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Abstract 

Polymer membranes used in separation applications exhibit a tradeoff between permeability and 

selectivity, i.e., membranes that are highly permeable tend to have low selectivity and vice versa. 

For ion-exchange membranes used in applications such as electrodialysis and reverse 

electrodialysis, this tradeoff is expressed in terms of membrane permselectivity (i.e., ability to 

selectively permeate counter-ions over co-ions) and ionic conductivity (i.e., ability to transport 

ions in the presence of an electric field). The use of membrane permselectivity and ionic 

conductivity to illustrate a tradeoff between counter-ion throughput and counter-ion/co-ion 

selectivity in ion-exchange membranes complicates the analysis since permselectivity depends 

on the properties of the external solution and ionic conductivity depends on the transport of all 

mobile ions within a membrane. Furthermore, the use of these parameters restricts the analysis to 

ion-exchange membranes used in applications in which counter-ion/co-ion selectivity is required. 

In this study, the permselectivity-conductivity tradeoff relation for ion-exchange membranes is 

reformulated in terms of ion concentrations and diffusion coefficients in the membrane. The 

reformulated framework enables a direct comparison between counter-ion throughput and 
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counter-ion/co-ion selectivity and is general. The generality of the reformulated tradeoff relation 

is demonstrated for cation-exchange membranes used in vanadium redox flow batteries. 

 

1. Introduction 

Dense polymer membranes with ionizable functional groups covalently bound to their 

backbone (i.e., ion exchange membranes, IEMs) are key components of several separation 

technologies (e.g., electrodialysis1,2, chemical synthesis3,4, diffusion dialysis5) and energy 

generation technologies (e.g., reverse electrodialysis6,7, fuel cells8,9). IEMs also play a key role in 

emerging environmental and energy applications such as redox flow batteries10,11, microbial fuel 

cells12, ion-exchange membrane bioreactors13, and electrochemical CO2 reduction14,15, among 

others. Membranes with tailored selectivity and improved throughput are needed to increase the 

efficiency of existing technologies and to enable the use of IEMs in new applications. However, 

research efforts over the past several decades have resulted in only marginal improvements in 

membrane performance, largely due to poorly understood material limitations and incomplete 

fundamental knowledge of transport phenomena in such materials. 

IEMs are used to mediate the transport of various ionic and neutral solutes. In general, 

IEMs are required to efficiently permeate counter-ions (i.e., ions with a charge opposite to that of 

the fixed charge groups) while preventing the passage of other solutes. For example, IEMs used 

in electrodialysis (ED) and reverse electrodialysis (RED) must prevent transport of co-ions (ions 

with a similar charge to that of the fixed charge groups) and water.16 The ability of IEMs to 

preferentially permeate counter-ions over co-ions is generally quantified by the membrane 

permselectivity.17 In the presence of an electric field, ion transport across IEMs is quantified by 

the membrane ionic conductivity.17 High-performance membranes for ED/RED should have both 

high ionic conductivity and high permselectivity. However, currently available IEMs are bound 
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by a tradeoff between membrane permselectivity and ionic conductivity.18 That is, membranes 

that have high ionic conductivity generally have low permselectivity and vice versa. A similar 

tradeoff between membrane throughput and selectivity is observed for virtually all synthetic 

polymer membranes, regardless of the application.19 Figure 1 illustrates the tradeoff between 

apparent permselectivity and ionic conductivity for various cation and anion exchange 

membranes (CEMs and AEMs). Permselectivity-conductivity plots are commonly used to 

evaluate the performance of new IEMs relative to that of existing materials.20–26  

 

   

Figure 1. Correlation between apparent permselectivity and ionic conductivity for various (a) 

CEMs and (b) AEMs. The different symbols represent results from different studies. The data 

used to generate these plots are tabulated in the Supporting Information. In all cases, ionic 

conductivity measurements were performed using membranes equilibrated with 0.5 M NaCl 

solutions and apparent permselectivity values were calculated from membrane potential 

measurements performed with 0.1 M NaCl solution on one side of the membrane and 0.5 M 

NaCl solution on the other side of the membrane.  
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 Permselectivity is not an intrinsic membrane property since it depends on the properties 

of the solution contacting the membrane. Moreover, ionic conductivity depends on the transport 

of both counter-ions and co-ions, so high ionic conductivity does not necessarily mean that the 

electrical current is carried entirely by the counter-ions, which is the optimal scenario for 

applications that use IEMs. Taken together, these complications make it difficult to conclude that 

the observed tradeoff behavior is due to intrinsic membrane properties. Further, the use of 

membrane permselectivity restricts the analysis to IEMs that are used for applications such as 

ED/RED, in which counter-ion/co-ion selectivity is important. The analysis does not apply 

directly to IEMs used in applications in which selectivity between different counter-ions is 

important (e.g., diffusion dialysis, flow batteries, etc.). In this study, the permselectivity-

conductivity tradeoff relation for IEMs is reformulated in terms of ion concentrations and 

diffusion coefficients in the membrane, which are fundamental membrane parameters that 

characterize individual ion transport in the membrane. The reformulated tradeoff relation is 

general and consistent with the permeability-selectivity tradeoff relation discussed in the gas 

separation and reverse osmosis bodies of literature. 

