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Highlights 4 

• The mechanisms underlying the selectivity of ion-exchange membranes are explored. 5 

• Ions show activation behavior of transport according to an Arrhenius-type equation. 6 

• Smaller and more strongly hydrated ions show higher energy barrier for transport. 7 

• Smaller and more strongly hydrated ions show higher pre-exponential factor. 8 

• Activation behavior of ion transport is attributed to ion dehydration. 9 

 10 

 11 

  12 



1 
 

ABSTRACT 

We explored the mechanisms governing the selectivity of anion- and cation-exchange 13 

membranes for the transport of four monovalent anions (i.e., fluoride, chloride, bromide, and 14 

nitrate) and four monovalent cations (i.e., sodium, potassium, cesium, and ammonium), 15 

respectively. Our ion adsorption and transport tests with mixed ion solutions reveal that an ion 16 

with larger ionic radius and lower hydration energy is more favorably adsorbed onto the ion-17 

exchange membrane but diffuses more slowly through the polymer matrix compared to an ion 18 

with smaller ionic radius and higher hydration energy. Individual anion (as sodium salt) or cation 19 

(as chloride salt) permeation tests through the ion-exchange membranes at different temperatures 20 

were performed to evaluate the activation behavior of ion transport through the ion-exchange 21 

membranes by calculating the energy barrier and pre-exponential factor (i.e., the ion flux when 22 

the energy barrier is negligible) for ion transport from an Arrhenius-type equation. Our results 23 

show that an ion with smaller ionic radius and higher hydration energy experiences higher 24 

energy barrier (e.g., fluoride, 10.3 kcal mol-1) and possesses higher pre-exponential factor 25 

compared to an ion with larger ionic radius and lower hydration energy (e.g., bromide, 4.6 kcal 26 

mol-1). This correlation corroborates our main hypothesis that the activation behavior observed 27 

for ion transport is a result of ion dehydration at the water-membrane interface. Our proposed ion 28 

selectivity mechanism elucidates how ion dehydration governs the extent of ion permeation into 29 

the membrane and the subsequent transport through the charged polymer matrix. Future 30 

membrane design that promotes dehydration of target ions is challenging but can result in 31 

unprecedented ion selectivity.    32 

 33 

Keywords: ion-exchange membrane; ion selectivity; ion dehydration; energy barrier; Arrhenius-34 

type equation 35 
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1. Introduction 37 

Selective removal of small target ions and low-molecular-weight contaminants from water is 38 

technologically challenging but can reduce operational costs and minimize brine disposal [1–5]. 39 

Pressure-driven (e.g., reverse osmosis and nanofiltration) and electro-driven (e.g., electrodialysis 40 

and membrane capacitive deionization) membrane technologies can address this challenge to a 41 

limited extent [6–9]. In these processes, the membrane pore selectivity for a specific solute is 42 

predominantly dictated by steric (size)- and Donnan (charge)-exclusion mechanisms, rendering 43 

the membrane relatively unselective when species with similar size or charge are present [10–14]. 44 

The extent to which an ion is rejected from the membrane by size- and charge-exclusion 45 

mechanisms is well correlated to its hydrated size and charge, respectively [15–19]. Nevertheless, 46 

consistent selectivity trends (yet minor) are observed in these membranes, even for solutes 47 

having similar hydrated size and charge, as in the commonly observed case of monovalent 48 

anions (e.g., nitrate permeates more favorably than chloride through nanofiltration and ion-49 

exchange membranes) [20–25]. 50 

Hydration energy (i.e., the amount of energy released when one mole of ion undergoes 51 

hydration) is used to explain the selectivity of ions possessing similar hydrated size and charge 52 

[26–28]. In general, ions with higher hydration energy are more effectively rejected by reverse 53 

osmosis [29,30], nanofiltration [31,32], and ion-exchange membranes [3,26,27,33–35]. 54 

Hydration energy can also explain the order of elution of monovalent ions from ion 55 

chromatography [36–38]. Here, a monovalent ion with higher hydration energy (e.g., fluoride) is 56 

eluted from the column before a monovalent ion with lower hydration energy (e.g., bromide). 57 

However, while the effect of ion hydrated radius and charge on selectivity is attributed to the 58 

size- and charge-exclusion mechanisms, respectively, the exact mechanism relating hydration 59 

energy to the observed ion selectivity is not fully understood.  60 

Over the last decade, extensive research using molecular dynamics simulations showed that 61 

water molecules surrounding an ion in solution (i.e., the hydration shell) can be partially 62 

removed during ion permeation through uncharged nanopores that are smaller than the hydrated 63 

size of the ion [39–42]. This partial removal of water molecules, known as ion dehydration, 64 

contributes to the overall energy barrier associated with ion transport through the pore due to the 65 

thermodynamically more favorable form of the hydrated ion compared to the non-hydrated ion. 66 
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Differences in dehydration-based energy barriers were shown to boost selectivity between ions 67 

permeating through nanopores [42–45]. In ion selective biological channels, ion dehydration 68 

plays a crucial role to obtain selectivity [46,47]. In these channels, specific binding sites for ions 69 

within the channel compensate for the energetic cost of dehydration by providing favorable 70 

compensatory interactions with the ion. Precise selectivity results when this energetic 71 

compensation is more favorable for one type of ion than for another, relative to the energy of 72 

dehydration [47]. That is, both the binding strength of water molecules to the ion before 73 

dehydration and the interaction of the dehydrated ion with its new surrounding after dehydration 74 

dictate the selectivity.  75 

Numerous studies have shown that ions permeating through polymeric membranes show 76 

activation behavior [48–52]; that is, the ion flux is dependent exponentially on the temperature 77 

according to an Arrhenius-type equation [53–56]. The Arrhenius-type equation connects the ion 78 

flux to the energy barrier associated with the ion permeation through the membrane and a pre-79 

exponential factor representing the maximum ion flux that can be obtained when the energy 80 

barrier is negligible. Based on insights from molecular dynamics simulations of ion permeation 81 

through nanopores, the mechanism of ion dehydration was also proposed to explain selectivity 82 

trends in nanofiltration membranes by correlating the experimental energy barrier for ion 83 

permeation to its hydration energy [20,21,48]. Specifically, Richards et al. [48] showed 84 

experimentally that the fluoride anion experiences the highest energy barrier among other 85 

monovalent anions while permeating through a pressure-driven nanofiltration membrane. The 86 

authors attributed the relatively high energy barrier of fluoride to its much higher hydration 87 

energy, corresponding to a much stronger and less easy-to-remove hydration shell compared to 88 

other anions. However, results from this work could not show correlation between experimental 89 

energy barriers and hydration energies of other anions (e.g., chloride and nitrate) [48].  90 

