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Abstract 25 

    Technologies capable of selective removal of target contaminants from water are highly 26 

desirable to achieve “fit-for-purpose” treatment. In this study, we developed a simple yet highly 27 

effective method to achieve calcium-selective removal in an electrosorption process by coating the 28 

cathode with a calcium selective nanocomposite (CSN) layer using an aqueous phase process. The 29 

CSN coating consisted of nano-sized calcium chelating resins with aminophosphonic groups in a 30 

sulfonated polyvinyl alcohol hydrogel matrix, which accomplished a Ca2+-over-Na+ selectivity of 31 

3.5 to 5.4 at Na+:Ca2+ equivalent concentration ratio from 10:1 to 1:1,  94  184% higher 32 

compared with the uncoated electrode. The CSN coated electrode exhibited complete reversibility 33 

in repeated operation. Mechanistic study suggested that the CSN coating did not contribute to the 34 

adsorption capacity, but rather allowed preferential permeation of Ca2+ and hence increased Ca2+ 35 

adsorption on the carbon cathode. The CSN-coated electrode was highly stable, showing 36 

reproducible performance in 60 repeated cycles.  37 
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1. Introduction 44 

Calcium is the most common divalent cation in surface and ground water and an important 45 

nutrient (Cashman, 2002; Greer & Krebs, 2006; Institute of Medicine, 1997). However, calcium 46 

can be problematic in household, municipal and industrial water systems. Scaling resulting from 47 

precipitation of calcium minerals clogs pipes in municipal water distribution systems, reduces 48 

efficiency of heat exchangers, cooling towers and boilers, and causes flux decline and loss of 49 

separation performance in water treatment membrane systems (Gabrielli et al., 2006; Seo et al., 50 

2010; van Limpt & van der Wal, 2014; Yoon et al., 2016). In addition, calcium can induce bio-51 

colloid formation by bridging negatively charged functional groups in bacterial extracellular 52 

polymeric substances, resulting in excessive precipitation or clogging problems (Sobeck & 53 

Higgins, 2002). Conventional methods including thermal evaporation (Koren & Nadav, 1994; 54 

Shaffer et al., 2013), ion-exchange resin (Wiers, Grosse, & Cilley, 1982), chemical precipitation 55 

(Dean, Bosqui, & Lanouette, 1972), electrodialysis (Yeon, Song, & Moon, 2004), and reverse 56 

osmosis (RO) or nanofiltration (NF) (Ghizellaoui, Chibani, & Ghizellaoui, 2005; Hauck & 57 

Sourirajan, 1969) have been widely applied to remove calcium from water. However, these 58 

methods require either excessive chemical usage or large energy consumption (Ghizellaoui et al., 59 

2005; Seo et al., 2010; Yoon et al., 2016). 60 

Electrosorption, often referred to as capacitive deionization (CDI), is an emerging 61 

desalination technology that removes ionic species in water through adsorption of the ions on 62 

oppositely charged electrodes (Porada, Zhao, van der Wal, Presser, & Biesheuvel, 2013).  63 

Incorporation of ion exchange membranes in CDI, i.e., membrane capacitive deionization (MCDI), 64 

excludes coions from accessing the electrode surface (Lee, Park, Eum, & Lee, 2006). This not only 65 

enhances charge efficiency and salt adsorption capacity, but also allows faster desorption by 66 
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reverse-voltage discharge instead of zero-voltage discharge (Biesheuvel & van, 2010; Biesheuvel, 67 

Zhao, Porada, & van der Wal, 2011; T. Kim et al., 2015; Y.-J. Kim & J.-H. Choi, 2010a, 2010b; 68 

Lee et al., 2006; Li & Zou, 2011; Omosebi, Gao, Landon, & Liu, 2014; van Limpt & van der Wal, 69 

2014; Zhao, Biesheuvel, & van der Wal, 2012; Zhao, Satpradit, Rijnaarts, Biesheuvel, & van der 70 

Wal, 2013).  However, current CDI systems have limited use in desalination applications because 71 

of inability to treat feed waters with moderate salinity (>10,000 ppm TDS), low salt rejection, and 72 

higher energy consumption compared to reverse osmosis (Porada et al., 2012; Qin et al., 2019; 73 

Zou, Morris, & Qi, 2008). The potential of CDI for removing ionic contaminants from water is 74 

highly attractive, but is very difficult to realize because the target contaminants are often present 75 

at concentrations orders of magnitude lower than competing ions such as Na+ and Cl-.  76 