2. Background 

The ability of IEMs to permeate counter-ions over co-ions is generally quantified by the 

membrane permselectivity, Π, which is defined as:17  

 Π =
𝑡𝑡𝑔𝑔𝑚𝑚 − 𝑡𝑡𝑔𝑔𝑠𝑠

𝑡𝑡𝑐𝑐𝑠𝑠
=
𝑡𝑡𝑔𝑔𝑚𝑚 − 𝑡𝑡𝑔𝑔𝑠𝑠

1 − 𝑡𝑡𝑔𝑔𝑠𝑠
 (1) 

where 𝑡𝑡𝑔𝑔𝑚𝑚 and 𝑡𝑡𝑔𝑔𝑠𝑠 are the counter-ion transport numbers in the membrane and external solution, 

respectively, and 𝑡𝑡𝑐𝑐𝑠𝑠 is the co-ion transport number in the external solution. The transport number 
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of ion 𝑖𝑖 in phase 𝑗𝑗,  𝑡𝑡𝑖𝑖
𝑗𝑗, is defined as the fraction of current that is carried by ion 𝑖𝑖 in the presence 

of an electric field, or: 

 𝑡𝑡𝑖𝑖
𝑗𝑗 =

𝑧𝑧𝑖𝑖𝐹𝐹𝐽𝐽𝑖𝑖
𝑗𝑗

𝐼𝐼
=

𝑧𝑧𝑖𝑖𝐽𝐽𝑖𝑖
𝑗𝑗

∑ 𝑧𝑧𝑖𝑖𝐽𝐽𝑖𝑖
𝑗𝑗

𝑖𝑖
 (2) 

where 𝑧𝑧𝑖𝑖 is the valence of ion 𝑖𝑖,  𝐽𝐽𝑖𝑖
𝑗𝑗 is the flux of ion 𝑖𝑖 in phase 𝑗𝑗, 𝐹𝐹 is Faraday’s constant, and 𝐼𝐼 is 

the current density. The one-dimensional Nernst-Planck equation provides an expression for 𝐽𝐽𝑖𝑖
𝑗𝑗: 

 𝐽𝐽𝑖𝑖
𝑗𝑗 = −𝐷𝐷𝑖𝑖

𝑗𝑗 𝑑𝑑𝐶𝐶𝑖𝑖
𝑗𝑗

𝑑𝑑𝑑𝑑
− 𝑧𝑧𝑖𝑖𝐹𝐹𝐹𝐹𝑖𝑖

𝑗𝑗𝑢𝑢𝑖𝑖
𝑗𝑗 𝑑𝑑𝜓𝜓𝑗𝑗

𝑑𝑑𝑑𝑑
 (3) 

where 𝐶𝐶𝑖𝑖
𝑗𝑗, 𝐷𝐷𝑖𝑖

𝑗𝑗, and 𝑢𝑢𝑖𝑖
𝑗𝑗 are the concentration, diffusivity, and absolute mobility of ion 𝑖𝑖 in phase 𝑗𝑗, 

respectively, 𝜓𝜓𝑗𝑗 is the electric potential of phase 𝑗𝑗, and 𝑥𝑥 is the direction of transport (generally 

across the membrane thickness). This form of the Nernst-Planck equation assumes that ion 

activity coefficients in the membrane do not change along the membrane thickness and neglects 

convective ion transport, which are reasonable assumptions for conventional IEMs.27 Inserting 

Equation 3 into Equation 2 and neglecting the concentration-gradient term yields an expression 

for the transport number in terms of ion concentrations and absolute mobilities (or 

diffusivities):27,28 

 𝑡𝑡𝑖𝑖
𝑗𝑗 =

𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖
𝑗𝑗𝑢𝑢𝑖𝑖

𝑗𝑗

∑ 𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖
𝑗𝑗𝑢𝑢𝑖𝑖

𝑗𝑗
𝑖𝑖

=
𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖

𝑗𝑗𝐷𝐷𝑖𝑖
𝑗𝑗

∑ 𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖
𝑗𝑗𝐷𝐷𝑖𝑖

𝑗𝑗
𝑖𝑖

 (4) 

On the right-most side of Equation 4, ionic absolute mobilities were related to ionic diffusivities 

using the Einstein equation (𝑢𝑢𝑖𝑖 = 𝐷𝐷𝑖𝑖/(𝑅𝑅𝑅𝑅), where 𝑅𝑅 is the gas constant and 𝑇𝑇 is absolute 

temperature). The Einstein equation is strictly valid for infinitely dilute systems in which 

coupling of ionic fluxes is negligible, but this relationship appears to hold reasonably well for 

conventional IEMs.27 For a perfectly selective membrane, 𝑡𝑡𝑔𝑔𝑚𝑚 = 1 and Π = 1. As Π approaches 
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zero, 𝑡𝑡𝑔𝑔𝑚𝑚 approaches 𝑡𝑡𝑔𝑔𝑠𝑠, and the membrane imparts no counter-ion transport selectivity relative to 

an aqueous solution. Equation 1–4 demonstrate that permselectivity is not an intrinsic membrane 

property. Permselectivity depends on both the nature of the ions as well as the concentration and 

mobility of the ions in the contiguous solution. 

 Membrane permselectivity measurements are generally performed using the so-called 

static method, which involves placing a membrane between two aqueous salt solutions having 

different concentrations and measuring the electric potential difference across the membrane 

(i.e., the membrane potential).17 The membrane potential, 𝜓𝜓𝑚𝑚, which consists of the Donnan 

potential at each membrane-solution interface and the diffusion potential within the membrane, 

for a membrane in contact with a 1:1 electrolyte is given by:17 

 𝜓𝜓𝑚𝑚 = �2𝑡𝑡𝑔𝑔𝑚𝑚 − 1�
𝑅𝑅𝑅𝑅
𝐹𝐹

ln
𝑎𝑎𝑠𝑠1

𝑎𝑎𝑠𝑠2
 (5) 

where 𝑎𝑎𝑠𝑠1 and 𝑎𝑎𝑠𝑠2 are the activities of the salt solutions on either side of the membrane. This 

expression for membrane potential is derived by assuming negligible osmotic water transport 

across the membrane, constant ion mobilities, and small concentration differences between the 

two solutions.17,29 The counter-ion transport number that appears in Equation 5 is an “apparent” 

transport number because it includes effects of water transport across the membrane. If water 

transport across the membrane is negligible, the apparent transport number and the true transport 

number defined by Equation 2 are essentially equal. The electric potential for an ideally selective 

membrane, 𝜓𝜓𝑚𝑚,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, is obtained when 𝑡𝑡𝑔𝑔𝑚𝑚 = 1. The apparent membrane permselectivity is 

calculated from: 

