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Abstract 13 

Separation of monovalent and multivalent ions is important in processes ranging from water 14 

softening to recycling of Li. Previous studies show that cation-exchange membranes coated 15 

with multilayer polyelectrolyte films exhibit monovalent/divalent ion selectivities as high as 16 

1000 in electrodialysis (ED) under ideal conditions with low ion recoveries. This work shows 17 

that even at 60-80% monovalent-ion recoveries, ED through Nafion membranes coated with 18 

protonated poly(allylamine)/poly(4-styrenesulfonate) multilayers can separate equimolar K+ 19 

and Mg2+ or Li+ and Mg2+ to give 99.5% pure monovalent ion.  Moreover, the use of a low-20 

volume receiving phase allows ED to concentrate the monovalent ion. Typical current 21 

efficiencies are around 70% for these separations. Selectivities appear to increase when the 22 

membrane-coating procedure uses a higher polyelectrolyte concentration in the deposition 23 

solution. Because the limiting current declines with ED time due to depletion of the 24 

monovalent ion in the source phase, use of a gradually decreasing applied current enhances 25 

current efficiency compared to ED at a constant high current. The membranes also show 26 

Li+/Mg2+ selectivities around 100 when Mg2+ is in a 20-fold excess in the source phase at an 27 

ionic strength of 0.6 M, but selectivity decreases at even higher ionic strengths.   28 

 29 
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1. Introduction 33 

Ion separations are crucial for providing the materials needed for devices ranging from 34 

batteries [1,2] to high-performance magnets [3]. Conventional ion-separation techniques 35 

such as precipitation and solvent extraction are effective, but they can require long 36 

evaporation times or toxic solvents [4]. Membrane-based ion separations complement 37 

traditional salt-purification techniques, and they can operate continuously often without the 38 

need for additional reagents. In particular, specific membranes allow passage of monovalent 39 

ions while rejecting divalent species [5]. Applications that exploit selective rejection of 40 

divalent ions include removal of sulfate from salt solutions [6] and water-softening [7]. 41 

Typical membrane selectivities are around 10-20 between monovalent and divalent ions [8].  42 

This work employs electrodialysis (ED) through ion-exchange membranes coated with 43 

multilayer polyelectrolyte films (MPFs) to separate monovalent and divalent cations with 44 

monovalent/divalent selectivities >100. With further improvements and study, such a process 45 

might prove useful in the recovery of pure salts from recycling streams or perhaps natural 46 

resources. 47 

 48 

ED is attractive for ion separations because the use of a highly perm-selective ion-exchange 49 

membrane (IEM) can, in principle, lead to energy-efficient separations [9–11]. For example, 50 

because cation-exchange membranes (CEMs) highly reject anions, passage of current 51 

through these membranes occurs almost completely via cations. If the CEM also allows 52 

selective passage of only one cation, the current efficiency for recovery of this cation will 53 

approach 100%. However, typical cation-exchange membranes show relatively low 54 

selectivities among cations [12], and anion-exchange membranes (AEMs) exhibit low 55 

selectivities among anions [13]. 56 

  57 

To increase selectivities among counterions (ions whose charge sign is opposite to that of the 58 

fixed charge in the IEM), many studies focused on modifying ED membranes with highly 59 

selective coatings [14,15]. Frequently the selective coating contains fixed charge whose sign 60 

is the same as that of the IEM counterions. Thus, the coating electrostatically excludes 61 

counterions for the IEM, and importantly the exclusion is particularly high for multivalent 62 

ions. The coating may also selectively exclude multivalent ions due to their large hydrated 63 

size and hydration energy [16]. A recent paper showed exceptionally high monovalent ion 64 

purities in nanofiltration combined with an applied current [17]. The authors suggest that the 65 

high selectivity stems from changes in surface charge upon application of current.   66 

 67 

Several groups examined salt purification using IEMs specifically designed to give high 68 

monovalent/divalent counterion selectivities [18–20]. This manuscript examines K+/Mg2+ 69 

and Li+/Mg2+ separations using IEMs coated with MPFs. Many studies showed that layer-70 

by-layer polyelectrolyte films can serves as thin, highly selective skins for separation 71 

membranes [21–31]. The gain in entropy due to release of counterions along with 72 

hydrophobic interactions create multilayer films that are stable for ions separations [31]. 73 
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Especially relevant to this work, adsorption of polyelectrolyte films on ion-exchange 74 

membranes can lead to electrodialysis (ED) selectivities >1000 between monovalent and 75 

multivalent ions [32,33]. High selectivity can occur when coating either Nafion or less-76 

expensive Fujifilm membranes [34], although selectivities may vary with source- and 77 

receiving-phase concentrations and compositions [22]. Nevertheless, our prior work on 78 

polyelectrolyte-coated membranes with high selectivities did not examine ED separations 79 

with high recoveries. At high recoveries the concentration of the desired ion is low in the 80 

source-phase solution. At such low concentrations, the separation is more difficult [35]. 81 

 82 

This work demonstrates that remarkable monovalent-ion purities (99.5%) are possible at high 83 

salt recoveries (60-80%) and current efficiencies around 75%, but the magnitude of the 84 

applied current is an important variable in these separations. Although coatings may greatly 85 

increase the selectivity of IEMs, they also decrease the magnitude of limiting currents [33]. 86 

