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Abstract: Highly selective ion separations are vital for recovering important salts, and membrane-12 
based techniques may enable environmentally friendly ion separations that operate continuously. 13 
This study demonstrates that simply opposing convective flow with electromigration in track-14 
etched membranes leads to remarkable selectivities among monovalent ions. Because the 15 
membrane-pore diameters are orders of magnitude larger than the ion diameters, advection moves 16 
all ions at the same velocity, whereas electrophoretic velocities are proportional to ion mobilities. 17 
Thus during counter-flow cation electromigration, less mobile cations have lower electromigration 18 
velocity components and pass through porous membranes more rapidly than more mobile cations. 19 
Using membranes with 400 nm pores, counter-flow electromigration gives Li+/K+ selectivities of 100 20 
and Li+/Na+ selectivities around 30 in mixed-salt studies. Numerical simulations based on the 21 
extended Nernst-Planck equation agree with trends in experimental data and highlight the 22 
importance of high Péclet numbers, high current-to-flow ratios, and uniform current distributions 23 
for achieving high selectivities. Importantly, experimental separations give high selectivities at 0.3 24 
M ionic strength and low Li+/K+ ratios, which suggest these methods may also work in brine 25 
solutions. Nevertheless, energy costs for such separations are high.  26 
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1. Introduction 29 

Highly selective ion separations are crucial for recovering purified salts that serve in applications 30 
ranging from energy storage to catalysis [1-3]. As an example, Li2CO3 production from salt-lake 31 
brines, which is becoming increasingly important due to the growing battery market, is essentially 32 
an ion-separation process [4]. Commercial ion-separation techniques such as chemical precipitation 33 
[5] and solvent extraction [6, 7] are effective but often not environmentally friendly. Membrane-based 34 
methods can potentially separate ions in a continuous process that does not generate additional waste 35 
streams. Nanofiltration [8] and selective electrodialysis [9] already show promise in complementing 36 
current commercial ion separations.  37 

Selectivities in membrane-based ion separations rely on differences in the charges, sizes, or 38 
hydration energies of the ions of interest. In ion-exchange membranes, immobilized charged groups 39 
enable selective passage of either anions or cations (permselectivity) [10]. The high density of 40 
immobile charge in the membrane leads to exclusion of mobile ions that have the same charge sign 41 
(co-ions) as the fixed charge and to attraction of mobile ions that have the opposite sign (counter-42 
ions). Separations of ions that have the same charge sign usually exploits differences in ion valences. 43 
For example, divalent ions generally have larger hydrated sizes than monovalent ions, and 44 
membranes with well-defined pore sizes may “sieve” out the larger divalent ions [11]. Often more 45 
importantly, charged membranes exclude multiply charged co-ions more than singly charged co-ions 46 
[12-16].  47 
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Separation of ions that have the same valence (monovalent cations for example) is challenging 48 
because these ions typically have similar hydrated sizes, and selective electrostatic exclusion based 49 
on charge differences does not apply. Nonetheless, membrane scientists have identified several 50 
methods to separate monovalent ions and achieved remarkable selectivities in some cases. 51 
Electrodialysis with a supported liquid membrane can give K+/Na+ selectivities around 10 or 52 
extraordinary K+/Li+ and Na+/Li+ selectivities around 850 [17]. The separation mechanism exploits the 53 
differences in dehydration energies, and the ion that has the “toughest” hydration shell (Li+) 54 
partitions least into the organic membrane. A related separation mechanism explains why graphene 55 
oxide membranes with tunable interlayer spacings give different permeation rates among 56 
monovalent ions (K+ > Na+ > Li+) [18]. Alternatively, several research articles examined incorporating 57 
ion-selective materials into the membrane matrix to give selectivity [19-21]. Ounissi and coworkers 58 
embedded a lithium-conducting powder into an anion-exchange membrane, and under dialysis 59 
conditions, such membranes gave outstanding Li+/Na+ and Li+/K+ selectivities around 300 [19]. 60 
Commercial ion-selective electrodes also utilize membranes that contain ion-selective materials [22].  61 

This research explores ion separations based on counter-flow electromigration within uniform 62 
400-nm pores. Other studies showed that nanopores of controllable size, geometry, charge, and 63 
surface chemistry are exciting materials for separations [23], biochemical sensors [24, 25], and current 64 
rectifiers [26]. Fundamentally, the counter-flow electromigration mechanism that we exploit relies on 65 
differences in the electrophoretic mobilities (or equivalently the hydrodynamic radii) of different 66 
ions. Although the electrophoretic mobilities of K+ and Li+ differ only by a factor of 2 [27], the counter-67 
flow electromigration mechanism can give Li+/K+ selectivities above 100 experimentally, and much 68 
higher theoretically. In this mechanism, a volumetric flow through nanoporous membranes carries 69 
both K+ and Li+ with the same advective velocity. (The pore diameters are orders of magnitude larger 70 
than the diameters of the hydrated ions, so sieving plays no role in these separations and does not 71 
affect ion velocities.) With an opposing applied electric field (Figure 1), electromigration of K+ and Li+ 72 
will oppose their advection [28-30]. Importantly, the electrophoretic velocities of K+ and Li+ are not 73 
the same due to their different hydrodynamic radii. Li+ is the larger hydrated ion and migrates slower 74 
electrophoretically than K+; therefore Li+ has a higher net velocity (advection minus electromigration) 75 
through the membrane than K+ (Figure 1). As the electric field increases, both K+ and Li+ passages 76 
tend toward zero, but K+ passage decreases much faster. With a sufficiently strong electric field that 77 
opposes advection, the Li+/K+ separation becomes highly selective as the K+ passage approaches zero.  78 

 79 
 80 

Figure 1. Mechanism of Li+/K+ separation based on counter-flow electromigration.  81 

Our previous work examined this separation mechanism with negatively charged 82 
polycarbonate track-etched membranes containing 30-nm pores [31]. Rapid flow of dilute solutions 83 
through these charged membranes spontaneously induces a streaming potential or an electric field. 84 
This electric potential gives cation electromigration that opposes the flow. At 0.2 mM ionic strength, 85 
this method yields Li+/K+ selectivities as high as 70. However, separations at higher, more practical 86 
ionic strengths require very small, charged nanopores to effectively exclude co-ions and create high 87 
streaming potentials. In such small pores the flow rate needed for high selectivity requires a 88 
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transmembrane pressure that is prohibitively high [31]. Thus, counter-flow electromigration based 89 
on streaming potentials cannot separate ions with high selectivities at high ionic strengths.  90 