 Π =

𝜓𝜓𝑚𝑚
𝜓𝜓𝑚𝑚,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

+ 1 − 2𝑡𝑡𝑔𝑔𝑠𝑠

2𝑡𝑡𝑐𝑐𝑠𝑠
 (6) 
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Often, the apparent membrane permselectivity is reported as 𝜓𝜓𝑚𝑚/𝜓𝜓𝑚𝑚,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
18, though this 

definition is strictly valid if the transport numbers of the co-ions and counter-ions in solution are 

both equal to 0.5. 

Ion transport in IEMs in the presence of an electric field is quantified via the membrane 

ionic conductivity, 𝜅𝜅, which is given by: 

 𝜅𝜅 = −𝐼𝐼/
𝑑𝑑𝜓𝜓𝑚𝑚

𝑑𝑑𝑑𝑑
= 𝐹𝐹2�𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝑢𝑢𝑔𝑔𝑚𝑚 + 𝑧𝑧𝑐𝑐2𝐶𝐶𝑐𝑐𝑚𝑚𝑢𝑢𝑐𝑐𝑚𝑚� =

𝐹𝐹2

𝑅𝑅𝑅𝑅
�𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 + 𝑧𝑧𝑐𝑐2𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚� (7) 

where all of the terms have been previously defined. The Einstein equation was again used to 

relate ionic absolute mobilities to ionic diffusivities in obtaining the expression on the right-most 

side. From Equation 7, ionic conductivity depends on both the counter-ion and co-ion 

concentrations and absolute mobilities (or diffusivities) in the membrane. 

 The use of membrane apparent permselectivity and ionic conductivity to illustrate a 

tradeoff relation in IEMs, although practically relevant for applications such as ED and RED, is 

not consistent with the related literature on gas separation and reverse osmosis membranes. In 

both of these research areas, membrane throughput is characterized via the permeability 

coefficient of solute 𝑖𝑖, 𝑃𝑃𝑖𝑖, which is defined as the steady-state flux of 𝑖𝑖 normalized by membrane 

thickness and driving force. The membrane selectivity, 𝛼𝛼, is defined as 𝑃𝑃𝑖𝑖/𝑃𝑃𝑗𝑗, where 𝑖𝑖 represents 

the more permeable species. Permeability coefficients are intrinsic membrane properties, so their 

use in the tradeoff relation ensures an appropriate comparison between different membranes and 

eliminates effects of external parameters such as thickness, different experimental conditions, 

etc. Herein, a new approach for illustrating the tradeoff relation in IEMs is presented. The 

reformulated tradeoff relation, hereafter referred to simply as the permeability-selectivity 

tradeoff relation, is consistent with the tradeoff relation discussed in the context of gas separation 

and reverse osmosis membranes. The reformulated permeability-selectivity tradeoff relation for 
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IEMs is general and can be applied to IEMs used in different applications, as demonstrated in 

Section 3.4 of this report for the case of cation exchange membranes used in vanadium redox 

flow batteries.  

3. Results and Discussion  

When considering ion transport in aqueous solutions or solvent-swollen membranes, the 

product of ion concentrations and mobilities (or diffusivities) often appears in the mathematical 

description of the transport phenomena. For example, both permselectivity and ionic 

conductivity are related to ion concentrations and diffusivities in the membrane (see Section 2). 

Herein, this grouping of parameters (i.e., 𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖𝑚𝑚𝐷𝐷𝑖𝑖𝑚𝑚) is used to describe the permeability-

selectivity tradeoff relation in IEMs. The membrane selectivity, 𝛼𝛼𝑖𝑖/𝑗𝑗, is defined as: 

 𝛼𝛼𝑖𝑖/𝑗𝑗 =
𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖𝑚𝑚𝐷𝐷𝑖𝑖𝑚𝑚

𝑧𝑧𝑗𝑗2𝐶𝐶𝑗𝑗𝑚𝑚𝐷𝐷𝑗𝑗𝑚𝑚
 (8) 

where 𝑖𝑖 is the more permeable species of the 𝑖𝑖/𝑗𝑗 pair. The parameter 𝛼𝛼𝑖𝑖/𝑗𝑗 is equivalent to the ratio 

of the total current carried by the more permeable species to the total current carried by the less 

permeable species. The permeability-selectivity tradeoff relation is demonstrated by plotting 𝛼𝛼𝑖𝑖/𝑗𝑗 

versus 𝑧𝑧𝑖𝑖2𝐶𝐶𝑖𝑖𝑚𝑚𝐷𝐷𝑖𝑖𝑚𝑚.  

For the case of IEMs used in ED/RED, counter-ion transport is quantified via 𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 

and co-ion transport is quantified via 𝑧𝑧𝑐𝑐2𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚, so 𝛼𝛼𝑔𝑔/𝑐𝑐 = �𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚�/(𝑧𝑧𝑐𝑐2𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚).  Using 

𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 to describe counter-ion transport in IEMs instead of ionic conductivity ensures that 

only the transport of counter-ions within the membrane is considered. This is not the case when 

ionic conductivity is used for this purpose since co-ions also contribute to the membrane ionic 

conductivity. The reformulated permeability-selectivity tradeoff relation for IEMs used in 

ED/RED can be demonstrated by plotting 𝛼𝛼𝑔𝑔/𝑐𝑐 versus 𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚. Section 3.1 presents a 
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framework for calculating 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 from ionic conductivity and apparent 

permselectivity results, which are readily available in the open literature for a broad range of 

materials, and Section 3.2 presents a framework for calculating 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 from ionic 

conductivity, salt permeability, and equilibrium ion sorption results. The advantages and 

disadvantages of both approaches are discussed. 