In ED, limiting currents arise because a specific ion, e.g. K+, carries a different fraction of 87 

the total current in the membrane than in the neighboring coating (MPF) or solution boundary 88 

layer. If the IEM is highly selective for a given counterion, e.g. K+, this ion carries nearly 89 

100% of the current through the membrane. In a solution boundary layer or MPF coating, 90 

however, both counterions and coions carry current. (Coions are ions whose charge sign is 91 

the same as that of the fixed charge in the underlying IEM.) Thus, the current moves more 92 

counterions away from the coating-IEM interface than arrive at this interface via 93 

electromigration (see Figure 1). To achieve the same K+ flux in the MPF and IEM (steady 94 

state), a K+ concentration gradient arises in the MPF and induces K+ diffusion in this region.  95 

At steady state the sum of diffusion and electromigration of K+ in the MPF is equal to the K+ 96 

electromigration away from the MPF/membrane interface. Because diffusion in the IEM is 97 

often negligible compared to electromigration, the concentration of cations in the cation-98 

exchange membrane in Figure 1 is essentially constant. Moreover, the concentration of 99 

counterions in the IEM is high to compensate the fixed charge.  100 

 101 

The limiting current appears when the concentration of the desired ion, e.g. K+, approaches 102 

zero near the MPF-IEM interface (Figure 1). Selective coatings on IEMs are often less 103 

permeable than boundary layers in solution, and they may also be selective for coions of the 104 

IEM [36]. Thus, limiting currents can be especially low in IEMs with selective coatings. 105 

Moreover, because the limiting current is proportional to the ion concentration in the source-106 

phase solution, it will decrease over the course of selective electrodialysis. 107 

108 
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   109 

 110 
Fig. 1. Scheme of ion fluxes and the K+ concentration profile at a multilayer polyelectrolyte 111 

film (MPF)/cation-exchange membrane (CEM) interface during ED with a KNO3 solution. 112 

The arrows show fluxes due to electromigration, ����, or diffusion, �����, for ions in the 113 

MPF or CEM. Water splitting will occur at highly overlimiting currents. 114 

 115 

Energy-efficient separations employ currents below the limiting value to avoid unwanted 116 

energy-consuming processes such as water splitting [37,38]. Moreover, at overlimiting 117 

currents selectivities often decrease [33,39]. Unfortunately, low limiting currents in coated 118 

membranes will require relatively large membrane areas to achieve a given amount of 119 

product. This is particularly important when considering high ion recoveries because the 120 

limiting current decreases as the concentration of the target ion in the source phase declines 121 

over the course of the separation. Thus, achieving high selectivities and energy efficiencies 122 

will likely require a separation where the applied current decreases with time, so this work 123 

examines ED with different current programs to optimize selectivity. 124 

 125 

2. Experimental 126 

2.1. Materials 127 

Poly(sodium 4-styrenesulfonate) (PSS, Mw = 70000 Da), poly(allylamine hydrochloride) 128 

(PAH, Mw = 17500 Da), sodium chloride, potassium chloride, and potassium nitrate were 129 

obtained from Sigma-Aldrich. Magnesium nitrate was acquired from Jade Scientific, and 130 

lithium nitrate was purchased from Spectrum Chemical. All salts were used as received. 131 

Deionized water (Milli-Q reference Ultra-pure Water Purification System, 18MΩ cm) was 132 

used to prepare all solutions, and the pH values of polyelectrolyte solutions were adjusted 133 

with 1.0 M solutions of HCl and NaOH. Nafion N115 membranes were purchased from Ion 134 

Power (New Castle, DE, thickness 127 µm). Fujifilm type-1 anion exchange membranes 135 

were gifts from Fujifilm, Netherlands. For the pretreatment of Nafion membranes, 30% H2O2 136 

(Fisher) and 98% H2SO4 (Sigma-Aldrich) were diluted to 3% H2O2 and 1.0 M H2SO4, 137 

respectively. Commercial ICP-OES standard solutions of K+, Li+ and Mg2+ were purchased 138 

from Sigma-Aldrich.  139 
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 140 

2.2. Membrane preparation and MPF formation 141 

Nafion membrane disks were cut from a membrane sheet and immersed sequentially for 30 142 

minutes in the following 4 boiling aqueous solutions: 3% v:v H2O2, deionized water, 1.0 M 143 

H2SO4, and deionized water [40]. Using a squirt bottle, the membrane disks were also washed 144 

with room-temperature deionized water for 30 seconds between every immersion. These 145 

oxidized Nafion membranes were used for subsequent modification. Fujifilm type-1 anion 146 

exchange membranes were soaked in 0.1 M NaCl overnight before use. 147 

 148 

MPFs were formed by immersing oxidized Nafion membranes in alternating polycation 149 

(PAH in 1.0 M NaCl) and polyanion (PSS in 0.5 M NaCl) solutions for 5 minutes each to 150 

obtain 5.5-bilayer films, (PAH/PSS)5PAH. After each polyelectrolyte adsorption step, the 151 

film was rinsed with deionized water from a squirt bottle for 30 sec to remove loosely bound 152 

polyelectrolyte. Polyelectrolyte solutions (pH ∼2.3) contained 0.02 M of the polymer 153 

repeating unit. For some cases with Li+ separations, the concentration of the polymer 154 

repeating units was 0.04 M during film deposition.  155 

 156 

2.3. Electrodialysis 157 

Figure 2 depicts the 4-cell electrodialysis apparatus for the recovery of monovalent cations 158 

from a mixture of monovalent and multivalent cations. The system contains an anode cell, 159 

source-phase compartment, receiving-phase compartment, and cathode cell. The AEMs next 160 

to the anode and cathode cells isolate the electrodes from the source and receiving phases. 161 

