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Abstract 

The use of nonconventional water resource for energy and industrial applications often requires 

extraction of low-level undesirable ions from benign dominant ions. In this study, selective 

extraction of Ba2+ and Mg2+ from synthetic brine solutions was evaluated using strong-acid 

cation exchange membranes modified with surface deposition of macrocyclic molecules 

including crown-ethers and calixarenes. Compared to the bare membrane, vinylbenzo-18-crown-

6 (VB18C6) and calix[4]arene-amended membranes showed increased selectivity for Ba2+ and 

Mg2+ with respect to the dominant ion (Na+) by up to four folds, with calix[4]arene-modified 

membrane achieving more selective separation than VB18C6. Optimal selectivity was achieved 

at a moderate to high current density (3.1 to 6.3 mA/cm2), which was attributed to the alleviation 

of transport limitation in the boundary layer by the surface modification. Amendment of a 

calix[4]arene derivative with a crown-6 “boot strap” and two carboxylic groups resulted in 

reduced selectivity due to formation of strong complexes with divalent ions. These results show 

that surface deposition of ion sequestrants can be a versatile approach to improve membrane’s 

selectivity, however, the performance is also sensitive to feed water salinity, current loading, and 

the macrocycle-ion chemistry, where there is a trade-off between ion affinity and mobility.   
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Synopsis  

Surface amendment of a cation exchange membrane with crown ether or calixarene-based ion 

sequestrants increases the selectivity of electrodialysis process for divalent ions.   



Introduction 

 The interdependence of energy and water has generated significant interest in tapping into 

nonconventional water sources for industrial and energy exploration applications.1 Among various 

ion separation technologies, pressure-driven membrane separation such as reverse osmosis (RO)2 

and thermally enabled separation processes such as membrane distillation3 have found increasing 

use in treating water for total dissolved solids (TDS) removal for domestic use. However, in many 

industrial applications, the major ionic constituents are innocuous for water’s intended functions, 

while the ions of concerns are minority species. For instance, the efficiency of water as cooling 

medium is affected by elevated presence of hardness ions, and the applications of brackish water 

from deep underground formation in energy exploration are constrained by high levels of Ba2+, 

Sr2+, and naturally occurring radioactive minerals.4-6 To this end, using conventional desalination 

technologies to remove low-concentration problematic ions from saline water matrices will incur 

an excessive energy input. There is a pressing need for technologies that can preferentially remove 

ions of choice without going through general desalination processes.  

Electrodialysis (ED) is an established technology for treating brackish water of moderate to high 

TDS.7-9 Compared to RO and nanofiltration (NF), ED is able to withstand a broader range of 

temperature and water chemistry and is more robust against fouling than pressure-driven 

membrane separation processes.8-10  The key components of an ED device are cation and anion 

exchange membranes, which carry fixed charges that permit the permeation of ions of opposite 

charges (i.e., counter-ions) while obstructing the passage of similarly charged ions (i.e., co-ions).11 

Conventional ion exchange membranes offer high permselectivity between counter ions and co-

ions, however, efficient separation of ions of similar charges is more difficult to achieve. A variety 

of methods have been explored to create ion exchange membranes with tailored selectivity. The 



most notable examples include amending the surface of an ion exchange membrane with an 

oppositely charged layer to create monovalent ion-selective membranes for table salt production12 

and proton-selective membranes for fuel cell-related applications.13-15 Recent studies reported that 

incorporating crown ethers in a cation exchange membrane (CEM) enables selective removal of 

Cs+ relative to Na+.16, 17 The improvement effect was observed when crown ethers were confined 

in a thin layer on the membrane surface, enabling an ion-gating mechanism, and this effect was 

lost when the crown ethers were incorporated throughout the polymer matrix.17 The preferential 

removal of specific ions derives from ion binding abilities of the crown ether molecules, in which 

the oxygen atoms in the central cavity are attractive to metal ions (Scheme 1) and the size and 

conformation of the cavity determine binding specificity.18-21 In addition to crown ethers, other 

macrocyclic ion sequestrants such as calixarenes have been designed to selectively extract various 

metal ions. The structure of calixarenes contains multiple phenolic units bridged by methylene 

groups, forming a three-dimensional bucket shape (Scheme 2).22, 23 The most common calixarene 

compound is calix[4]arene, which contains four phenolic units. The phenol groups are easily 

functionalized with pendant ionizable groups thus affording a large degree of structural and 

chemical modularity.24 Calixarenes have found applications in extraction of barium and radium,23 

heavy metals,25 and lanthanide and actinide separation.26 The selectivity of the ion sequestrants is 

controlled by metal-host conformational matching and chemical coordination.  

Although a variety of ion sequestrants have been produced and they are routinely used in solvent 

extraction processes, conjugating electrodialysis membranes with ion sequestrants is a novel 

concept that has not been examined closely except for a limited number of studies using crown 

ethers as additives to ion exchange membranes.16, 17 The capabilities of ion sequestrants other than 

crown ethers and the effects of pertinent system parameters have not been investigated closely. 



The objective of this study was to examine the use of cation exchange members modified with 

crown ether or calixerene-based sequestrants for selective separation of Ba2+ and Mg2+ from brine 

solutions. Ba2+ is of interest due to its elevated concentration in deep formation water posing 

significant scaling concerns [4]. Mg2+
 is a hardness ion found ubiquitously in natural water (the 

other hardness ion, Ca2+, was not evaluated due to interference with instrument analysis). 

Compared to the prevalent method of creating a positively charged layer on a cation exchange 

member to achieve monovalent-ion selective separation, the proposed system here aims at using 

chemical sequestrants to increase membrane selectivity for dilute target ions amid complex 

solution matrix. Since the structure and properties of the sequestrates are amendable to tuning for 

specific ions, coupling sequestrants with ion exchange membranes may lead to a versatile and 

expandable approach for selective ion separation in lieu of the more energy intensive general 

desalination treatment.  

Materials and Methods 

Chemicals 

Commercially available cation exchange membranes (CEM), PCSKTM, and anion exchange 

membranes (AEM), PCSATM, were purchased from PCCell GmbH (Germany). Membranes were 

stored in 1 M NaCl solution prior to use. All salts including nitrate salts of sodium, magnesium, 

and barium were of ACS reagent grade. Tetrahydrofuran (THF) was dried over sodium and 

stored on activated molecular sieves prior to use. Anhydrous benzene and pyridine were 

purchased commercially (Sigma Aldrich) and used as received. All other reagents were obtained 

from commercial vendors and used without any further purification. Synthesis routes to both the 

vinyl-substituted crown ethers (9-11, numbers correspond to chemicals shown in the schemes) 

and the ‘boot-strapped’ calix[4]arene (14)23 are shown in schemes 1 and 2, respectively. 