This study addresses the challenge of applying counter-flow electromigration to obtain 91 
remarkable selectivities among monovalent cations at relatively high ionic strength. The use of 92 
electrodes to provide the counter-flow electric field, rather than relying on streaming potentials, 93 
yields Li+/K+ selectivities around 100 and Li+/Na+ selectivities around 30 at 0.3 M ionic strength. In 94 
Li+/K+ separations, as the applied voltage increases K+ and Li+ passages decrease, and the K+ passage 95 
tends toward zero. These trends are consistent with modelling based on the extended Nernst-Planck 96 
equation. We also employ modelling to reveal a non-uniform current distribution in this cell 97 
geometry, and show that such inhomogeneity could decreases the selectivity, but defects are likely a 98 
much larger contributor to reduced selectivity. Additionally, the work gives insight on the 99 
importance of a high flow rate (more specifically a high Péclet number) and discusses energy 100 
consumption, the choice of pore size, and some limitations of this method.  101 

2. Materials and Methods  102 

2.1. Materials 103 

Lithium sulfate (≥98.5%), sodium sulfate (ACS reagent, ≥99.0%, anhydrous, granular), and 104 
sulfuric acid (ACS reagent, 95.0-98.0%) were purchased from Sigma Aldrich. Potassium sulfate (ACS 105 
grade, anhydrous) was obtained from VWR. K+, Li+, and Na+ standard solutions (TraceCert® , 1000 106 
mg/L) were acquired from MilliporeSigma. All solutions were prepared with deionized water (Milli-107 
Q Reference System, 18.2 MΩ cm). Polyester track-etched membranes (400 nm pore diameter, 12 108 
micron thickness, 2 x 106 pores/cm2) were purchased from Sterlitech. Anion-exchange membranes 109 
(AEMs) (Fumasep FAS-PET-130, polyester reinforced) were obtained from FuelCellStore.  110 

2.2. Experimental Setup 111 

Separations occurred in a homemade tangential-flow filtration cell. The cell (Figure 2) consists 112 
of 4 chambers: a feed chamber, a permeate chamber, and 2 electrode chambers (cathode and anode). 113 
Anion-exchange membranes separated the cathode and feed chambers as well as the anode and 114 
permeate chambers. The polyester track-etched membrane (1 cm2 of exposed area) separated the feed 115 
and permeate chambers. Submersible pumps (Little Giant Thermoplastic Statuary Pump 1/2 hp) 116 
circulated electrode rinse solutions through the electrode chambers at a flow rate of 2.5 L/min, and 117 
the total volume of this rinse solution was 3 L. A separate pump (McMaster-Carr catalogue # 118 
9971K21) circulated feed solution through the feed chamber at a flow rate of 4.6 L/min, and the total 119 
volume of the feed solution was 5 L. The recirculation flow rates were determined volumetrically by 120 
collecting the flow through the cell. The permeate chamber was agitated with a magnetic stir bar. 121 
More practical configurations of this process would likely employ recirculation of the permeate 122 
solution to mix the permeate chamber and limit non-uniform concentration and currents. An in-123 
house N2 supply with regulator control pressurized the feed chamber, and a pressure gauge was 124 
installed near the outlet of the feed chamber. The electrodes are stainless steel discs, each with an area 125 
of 1.54 cm2. Typically stainless steel is not recommended for the anode because of possible metal-ion 126 
generation during electrolysis, but calculations show that the concentrations of metal ions generated 127 
during the experiment are negligible compared to the ionic strength of the pristine electrode rinse 128 
solutions (supporting information section S1). The electrodes were connected to a DC power supply 129 
(TekPower, TP12001X 120V DC Variable Switching Power Supply) and a multimeter in series. Section 130 
S2 of the supporting information gives a more detailed drawing of the cell, and we also include the 131 
CAD files of the filtration cell as supplementary materials.  132 

 133 

 134 
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 136 

Figure 2. Scheme of the experimental apparatus. Solutions within the cathode, anode, and permeate 137 
chambers were recirculated. In the permeate chamber, solution entered from the feed chamber 138 
through the track-etched membrane and exited at the outlet. The outlet was open to atmosphere, and 139 
the transmembrane pressure across the track-etched membrane created the transmembrane flux. The 140 
permeate chamber was stirred by a small magnetic stir bar, and the filtration cell was placed on top 141 
of a magnetic stir plate set at 500 rpm. AEM stands for anion-exchange membrane.  142 

2.3. Steady-state Separations 143 

For the Li+/K+ separations, the feed tank contained a 50 mM K2SO4, 50 mM Li2SO4 mixture 144 
adjusted to pH 3 using 1 M H2SO4. The pH adjustment effectively eliminated electroosmotic flow (see 145 
the supporting information, section S3). However, the low pH may limit some applications. Surface 146 
treatment can also suppress electroosmotic flow and may serve as an attractive alternative to pH 147 
adjustment [32]. The electrode rinse solution was 100 mM Na2SO4. To start the experiment, all 148 
solutions were recirculated and no voltage was applied. The feed tank was then pressurized with the 149 
N2 supply, and the pressure regulator was adjusted until the feed outlet pressure reached 5 psi (0.34 150 
bar). The transmembrane pressure across the track-etched membrane pushed the feed solution 151 
through the membrane and filled the permeate chamber. The membrane was not selective without 152 
an applied voltage, so the ion concentrations in the permeate were initially the same as in the feed.  153 

After all four chambers were filled with solution with no observable air bubbles, a constant 154 
voltage was applied using a DC power supply. Once a steady state was reached (section 2.4 discusses 155 
the attainment of steady state), 3 permeate aliquots were collected for analysis, and an average value 156 
of permeate concentrations was determined from the 3 aliquots for each voltage. Each aliquot was 157 
collected into a petri dish (3 cm diameter) for 2 minutes, and the weight of the petri dish was 158 
measured before and after permeate collection to determine permeate flow rate. Using a single 159 
membrane, the voltage was typically changed 4 or 5 times. The current at steady state was determined 160 
with a digital multimeter. The experiment was repeated 6 times, with a pristine membrane each time.  161 

