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Introduction
Most colloidal particles existing in natural waters and in many industrial effluent streams have negative surface charges depending on the solution pH. The surface charge of aquatic colloids reflects their surface chemical properties and the chemical composition of natural waters. Colloidal fouling is regarded as a serious problem in many membrane processes. It is generally accepted that colloidal fouling is caused by the accumulation of colloidal particle on the membrane surface, followed by coagulation. It is furthur accepted that the rate of coagulation depends mainly on the stability of the colloidal particles and that the salt concentration and the pH are the two main factors affecting the colloidal stability (1,2). 

In electrodialysis processes, colloidal particles having negative charges move toward an anion exchange membrane. When the particles reach the membrane surface, the electric field and electrostatic attraction toward the membrane surface cause these particles to deposit on the membrane surface, leading to a cake layer formation. The deposition of these colloidal particles on the membrane surface in the electrodialysis depends on the charge properties of both the colloids and the membranes. The coagulation of colloidal particles and electrokinetic property (zeta potential) are two of the main factors affecting electrodialysis performance, and these two values constitute useful informations for the prediction of the fouling potentials (3).

The objectives of this study are (i) to characterize colloial particle in terms of electrochemical properties which can be used to predict fouling potentials and foulant behaviors in electrodialysis and (ii) to investigate their effects on the performances in electrodialysis experiments in presence of silica sol as a synthetic foulant.

Experimental
To measure the silica sol concentration, an ICP-AES (Jovin Yvon 38 Plus, France) was used at a wavelength 251.611 nm was selected. The zeta potential was calculated using the Smoluchowski equation from the electrophoretic mobility, which was measured using an electrophoretic apparatus, ELS-8000 (Otsuka Electronics, Japan) in order to investigate the influence of cation species on the electrokineitc property (2,4). The influence of ionic strength and the solution pH on the zeta potential were also considered.
An electrodialyzer, TS-1 (Tokuyama Corp., Japan), was used with 2 cell pairs, consisting of a cation exchange membrane (CMX) and an anion exchange membrane (AMX) (Tokuyama Corp., Japan) in the concentration of 0.4 wt% silica sol, Ludox® HS-40 (Aldrich, USA). A five liter of 0.1 M NaCl solution containing silica sol was circulated as a diluate solution and 800 mL of 3.0 wt% of Na2SO4 as an electrode rinse solution. As a concentrate solution, 5 L of 0.05 M NaCl solution was circulated at the rate of 0.2-0.3 L/min. Coagulation and particle size distribution were controlled by varying the concentration of CaCl2 in 0.1 M NaCl to observe the electrodialysis performance within the cell structure of the CMX and AMX membranes. A constant direct current of 0.6 A (current density: 6.0 mA/cm2) was supplied as an electric power source. 
Results and Discussion
The critical coagulation concentration (CCC) of silica sol was determined to the concentration of 0.08 M CaCl2 with 0.1 M NaCl. The performances of the desalting experiments performed with various concetrations of CaCl2 were compared in the feed solution containing 0.1 M NaCl and 0.4 wt% silica sol. The performances of the electrodialysis process were compared in terms of the cell resistance and the concentration of NaCl in the diluate solution. The concentrations of CaCl2 in the feed solutions were varied with 0 M, 0.001 M and 0.005 M (below the CCC) and 0.01 M (above the CCC). Considering the changes of NaCl concentration in diluate solutions, the transport rates of NaCl were somewhat higher under below the CCC (0.01 M and 0.05 M CaCl2). Deposition of silica sol in pressure-driven membrane processes has been found to reduce the membrane performance significantly by plugging in the pore structures. 

In our experiments, however, it was observed that even silica sol deposition on the anion exchange membrane surface did not decrease the electrodialysis performances. Rather, the transport rate of NaCl even in the presence of silica sol somewhat increased, due to small amount of colloidal deposition on the non-porous structure of the anion exchange membranes and the smooth membrane surface. At levels above the CCC (0.1 M), the transport rate of NaCl decreased substantially due to the coagulation of silica sol. In the experiments with the CaCl2 concentrations of below CCC, the flux of NaCl and the current efficiency remained at 2.14-2.18 mol/m2hr and above 89 %, respectively. However, the electrodialysis performances decreased in the case of the CaCl2 concentration above the CCC (0.01 M). It is thought that the reduced electrodialysis performances at levels above the CCC are due to the presence of the divalent cation with its low electric mobility and the resulting increased repulsion forces between ions and membrane in the electric field. 

