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Introduction
Fouling of ion exchange membranes in electrodialysis (ED) has been recognized as one of the greatest concerns of their application. Fouling is essentially caused by the deposition of foulants such as organics, minerals, colloids, biomass, and particles on the membrane surface or inside the membranes [1]. The foulants cause to deteriorate membrane performance, which is indicated by a decline in the flux and an increase in the electric resistance. Many approaches have been examined to minimize fouling during ED operation. These include pretreatment of the feed solution, the turbulence in the compartments, the optimization of process conditions such as pH and flow rate, and the modification of the membrane properties. Although all the methods reduce fouling to some extent, cleaning-in-place (CIP) is still needed in practical processes. Several cleaning methods have been used effectively, including hydraulic and chemical cleaning methods. These methods, however, require additional chemicals or instruments resulting in an increase in the installed cost as well as the operating cost. 
It is known that humic substance is a predominant component of natural organic matter (NOM) and can cause serious fouling of anion exchange membranes (AEM) in an ED process due to negative charges. The AEM is a polymeric membrane with a fixed functional group of a positive surface charge as a strong acid group. Negatively charged macromolecules such as humate with carboxylic and phenolic groups move toward the AEM under an electric field during ED operation. However, humate with large molecular weights does not pass through and then deposits on the membrane surface due to the electric interaction [2]. This movement and deposition of humate cause to foul the AEM, decreasing electrodialysis performance. 

Water-soluble polymers are of great importance as flocculating agents for purification and concentration. It is suggested that water-soluble polymers combine negative charged humate, resulting in fouling mitigation of ion exchange membranes by changing surface charge of the foulant or flocculation [3]. Three types of water-soluble polymers, poly(acrylic acid) (PAA), poly(vinyl alcohol) (PVA), and poly(ethylene imine) (PEI) were examined to mitigate the fouling potential of humate in this study.
The objective of this study is to reduce the fouling rate of ion exchange membranes in an ED process by addition of polymers so that the system can be operated during the extended time period without CIP (cleaning-in-place). 
Experimental

Three water-soluble polymers were synthesized using polyreactions to yield linear or branched molecules with step-growth reactions (polyaddition, polyelimination, and ploycondensation) and chain-growth reactions (ionic polymerization). Table 1 shows the characteristics of water-soluble polymers. Zeta potentials of both prepared polymers and polymers combined with humate were determined by electrophoretic mobility using a commercial electrophoresis measurement apparatus, ELS 8000 (Otsuka electronics, Japan)[4].
The ED stack was prepared with two cell pairs of CMX and AMX (NEOSEPTA, Tokuyama Corp., Japan) in TS-1 electrodialyzer with effective area of 100 cm2. The constant current of 0.6 A was supplied with the DC power, 6632A (Agilent, USA). The cell voltage of the stack was measured between two platinum wires inserted in the stack by a digital multimeter 34401A (Agilent,USA). To observe the fouling mitigation effects, 1.0 L of diluate solution was prepared with 0.1 M NaCl containing 0.1 wt.% sodium humate (Aldrich, USA) and various amount of the water-soluble polymer. As a concentrate solution, 1 L of 0.05 M NaCl solution was circulated.
Results and Discussion

The zeta potentials were measured as a preliminary test to select a positively charged polymer among three water-soluble polymers (PEI, PVA, PAA). Of water-soluble polymers, PEI showed the positive potential as +14.16 mV while PVA and PAA showed negative values as -15.24 mV and –27.43 mV, respectively. Therefore, PEI was selected as a water-soluble polymer in this study. The surface charges of humate were estimated by increasing the compositions of PEI and the results were shown in Fig. 1. It is noted that the mass to mass ratio of 20:1 (humate:PEI) showed zero zeta potential, assuming that the foulant with zero surface charge has no fouling effects. Meanwhile, positive surface charges indicate that it has an effect of fouling on the surface of a cation exchange membrane. It was predicted that the ratio of 20:1 (humate:PEI) give little fouling effects in electrodialysis.

The electrodialysis performances in terms of the changes of NaCl in diluate and cell resistance were investigated as a function of fraction of PEI in electrodialysis. Fig. 2 showed the time course of NaCl concentration in diluate solutions with different fractions of PEI. As shown in the figure, the ratio of 20:1(humate:PEI) showed the highest removal rate, which represents the fouling mitigation effect in electrodialysis. The results correspond to the predicted results from the investigation of the zeta potential in Fig. 1. It is suggested that the water-soluble polymer, PEI, formed a mixture with deposited humate and reduced the surface charge of humate, lowering fouling potential in electrodialysis. The suggested mechanism is illustrated in Fig. 3. Meanwhile, the ratio of 10:1(humate:PEI) showed the lower removal rate compared with the result of humate. The results indicate that the excess of PEI with a positive charge gave fouling effects on the cation exchange membranes. Table 2 summarizes the electrodialysis performances in terms of flux of NaCl and current efficiency. It is clearly observed that a mixture of humate and PEI reduced fouling on the anion exchange membrane and fouling of ion exchange membranes depends on the charge property of foulant in electrodialysis.

Conclusion
Fouling of ion exchange membranes due to charged foulants has been recognized as one of the greatest concerns of their application. As a fouling mitigation, fouling phenomena by addition of a water-soluble polymer, PEI, was investigated in electrodialysis of solution containing humate. It was found that there existed an optimal ratio in a mixture of humate and PEI to reduce the fouling potential of humate in electrodialysis. 
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Table 2. Summary of electrodialysis performance with the types of diluate solution

	Diluate solution
	Ratio of humate to PEI
	Flux of NaCl                (mol/m2-hr)
	Current efficiency (%)

	Humate
	-
	2.18
	80.1

	Humate and PEI
	10:1
	2.02
	86.3

	Humate and PEI
	20:1
	2.20
	96.0
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Fig. 1. Zeta potential vs. the composition of PEI and humate.
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Fig. 2. Time course of NaCl in dilaute as a function of PEI fraction.


Fig. 3. A suggested mechanism for fouling mitigation in electrodialysis of solution containing humate by addition of PEI (Conc.:concentrate and Dil.:diluate).
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Table 1. The Characteristics of polymers synthesized in this study
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