The permeate ion concentrations were determined using inductively coupled plasma optical 162 
emission spectroscopy (ICP-OES) with calibration curves. Ion passages were calculated using Eq. (1). 163 
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Li+/K+ selectivities were calculated using Eq. (2). 165 

����������� =  
�� ������� %

� ������� %
                         (2) 166 

Additional experiments examined Li+/K+ separations with a 9:1 K+:Li+ ratio in the feed solution. 167 
In these experiments, the feed tank contained a 90 mM K2SO4, 10 mM Li2SO4 mixture (pH adjusted to 168 
3 with 1 M H2SO4). All other experimental details were the same as previously described. Li+/Na+ 169 
separations were performed with a 50 mM Na2SO4, 50 mM Li2SO4 mixture (pH adjusted to 3 with 1 170 
M H2SO4), and the electrode rinse solution was 100 mM K2SO4. 171 

2.4. Attainment of Steady State 172 

After changes in the applied voltages, the permeate concentrations and current evolved with 173 
time until reaching a steady state. To understand how the system responds to changes in voltage, we 174 
performed a Li+/K+ separation (with a 50 mM K2SO4, 50 mM Li2SO4 feed mixture, pH 3) and 175 
continuously determined permeate concentrations and current. Once a constant voltage was supplied 176 
by the DC power supply, the current was measured every 2 minutes and a permeate sample was 177 
collected during each 2-minute interval. After the current became steady, 3 permeate samples were 178 
collected. Then the voltage was increased, and we measured the current and collected permeate 179 
samples in the same manner as just described. The experiment was performed at 5 different voltages. 180 
These experiments established the time required for the steady-state experiments described in Section 181 
2.3. 182 

2.5. Numerical Simulations Based on the Extended Nernst-Planck Equation 183 

 Simulations in this study are similar to those in our previous work [31]. This section provides 184 
the framework, and interested readers can find more details in the supporting information section 185 
S4. We employed the extended Nernst-Planck equation [33], Eq. (3), as the governing equation for 186 
ion transport through the track-etched membranes.  187 

�� = −��
���

��
− ������

�

��

��

��
+ ����                (3) 188 

In this equation, �� , �� , and �� are the flux in the membrane pores, the diffusion coefficient in the 189 
membrane, and the charge, respectively, for ion �. �� is the ion concentration, which depends on the 190 
coordinate, �. Additionally, � is the electrostatic potential, ��  is the flow velocity inside the pores, 191 
and �, �, and � are Faraday’s constant, the gas constant, and temperature, respectively. The first 192 
term on the right-hand-side of the equation describes diffusive flux governed by Fick’s law; the 193 
second term is the electromigration flux employing the Einstein–Smoluchowski relation; and the 194 
third term describes advection flux. The simulations assume that radial diffusive mixing is sufficient 195 
to give a homogenous ion concentration in the radial direction (Taylor dispersion is negligible, see 196 
the supporting information, section S4 for justification of this assumption). Thus, ��  is the average 197 
velocity (flow rate in the pore divided by the pore cross-sectional area).  198 
 Eq. (4) describes the current density � in the membrane pores, and ion concentrations follow the 199 
electroneutrality condition, Eq. (5). 200 

� = � ∑ ��� ��                     (4) 201 

∑ ��� �� = 0                    (5) 202 

Eq. (6) gives the steady-state concentration of cations in the permeate solution.  203 

������� �,�������� =
��

��
                (6) 204 

Due to the AEMs in the filtration cell (Figure 2), cations enter the permeate chamber only from the 205 
feed chamber, assuming the AEMs are perfectly permselective. However, anions may enter from the 206 
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feed chamber and migrate through the anion-exchange membrane to the anode chamber. Therefore, 207 
Eq. (6) only applies to cations. Nonetheless, the permeate must be electrically neutral, so Eq. (7) 208 
defines the anion concentration in the permeate.  209 

������,�������� =
∑ ������� �������� �,���������

�������
            (7) 210 

Table 1 show the parameters employed in the simulations. With the pore diameter, length, and 211 
transmembrane pressure specified, the flow velocity within the nanopore is calculated by the Hagen–212 
Poiseuille equation [34]. We then specify a current density within the nanopore, and our numerical 213 
procedures calculate ion passages (or fluxes) at that current density. Section S4 in the supporting 214 
information gives more details about the numerical procedures.  215 

 216 
Table 1. Simulation parameters. 217 

Properties Value 

Pore diameter 400 nm 

Pore length 12 µm 

Transmembrane Pressure  5 psi (0.34 bar) 

K+ diffusion coefficient1 1.96 × 10-9 m2/s 

Li+ diffusion coefficient1 1.03 × 10-9 m2/s 

Na+ diffusion coefficient1 1.33 × 10-9 m2/s 

SO42- diffusion coefficient1 1.07 × 10-9 m2/s 
1 Literature values at infinite dilution [10]. 218 

2.6. Current density distribution modelling  219 

 As stated in section 2.2, the effective area of the track-etched membrane was 1 cm2 in all 220 
experiments. However, the membrane is embedded in a rectangular filtration cell that has a cross-221 
sectional area of 3.8 cm2 (2.5 cm × 1.5 cm, see section S2 in the supporting information). Thus, current 222 
must converge from a larger rectangular area to the smaller circular membrane, and we hypothesized 223 
a non-uniform current density distribution along the membrane. We employed the “Electric 224 
Currents” module of COMSOL Multiphysics software to model this distribution. We considered a 225 
numerical domain in the form of a parallelepiped with a length of 2.5 cm, width of 1.5 cm, and height 226 
of 1.5 cm (dimension of the feed chamber) and assumed it to be a medium with a constant electrical 227 
conductivity. At the upper domain surface, a constant voltage was set. In the middle of the bottom 228 
of the numerical domain, there was a circular conducting area with a radius of 0.565 cm 229 
corresponding to the track-etched membrane. The remaining part of the domain bottom (as well as 230 
all the side walls) were assumed to be insulating. The electrical resistance of the conducting part of 231 
the domain bottom was taken equal to that of the medium layer thickness, ℎ = 0.48 ��. This is just 232 
the track-etched membrane thickness (12 µm) divided by its porosity (0.25%). Given that conductance 233 
inside track-etched membranes can occur only in the normal direction (along the pores), and 234 
assuming a voltage equal to zero on the other side of the “membrane”, current inside the membrane 235 
is 1D and its density � is related to the voltage � at the membrane surface through equation (8) 236 
where � is the medium conductivity (the problem is linear, so the value of conductivity does not 237 
matter). 238 