In general, ions with higher valence and smaller hydrated ion sizes migrate faster in an 77 

electric field (Blanchard, Maunaye, & Martin, 1984; Liu et al., 2013; Nightingale, 1959; J.-S. Park, 78 

Song, Yeon, & Moon, 2007; Seo et al., 2010). Higher valence ions, however, often have larger 79 

hydrated ion sizes. Therefore, the CDI process has limited intrinsic selectivity. Several studies 80 

have reported preferential removal of divalent cations using modified electrodes. Using a 81 

continuous-flow five cell stacked CDI module equipped with activated carbon cloth electrodes, 82 

Seo et al. showed higher percentage removal of hardness ions (i.e., Ca2+ and Mg2+) than Na+ from 83 

a mixture containing 2.6 mM CaCl2, 0.9 mM MgSO4 and 4.6 mM NaHCO3, and attributed it to 84 

the pore size distribution and structure that favor hardness ions (Seo et al., 2010). Because the 85 

concentration of Na+ in the feed water was much higher than that of Ca2+ or Mg2+, it was unclear 86 

how the actual amounts of ions adsorbed compared to each other. Composite electrodes containing 87 

selective ion-exchange resins have also been used to impart ion selectivity. Carbon electrodes 88 

coated with a nitrate selective ion-exchange resin demonstrated preferential removal of NO3
- over 89 
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Cl- or SO4
2- in CDI (Y.-J. Kim & Choi, 2012; Yeo & Choi, 2013). The resin coating increased 90 

NO3
- adsorption, while Cl- adsorption remained unchanged. Liu et al. fabricated a zeolite decorated 91 

carbon nanotube (CNT) electrode, and showed increasing calcium and magnesium adsorption in 92 

single salt batch electrosorption experiments with increasing zeolite to CNT ratio (Liu et al., 2013). 93 

However, the performance of the zeolite-CNT electrode deteriorated in a few cycles, suggesting 94 

that it was either partially degraded or not fully regenerated. In another study, Yoon et al. tested a 95 

calcium-alginate coated carbon electrode in a continuous flow CDI system, and achieved calcium 96 

removal ~2.9 times that of sodium from an equal molar bi-solute mixture (Yoon et al., 2016). The 97 

greater Ca2+ removal was attributed to the stronger affinity of divalent ions for the electrode 98 

surface, termed “Coulombic interaction”.  99 

The studies discussed above highlighted the promise of composite electrodes containing 100 

selective adsorbents for use in electrosorption. At the same time, they also revealed limitations in 101 

the state of art. First, simply adding a selective adsorbent on the electrode usually has limited effect 102 

on the overall ion selectivity as the largest contributor to the overall adsorption capacity is the 103 

carbon electrode. Second, adsorbents that bind irreversibly with the target ions will not be 104 

regenerable, and the selectivity will therefore disappear when the adsorbents are saturated. Finally, 105 

no studies have investigated the long-term performance of the composite electrodes. Due to the 106 

cyclic nature of the CDI process, long-term stability of the electrodes is critical. 107 

In the study reported here, we developed a calcium selective nanocomposite (CSN) 108 

electrode by coating an activated carbon electrode with a hydrophilic polymer film containing 109 

nanosized ion exchange resin. The influence of the CSN coating on Ca2+ adsorption was 110 

investigated in single and mixed salt solutions, and the stability of the CSN electrode was 111 
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evaluated. The mechanism of Ca2+ selectivity was elucidated to provide guidance for further 112 

improvement of the electrodes.   113 

 114 

2. Materials and Methods 115 

2.1 Materials 116 

Powdered activated carbon (CEP-21k, surface area: 2,100 m2/g) was obtained from Power 117 

Carbon Technology, South Korea. Polyvinyl alcohol (PVA, hydrolyzed, molecular weight: 89k-118 

98k g/mol), glutaraldehyde (GA, 25 wt % solution in water), and sulfosuccinic acid (SSA, 75 wt 119 

% solution in water) were purchased from Sigma-Aldrich, USA. A graphite sheet (0.2 mm in 120 

thickness, Mineral Seal Corporation, USA) was used as the current collector. Cation-exchange 121 

(CEM, CMI-7000) and anion-exchange membranes (AEM, AMI-7001) were purchased from 122 

Membranes International Inc., USA. Calcium selective ion exchange resin (AmberliteTM IRC747) 123 

was purchased from Dow Chemical, USA. According to the supplier, it contains aminophosphonic 124 

groups in a poly(styrene-co-divinylbenzene) matrix, and has a mean diameter of 0.59 ± 0.07 mm 125 

and total ion exchange capacity of ≥ 1.75 eq/L. All aqueous solutions were prepared using 126 

ultrapure water generated by an E-Pure water purification system (Thermo Fisher Scientific, 127 