Characterization of isolated organic products was accomplished using nuclear magnetic 

resonance (NMR) spectroscopy and all data is fully consistent with published spectral data. 

Synthesis of Ion Sequestrants 

Synthesis of 3,4-dihydroxystyrene (2). A mixture of methyl triphenylphosphonium bromide (1) 

(20.15 mmol, 7.20 g, 1.5 equiv.) in THF was treated with potassium tert-butoxide (33.57 mmol, 

3.77 g, 2.5 equiv.). After stirring for 15 minutes at room temperature, a solution of 3,4-

dihydroxybenzaldehyde (1) (13.39 mmol, 1.85 g, 1 equiv.) in THF was added in a dropwise 

fashion to the reaction mixture. After stirring overnight at room temperature, the reaction 

mixture was quenched with saturated NH4Cl solution and concentrated under reduced pressure. 

The concentrated reaction mixture was extracted with dichloromethane (DCM), the organic layer 

washed with brine and subsequently dried over MgSO4. The mixture was filtered, the organic 

solvent removed via evaporation and the residue purified by column chromatography (15 % 

ethyl acetate in hexanes) to the pure product as a white solid (1.09 g, 60%). 1H (400 MHz, 

CDCl3, 298K): 6.97 (s, 1H), 6.83 (s, 2H), 6.57 (q, 1H, J = 8Hz), 6.36 (brS, 2H), 5.54 (d, 1H, J = 

16Hz), 5.09 (d, 1H, J = 12 Hz).  

General Procedure for the Synthesis of Crown Ethers. To a round bottom flask equipped with a 

stir bar, DMF and potassium carbonate (2.18 equiv.) were added, and the mixture was warmed to 

150 oC. To the mixture was added both 2 (1 equiv.) and the desired dichloro-species (6, 7 or 8) (1 

equiv.) in a slow, dropwise manner. The reaction mixture was heated at 150 C for a further 24 h. 

After completion of the reaction, the solvent was removed, and the crude product extracted with 

DCM. The organic phase was washed with saturated NaHCO3, filtered and the solvent removed 

under reduced pressure to afford analytically pure crown ether products, namely, vinylbenzo-15-

crown-5 (VB15C5), vinylbenzo-18-crown-6 (VB18C6), and vinylbenzo-21-crown-7 (VB21C7) 



(9, 10 or 11), as dark yellow and viscous oils (73, 85 and, 81% respectively). 9: 1H (400MHz, 

CDCl3, 298K): 6.96-6.91 (m, 2H), 6.81-6.79 (m, 1H), 6.61 (q, 1H, J = 4 Hz), 5.57 (d, 1H, J = 16 

Hz), 5.11 (d, 1H, J = 12 Hz), 4.18-4.14 (m, 4H), 3.94-3.91 (m, 4H), 3.76-3.59 (m, 20H);13C{1H} 

NMR (101 MHz, CDCl3, 298 K): 148.9, 136.4, 131.2, 119.9, 113.7, 111.9, 111.5, 70.8, 69.6, 

69.5, 69.0. 10: 1H (400MHz, CDCl3, 298K): 6.94-6.91 (m, 2H), 6.81-6.78 (m, 1H), 6.61 (q, 1H, J 

= 4Hz), 5.58 (d, 1H, J = 12Hz), 5.12 (d, 1H, J = 12Hz), 4.15-4.11 (m, 5H), 3.91-3.89 (m, 5H), 

3.71-3.65 (m, 12H); 13C{1H} NMR (101 MHz, CDCl3, 298 K): 149.0, 136.5, 131.3, 120.1, 

113.9, 112.0, 111.8, 70.8, 70.7, 69.7, 69.3. 11: 1H (400MHz, CDCl3, 298K): 6.69-6.64 (m, 2H), 

6.57-6.53 (m, 1H), 6.34 (q, 1H, J = 4Hz), 5.30 (d, 1H, J = 16 Hz), 4.85 (d, 1H, J = 12 Hz), 3.90-

3.88 (m, 5H), 3.63-3.62 (m, 5H), 3.48-3.33 (m, 24 H). 

Synthesis of Calixarenes.  p-tert-butylcalix[4]arene (12, denoted as tBCalix4) was used as 

purchased. The phenolic groups in tBCalix4 were functionalized to incorporate a crown ether 

“boot strap” and ionizable groups to form p-tert-butylcalix[4]arene-crown-6 (13) and  

p-tert-Butylcalix[4]arene-crown-6-dicarboxylic acid (14, or tBCalix4-C6DA), respectively. The 

latter was reported to have a high affinity for Ba2+.23 The synthesis procedures for 13 and 14 are 

described in the SI.  

Aqueous Extraction Experiments  

The synthesized crown ethers were assessed for their selectivity for barium and hardness ions via 

aqueous extraction experiments as detailed in the SI.  

Modification of CEMs with sequestrants 

The surface of the membrane was deposited with a thin layer of the synthesized sequestrants to 

impart improved ion selectivity. Specifically, a PCSK membrane was removed from its storage 

solution and excess water on the surface was wiped clean. The membrane was mounted on a 



glass platform with four corners of the membrane fixed using metal clamps. 120 mg of VB18C6 

was dissolved in 20 mL DCM (equivalent to 18 mM) and the solution was amended with 

methylene blue (to reach approximately 1 mM) to enable easy visualization of the coating 

uniformity. 2.5 mL of the crown ether solution was evenly sprayed on the exposed surface of a 

PCSK membrane using a hand-held precision air brush (AeroblendTM Light), equivalent to a 

surface density of 0.70 μmol/cm2. The membrane was allowed to air dry for 15 min to evaporate 

the solvent. The resultant membrane was rinsed with ethanol to remove excess DCM and was 

soaked in 1M NaCl solution for 2 days with the soaking solution replaced periodically for at least 

3 cycles. Modification of the CEM with calixarenes follows a similar protocol except that the 

concentration of the respective sequestrant in DCM was 12.5 mM, corresponding to a surface 

density of 0.49 μmol/cm2. The images of membrane before and after air-brush deposition are 

available in the SI (Figure S1).   