In contrast to reverse osmosis and nanofiltration membranes, ion-exchange membranes are 91 

permeable to counterions but almost impermeable to co-ions and water. This exclusive transport 92 

of counterions through the membrane is due to the high thickness of the membrane and the 93 

significant amount of fixed charged groups within the polymer matrix that inhibits the 94 

permeation of co-ions and promotes adsorption of counterions [57–61]. As in biological channels 95 

[46,47], this counterion-exchange phenomenon at the solution-membrane interface is expected to 96 
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energetically compensate for the loss of the hydration shell of the ion, reduce the overall energy 97 

barrier for ion permeation, and facilitate its transport along the thick polymer matrix.  98 

Previous studies modelling ion partitioning and transport in ion-exchange membranes have 99 

accounted for the solvation state of the ion [62–68]. In particular, these studies have focused on 100 

the ion solvation free energy change that arises when the ion moves from one dielectric (i.e., 101 

water) into another (i.e., membrane polymer). However, direct experimental evaluation of the 102 

energy barrier associated with ion transport through ion-exchange membranes has not been 103 

reported. Specifically, the energetic penalty due to changes in ion solvation at the water-104 

membrane interface has not been experimentally quantified.  105 

The objective of this study is to experimentally explore the mechanisms governing the 106 

selectivity of ion-exchange membranes in light of the growing efforts to understand and improve 107 

ion selectivity. Our study of the permeation of four monovalent anions and four monovalent 108 

cations through anion- and cation-exchange membrane, respectively, shows that both anions and 109 

cations present activation behavior of transport. Using an Arrhenius-type equation, we found that 110 

an ion with smaller ionic radius and higher hydration energy experiences higher energy barrier 111 

and diffuses faster in the ion-exchange membrane compared to an ion with larger ionic radius 112 

and lower hydration energy. This correlation provides experimental evidence for the role of ion 113 

dehydration in activation behavior of transport and highlights the potential to increase selectivity 114 

between similar counterions based on their ability to undergo dehydration.    115 

 

2. Materials and methods 116 

2.1 Materials and chemicals 117 

Commercial anion- and cation-exchange membranes (AMI-7001 and CMI-7000, respectively, 118 

Membrane International) were used for all ion adsorption and transport tests. Unless otherwise 119 

indicated, membranes were immersed in 1 M sodium chloride (NaCl) solution overnight before 120 

use. Sodium fluoride (NaF), sodium nitrate (NaNO3), sodium sulfate (Na2SO4), potassium 121 

chloride (KCl), cesium chloride (CsCl), and ammonium chloride (NH4Cl) were purchased from 122 

Sigma-Aldrich. Sodium chloride (NaCl) and magnesium chloride hexahydrate (MgCl2·6H2O) 123 

were purchased from J.T. Baker Chemicals. Sodium bromide (NaBr) was purchased from Fisher 124 
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Science Education. Deionized water (MilliPore Academic A-10, resistance 15 MΩ-cm) was used 125 

for preparing solutions, equilibration of membranes, and rinsing the diffusion cell. 126 

2.2 Characterization of ion-exchange membranes  127 

The commercial AMI-7001 and CMI-7000 ion-exchange membranes were selected for this 128 

study due to their functional ion-exchange groups (i.e., quaternary ammonium and sulfonate 129 

groups, respectively) and high robustness. A thorough characterization of the membranes is 130 

essential to understand their ion transport behavior and selectivity. 131 

Transport number of the membranes was measured using the potentiometric method [3]. 132 

Briefly, each membrane (surface area of 14.5 cm2) was placed between two chambers containing 133 

NaCl at concentrations of 0.01 M and 0.1 M (Fig. S1). The chambers were rigorously mixed to 134 

minimize concentration polarization and allow ion diffusion from the high- to low-concentration 135 

chamber. The membrane potential (i.e., the difference in electric potential between the two sides 136 

of the membrane) established due to the selectivity of the membrane for anions or cations was 137 

continuously monitored using a voltmeter (Fluke 77 Multimeter) and recorded for 30 min after 138 

stabilization. The average membrane potential during these 30 min was used to calculate the 139 

transport number using   140 

�� = (2�� − 1) ��
� ln	�
��
��
�       (1) 141 

where ∆E is the measured membrane potential, tm is the transport number, R is the universal gas 142 

constant (8.314 J K-1 mol-1), F is the Faraday constant (96485 C mol-1), and α1 and α2 are the 143 

activities of the high- and low-concentration chambers, respectively [69].   144 

The membrane inherent selectivity for transport of counterions, the permselectivity, accounts 145 

for both the transport number of counterions within the membrane and the transport number in 146 

the bulk solution according to [70] 147 

 �������������� = !"#!$
%#!$

       (2) 148 

Here, tm  is the membrane transport number as determined from Eq. (1) and ti is the transport 149 

number of the counterion in the bulk solution (0.39 and 0.61 for Na+ and Cl-, respectively), 150 

derived from its relative diffusion coefficient in water [71]. 151 
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The ion-exchange capacity of the membranes was determined by the exchange of previously 152 

adsorbed ions (i.e., Na+ or Cl-) with another ion. After immersing both membranes in 1 M NaCl 153 

solution, the anion- and cation-exchange membranes were washed thoroughly with DI water to 154 

remove excess of salt and then immersed in a 1 M solution of NaBr and KCl, respectively. 155 

Besides the high concentration used (1 M), Br- and K+ have higher affinity to the anion- and 156 

cation-exchange membranes compared to Cl- and Na+, respectively, and therefore are expected to 157 

provide an efficient exchange [3]. We used anion (Dionex DX-500 with an AS14A IonPac 158 

column) and cation (Dionex ICS-1000 with a CS14 IonPac column) chromatography to measure 159 

the anion (i.e., Cl- and Br-) and cation (i.e., Na+ and K+) concentration in the solutions, 160 

respectively, before and after the exchange.    161 

For water uptake measurement, small pieces of dry anion- and cation-exchange membranes 162 

were weighted as supplied (i.e., without immersing in NaCl solution) and then immersed in DI 163 

water for 24 hr. After 24 hr, the membranes were wiped gently and weighted again. The water 164 

uptake was calculated as the percentage (wt.%) of water accumulated in the membrane.  165 

Membrane thickness was measured using cross section images of the membrane taken with 166 

scanning electron microscopy (SEM, Hitachi SU-70). Before imaging, membrane samples were 167 

sputter-coated with a chromium layer (BTT-IV, Denton Vacuum, LLC, Moorestown, NJ).  168 