USA).   128 

 129 

2.2 Preparation and characterization of electrodes 130 

Activated carbon electrodes were prepared following a previously reported procedure with 131 

small modifications (Jain et al., 2018; B.-H. Park & Choi, 2010; B.-H. Park, Kim, Park, & Choi, 132 

2011). Briefly, an activated carbon slurry was prepared by adding the carbon powder and 25 wt% 133 

GA solution to a 6 wt% aqueous PVA solution at a total weight ratio of 90:9:1 (activated carbon: 134 

PVA: GA, on dry weight basis), and magnetically stirred for more than 12 hours. The slurry was 135 
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cast on a graphite sheet using a customized flow coater operated by a motion-controller (Newport, 136 

USA) at a constant speed of 1 mm/s with a gap height of 300 µm. The carbon electrode was then 137 

dried at room temperature for 12 hours and heated in a vacuum oven at 130°C for an hour for 138 

cross-linking.  139 

A Ca2+ selective nanocomposite (CSN) electrode was prepared by casting a nanocomposite 140 

coating containing Ca2+ selective ion exchange nanoparticles on the surface of the carbon 141 

electrode. A top-down approach was used to first obtain nano-sized Ca2+ selective ion exchange 142 

resin particles. It is critical to obtain small particle sizes in order to minimize defects at the interface 143 

between the polymer matrix and the resin particles; large defects in the coating could lead to 144 

leakage of co-ions (e.g., Cl-) and competing counter ions (e.g., Na+). To obtain nanoparticles 145 

without altering its surface chemistry, the AmberliteTM IRC747 resin was cryo-ground using a 146 

freezer mill (6750 FREEZER/MILL, SPEX SamplePrep, USA) with a milling program consisting 147 

5 cycles of alternating grinding (2 min) and cooling (1 min). The resin nanoparticles were then 148 

sonicated in liquid nitrogen for 1 min using the Ultracell Sonicator VCX-500 (Sonics & Material 149 

Inc.), and mixed with PVA (6 wt%), GA (25 wt%), and SSA (75 wt%) solutions at a dry weight 150 

ratio of 54.2: 40.8: 4.1: 0.9 (resin nanoparticle: PVA: GA: SSA). The slurry was then cast on the 151 

preformed carbon electrode using the flow coater at 1 mm/s with a casting slit width of 30 µm. 152 

Finally, the coated electrode was dried at room temperature for 12 h and the binder was cross-153 

linked in a vacuum oven at 80°C for 12 hours. All electrodes were precisely cut into 1 cm × 10 cm 154 

coupons before used in the electrosorption device. 155 

The particle size distribution of the ground resin particles was characterized in DI water by 156 

dynamic light scattering using a Zetasizer (Zen Nano 3600, Malvern Instruments, USA). The 157 

surface and cross-section of all electrodes were examined by scanning electron microscopy (SEM, 158 
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FEI Quanta 400). The surface chemistry of the electrodes was characterized using a Fourier 159 

transform infrared spectrometer (FTIR, Nicolet Avatar 330, Thermo, USA). 160 

 161 

2.3 Electrosorption experiments 162 

The ion removal performance of the electrodes was evaluated in a flow-by the MCDI 163 

system illustrated in Figure 1. A bare carbon electrode was used as the anode in all experiments, 164 

and the performance of the CSN electrode was compared with that of an uncoated carbon electrode 165 

(the control) as the cathode. The effective area of both electrodes was 10 cm2. Although the CSN 166 

coating also serves as a cation exchange membrane, a CEM was still used in all experiments to 167 

ensure consistent charge efficiency so that separate the Ca2+ selective function of the CSN coating 168 

can be separated from its cation exchange function. A polypropylene mesh spacer with a 500 µm 169 

mesh opening and 61% porosity was installed between two ion exchange membranes to create a 170 

flow channel of ~1 mm in depth.  171 

Single solute and binary solutions containing 10 milliequivalent per liter (meq/L) of total 172 

salt were utilized as feed solutions. All experiments were performed in a continuous flow, single 173 

pass mode at a constant flow rate of 1.0 mL/min (apparent velocity of ~1.7 mm/s). An 174 

electrochemical workstation (CH Instruments 660E, USA) was used to charge/discharge the 175 

electrodes and measure electric current. The applied voltage was 1.2 V for adsorption, and a 176 

reverse voltage of -1.2 V was utilized for desorption. The reverse voltage was necessary to achieve 177 

