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ABSTRACT

Thermochemical water splitting IS process is one of
promising hydrogen production processes for large-scale
applications. Hydrogen and oxygen are obtained from
water by combining chemical reactions of iodine and
sulfur compounds in Bunsen reaction (I, + SO, + H,O —
2HI +H,S0.). However, the amount of recycling I, needs
to be reduced to improve the total thermal efficiency. In
order to reduce I, in the Bunsen reaction, the reaction was
conducted by using a cation exchange membrane
(Electrochemical Bunsen reaction). Membranes were
produced by a radiation grafting polymerization method
to introduce poly-styrensulfonicacid (grafted membrane)
provide electrolyte membranes had ion exchange capacity
(IEC) of 0.46-3.1 mmol g*. Water flux value evaluated
by pervaporation (PV) method, grafted membrane
showed under 55 % when compared to Nafion with same
water uptake of 38 %. Besides about membrane
performance indicators; reaction overpotential, grafted
membrane showed 0.234 V and Nafion showed 0.240 V.
From the point of water flux and overpotential, gafted
membrane was developed as more suitable for
Electrochemical Bunsen reaction than Nafion.

1. INTRODUCTION

A lot of attention of thermochemical water-splitting IS
process (S. Kasahara et al., 2003) has been paid because
it can use in large-scale and no CO, emission to produce
hydrogen by introducing solar energy. Over 4000
processes have offered from 1970s, among them, IS
process has been studied extensively for more than 30
years. The basic chemical reactions of IS process are as
follows:

I, + SO + 2H,0 = 2HI + H,SO4 (Bunsen reaction) (1)
2HI = Ho+ 1, (2)
H2S0, = H,0 + SO, + (1/2)0; (3)

Reaction (1) is known as the Bunsen reaction to produces
HI and H;SO4. HI and H,SO4 were produced as two
phases because of difference in specific gravity between
Hix and H2SOa4 solution; Hix phase (HI-I-H20) and
H2SO4 phase (H2S0.-H20). Hz and O are produced by
reaction (2) and (3) respectively with recycling I, and SO;
which are reactant for the process.

To separating HI and H,SO, after Bunsen reaction,
liquid-liquid phase separation are used with I, oversupply
(M. Nomura et al., 2004). Then the equation of Bunsen
reaction which added the excess I, is described below.

91, + SO, + 16H,0 =2HI + 81, + H,SO4 + 14H,0 4)

HI phase and H,SO, phase separate (2HI-81,-10H,0) and
(H2S04-4H,0) respectively. At reaction (2) and (3), these
solution will be evaporated and decomposed by using heat.
However these vapor include a lot of water, thus large
quantities of energy is required for evaporating and
concentrating these liquid.

Carrying out Bunsen reaction without excess I, one of
expected methods are Electrochemical Bunsen reaction
which is using polymer electrolyte membrane for
proceeding Bunsen reaction as an electrical reaction (M.
Nomura et al., 2004). Fig. 1 shows the simplified
schematic of Electrochemical Bunsen reaction. The
reactions are as follows:

Anode side: SO, + 2H,0 = H,SO4 + 2H* + 2¢°



Cathode side: I, + 2H* + 2e- = 2HI

Both of HI and H,SO4 solution is obtained separately into
different cells compartmentalized by cation exchange
membrane. Nomura et al (M. Nomura et al., 2004)
reported that the excess amount of 1> will be reduced by
93 % by Electrochemical Bunsen reaction. This means
large quantities of H.O which is used in Bunsen reaction
by excess I, will be reduced. Then finally it connect to
reduce increased energy consumption for evaporating and
concentrating HI and H,SOs solution. Many research
groups have reported about Electrochemical Bunsen
reaction, especially the efficiency of operating condition,
such as reaction temperature, concentration of solution,
for cell voltage and energy consumption with using
Nafion as cation exchange membrane (V. Immanuel et al.,
2012). However to solve problems such as lowing
reaction voltage, suitable membranes for Electrochemical
Bunsen reaction have to be developed by feedback
membrane performance evaluation.

In this work, Nafion212 as reference membrane, and
the membrane which was prepared by a radiation-graft
polymerization technique were used for reaction
experiments to determine their performances, over
potential, proton transport number (t.), to optimize
process conditions in membrane making.
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Fig. 1 Concept of Electrochemical Bunsen reaction.

2. EXPERIMENTAL

2.1 Membrane preparation

Cation exchange membranes were prepared by the
radiation-induced grafting of styrene and divinylbenzene
(DVB) into poly(ethylene-co-tetrafluoroethylene)

(ETFE) films and subsequent sulfonation (T. Yamaki et al.,

2010). A 50-um thick ETFE film was irradiated with vy-
rays in Ar gas at the dose of 15 kGy. The irradiated film
was immersed in a monomer solution containing styrene
and DVB at 60 °C for 1-10 h. After grafting reaction,
excess styrene was removed by toluene and drying under
reduced pressure.