     

Membrane Characterization  

The native CEM and modified membranes were characterized using Fourier transform infrared 

spectroscopy (FTIR). FTIR spectra were recorded on a Nicolet iS10 infrared spectrometer using 

an attenuated total reflectance (ATR) attachment equipped with a diamond crystal. A small piece 

of the native or modified membrane was removed using a hole punch. The piece was placed in 

the center of the ATR and a spectrum was collected. For comparison, FTIR spectra were also 

collected for sequestrants VB18C6 and tBCalix4. Membrane potential was measured in barium 

solutions following the procedure in the SI. The morphology of  the membrane surface was 

characterized with scanning electron microscopy (JOEL 7401 FESEM) equipped with energy-



dispersive X-ray spectroscopy (EDX). Samples were coated with 6 nm Au to alleviate surface 

charging.  

  

Electrodialysis Experiments 

Electrodialysis tests were set up in a four-chamber electrodialysis (ED) unit employing 

platinum/iridium-mixed metal oxide-coated titanium as the anode and stainless steel as the 

cathode (ED 64004 by PCCell GmbH, Germany). The cell dimension was 11 x 11 cm and 

effective membrane area was 8 x 8 cm. The configuration of the ED unit is shown schematically 

in Figure 1. The two compartments in the center carried diluate and concentrate flows, 

respectively, which were separated by either a CEM or a chemically modified CEM. The 

chemically modified surface faced the diluate stream unless otherwise noted. The two 

compartments close to the electrode ends carried electrode rinse flows. Peristatic pumps were 

used to recirculate the diluate, concentrate, and electrode rinse solutions between the ED unit and 

the respective tanks. Electrode rinse solution was 0.2 M NaNO3 solution. Diluate and concentrate 

tanks had 0.5 L of Na+, Mg2+, and Ba2+ solution (as nitrate salts), and the concentration of each 

ion was initially the same in the two tanks to eliminate any initial concentration gradient.  Prior 

to the start of a test, all chambers were flushed with the respective solutions for 30 min to 

equilibrate the membranes with solutions. Following that, a potential was applied to start the 

electrodialysis process. Periodically, a small aliquot of sample (< 1 mL) was drawn from the 

diluate and concentrate tanks. Samples were immediately diluted, filtered through 0.2 μM PTFE 

syringe filters (Millex-LG, Millipore), and acidified with HNO3 for storage at 4oC prior to 

analysis for Na, Mg, and Ba concentrations by inductively coupled plasma-mass spectrometry 

(ICP-MS, Perkin Elmer ELAN DRC-e). For a specific experiment, duplicate or triplicate runs 



were performed using the same virgin or modified membrane. Error bars in the figures or tables 

represent the standard deviation of the repeated experiments. To demonstrate the stability of 

modified membranes, repeating runs were not performed consecutively but repeated after a set of 

experiments using different membrane were completed over a duration up to 3 months. Idle 

membranes were stored in 1M NaNO3 
 solutions.     

 

The flux of an ion, Ji, across the CEM is estimated by Eq. (1): 

 𝐽𝑖 = (
∆𝐶𝑖,𝐷

∆𝑡
)
𝑉𝐷

𝐴
       (1) 

Where Ci,D is the change in the concentration of the respective ion in the diluate tank at two 

sampling times, VD volume of the diluate solution, and A effective membrane area.   

The transport number, ti, of species i is calculated as in Eq.(2): 

 𝑡𝑖 =
𝑍𝑖∙𝐽𝑖

∑𝑍𝑖∙𝐽𝑖
       (2) 

Where Zi is the nominal charge of the ion i.  

The selectivity of the membrane for species i over j, Pi/j was estimated using Eq. (3): 

 𝑃𝑖/𝑗 = 
𝑡𝑖/𝑡𝑗

𝑍𝑖𝐶̅𝑖/𝑍𝑗𝐶̅𝑗
       (3) 

where 𝐶𝑖̅ or 𝐶𝑗̅ is the average concentration of the respective ion in diluate. Since concentrations 

varied linearly with time in the initial phase of the ED test, the average concentrations were 

estimated from a linear fit of the data of the first 90 min.  

The average current efficiency of an electrodialysis experiment was evaluated using Eq. (4): 

 𝜂 =
(∑𝑍𝑖∙𝐽𝑖)∙𝐴

𝐼
       (4) 

where I is the applied current and other parameters are defined in the previous equations.  



Results and Discussion 

Crown ether-based ionophores have been studied for the extraction of various metal ions. The 

size and conformation of the central cavity are key factors affecting ion extraction efficiency and 

selectivity.18-20, 24 VB15C5, VB18C6, and VB21C7 were synthesized in this study and their 

affinity for target ions were evaluated using aqueous/solvent extraction experiments over a pH 

range of 4 to 8. The results (Figure S2) show that VB18C6 extracted Ba2+ and hardness ions 

more efficiently than 5 or 7-oxygen crown ethers, consistent with prior reports.27, 28 The 

extraction of VB18C6 was less affected by pH changes than other candidate crown ethers; it was 

therefore selected to modify CEM in the subsequent experiments. Another class of sequestrants 

of interest are calixarenes. The molecular structures of calixarenes consist of phenolic units 

bridged by methylene carbons forming a central cone-shaped cavity (Scheme 2). Within the 

class, calix[4]arene, with four phenolic units, is the most common and possesses high affinity for 

alkaline earth and f-block elements.25, 26 In this study, PCSK membranes were amended with 

VB18C6 or tBCalix4 and the resultant membranes were immersed in NaCl solution for three 

cycles to remove unattached residues. The native and modified membranes were characterized 

using ATR-FTIR spectroscopy (Figure 2). Both the VB18C6 and tBCalix4 modified membranes 

exhibit signals that correlate with the respective sequestrants. Specifically, for the VB18C6 

modified membrane, the signals in the range of 2848 to 2962 cm-1 corresponding to C-H 

stretching show excellent agreement with VB18C6 (Figure 2a). Additionally, a signal at 1075 

cm-1, corresponding to C-O stretching, is also present in the modified membrane. For the 

tBCalix4 modified membrane, signals in the range of ca. 2860 to 3140 cm-1 corresponding to C-

H and O-H stretching show excellent agreement with calix[4]arene (Figure 2b and Figure S3 for 

enlarged views of the regions of interest). The signal at 1362 cm-1 in both calix[4]arene and 



tBCalix4 the modified membrane corresponds to CH2 bending.29 The IR features confirm the 

deposition of sequestrants on the membrane surface. A comparison of the SEM images of the 

unmodified and VB18C6 modified membranes shows the presence of a surface coating upon the 

deposition of the macrocycles (Figure S4). EDX analysis shows that membrane modification led 

to a marked decrease in the relatively intensity of S signals (emanating from the sulfonate groups 

of the underlying PCSK membrane), consistent with the presence of an attenuating surface layer. 