3.1. Calculating 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 from Ionic Conductivity and Apparent Permselectivity  

Most studies on IEMs for ED/ RED use aqueous NaCl solutions to characterize 

membrane properties. Thus, the following expressions are derived for an IEM in contact with an 

aqueous solution containing a 1:1 electrolyte (i.e., 𝑧𝑧𝑔𝑔 = 𝑧𝑧𝑐𝑐 = 1). From Equation 4, the membrane 

counter-ion transport number, 𝑡𝑡𝑔𝑔𝑚𝑚, is given by: 

 𝑡𝑡𝑔𝑔𝑚𝑚 =
𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚

𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 + 𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚
 (9) 

Rearranging Equation 9 and inserting the definition for 𝛼𝛼𝑔𝑔/𝑐𝑐 yields: 

 
1
𝑡𝑡𝑔𝑔𝑚𝑚

=
𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 + 𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚

𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚
= 1 +

𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚

𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚
= 1 +

1
𝛼𝛼𝑔𝑔/𝑐𝑐

 (10) 

Or: 

 𝛼𝛼𝑔𝑔/𝑐𝑐 =
1

1
𝑡𝑡𝑔𝑔𝑚𝑚� − 1

=
𝑡𝑡𝑔𝑔𝑚𝑚

1 − 𝑡𝑡𝑔𝑔𝑚𝑚
 (11) 

Inserting Equation 1 into Equation 11 and rearranging yields: 

 𝛼𝛼𝑔𝑔/𝑐𝑐 =
𝑡𝑡𝑐𝑐𝑠𝑠Π + 𝑡𝑡𝑔𝑔𝑠𝑠

1 − (𝑡𝑡𝑐𝑐𝑠𝑠Π + 𝑡𝑡𝑔𝑔𝑠𝑠)
 (12) 

Thus, 𝛼𝛼𝑔𝑔/𝑐𝑐 can be calculated from the experimental apparent permselectivity and the transport 

numbers of co-ions and counter-ions in aqueous solutions, which are tabulated in various 

textbooks on electrolyte solutions.30 Combining Equation 7 and 9 yields: 
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 𝜅𝜅 =
𝐹𝐹2

𝑅𝑅𝑅𝑅
�
𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚

𝑡𝑡𝑔𝑔𝑚𝑚
� (13) 

Rearranging Equation 13 yields an expression for 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚: 

 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 =
𝜅𝜅𝑡𝑡𝑔𝑔𝑚𝑚𝑅𝑅𝑅𝑅
𝐹𝐹2

=
𝜅𝜅𝜅𝜅𝜅𝜅(𝑡𝑡𝑐𝑐𝑠𝑠Π + 𝑡𝑡𝑔𝑔𝑠𝑠)

𝐹𝐹2
 (14) 

Thus, 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 can be calculated from the experimental ionic conductivity and apparent 

permselectivity results and tabulated ion transport numbers in aqueous solutions. 

The experimental apparent permselectivity and conductivity results presented in Figure 1 

were converted to 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 using the approach outlined above. It should be noted that 

this approach neglects effects due to osmotic water transport across the membranes during 

membrane potential measurements since such effects were not accounted for in the original 

studies from which the results were obtained. The approach can be modified in a straightforward 

manner if one wishes to correct for such effects by using the expression for membrane potential 

that includes effects due to osmotic water transport.17,29 Figure 2 illustrates the reformulated 

permeability-selectivity tradeoff plots for various CEMs and AEMs. The solid line, which 

represents the so-called “upper-bound”, was constructed empirically to illustrate an outer 

boundary for the results in the open literature. The tradeoff relation between counter-ion 

transport (𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚) and counter-ion/co-ion transport selectivity (𝛼𝛼𝑔𝑔/𝑐𝑐) is observed in the selected 

data. That is, membranes that exhibit fast counter-ion transport tend to exhibit low counter-

ion/co-ion selectivity and vice versa.  
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Figure 2. Reformulated permeability-selectivity tradeoff relation for (a) CEMs and (b) AEMs 

used in ED and RED. The solid line represents the empirically constructed upper-bound relation 

𝛼𝛼𝑔𝑔/𝑐𝑐 = 𝛽𝛽/�𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚�
𝜆𝜆
. For the CEMs, 𝛽𝛽 = 3.56 × 10−9 and 𝜆𝜆 = 1.25. For the AEMs, 𝛽𝛽 =

9.02 × 10−2 and 𝜆𝜆 = 0.313. 

 

Several researchers have attributed this tradeoff behavior to variation in membrane water 

content.18,31 Ionic conductivity of IEMs generally increases with increasing membrane water 

content32, but so does co-ion transport, which ultimately decreases apparent permselectivity. To 

relate the permeability-selectivity tradeoff upper bound to membrane structural parameters such 

as water content, theoretical models for ion concentrations and diffusivities in IEMs are needed. 

A predictive model for ion sorption and diffusion in homogeneous IEMs was recently reported33–

35, and Fan and Yip have used this framework to establish a better understanding of the 

permselectivity-conductivity tradeoff relation in IEMs for ED/RED.36 However, simple 

analytical expressions that relate the upper-bound slope and intercept to fundamental membrane 

properties are not available. In contrast, the basis for the permeability-selectivity tradeoff relation 
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in gas separation membranes was elucidated by Freeman.37 Finding a comparable theoretical 

explanation for the IEM tradeoff relation could help to understand the basis for the tradeoff and 

ultimately yield strategies to overcome it. 

