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Abstract 

Providing sustainable supply of clean water and energy is critical for the survival and development 

of human kind. Membrane-based electrochemical technologies are widely applied for water purification 

(e.g., electrodialysis (ED) and membrane capacitive deionization (MCDI)), energy generation (e.g., reverse 

electrodialysis (RED)) and storage (e.g., redox flow batteries (RFB)). To achieve maximum water and 

energy generation efficiency, those technologies all rely on ion exchange membranes (IEMs) to selectively 

transport certain ions of interest. Moreover, those technologies expose IEMs to a wide variety of ions, which 

are typically different from the commonly studied sodium and chloride. Fundamental knowledge of the 

interactions between polymeric IEMs and diverse ions to guide membrane permselectivity optimization 

remains insufficient. Therefore, this work is aimed at closing this knowledge gap by understanding how the 

experimental, ion and polymer chemistry specific factors affect the ion-membrane interaction as well as 

membrane separation performance.  

The influence of experimental factors on membrane apparent permselectivity measurement 

inaccuracy was examined, and experimental factors were demonstrated to introduce no-larger-than 2% 

uncertainty to permselectivity. Ion-specific factors such as bare and hydrated ion radii, ion geometry and 

complexation-forming nature were demonstrated to affect membrane permselectivity via thermodynamic 

sorption or kinetic diffusion effects. The membrane fixed charge group chemistry was demonstrated to 

introduce up to 6% permselectivity enhancement. Results from this research addressed knowledge gaps 

from the experimental, ion and polymeric chemistry specific perspectives and can be applied to guide the 

design, engineering and optimization of ion specific selective membranes, which can facilitate the 

sustainable supply of clean water and energy.  
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Chapter 1: Introduction 

1.1. Water-Energy Nexus  

As the global population expands,1,2 so does the demand for fresh water and energy. However, with 

the increasing water pollution and decreasing reserves of traditional fossil fuels, it becomes more and more 

challenging to satisfy such demands. Solutions to alleviate the global freshwater and energy shortage 

problems including relying on water pacification technologies to generate clean water,3,4 and increasing 

utilization of sustainable energy sources.5,6 Moreover, water and energy, the two fundamental resources for 

the survival of mankind, are inherently interdependent.7 Substantial amount of water is required to produce 

energy, and substantial amount of energy is required to purify water.4   

Membrane technologies play a crucially intermediate role in such water-energy nexus. Various 

membrane-based processes are widely used, or being considered for water purification (e.g., reverse 

osmosis (RO), electrodialysis (ED) and capacitive deionization (CDI)),7–9 energy generation (reverse 

electrodialysis (RED) and pressure retarded osmosis (PRO)) and storage (e.g., redox flow batteries (RFB)) 

applications.5,10 RO, as the current dominant membrane-based seawater desalination technologies, are 

utilized to produce 44% of global desalinated water. ED has been utilized for over 50 years to produce 

potable water from industrial waste water.11 The membrane-based renewable energy generation 

technologies, such as RED and PRO generate electricity by harnessing the salinity gradient energy (i.e., 

energy from the concentration difference between salt streams, e.g., sea water and river water).7,12 Although 

neither of them has been industrialized yet, predictions show that the total potential energy that can be 

harnessed by RED and PRO is 2.6TW,12 larger than the current global electricity consumption (i.e., 

2.0TW).9 Additionally, membrane-based energy storage technology such as RFB advances large-scale 

utilization of wind and solar energy, total of which provide 4% of current electricity production but the 

penetration is still growing at 25% per year.13 
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All of those applications reply on selective ion exchange membranes (IEMs) to control the transport 

of different ions. The permselectivity of an IEM describes the extent to which a membrane exclusively 

transports one ion over another, and is critical to the efficiency of a membrane process.14–21 It has always 

been a major challenge as to optimize membrane permselectivity for a wide range of different ions in the 

membrane field.21 Therefore, this research study focuses on developing the fundamental knowledge to 

guide the characterization, design and optimization of ion specific selective membrane.  