complete desorption. The adsorption and desorption cycles were both 1.5 h to allow adsorption 178 

equilibrium and complete desorption. Effluent conductivity and pH were continuously monitored 179 

using a inline micro-conductivity sensor (ET 908, eDAQ USA) and a pH probe. Effluent samples 180 

were also collected continuously at 6 min intervals using an autosampler (Pharmacia Frac-100, 181 
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USA) for analysis of specific ion concentrations by inductively coupled plasma optical emission 182 

spectroscopy (ICP-OES, PerkinElmer 4300). At least five adsorption and desorption cycles were 183 

performed before sampling and data collection began to ensure the system has reached dynamic 184 

steady state.  185 

 186 

Figure 1. Schematic diagram of the experimental setup (CSN: Ca2+-selective nanocomposite, 187 

PACE: powdered activated carbon electrode; COND: conductivity sensor; ICP: inductively 188 

coupled plasma spectroscopy). 189 

 190 

2.4 Electrodialysis Experiments. 191 

To investigate the ion transport through nanocomposite coating, an electrodialysis setup 192 

was used. The electrodialysis cell consists of three 5-mL chambers formed by two graphite 193 

electrodes, an AEM, and a CSN-coated microfiltration (MF) membrane (0.45 μm pore size). The 194 

MF membrane has no ion separate function, and was used only to support the CSN coating. The 195 

CSN coating was equilibrated with the test solution for 24 h before each experiment to saturate its 196 

physisorption capacity. All three chambers were initially filled with a mixed salt solution 197 

containing 5 mM NaCl and 5 mM CaCl2. A constant current density of 0.6 mA/cm2 was applied 198 

to drive electro-migration of ions from the two ion donating chambers to the ion-accepting 199 
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chamber in the middle. Samples were collected from each chamber, and ion concentrations were 200 

analyzed by ICP-OES. 201 

 202 

3. Results and discussion 203 

3.1 Characterization of electrodes 204 

After cryo-grinding and sonication in liquid nitrogen, the pulverized resin nanoparticles 205 

had an average particle diameter of 143 ± 44 nm (Figure S1), 3 orders of magnitude smaller than 206 

its original size. SEM images showed that the prepared uncoated electrodes had a flat surface with 207 

a thickness of ~300 μm, and the activated carbon had a particle size of ~5 μm (Figures 2a and 2b). 208 

Modification with the CSN resulted in a dense, continuous coating of ~30 μm in thickness (Figures 209 

2c and 2d) with resin nanoparticles well dispersed and distributed uniformly in the polymer matrix 210 

(Figure 2d1). 211 

Figure 2e compares FTIR spectra of the different electrodes as well as the unprocessed 212 

resin. The uncoated electrode showed only a small peak at 2840-3000 cm-1 that corresponds to C-213 

H stretches from PVA binders. The PVA/GA/SSA coated electrode exhibited peaks for O-H 214 

(3500-3200 cm-1), C-H (2840-3000 cm-1), C-O-C (1150-1085 cm-1), and -SO3 groups (1034 cm-1) 215 

(Jain et al., 2018; J.-S. Kim & J.-H. Choi, 2010; Mansur, Sadahira, Souza, & Mansur, 2008). The 216 

negatively charged -SO3 group enables the coating to work as a cation exchange membrane. The 217 

spectrum of the resin contained peaks of phosphonic (-PO3) functional groups at 975 and 550 cm-218 

1 (Ménard, Fontaine, & Brosse, 1994; Sahni, Van Bennekom, & Reedijk, 1985), which offers high 219 

affinity to Ca2+ over Na+. The CSN electrode clearly exhibited features of both the resin and the 220 

PVA/GA/SSA polymer matrix.  221 
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 222 

Figure 2. Characteristics of various prepared electrodes. SEM images of the top (a) and cross-223 

sectional view (b) of uncoated electrode, and top (c) and cross-sectional view (d, d1) of the CSN 224 

electrode; yellow arrows in d1 indicating resin nanoparticles. (e) FTIR spectra of uncoated, 225 

PVA/GA/SSA-coated, pure resin, and the-CSN coated electrode. 226 

 227 

3.2 Performance parameters 228 

Key performance parameters evaluated include salt adsorption capacity (SAC, meq/m2, 229 