We also verified the functional groups on the surface of the anion- and cation-exchange 169 

membranes (quaternary ammonium and sulfonate groups, respectively). Dry membrane samples 170 

were tested as supplied with attenuated total reflectance Fourier transform infrared (ATR FTIR) 171 

spectroscopy (Thermo Nicolet 6700 FT-IR Spectrometer, Thermo Fisher Scientific Inc.) to 172 

identify typical bonds and stretches associated with the quaternary amine headgroups and 173 

sulfonates. Energy-dispersive X-ray analysis (EDX) with SEM was used to detect the specific 174 

elements characterizing the functional groups (i.e., nitrogen and sulfur) and adsorbed counterions 175 

(i.e., chloride and sodium) on the membrane surface. 176 

 177 

2.3 Ion adsorption onto ion-exchange membranes  178 

The extent of adsorption of each ion onto the anion- and cation-exchange membranes was 179 

measured using mixed solutions containing four anions (i.e., F-, Cl-, Br-, and NO3
- as sodium 180 
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salts) or four cations (i.e., Na+, K+, Cs+, and NH4
+ as chloride salts), respectively, at a 181 

concentration of 2.5 mM for each salt. Mixed solutions were used, rather than single-salt 182 

solutions, to take into account possible competition for adsorption among the ions. Before 183 

immersing the membranes in the mixed ion solutions, the anion- and cation-exchange 184 

membranes were immersed in 1 M Na2SO4 and 1 M MgCl2 solutions, respectively, for 24 hr to 185 

exchange previously adsorbed ions with SO4
2- or Mg2+ ions. The membranes were then washed 186 

with DI water to remove excess of Na2SO4 and MgCl2 solution and immersed in the mixed 187 

solutions described above for additional 24 hr. Following adsorption, anion and cation 188 

concentration in the solution were analyzed using anion and cation chromatography, respectively. 189 

Sulfate and magnesium ions, which are not part of the ions investigated in our study, were used 190 

to ensure a proper comparison by exchanging previously adsorbed ions (the membranes are 191 

supplied with Cl- and Na+ as counterions). The experiment was performed at a temperature of 192 

25°C. Adsorption was calculated as percentage of decrease in the solution anion or cation 193 

concentration.    194 

 195 

2.4 Selectivity of ion-exchange membranes 196 

The selectivity of anion- and cation-exchange membranes for the transport of specific anion 197 

or cation, respectively, was measured in a custom-made diffusion cell (Fig. S2). A mixed anion 198 

(i.e., F-, Cl-, Br-, and NO3
- as sodium salts) or cation (i.e., Na+, K+, Cs+, and NH4

+ as chloride 199 

salts) solution at a concentration of 0.1 M for each salt was placed in the side chambers (the 200 

mixed anion and cation solutions were used in separate experiments) and was separated from the 201 

middle chamber by the anion- and cation-exchange membranes (each with surface area of 14.5 202 

cm2). The middle chamber was filled with DI water and mixed with a stir bar. The two side 203 

chambers were continuously mixed together to maintain electroneutrality. Before each 204 

experiment, the anion- and cation-exchange membranes were immersed overnight in the same 205 

mixed anion or cation solution of the specific experiment to exchange previously adsorbed ions.  206 

During the selectivity experiments, ions diffused from the side chambers to the middle 207 

chamber through the anion- and cation-exchange membranes due to the concentration gradient. 208 

A conductivity meter (Oakton, Con 2700) was placed in the middle chamber to monitor the 209 

increase in conductivity over time. When conductivity in the middle chamber reached 1000 µS 210 



8 
 

cm-1, samples were taken from the middle cell and analyzed by anion or cation chromatography. 211 

Reaching this stage (i.e., conductivity of 1000 µS cm-1 in the middle chamber) lasted several 212 

hours, ensuring that ion transport was stable. Moreover, the ion concentrations in the middle 213 

chamber at this stage could be reliably detected by anion and cation chromatography.  The 214 

selectivity of X- anion (i.e., F-, Cl-, Br-, and NO3
-) over Cl- anion, �&'()

(
, and the selectivity of X+ 215 

cation (i.e., Na+, K+, Cs+, and NH4
+) over Na+ cation, �*+,),

, were calculated using         216 

�&'()
( = -.(/-01(

&.(/&01(
        (3) 217 

�*+,), = -.,/-23,
&.,/&23,

        (4) 218 

where Ji is the flux of component i through the membrane and Ci is the average concentration of 219 

component i in the side (concentrated) chambers. Because of the much higher volume of the 220 

solution in the side chambers (0.3 L) compared to the middle chamber (35 mL), the 221 

concentration of ions in the side chambers almost did not change over time and remained ~ 0.1 222 

M. Therefore, the denominator in Eqs. (3) and (4) was assumed to be 1. The flux of each ion was 223 

calculated by dividing its amount in the middle chamber at the final stage (i.e., 1000 µS cm-1 in 224 

the middle chamber) by the time elapsed to reach the final stage and the surface area of the 225 

membrane. The selectivity experiments were performed at a temperature of 25°C.  226 

 227 

2.5 Determination of energy barrier and pre-exponential factor for ion transport 228 

Experimental energy barriers (Ea) and pre-exponential factors (A) for anion (i.e., F-, Cl-, Br-, 229 

and NO3
- as sodium salts) and cation (i.e., Na+, K+, Cs+, and NH4

+ as chloride salts) transport 230 

through the anion- and cation-exchange membranes, respectively, were determined from an 231 

Arrhenius-type equation using single-salt solutions (initial concentration of 0.25 M):  232 

4 = 5	exp �− 93
���        (5) 233 

where J is the ion flux through the membrane, R is the universal gas constant, and T is the 234 

absolute temperature.  235 

The single-salt solution was placed in the side chambers and the middle chamber was filled 236 

with DI water (Fig. S2). The same mixing regime of the middle and side chambers was applied 237 
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as in the selectivity measurement.  Before each experiment, the anion- and cation-exchange 238 

membranes were immersed overnight in the same single-salt solution of the specific experiment 239 

to exchange previously adsorbed ions. During the experiment, ions diffused from the side 240 

chambers to the middle chamber through the anion- and cation-exchange membranes due to the 241 

concentration gradient. A conductivity meter was placed in the middle chamber to monitor the 242 

increase in electric conductivity over time. 243 

For this set of experiments, the diffusion cell was placed in a temperature-controlled bath with 244 

a heater. Temperature was increased in 5°C increments every 100 min, from 25°C to 40°C, and 245 

monitored by both a standard thermometer that was placed in the bath and the heater itself 246 