A magnified view of the modified membrane reveals that the surface layer was not entirely 

homogeneous and was ruptured when there was uneven surface topography (Figure S4d).   

Effects of Membrane Modifications 

The performance of the original and modified CEM was evaluated in a four-chamber ED unit 

shown schematically in Figure 1. The initial diluate and concentrate solutions were of the same 

composition containing Na+, Mg2+, and Ba2+ at 200, 5, and 5 mM, respectively. The dissimilar 

levels of the target ions and the background cation (i.e., Na+) serve to simulate the ion 

composition in natural brines, in which the presence of Na+ is expected to dominate over multi-

valent cations.3, 30 Figure 3a shows the normalized concentrations of ions in the diluate solution 

at various time. Using the original CEM, Mg2+ and Ba2+ were depleted more rapidly than Na+, 

suggesting the membrane has an innate albeit relatively weak permselectivity for alkaline earth 

metal ions over Na+. Between Ba2+ and Mg2+, Ba2+ is marginally preferred. The results are 

consistent with the behavior of a strong acid cation exchange membrane for which the selectivity 

order for ions of the same valence correlates inversely with the size of the hydrated ions.31 In 

comparison to the native CEM, the membrane modified with VB18C6, with the modified surface 

facing the diluate stream, afforded more rapid transport of Ba2+ and Mg2+ (Figure 3b). The 

improvement was more pronounced for Ba2+, corresponding to 34% and 92% increases in Mg2+ 



and Ba2+ fluxes, respectively, when compared to the unmodified membrane. When the membrane 

was installed in the opposite orientation (i.e., the modified surface facing the concentrate), the 

enhanced selectivity was not observed. The result confirms that the interface between membrane 

and diluate solution exerts a critical influence on the selectivity of the membrane. All subsequent 

tests were conducted with the chemically modified surface facing the diluate.  

Figure 4 compares the separation efficiencies of membranes loaded with VB18C6 and tBCalix4, 

respectively. Having a thin layer of crown ether or calixarene on the membrane surface rendered 

more efficient removal of Ba2+ and Mg2+ than the original membrane, with tBCalix4 showing 

stronger selectivity for the two ions than VB18C6. The selectivity of barium over sodium was 

6.88 with tBCalix4-amended CEM, while that of the crown-ether modified membrane and the 

unaltered membrane was 3.16 and 1.79, respectively. It was also evident in Table 1 that, at the 

same current density, the flux of Na+ was not affected to a significant degree by chemical 

modifications; however, the fluxes of the divalent ions were markedly higher than the original 

membrane. The higher selectivity exhibited by the modified membranes therefore arises chiefly 

from the enhanced transport of Ba2+ and Mg2+. Note that the differences in the separation 

performance of the VB18C6-coated membrane in Figure 3b and 4b are due to changes in 

electrolyte composition, and all subsequent tests used the same composition as in Figure 4 (i.e., 

with 100 mM Na+, 5 mM Mg2+, and 1 mM Ba2+). The change was to simulate the relative ion 

concentrations in natural brine, where Ba2+ is expected to be at a lower concentration than Na+ or 

Mg2+.  

Effect of Operating Conditions on Ion Selectivity 

The migration of ions at different current density was evaluated (Figure 5). With the original 

membrane, the selectivity of Ba2+ and Mg2+ over Na+ decreased from 3.4 to 1.1 as the current 



density increased from 2.3 to 6.3 mA/cm2, while the composition of the initial diluate and 

concentrate was held constant in all tests. As Mg2+ and Ba2+ were minority electrolytes, the 

current was largely carried by Na+ movement. Ion flux data in Table 1 shows that, with the 

original membrane, Na+ flux increased with the current density, but Mg2+ and Ba2+ fluxes 

showed signs of plateauing above 2.3 mA/cm2. The latter occurred due to the onset of diffusion 

limitation in the boundary layer, since the divalent ions were of lower concentrations in the bulk 

solution and were depleted more quickly than Na+. The data shows that the innate selectivity 

possessed by the membrane may only manifest in a low electric field, and this selectivity is 

increasingly masked by the film diffusion effect as current increases.  

Amending the membrane with VB18C6 or tBCalix4 increased Ba2+ or Mg2+ selectivity over Na+ 

to up to 4 times that of the original CEM (Figure 5). tBCalix4 clearly rendered the membrane to 

be more selective than VB18C6. Ion flux data indicated more efficient migration of Ba2+ and 

Mg2+ across the modified membranes, while that of Na+ was marginally affected by membrane 

modifications (Table 1). The results imply that the adsorption of sequestrants on the membrane 

surface does not impede the movement of background non-interacting electrolytes. Rather, the 

presence of sequestrants facilities the transport of ions with which the sequestrants have high 

affinities. The increases in the ion flux of Ba2+ and Mg2+ due to VB18C6 and tBCalix4 

amendment are noticeable at a high current loading where concentration depletion at the 

interface between the membrane and the boundary layer is expected to occur. As a result, the 

relative increase in selectivity (i.e., the ratio of the selectivity of the modified membrane vs. that 

of the native membrane) brought about by surface amendment is more significant at a higher 

current density.  



In this study, the flowrates of diluate and concentrate streams were kept the same and they were 

systematically varied to examine the effect of diffusional transport. As shown in Figure S5, a 

stronger flow field favored the extraction of Ba2+ and Mg2+ over Na+, which supports our earlier 

observation that the divalent minority ions were prone to diffusion limitation in the boundary 

layer, and more vigorous flow suppressed the boundary layer and accelerated diffusional 

transport. The presence of VB18C6 increased the selectivity for the divalent ions, with the 

beneficial effect being more noticeable at the lowest flowrate. It can be inferred that grafting the 

membrane surface with sequestrants is able to reduce the transport resistance of the target ions 

through the boundary layer. Plausibly, this is brought by specific interactions between the 

surface-residing macrocycles and the target ions as well as increased turbulence created by the 

uneven texture of the modified membranes.  