Equation 1) and charge efficiency (Λ, Equation 2). SAC measures the equilibrium adsorption 230 

capacity of the electrode, while Λ represents the percentage of the applied electric charges utilized 231 

for ion adsorption in the adsorption cycle.  232 

  𝑆𝐴𝐶 = 𝑞𝑇 𝑆𝑒𝑙𝑒𝑐⁄         (1) 233 

  Λ = 𝐹𝑞𝑇 ∫ 𝐼(𝑡)𝑑𝑡
𝑡𝑎𝑑

0
⁄       (2)   234 

 𝑞𝑇 = ∫ 𝑄 ∑(𝐶𝑖,𝑖𝑛𝑓 − 𝐶𝑖,𝑒𝑓𝑓) 𝑑𝑡
𝑡𝑎𝑑

0
    (3) 235 
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Here 𝑞𝑇 is the total amount of salt adsorbed (meq) at the end of the adsorption stage; 𝑆𝑒𝑙𝑒𝑐 236 

is the top surface area of two electrode (m2); F is the Faraday constant (96,485 C/mol);  𝑡𝑎𝑑 is the 237 

duration of the adsorption stage in each adsorption/desorption cycle (1.5 h); 𝐼(𝑡) is electric current 238 

(A) at time t; Q is influent flow rate (L/s); Ci,inf and Ci,eff are influent and effluent concentration 239 

(meq/L) of ion i. All reported values were average from at least three consecutive cycles. It is noted 240 

that the salt adsorption capacity is based on the top surface area of the carbon electrode. As the 241 

same activated carbon loading was used to fabricate the control and CSN coated electrodes, the 242 

SAC based on electrode surface area is linearly proportional to that based on carbon electrode 243 

mass.    244 

In experiments using a binary electrolyte solution, a selectivity coefficient St/c defined in 245 

accordance to the conventional definition for ion exchange processes (Equation 4) was used to 246 

measure the selectivity for the target ion (Ca2+) over the competing ion (Na+). 247 

  𝑆𝑡/𝑐 =
𝑞𝑇,𝑡 

𝑞𝑇,𝑐

𝐶𝑖𝑛,𝑡
𝐶𝑖𝑛,𝑐

⁄        (4) 248 

Here 𝑞𝑇,𝑡  and 𝑞𝑇,𝑐  are the adsorbed amounts (meq) of the target and competing ions, 249 

respectively, at the end of the adsorption cycle; and 𝐶𝑖𝑛,𝑡 and 𝐶𝑖𝑛,𝐶  are the equivalent concentration 250 

(meq/L) of the target and competing ions in the influent solution, respectively.   251 

  252 

3.3 Single-solute experiments  253 

The control and CSN electrodes were first evaluated separately in single solute experiments 254 

using feed solutions containing 10 meq/L NaCl or CaCl2. As shown in Figure S2 (NaCl solution), 255 

Figure 3a and S3 (CaCl2 solution), highly reproducible current and conductivity profiles were 256 

observed in all cycles with both electrodes, indicating excellent reversibility of these electrodes 257 

under RVD; there was no ion accumulation. The feed solution was not purged by nitrogen, thus 258 
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both influent and effluent pH stayed constant at 5.8  0.2. A close examination of the conductivity 259 

profile revealed almost identical adsorption kinetics of the two electrodes for both NaCl (Figure 260 

S2b) and CaCl2
 (Figure 3b) feed solutions, suggesting negligible impact of the CSN coating on the 261 

ion transport to the carbon electrode surface. During the desorption stage using reverse voltage, 262 

the control electrode exhibited a higher and sharper desorption peak than the CSN electrode 263 

(Figure S2c & 3c). This suggests that the CSN coating slightly hindered ion transport back to the 264 

bulk solution, presumably due to the additional mass transfer resistance imposed by the CSN 265 

coating (as illustrated in Figure 3c). These results indicate that internal diffusion in the CSN layer 266 

is the rate limiting step in the desorption stage, while ion release from the carbon surface is 267 

relatively fast.  268 

Despite the different valence and size of Ca2+ and Na+, their adsorption capacity by the 269 

uncoated electrode in terms of milliequivalent was similar: 68.9 and 71.6 meq/m2 for Ca2+ and 270 

Na+, respectively in same initial concentrations (10 meq/L). As a comparison, the SAC of the CSN 271 

electrode was 77.3 and 78.0 meq/m2 for Na+ and Ca2+ respectively, 8% and 13% higher than the 272 

uncoated carbon electrode. The higher SAC was attributed to increased charge efficiency, which 273 

was 78.7% (CaCl2) and 86.9% (NaCl) for the uncoated electrode, and 86.4% (CaCl2) and 92.9% 274 

(NaCl) for the CSN electrode (Figure 3d). The ion exchange/adsorption capacity of the CSN 275 

coating itself, had negligible contribution to the SAC as the electrode was equilibrated with the 276 

feed solution before the electrosorption cycles began.  277 
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 278 