In general, CEMs appear to exhibit higher selectivity than AEMs for a given 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 

value, even after accounting for inherent mobility differences between Na+ (counter-ions in 

CEMs) and Cl- (counter-ion in AEMs) ions. This observation is illustrated in Figure 3, which 

shows a modified tradeoff plot. To account for inherent mobility differences between Na+ and 

Cl-, membrane ion diffusion coefficients that appear in 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 were normalized by ion 

diffusion coefficients in solution at infinite dilution. The difference in performance between 

CEMs and AEMs could be due to experimental artifacts in membrane potential measurements, 

which were used to calculate apparent membrane permselectivity values in the original reports 

from which the data were extracted. Membrane potential measurements are generally performed 

with single or double junction reference electrodes. Not accounting for differences in the 

junction potentials between the reference electrodes and aqueous solutions results in artificially 

low apparent permselectivity values for AEMs and artificially high apparent permselectivity 

values for CEMs, sometimes exceeding unity.38 Kingsbury et al. demonstrated that properly 

accounting for these effects yields comparable apparent permselectivity values for commercial 

ion-exchange membranes CMX and AMX.38 The results reported recently by Golubenko et al. 

(inverted green triangles in Figure 2b) for various synthesized AEMs were corrected for such 

effects22, and this is likely why the performance of these materials appears to be superior to that 

of the other AEMs in Figure 2b, which were not corrected in this manner.   



  

13 
 

 

Figure 3. Modified permeability-selectivity tradeoff plots for IEMs. Membrane diffusion 

coefficients were normalized by their respective value in aqueous solution at infinite dilution 

(1.33×10-5 cm2/s for Na+ and 2.03×10-5 cm2/s for Cl-)30. 

 

The observation that reference electrode junction potentials significantly influence 

membrane potential measurements (and therefore apparent permselectivity calculations) raises 

important questions about the accuracy of previously reported apparent permselectivity values 

that were obtained via membrane potential measurements with single or double junction 

reference electrodes. Recently, we demonstrated that membrane resistance measurements can be 

affected by interfacial resistances, which complicates the calculation of membrane ionic 

conductivity.39,40 Not accounting for such effects results in artificially high membrane resistance 

values, particularly when dilute salt solutions are used for the measurements.39,40 Membrane 

resistance measurements for the results presented in Figures 1 and 2 were performed with 

relatively highly concentrated NaCl solutions (0.5 M), so such effects are presumably not very 

significant, though likely present. Nevertheless, standardized and accurate membrane transport 
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characterization techniques are needed to make appropriate comparisons between different IEMs 

and to further advance the fundamental understanding of ion transport in IEMs. 

3.2. Calculating 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝑧𝑧𝑔𝑔2𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 from Ionic Conductivity, Salt Permeability, and Ion Sorption 

Salt permeability and equilibrium ion sorption results, which are reported less frequently 

than permselectivity, can also be used to calculate 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 when combined with ionic 

conductivity results. Salt permeability measurements probe concentration gradient-driven ion 

transport across IEMs. According to the solution-diffusion model, the salt permeability 

coefficient, 𝑃𝑃𝑠𝑠, is given by:41 

 𝑃𝑃𝑠𝑠 = 𝐾𝐾𝑠𝑠𝐷𝐷𝑠𝑠𝑚𝑚 =
𝐶𝐶𝑠𝑠𝑚𝑚

𝐶𝐶𝑠𝑠𝑠𝑠
𝐷𝐷𝑠𝑠𝑚𝑚 (15) 

where 𝐾𝐾𝑠𝑠 is the salt sorption coefficient, 𝐷𝐷𝑠𝑠𝑚𝑚 and 𝐶𝐶𝑠𝑠𝑚𝑚 are the local diffusion coefficient and 

concentration of the mobile salt in the membrane, respectively, and 𝐶𝐶𝑠𝑠𝑠𝑠 is the external solution 

salt concentration. For a 1:1 electrolyte, the mobile salt concentration in the membrane is 

equivalent to the co-ion concentration (i.e., 𝐶𝐶𝑠𝑠𝑚𝑚 = 𝐶𝐶𝑐𝑐𝑚𝑚). The mobile salt local diffusion 

coefficient in the membrane, 𝐷𝐷𝑠𝑠𝑚𝑚, is related to the individual ion diffusivities and concentrations 

via:42 

 𝐷𝐷𝑠𝑠𝑚𝑚 =
𝐷𝐷𝑔𝑔𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚�𝐶𝐶𝑔𝑔𝑚𝑚 + 𝐶𝐶𝑐𝑐𝑚𝑚�
𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 + 𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚

 (16) 

Counter-ion and co-ion concentrations in IEMs equilibrated with aqueous salt solutions can be 

determined via well-established experimental techniques.43–45 Thus, simultaneously solving 

Equation 7 and 16 yields counter-ion and co-ion diffusion coefficients in IEMs.33 Subsequently, 

counter-ion and co-ion concentrations and diffusion coefficients in IEMs can be used to calculate 

𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚. The 𝐶𝐶𝑖𝑖𝑚𝑚 terms that appear in Equation 7 and 16 should be based on the total 

membrane volume, which includes the polymer chains, water, and ions, when the experimental 
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ion fluxes are based on the membrane geometric area.33 This treatment is simplified if the 

condition 𝐶𝐶𝑔𝑔𝑚𝑚 ≫ 𝐶𝐶𝑐𝑐𝑚𝑚 is met, which is a reasonable approximation for highly charged membranes 

in contact with relatively dilute salt solutions.34 If this condition is met, Equation 7 and 15 reduce 

to: 

 𝜅𝜅 =
𝐹𝐹2

𝑅𝑅𝑅𝑅
𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 (17) 

 𝑃𝑃𝑠𝑠 =
𝐶𝐶𝑠𝑠𝑚𝑚

𝐶𝐶𝑠𝑠𝑠𝑠
𝐷𝐷𝑐𝑐𝑚𝑚 (18) 

For this limiting case, 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 can be obtained from conductivity and salt permeability 

experiments alone. 