(which was equipped with an internal thermometer). For all increments, temperature stabilized in 247 

less than 50 min, allowing a stable flux measurement afterwards (Fig. S3). Therefore, for each 248 

temperature, the average ion flux (J) was calculated from the slope of the increase in 249 

conductivity over time during the latter 50 min. The natural logarithm of the ion flux, ln(J), was 250 

then plotted as a function of (1/T) and the energy barrier (Ea) and pre-exponential factor (A) 251 

were determined from the linearized form of the Arrhenius-type equation:  252 

�:(4) = ln(5) − 93
� �%��        (6) 253 

 

3. Results and discussion 254 

3.1 Characteristics of ion-exchange membranes 255 

The anion- and cation-exchange membranes (AMI-7001 and CMI-7000, respectively) are 256 

dense, nonporous polymer films. According to the manufacturer, the membranes are made of a 257 

polystyrene backbone cross-linked with divinylbenzene and chemically functionalized with ion-258 

exchange groups, namely, quaternary ammonium and sulfonic acid for the anion- and cation- 259 

exchange membranes, respectively. We verified the functional groups on the surface of the 260 

anion- and cation-exchange membrane using ATR FTIR spectroscopy (Fig. S4). Two distinctive 261 

peaks detected at absorbance of 956 cm-1 and 1039 cm-1 are associated with the quaternary amine 262 

headgroup (N-C, red) and the symmetric stretch of sulfonate group (S=O, blue), respectively [72]. 263 

SEM-EDX elemental mapping confirmed the presence of nitrogen and chlorine originating from 264 

the quaternary ammonium groups and chloride counterions, respectively, on the surface of the 265 



10 
 

anion-exchange membrane (Fig. S5). Sulfur and sodium, originating from the sulfonic acid 266 

groups and sodium counterions, respectively, were detected on the surface of the cation-267 

exchange membrane (Fig. S6).    268 

The main properties measured for the ion-exchange membranes are summarized in Table 1. 269 

The calculated transport number for both anion- and cation-exchange membranes indicated non-270 

ideal behavior of co-ion exclusion [73] but was higher than 0.9, confirming the dominant 271 

presence of counterions in the membranes due to the Donnan-exclusion effect [74]. A lower 272 

permselectivity value was calculated for the anion- than for the cation-exchange membrane as 273 

reported previously [58]. While the reason for such difference can be related to the higher ion-274 

exchange capacity of the cation-exchange membrane [58], we also surmise that the sulfonate 275 

functional groups, with smaller size (and therefore higher charge density) and more polar 276 

structure, are more effective in electrostatically excluding co-ions compared to quaternary 277 

ammonium functional groups.  278 

Table 1 279 

The ion-exchange capacity of both the anion- and cation-exchange membrane (per unit 280 

volume) is much greater than the capacity of ionized carboxyl groups of a typical polyamide RO 281 

(SW30) membrane [75], explaining the high permselectivity of the ion-exchange membranes for 282 

counterions and suggesting that electrostatic adsorption at the water-membrane interface might 283 

play a major role in ion transport and selectivity. We measured the membrane thickness using a 284 

cross-section SEM image (Fig. S7). Although water flux through the ion-exchange membranes is 285 

negligible due to their high thickness (and therefore high hydraulic resistance), water content of 286 

both anion- and cation-exchange membranes was approximately 20% due to hydration of the 287 

ionic groups within the membrane and other hydrophilic portions of the polymer matrix [57].  288 

 289 

3.2 Order of ion adsorption onto ion-exchange membranes  290 

We explored the selectivity of the anion- and cation-exchange membrane for the transport of 291 

four monovalent anions (i.e., F-, Cl-, Br-, and NO3
-) and four monovalent cations (i.e., Na+, K+, 292 

Cs+, and NH4
+), respectively. Important properties of these anions and cations (i.e., ionic radius 293 

and hydration energy) that govern their transport behavior in ion-exchange membranes are 294 
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summarized in Tables 2 and 3, respectively. According to the solution-diffusion model, ion 295 

transport through a dense nonporous membrane can be divided into two distinctive steps: 296 

adsorption (i.e., partitioning) onto the polymer matrix and diffusion through the membrane [60]. 297 

Therefore, we evaluated first the adsorption of the four anions (Fig. 1a) and four cations (Fig. 2a) 298 

onto the anion- and cation-exchange membrane, respectively, to identify adsorption-induced 299 

selectivity trends. To support our proposed mechanism for the adsorption order of the ions, we 300 

compared the adsorption trends obtained for the ion-exchange membranes to the adsorption 301 

behavior of the anions and cations in anion (Fig. 1b) and cation (Fig. 2b) chromatography. 302 

Table 2 303 

Table 3 304 

Figure 1 305 

Figure 2 306 

For anions (Fig. 1), the order of adsorption onto the anion-exchange membrane (NO3
- > Br- > 307 

Cl- > F-) correlates to the reverse order of the hydration energy of the anions (Table 2). That is, 308 

an anion with higher hydration energy showed lower adsorption onto the membrane after 24 hr 309 

compared to an anion with lower hydration energy. Similar results were obtained after three 310 

hours of adsorption (Fig. S8), suggesting that at 24 hr, equilibrium state was reached and the rate 311 

of adsorption did not play a role in the results observed. This set of results obtained at 312 

equilibrium indicate that an anion with higher hydration energy (e.g., F-) has lower affinity to the 313 

membrane polymer matrix and its adsorption is less favorable thermodynamically compared to 314 

an anion with lower hydration energy (e.g., NO3
-). We attribute the lower affinity of an anion 315 

with higher hydration energy to the polymer matrix to its less easy-to-remove hydration shell 316 

which interrupts with the formation of strong electrostatic bonds with the positively charged 317 

quaternary ammonium functional groups in the membrane compared to an anion with lower 318 

hydration energy. In general, the easier it is to remove the hydration shell of an ion, the higher 319 

the dehydration an ion can undergo. Ion dehydration can also explain the order of anion elution 320 

from anion chromatography (Fig. 1b). Here, an anion with lower hydration energy that can 321 

remove more easily water molecules from its hydration shell (e.g., NO3
-) develops stronger 322 

electrostatic bonds with the fixed quaternary ammonium groups in the resin which result in 323 
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longer residence time in the column during elution compared to an anion with higher hydration 324 

energy (e.g., F-) [36].  325 

Similar trends were observed for the three spherical monoatomic cations (Na+, K+, and Cs+) 326 

tested (Fig. 2). A cation with higher hydration energy (e.g., Na+) showed lower adsorption onto 327 

the cation-exchange membrane at equilibrium and was eluted earlier from the cation 328 

chromatography compared to a cation with lower hydration energy (e.g., Cs+), generalizing the 329 

proposed mechanism of ion dehydration for both anions and cations. Ammonium (NH4
+), with 330 