� = −
��

�
                   (8) 239 

Due to the problem symmetry, we considered only one quadrant of the membrane. The parameters 240 
of the simulation were: basic mesh-element size - 4 � 10�� � , minimum mesh-element size - 241 
10�� �, maximum element growth rate - 1.05, resolution of curvatures - 0.6, resolution of narrow 242 
regions - 0.5. In the domain bulk, we used a tetrahedral mesh and at its bottom a refined triangular 243 
mesh whose basic element size at the circular boundary was 8 �10�� �. 244 
 245 
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3. Results and Discussion 246 

This work aims to employ counter-flow electromigration to separate ions at relatively high ionic 247 
strength. Our previous work reported a Li+/K+ selectivity of 70 utilizing streaming potentials but only 248 
for solutions at a low ionic strength (0.2 mM) [31]. The key challenge is that streaming potentials are 249 
too weak to give high Li+/K+ selectivities at the higher ionic strengths that are common in practical 250 
separations. For separations at higher salt concentrations, this work focuses on creating a larger 251 
electric field using a DC power supply and electrodes. To show that the separations reach steady 252 
state after application of a voltage, we initially examine transient responses to voltage steps (section 253 
3.1). Then we investigate steady-state Li+/K+ and Li+/Na+ separations at 0.3 M ionic strength using 254 
counter-flow electromigration (section 3.2). Although experimental results demonstrate highly 255 
selective separations, unwanted small amounts of K+ or Na+ passages are larger than numerical 256 
simulations predict. Section 3.3 gives several possible reasons why these experimental passages are 257 
higher than simulated ones, and Section 3.4 explores why large Péclet numbers are vital for high 258 
selectivities and briefly examines energy consumption. Finally, Section 3.5 examines how different 259 
parameters may affect the separations. 260 

3.1. Transient Changes in Permeate Concentrations and Current  261 

All of the ion-separation experiments occurred in the apparatus in Figure 2 that combines 262 
filtration and electrodialysis. As Figure 3 shows, after the application of a given voltage, the current 263 
and permeate concentrations stabilize after about 10 min. The current decreases as the system 264 
approaches steady state, indicating that the electrical resistance increases during this process. 265 
Additionally, the current-voltage curve at steady state is non-linear and shows increasing electrical 266 
resistance at higher voltages (see Figure S8 in the supporting information). Importantly, at the 267 
beginning of the experiment before a voltage is applied, the membrane is not selective as both K+ and 268 
Li+ passages are 100%. Because the membrane pores (400 nm diameter) are several orders of 269 
magnitude larger than the cations, these pores do not sieve ions and are not selective without an 270 
applied voltage that produces counter-flow electromigration.  271 

 272 

Figure 3. Transient responses of current (A) and ion passages (B) during the filtration of a 50 mM 273 
K2SO4, 50 mM Li2SO4 (pH 3) feed mixture after the application of various potentials. Sections 2.3. and 274 
2.4. give experimental details.  275 

Why does electrical resistance increase with voltage at steady state? As Figure 3(B) shows, the 276 
permeate K+ and Li+ concentrations decrease with voltage. Moreover, as expected minimal Na+ passes 277 
from the anode solution through the AEM to the permeate chamber (the permeate contains <0.3 mM 278 
Na+). Thus, according to electroneutrality the concentration of SO42- in the permeate must also 279 
decrease with voltage. Higher voltages should bring more SO42- from the feed chamber to the 280 
permeate chamber, but much of this SO42- passes from the permeate chamber through the AEM to the 281 
anode chamber, resulting in a decrease in SO42- permeate concentration as voltage increases (see the 282 
supporting information section S4 for the simple mass balance). In short, the electrical resistance of 283 
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the permeate chamber becomes larger as voltage increases and the permeate salt concentration 284 
decreases, fundamentally because of the AEM between the permeate and anode chambers.  285 

3.2. Li+/K+ and Li+/Na+ Separations  286 

Higher applied voltages lead to larger currents as expected, and selectivities increase greatly as 287 
the current rises. Figure 4 shows results for 6 replicate counter-flow electromigration experiments 288 
with 6 individual membranes. Remarkably, at high currents Li+/K+ selectivities are around 100 for 289 
feed solutions containing a 1:1 ratio of K+ to Li+ at 0.3 M ionic strength. When the current (or 290 
equivalently voltage and electromigration) increases, passages of both K+ and Li+ decrease, but the 291 
passage of K+ approaches zero more quickly due to its higher electrophoretic mobility. Although each 292 
individual membrane gave different ion passages at given currents, possibly because of porosity 293 
differences (see below), the results in Figure 4 demonstrate that counter-flow electromigration allows 294 
highly selective separation of Li+ from K+ even at 0.3 M ionic strength.  295 

 296 

Figure 4. Ion passages as a function of currents at steady state during replicate counter-flow 297 
electromigration experiments with 6 different track-etched membranes (each plot shows data from a 298 
different pristine membrane). Note the different scales for K+ (left axes) and Li+ (right axes) passages. 299 
The numbers above the Li+ passage are Li+/K+ selectivities. The feed contained a 50 mM K2SO4, 50 mM 300 
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Li2SO4 mixture (pH adjusted to 3 with 1 M H2SO4). The permeate flow rates through these membranes 301 
were: (A) 0.0021 mL/s, (B) 0.0012 mL/s, (C) 0.0012 mL/s, (D) 0.0015 mL/s, (E) 0.0017 mL/s, and (F) 302 
0.0014 mL/s. The transmembrane pressure was 0.34 bar (5 psi). Lines simply connect points. 303 