Figure 3. Performance of uncoated and CSN electrodes in single solutions. (a) Conductivity 279 

profiles of the two electrodes using 10 meq/L CaCl2
 feed solution; (b) Conductivity profile during 280 

one adsorption stage using 10 meq/L CaCl2
 feed solution; (c) Conductivity profile during one 281 

desorption stage using 10 meq CaCl2
 feed solution, with insert illustrating desorption at a 282 

microscopic scale; (d) Salt adsorption capacity and charge efficiency of uncoated and CSN 283 

electrodes in single NaCl or CaCl2 solution. All experiments were performed in continuous flow, 284 

single pass, flow-by, constant voltage operation (+1.2 V/-1.2 V) at a constant flow rate of 1.0 285 

mL/min. 286 

 287 

3.4 Binary-solution experiments 288 

Binary solutions containing NaCl and CaCl2 with a total concentration of 10 meq/L and 289 

different Na+-to-Ca2+ were used as the feed water to investigate Ca2+ adsorption in the presence of 290 
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Na+. Results are summarized in Figure 4 and Figure S4. The adsorption and desorption kinetic 291 

data (Figure 4a) revealed a drastic difference between performance of the uncoated and CSN 292 

electrodes. The uncoated electrode exhibited notably faster Na+ adsorption than Ca2+ adsorption 293 

despite the higher electrophoretic mobility of Ca2+. This behavior is attributed to the smaller radius 294 

of hydrated Na+ (3.58 Å versus 4.12 Å for Ca2+) (Nightingale, 1959) and hence faster diffusion 295 

into the carbon pores, the rate limiting step of the electrosorption process (Seo et al., 2010; Yoon 296 

et al., 2016; Zhao, van Soestbergen, et al., 2012).  297 

Analysis of ion concentrations in the effluent found that the uncoated electrode achieved a 298 

SAC of 70.8 ± 9.9 meq/m2 (47.7 ± 5.0 mmol/m2) for the binary solution with 1:1 Na+-to-Ca2+ 299 

equivalent ratio, similar to that for the single salt NaCl or CaCl2 solution. About twice as much 300 

equivalents of Ca2+ (46.1 ± 5.1 meq/m2) were adsorbed as Na+ (24.7 ± 2.5 meq/m2), resulting in a 301 

St/c of 1.9 ± 0.1. Unlike in the single salt CaCl2 solution, the CSN coating greatly enhanced Ca2+ 302 

adsorption kinetics in the presence of Na+ (Figure 4a). It also increased the total SAC from 70.8 ± 303 

7.6 to 82.4 ± 2.0 meq/m2, a 16.4% increase, although the SAC measured in mmol/m2 remained 304 

unchanged (47.7 ± 5.0 and 47.7 ± 1.5 mmol/m2 for uncoated and CSN electrode, respectively, 305 

Figure 4b). The improved equivalent salt adsorption by the CSN coating was attributed to 306 

enhanced adsorption of Ca2+ relative to Na+. As shown in Figure 4b, Ca2+ adsorption (69.5 ± 0.9 307 

meq/m2) by the CSN electrode was 50.7% higher than that of the uncoated electrode (46.1 ± 5.1 308 

meq/m2), while Na+ adsorption decreased by 48% (from 24.7 ± 2.5 to 12.9 ± 1.1 meq/m2), resulting 309 

in a greatly improved Ca2+ selectivity (St/c) of 5.4.  310 

Furthermore, displacement of adsorbed Na+ by Ca2+ was observed in the later stage of the 311 

adsorption process for both the uncoated and the CSN electrodes: effluent Na+ concentration 312 

exceeded its influent concentration while Ca2+ adsorption continued, though the coated electrode 313 
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showed a much greater displaced amount. This is clearly demonstrated in Figure 4c, where 314 

cumulative Na+, Ca2+ and total cation adsorption by the CSN electrode is shown as a function of 315 

time.  Cumulative Na+ adsorption reached a maximum at ~ 25 min, when the effluent Na+ 316 

concentration became the same as the influent concentration (Figure 4a2). Thereafter, the amount 317 

of Na+ adsorption declined, while Ca2+ adsorption continued to increase. Compared with the 318 

uncoated electrode, the CSN electrode experienced more Na+ displacement by Ca2+. Similar 319 

displacement phenomena were observed in previous studies (Chen, Zhang, Wu, Wang, & Li, 2015; 320 