For sulfonation, the grafted film was immersed ina 0.2
M chlorosulfonic acid/1,2-dichloroethane mixture at
60 °C for 6 h. Finally, the sulfonated membrane was
immersed in pure water for hydrolysis at 60 °C for 12 h.

2.2 Pervaporation (PV) test

The permeation properties of water thorough Nafion
and obtained membranes were evaluated by using pure
water PV test at room temperature. Fig. 2 shows a
pervaporation apparatus. Before starting PV test, water
fed continuously 30 min under vacuum to confirm steady
state. Water fluxes were calculated by the weight of
trapped water.

|[Membrane

Vacuum
T pump

Magnet
pump Cold trap
(liquid nitrogen)

Feed tank

Fig. 2 The schematic of PV apparatus.

2.3 Electrochemical Bunsen reaction

Anolyte and catholyte of the redox type reactor were
divided by a cation exchange membrane which is a filter-
press type Electrochemical Bunsen reaction cell
connecting with 2 glass reservoirs. The effective
membrane area was 5 cm?. 300 g of anolyte and catholyte
with concentrations of H.SO4 (9 mol kg.n20?) saturated
with SO gas and Hix (HI=10 mol kg-207%, 1,=10 mol kg.
mo'l), respectively. The test was carried out at room
temperature for 3 h using 200 mA c¢cm current density
was by galvanostatic mode. Both anolyte and catholyte
were sampled whenever someone choose for measuring
the concentration of the solutions. Concentrations of the
solution were evaluated by using an automatic
potentiometric titrator of NaOH (0.1 mol L) for H* and
of Na2S;03 (0.1 mol L) for 1.

The t. was calculated from the concentration profile of
HI in catholyte (N. Tanaka et al., 2010).

(= FAA](EﬁthOde
[-t

AAS3athode s molality change of a component i in catholyte. I, t
and F are electric current (A), electrolyte time (s) and Faraday
constant (96485 C mol™?), respectively.

The reaction resistance was introduced from the
difference between the intercept of cell voltage-current
curve and the voltage at 1 A of the current.



3. RESULTS AND DISCUSSION

3.1 Water permeation

About water permeation property, the relationships
between water flux and water uptake was shown in Fig. 3.
In the case of same water uptake about 40 %, radation
grafting membranes show small water flux comparing to
Nafion especially crosslinked membrane. previous study
(S. Kasahara et al., 2003) reported, performance of
membrane was decreased by removal of water in the
membrane. With the object of this point, radiation grafting
membranes are superior to previous membranes. Besides,
radiation grafting membranes have over twice ion
exchange capacity (IEC) than Nafion. This indicates that
smaller reaction overpotenial will be expected because of
high proton conductivity. Fig. 4 shows the activation
energy of water permeation on same water uptake. The
activation energy increased 5.59 kJ mol to 16.3 kJ mol*
by crosslinking. Therefore it was quantitatively estimated
that crosslinking can make flow path inside of membrane
narrow.

3.2 Proton transport number and reaction over
potential

Fig. 5 shows the cell voltage-current curve. The
reaction resistance of Nafion and grafting membrane at 1
A of the current were 0.240 V and 0.234 V respectively.
This low value of the obtained membrane must be due to
high proton conductivity of the membrane. Besides both
of Nafion and the grafting membrane show 1 of t.. This
means the grafting membrane has possibility to be used as
the membrane with low reaction resistance and high t..

30 : T T T
: 3.03 g 3.11 [ ]
1.99 217
— 25H A 091 A o089 4
- V 046 A Nafion212
<
o 20} 4
S 4
2 *
= 15| ] 1
é C
= 55 %
g 10 E
o >
= 5l |
A
0 \ L , .

20 40 60 80 100
Water uptake [%]

Fig. 3 The relationships between water flux and water
uptake. Closed: non-crosslinking. Open: Crosslinked.
Caption: IEC.
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Fig. 4 The derivation of activation energy on 40 % of
water uptake. Closed: non-crosslinking. Open:
crosslinked. Caption:IEC
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Fig. 5 Cell voltage-current curve.
CONCLUSION

The membrane which show low reaction overpotential
and same extent of t. comparing to Nafion was developed
by radiation grafting polymerization method. In the future,
membrane performances will be evaluated moreover, and
developed the membrane is optimized to Electrochemical
Bunsen reaction.
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