On average, the volumetric flow rate in Figure 4 is 0.0015 mL/s and high Li+/K+ selectivities 304 
typically occur at around 10% Li+ passage. This corresponds to a Li+ flux of 1.5 x 10-4 moles/m2/s (the 305 
exposed track-etched membrane external area is 1 cm2). Attaining this flux in electrodialysis would 306 
require a current density of 14.5 A/m2 if the current efficiency were 100%, and this is a 100-fold smaller 307 
value than the current density employed in this study. However, electrodialysis with ion-exchange 308 
membranes does not gives high selectivities among monovalent ions. Sections 3.4 and 3.5 further 309 
discuss the challenge of high current density and energy consumption during counter-flow 310 
electromigration.  311 
 The ion passages at a given total current vary significantly among different membranes (Figure 312 
4). This most likely occurs due to variations in membrane porosity. At 0.34 bar of transmembrane 313 
pressure, each membrane allows a different permeate flow rate, indicating that there is a variation in 314 
pore density among membranes. Because the pore diameters are nearly uniform (see section S7 in the 315 
supporting information), the flow rate within each pore should be approximately constant in all 316 
experiments due to the same transmembrane pressure. However, the variations in membrane 317 
porosity lead to different membrane electrical resistances and transmembrane electric fields because 318 
the membrane resistance is only part of the total cell resistance. Even at the same total current, this 319 
leads to porosity-dependent current densities in the pores and different ion passages. To eliminate 320 
the influence of porosity, Figure 5 replots the ion passages in Figure 4 as “normalized” current, or 321 
current divided by permeate flow rate. Because the total flow rate is proportional to the number of 322 
pores (assuming constant pore diameters) and the total current is proportional to the product of the 323 
number of pores and the current density in the pores, this normalized current compares membranes 324 
under conditions where the current density in the pores should be about the same for different 325 
membranes. As Figure 5 shows, with this normalization K+ and Li+ passages from different 326 
membranes approximately fall on a single master curve.  327 

  328 

Figure 5. (A) K+ and (B) Li+ passages plotted as a function of “normalized” currents at steady state. 329 
The feed contained a 50 mM K2SO4, 50 mM Li2SO4 mixture (pH adjusted to 3 with 1 M H2SO4). Each 330 
symbol color corresponds to data from a different membrane. The dashed lines are simulation results 331 
(see below).  332 

Figure 4 and Figure 5 show that counter-flow electromigration can separate Li+ from K+ when 333 
the feed ratio is 1:1. However, Li+ accounts for only a small fraction of cations in natural aqueous 334 
resources [35]. Thus, we performed Li+/K+ separation experiments with a 9:1 K+/Li+ feed ratio. 335 
Experimental data from 6 replicate membranes show high Li+/K+ selectivities around 100 at high 336 
currents (see supporting information Figure S9). Additionally, Figure 6 shows that ion passages 337 
generally agree with simulation results (dashed lines) when plotted against “normalized” currents. 338 
Interestingly, simulations in Figure 6(B) suggest a sharper drop of Li+ passage at normalized currents 339 
above ~37 C/cm3. A similar trend occurs in experimental data around 40-45 C/cm3. At high currents, 340 
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the K+ passage or flux approaches zero as electromigration completely opposes advection, and an 341 
increase in current should push back disproportionally more Li+ than K+ when there is no more K+ to 342 
oppose. Thus, Li+ passage decreases faster at high “normalized” currents.  343 

 344 

Figure 6. (A) K+ and (B) Li+ passages plotted as a function of “normalized” currents at steady state. 345 
The feed contained a 90 mM K2SO4, 10 mM Li2SO4 mixture (adjusted to pH 3 with 1 M H2SO4). Each 346 
symbol color corresponds to data from a single membrane. The dashed lines are simulation results.  347 

The experimental data presented thus far demonstrate that counter-flow electromigration can 348 
effectively separate Li+ from K+ at high ionic strength, even when Li+ only accounts for only 10% of 349 
the cations in the feed. However, in seawater or geothermal brines, Na+ is the dominant cation and 350 
so Li+/Na+ selectivities are more relevant for resource recovery than Li+/K+ separations. According to 351 
Table 1, Na+ is 30% more electrophoretically mobile than Li+, and counter-flow electromigration can 352 
separate Li+ from Na+ in theory. Thus, we performed Li+/Na+ separation experiments with a 50 mM 353 
Na2SO4, 50 mM Li2SO4 feed mixture (pH adjusted to 3). At high currents, Li+/Na+ selectivities are 354 
around 30 at about 10% Li+ passage (Figure S10 in the supporting information), and ion passages 355 
decrease with “normalized” current (Figure S11 in the supporting information). Expectedly the 356 
Li+/Na+ separations are less selective than Li+/K+ separations, because the electrophoretic mobilities of 357 
Li+ and Na+ differ less than the electrophoretic mobilities of Li+ and K+.  358 
 Nikonenko and coworkers examined a related monovalent-ion separation mechanism that also 359 
relies on counter-flow electromigration [30, 36]. Those studies employed a constant current to move 360 
K+ and Li+ through the track-etched membrane electrophoretically and varied the transmembrane 361 
pressure to control the extent to which advection opposed electromigration. At large pressures Li+ 362 
advection and electromigration may cancel each other almost completely, whereas K+ can still move 363 
through the membrane because of its high electrophoretic mobility. K+/Li+ selectivities reached values 364 
as high as 36 highlighting the potential of counter-flow electromigration in monovalent-ion 365 
separations. In contrast, this work employs a constant transmembrane pressure and varies the current 366 
such that the electromigration flux nearly completely compensates advection for the more mobile 367 
ion, which allows for collection of the less mobile ion at high purity to more easily determine 368 
selectivity. We also account for diffusion in transport models (which is neglected in [36]) and employ 369 
much higher flow velocities to enhance selectivities. 370 

3.3. Simulations and Possible Effects of Non-uniform Current Distribution and Defects 371 

We simulated ion passages using the extended Nernst-Planck equation as described in the 372 
experimental section and the supporting information. The dashed lines in Figure 5 and Figure 6 show 373 
that the numerical simulations follow the experimental trends, especially when K+ is in excess (Figure 374 
6). Li+/Na+ separations show a similar agreement between experiment and simulations (Figure S11 in 375 
the supporting information). At high currents, however, simulations predict K+ or Na+ passages that 376 
are orders of magnitude lower than the experimental values (see section S6 in the supporting 377 
information, Tables S1-S3). For example, at 40 C/cm3 of “normalized” current, simulations predict 378 
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essentially no K+ passage (6 x 10-21 %) for Li+/K+ separations at a 1:1 K+/Li+ feed ratio, but experiments 379 
give 0.5 % K+ passage. We hypothesized that the higher-than-predicted experimental K+ passages 380 
may result from a non-uniform current distribution, possible defects in the membrane, or imperfect 381 
sealing of the membrane.  382 

