SMALL-SCALE SEAWATER ELECTRODEIONIZATION
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Abstract. In this work, the performance of electrodeionization (EDI) in seawater desalination was investigated. EDI stack design and operating parameters (applied voltage, recovery, and multi-stage process) were examined during a batch-mode desalination process. The results show that EDI can achieve 99.5% salt removal in a stack with 4 mm spacer thickness (at 20 V applied voltage, 75% recovery, and 2 mL/s circulation flow rate). A thinner spacer thickness can enable a higher desalination rate and lower final solution temperature. Compared to a single-stage process, two-stage desalination can maintain the salt-removal rate, suppress reverse salt diffusion, and shorten the desalination time required to produce similar water quality. The specific energy consumption of EDI is below 12 kWh/m3 or less than 120 Wh for producing 10 L freshwater. Considering its simplicity, EDI can be an attractive alternative for small-scale, decentralized desalination facilities. 
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1. Introduction
Reverse osmosis (RO) is the most widely used membrane-based desalination process, which accounts for 60% of the total seawater desalination plants in the world. Based on the IDE technologies report, in 2013, the largest seawater reverse osmosis (SWRO) plant with a production capacity of 624,000 m3/day has been successfully commissioned in  Sorek, Israel 1. The large 16-inch SWRO element is used in a vertical arrangement, and the plant occupies about 100,000 m2 of land area. The maximum energy consumption is 4 kWh/m3, and the produced potable water price is US$ 0.52/m3, which is the lowest ever achieved in SWRO history 2. However, the SWRO process suffers from some drawbacks, such as extensive pretreatment, the requirement of special pipe, fitting, and housing material associated with high pressure and high corrosion environment, higher energy demand, and more chemicals for scale and pH control. Moreover, a single SWRO unit also has low freshwater recovery with a maximum recovery of around 55% 3,4. Therefore, an alternative process is needed, especially in remote areas where seawater is available but supporting facilities for a large-scale and centered desalination system are limited. 

A relatively new process called “conductive electrodialysis” or “electrodeionization” (EDI) has been considered as a potential alternative for reverse osmosis since it offers low-pressure operation. EDI is an electrically driven membrane process that utilizes electrical potential to drive ion transport through ion-exchange membranes 5–7. Like the conventional electrodialysis (ED), EDI device typically consists of diluate or purification compartment, concentrate or ion capture compartment, and electrode rinse compartment. Unlike conventional ED stack, the compartments of EDI are filled with conductive media such as ion-exchange resin beads and separated by ion-exchange membranes as ion permselective barriers. When the electrical energy is supplied to the EDI, the anions in the diluate compartment are moved to the anode through the anion-exchange membrane and trapped in the concentrate compartment due to the presence of the cation-exchange membrane. Meanwhile, the mechanism of cation transport is vice versa. Compared to the SWRO process, EDI removes ions as a small portion of seawater components. Other advantages of EDI over RO are the elimination of safety precautions associated with the high-pressure operation, lower piping cost, possibility of treating a low feedwater quality (silt density index or SDI up to 12), higher recovery (up to 90%), and longer membrane lifetime 3,8–10.

EDI has been mainly applied to the production of ultrapure water in the microelectronic and pharmaceutical industries 11. In this application, EDI is competing with conventional ion-exchange technology. In comparison, EDI offers several attractive features, such as continuous operation, no chemical regeneration, relatively lower cost, modularity, low environmental impact, etc. 6,11. Therefore, EDI has started to replace the conventional deionization process in ultrapure water production, as evidenced by a successful large-scale EDI plant with 1500 m3/h of capacity reported in the literature 6. The ability of EDI to perform deep desalination and to remove ions from a high resistivity solution attracts researchers to use this technology for the removal of contaminant or ionic components from a dilute solution 6,12–15. Conductive media, generally ion-exchange resins inserted in the EDI compartment, helps to reduce the stack resistance of the conventional ED and provides the high conductive path for ionic migration that results in effective removal of low concentration ion with high electrical efficiency 16. For instance, EDI could remove 99% salt and 97% silica from an RO permeate, and this product was used for power plant make-up 17. A bench-scale test of RO-EDI also showed promising results in high-pressure boiler feed water 18. The combined ultrafiltration-EDI process could produce high purity water from tap water having higher ion concentration than RO permeate 19. Benefiting from those features, some works also tried to apply EDI for purification, separation, or recovery of organic acid 20–25. Lowering stack resistance by introducing ion-exchange resins also results in a higher current density. Therefore, EDI will require less membrane area for a given throughput, and the size will be smaller. It finally reduces the cost of the stack, which is associated with capital investment. 