slightly lower hydration energy than K+, was less adsorbed onto the cation-exchange membrane 331 

and eluted earlier from the column compared to K+. We attribute this deviation to the polyatomic 332 

tetrahedral structure of NH4
+ which might interfere with its binding to the negative sulfonate 333 

groups in the membrane or the carboxylate groups in the chromatography resin compared to the 334 

spherical monoatomic cations (discussed later in Section 3.6). The similarity between adsorption 335 

trends in ion-exchange membranes and ion chromatography for both anions and cations suggests 336 

that ion properties (e.g., the hydration energy), rather than specific adsorbent properties (e.g. 337 

structure and type of functional groups), govern the adsorption order in the investigated ion-338 

exchange systems and therefore supports the mechanism of ion dehydration.    339 

 340 

3.3 Selectivity order of ion-exchange membranes 341 

Membrane selectivity for a specific ion accounts for both ion adsorption (i.e., partitioning) 342 

onto the ion-exchange membrane and ion diffusion within the membrane [3]. We measured the 343 

transport rate of the four anions and four cations through the anion- and cation-exchange 344 

membranes, respectively, in mixed salt solutions containing the four anions (as sodium salts) or 345 

four cations (as chloride salts). We then calculated the selectivity of each anion (Fig. 3a) or 346 

cation (Fig. 3b) over Cl- or Na+, respectively, according to Eqs. (3) and (4), respectively.   347 

Figure 3 348 

For anions (Fig. 3a), the selectivity order (Br- > NO3
- > Cl- > F-) was the same as the 349 

adsorption order (NO3
- > Br- > Cl- > F-), except for the swap between Br- and NO3

- in the series 350 

(i.e., NO3
- was better adsorbed than Br- but the membrane was more selective to Br- than to NO3

-351 

). This selectivity order, including the higher transport of Br- than NO3
-, was reported previously 352 
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for some anion-exchange membranes [76,77]. For cations (Fig. 3b), except for the location of 353 

Na+ in the series compared to the other cations, the selectivity order (NH4
+ > K+ ~ Cs+ > Na+) 354 

was different than the adsorption order (Cs+ > K+ > NH4
+ > Na+) and, in general, showed minor 355 

differences between the monoatomic cations. While the selectivity of specific cation-exchange 356 

membranes for all the four cations in the series was not investigated in the literature, the higher 357 

selectivity for K+ over Na+ was reported in a few studies [3,78].  358 

Generally, for both anions and cations our results indicate that ion diffusion within the 359 

membrane (i.e., the second stage of ion transport based on the solution-diffusion model) 360 

mitigated the effect of adsorption (i.e., the first stage of ion transport) on the overall selectivity, 361 

resulting in differences between selectivity and adsorption trends. These results suggest that 362 

more favorably adsorbed ions with higher affinity to the polymer matrix have lower diffusion 363 

within the membrane (e.g., Cs+ was more favorably adsorbed than K+ but diffused more slowly 364 

through the membrane). In general, an ion with higher affinity to the membrane develops 365 

stronger attraction bonds with the fixed groups in the polymer matrix that inhibit its diffusion 366 

within the membrane compared to an ion with lower affinity to the membrane. This proposed 367 

mechanism is supported by the elution order of the ions from ion chromatography (Fig. 1b and 368 

Fig. 2b), showing that an ion with lower affinity to the resin (e.g., F-) is eluted faster from the 369 

resin than an ion with higher affinity (e.g., NO3
-).  370 

 371 

3.4 Activation behavior of ion transport through ion-exchange membranes 372 

Activation behavior of ion transport can be evaluated by relating ion flux to temperature 373 

according to an Arrhenius-type equation (Eq. (5)) [48–52]. From this relationship, the energy 374 

barrier and pre-exponential factor (i.e., the ion flux when the energy barrier is negligible) for ion 375 

transport can be calculated. In contrast to measurement of ion flux solely, calculation of energy 376 

barriers and pre-exponential factors also accounts for the temperature and therefore can provide 377 

mechanistic insights into ion transport that flux measurement, by itself, cannot. The energy 378 

barrier experienced by the ion can result from different mechanisms hindering its transport 379 

through the membrane (e.g., charge repulsion and friction with the polymer matrix). Ion 380 

dehydration during the transport of ions from bulk solution into a confined environment is 381 
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another mechanism that was demonstrated to contribute to the overall energy barrier for ion 382 

permeation through nanopores [40,41] and nanofiltration membranes [21,48].  383 

To better explain the mechanisms of ion permeation through the membranes and the resulted 384 

selectivity, we measured individually the flux of each anion (as sodium salt) and each cation (as 385 

chloride salt) through the anion- and cation-exchange membrane (Fig. 4 and Fig. 5, respectively) 386 

at four different temperatures to obtain the energy barrier (Ea) and the pre-exponential factor (A) 387 

from the linearized form of the Arrhenius-type equation (Eq. (6)). Specifically, we first measured 388 

the increase in ion conductivity in the middle chamber at four different temperatures due to ion 389 

diffusion from the side chambers (Fig. 4a and Fig. 5a). We then calculated the ion flux for each 390 

temperature (50 min segments) and plotted the natural logarithm of the flux, ln(J), as a function 391 

of 1/T (Fig. 4b and Fig. 5b). To improve the clarity of the presented results, for each point in Fig. 392 

4b and Fig. 5b the flux was normalized to the flux at 25°C. 393 

Figure 4 394 

Figure 5 395 

Generally, all the ions investigated in this study showed an activation behavior with linear 396 

dependence between ln(J) and 1/T (R2 > 0.99). We attribute this highly temperature-correlated 397 

activation behavior to the diffusion-only transport of ions through the membrane (i.e., ion 398 

transport was driven only by concentration gradient). For both monoatomic anions (Fig. 6a) and 399 

monoatomic cations (Fig. 6b), the calculated energy barriers correlated to the hydration energies 400 

of the ions, suggesting that an ion with higher hydration energy needs to overcome a higher 401 

energy barrier while permeating through the membrane.  402 

Figure 6 403 

This correlation between energy barriers and hydration energies links the hydration energy, an 404 

inherent ion property, to the energy barrier associated with ion permeation through the ion-405 

exchange membrane. More specifically, it implies that the strength of ion hydration plays an 406 

important role in ion transport through the polymer matrix and supports the previously proposed 407 

mechanism of ion dehydration [41,48]: an ion with higher hydration energy (and therefore 408 

stronger hydration shell) undergoes lower dehydration compared to an ion with lower hydration 409 

energy. Importantly, our calculated energy barriers in relatively thick ion-exchange membranes 410 
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are comparable to previously determined energy barriers for monovalent anions in nanopores and 411 