These membranes largely prevent cations from entering the source phase or exiting the 162 

receiving phase via the electrode compartments. The cathode cell contained 3% v:v aqueous 163 

HNO3 to avoid high pH values due to generation of OH- at the cathode. The anode solution 164 

contained 0.1 M NaOAc, which prevents large drops in pH due to protons formed at the 165 

anode. In cases with high current densities and high source-phase concentrations, the 166 

concentration of NaOAc was 0.5 M. The source phase contained both KNO3 and Mg(NO3)2 167 

or LiNO3 and Mg(NO3)2, and the receiving cell contained 0.03 M HNO3. The acid in the 168 

receiving phase provides conductivity and facilitates high-sensitivity analysis of cations 169 

moving into this phase. The coated Nafion membrane was clamped between the source and 170 

receiving phases. A CH Instruments potentiostat/galvanostat (model 660E) generated the 171 

current using platinum wire electrodes as the anode and cathode, and the current density is 172 

reported as the current divided by the exposed area of the Nafion membrane. The working 173 

electrode terminal was connected to the platinum anode, and the counter and reference 174 

electrode terminals were connected to the platinum cathode. All compartments were stirred 175 

vigorously during experiments to limit concentration polarization in solution. Membranes 176 

were soaked in the source-phase solution overnight prior to ED and rinsed quickly with water 177 

prior to transport experiments. The 4-cell system in Figure 2 operates in batch mode, which 178 

is similar to electrodialysis stacks that employ recirculating solutions. Nevertheless, stacks 179 

could, in principle, operate continuously without recirculation.  Additionally, because of 180 
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extensive stirring the system in Figure 2 likely has less concentration polarization in solution 181 

than a stack. Prior current-voltage experiments with bare Nafion membranes showed no 182 

limiting current over the range of interest, so solution boundary layers likely do not play a 183 

major role in these experiments, particularly because of the high resistance of the MPF 184 

[33,36,39]. 185 

 186 

Fig. 2. The 4-cell electrodialysis system for extracting monovalent ions from a source phase. 187 

 188 

In most studies, the source and receiving phases contained the same initial volume of 45 mL, 189 

and the cell exposed a membrane area of 5 cm2.  However, some experiments used a much 190 

larger source-phase cell that holds a volume of 450 mL, along with a smaller receiving-phase 191 

cell that holds 30 mL. These experiments aimed to concentrate the ion of interest in the 192 

receiving cell and employed a larger exposed membrane area of 7.5 cm2. 193 

 194 

During ED, 1-mL aliquots were typically collected periodically from the source and receiving 195 

phases to determine the concentrations of K+ or Li+ and Mg2+. In some experiments, however, 196 

the source and receiving phases were sampled only at the beginning and the end of the 197 

experiment. Cation concentrations were determined using inductively coupled plasma-198 

optical emission spectroscopy (ICP-OES PerkinElmer Optima 8000) with calibration curves. 199 

Standards were prepared by diluting commercial ICP-OES standard solutions with 3% (v:v) 200 

aqueous nitric acid.  201 

 202 

We define the K+ recovery using equation (1). 203 

�������� = �1 −
�

��
������

�
��
������,�� ∗ 100%          (1) 204 

where ���
������  is the source-phase K+ concentration at a given time, and �

��
������,�  is the 205 

initial K+ source-phase concentration. With equal source- and receiving-phase volumes 206 

throughout the experiment and assuming minimal K+ in the membrane, using a mass balance 207 

one can also write 208 
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�������� (%) =
�

��
���������

�
��
������,� ∗ 100%          (2) 209 

The supplementary information (section S-4) discusses the definition of recovery in more 210 

detail and small discrepancies in the mass balance.  211 

 212 

We calculated the transference number (��, fraction of current carried by a specific ion) using 213 

equation (3), where �� is the number of moles of ion i that passed to the receiving phase, Zi 214 

is the charge number of cation i, F is Faraday’s constant and Q is the total amount of charge 215 

passed through the electrodes during the experiment. 216 

�� =
��×��×�

�
              (3) 217 

The transference number is an overestimation because some ions may move to the receiving 218 

phase due to exchange of cations between the source and receiving phases or between the 219 

receiving phase and the membrane. However, a control experiment with no applied potential 220 

gave a flux that is ~5% of the initial flux during the corresponding ED with a current density 221 

of 0.8 mA/cm2. In most cases, ED was performed with at least three replicate membranes. 222 

Uncertainties in purities, selectivities, recoveries and transference numbers are standard 223 

deviations of calculated values for the three different membranes. 224 

 225 

3. Results and discussion 226 

This work examines ED with MPF-coated membranes to achieve recoveries up to 80% with 227 

>99% pure monovalent ions, and such separations require relatively long ED times (2 to as 228 

many as 12 h). These studies include separations with different current programs and source-229 

phase volumes to determine if decreases in current efficiency at recoveries >60% occur 230 

partially due to overlimiting currents. Based on knowledge acquired from separating K+ and 231 

