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Introduction
Dissolved naturally occurring organic substances are considered as a major foulant in membrane filtration of natural waters. Natural organic matter (NOM) has a heterogeneous nature and contains aromatic and aliphatic macromolecules. Each fraction represents different molecular weights, charge densities and structures (hydrophobic, transphilic and hydrophilic). And it is accepted that NOM adsorption is affected by the solution chemistry of natural waters and the pH value. In addition, NOM molecular weight and hydrophobicity are also found to influence NOM adsorption strongly [1]. Fouling is essentially caused by the deposition of foulants on the membrane surface, causing deterioration in the membrane performance through a decline in the flux and an increase in the resistance [2].

Fouling in electrodialysis occurs due to deposition on the membrane surface, which depends on the electrochemical interaction between the surface and the foulants [3]. Negatively charged organic matters in electrodialysis move toward anion exchange membranes in an electric field and accumulate on membrane surfaces. Fouling in electrodialysis is related to the electrochemical properties of an anion exchange membrane, leading to an acceptably high resistance or power consumption of the membranes [4,5]. Besides increases in resistances, the fouling sometimes also causes a loss in the flux of ions through the membrane and the current efficiency [6,7]. Therefore, it is critical to characterize the properties of foulants and membranes in fouling studies.

Through this study the organic matters and anion exchange membranes were characterized and the fouling potentials were predicted. Also, it was confirmed with the electrodialyis performances in different cell structures and a fouling mechanism was considered in electrodialysis of solution containing NOM.

Experimental

NOM was concentrated from the Nakdong River located in the southeastern of Korea with a reverse osmosis. Prepared NOM solution was processed through XAD-8 followed by XAD-4 resins using a 0.1 N NaOH solution to isolate the hydrophobic (XAD-8 adsorbable), transphilic (XAD-4 adsorbable), and hydrophilic (neither XAD-8 nor XAD-4 adsorbable) fraction [8]. NOM was characterized with molecular weight distribution, zeta potential and the total acidity.

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. During electrodialysis, the current was maintained as 0.6 A and the cell voltage of the stack was measured between two platinum wires by a digital multimeter 34401A (Agilent,USA). For observation of fouling phenomena, 1.0 L of diluate solution was prepared with 0.1 M NaCl containing 110 mg/L of NOM. As a concentrate solution, 1 L of 0.05 M NaCl solution was circulated. The electrodialysis performances for different cell configurations were compared in terms of the removal rate of the in the diluate solution, the cell resistance change and distribution of NOM.

Results and Discussion

The dissolved organic carbon (DOC) of concentrated NOM was 550 mg/L. Molecular weight of most organic substances in NOM existed within 100 and 3,500, having an average molecular weight of 1,570. Isolated NOM with XAD 4/8 resins consisted of 58 % of the hydrophobic, 22 % of the transphilic and 20 % of the hydrophilic property. The molecular weights of the hydrophobic, the transphilic and the hydrophilic were 1,840, 1,650, and 670, respectively. The hydrophobic and transphilic NOM contain mostly hydrophobic and hydrophilic acids, respectively [9]. Meanwhile, hydrophilic NOM is mostly comprised of hydrophilic neutrals such as polysaccharides without any charged groups. Therefore, it is considered that the hydrophobic and the transphilic NOM play a major role in fouling of anion exchange membranes. The total acidity of the non-isolated NOM was 9.1 meq/g C consisting of 7.4 meq/g C (81.2 %) of the carboxylic acid and 1.7 meq/g C (18.8 %) of the phenolic acid. This level of the total acidity is somewhat low, indicating that organic matters with negative charges did not bind to the anion exchange membrane surface chemically, mainly giving reversible fouling.

Anion exchange membranes were characterized with electric resistances, exchange capacities, water content and the zeta potential, and theirs values were compared between the virgin and the fouled membranes. Of characterized properties, the electric resistance and the exchange capacity of ion exchange membranes are considered as one of the most significant factors to predict the performances of electrodialysis process. Considering the electric resistances of anion exchange membranes, they were changed slightly even after electrodialysis of solution. The exchange capacities of the AM-1 and ACM membranes increased slightly even after electrodialysis. However, a significant decrease in the exchange capacity was observed for AMX, assuming that NOM gave the performance during electrodialysis by binding strongly in the membrane structure. Decreased zeta potentials were observed for AMX and ACM membrane, indicating adsorption of NOM on the membrane surface during electrodialysis. Of anion exchange membranes, it was predicted that AMX had a higher fouling potential through characterization.