In all experiments, the exposed area of the track-etched membrane is 1 cm2, however, the 383 
membrane is embedded in a rectangular filtration cell that has a cross-sectional area of 3.8 cm2 (2.5 384 
cm × 1.5 cm, see section S2 in the supporting information). Thus, current must converge to the track-385 
etched membranes and COMSOL modelling suggests a non-uniform current density distribution 386 
along the membrane (Figure 7). The periphery of the membrane has the largest current density, which 387 
can vary by up to 50 % from the center to the edge of the membrane. Note that the COMSOL 388 
modelling assumes homogenous electrical resistance or ion concentrations within the membrane 389 
pores (every nanopore has the same electrical resistance), therefore the electric field distribution is 390 
proportional to current density distribution. However, nanopores that have higher current densities 391 
should have smaller K+ and Li+ passages according to Figure 5 and Figure 6, and these pores should 392 
have smaller salt concentrations and larger electrical resistance (assuming the same voltage drop, 393 
which actually is not constant along the membrane, either). Therefore, the actual current density 394 
distribution should be narrower than Figure 7 suggests, but the distribution is non-uniform 395 
nonetheless.  396 
 397 

 398 

Figure 7. Electric field distribution above a track-etched membrane as simulated with COMSOL (see 399 
the supporting information section S6). Note that current density is proportional to the electric field 400 
because the COMSOL simulation assumes that the membrane electrical resistance is uniform 401 
everywhere. The plot shows a quarter of the entire membrane disc, which has a 0.56 cm radius (1 cm2 402 
area). The distribution is not fully symmetric because current must converge from a rectangular area 403 
(2.5 cm × 1.5 cm) to the circular membrane (1.1 cm diameter). The inset shows the probability density 404 
of the electric field distribution averaged over the entire membrane area.  405 

This non-uniform current distribution can significantly increase the K+ and Na+ passages and 406 
decrease selectivities (Figure S12 in the supporting information). At high currents, a non-uniform 407 
current distribution can increase the K+ passage by many orders of magnitude. This occurs due to the 408 
low-current regions in the center of the membrane, where ion passages through the pores are highest. 409 
Future filtration-cell designs should aim to eliminate this inhomogeneity in the current distribution 410 
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if possible. In addition, we define the membrane area using tape (see the supporting information 411 
Section S2), and decreased flows and currents near the membrane-tape interface could decrease 412 
selectivities. Similar challenges would likely occur in the vicinity of an o-ring seal if we were to 413 
replace the tape.  414 

As Figure S12 in the supporting information shows, the non-uniform current distribution has a 415 
large impact on K+ passage. However, even with the nonuniform distribution theoretical K+ passages 416 
are orders of magnitude smaller than experimental values. Thus, other factors are likely much more 417 
significant in generating the unwanted K+ passage, but one should not forget about the effect of 418 
current distribution.  419 
 If membrane defects are present, they will also lead to unwanted K+ or Na+ passages and 420 
decrease Li+/K+ and Li+/Na+ selectivities. These defects might arise from the polymer-film casting 421 
process [37] or from overlap of pores [38]. To assess the effects of such defects, we consider ion 422 
passages through “defective” cylindrical pores with diameters of 1200 nm. (The diameter of nearly 423 
all of the track-etched pores is 400 nm). According to the Hagen–Poiseuille equation, the flow velocity 424 
through cylindrical pores is proportional to diameter squared, so the flow velocity through the defect 425 
is 9-times that through a typical pore. At this high velocity, the current density is insufficient to 426 
greatly reject ions, and the K+ passage will be high. For example, with 0.34 bar of transmembrane 427 
pressure and 40 C/cm3 of “normalized” current, simulations predict essentially no K+ passage within 428 
nominal 400 nm nanopores, whereas “defective” 1200-nm pores give 82% K+ passage. Thus, the 429 
defects behave as “leaks” that allow unwanted K+ passage. If 0.1 % of the permeate results from 430 
defects with nearly 100% K+ passage, total K+ passages can only reach values as low as 0.1%. 431 
Moreover, because the volumetric flow rate through a 1200-nm defect is 81-times that through a 432 
typical track-etched pore, a 0.1% passage due to defects require that only 0.0012% of pores are defects. 433 
We could not find clear evidence for defects in SEM images of membranes, but given the very low 434 
density of defects needed to significantly increase K+ passage their visualization would be difficult. 435 
We also theoretically examined the effects of boundary layers on K+ passages in section S9 of the 436 
supporting information. These layers do not adversely affect selectivity. 437 

3.4. The Need for Large Péclet Numbers  438 

All separation experiments employed 0.34 bar (5 psi) of transmembrane pressure and 439 
membranes with 400 nm diameter pores. This leads to a Péclet number, Pé, around 100 (calculated 440 
using the K+ diffusion coefficient). Equation (9) defines the Péclet number 441 

Pé =
���

��
                     (9) 442 

where the velocity, ��, is around 0.016 m/s, and the thickness of the membrane, �, is 12 µm. A large 443 
Péclet number implies a high permeate flow rate and leads to attainment of steady states within 20 444 
minutes. More importantly, separations are more effective when the Péclet number is large. This 445 
subsection aims to explain why a large Péclet number is beneficial.  446 
 Increasing the ratio between the magnitudes of electromigration and advection (by increasing 447 
current) leads to greater selectivity, and this trend holds for any Péclet number. As the simulated data 448 
in Figure 8 and the experimental data in Figures 4-6 show, as “normalized” current increases, Li+/K+ 449 
selectivity increases and passages of both ions decrease. Figure 8 also shows that at the same 450 
“normalized” current, larger Péclet numbers give smaller simulated K+ passages and higher Li+/K+ 451 
selectivities. For example, increasing the Péclet number from 2 to 100 increases the simulated 452 
selectivity by a factor of 1035 at around 50 C/cm3 of “normalized” current. Of course defects or 453 
inhomogeneities will greatly decrease selectivities from these extreme theoretical values, but 454 
nevertheless the trend is clear. In our previous work in which we employed streaming potentials, 455 
increasing the Péclet number raised the Li+/K+ selectivity from 2 to 70 [31].  456 
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 457 