The framework for obtaining 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 outlined in this section has several implicit 

assumptions. First, Equation 7 for ionic conductivity assumes that the Einstein equation, which 

relates ionic mobilities to diffusivities, is valid for IEMs in contact with aqueous salt solutions. 

As mentioned previously, this assumption is strictly valid for infinitely dilute solutions, but it is a 

reasonable approximation for IEMs. 27 Second, this approach for calculating 𝐷𝐷𝑔𝑔𝑚𝑚 and 𝐷𝐷𝑐𝑐𝑚𝑚 

assumes ion pairing in the membrane to be negligible. If mobile ions (e.g., Na+ and Cl-) undergo 

ion pairing, the ion pairs would not be detected in electric field-driven transport experiments 

(i.e., ionic conductivity) since they are electrically neutral, but would be detected in 

concentration gradient-driven transport experiments (i.e., salt permeability). For conventional 

IEMs, which are relatively highly charged and highly swollen, the absence of ion pairing for 

common electrolytes (e.g., NaCl) is a reasonable assumption.27 Lastly, apparent mobile salt 

diffusion coefficients obtained directly from salt permeability experiments inherently contain 

thermodynamic non-ideal and frame of reference terms.42 The expression given by Equation 16 

is valid for mobile salt diffusion coefficients that have been corrected for such effects.  
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The framework for calculating 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 from ionic conductivity, salt 

permeability, and ion sorption results is advantageous over the framework described in Section 

3.1. In the latter approach, co-ion transport is probed primarily via apparent permselectivity 

measurements, which are influenced by various experimental factors that can substantially affect 

the measurement accuracy (e.g., reference electrode junction potentials, electrolyte flow rates, 

osmotic water transport, etc.).38,46 Additionally, for highly selective membranes, permselectivity 

values approach unity, and this causes experimental uncertainties to be magnified when 

calculating 𝛼𝛼𝑔𝑔/𝑐𝑐. For example, if we consider a CEM contacted by aqueous NaCl solutions (𝑡𝑡𝑐𝑐𝑠𝑠 ≈

0.604 and 𝑡𝑡𝑔𝑔𝑠𝑠 ≈ 0.396)30, a permselectivity of 0.995 yields an 𝛼𝛼𝑔𝑔/𝑐𝑐 value of 330. If the 

experimental uncertainty for the permselectivity value is 0.002 (or 0.2 %), the uncertainty in 𝛼𝛼𝑔𝑔/𝑐𝑐 

calculated using standard propagation of uncertainty techniques is 132 (or 40 % of the 𝛼𝛼𝑔𝑔/𝑐𝑐 

value). In contrast, salt permeability coefficients can be measured quite precisely, which 

ultimately yields more reliable 𝛼𝛼𝑔𝑔/𝑐𝑐 values. Moreover, this approach for calculating 𝛼𝛼𝑔𝑔/𝑐𝑐 and 

𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 allows one to decouple and independently analyze the contributions from sorption and 

diffusion to overall membrane performance, which can yield additional insights into the 

fundamental transport properties. 

3.3. Influence of External Solution Salt Concentration on 𝛼𝛼𝑔𝑔/𝑐𝑐 and 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 

Equilibrium ion partitioning between IEMs and aqueous salt solutions is significantly 

influenced by the external solution salt concentration.27,43,45 In general, counter-ion 

concentrations in IEMs are higher than those in aqueous solutions of practical interest (e.g., 

brackish water) due to the high concentration of fixed charge groups in IEMs. On the other hand, 

co-ion concentrations in IEMs are generally substantially lower than those in the external 

solution due to Donnan exclusion. As the salt concentration in the external solution increases, 
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Donnan exclusion is weakened and the membrane co-ion concentration increases.44 This increase 

in membrane co-ion concentration will significantly affect IEM selectivity as defined by 

Equation 8. To demonstrate the magnitude of this effect, Table 1 presents 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚, 𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚, and 

𝛼𝛼𝑔𝑔/𝑐𝑐 values for a pair of commercial IEMs as a function of external solution NaCl concentration. 

𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚, 𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚, and 𝛼𝛼𝑔𝑔/𝑐𝑐 values were calculated from published experimental salt permeability, 

ionic conductivity, and ion sorption results according to the treatment outlined in Section 3.2.33 

 

Table 1. 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚, 𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚, and 𝛼𝛼𝑔𝑔/𝑐𝑐 values as a function of external solution NaCl concentration 
for commercial IEMs, CR61 and AR103. 

Membrane 
External Solution 

NaCl Concentration 
(mol/L) 

𝑪𝑪𝒈𝒈𝒎𝒎𝑫𝑫𝒈𝒈
𝒎𝒎 

(mol/cm∙s) 
𝑪𝑪𝒄𝒄𝒎𝒎𝑫𝑫𝒄𝒄

𝒎𝒎 
(mol/cm∙s) 

𝜶𝜶𝒈𝒈/𝒄𝒄 

CR61 

1.0 3.59 × 10-9 3.03 × 10-10 12 

0.1 3.38 × 10-9 9.55 × 10-12 354 

0.01 3.40 × 10-9 2.38 × 10-13 14,290 

AR103 

1.0 2.93 × 10-9 1.30 × 10-10 22 

0.1 2.79 × 10-9 3.58 × 10-12 779 

0.01 2.72 × 10-9 9.74 × 10-14 27,930 

 