nanofiltration membranes with much thinner active layer [41,42,48], suggesting that the barriers 412 

arise mainly at the pore (or polymer matrix) entrance as discussed previously [42,43]. The fact 413 

that these energy barriers arise at the polymer entrance further supports the proposed mechanism 414 

of ion dehydration at the water-membrane interface.   415 

Notably, the pre-exponential factor A (i.e., the inherent maximum ion flux through the 416 

membrane when the energy barrier for transport is negligible) calculated for the monoatomic 417 

anions (Fig. 6a) and monoatomic cations (Fig. 6b) also correlated to the hydration energy of the 418 

ions. This correlation supports our results for ion selectivity in the previous section, suggesting 419 

that an ion with stronger hydration shell and lower affinity to the polymer matrix (e.g., F-) 420 

diffuses faster through the ion-exchange membrane compared to an ion with weaker hydration 421 

shell and higher affinity to the polymer matrix (e.g., Br-). As discussed above, the faster diffusion 422 

of an ion with lower affinity to the polymer matrix compared to the diffusion of an ion with 423 

higher affinity to the polymer matrix can also explain the elution order of ions from ion 424 

chromatography.  425 

To support the trend observed for the energy barrier and pre-exponential factor in Fig. 6, we 426 

repeated the experiments for individual solutions of NaF, NaCl, and KCl three more times each 427 

using a new set of anion- and cation-exchange membranes (Fig. S9). As in Fig. 6, our measured 428 

energy barriers and pre-exponential factors for different ions were significantly different from 429 

each other and correlated to ion hydration energy (F- > Cl-; Na+ > K+). 430 

 431 

3.5 Mechanisms of ion transport through ion-exchange membranes  432 

We showed for both anions and cations that at equilibrium the adsorption of ions with lower 433 

hydration energy onto the ion-exchange membrane is thermodynamically more favorable 434 

compared to the adsorption of ions with higher hydration energy (Fig. 1a and Fig. 2a). Therefore, 435 

an ion with larger ionic radius and lower hydration energy reaches a lower (and therefore more 436 

favorable) free energy state after adsorption onto the membrane compared to an ion with smaller 437 

ionic radius and higher hydration energy (Fig. 7a). We also demonstrated that monovalent ions 438 

show activation behavior of transport through the membrane where, for monoatomic ions, an ion 439 

with larger ionic radius and lower hydration energy experiences lower energy barrier of 440 
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permeation through the ion-exchange membrane compared to an ion with smaller ionic radius 441 

and higher hydration energy (Fig. 7a). As discussed above, this cumulatively calculated energy 442 

barrier for ion transport through the membrane arises mainly at the water-membrane interface 443 

due to the transition of ions from bulk solution into the confined environment of the membrane 444 

polymer.  445 

Figure 7 446 

We attribute these differences in the energy barrier and Gibbs free energy change (∆G) of 447 

adsorption to the different ability of each ion to partially remove water molecules from its 448 

hydration shell during permeation through the ion-exchange membrane, as previously suggested 449 

for nanofiltration membranes [21,48]. In general, this ability of an ion to undergo partial 450 

dehydration depends on both the strength of its hydration shell (expressed as the hydration 451 

energy) and the interaction between the dehydrated ion with its new surrounding after 452 

dehydration, as proposed for ion-selective biological channels [46,47]. However, in ion-453 

exchange membranes, without perfect matching sites as in biological channels, the extent of 454 

dehydration undergone by an ion is primarily dictated by the strength of its hydration shell. That 455 

is, an ion with higher hydration energy (e.g., F-) undergoes lower dehydration than an ion with 456 

lower hydration energy (e.g., Br-).  457 

Due to its higher dehydration, an ion with lower hydration energy can approach closer to the 458 

fixed charged functional groups in the membrane and develop stronger electrostatic interactions 459 

with the fixed groups, resulting in more favorable adsorption and higher affinity to the polymer 460 

matrix compared to an ion with higher hydration energy. This distance-dependent electrostatic 461 

attraction between the mobile counterions and the fixed ions in the membrane can be described 462 

by Coulomb’s law [79]. A similar mechanism was proposed to explain the selectivity order in 463 

ion chromatography where an ion with higher hydration energy (e.g., F-) develops weaker 464 

interactions with the fixed charged groups on the resin and therefore is eluted from the 465 

chromatography column earlier compared to an ion with lower hydration energy (e.g., Br-) [36]. 466 

Because of its higher dehydration-based energy barrier, an ion with smaller ionic radius and 467 

higher hydration energy will statistically occupy less fixed charged sites on the membrane 468 

surface during its transport in the membrane compared to an ion with larger ionic radius and 469 

lower hydration energy (Fig. 7b). However, due to the lower affinity of an ion with higher 470 
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hydration energy to the polymer matrix, it is less hindered and can diffuse faster through the 471 

membrane as supported by its higher pre-exponential factor A (Fig. 6) compared to an ion with 472 

lower hydration energy (Fig. 7b). Overall, our proposed mechanism suggests that adsorption at 473 

the water-membrane interface, rather than diffusion within the polymer matrix, is the key step for 474 

the observed selectivity in ion-exchange membranes.  475 

 476 

 477 

 478 

3.6 Why energy barriers of nitrate and ammonium do not follow the trend with hydration energy?  479 

The energy barriers calculated for the polyatomic ions (i.e., NO3
- and NH4

+) were slightly 480 

higher considering their hydration energies, resulting in discrepancy between the trends of 481 

hydration energies and calculated energy barriers. Specifically, NO3
- has the lowest hydration 482 

energy among the anions but showed a higher energy barrier than Br-; similarly, NH4
+, with 483 

slightly lower hydration energy than K+, experienced higher energy barrier than K+. We attribute 484 

this behavior of NO3
- and NH4

- to geometrical and orientation effects that may impose an 485 

additional energy barrier for their transport (Fig. 8).  486 

Unlike spherical monoatomic anions such as Cl- (Fig. 8a), NO3
-, with a trigonal planar 487 

molecular geometry [80], may need to be in a specific orientation in order to enter the membrane 488 

pore (Fig. 8b). This orientation adjustment is on top of other energy-consuming barriers at the 489 

water-membrane interface (e.g., overcome charge repulsion and undergo dehydration) and 490 

therefore contributes to the overall energy barrier of permeation. Previously calculated energy 491 

barriers for anion permeation in nanofiltration membrane also showed a discrepancy with ion 492 

hydration energies, where NO3
- anion experienced higher energy barrier for permeation than 493 

other anions with higher hydration energies such as Cl- or Br- [20,21,48].    494 