Mossad & Zou, 2012; Seo et al., 2010; Zhao, van Soestbergen, et al., 2012), referred to as “time-321 

dependent ion selectivity” (Zhao, van Soestbergen, et al., 2012).  322 

In most water and wastewater, concentration of Ca2+ is usually much lower than that of 323 

Na+. Therefore, experiments were performed using 10 meq/L binary solutions with Na+: Ca2+ 324 

equivalent concentration ratio of 1:1, 2:1, 5:1, and 10:1. As expected, the amount of Ca2+ 325 

adsorption decreased while Na+ adsorption increased with increasing influent Na+-to-Ca2+ ratio in 326 

the binary influent solution for both the uncoated and CSN electrodes (Figure 4d). For the uncoated 327 

electrode, the amount of Ca2+ or Na+ adsorption changed proportionally with its respective relative 328 

concentration in the influent solution, resulting in fairly constant Ca2+ selectivity, St/c (Figure 4e). 329 

The CSN electrode, however, exhibited a slight drop in St/c. When the Na+-to-Ca2+ equivalent ratio 330 

increased from 1:1 to 10:1, the Ca2+ selectivity coefficient (St/c) decreased from 5.4 to 3.7. This 331 

result is attributed to two reasons: incomplete Na+ displacement and increased Na+ flux through 332 

the non-selective PVA matrix. It is noted that Ca2+ adsorption did not reach equilibrium at the end 333 

of the adsorption cycle, as evident in the notable difference between its effluent and influent 334 

concentrations. At higher Na+-to-Ca2+ ratio, this difference was larger (Figure S5) and Na+ 335 

displacement amount was also decreased (Figure 4f), suggesting insufficient time for Ca2+ 336 
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displacement of Na+ to reach completion. In the meantime, permeation of Na+ through the non-337 

selective PVA matrix increases with increasing Na+-to-Ca2+ ratio.  It is anticipated that increasing 338 

adsorption cycle time and the Ca2+ selective resin content can further increase the selectivity of the 339 

CSN electrode and minimize the impact of Na+-to-Ca2+ concentration ratio.  340 

 341 

Figure 4. Performance of the uncoated and CSN electrodes in binary solutions with different 342 

influent Na+-to-Ca2+ ratios. (a) Concentration profile of Na+ and Ca2+ during an 343 

adsorption/desorption cycle using the uncoated (a1) and CSN coated (a2) electrodes at an initial 344 

Na+-to-Ca2+ equivalent ratio of 1:1; (b) Cations adsorbed by uncoated and CSN electrodes at an 345 
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influent Na+-to-Ca2+ equivalent ratio of 1:1; (c) Cumulative adsorption of cations by the CSN 346 

electrode during an adsorption stage with initial Na+-to-Ca2+ equivalent ratio of 1: 1;  (d) Cations 347 

adsorbed by the two electrodes at different influent Na+-to-Ca2+ ratio; (e) Ca2+ selectivity (St/c) at 348 

different influent Na+-to-Ca2+ ratio; (f) Amount of Na+ displaced at different influent Na+-to-Ca2+ 349 

ratio. All experiments were performed in continuous flow, single pass, flow-by, constant voltage 350 

operation (+1.2 V/-1.2 V) at a constant flow rate of 1.0 mL/min. Mean and standard deviation were 351 

calculated from three consecutive cycles; error bars are standard deviation from at least three 352 

repeated experiments. 353 

 354 

3.5 Understanding the selectivity mechanism of the CSN electrode.  355 

As discussed above, the CSN coating increased Ca2+ adsorption relative to Na+ on the 356 

carbon electrode, while having little direct contribution to Ca2+ adsorption capacity. In a previous 357 

study, we showed that selective SO4
2- removal in the presence of Cl- achieved using a SO4

2- 358 

selective coating on a carbon electrode was due to preferential transport of SO4
2- through the 359 

coating (Zuo et al., 2018). It is assumed that the same mechanism is responsible for the selective 360 

Ca2+ removal observed in the current study.  361 

To test this hypothesis, experiments were carried out in an electrodialysis cell to 362 

characterize ion transport through the CSN coating using a binary solution containing 5 meq/L of 363 

NaCl and 10 meq/L CaCl2 (Figure S6). By applying a constant current of 3 mA, concentration of 364 

both Ca2+ and Na+ decreased with operation time in the cation donor chamber, while a 365 

corresponding increase was observed in the ion acceptor chamber (Figure 5). Detailed mass 366 

balance analysis found that the decreased concentration of ions in donor chamber was comparable 367 

with that accumulated in accepting chamber (Figure S6d) with negligible ion adsorption on the 368 
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CSN coated MF membrane, suggesting electro-migration of cations through the CSN MF under 369 

electric field.  Further test found that 2.7 times higher Ca2+ migration flux (155.0 eq/m2-min) was 370 

achieved through the CSN coating than Na+ (57.1 eq/m2-min) for 2:1 (Ca2+:Na+) initial 371 

concentration ratio, despite the fact that Ca2+ had a larger hydrated ion size (4.12 Å for Ca2+ vs 372 