Mg2+, we also examine the separation of Li+ and Mg2+ at high recoveries as well as with an 232 

excess of Mg2+, which decreases selectivity. 233 

 234 

3.1. Highly selective K+ transport with high recovery in electrodialysis of solutions 235 

containing K+ and Mg2+ 236 

Initial experiments aimed to determine if the high K+/Mg2+ selectivities observed previously 237 

during ED [32,33] are also possible at high recovery. K+ and Mg2+ have very different 238 

hydrodynamic sizes, so this pair of ions should provide high monovalent/divalent selectivity. 239 

Moreover, the use of K+ rather than Na+ avoids challenges with ubiquitous Na+ 240 

contamination. These studies employed a 4-compartment cell (Figure 2) that uses anion-241 

exchange membranes to isolate electrode compartments and limit transport of cations 242 

between these compartments and other phases. The use of a receiving phase that does not 243 

contain K+ and Mg2+ (0.03 M HNO3) facilitates determination of high selectivities and 244 

purities as a function of recovery.  245 

 246 
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Table 1 shows the purities in the receiving phase along with selectivities after ED for several 247 

hours at different current densities. In a single 3.5-h ED at a current density of 0.8 mA/cm2 248 

(case 2, Table 1), the K+ purity (relative to K+ and Mg2+) goes from 50% in the initial source 249 

phase to above 99.5% in the final receiving phase. This occurs at a K+ recovery around 80%. 250 

In contrast, bare Nafion membranes (case 1, Table 1) give a K+/Mg2+ selectivity of just 1.5 251 

and a K+ purity of only 59% at 85 % K+ recovery. 252 

 253 

Table 1. Selectivities and K+ recoveries, transference numbers, and purity during ED 254 

through bare Nafion membranes (Case 1)a and through Nafion membranes coated with 255 

(PAH/PSS)5PAH films (Cases 2-4).a  256 

Case Current 

density 

(mA/cm2) 

Time 

(hours) 

K
+
/Mg2+ 

selectivity 

K+ 

Transference 

number (%) 

K+ recovery 

(%) 

K+ purity         

(%） 

1b 0.8 3.5 1.5±0.1 - 85±1 59.2±0.1 

2b 0.8 3.5 1050±850 74±8 80±8 99.7±0.3 

3c 0.8 4 400±240 - - 99.6±0.4 

4b 1.6 2 110±30 63±3 78±7 99.0±0.3 

a The source phase initially contained 0.01 M KNO3 and 0.01 M Mg(NO3)2, and the receiving phase 257 

was 0.03 M HNO3. The membrane area was 5 cm2, and the source- and receiving-phase volumes were 258 

45 mL. Uncertainties are standard deviations from experiments with 3 or more membranes.  259 
bIn these experiments, source and receiving phases were analyzed only at the beginning and end of 260 

the experiment. The recovery is based on measurements of the source-phase concentrations. 261 
cSeveral aliquots were periodically removed from the source and receiving phases during the 262 

experiment to monitor concentrations over time.  263 

 264 

We use equation (4) to define selectivity, ���/���� , where ���
��� and �����

���  are the total 265 

moles of K+ and Mg2+, respectively, transported to the receiving phase.  The variables 266 

�
��
������,�  and �

����
������,�  are the initial concentrations of these ions in the source-phase 267 

solution.  268 

���/���� =
�

��
���/�

��
������,�

�
����
��� /�

����
������,�             (4) 269 

Even at 80% recovery, the K+/Mg2+ selectivity is at least several hundred at a current density 270 

of 0.8 mA/cm2. Unfortunately, the uncertainty in purities and selectivities is relatively large 271 

because the low concentration of Mg2+ is hard to detect precisely and varies significantly 272 

among replicates. Using 3.5 h of ED (Table 1, case 2), the ratio of K+ to Mg2+ in the receiving 273 

phase ranged from 200 to 2000 in experiments with 3 different membranes. Taking into 274 

account the decreasing concentration of K+ in the feed solution over time would give an even 275 
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higher selectivity value (sometimes termed the separation factor [41]). In addition to high 276 

selectivity, these separations offer overall current efficiencies of around 70% for K+ transport 277 

(see Table 1). The pH values in the receiving and source phases were ~1.9 and 5.6, 278 

respectively, and hardly changed throughout the experiment. 279 

 280 

Ion passage through the membrane occurs primarily via electromigration, and the MPF 281 

controls the ion flux. The flux of a given ion depends on its concentration and mobility in the 282 

film. The MPF significantly excludes divalent Mg2+ in part due to its large hydrodynamic 283 

radius and high hydration energy [14]. Moreover, the positively charged MPF 284 

electrostatically excludes the divalent ion as shown in prior studies [39]. Finally, the large 285 

hydration shell and hydration energy also likely lead to a low Mg2+ mobility in the film.  286 

 287 

3.2. Selectivities and limiting currents   288 

Figure 3 shows the time-dependent percent recoveries of K+ and Mg2+ during ED with a 289 

source phase that initially contained 0.01 M KNO3 and 0.01 M Mg(NO3)2. The rate of 290 

increase in K+ recovery (proportional to the slope in Figure 3) declines sharply at recoveries 291 