The concentrations of silica sol in the concentrate solution were measured based on the Si analysis through electrodialysis experiments with 0.005 M (below CCC) and 0.01 M CaCl2 (above CCC). Compared with the results obtained with the 0.005 M, a smaller amount of silica sol was transported through the anion exchange membrane in the 0.01 M CaCl2 due to the coagulation of colloidal particles. It is noted that the transport rate of colloidal particles somewhat increased after the operation time of 600 min, when the mobile ions in dilluate solution were almost depleted. Fig. 1 shows the time course of Si for 0.005 M and 0.01M CaCl2 in the concentrate solution. In the case of 0.01 M CaCl2 (above the CCC), the concentration of Si in the diluate solution increased with time. At a concentration higher than the CCC, the net attraction force dominates and the colloidal particles do not disperse in the bulk solution having high ionic strength (1). Therefore, it is possible for silica sol to adsorb on the membrane surface more easily, decreasing the concentration of silica sol in the bulk solution with high ionic strength during the early period of electrodialysis. With decreasing ionic strength in the bulk solution, however, it was observed that the concentration of silica sol in the bulk solution increased. It is thought that the concentration of silica sol in diluate solution in 0.005 M CaCl2 decreased with time due to the low ion strength. 

When the concentration of CaCl2 was lower than the CCC, the amount of Si deposited on the membrane surface increased with time. It is thought that silica particles moved toward the surface as the ionic strength decreased, subsequently accumulating on the membrane surface. In the solution with 0.01 M CaCl2, the coagulation of silica sol increased accumulation amount of silica sol on the membrane surface in the beginning in the case of the bulk solution having high ionic strength, and later the deposited amount of the colloidal particles decreased as ionic strengths of the bulk solution decreased. It is thought that colloidal particles with positive surface potential adsorbed on the membrane surface having negative charges more easily. As the ionic strength decreased during electrodialysis, however, the deposited silica particles desorbed from the membrane surface. The result implies that the behaviors of colloidal particles are related to their electrokinetic property of colloidal particles rather than to properties of the membranes. The electrodialysis performances with different concentration of Ca2+ were compared in Table 1 in terms of the removal efficiencies of Ca2+ in the diluate, the amount of silica sol transported into the concentrate compartment, and the amount of silica sol deposited on the membrane surface. The particle sizes of silica sol in the feed and diluate solutions decreased to 20 nm when the CaCl2 concentrations were below the CCC (0.001 M and 0.005 M). Even when Ca2+ was almost removed from the diluate solution, however, in CaCl2 concentrations above the CCC, the particle size decreased to 258 nm, thus reducing the electrodialysis performance. The behaviors of silica sol showed somewhat different aspects from those due to changes in the Ca2+ concentration in the feed solution considering the amounts of deposited and transported silica particles. With CaCl2 concentrations above the CCC in the diluate solutions, the amount of silica sol transported into concentrate decreased. The amount of deposited silica sol above the CCC showed the least value (2.73 mg/cm2). It is likely that the increased repulsion force constituted a barrier for the silica sol, preventing it from transporting through the anion exchange membranes, and thus accumulating on the membrane surface (5).

Conclusion
Commercial silica sol having a negative surface charge was examined in terms of its role as a foulant in electrodialysis, with the expectation that it would foul the anion exchange membranes by deposition, followed by the formation of a cake layer on the membrane surface. In the electrodialysis of NaCl solution containing silica sol with various concentrations of CaCl2, the behavior of silica sol during and after electrodialysis was examined. The results showed that the behavior of silica sol depends on the concentration of CaCl2, which is related to the colloidal stability. The electrodialysis performances, as determined by the NaCl flux and current efficiency, decreased for CaCl2 concentration above the CCC, as a result of coagulation. Considering the silica sol behaviors in the electrodialysis experiments, the amount of silica sol transported into the concentrate solution decreased with increasing concentration of Ca2+ in the feed solutions, and then the silica sol deposit per unit area decreased. It is assumed that the increased repulsion force acted as a barrier for the silica sol, preventing it form being transported through the anion exchange membranes, and thus, resulting in its accumulation on the membrane surface.
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Table 1 Influence of Ca2+ concentrations on electrodialysis performances 

Feed solutions*
0.001 M CaCl2
0.005 M CaCl2
0.01 M CaCl2

Mean particle size at feed solution (nm)
31
133
1771

Mean particle size at final, diluate solution (nm)
19
20
258

Si transported into Concentrate (mg/L)
19.9
15.1
6.1

Deposit of Si** (mg/cm2)
6.75
3.38
2.73

Remark
Below the CCC
Above the CCC

*Each feed solution contains 0.4 wt% of silica sol.

** Estimated from the mass balance.
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     Fig. 1. Changes in Si concentrations in the concentrate solutions.
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