Figure 8. Simulated (A) Li+/K+ selectivities and (B) K+ passages with respect to “normalized” currents 458 
at various Péclet numbers. The feed contains a 50 mM K2SO4, 50 mM Li2SO4 mixture. The nanopore 459 
diameter is 400 nm and length is 12 µm. The transmembrane pressure varies from 0.007 to 0.34 bar to 460 
give different Péclet numbers.  461 

As the “normalized” current increases, the electrophoretic velocity of K+ will exceed its 462 
advection velocity in magnitude. Moreover, for a given “normalized” current the difference in the 463 
advective and electrophoretic velocity magnitudes increases with flow rate (or Péclet number). At 464 
very high flow rates, the only way to maintain a steady-state K+ flux is for the K+ flux to approach 465 
zero so that both the advective and electromigration fluxes approach zero (flux is equal to the product 466 
of velocity and concentration). Figure 9 shows simulated concentration profiles in the membrane at 467 
two different Péclet numbers. At the higher Péclet number, near the entrance of the membrane the 468 
concentration of K+ decreases rapidly from the boundary value, and in this entrance region increased 469 
K+ diffusion makes up for the large difference in the magnitudes of the electromigration and 470 
advection fluxes. The magnitude of the electric field in this region also decreases when approaching 471 
the entrance due to the higher concentration of the more mobile ion (K+).  472 

In the case of Li+, at a “normalized” current <50 C/cm3, the advective velocity is still larger in 473 
magnitude than the electrophoretic velocity, and the concentration throughout most of the pore is 474 
larger than that at the feed boundary. As the concentration increases near the pore entrance, diffusion 475 
opposes the increasing difference between advective and electromigration flux magnitudes to 476 
maintain a steady state. Steady state also requires a larger electric field in the middle of the membrane 477 
than near the entrance. This is consistent with the lower conductivity of the solutions in the middle 478 
of the membrane due to both a slightly lower total ion concentration and the low mobility of Li+ 479 
relative to K+. Near the membrane exit, the Li+ and SO42- concentrations drop dramatically. This occurs 480 
because the simulation assumes perfect mixing to give homogenous ion concentrations inside the 481 
permeate chamber. The mixing completely offsets electromigration, and this leads to a drop in ion 482 
concentrations near the membrane outlet to maintain steady state. (Boundary layers do not decrease 483 
the theoretical selectivity, see Section S9 of the supporting information.) 484 
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 485 

Figure 9. Simulated ion concentration profiles at 49.5 C/cm3 of “normalized” current with Péclet 486 
numbers of (A) 2 and (B) 98.8 (the experimental condition). The feed contains a 50 mM K2SO4, 50 mM 487 
Li2SO4 mixture. The nanopore diameter is 400 nm and length is 12 µm. 488 

Kontturi described the benefits of large Péclet numbers in the 1980s [28, 29]. He demonstrated 489 
mathematically that selectivity increases exponentially with Péclet number, and his experimental 490 
results provide some evidence for this trend. However, the Li+/K+ selectivities reported in those works 491 
are modest (below 15), possibly because the membrane pores employed in those studies were too 492 
large for Taylor dispersion to be negligible or the currents employed were too small to give large 493 
selectivities.  494 

One simple way to achieve a large Péclet number is to increase pore size in the membrane, as 495 
the flow velocity is directly proportional to the radius squared according to the Hagen–Poiseuille 496 
equation. However, with pores sizes greater than ~1 µm and a membrane thickness of 12 µm, radial 497 
diffusive mixing will no longer overcome the parabolic advective velocity distribution, and this will 498 
lead to decreases in selectivity or the passage of the desired ion. Thus, the membrane pore size should 499 
be large enough to allow a large Péclet number at reasonable transmembrane pressures, but not so 500 
large that dispersion due to the parabolic flow profile (Taylor dispersion) becomes important (see the 501 
supporting information section S4) [39]. For a given pore size, thicker membranes would reduce 502 
Taylor dispersion, but they will also increase resistance.  503 

The use of a large Péclet number to achieve high selectivities results in very large current 504 
densities in membrane pores. Based on a pore diameter of 400 nm and length of 12 µm, the Hagen-505 
Poiseuille equation gives a flow rate of 2 x 10-9 cm3/sec in a single pore at a transmembrane pressure 506 
of 0.34 bar. With a “normalized” current of 40 C/cm3, this flow rate corresponds to a high current 507 
density (per pore area) of 64 A/cm2. The porosity of the membrane is only 0.25%, so this results in a 508 
current density of ~0.15 A/cm2 when considering the entire membrane area. For a K+ concentration of 509 
0.1 M, the convective flux of K+ through the pore with 100% passage is 1.6 x 10-4 moles/cm2/s. Thus, 510 
completely opposing just the K+ flux would require a current density of 15 A per cm2 of pore area. 511 
However, the current also opposes some of the Li+ flux and moves SO42- through the membrane. Thus, 512 
the overall value of 64 A per cm2 of pore area at high selectivity seems reasonable.  513 

These high current densities lead to an excessively large energy consumption for production of 514 
commodity ions because power is directly proportional to the product of current squared and 515 
resistance. Assuming that the solution inside the pores has a conductivity of around 6 mS/cm (the 516 
conductivity of 0.05 M Li2SO4 [40]), the voltage drop across the membrane will be 13 V at a current 517 
density of 64 A per cm2 of pore area. For separation of a 0.05 M Li2SO4, 0.05 M K2SO4 solution, the 518 
energy consumption is about 15 kWh per mol of Li+ obtained in the permeate (assuming 10% Li+ 519 
passage), and the electrical cost is about $1.5 per mol of Li+ (assuming $0.10 per kWh). Other potential 520 
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drops in the feed, permeate, and electrode solutions as well as at the electrodes themselves may 521 
increase the applied voltage by a factor of 2 or more, and increase the electricity cost to above $5 per 522 
mol of Li+. For example, in this work the total potential drop across the separation unit reached values 523 
as high as 60 V. A lot of energy was “wasted” on current transfer through the bulk solutions, and 524 
careful engineering of the separation cell will improve the energy efficiency.  525 