Ammonium is made up of four equally spaced sp3 hybrid orbitals forming a tetrahedral 495 

geometry with bond angles of 109.5° [80].  Although this geometry provides NH4
+ with a 496 

symmetrical 3D structure (i.e., a rotation around any axis results in a molecule indistinguishable 497 

from the original), differences in electron densities around the molecule may render some areas 498 

on the surface (i.e., the vertices) sterically less approachable than others (i.e., the faces). 499 
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Therefore, it is likely that in a specific orientation, the distance between the center of the NH4
+ 500 

cation and the center of the fixed negatively charged group in the membrane can be minimized 501 

due to reduced steric hindrance, resulting in a thermodynamically more favorable ionic 502 

interaction (Fig. 8c). As in the case of NO3
-, this orientation adjustment of NH4

+ results in 503 

additional energy penalty for permeation.  This hypothesis is supported by our results from 504 

cation chromatography, where the K+ cation showed better adsorption than NH4
+ despite having 505 

higher hydration energy. In the cation chromatography, NH4
+ developed weaker electrostatic 506 

interactions with the functional negatively charged groups in the resin and was eluted before K+, 507 

presumably due to steric limitations to form a closer (and therefore more stable) ionic interaction.     508 

4. Conclusion 509 

We explored the mechanisms underlying the selectivity of anion- and cation-exchange 510 

membranes for the transport of four monovalent anions (i.e., fluoride, chloride, bromide, and 511 

nitrate) and four monovalent cations (i.e., sodium, potassium, cesium, and ammonium), 512 

respectively. We first verified the previously reported order of ion adsorption and selectivity in 513 

the membranes where, in general, an ion with lower hydration energy is more favorably adsorbed 514 

but more slowly transported compared to an ion with higher hydration energy. Our individual ion 515 

permeation tests through the ion-exchange membranes at different temperatures showed 516 

activation behavior of ion transport through the ion-exchange membranes for all the ions 517 

investigated; namely, the ion flux depends exponentially on the temperature according to an 518 

Arrhenius-type equation. For spherical ions, both the energy barrier and the pre-exponential 519 

factor (that where derived from the Arrhenius-type equation) correlated to ion hydration energy, 520 

relating the activation behavior of ion transport to the phenomenon of ion dehydration and 521 

supporting the theory of ion dehydration-related selective transport. In particular, our calculated 522 

experimental energy barrier are comparable with previously reported energy barriers for 523 

nanofiltration membranes with much thinner active layer. This observation highlights the major 524 

contribution of ion dehydration at the water-membrane interface to the overall energy barrier and 525 

invites future studies to explore chemical functionalization of membranes that can promote ion 526 

dehydration in a more selective manner.  527 
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Fig 1.  (A) Adsorption of fluoride (F-), chloride (Cl-), bromide (Br-), and nitrate (NO3
-) onto the anion-

exchange membrane expressed as percentage of decrease in the solution anion concentration The membrane 

was immersed in a mixed solution containing the four anions (as sodium salts) at a concentration of 2.5 mM 

each. The solution was equilibrated with the membrane at 25°C and adsorption was measured after 24 h. 

Before the experiment, the membrane was immersed in 1 M Na2SO4 solution for 24 h to exchange previously 

adsorbed anions with SO4
2-. (B) Elution order of fluoride (F-), chloride (Cl-), bromide (Br-), and nitrate (NO3

-) 

from anion chromatography as reflected by the anion chromatogram. A mixed anion solution containing the 

four anions (as sodium salts) at a concentration of 50 mg L-1 each (2.6 mM, 1.4 mM, 0.6 mM, and 0.8 mM for 

F-, Cl-, Br-, and NO3
-, respectively) was injected into the column. The column packing consisted of 9-µm 

diameter macroporous particles functionalized with quaternary ammonium groups. The eluent was a mixed 

solution of sodium carbonate (0.8 M) and sodium bicarbonate (0.1 M) solution. Peaks in the chromatogram 

were identified by comparing their elution times to those obtained for chromatography of single anion solution. 
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Fig 2.  (A) Adsorption of sodium (Na+), potassium (K+), cesium (Cs+), and ammonium (NH4
+) onto the cation-

exchange membrane expressed as percentage of decrease in the solution cation concentration. The membrane 

was immersed in a mixed solution containing the four cations (as chloride salts) at a concentration of 2.5 mM 

each. The solution was equilibrated with the membrane at 25°C and adsorption was measured after 24 h. 

Before the experiment, the membrane was immersed in 1 M MgCl2 solution for 24 h to exchange previously 

adsorbed cations with Mg2+. (B) Elution order of sodium (Na+), potassium (K+), cesium (Cs+), and ammonium 

(NH4
+) from cation chromatography as reflected by the cation chromatogram. A mixed cation solution 

containing the four cations (as chloride salts) in a concentration of 50 mg L-1 each (2.2 mM, 1.3 mM, 0.4 mM, 

and 2.8 mM for Na+, K+, Cs+, and NH4
+, respectively) was injected into the column. The column packing 

consisted of 8-µm diameter macroporous particles functionalized with carboxylate groups. The eluent was 

methanesulfonic acid (0.01 M) solution. Peaks in the chromatogram were identified by comparing their elution 

times to those obtained for chromatography of single cation solution. 
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Fig 3. (A) Selectivity of X- anion (i.e., F-, Cl-, Br-, or NO3
-) over Cl- anion in the anion-exchange membrane. 

Anions diffused from the side chamber containing mixed anion solution (initial concentration of 0.1 M for 

each anion as sodium salt) to the middle chamber (DI water) through the anion-exchange membrane. Anion 

selectivity �&'()
(
 was calculated according to Eq. (3). (B) Selectivity of X+ cation (i.e., Na+, K+, Cs+, or NH4

-) 

over Na+ cation in the cation-exchange membrane. Cations diffused from the side chamber containing mixed 

cation solution (initial concentration of 0.1 M for each cation as chloride salt) to the middle chamber (DI water) 

through the cation-exchange membrane. Cation selectivity �*+,),
 was calculated according to Eq. (4). For both 

anions and cations, the anion- or cation-exchange membrane was equilibrated with the same mixed anion or 

cation solution overnight. Experiments were performed at a temperature of 25°C. 

