperature. As shown in Figure

5, the I2 mole fraction decreased over time at each tem-

perature. It appeared that the electrode reaction occurred

well in the catholyte. The HI mole fraction increased

over time and reached 0.185, 0.18, 0.17, and 0.16 at 30,

60, 90, and 120
o
C, respectively. The reached HI mole

fraction decreased as the temperature increased. It seems

that the decreased HI mole fractions were due to the

membrane properties, as explained in the previous section.

One of targets of EED operation is to overcome the

quasi-azeotrope composition in the HIx solution. Engels

and coworkers [3] proposed an analytical equation for

the HI mole fraction at the quasi-azeotrope composition

as a function of the I2 mole fraction and temperature.

Their proposed equation was

(6)

Coefficients for Aij

Aij j = 1 j = 2 j = 3

i = 1 4.207 -2.604 4.985

i = 2 0.09584 -0.3884 0.6587

i = 3 21.46 -101.9 100.8

i = 4 -106.7 438.9 -430.3

i = 5 100.8 -429.8 425.3
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The HI mole fraction at the quasi-azeotrope com-

position can be calculated by equation (6) using the I2
mole fraction for each experimental temperature.

Figure 6 shows the HI mole fraction relationships

between the quasi-azeotrope composition, by calculation

and obtained experimental results, in the catholyte at

each temperature after 10 h of operation. The calculated

HI mole fractions in the quasi-azeotrope composition

were ca. 0.165, 0.165, 0.161, and 0.156 at 30, 60, 90, and

120
o
C, respectively. Initially, the HI mole fractions were

0.136, 0.139, 0.133, and 0.134 at 30, 60, 90, and 120
o
C,

respectively, and then they reached 0.185, 0.180, 0.171,

and 0.160 after 10 h of EED operation. At each temper-

ature, the HI mole fraction overcame the quasi-azeotrope

composition. From this result, we expect that the

application of EED will be very useful to overcome the

azeotrope composition of HIx solution, when compared

with distillation.

Conclusions

Electro-electrodialysis (EED) was performed for HI

concentration from HIx (HI-H2O-I2) solutions to improve

the HI decomposition reaction in the thermochemical

water splitting IS (Iodine-Sulfur) process. The temper-

ature effect on the cell voltage, for the properties of

cation exchange membrane and for HI concentration,

were evaluated at 30, 60, 90, and 120
o
C. The results may

be summarized as follows:

(1) The cell voltage decreased upon increasing the

temperature. The cell voltage reached 0.45, 0.33, 0.24,

and 0.19 V at 30, 60, 90, and 120
o
C after 10 h,

respectively.

(2) The electro-osmosis coefficient changed from 1.069

to 1.385 (mol/Faraday) and the transport number of

proton also changed from 0.875 to 0.739 as the

temperatured increased from 30 to 120
o
C.

(3) The HI mole fraction in the final stage of EED

operation was over the quasi-azeotrope composition. The

exceed values of the HI concentration represented as

mole fractions for quasi-azeotrope composition in final

stages of the reactions performed at 30, 60, 90, and 120
o
C were 0.20, 0.015, 0.010, and 0.004, respectively.

The present molar ratio (HI H2O I2 = 1 5 0.5) of the

HIx solution also can be available to improve the HI

concentration efficiency in the HI decomposition process

of IS process. In addition, the EED operation is feasible

at 60
o
C from the viewpoint of the membrane properties

at this present molar ratio.

Nomenclature

: Faraday constant

: current density, A/dm
2

: time, s

: transport number of proton

: liquid mole fraction for HI at azeotrope com-

position

: liquid mole fraction for I2

Δ : changed amount of H2O in catholyte at

time t, mol

Δ : changed amount of HI in catholyte at time

t, mol

Greek letters

β : electro-osmosis coefficient, mol/Faraday
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