To assess the effect of background electrolytes, the concentration of Na+ was adjusted between 

0.1 to 0.5 M while keeping those of Mg2+ and Ba2+ constant. As shown in Figure 6, the 

unmodified membrane exhibited minor variations in ion selectivity across the range of Na+ 

concentration evaluated. In contrast, the selectivity of the modified membranes was very 

sensitive to the feedwater salinity. PBa/Na and PMg/Na of calixarene-modified CEM decreased from 

6.9 to 3.4 and 4.6 to 2.6 respectively, as Na+ concentration increased from 0.1 to 0.5 M. Similar 

trends were observed of VB18C6-modified membrane. Overall, the effect of ion sequestrants 

was markedly attenuated as the feed water becomes increasingly saline. Several factors may have 

contributed to this behavior. In the classic solution-diffusion model, the permeability of polymer 

membranes for salts is governed by the sorption coefficients of the salts and their diffusivity in 

the polymer matrix.32, 33 When a membrane is exposed to a solution with a high salt 

concentration, the water content in the membrane declines due to osmotic de-swelling.34, 35 As a 



result, the membrane is less able to accommodate ions of higher hydration energies. If membrane 

de-swelling was the main contributing factor, one would expect to see similar effects on ion 

selectivity among the native and modified membranes. However, it was observed that the 

sequestrant-modified CEMs were more strongly affected by an increasing sodium concentration, 

suggesting that factors other than membrane de-swelling may contribute to diminished ion 

selectivity in solution with a high salt concentration. Another cause that may explain for the 

attenuated sensitivity of sequestrant-modified membranes in a saline solution is that the oxygen 

atoms in the ether groups of crown ethers or hydroxyl groups of calixarenes carry partial 

negative charges, which attract divalent metal ions through ion-dipole interactions.36 An 

increasing salt concentration in the bulk solution would attenuate such interactions and reduce 

ion binding specificity, which is consistent with the results of extraction experiments (Figure 

S6), in which we saw a substantial decrease in the extraction efficiency of Mg2+ by VB18C6 

with an increasing sodium concentration. Taken together, the sequestrants-ion interactions play a 

dominant role in the resultant membrane’s separation properties. When such interactions were 

diminished in solutions of high ionic concentrations, the selective effect brought by the 

sequestrants is significantly attenuated.   

Effect of Calixarene with Ionizable Groups 

The three-dimensional cone structure of calixarenes and their conformational flexibility give rise 

to their high chelating ability. Using the calixarene structure as a scaffold, an extensive family of 

calixarene-based ionophores have been created.25 p-tert-Butylcalix[4]arene-crown-6-

dicarboxylic acid (i.e., tBCalix4-C6DA), which has two of the phenolic groups of calix[4]arene 

connected with a polyether unit, forming a ‘boot strap’ for the cone opening, and two methoxy 

carboxylic groups attached to two remaining phenol rings, was reported to extract alkaline and 



alkaline earth metals more efficiently than calix[4]arene.25 tBCalix4-C6DA was synthesized in 

this study and was applied to the CEM. In contrary to expectation, this membrane performed 

significantly worse in terms of barium extraction as compared to membrane with tBCalix4 

(Figure 7). Ion flux data reveals that there is a large reduction in barium flux relative to that of 

VB18C6 or tBCalix4-modified membrane (Table 1). A reasonable explanation for the large 

difference between calix[4]arene and its boot-strapped-di-carboxylic derivative is that, with the 

ionizable acid groups, Ba2+, and to a less extent Mg2+, were strongly retained by the chelating 

molecule via metal-host  coordination as well as charge interactions, and the dual effects created 

a stable complex causing the metal ions to be firmly trapped. This results are similar to prior 

studies, where attempts were made to increase ion binding affinity by incorporating phosphonic 

acid groups in CEMs.37 This effort, however, resulted in low transport numbers of multivalent 

cations due to strong binding between the multivalent cations and the phosphonic groups.  

General Consideration of Membrane Surface Modification with Sequestrants 

It is generally considered that the permselectivity of an ion exchange membrane in a mixed salt 

solution is mainly influenced by the affinity of the membrane for specific ions and the mobility 

of ions across the polymer phase.36 Various techniques have been studied to enhance the 

selectivity of ion exchange membranes. This includes depositing an oppositely charged thin layer 

on an ion exchange membrane,11, 12, 15, 38 adjusting the degree of cross-linking of the bulk 

polymer matrix or addition of a dense surface layer,39, 40 and coating membranes with multiple 

layers of polyelectrolytes.41, 42 These methods act to increase or deter the mobility of the ions 

through electrostatic interactions or size-dependent sieving effects. To increase the affinity of 

membranes for specific ions, weak acids (e.g. carboxylic acids) or metal chelating moieties (e.g., 

amine groups) were incorporated into the membrane structure;36, 43 however, the latter approach 



has generated mixed outcomes in the literature. On one hand, strong chemical binding between 

component ions and ion exchange groups was shown to impair the movement of the ions and 

lead to overall decreases in the separation selectivity and current efficiency.36, 37 On the other 

hand, the creation of a surface layer enriched in crown ethers on Nafion 117 rendered improved 

selectivity for Cs+ over lighter alkaline metal ions.16, 17 The diverging results suggest that there is 

a delicate balance between ion affinity and mobility when embedding chemical sequestrants into 

ion exchange membranes. Peppering chelating agents throughout the membrane phase will 

increase the concentrations of the target ions in the membrane, but they may also make ions less 

mobile. The quantities, spatial distribution, and binding specificity of the chelating groups are 

expected to exert large effects on a membrane’s separation performance. Previous studies 

suggest that, instead of creating membranes in which sequestrants were distributed 

homogeneously throughout the bulk polymer, confining sequestrants in a surface layer will boost 

selectivity without causing an excess drop in transport resistance [17]. The results of this study 

confirm the validity of this surface modification approach. 