 

 

 
 
 
 
 

  



31 
 

 
 

Fig 4. Activation behavior of anions (i.e., F-, Cl-, Br-, and NO3
-, as sodium salts). (A) Conductivity increase in 

the middle chamber as a function of time due to specific anion diffusion from the side chambers. The side 

chambers contained single anion solution (initial concentration of 0.25 M as sodium salt) and the middle 

chamber contained initially DI water (Fig. S2). Temperature was increased in 5°C increments every 100 min, 

from 25°C to 40°C (top axis). Since the initial conductivity of each anion in the side chambers (CFeed) was 

different, the conductivity for each anion in the middle chamber (Ct) was normalized to the initial conductivity 

in the side chambers. For each temperature, the initial 50 min were given for stabilization (grey data points) 

and flux calculation was performed in the latter 50 min (colored data points) (B) Arrhenius-type plots for anion 

transport in the anion exchange membrane. For each anion, the natural logarithm of the flux (J) at the four 

different temperatures (normalized to the flux at 25°C) was plotted as a function of 1/T. The anion fluxes at 

different temperatures were calculated using linear regression of the colored data points in Fig. 4a. For each 

point in Fig. 4b the flux was normalized to the flux at 25°C. Error bars in Fig 4b represent standard error 

derived from the linear regression.  
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Fig 5. Activation behavior of cations (i.e., Na+, K+, Cs+, and NH4
+, as chloride salts). (A) Conductivity 

increase in the middle chamber as a function of time due to specific cation diffusion from the side chambers. 

The side chambers contained single cation solution (initial concentration of 0.25M as chloride salt) and the 

middle chamber contained initially DI water (Fig. S2). Temperature was increased in 5°C increments every 

100 min from 25°C to 40°C (top axis). Since the initial conductivity of each cation in the side chambers (CFeed) 

was different, the conductivity for each cation in the middle chamber (Ct) was normalized to the initial 

conductivity in the side chambers. For each temperature, the initial 50 min were given for stabilization (grey 

data points) and flux calculation was performed in the latter 50 min (data points with color) (B) Arrhenius-type 

plots. For each cation, the natural logarithm of the flux (J) at the four different temperatures (normalized to the 

flux at 25°C) was plotted as a function of 1/T. The cation fluxes at different temperature were calculated using 

linear regression of the colored data points in Fig. 5a. For each point in Fig. 5b the flux was normalized to the 

flux at 25°C. Error bars in Fig 5b represent standard error derived from the linear regression. 
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Fig 6. Experimental energy barriers and pre-exponential factors for (A) anions (i.e., F-, Cl-, Br-, and NO3

-, as 

sodium salts) and (B) cations (i.e., Na+, K+, Cs+, and NH4
+, as chloride salts). For each ion, the natural 

logarithm of the ion flux (J) through the membrane at four different temperatures (25°C, 30°C, 35°C, and 40°C) 

was plotted as a function of 1/T to obtain the energy barrier (Ea) and the pre-exponential factor (A) according 

to Eq. (6). The energy barrier and the pre-exponential factor were derived from linear regression of the data in 

Figs. 4b and 5b (before normalizing the flux to the flux at 25°C) and represent the slope and the intercept 

(multiplied by the membrane surface area, 14.5 cm2) in the linear representation of the Arrhenius-type equation 

(Eq. (6)), respectively. All ions showed a linear dependency between ln(J) and 1/T  with R2 > 0.99. Error bars 

represent standard error derived from the linear regression. 
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Fig 7. Proposed mechanism for the role of ion dehydration in ion transport through ion-exchange membranes 

illustrated by anion transport through an anion-exchange membrane. (A) Gibbs free energy change and energy 

barrier for anion adsorption onto an anion-exchange membrane: an anion with smaller ionic radius and 

stronger hydration shell (green) experiences a higher energy barrier to undergo dehydration at the water-

membrane interface and reaches a higher free energy state compared to an anion with larger ionic radius and 

weaker hydration shell (yellow). Interaction of anions with fixed positively charged functional groups in the 

membrane (pink) compensate energetically for the removal of water molecules from the hydration shell of the 

ion and reduce the free energy state of the ion. Note that the free energy state in the membrane can be higher 

than the free energy state in the bulk solution, depending on the extent of chemical potential difference 

between the two media (B) An anion with smaller ionic radius and stronger hydration shell (green) undergoes 

lower dehydration and develops weaker electrostatic interactions with the fixed positively charged functional 

groups in the membrane (pink) compared to an anion with larger ionic radius and weaker hydration shell 

(yellow). Because of its higher energy barrier, an anion with smaller ionic radius occupies less fixed positively 

charged sites on the membrane surface compared to an anion with larger ionic radius. Due to its lower affinity 

to the positively charged fixed groups in the membrane, anions with smaller ionic radius are less hindered and 

can diffuse faster in the membrane compared to the larger anions.  
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Fig 8. Proposed role of ionic geometry in ion transport. (A) Monoatomic ion (e.g., Cl- and Na+) represented by 

a green sphere: ion orientation does not play role in ion transport and does not affect the energy barrier.  (B) 

Nitrate anion (NO3
-) represented by a central nitrogen atom (orange sphere) surrounded by three oxygen atoms 

(blue spheres) in a trigonal planar geometry; orientation adjustment plays a role in ion permeation into the 

membrane pore and results in an increased energy barrier. (C) Ammonium cation (NH4
+) represented by a 

central nitrogen atom (orange sphere) surrounded by four hydrogen atoms (purple spheres) in a tetrahedral 

geometry; orientation adjustment plays a role in ionic interactions with the negatively charged sulfonate group 

in the membrane (red sphere) and results in an increased energy barrier. All ions are illustrated without their 

hydration shell to emphasize shape effect on ion transport.   
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Table 1. Experimental characterization of the anion- and cation-exchange membranes. 

Parameter Anion-exchange membrane Cation-exchange membrane 

Transport number (tm) 0.960 ± 0.01 0.967 ± 0.02 

Permselectivity 0.900 ± 0.03 0.946 ± 0.03 

Ion-exchange capacity 

(meq g-1) 

1.66 ± 0.38  2.00 ± 0.21 

Water uptake (wt. %) 18.3 ± 0.56  21.9 ± 0.59  

Thickness (µm) 479 ± 5  490 ± 5 

 

 

Table 2. Ionic radius and hydration energy of anions investigated in this study. For consistency, 

data was collected from the same source.[81] 

Anion Ionic radius (nm) 

Hydration energy 

(kcal mol-1) 

Fluoride (F-) 0.133 111.1 

Chloride (Cl-) 0.181 81.3 

Bromide (Br-) 0.196 75.3 

Nitrate (NO3
-) 0.179 71.7 

 

 

Table 3. Ionic radius and hydration energy of cations investigated in this study. For consistency, 

data was collected from the same source.[81] 

Cation Ionic radius (nm) 

Hydration energy 

(kcal mol-1) 

Sodium (Na+) 0.102 87.2 

Potassium (K+) 0.138 70.5 

Cesium (Cs+) 0.170 59.8 

Ammonium (NH4
+) 0.148 68.1 

 