From Table 1, the external solution salt concentration significantly influences membrane 

selectivity. For both membranes, 𝛼𝛼𝑔𝑔/𝑐𝑐 decreased by approximately 3 orders of magnitude as the 

external solution salt concentration increased from 0.01 to 1.0 M. This enormous change in 𝛼𝛼𝑔𝑔/𝑐𝑐 

is almost entirely due to changes in the membrane co-ion concentration. Counter-ion and co-ion 

diffusivities in the membranes were nearly constant over this range of external solution salt 

concentration.33 Co-ion concentrations, and therefore 𝐶𝐶𝑐𝑐𝑚𝑚𝐷𝐷𝑐𝑐𝑚𝑚, increased by approximately 3 

orders of magnitude as external solution salt concentration increased from 0.01 to 1.0 M due to 

weakened Donnan exclusion.33 Counter-ion concentrations, and therefore 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚, increased 
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slightly with increasing external solution salt concentration due to increased co-ion sorption in 

the membranes and osmotic deswelling.45 This analysis clearly demonstrates that the ability of 

IEMs to selectively permeate counter-ions over co-ion stems from their ability to effectively 

suppress co-ion sorption via Donnan exclusion.  

Due to the significant effect of external solution salt concentration on IEM selectivity, it 

is imperative that membrane transport properties are measured at the same external solution salt 

concentration when comparing the performance of different IEMs.  

3.4. Permeability-Selectivity Tradeoff in IEMs for Vanadium Redox Flow Batteries 

The reformulated permeability-selectivity tradeoff relation for IEMs is general and can be 

applied to essentially any application that utilizes IEMs to selectively permeate certain species. 

In this section, the reformulated tradeoff relation is applied to IEMs used in vanadium redox flow 

batteries (VRFBs). In VRFBs, IEMs are used to separate the catholyte solution, which contains 

the V5+/V4+ redox couple, and the anolyte solution, which contains the V2+/V3+ redox couple.47,48 

IEMs must allow transport of the charge balancing ions (protons for CEMs and sulfate/bisulfate 

for AEMs) to complete the electrical circuit and prevent crossover of the different vanadium 

species, which leads to self-discharge and reduced Coulombic efficiency. The past few decades 

have seen rapid growth in research towards developing new IEMs for VRFBs.49–51 The majority 

of studies have focused on developing CEMs due to their higher ionic conductivity (lower 

electrical resistance) compared to AEMs, owing to the high inherent mobility of protons 

compared to sulfate/bisulfate. Thus, the following analysis focuses on CEMs for VRFBs.  

CEM proton conductivity is generally measured via electrochemical impedance 

spectroscopy (EIS), and the measurements are often performed with membranes that are 
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equilibrated in DI water.52–56 Thus, H+ counter-ions are the only mobile ions within the 

membrane, and Eqn. 7 reduces to: 

 𝜅𝜅 =
𝐹𝐹2

𝑅𝑅𝑅𝑅
𝐶𝐶𝐻𝐻𝑚𝑚𝐷𝐷𝐻𝐻𝑚𝑚 (19) 

where 𝐶𝐶𝐻𝐻𝑚𝑚 and 𝐷𝐷𝐻𝐻𝑚𝑚 are the concentration and diffusion coefficient, respectively, of H+ ions in the 

membrane. Eqn. 19 can therefore be used to calculate 𝐶𝐶𝐻𝐻𝑚𝑚𝐷𝐷𝐻𝐻𝑚𝑚 from ionic conductivity 

measurements performed on membranes equilibrated with DI water. The  𝐶𝐶𝐻𝐻𝑚𝑚𝐷𝐷𝐻𝐻𝑚𝑚 values 

calculated from ionic conductivity measurements on IEMs equilibrated with DI water are 

idealized and not representative of an operating VRFB since vanadium species are not present 

during the measurements. Ionic conductivity measurements are sometimes performed with 

membranes equilibrated with sulfuric acid solutions57–59 or a mixture of sulfuric acid and vanadyl 

sulfate60, though these experimental conditions are less common. In this case, the full expression 

for ionic conductivity (Equation 7) describes electric field driven transport across the membrane. 

Vanadium transport across IEMs for VRFBs is often probed using vanadium 

permeability experiments. These experiments are performed with standard diffusion cells, in 

which the upstream chamber contains highly concentrated solutions of VOSO4 (typically 

between 1 and 1.5 M) and H2SO4 (typically between 2 and 3 M), and the downstream chamber 

contains MgSO4 and H2SO4 at concentrations equivalent to those of VOSO4 and H2SO4, 

respectively, in the upstream chamber.52–66 The change in vanadium concentration in the 

downstream chamber is tracked as a function of time, and the vanadium permeability coefficient 

is calculated from the pseudo steady-state vanadium flux across the membrane, vanadium 

concentration difference across the membrane, and the membrane thickness. Eqn. 18 can be used 

to relate the vanadium permeability coefficient, 𝑃𝑃𝑉𝑉, to the vanadium concentration (𝐶𝐶𝑉𝑉𝑚𝑚) and 

diffusion coefficient (𝐷𝐷𝑉𝑉𝑚𝑚) in the membrane: 
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 𝐶𝐶𝑉𝑉𝑚𝑚𝐷𝐷𝑉𝑉𝑚𝑚 = 𝑃𝑃𝑉𝑉𝐶𝐶𝑉𝑉𝑠𝑠 (20) 

where 𝐶𝐶𝑉𝑉𝑠𝑠 is the vanadium concentration of the upstream solution. It should be noted that the 

vanadium permeability experiments discussed in this section are different from the salt 

permeability experiments discussed in Section 3.2. In the salt permeability experiments, salt 

molecules (i.e., sodium and chloride ions) diffuse as a pair across the membrane from the high 

concentration side to the low concentration side, whereas in the vanadium permeability 

experiments, vanadium diffusion is counter-balanced by magnesium diffusion in the opposite 

direction. Thus, this experimental setup is not rigorously representative of an operating VRFB, 

and vanadium permeability coefficients may be influenced by magnesium counter diffusion.  