1.2. Goals and Organization of the Dissertation  

The primary goal of this research was to develop fundamental understanding on ion specific 

transport behavior in IEMs and its effect on the permselectivity of IEMs. IEMs have been studied mostly 

using sodium and chloride in this field. However emerging membrane separation challenges expose IEMs 

to a wider range of ions different from sodium and chloride. An understanding of the interactions between 

IEMs and diverse ions could lead to the rational design and optimization of highly selective IEMs for the 

water purification and energy applications. To accomplish this goal, a combination of experimental and 

theoretical work was conducted in this research. The experimental method used to characterize membrane 

permselectivity was examined. The permselectivity, ion sorption and diffusion properties of commercially-

available and lab-synthesized cation exchange membranes (CEMs) and anion exchange membranes (AEMs) 

were experimentally measured and modeled, and the measured and modeled results were compared to 

understand the mechanism behind the ion-membrane specific interactions.  

This dissertation is composed of eight total chapters. Chapter 1 emphasizes the importance of this 

work within the scope of addressing the global water and energy shortage problems. Chapter 2 provides the 

background information of ion exchange membrane and theoretical understanding on the correlation 

between membrane permselectivity and ion transport. Chapter 3 contains detailed information about all 

theoretical models used in this work to predict ion sorption coefficients and diffusivities.  Chapter 4 gives 

information about the polymeric membrane materials used in this study and the experimental and 

calculation techniques used to characterize the membrane materials.   
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Understanding the ion specific effects on membrane permselectivity requires accurate 

measurements of permselectivity. Chapter 5 evaluates the accuracy of membrane apparent permselectivity 

measurement using a widely applied static method. Such method requires accurate control or measurement 

of experimental factors such as temperature, concentration of electrolyte solutions used and electrical 

potential across the membrane. Deviation of any experimental factors might introduce unexpected errors to 

measured permselectivity and disturb the understanding of ion specific effects on membrane 

permselectivity. The deviations introduced by three experimental factors, i.e., temperature variation, 

concentration deviation and electrical potential fluctuation were quantified either through experimental 

measurements or theoretical calculations using error propagation.   

In chapter 6, the apparent permselectivity, ion sorption and diffusion properties of three CEMs 

were measured using four monovalent strong electrolytes and modeled using different models. The apparent 

permselectivity was linked with ion sorption and diffusion properties. The ion sorption was linked with ion 

properties such as polarizability and bare radius and a phenomenon observed as ion-polymer complexation. 

The ion diffusion was linked with ion properties such as geometry and hydrated radius. Results 

demonstrated that ion specific factors such as size, geometry and complexation-forming nature influence 

ion specific behaviors within polymeric membranes.  

In chapter 7, two AEMs with similar polymer backbone structure and different fixed charge groups 

were synthesized. The permselectivity, ion sorption and diffusion properties of two AEMs were measured 

using five monovalent electrolytes. The permselectivity, ion sorption and diffusion properties of the two 

AEMs were compared with the values from each other. The permselectivity, ion sorption and diffusion of 

the two AEMs were linked with the physiochemistry properties, i.e., Van der Waals volume and 

hydrophilicity, of the polymer fixed charged groups.  

Lastly, chapter 8 contains conclusions and future recommendations for extending the work initiated 

in this dissertation. Following chapter 8, Appendix A lists the nomenclature used throughout the dissertation. 

Appendix B, C and D provide all the supplementary discussions for chapter 5, 6 and 7, respectively.  
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Chapter 2: Background 

2.1. Ion Exchange Membranes  

Ion exchange membranes (IEMs) often are prepared using charged polymers, and such polymers 

have ionizable fixed charge groups incorporated into the polymer matrix.1–10 The concentration of fixed 

charge groups on the polymer is often quantified by the ion exchange capacity (IEC) defined as 

milliequivalents of charge per gram of dry polymer. Anion exchange membranes (AEMs) contain positively 

charged groups and preferentially transport anions (i.e., counter-ions) while excluding cations (i.e., co-

ions).10,11 In contrast, cation exchange membranes (CEMs) contain negatively charged groups and 

preferentially transport cations (i.e., counter-ions) while excluding anions (i.e., co-ions).12 The ability of 

these IEMs to selectively transport counter-ions over co-ions is defined as membrane permselectivity and 

it is critical to their function in electromembrane processes.13  

The permselectivity of an IEM describes the extent to which a membrane selectively transports 

counter-ions and excludes co-ions,2,3 and it is linked to the efficiency of many electromembrane-based 

separation (e.g., electrodialysis (ED)6,8,14 and capacitive deionization (CDI)15,16), energy generation (e.g., 

reverse electrodialysis (RED)17–23) and energy storage (e.g., redox flow batteries (RFB)24–28) technologies. 

Highly permselective IEMs enable efficient ED and CDI separation processes, efficient energy recovery in 

RED, and high coulombic efficiency of and low capacity fade in redox flow batteries.9,14,22,28 Therefore, it 

is critical to maximize the permselectivity of ion exchange membranes for those applications.  