>60%, even though the current density is constant. Additionally, the Mg2+ flux slowly rises 292 

at high K+ recovery. One might expect such trends due to the declining ratio of K+ to Mg2+ 293 

in the source phase over time. However, section S-1 of the supplementary information shows 294 

that with a high and constant selectivity of 100 (with selectivity defined based on the 295 

instantaneous fluxes and instantaneous source-phase concentrations [41]), decreases in the 296 

K+ flux should be small until the K+ recovery approaches 100%. Thus, depletion of the 297 

source-phase concentration alone probably does not explain the trends in Figure 3.   298 

 299 

The most likely reason for the decline in the K+ flux and the K+/Mg2+ selectivities at K+ 300 

recoveries >60% is that the applied current significantly exceeds the limiting current when 301 

the K+ concentration in the source phase decreases. When this occurs the K+ transference 302 

number should decrease. Water splitting could lead to local pH changes that increase the film 303 

permeability to Mg species [39]. In Table 1 case 4, we applied a higher current density (1.6 304 

mA/cm2) for 2 hours. The average selectivity and purity in case 4 are lower than in case 3, 305 

even though these experiments employ the same amount of total charge passed. This suggests 306 

that exceeding the limiting current to a larger extent may impair selectivity, even though the 307 

difference in selectivities for case 3 and case 4 is significant only at the 90% confidence level.  308 

 309 
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 310 

Fig. 3. K+ and Mg2+ percent recoveries during ED through Nafion membranes coated with 311 

(PAH/PSS)5PAH films. The initial source phase contained 0.01 M KNO3 and 0.01M 312 

Mg(NO3)2, and the receiving phase was 0.03 M HNO3. Recovery was calculated using 313 

equation (2). The blue curve models the K+ recovery using equations (5) and (6), with an 314 

initial limiting current density of 0.9 mA/cm2. The applied current density was 0.8 mA/cm2, 315 

the membrane area was 5 cm2, and the source- and receiving-phase volumes were initially 316 

45 mL. Error bars are the range of 2 measurements. 317 

   318 

We modelled the K+ recovery in Figure 3 using different equations for currents above and 319 

below the limiting value. When � ∗ ��� < ����
��

, we employed equation (5). 320 

���
��� = �

��
���,� +

�∗�
��∗�

��
 �            (5) 321 

In this equation ���
��� is the concentration of K+ in the receiving phase, ���

���,� is the initial 322 

concentration of K+ in the receiving phase at the beginning of a given time interval, � is the 323 

applied current density, � is Faraday’s constant, � is the receiving-phase volume during the 324 

time interval, � is the exposed membrane area, and � is the elapsed time. Based on the first 325 

four data points in Figure 3, we assumed a constant ���  value of 0.76 for underlimiting 326 

conditions. Note that �  changes slightly between sampling intervals due to removal of 327 

solution for analysis, so we model concentrations interval by interval. 328 

 329 

The limiting current decreases with time because the concentration of K+ in the source phase 330 

declines during ED. When � ∗ ��� > ����
��

, we model the receiving phase concentration as  331 
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���
��� = �

��
���,� + �

��
������,� �1 − ��� �−

���

��
��        (6) 332 

where 333 

����
��

= ���� = ����
������              (7) 334 

In these equations, �  is the proportionality constant between the source-phase �� 335 

concentration and the limiting current density, and ���
������,� is the initial concentration in 336 

the source phase at the beginning of a typical time interval that corresponds to the volume �.  337 

Equations (6) and (7) assume that the flux of K+ is proportional to the limiting current, which 338 

is proportional to the K+ source-phase concentration. Thus, the flux of K+ across the 339 

membrane decreases exponentially with time. Section S-2 of the supplementary information 340 

derives these equations and gives more details of the model.   341 

 342 

Figure 3 shows modelling data for ���
��� with a limiting current of 0.9 mA/cm2. This value is 343 

close to the limiting current of 0.6 mA/cm2 that we determined previously from current-344 

voltage curves [33,39]. Given the uncertainties in the experimental data, the simulated 345 

limiting current in Figure 3 could fall within a range of 0.7 to 1.8 mA/cm2. 346 

 347 

Lower applied currents should increase the efficiency of the separation by avoiding 348 

overlimiting currents. Thus, we also performed ED with a lower initial applied current 349 

density (0.5 mA/cm2) and decreased the current density in a stepwise fashion (Figure 4a) to 350 

avoid approaching the limiting current upon K+ depletion. The supplementary information 351 

(Section S-3) describes the rationale for the selection of the current program.  Figure 4b 352 

shows the recovery as a function of the amount of charge passed in this experiment as well 353 

as for an experiment with a constant current of 0.8 mA/cm2. The lower applied currents give 354 

rise to higher recovery for a given amount of charge passed, which indicates a higher current 355 

efficiency. In fact, the calculated current efficiency is as high as 1.4 during the ED with lower 356 

currents. The current efficiency >1 suggests that ion-coupled diffusion to the receiving phase 357 

as well as exchange of K+ with H+ in the ion-exchange membrane are significant at these 358 

lower current densities. The final recovery based on the receiving-phase concentration is 359 