Operating at a lower Péclet number (while keeping the “normalized” current constant) should 526 
also improve the energy efficiency. For example, one could simultaneously decrease pressure drop 527 
and current by a factor of 10 to reduce the Péclet number 10-fold. Because power is proportional to 528 
the product of current squared and resistance, whereas the amount of product is approximately 529 
proportional to the flow rate, the energy consumption per mole of product will decrease 10-fold. 530 
Considering the simulations in Figure 8, for instance, theoretical K+/Li+ selectivities are still around 531 
300 when the Péclet number drops from 98.8 to 9.9 while maintaining a “normalized” current of 43 532 
C/cm3. Selectivity may actually not decrease greatly on decreasing the Péclet number over this range 533 
if defects control the selectivity. However, the time required to reach steady state will increase 10-534 
fold.  535 

Overall, the separation mechanism cannot compete economically with commodity Li+ 536 
production, where the cost of Li in Li2CO3 is around $0.37 per mole of Li (assuming that Li2CO3 costs 537 
$10 per kg [41] ). To achieve high Li+/K+ selectivities, the separation mechanism requires a substantial 538 
amount of electrical energy to completely oppose K+ advection flux. Additionally, the current 539 
opposes much of the Li+ advection flux, wasting energy on Li+ electromigration and decreasing the 540 
permeate Li+ concentration. The current also gives SO42- electromigration as well. In short, although 541 
counter-flow electromigration affords remarkable Li+/K+ and Li+/Na+ selectivities, it is not sufficiently 542 
energy efficient for economically separating such commodity ions. However, the separation 543 
mechanism might be useful in separation of stable isotopes that have very close mobilities [42], where 544 
the energy cost may be competitive with established isotope production methods such as 545 
electromagnetic calutrons [43].  546 

3.5. Effects of Membrane Thickness, Pore Density, Pore Diameter, Pressure, and Current density on 547 
Separations 548 

 Parameters such as membrane thickness, pore density, pore diameter, transmembrane pressure, 549 
and current density (per pore area) may significantly affect selectivities. These factors also determine 550 
energy consumption and the time to reach steady state, which are important to consider in potential 551 
applications. This section briefly explores each of these factors while keeping other factors constant.  552 
 Membrane thickness or pore length. As Figure 8 shows, the separation depends on both the 553 
“normalized” current and the Péclet number. According to Eq. (9), the Péclet number is directly 554 
proportional to pore length �, but the Hagen–Poiseuille equation shows that the flow velocity �� is 555 
inversely proportional to pore length. Therefore, the Péclet number is not a function of pore length. 556 
An increase in membrane thickness will decrease flow velocity and volumetric flow rate, thus 557 
increasing the “normalized” current to increase selectivities according to Figure 8. On the other hand, 558 
increasing the membrane thickness decreases permeate flow rate or productivity and delays 559 
attainment of steady state because more time is needed to flush the permeate chamber. Additionally, 560 
the energy consumption increases because the electrical resistance of the membrane increases with 561 
thickness, and the amount of product decreases.  562 
 Pore diameter. The Péclet number increases rapidly with pore diameter because the flow velocity 563 
is proportional to the pore diameter squared. In contrast, the “normalized” current decreases with 564 
increasing pore size as the flow velocity increases (the current density per pore area is constant). For 565 
the data in Figure 8, in most cases the effect of decreasing the “normalized” current dominates over 566 
changes due to the increasing Péclet number, so selectivity will decrease with increasing pore size if 567 
the current per pore area is constant. In contrast, the permeate flow rate increases with pore diameter 568 
raised to the fourth power, which will give greater productivity and faster attainment of steady state. 569 
The total current will increase because the cross-sectional area of the pores increase with pore size 570 
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(the current density is constant). Overall, considering only the membrane pores, the energy 571 
consumption per amount of product decreases with increasing pore diameter.   572 
 Pore density. The pore density does not affect the Péclet number or “normalized” current, 573 
therefore the selectivity does not depend on pore density. Permeate flow rate increases with pore 574 
density so accordingly productivity is larger and steady state will occur sooner. Considering the 575 
entire cell, energy consumption increases with pore density because the total current increases (while 576 
current density within each pore is the same). The total current may be larger than the limiting current 577 
of the anion-exchange membrane so energy may be wasted on water splitting.  578 
 Pressure. The Péclet number increases with increasing pressure because the flow velocity is 579 
proportional to transmembrane pressure. However, the “normalized” current decreases with 580 
increasing pressure as the flow velocity or volumetric flow rate increases. In Figure 8, in most cases 581 
the lower “normalized” current will be the dominant factor so increased pressures will give lower 582 
selectivities at constant currents. The permeate flow rate increases with pressure, which results in 583 
larger productivity and faster attainment of steady state. Energy consumption per product will 584 
decrease with pressure because the electrical resistance of the membrane does not change, but the 585 
amount of product increases. The energy required to pump solution through the membrane is 586 
essentially negligible.  587 
 Current density. The Péclet number does not depend on current density, but increases in current 588 
density give larger “normalized” currents so the selectivity should increase, according to Figure 8. 589 
Energy consumption per product will increase because of the larger current. Permeate flow rate and 590 
attainment of steady state will not depend on the current density (assuming that electroosmosis is 591 
negligible and that the approach to steady state depends primarily on flushing the permeate 592 
chamber).  593 

4. Conclusions 594 

 Counter-flow electromigration is an effective mechanism for monovalent ion separations. By 595 
opposing advection with current, ions with higher electrophoretic mobilities are more strongly 596 
rejected than less-mobile ions of the same sign. Increasing the current (or electromigration) leads to 597 
higher selectivities, particularly when the Péclet number is large. This method can potentially work 598 
in concentrated solutions, as opposed to prior separations that relied on streaming potentials. 599 
Numerical simulations based on the extended Nernst-Planck equation describe the experimental 600 
trends. However, non-uniform current distributions and possible defects likely significantly decrease 601 
selectivity compared to ideal simulations. Energy costs for these separations are unfortunately too 602 
high for commodity separations, particularly at high currents. 603 

Supplementary Materials: The supplementary materials contain: a PDF file that serves as electronic supporting 604 
information, and a CAD file of the homemade filtration cell.  605 
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