3.58 Å for Na+). The electro-migration flux of Ca2+ is ~2.7 times that of Na+, comparable with the 373 

St/c ratio between the CSN and uncoated electrodes (5.4/1.9) obtained in the electrosorption 374 

experiment at an influent Na+-to-Ca2+ equivalent ratio of 1:1.  These results suggest that the higher 375 

affinity of the CSN for Ca2+ resulted in faster electro-migration rate of Ca2+ through the CSN 376 

coating, consistent with the solution-diffusion model.  The higher flux of Ca2+ relative to Na+ 377 

would lead to a higher Ca2+-to-Na+ concentration ratio that the carbon electrode is exposed to, and 378 

therefore increased Ca2+ adsorption by the carbon electrode surface.   379 

 380 

Figure 5. Ion-transport of Ca2+ and Na+ through the CSN layer in the electrodialysis 381 

experiment. 382 

 383 

3.6 Long term performance of the CSN electrode 384 
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Long-term stability of the CSN electrode was evaluated by operating the experimental 385 

system continuously for more than 180 hours using a binary influent solution containing 5 meq/L 386 

NaCl and 5 meq/L CaCl2 (total 10 meq/L). As shown in Figure 6A, both the conductivity and 387 

current profiles exhibited excellent repeatability for over 60 cycles.  Effluent samples were taken 388 

and analyzed in the 5th, 30th, 45th, and 60th cycle. Results showed that the change in SAC was less 389 

than 10%, the Ca2+ selectivity, St/c was consistently >5. In the 60th cycle, the amounts of Ca2+ and 390 

Na+ removed during the adsorption stage were 66.9 and 11.8 meq/m2, respectively, showing that 391 

the adsorption by the CSN electrode was completely reversible in long-term operation. 392 

 393 

Figure 6. Long term performance of the CSN electrode in binary solution (10 meq/L) with 394 

influent Na+-to-Ca2+ equivalent ratio of 1:1. (a) Effluent conductivity and current production 395 

during 60 cycles of operation; (b) Total SAC and Ca2+ selectivity (St/c) at the 5th, 30th, 45th, and 396 

60th cycles. 397 

 398 

4. Conclusions 399 

In this study, we developed a nanocomposite electrode that selectively removes Ca2+ in the 400 

presence of competing Na+ ions by applying a Ca2+ selective nanocomposite (CSN) coating on the 401 

activated carbon electrode. The high affinity of the nanosized Ca2+ selective resin particles for Ca2+ 402 

ions results in higher Ca2+ permselectivity than Na+, and hence an elevated Ca2+ concentration in 403 



 23 

the carbon electrode pores, which leads to increased Ca2+ adsorption relative to the competing Na+.  404 

At the same time, the CSN coating had negligible impact on ion adsorption kinetics, and only 405 

slightly decreased the desorption kinetics due to the added resistance of the coating. The CSN 406 

electrode exhibited excellent performance over long-term operation, with highly stable salt 407 

adsorption capacity, Ca2+ selectivity and regenerability. These results suggest that a selective 408 

barrier on the electrode allows preferential utilization of the adsorption sites on the high capacity 409 

carbon electrode for the target ion. This renders selectivity on the originally non-selective carbon 410 

electrode. The selectivity for Ca2+ decreased with increasing Na+-to-Ca2+ ratio in the influent 411 

solution, but it is anticipated that the impact can be minimized by increasing the adsorption cycle 412 

time and/or content of the Ca2+ resin in the CSN coating. 413 

 414 
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CDI capacitive deionization; MCDI membrane capacitive deionization; SAC salt adsorption 423 

capacity; ASAR average salt adsorption rate; RVD reverse-voltage discharging; ZVD zero-424 

voltage discharge; CSN Ca2+ selective nanocomposite; TDS total dissolved solids; PVA 425 

polyvinyl alcohol, GA glutaraldehyde, SSA sulfosuccinic acid; SEM scanning electron 426 
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microscopy; ICP-OES inductively coupled plasma optical emission spectrometry; FTIR Fourier 427 

transform infrared spectrometer; NF Nanofiltration. 428 
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