104%, but the final source phase concentration at the end of the experiment suggests the 360 

recovery is around 90%. This difference likely stems from K+ initially loaded in the 361 

membrane leaching into the receiving phase. Section S-4 of the supplementary information 362 

further discusses these issues. Most important, with the applied current program in Figure 4a, 363 

even at high recovery the current efficiency is around 1. Although these separations take 364 

many hours, section S-5 of the supplementary information shows that increasing the ratio of 365 

membrane surface area to cell volume could decrease the residence time required for 90% 366 

recovery by two orders of magnitude. 367 

A subsequent experiment with the same membrane and the low applied currents showed 368 

no decrease in purity and recovery (see Section S-6 in the supplementary information).  This 369 

suggests at least short-term stability. Longer-term stability studies are needed for exploring 370 
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practical applications. One paper showed that membranes coated with multilayers containing 371 

quaternary-ammonium polyelectrolytes are stable for more than 100,000 ppm hours of 372 

NaOCl [42].  373 

 374 

Fig. 4. (a) Current-density program applied to avoid exceeding the limiting current.  (b) K+ 375 

recovery as a function of charge passed during ED with the current program in Fig. 4a (blue 376 

squares) or a constant current density of 0.8 mA cm-2 (red circles). The initial source phase 377 

contained 0.01 M KNO3 and 0.01 M Mg(NO3)2, and the receiving phase was 0.03M HNO3. 378 

The membrane area was 5 cm2, and the source- and receiving-phase volumes were 45 mL. 379 

Error bars are standard deviations from 3 experiments with at least two membranes. 380 

 381 

3.3. ED with a large-volume source phase and higher ion concentrations 382 

To further demonstrate that decreasing K+ fluxes and current efficiencies at high recoveries 383 

result from the declining source-phase K+ concentration, we performed ED with a 10-fold 384 

higher source-phase volume. This gives a much smaller drop in the K+ source-phase 385 

concentration when performing ED for the same amount of time as with a lower-volume 386 

source phase. Additionally, when the receiving-phase volume is much smaller than the 387 

source-phase volume, ED can concentrate the desired species in the receiving phase. As 388 

Figure 5 shows, when performing ED with a current density of 0.8 mA/cm2 for 6 h and a 389 

source-phase volume of 450 mL, the K+ flux is approximately constant over the course of the 390 

experiment. This occurs because the K+ depletion in the source phase is only 25%. The 391 

current efficiency is 85%. Remarkably, the K+/Mg2+ selectivity is > 1000, and the K+ purity 392 

in the receiving phase (relative to Mg2+ and K+) is >99.9% in these experiments. Additionally, 393 

because in this experiment the source-phase volume is 15 times the receiving-phase volume, 394 

the K+ concentration in the receiving phase after 6 h is ~4 times the initial concentration in 395 

the source phase. With longer ED times and smaller receiving-phase volumes, a much higher 396 

concentration factor should be possible.  Doubling the source-phase salt concentration to 397 

0.02 M KNO3 and 0.02 MgNO3 and using the 450-mL source phase leads to even higher 398 

current efficiencies, but increased diffusion at the higher concentration likely artificially 399 

increases the current efficiency. 400 

 401 
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 402 

Fig. 5. Concentrations of K+ in the source (open squares) and receiving phases (filled blue 403 

squares) and Mg2+ in the receiving phase (red circles) during ED through a (PAH/PSS)5PAH-404 

coated Nafion membrane. The current density was 0.8 mA cm-2, the source phase was 405 

initially 0.01 M KNO3 and 0.01 M Mg(NO3)2, and the receiving phase was 0.03 M HNO3. 406 

The volumes of the source and receiving phases were 450 ml and 30 mL, and the membrane 407 

area was 7.5 cm2. Error bars, which are typically smaller than the symbols, show the range 408 

of values with two membranes. Section S-7 in the supplementary information shows the Mg2+ 409 

concentration on an expanded scale. 410 

 411 

We also performed ED with a source phase containing 0.05 M KNO3 and 0.05 M Mg(NO3)2). 412 

Because the limiting current is proportional to the cation concentration in the source phase, 413 

we increased the current density to 4 mA/cm2 in these studies. Application of a constant 414 

current for 3.5 hours gives a K+ recovery of 86±2% along with a K+ purity of 98.2±0.1%. 415 

The K+/Mg2+ selectivity decreases to 55±4 in this case, perhaps because the higher current 416 

densities greatly exceed the limiting current upon K+ depletion. Additionally, the higher 417 

source-phase concentration may lead to less Donnan exclusion of the divalent cation.  418 

 419 

3.4 Recovering Li+ from Li+/Mg2+ mixtures 420 

Separation of Li+ from Mg2+ or other divalent ions may prove important in recycling or 421 

purifying Li+.  The high K+/Mg2+ selectivities described above bode well for Li+/Mg2+ 422 

separations.  Nevertheless, the Stokes radius of hydrated Li+ is almost twice as large as that 423 

for K+ [4], so fractionation of Li+ and Mg2+ is more challenging than separation of K+ and 424 

Mg2+. The relatively low diffusion coefficient of Li+ should also lead to limiting currents that 425 

are lower than with K+. Case 1 in Table 2 shows that application of a constant current of 0.8 426 

mA/cm2 leads to a Li+ purity (relative to Li+ and Mg2+) of 96.9% at a recovery of 48%. As 427 

expected, the Li+/Mg2+ selectivity is less than the K+/Mg2+ selectivity with these membranes, 428 

and the Li+ recovery is also lower than the K+ recovery. A similar experiment with a bare 429 