Even though EDI shows excellent deionization performance for dilute solutions, its application for high ion concentrations and the associated problems, including reverse salt diffusion, are rarely reported. Sun et al. 26 and Larchet et al. [29] studied the highest salinity of EDI application in brackish water desalination. Therefore, more studies are needed to explore the potential of EDI application in ultra-high TDS solutions, such as seawater, as this exploration will expand the possibility of EDI application in high concentration solutions. In addition, operating EDI at high salt concentrations will be challenging. Concentrated salt in the concentrate stream may diffuse back to the diluate stream and restrict the high removal rate.  In this work, the performance of SWEDI during the desalination of synthetic seawater is investigated. The effect of operating conditions and desalination stages are examined to prevent salt diffusion back issues. In addition, the energy consumption of SWEDI is analyzed and compared to other desalination technologies. 

2. Materials and methods
2.1. Materials and stack configuration
Sodium chloride (Emsure, from Merck) and demineralized water were used to prepare synthetic seawater. EDI stack used MA-3475 anion exchange membrane, MC-3470 cation exchange membrane (Table 1 and Table 2), ion exchange resins (Amberlite IRA120Na and Amberlite IRA900Cl), and stainless-steel electrode. The ion-exchange resins are strong acid and strong base types selected for obtaining a high stack conductivity.  Schematics of the desalination process and EDI stack are shown in Figure 1. The effective area of each membrane and electrode was 144 cm2. Five spacer thicknesses were used, i.e., 4, 6, 8, 10, and 12 mm. The lab-scale EDI cell consisted of five separated chambers with co-current flow assembly: two electrode compartments, two concentrate compartments, and one diluate compartment. These compartments were filled with mixed-bed ion-exchange resins with a volume ratio of 1:1. A manually regulated power supply with a maximum voltage of 100 V and a maximum amperage of 50A is used to generate a direct current for removing ions.

2.2. Desalination procedures
The EDI system was operated under the batch mode, where diluate, concentrate, and electrode rinse solutions were recirculated using diaphragm pumps. A synthetic seawater solution containing 35,000 ppm of NaCl was circulated in diluate and concentrate compartment. Meanwhile, a solution with 250 ppm NaCl was used as the electrode rinse solution. Diluate volume was 3 L, while concentrate volume was adjusted to get 50%, 75%, and 90% recoveries. Diluate and concentrate TDS were measured using an online conductivity meter (from the Hanna instrument) and recorded every 5 min. The calibration curve of TDS is shown in Figure 2. 

Two-stage desalination was conducted to suppress the negative effect of reverse salt diffusion. Reverse salt diffusion usually occurs due to the buildup of salt concentration in the concentrate compartment. The high concentration difference (between concentrate and diluate compartment) induces salt diffusion from the concentrate compartment to the diluate compartment 28. The first stage of desalination was performed for 60 minutes. Afterward, the process was terminated, and the concentrate solution was replaced with a portion of diluate solution. Then, the desalination was started again to obtain a diluate solution with <500 mg/L TDS. 

2.3. Analysis 
The performance of EDI was evaluated in terms of salt removal and energy consumption. Salt removal (%) can be calculated by 

	(1)
 
Where TDSfeed and TDSdiluate are the TDS content in feed and diluate solution, respectively. 

The specific energy consumption (SEC, kWh/m3) is defined as

	(2)

Where E is applied voltage (V), I is electrical current (A), t is desalination time (h), and Vdilute is the volume of diluate (m3). It is worth noting that the SEC only considers the energy supply for ionic removal. 

EDI unit is equipped with pressure gauges in the inlet pipe of each stream. The pressure drop is calculated from the difference in the inlet and outlet pressure of the diluate stream, considering the outlet pressure is atmospheric.  