2.2. Knowledge Gaps in Optimizing Membrane Permselectivity  

Several challenges exist in the endeavors to maximize the permselectivity for ion exchange 

membranes. The first one arises from the question of whether we are able to correctly measure the 

permselectivity. Membrane permselectivity was typically measured as apparent permselectivity, as defined 

by Strathmann,2,5 using a static method that is not affected by boundary layers and solution – membrane 

interfaces, and neglects osmotic water transport through the membrane.2,5 According to the permselectivity 
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definition (Equation 2.1), permselectivity should not exceed unity. However, apparent permselectivity 

values that exceed unity have be reported.29,13,30 In these cases, the values are typically close to unity (e.g., 

typical values are reported up to an apparent permselectivity of 1.04).29,13,30 These nonphysical results, in 

some cases, have been attributed to fluctuations in room temperature.12,13 Presumably these room-

temperature variations are relatively small (i.e., likely no more than a few degrees Celsius). Such reports, 

though, reveal the first knowledge gap about the sensitivity of the apparent permselectivity to temperature 

and other experimental parameters. Experimental measurements of apparent permselectivity as a function 

of experimental parameters would help to inform this issue and close this first knowledge gap.  

The second knowledge gap of optimizing membrane permselectivity for electromembrane 

applications is the lack of understanding on ion specific behaviors within membranes. Traditionally, ion 

exchange membrane permselectivity has been characterized and studied only using sodium and chloride. 

Emerging separation challenges and electro-membrane applications, however, require membrane optimized 

for solutions containing ions that are different from sodium and chloride.8,10,13,19,24,25,27,31–36 Perhaps one of 

the most pronounced examples of this situation is the application of membranes as separators in RFB 

applications. The development of flow batteries has involved the identification of a wide range of battery 

chemistry options, and vanadium-based ions, bromide, zinc ions, cerium, or organic redox shuttles are a 

few examples of the types of molecules that could be exposed to the membrane separator in RFB 

systems.24,25,27,33 Additionally, many membrane-based energy recovery technologies can expose ion 

exchange membranes to complex ionic solutions, such as ammonium bicarbonate,37 lithium chlorate,19 or 

copper and ammonia-based solutions.34,35 Furthermore, deionization via ED or CDI could be challenged 

with increasingly contaminated waters containing, for example, chromium,38 cadmium,39,40 fluoride,41 

nitrate,9 perchlorate,42–44 and sulfate.9 Since IEMs are required in these technologies, membrane 

permselectivity properties must be understood for ions other than sodium and chloride. Experimental and 

theoretical studies to correlate ion specific factors with membrane performance will address this issue and 

close this second knowledge gap.  
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The third knowledge gap is the lack of understanding on how the polymer chemical structure of 

membranes can be modified to enhance the ion specific permselectivity. Efforts have been made in this 

field to tune the membrane specific selectivity towards certain ions and most of those falls into two 

categories. The first category covers all kinds of surface modifications including increasing the surface 

degree of crosslinking of membrane,12,45 creating an oppositely charged surface layer,46 or creating a layer-

by-layer structure.47–52 Surface modifications have been demonstrated to be effective in selectively 

separating ions having different valence, e.g., monovalent ions and divalent ions. For example, Sata et al. 

demonstrated that CEMs based on styrene and divinyl benzene copolymers exhibited slightly increase in 

sodium/calcium selectivity with increasing surface degree of crosslinking.12 Firdaous et al. demonstrated 

that a thin positively charged surface layer on a commercially available cation exchange membrane 

(Neosepta CMX-S, Tokuyama Soda Co. Ltd., Japan) enhanced the sodium permeation as compared to that 

of calcium and magnesium.46 White et al. coated a cation exchange NafionTM 115 membrane with 5.5 

bilayers of poly(4-styrenesulfonate) (PSS)/protonated poly(allylamine) (PAH), and the modified lay-by-

layer membrane exhibited remarkable permeation selectivity to potassium over magnesium.51 The second 

category includes modifying the polymer fixed charge group chemistry,12,53 and such method have been 

demonstrated to be effective in enhancing membrane selectivity among ions with the same valence. For 