Nafion membrane showed a Li+/Mg2+ selectivity of only 0.75, demonstrating that the MPF 430 

greatly increases the selectivity.    431 

0 1 2 3 4 5 6
0

0.01

0.02

0.03

0.04

0.05

 K+ in receiving phase

 K+ in source phase

 Mg2+ in receiving phase

Time(h)

Io
n

 c
o

n
c

e
n

tr
a
ti

o
n

 (
M

)



14 
 

Decreasing the current in steps over the course of the separation significantly increases both 432 

the purity and recovery of Li+ in the receiving phase (compare cases 1 and 2 in Table 2).  433 

Halving the current every 2 h leads to a Li+ purity around 99%, and the Li+/Mg2+ selectivities 434 

with four different membranes were 30, 160, 230 and 550.   435 

 436 

Table 2 Overall Li +/Mg2+ selectivity, Li+ recovery and Li+ purity after ED using a source 437 

phase containing 0.01 M LiNO3 and 0.01 M Mg(NO3)2.a 438 

Case Concentration 

of MPFs (M) 

Current Program (mA/cm2) Li
+
/Mg2+ 

selectivity 

Transference 

number (Li
+ 

%) 

Li+ 

recovery 

(%) 

Li+ 

purity 

(%）  

1 0.02 0.8 for 6 h 31±3 29±1 48±2 96.9±0.3 

2 0.02 0.8, 0.4, 0.2 for 2,2,2 h 240±190 60±9 58±7 98.8±1.3 

3 0.04 0.8 for 6 h 48±11 34±2 58±5 97.8±0.6 

4 

5 

0.04 

0.04 

0.8, 0.4, 0.2 for 2,2,2 h  

0.8, 0.4, 0.2 for 2,2,6 h 

990±540 

140±30 

68±3 

54±4 

63±4 

63±3 

99.9±0.1 

99.3±0.1 

aThe Li+ recovery is based on source-phase concentrations at the beginning and end of the 439 

experiment.  Recoveries based on the receiving phase are higher. Samples were removed 440 

periodically for analysis.  441 

 442 

MPF formation and film structure depend on multiple adsorption parameters including 443 

polymer concentration, pH, and supporting electrolyte concentration [44]. We briefly 444 

examined the effect of polyelectrolyte concentration on transport properties. Specifically, we 445 

doubled the polyelectrolyte repeating unit concentrations in adsorption solutions from 0.02 446 

M to 0.04 M during Nafion modification and examined ED with a solution containing Li+ 447 

and Mg2+. Comparison of cases 1 and 3 in Table 2 suggests that even at a constant current 448 

density of 0.8 mA/cm2, depositing the MPF from solutions with higher polyelectrolyte 449 

concentrations gives higher recovery and Li+ purity.  450 

 451 

With the current-step program (Table 2, case 4), the Li+/Mg2+ separation is especially 452 

selective when using MPFs deposited from polycation and polyanion solutions containing 453 

0.04 M repeating units.  In this case, the receiving phase contains 99.9% pure Li+ with a 454 

recovery of 63%. We attempted to increase the recovery by extending the last current step 455 

from 2 to 6 h (Table 2, case 5), but this had no significant effect on recovery and decreased 456 

the Li+ purity, presumably because the current exceeds the limiting value at the end of the 457 

experiment. The reason for the significant increase in selectivity and recovery when using a 458 

higher polyelectrolyte concentration during MPF deposition is not yet clear. Another study 459 

showed that polyelectrolyte molecular weight may change how MPFs cover pores [45], and 460 

a related effect might occur with different polyelectrolyte concentrations. Ellipsometric 461 

thicknesses of “dry” (PAH/PSS)5PAH films assembled on a Au-coated substrate were not 462 

significantly different for deposition from polyelectrolyte solutions containing 0.02 and 0.04 463 

M polymer repeating units. The average film thicknesses were 20 and 21 nm.   464 
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3.5 Li+ extraction from solutions with excess Mg2+ 465 

The Li+ extraction described above employed source-phase solutions containing equimolar 466 

Li+ and Mg2+, whereas in some brines the Mg2+ concentration is significantly greater than 467 

that of Li+ (section S-8 of the supplementary information provides more detail about the ion 468 

compositions of brines). For example, the molar ratios of Mg 2+ to Li2+ in the Great Salt Lake 469 

and Smackover, USA are ~40 and ~6, respectively. Current production of lithium mainly 470 

occurs at lakes where the molar ratio of Mg 2+/Li+ is less than 2 [46]. We conducted ED with 471 

a Mg2+ to Li+ ratio of 20 to see whether membranes can maintain their selectivity in excess 472 

Mg2+ and also at a higher ionic strength. These experiments employed a polyelectrolyte 473 

repeat unit concentration of 0.04 M during membrane modification, as this condition gave 474 

rise to highly selective membranes in experiments with equimolar Li+ and Mg2+. 475 

 476 

Figure 6a shows ED results for an experiment using a source phase initially containing 0.01 477 

M LiNO3 and 0.2 M Mg(NO3)2 (ionic strength of 0.6 M)  In this case the source-phase 478 

volume was relatively large (450 mL), and the Li+ depletion in the source phase was <20% 479 

over the course of the experiment. The ratio of Li+ to Mg2+ in the receiving phase was around 480 