In most studies on IEMs for VRFBs, selectivity is expressed as the ratio of ionic 

conductivity to vanadium permeability (i.e., 𝜅𝜅/𝑃𝑃𝑉𝑉).67 Within the framework developed in the 

present study, the selectivity of CEMs used in VRFBs, 𝛼𝛼𝐻𝐻/𝑉𝑉, is obtained via: 

 𝛼𝛼𝐻𝐻/𝑉𝑉 =
𝐶𝐶𝐻𝐻𝑚𝑚𝐷𝐷𝐻𝐻𝑚𝑚

4𝐶𝐶𝑉𝑉𝑚𝑚𝐷𝐷𝑉𝑉𝑚𝑚
=

𝜅𝜅𝜅𝜅𝜅𝜅
4𝐹𝐹2𝑃𝑃𝑉𝑉𝐶𝐶𝑉𝑉𝑠𝑠

 (21) 

The factor of 4 in the denominator of Equation 21 comes from the valence of VO2+.  

Proton conductivity and vanadium permeability results from the open literature were used 

to calculate 𝐶𝐶𝐻𝐻𝑚𝑚𝐷𝐷𝐻𝐻𝑚𝑚 and 𝛼𝛼𝐻𝐻/𝑉𝑉 for various CEMs according to the approach described above. 

Figure 4 presents a summary of the results in the format of a permeability-selectivity tradeoff 

plot. The data used to generate the plot in Figure 4 are recorded in the Supporting Information. In 

these studies, the VOSO4 concentration used for the vanadium permeability experiments varied 

from 1 to 1.5 M, and the sulfuric acid concentration varied from 2 to 3 M. The concentration 

dependence of vanadium permeability coefficients has not been studied for a broad range of 

materials, but there is evidence that vanadium permeability coefficients do not change 

significantly with vanadium concentration when the sulfuric acid concentration is greater than 2 



  

21 
 

M.66 Thus, plotting all of these results on the same permeability-selectivity tradeoff plot, though 

not entirely rigorous, appears to be reasonable. A tradeoff between 𝐶𝐶𝐻𝐻𝑚𝑚𝐷𝐷𝐻𝐻𝑚𝑚 and 𝛼𝛼𝐻𝐻/𝑉𝑉 for CEMs 

used in VRFBs is observed in Figure 4. That is, membranes that exhibit fast proton transport 

generally have low proton/vanadium selectivity and vice versa. A fundamental basis for the 

permeability-selectivity tradeoff relation in IEMs for VRFBs is not available as there are 

currently no fundamental models that can accurately predict partitioning and diffusion of mixed 

electrolytes in IEMs. Better fundamental understanding of ion partitioning and diffusion in IEMs 

for VRFBs could enable rational design of high-performance membranes that overcome this 

tradeoff. 

 

Figure 4. Reformulated permeability-selectivity tradeoff relation for IEMs used in VRFBs. The 

solid line represents the empirically constructed upper-bound relation 𝛼𝛼𝐻𝐻/𝑉𝑉 = 𝛽𝛽/(𝐶𝐶𝐻𝐻𝑚𝑚𝐷𝐷𝐻𝐻𝑚𝑚)𝜆𝜆, 

where 𝛽𝛽 = 2.82 × 10−9 and 𝜆𝜆 = 1.65. 
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4. Conclusions 

 The permselectivity-conductivity tradeoff relation for IEMs was reformulated in terms of 

ion concentrations and diffusion coefficients in the membrane. The reformulated tradeoff relation 

is generalizable to applications other than ED/RED and is more consistent with the related 

literature on the permeability-selectivity tradeoff relations for gas separation and reverse osmosis 

membranes. A framework for extracting the counter-ion/co-ion selectivity, 𝛼𝛼𝑔𝑔/𝑐𝑐, and counter-ion 

transport, 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚, from membrane permselectivity and ionic conductivity results was presented. 

In general, 𝛼𝛼𝑔𝑔/𝑐𝑐 decreased with increasing 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚, demonstrating the tradeoff between counter-

ion transport and counter-ion/co-ion selectivity for IEMs used in ED/RED applications. For a 

given 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚 value, CEMs generally exhibited higher 𝛼𝛼𝑔𝑔/𝑐𝑐 relative to AEMs, though this may be 

due to experimental issues associated with membrane potential measurements rather than 

differences in intrinsic membrane properties. A framework for extracting the parameters 𝛼𝛼𝑔𝑔/𝑐𝑐 

and 𝐶𝐶𝑔𝑔𝑚𝑚𝐷𝐷𝑔𝑔𝑚𝑚  from salt permeability, ionic conductivity, and equilibrium ion sorption results was 

also presented. This framework is advantageous over the framework based on membrane 

permselectivity due to the more precise measurement of co-ion transport across membranes. The 

generality of the reformulated tradeoff relation was demonstrated by extending the analysis to 

CEMs used in VRFBs. A tradeoff between proton transport and proton/vanadium selectivity was 

observed, whereby membranes that exhibited fast proton transport exhibited low 

proton/vanadium selectivity and vice versa. The reformulated permeability-selectivity tradeoff 

relation presented herein allows clear evaluation of IEM performance for essentially any 

application that uses IEMs. 
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The permselectivity-conductivity tradeoff relation in ion-exchange membranes is reformulated in 
terms of ion concentrations and diffusion coefficients in the membrane. Two approaches for 
extracting counter-ion throughput and counter-ion/co-ion selectivity are presented – one 
approach based on permselectivity and ionic conductivity results and another approach based on 
salt permeability, ion sorption, and ionic conductivity results. The reformulated tradeoff relation 
is extended to cation-exchange membranes used in vanadium redox flow batteries. 
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