In prior studies of membrane separation, the effect of boundary layer on ion selectivity tends to 

be overlooked.  Similar to other membrane separation processes, the boundary layer imposes an 

opposing effect against the innate selectivity of the membrane. An ion that moves more 

efficiently across the membrane will be depleted more severely in the boundary layer, thereby 

reducing its concentration near the entrance to the membrane. If the more selective ion is a 

minority electrolyte (as in this study), it would encounter concentration limitation at a lower 

current density; accordingly, its apparent selectivity with respect to a non-selective major ion 

will decrease with the current density. This effect, shown schematically in Figures 8a and 8b, 

agrees with our experimental observations. When a thin layer of sequestrant molecules is 



attached to the membrane surface, it may increase the concentration of the target ion at the 

membrane-solution interface, giving rise to a greater concentration gradient across the membrane 

in the direction of ion flow (Figure 8c). The effect is most evident at a medium to high current 

density or in a mild flow field when there is significant concentration depletion in the solution 

phase adjacent to the membrane. It is worth noting that membrane potential measurements in 

barium solutions in the absence of an applied current registered slightly lower trans-membrane 

potentials for the modified membranes in comparison to the original membrane (Table S1). The 

results inform that, in the absence of an electrical field or when concentration polarization is 

insignificant, the surface-residing sequestrants slow down transport of barium to a moderate 

degree due to binding with the metal ion or partial coverage of surface ion-exchange groups by 

the sequestrants. The sequestrant layer is expected to affect predominantly the transport of 

multivalent cations relative to monovalent cations or anions. However, when there is a strong 

field that drives rapid ion migration and creates surface depletion, the chemical amendments can 

facilitate the transport of target ions via a combination of chemical and physical (e.g., increased 

surface turbulence due to roughened texture) effects. This is likely the mechanism underlying the 

improvements in barium and magnesium selectivity brought about by tBCalix4 and VB18C6 

amendments.  

Conclusions 

The results obtained in this study show that surface amendment of crown ether and calixarenes-

based macrocycles (specifically, VB18C6 and calix[4]arene) increased the selectivity of the 

resultant cation exchange membranes for Ba2+ and Mg2+ relative to Na+, with calix[4]arene-

modified membrane exhibiting greater selectivity improvements for the divalent ions than crown 

ether-amended counterparts. The optimal selectivity was achieved at moderate to high current 



density (3.1 to 6.3 mA/cm2) at the given ion composition (mole ratio of Ba/Mg/Na = 1/5/100). 

The principal advantage of the chemically enhanced electrodialysis is that it is a customizable 

approach and can be extended to other ions of interest; nonetheless, several aspects should be 

considered when using ion-specific sequestrants to adjust membrane selectivity. For one, the 

optimal sequestrant does not necessarily need to be a strong chelating agent, as the latter may 

form stable complexes that hamper ion movement as manifested in the case of tBCalix4-C6DA. 

Another aspect to reckon is that, in this study the sequestrants are present as a non-continuous 

layer (Figure S4) due to the method of sequestrants deposition while electrodeposition or surface 

polymerization processes tend to give rise to a more homogeneous layer [15,44]. Though the 

membrane boosts the transport of the divalent ions, it does not significantly affect the migration 

of background ions (i.e., Na+). This will present a limit to which enhancement in selectivity can 

be achieved. A continuous and non-porous layer that can effectively reduce the flux of the major 

ions may render the membrane to be more selective, although this may come at a cost of 

increased membrane electrical resistance and a lower current efficiency. 

 

Acknowledgement 

The authors acknowledge the funding support from the National Science Foundation (CHE-

1701512) and the US Department of Energy (DE-SC0020204).  

Supporting Information: descriptions of aqueous extraction, calixarene synthesis, and 

membrane potential measurements, membrane potential data, pH of ED experiments, membrane 

imaing and characterization data, and additional data showing effects of flowrate and Na 

concentration on selectivity. These data are available free of charge at: https://pubs.acs.org/.  

https://pubs.acs.org/


 

References 

1. US Department of Energy The Water-Energy Nexus: Challenges and Opportunities; 2014. 

2. Council, N. R. Desalination: A National Perspective; Washington. D.C., 2008. 

3. Shaffer, D. L.; Chavez, L. H. A.; Ben-Sasson, M.; Castrillon, S. R.-V.; Yip, N. Y.; 

Elimelech, M., Desalination and Reuse of High-Salinity Shale Gas Produced Water: Drivers, 

Technologies, and Future Directions. Environmental Science & Technology 2013, 47, (17), 

9569-9583. 

4. Zhang, T.; Gregory, K.; Hammack, R. W.; Vidic, R. D., Co-precipitation of Radium with 

Barium and Strontium Sulfate and Its Impact on the Fate of Radium during Treatment of 

Produced Water from Unconventional Gas Extraction. Environmental Science & Technology 

2014, 48, (8), 4596-4603. 

5. He, C.; Li, M.; Liu, W.; Barbot, E.; Vidic, R. D., Kinetics and Equilibrium of Barium and 

Strontium Sulfate Formation in Marcellus Shale Flowback Water. Journal of Environmental 

Engineering 2014, 140, (5). 

6. Ziemkiewicz, P.; Hause, J.; Lovett, R.; Locke, D.; Johnson, H.; Patchen, D., Zero Discharge 

Water Management for Horizontal Shale Gas Well Development. Final Report for DOE 

Award No. DE-FE0001466. In 2012. 

7. McGovern, R. K.; Weiner, A. M.; Sun, L.; Chambers, C. G.; Zubair, S. M.; Lienhard, J. H., 

On the cost of electrodialysis for the desalination of high salinity feeds. Applied Energy 

2014, 136, 649-661. 

8. Strathmann, H., Ion-exchange membrane separation processes. Elsevier: Amsterdam, 2004. 

9. Turek, M.; Was, J.; Dydo, P., Brackish water desalination in RO-single pass EDR system. 

Desalination and Water Treatment 2009, 7, (1-3), 263-266. 

10. Xu, P.; Capito, M.; Cath, T. Y., Selective removal of arsenic and monovalent ions from 

brackish water reverse osmosis concentrate. Journal of Hazardous Materials 2013, 260, 885-

891. 

11. Luo, T.; Abdu, S.; Wessling, M., Selectivity of ion exchange membranes: A review. Journal 

of Membrane Science 2018, 555, 429-454. 

12. Sata, T.; Sata, T.; Yang, W., Studies on cation-exchange membranes having permselectivity 

between cations in electrodialysis. Journal of Membrane Science 2002, 206, (1), 31-60. 

