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Introduction
Water dissociation is one of the most significant problems in an application of ion-exchange membranes. Water dissociation is observed over limiting current density (LCD) in electro-membrane system consisted of several mono-polar membranes and the intrinsic property of bipolar membrane (BPM). Generally, water splitting is a minor effect in terms of process efficiency. However, high water splitting capability is required for a bipolar membrane in water-splitting electrodialysis (WSED). 

Bipolar membrane consisted of anion and cation exchange layers can contiguously generate protons and hydroxyl ions under the reverse bias condition. During the current application, all ionic components are removed from the BPM and the water splitting occurs at the interface due to the influence of a strong electric field. Usually the electric field-enhanced water dissociation and catalytic proton transfer reaction are employed to explain the water-splitting mechanism. It has been considered that various physicochemical phenomena (i.e., prepolarization of water molecules, second Wien effect, chemical reactions etc.) caused by unique bipolar structure originate the non-ideal water dissociation [1-6]. In addition, it is well known phenomenon that the water-splitting reaction rate is increased drastically in electro-membrane systems where Ca2+, Mg2+ and other metal ions serve as the electrolytes [6-9]. Therefore, as an approach to the reduction of the water-splitting voltage, the introduction of metallic compounds as a water-splitting catalyst has been attempted. 

Up to now, polymeric membranes containing metal complex and modified with inorganic substance have been studied in many fields of chemical engineering such as catalysis [10-11]. Interestingly metal compounds have been considered as a catalyst for promoting water dissociation reaction in a BPM interface. Simons reported a new method for preparing bipolar membranes using alkaline solution of a metal salt (e.g. CrCl3) as a binder [7]. Zabolotskii et al. suggested that complex formation of the transition metal ions with the ion exchangers containing phosphoric acid, carboxyl, and amino groups leads to changes in water dissociation rate by the catalytic reaction [8]. However, the mechanism for the decrease of water-splitting voltage by these metallic compounds is still unclear [7] and also the electrochemical stability of immobilized metals has not been evaluated.
The aims of this study are to investigate the effects of various metal species on water splitting capability and to evaluate the electrochemical stability of immobilized metal species.

Experimental

Various membrane samples were prepared for water splitting experiments. Firstly, commercial cation-exchange membranes (NEOSEPTA® CMX, Tokuyama, Japan; Nafion® 117, DuPont, USA) were treated with metal as a hydroxide or an oxide form. Secondly, metal-polymer (sodium alginate (SA) etc.) complex membranes were prepared and metallic nano-particles (platinum etc.) were immobilized in the sulfonated polyethersulfone (SPES) membrane. Finally, several bipolar membranes were prepared using these metal treated membranes and aminated polysulfone as a cation- and anion exchange layer, respectively.

The membrane electrical resistances (MER) were determined using a clip cell and the LCZ meter. Prior to the measurement, the samples were equilibrated in 0.50 M NaCl solution at 25 (C over 1 day. They were inserted in the clip cell prepared in the laboratory and alternating current was applied by 2321 LCZ meter (NF electronic instruments, Japan) with the frequency of 100 kHz. Moreover, membrane water swelling ratios were determined using conventional method.

The configuration of 6-compartment electrodialytic cell for water dissociation experiments is illustrated in Fig. 1. The effective area of tested membrane was 0.785 cm2 and Na2SO4 (0.25 M) was used as an electrolyte. The current was supplied by the HP 6674A power supply (Hewlett Packard Co. Ltd., USA) connected to two platinum plated titanium electrodes and the potential drop between the both sides of tested membrane was measured using two Pt electrodes connected with HP 34401A multi-meter (Hewlett Packard Co. Ltd., USA). The concentrations of sulfuric acid and sodium hydroxide were determined by pH measurement according to time. 

Results and Discussion

The electrical resistances of selected and metal-modified membranes were listed in Table 1. The electrical resistances of metal treated-membranes were higher than those of virgin membranes. It seems that metallic compounds immobilized in a membrane block the ionic moving channels and as a result increase the area resistance. This effect is more significant in the case of the metal-oxide immobilized membranes. 

Fig. 2 shows the membrane potential profiles according to time at constant current operation (50 mA cm-2). The membrane resistance during a cell experiment is affected by water dissociation reaction on membrane-solution interface. It was observed that the water dissociation resistance was significantly reduced by introduction of metallic compounds. This implies that various types of metallic species obviously related with the water-dissociation reaction in ion-exchange membranes. 

Fig. 3 shows transport numbers of proton generated by water dissociation reaction on membrane-solution interface as a function of applied current density. As expected, the transport numbers significantly increase according to the introduction of metallic compounds and increase of current density. The water splitting capability of polymer (SA)-metal (Fe3+) ion complex membrane is highest among them. It is considered that the carboxyl group of SA and heavy metal ions generate the synergy effect on water dissociation. Meanwhile, it was observed that the metal oxide- and metal particle embedded membranes were most stable after long-term operation.

Conclusion
The effects of metallic compounds on water splitting capability and their electro-chemical stability were studied. It was confirmed that various types of metallic species (metal- hydroxide, oxide, complexes, and particles) obviously affects the water-dissociation reaction in ion-exchange membranes. The polymer-metal complex membrane shows the highest water splitting capability among them. Moreover, it was observed that the metal oxide- and metal particle embedded membranes were most stable after long-term operation.
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Table 1. Electrical resistances of selected and metal-modified membranes

	Tested Membranes
	Area resistance (Ω cm2)


	Nafion 117
	1.4028


	CMX
	3.0542


	Nafion 117- (Fe(OH)3)
	1.7141


	Nafion 117- (Fe2O3)
	13.4587


	CMX- (Fe(OH)3)
	3.7805


	60 PtSPES
	0.3045


	SA-Fe
	0.7189




Fig. 1 Electrodialytic cell (6-compartment) configuration for water dissociation experiments
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Fig. 2 Membrane potential profiles according to time at constant current operation (50 mA cm-2).
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Fig. 3 Transport numbers of proton generated by water dissociation reaction on membrane-solution interface.
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