3. Results and discussion
3.1. Effect of spacer thickness and operating conditions
Figure 2 shows the effect of applied voltage, circulation flowrate, and spacer thickness on SWEDI performance. Figure 3 (a) shows that the applied voltage positively impacts salt removal since the electric potential difference is the main driving force for ion transfer in EDI. The removal increases rapidly in the low voltage region (10-20 V for 4-mm spacer, 10-25 for 6-mm spacer, 10-30 for 8-mm spacer, and 10-40 for 10-mm and 12-mm spacers). A further increase in applied voltage results in a negligible rise in salt removal. The minor salt removal may be associated with low ion concentration in diluate compartment and reverse salt diffusion from concentrate to diluate due to a high salt concentration difference.

Spacer thickness is one of the stack design parameters that significantly affect EDI performance, especially ion removal. The ion removal rate decreases with the increasing thickness of the spacers. This is related to the conductivity and total stack resistance (Table 3). Increasing the spacer thickness causes the overall stack resistance to be higher due to the more extended pathway for ion transfer. Consequently, to obtain the same removal rate, modules with a thicker spacer require a higher applied voltage or a longer desalination time. The electric current carried by transported ions decreases with desalination time because of the decrease in stack conductivity. Figure 3 (a) also shows that the addition of ion exchange resin results in a better ion removal rate than the ED module. As has been reported by previous studies 12,29, the addition of conductive media in the EDI module causes an increase in stack conductivity and helps to minimize concentration polarization. Therefore, the ion removal by EDI is better at the same potential difference, and the energy requirement is lower than that of ED. As summarized in Table 3, ED could only remove about 70% salt in a similar SEC value while EDI could achieve almost complete salt removal. It indicates that EDI exhibits lower stack resistance and faster ionic transfer.  Although the thinner spacers can produce better separation rates, they also negatively impact the total EDI pressure drop. Figure 3 (b) shows that the pressure drops increase with decreasing spacer thickness at different circulation rates. The pressure drop also increases with the flow rate because, at the same cross-section, an increase in the volumetric flow rate causes an increase in hydraulic resistance. Therefore, a smaller spacer will require higher energy for pumping the electrolytes for the same flow rate. However, the pressure drop is still below the operating pressure limit of commercial EDI modules, ranging from 0.3–0.6 MPa.

In addition, the EDI module with a spacer thickness of 4 mm also tends to stay cool during operation at low voltages (Figure 3 (c)). The module with a spacer thickness of 4 mm showed an insignificant temperature rise during the desalination process. On the other hand, a module with a spacer thickness of 12 mm shows a more significant temperature increase where at the end of a single batch operation, the solution temperature can reach 62oC. This may be due to the high resistance of the module with a thicker spacer. Prolonged exposure to high temperatures can cause damage to the ion exchange membrane. This damage can result in a permanent loss of membrane selectivity. High temperatures can also accelerate the precipitation of salts by retrograde solubility on the surface of the ion exchange membrane, thereby reducing its ion perm-selectivity 30.

Water recovery is an essential parameter in desalination, showing the quantity of water produced from the desalination process compared to the feed. In this study, the effect of recovery on desalination rate was studied by varying concentrate volume (in the concentrate tank). In EDI, recovery is the percentage of the diluate volume to the sum of the diluate and concentrate volumes. As shown in Figure 4, the higher recovery, the longer the desalination time will be. The increase in desalination time can occur due to the back diffusion of co-ions from the concentrate compartment to the diluate compartment 31. The higher recovery from the desalination system, the more significant the concentration difference between the diluate and the concentrate compartment so that the back diffusion flux will be higher. The high contrast in concentration between the two sides of the ion-exchange membrane (diluate and concentrate sides) can also cause a decrease in ion-exchange membrane permselectivity. It is because the equilibrium co-ion concentration in the membrane phase is getting bigger. Operation at high recoveries can also increase the tendency for scaling formation due to salt precipitation that has exceeded its solubility limit in the concentrate compartment 26,32,33.