13. Liu, F. Q.; Yi, B. L.; Xing, D. M.; Yu, J. R.; Zhang, H. M., Nafion/PTFE composite 

membranes for fuel cell applications. Journal of Membrane Science 2003, 212, (1-2), 213-

223. 

14. Hu, Y.; Wang, M.; Wang, D.; Gao, X.; Gao, C., Feasibility study on surface modification of 

cation exchange membranes by quaternized chitosan for improving its selectivity. Journal of 

Membrane Science 2008, 319, (1), 5-9. 

15. Vallois, C.; Sistat, P.; Roualdès, S.; Pourcelly, G., Separation of H+/Cu2+ cations by 

electrodialysis using modified proton conducting membranes. Journal of Membrane Science 

2003, 216, (1), 13-25. 

16. Bhattacharyya, A.; Goswami, A., Effect of Cation Driven Loading of Dibenzo-18-Crown-6 

in Nafion-117 Membrane on the Diffusion and Transport Behavior of Alkali Metal Ions. 

Journal of Physical Chemistry B 2009, 113, (39), 12958-12963. 



17. Chaudhury, S.; Bhattacharyya, A.; Goswami, A., Electrodriven Ion Transport through Crown 

Ether-Nafion Composite Membrane: Enhanced Selectivity of Cs+ over Na+ by Ion Gating at 

the Surface. Industrial & Engineering Chemistry Research 2014, 53, (21), 8804-8809. 

18. Pedersen, C. J., Cyclic polyethers and their complexes with metal salts. Journal of the 

American Chemical Society 1967, 89, (26), 7017-7036. 

19. Tsukube, H.; Hamada, T.; Tanaka, T.; Uenishi, J. i., Specific recognition of copper ion by 

lipid-bound double armed crown ether. Inorganica Chimica Acta 1993, 214, (1–2), 1-3. 

20. Sachleben, R. A.; Davis, M. C.; Bruce, J. J.; Ripple, E. S.; Driver, J. L.; Moyer, B. A., An 

efficient synthesis of lithium-selective extractants: Tertiary-alkyl-14-crown-4 ethers. 

Tetrahedron Letters 1993, 34, (34), 5373-5376. 

21. Dietz, M. L.; Chiarizia, R.; Horwitz, E. P.; Bartsch, R. A.; Talanov, V., Effect of crown 

ethers on the ion-exchange behavior of alkaline earth metals. Toward improved lon exchange 

methods for the separation and preconcentration of radium. Analytical Chemistry 1997, 69, 

(15), 3028-3037. 

22. Casnati, A.; Barboso, S.; Rouquette, H.; Schwing-Weill, M.-J.; Arnaud-Neu, F.; Dozol, J.-F.; 

Ungaro, R., New Efficient Calixarene Amide Ionophores for the Selective Removal of 

Strontium Ion from Nuclear Waste:  Synthesis, Complexation, and Extraction Properties. 

Journal of the American Chemical Society 2001, 123, (49), 12182-12190. 

23. Chen, X.; Ji, M.; Fisher, D. R.; Wai, C. M., Ionizable Calixarene-Crown Ethers with High 

Selectivity for Radium over Light Alkaline Earth Metal Ions. Inorg. Chem. 1999, 38, (23), 

5449-5452. 

24. Bartsch, R. A. New Proton-Ionizable, Calixarene-based Ligands for Selective Metal Ion 

Separations, Report Under Grant #DE-FG02-9414416; 2011. 

25. Park, C.; Chun, S.; Bartsch, R. A., Effect of conformation on metal ion extraction by 

calix[4]arene dicarboxylic acids. Journal of Inclusion Phenomena and Macrocyclic 

Chemistry 2010, 66, (1), 95-105. 

26. Arnaud-Neu, F.; Browne, J. K.; Byrne, D.; Marrs, D. J.; McKervey, M. A.; O'Hagan, P.; 

Schwing-Weill, M. J.; Walker, A., Extraction and Complexation of Alkali, Alkaline Earth, 

and F-Element Cations by Calixaryl Phosphine Oxides. Chemistry – A European Journal 

1999, 5, (1), 175-186. 

27. Inoue, Y.; Ouchi, M.; Hakushi, T., Molecular design of crown ethers. 3. Extraction of 

alkaline-earth and heavy metal picrates with 14-crown-5 to 17-crown-5 and 17-crown-6 to 

22-crown-6. Bulletin of the Chemical Society of Japan 1985, 58, (2), 525-530. 

28. Sakamoto, H.; Kimura, K.; Shono, T., Proton-driven cation-transport through polyamic acid 

membranes incoporating crown-ether moiety. European Polymer Journal 1986, 22, (2), 97-

101. 

29. Furer, V. L.; Borisoglebskaya, E. I.; Zverev, V. V.; Kovalenko, V. I., The hydrogen bonding 

and conformations of p-tert-butylcalix[4]arene as studied by IR spectroscopy and by DFT 

calculations. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 2005, 

62, (1), 483-493. 

30. Gregory, K. B.; Vidic, R. D.; Dzombak, D. A., Water Management Challenges Associated 

with the Production of Shale Gas by Hydraulic Fracturing. Elements 2011, 7, (3), 181-186. 

31. Helfferich, F., Ion Exchange. Dover Publications: New York, 1995. 

32. Wijmans, J. G.; Baker, R. W., The solution-diffusion model: a review. Journal of Membrane 

Science 1995, 107, (1), 1-21. 



33. Geise, G. M.; Freeman, B. D.; Paul, D. R., Sodium chloride diffusion in sulfonated polymers 

for membrane applications. Journal of Membrane Science 2013, 427, 186-196. 

34. Geise, G. M.; Falcon, L. P.; Freeman, B. D.; Paul, D. R., Sodium chloride sorption in 

sulfonated polymers for membrane applications. Journal of Membrane Science 2012, 423-

424, 195-208. 

35. Khare, A. R.; Peppas, N. A., Swelling/deswelling of anionic copolymer gels. Biomaterials 

1995, 16, (7), 559-567. 

36. Sata, T., Ion Exchange Membranes: Preparation, Characterization, Modification and 

Application. The Royan Society of Chemistry: Cambridge, UK, 2004. 

37. Sata, T.; Yoshida, T.; Matsusaki, K., Transport properties of phosphonic acid and sulfonic 

acid cation exchange membranes. Journal of Membrane Science 1996, 120, (1), 101-110. 