The performances of fouling experiments were compared in terms of the removal rate of conductivity in diluate solution and the time course of cell resistances. Little difference in the removal rate of conductivity in diluate was observed for different anion exchange membranes. Also, there did not exist notable difference in the resistance for three anion exchange membranes. It is assumed that the fouling tendencies of NOM are similar, irrespective of anion exchange membranes. However, NOM gave fouling effects on anion exchange membrane, decreasing the performance of electrodialysis as shown in Table 1. The AMX showed the largest decrease in the current efficiency and the flux of NaCl due to organic matters, which was predicted due to the decreased exchange capacity of AMX. Neverthless, the performances for different cell configurations were recovered in terms of the current efficiency and the flux after cleaning procedures, indicating that NOM gave reversible fouling.

The distribution of NOM after electrodialysis revealed that the reversible fouling by cleaning solution showed similar amount within 3.0–3.3 % for each cell configuration. Considering the amount of irreversible fouling, the AMX membrane showed the highest amount of the irreversible fouling, which was expected from characterization of anion exchange membranes. Of anion exchange membranes, the smallest amount of the irreversible fouling in AM-1 is related to the highest water content. It is considered that NOM gave fouling effects on anion exchange membranes reversibly as expected from the characterization of NOM.

After electrodialysis of NOM containing-solution with the cell of CMX and AMX, the properties of diluate and concentrate solution were analyzed. As seen in Table 2, larger amount of the hydrophilic NOM transported through AMX membrane into concentrate compartment than those of the hydrophobic and the transphilic NOM. In addition, the hydrophobic NOM showed the largest deposited amount considering the amount of deposited organic matters on the membrane surface.

Fig. 1 illustrates the molecular weight distribution after elecrodialysis. It was clearly observed that the hydrophobic organic matters with larger molecular weights accumulated and formed a layer on the surface of the anion exchange membranes, while the hydrophilic organic matters having small molecular weights transported through anion exchange membranes. It is assumed that formation of the cake layer on the surface reduced the ion transport and gave reversible fouling. 
Conclusion
Organic substances are considered as a major foulant in membrane filtration of natural waters. Organic matters in NOM were characterized with the molecular weight distribution, the acidity and the zeta potential. The characterized results implied that NOM has a low fouling potential on anion exchange membranes. The characterization of anion exchange membranes revealed that AMX showed a higher fouling potential. The electrodialysis of solution containing NOM in different stacks showed similar performances. Nevertheless, the electrodialysis performances decreased in presence of NOM, suggesting that the organic matters deposited and then formed a cake layer during electrodialysis. Observation of the molecular weight distribution and the hydrophilicity of NOM revealed that small molecular weights of hydrophilic organic matters transported through anion exchange membrane.
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Table 1 Electrodialysis performances in terms of transport number and flux

	Membrane in the cell
	Feed solution in experiments
	Current efficiency (%)
	Flux of NaCl

(mol/m2 hr)

	AMX
	Desalting-NaCla
	95
	2.10

	
	Fouing-NOMb
	84
	1.85

	
	Desalting-NaClc
	93
	2.06

	AM-1
	Desalting-NaCl
	98
	2.17

	
	Fouing-NOM
	89
	1.96

	
	Desalting-NaCl
	98
	2.11

	ACM
	Desalting-NaCl
	96
	2.17

	
	Fouing-NOM
	87
	2.00

	
	Desalting-NaCl
	97
	2.25


Remark: Desalting-NaCla for electrodialysis of NaCl before fouling experiment

        Fouling-NOMb for fouling experiment of solution containing NOM

        Desalting-NaClc for electrodialysis of NaCl after fouling experiment

Table 2 DOC concentration and deposit of NOM in diluate and concentrate solutions








   (Unit: mg/L)

	
	Diluate

(Feed)
	After ED experiment
	Deposit*

	
	
	Diluate
	Concentrate
	

	Non-isolated NON
	110.4
	100.4
	2.67
	-

	Hydrophobic
	64.8
	58.2
	0.6
	6.0

	Transphilic
	24.1
	22.6
	0.4
	1.1

	Hydrophilic
	22.3
	19.7
	1.7
	0.9




                         *Estimated from the mass balance.
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Fig. 1 Changes in molecular weight distribution of NOM after electrodialysis (ED).
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