5, so when taking into account the Li+/Mg2+ ratio of 0.05 in the initial source phase, the 481 

selectivity is around 100.  Moreover, because the receiving-phase volume is 15 times that of 482 

the source phase, the Li+ concentration in the receiving phase at the end of the experiment is 483 

around 3 times (0.03 M) the initial source-phase concentration, even though the recovery is 484 

only 18%. 485 

 486 

Fig. 6. Concentrations of Li+ in the source (open squares) and receiving phases (blue 487 

squares), and of Mg2+ in the receiving phase (red circles) during ED through a 488 

(PAH/PSS)5PAH-coated Nafion membrane. (a) ED used a current density of 0.8 mA cm-2 489 

with an initial source phase containing 0.01 M LiNO3 and 0.2 M Mg(NO3)2, and a receiving 490 

phase of 0.03 M HNO3. The source- and receiving-phase volumes were 450 ml and 30 mL, 491 

respectively. (b) ED used a current density of 1.2 mA cm-2, with an initial source phase 492 

containing 0.02 M LiNO3 and 0.4 M Mg(NO3)2, and a receiving phase of 0.03 M HNO3. The 493 

volumes of source and receiving phase were 45 mL each. The membrane area was 7.5 cm2 494 
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in (a) and 5 cm2 in (b).  Error bars show the range from experiments with 2 different 495 

membranes. 496 

 497 

A separate ED experiment employed a source phase containing 0.02 M LiNO3 and 0.4 M 498 

Mg(NO3)2 to see if selectivity decreases further at high ionic strengths. As Figure 6b shows, 499 

at this ionic strength of 1.2 M the selectivity was only around 30, suggesting that high ionic 500 

strength may decrease selectivity. This effect might arise from less electrostatic exclusion 501 

of the divalent ion at high ionic strengths.  502 

 503 

3.6.  Comparison to other selective membranes 504 

A few studies show extraordinary Li+/Mg2+ selectivities in metal-organic frameworks or 505 

ionic conductors [47,48], but this section compares commercial monovalent-selective CEMs 506 

and MPF-modified Nafion membranes. Nie et al. used a commercial monovalent 507 

permselective CEM (Asahi Glass Selemion) to separate Li+ and Mg2+ and achieved a Li+ 508 

recovery of ~95%, a current efficiency of 50% and a Li+/Mg2+ selectivity of ~20 when the 509 

Mg2+/Li+ feed molar ratio was ~40 [49]. Their work is oriented towards some salt lakes in 510 

west China with high concentrations of magnesium. Chen et al. studied the performance of 511 

ASTOM CIMS cation-selective membranes in the ED of Li+ and Mg2+. They achieved a Li+ 512 

recovery of 80%, a current efficiency of 30% and a Li+/Mg2+ selectivity of 60 when the 513 

concentrations of Li+ and Mg2+ were similar in the feed [50]. However, when the 514 

concentration of Mg2+ was 10 times larger than that of Li+, these values decreased to 60% 515 

recovery, 10% current efficiency and a selectivity of 5. Among monovalent selective CEMs, 516 

the MPF-coated Nafion shows the highest selectivities and current efficiencies when the 517 

Li+/Mg2+ ratio is nearly equal, but the performance is similar to that of other membranes 518 

when Mg2+ is in excess or the ionic strength is high (Table 3).  519 

 520 

Table 3. Comparison of MPF-coated Nafion with other monovalent-selective cation 521 

exchange membranes. 522 

Refs Membrane type Lithium concentration and molar ratio of 

cations 

Li+/Mg2+ 

selectivity 

Li+ recovery 

(%) 

Current 

efficiency (%) 

Nie et al Asahi Glass 

Selemion (CSO) 

0.02 M Li+ with Mg2+/Li+ ratio of 40 20 95 50 

Chen et al ASTOM CIMS 0.05 M Li+ with a Mg2+/Li+ ratio of 1 or 10 60 or 5 80 or 60 30 or 10 

This work MPF/Nafion 

membrane 

0.01M Li+ with Mg2+/Li+ ratio of 1 or 20 700 or 

100 

75 or 20 70 or 45 

 523 

Section S-9 of the supplementary materials discusses the relatively low energy consumption 524 

for lithium extraction using ED. We should note, however, that incorporation of ED in current 525 

evaporation/precipitation processes with brines will prove challenging because Mg2+ is 526 

usually removed from brines prior to Na+ [51]. The presence of Na+ will greatly decrease the 527 
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current efficiency for separating Li+ from Mg2+ [50]. Monovalent/divalent ion separations 528 

might prove more useful in recycling Li+ from batteries [52].  529 

 530 

 531 

4. Conclusions 532 

 533 

Coating of Nafion membranes with (PAH/PSS)5PAH films leads to K+/Mg2+ and Li+/Mg2+ 534 

selectivities >200 even with monovalent ion recoveries of 80%. Moreover, when using a low 535 

receiving-phase volume, one can concentrate the monovalent ion in the receiving phase.  536 

Limiting currents decrease at high recoveries, so ED with a gradually decreasing applied 537 

current enhances current efficiency. Assembly of the (PAH/PSS)5PAH film using higher 538 

polyelectrolyte concentration likely leads to higher monovalent/divalent ion selectivities. 539 

When the initial ratio of Mg2+ to Li+ in the source phase is 20, ED with these membranes 540 

shows a selectivity of around 100, but selectivity decreases at higher ionic strengths.   541 
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