Although at the end of the desalination process, it was observed that the recovery harmed salt removal, but during the process, the decrease in TDS in the diluate showed the opposite phenomenon. At the start of desalination, EDI with high recovery has a faster reduction in TDS. In the first 45 minutes, EDI with a recovery of 90% showed a high desalination rate (~399 mg/(L.min.)), even higher than EDI with a recovery of 50%. The high desalination rate at a recovery of 90% is due to the effect of increasing conductivity. The ion concentration in the concentrate compartment increased rapidly, thereby increasing the overall electrical conductivity of the EDI stack.

Furthermore, the rate of TDS reduction gradually decreased with increasing desalination time. The decrease in the rate of TDS reduction occurred because the back diffusion effect becomes more dominant than the conductivity effect. The same pattern is also observed in the process, with a recovery of 75%. For 50% recovery, the back diffusion effect is less significant, which may be associated with the flowrate of the concentrate compartment. The relatively higher solution flowrate in the concentrate compartment may help to reduce the impact of back diffusion by immediately sweeping away ions from the membrane surface at the concentrate side. 

3.2. Multi-stage desalination
The ability to operate at high water recovery is one of the essential advantages of the EDI over RO. However, as the recovery increases, a significant concentration difference develops between the concentrate compartment and the diluate compartment, which induces back diffusion of salt (from concentrate to diluate compartment) and declining salt flux 28. The desalination process with a high recovery would be more effective if carried out in multiple stages to minimize back diffusion. Here, the system recovery was maintained at 75% for each stage, wherein 1st stage, the volume of diluate and concentrate were 3 L and 1 L, respectively. In the 2nd stage, part of the diluate solution from the 1st stage was used as a substitute for the concentrate solution. The volume distribution becomes 2.25 L and 0.75 L for diluate and concentrates, respectively.

Figure 5 (a) shows that the 2-stage desalination process could achieve <500 mg/l TDS in diluate solution in a shorter operation time than 1-stage desalination. Figure 5 (b) depicts the comparison between 1-stage and 2-stage desalination kinetics curves. Back diffusion is characterized by the presence of sloping areas on the desalination kinetics curve. The sloping area illustrates a decrease in the desalination rate. The desalination kinetics curve in 2-stage desalination tends to be linear, indicating a constant desalination rate over time. Therefore, the desalination time of the 2-stage system is shorter when compared to the 1-stage desalination. Although it caused a decrease in overall recovery from 75% to 56.25%, the 2-stage desalination can increase productivity from 1.20 L/h (3 L diluted for 150 min) to 1.26 L/h (2.25 L for 107 min). A shorter desalination time can be achieved because the decrease in desalination rate during the desalination process can be slowed down (Figure 5 (b)).   

3.3. Energy consumption
[bookmark: _Toc524658635]To evaluate the feasibility of EDI technology in seawater desalination, the SEC of EDI is compared with several SWRO plants in Table 4. As reported in Table 3, the SEC of EDI with 4-mm spacer is 12 kWh/m3. This is the energy demand for producing 1.2 L/h of fresh water at 75% recovery. However, it is worth noting that the SEC is estimated only from the electrical energy of the DC power supply. If the energy demand for diluate, concentrate, and electrode pumps are included, the total energy demand may be higher. This result indicates that the energy demand of SWEDI is relatively higher than SWRO. 

A similar result was also obtained from an EDI with a resin wafer. An EDI module with a resin wafer was recently examined to desalinate 5 g/L NaCl solution 34. The use of resin wafer aimed to prevent resin agglomeration and channeling in EDI compartments. It was reported that the resin wafer EDI could remove 99% salt at a batch mode and ~33% water recovery. In addition, the energy consumption was ~1 kWh for the removal of 1 kg Cl-. This result confirms the high energy required for EDI to desalinate a high concentration solution. 

Another electro-kinetic method that has been evaluated for small-scale seawater desalination is shock electrodialysis (SED), which is an emerging ED-related process 35. The desalination chamber of SED uses a porous frit which is clamped between a pair of CEM and a pair of electrodes. Deionization occurs due to the formation of shock waves triggered by the formation of a steep concentration gradient. The diluted and concentrated solution is then separated by using a splitter at the outlet of the SED module. When the SED was used for desalination of synthetic seawater solution containing 37.7 g/L salts, it required ~500 kWh/m3. Even though SED can surpass the diffusion-limited ionic transfer, it still needs relatively high energy consumption. The high energy consumption in SED may be associated with porous frit, which has no conductive part. However, similar to EDI, SED has a simple operation and module. 