38. Saracco, G., Transport properties of monovalent-ion-permselective membranes. Chemical 

Engineering Science 1997, 52, (17), 3019-3031. 

39. Nagarale, R. K.; Gohil, G. S.; Shahi, V. K., Recent developments on ion-exchange 

membranes and electro-membrane processes. Advances in Colloid and Interface Science 

2006, 119, (2-3), 97-130. 

40. Gohil, G. S.; Binsu, V. V.; Shahi, V. K., Preparation and characterization of mono-valent ion 

selective polypyrrole composite ion-exchange membranes. Journal of Membrane Science 

2006, 280, (1), 210-218. 

41. White, N.; Misovich, M.; Yaroshchuk, A.; Bruening, M. L., Coating of Nafion Membranes 

with Polyelectrolyte Multilayers to Achieve High Monovalent/Divalent Cation 

Electrodialysis Selectivities. ACS Applied Materials & Interfaces 2015, 7, (12), 6620-6628. 

42. Yang, L.; Tang, C.; Ahmad, M.; Yaroshchuk, A.; Bruening, M. L., High Selectivities among 

Monovalent Cations in Dialysis through Cation-Exchange Membranes Coated with 

Polyelectrolyte Multilayers. ACS Applied Materials & Interfaces 2018, 10, (50), 44134-

44143. 

43. Uliana, A. A.; Bui, N. T.; Kamcev, J.; Taylor, M. K.; Urban, J. J.; Long, J. R., Ion-capture 

electrodialysis using multifunctional adsorptive membranes. Science 2021, 372, (6539), 296. 

44. Tan, S.; Tieu, J. H.; Bélanger, D., Chemical Polymerization of Aniline on a Poly(styrene 

sulfonic acid) Membrane: Controlling the Polymerization Site Using Different Oxidants. The 

Journal of Physical Chemistry B 2005, 109, (29), 14085-14092. 

 

  

  



 

Scheme 1. Synthesis of vinyl-substituted benzo-crown ethers. The molecular structure of 2 

(inset) was obtained by single-crystal X-ray diffraction experiments.  

 

 

Scheme 2. Synthesis of ‘boot-strap’ p-tert-Butylcalix[4]arene-crown-6-dicarboxylic acid.23 
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Table 1. Ion flux of the original and modified CEM (units: 10-3 mole/m2∙min).^  

    Current Density (mA/cm2) 

    2.3 3.1 6.3 

Unmodified CEM Na  9.38 ± 1.90 12.1  ± 2.38 29.4  ± 1.1 

  Mg 1.72  ± 0.0 2.35  ± 0.56 2.40  ± 0.23 

  Ba 0.38  ± 0.0 0.49  ± 0.14 0.50  ± 0.04 

  Current Efficiency 102%  ± 4% 85%  ± 15% 74%  ± 3% 

CEM with VB18c6 Na  9.08  ± 0.49 12.9  ± 0.92 29.4  ± 1.2 

  Mg 2.73  ± 0.04 2.46  ± 0.50 5.08  ± 1.32 

  Ba 0.69  ± 0.03 0.82  ± 0.24 1.16  ± 0.22 

  Current Efficiency 109%  ± 4% 100%  ± 17% 108%  ± 11% 

CEM with calix[4]arene Na  5.77  ± 2.04 10.2  ± 1.5 31.3  ± 1.03 

  Mg 2.59  ± 0.10 3.13  ± 0.51 6.85  ± 1.82 

  Ba 0.65  ± 0.02 0.80  ± 0.23 1.69  ± 0.51 

  Current Efficiency 85%  ± 13% 94%  ± 15% 92%  ± 7% 

CEM with calix[4]arene-

C6DA Na  7.97 15.5   

  Mg 2.38 2.38   

  Ba 0.48 0.50   

  Current Efficiency 94% 110%   

 

^ Experiments were performed using feed solution containing 100 mM Na, 5 mM Mg, and 1 mM 

Ba, respectively. The initial pH of the feed solution was approximately 7.5. The final pH of 

concentrate and diluate was tabulated in Table S2. Uncertainty values correspond to one standard 

deviation.  

  



  

 

  

Figure 1. Schematics of an eletrodialysis unit. 4-chamber configuration was employed. 

Membrane surface area was 64 cm2 and the volume of diluate and concentrate tanks were 500 

mL each.    

  



  



Figure 2. FTIR spectra of original CEM and that coated with VB18C6 (a), tBCalix4 (b), and 

tBCalix4-C6DA (i.e., bootstrapped calix[4]arene), respectively.   



 

 

Figure 3. Concentration profiles of cations in diluate stream with (a) original CEM, and CEM 

deposited with VB18C6 with the loaded surface facing (b) the diluate or (c) concentrate stream, 

respectively. Electrolytes in the feed water were 200 mM Na, 5 mM Mg, and 5 mM Ba, 

respectively. Current density was 3.1 mA/cm2. Error bars represent one standard deviation.   
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Figure 4. Concentration profiles of cations in diluate stream with (a) original CEM and CEM 

modified with (b) VB18C6 or (c) tBCalix4. Electrolytes in the feed water were 100 mM Na, 5 

mM Mg, and 1 mM Ba, respectively. Current density was 3.1 mA/cm2.  Error bars represent one 

standard deviation.   



  

Figure 5.  Effect of current density on the selectivity of (a) Ba over Na and (b) Mg over Na 

during electrodialysis using the unmodified and crown ether or calixarene-modified CEM. 

Electrolytes in the feed water were 100 mM Na, 5 mM Mg, and 1 mM Ba, respectively. Error 

bars represent one standard deviation.    
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Figure 6. Effect of Na concentration on selectivity of (a) Ba over Na and (b) Mg over Na during 

electrodialysis. Feed water contained 5 mM Mg and 1 mM Ba, in addition to Na ion. Current 

density was 3.1 mA/cm2. Error bars represent one standard deviation.   

  



  

Figure 7. Comparison of ion selectivity of membranes deposited with tBCalix4 and tBCalix4-

C6DA. Electrolytes in the feed water were 100 mM Na, 5 mM Mg, and 1 mM Ba, respectively. 

Error bars represent one standard deviation.   
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Figure 8. Conceptual model of increased barium and magnesium selectivity through surface 

modification with sequestrants. Flux (a) and selectivity (b) of ions in response to current density. 

c) Effect of membrane modification on target ion concentration profile.  