CEMs, cation exchange group options include sulfonic acid, phosphoric acid, carboxylic acid, boric acid, 

and phenolic acid.54 Sata et al. concluded that CEM having boric acid groups did not remarkably enhance 

the selectivity between alkaline earth metal cations and sodium ions, as compared to CEMs having sulfonic 

acid groups.12 The study by Nagarale et al. suggested that CEMs with phosphoric acid groups were more 

effective in separating cations with identical charges as compared with CEMs with sulfonic acid groups.53 

A larger library of anion exchange groups exist for AEMs, e.g., quaternary ammonium, quaternary 

phosphonium, quinuclidinium-based quaternary ammonium, imidazolium, pyridinium, and 

pentamethylguanidinium groups.10,11 The effects of anion exchange group on the performance of AEMs 

have been investigated in the field of fuel cells,10,11,55–60 yet little discussions exist in aqueous based electro-
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membrane systems. Therefore, a study aimed at understanding the effects of different fixed charge group 

on the performance of AEMs in aqueous separation system will help closing this third knowledge gap.  

2.3. Influence of Ion Transport on Permselectivity  

Membrane permselectivity, α, is defined using cation and anion transport number:  

𝛼 =
𝑡𝑀

𝑚−𝑡𝑀
𝑠

𝑡𝑋
𝑠 = 1 −

𝑡𝑋
𝑚

𝑡𝑋
𝑠   (2.1) 

 

where 𝑡𝑖
𝑗
is the transport number of an ion i in phase j.2,5 Superscripts m and s represent the membrane and 

solution phase, respectively, and subscript M and X represent counter-ion and co-ion species, respectively. 

The ion transport number is defined as the fraction of current that is carries by ion i relative to the other 

charge carries, k:  

𝑡𝑖
𝑗

=  
|𝑧𝑖|𝑐𝑖

𝑗
𝐷𝑖

𝑗

∑ |𝑧𝑘|𝑐𝑘
𝑗

𝐷𝑘
𝑗

𝑘

  (2.2) 

 

where zi the ion valence, 𝑐𝑖
𝑗
 is the concentration of ion i in phase j, and 𝐷𝑖

𝑗
 is the diffusion coefficient of ion 

i in phase j. 

Increase in the membrane-phase co-ion transport number drive a decrease in permselectivity 

(Equation 2.1).13,36,59 A perfectly permselective membrane (𝛼 = 1) passes current via only counter-ions and 

completely prevents co-ion transport (i.e., 𝑡𝑋
𝑚 = 0).13,36,59,61 In the other limiting case, in a non-permselective 

membrane, relative rates of ion transport will not be affected by the membrane (i.e., 𝑡𝑋
𝑚 = 𝑡𝑋

𝑠  and 𝛼 = 

0).13,36,59,61 The permselectivity, therefore, varies between zero and unity as the co-ion transport number 

varies between zero and the value in bulk solution.  

The definition of the membrane phase transport numbers, 𝑡𝑖
𝑚, include both the ion concentration 

and diffusivity in the membrane phase. As a result, permselectivity is expected to increase as either the co-

ion concentration or mobility in the membrane phase is suppressed, or either the counter-ion concentration 

or mobility is enhanced. Therefore, attempts to understand or model membrane permselectivity properties 
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should recognize the contribution of counter-ion or co-ion specific sorption (or partitioning) and diffusion 

effects. In this study, the ion transport and its effect on membrane permselectivity was studied via 

understanding the ion sorption (or partitioning) and diffusion effects.  
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Chapter 3: Theoretical Models* 

In this research, the ion transport was studied in terms of ion concentration within, and ion diffusion 

across the membrane phase. Both counter-ion and co-ion transport occur in the membrane phase. The co-

ion concentration in the membrane phase, governed by the partitioning effects across the membrane-

solution phase boundary, is more difficult to understand. The counter-ions enter the membrane phase and 

balance both the fixed charge groups having opposite charge and the co-ions. Once the co-ion concentration 

and membrane IEC are known, the counter-ion concentration can be calculated using electroneutrality 

conditions. Therefore, the ion concentration modeling part of this work will mainly focus on modeling the 

co-ion sorption and concentration in the membrane phase.  

3.1. Equilibrium Co-Ion Sorption  

The starting point for modeling co-ion sorption in charged polymers is to use Donnan exclusion 

theory to describe co-ion exclusion from the polymer that results from the combination of the 

thermodynamic equilibrium criterion and electroneutrality. Donnan theory, however, includes mean ionic 

activity coefficient terms for the membrane and solution phases that must be evaluated.1–5 The solution 

phase mean ionic activity coefficients were evaluated using the Pitzer model.6,7 The mean ionic activity 

coefficients in the membrane phase, however, are more difficult to model. The Manning counter-ion 

condensation model8 does not consider ion specific properties that make a given ion different from another 

ion of the same valence. As such, we have also considered electrostatic and dispersion force-based 

approaches to calculate the mean ionic activity coefficients. The co-ion sorption coefficients, calculated 

using these models, are discussed and compared to experimentally measured co-ion sorption coefficients.  