The capacities of SWRO plants summarized in Table 4 are far higher than the SWEDI scale investigated in this study. A full-scale SWRO usually includes pre-treatment, which can increase the total energy demand. In addition, a full-scale SWRO may use energy recovery devices that can reduce the energy demand. The energy demand of SWRO is majority from the high-pressure pump, which can be estimated by 38

 	(3)

where Qf and Qp are flow rates of feed and permeate, respectively, and Pf and Pp are the pressures of feed and permeate streams, respectively. By using equation (3), the SEC of 1.2 L/h SWRO can be obtained, and the values are shown in Figure 6. The osmotic pressure of 35,000 mg/L NaCl solution is approximately 2.97 MPa. As shown in Figure 6 and equation, the SEC increases with Pf and decreases with water recovery. SECSWRO values are lower than the SEC of EDI, even at the lowest water recovery (30%) and the highest Pf (8.0 MPa). These results indicate that the main reason for using electro-kinetic methods, such as EDI and ED-related processes, may be suitable for small-scale seawater desalination because they are compact and simple and are operated at lower pressure. These advantages will affect the cost of the overall system. In application, small-scale EDI may produce 10 L fresh water with 120 Wh energy to be used for one family a day. It is a relatively low cost for obtaining fresh water in a remote area where public facilities are limited.

To lower the SEC, EDI can be optimized by using more conductive ion-exchange membranes and resins 31,39. These components will affect the overall stack resistance. By decreasing the stack resistance, the energy demand can be lowered. There are commercial membranes with better electrochemical properties, which can be used to obtain a better EDI performance. Membranes used in this study are heterogeneous membranes that typically have lower production costs but have higher resistance. A homogeneous ion-exchange membrane may provide better deionization performance. The higher conductivity of homogeneous ion-exchange membrane can decrease EDI stack. It will finally reduce the energy demand.  Another strategy is by using a proper electrode rinse solution, such as Na2SO4 solution. The electrode rinse solution is placed in the electrode chamber, which affects the stack conductivity significantly. By replacing electrode rinse solutions with more conductive ones, it is possible to decrease the energy demand.  

4. Conclusions
In this study, EDI was applied for small-scale seawater desalination. Results show that EDI can achieve a high salt removal rate (up to 99.5%). An EDI stack obtained this removal rate with a spacer thickness of 4 mm when it was operated at 20 V applied voltage, 75% recovery, and 2 mL/s circulation flow rate. A thinner spacer thickness displays a higher desalination rate and lower solution temperature (at the end of the desalination process). Compared to one-stage desalination, two-stage desalination can maintain a higher salt removal rate and achieve a desalination degree for a shorter operating time. The SEC of EDI is 12 kWh/m3 or only 120 Wh for producing 10 L freshwater. From this result, EDI can be considered a potential alternative in small-scale seawater desalination because it can be operated at low pressure (0.15 MPa), with a relatively higher recovery than the single-stage SWRO process, and with a less complex system.
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FIGURE CAPTIONS
Figure 1. Experimental set-up. (a) Schematic EDI configuration. (b) Exploded view of EDI module.

Figure 2. Conductivity vs. TDS calibration curve

Figure 3. Effect of spacer thickness. (a) Salt removal at various applied voltage and spacer thickness (circulation flow rate = 2 mL/s; t = 150 min.). (b) Stack pressure drop at various spacer thicknesses and circulation flow rate. (c) The temperature of diluate solution at the end of desalination process (circulation flow rate = 2 mL/s). 

Figure 4. TDS profile vs desalination time at various water recovery (circulation flow rate = 2 mL/s; applied voltage = 20 V; spacer thickness = 4 mm).

Figure 5. One-stage vs two-stage seawater electrodeionization (SWEDI). (a) TDS profile vs desalination time at various water recovery. (b) Salt decreasing rate (circulation flow rate = 2; applied voltage = 20 V; water recovery per stage = 75%).

Figure 6. Specific energy consumptions of SWRO at various recovery and feed pressure (Pf) (estimated by equation (3); Pp is assumed to be atmospheric). 
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