3.1.1. Donnan Theory  

 
* This chapter has been adapted with permission from: Ji, Y.; Luo, H.; Geise, G.M. Specific Co-Ion Sorption 

and Diffusion Properties Influence Membrane Permselectivity. J. Membr. Sci. 2018, 563(1), 492 – 504  
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The co-ion sorption coefficient, 𝑘𝑋
𝑚, is defined as the ratio of the concentration of co-ions in the 

membrane phase, 𝑐𝑋
𝑚, relative to that in the external solution, 𝑐𝑋

𝑠:9  

𝑘𝑋
𝑚 ≡

𝑐𝑋
𝑚

𝑐𝑋
𝑠    (3.1) 

 

In IEMs, the co-ion sorption coefficient is equivalent to the mobile salt sorption coefficient, 𝑘𝑠
𝑚, 

that is widely used to quantify the partitioning of mobile salt into polymers for membrane applications.9–11 

The co-ion sorption coefficient is a thermodynamic property that describes the equilibrium partitioning of 

co-ions from external solution into the membrane phase, so modeling approaches for the co-ion sorption 

coefficient begin from the definition of thermodynamic equilibrium (i.e., the thermodynamic activity of 

ions must be equivalent in the membrane phase and in the solution phase).12 For unchanged polymers, the 

co-ion sorption coefficient, 𝑘𝑋
𝑚 , is equivalent to the ratio of the mean ionic activity coefficient in the 

solution phase, 𝛾±
𝑠 , to the mean ionic activity coefficient in the membrane phase, 𝛾±

𝑚:9 

𝑘𝑋
𝑚 =

𝛾±
𝑠

𝛾±
𝑚     (3.2) 

 

For changed polymers, an electroneutrality condition must be included to account for the fact that 

some of the charges in the membrane are fixed to the polymer backbone. The Donnan exclusion model 

combines the thermodynamic equilibrium criterion with a change balance to describe co-ion sorption in 

charged materials.2,12 The Donnan exclusion model describes the dependence of co-ion sorption on the 

concentration of fixed charges in the polymer, 𝑐𝐴
𝑚, salt concentration in the external solution, 𝑐𝑠

𝑠, mean 

ionic activity coefficient in the solution phase, 𝛾±
𝑠 , and mean ionic activity coefficient in the membrane 

phase, 𝛾±
𝑚: 

𝑘𝑋
𝑚 = [

1

4
(

𝑐𝐴
𝑚

𝑐𝑠
𝑠 )

2

+ (
𝛾±

𝑠

𝛾±
𝑚)

2

]

1

2

−
1

2
(

𝑐𝐴
𝑚

𝑐𝑠
𝑠 )      (3.3) 

 

In many studies, the ratio of the mean ionic activity coefficients in Equation 3.3 has been taken as 

unity, but recent reports have shown this assumption of solution ideality to be inappropriate, for example, 
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for a series of highly-charged CEMs.3,8 In this study, we consider three approaches for calculating the ratio 

of the mean ionic activity coefficients, 𝛾±
𝑠 𝛾±

𝑚⁄ , to gain insight into the fundamental physics that governs 

observed co-ion specific sorption properties. In all cases, the mean ionic activity coefficient in the solution 

phase was calculated using the Pitzer model. 

3.1.2. Counter-Ion Condensation Theory  

The mean ionic activity coefficient in the membrane phase can be calculated using the Manning’s 

counter-ion condensation theory, which treats polymer chains as infinite line charges with charged groups 

evenly spaced along the chain. A dimensionless parameter, 𝜉, compares the length scale of the electrostatic 

forces to the physical spacing of charge groups along the polymer chain:3,8  

𝜉 =
𝜆𝐵

𝑏
=

𝑒2

4𝜋𝜀0𝜀𝑚(0)𝑘𝐵𝑇𝑏
       (3.4) 

 

where 𝜆𝐵 is the Bjerrum length, e is the elementary charge, 𝜀0 is the vacuum permittivity, 𝜀𝑚(0) is the 

constant relative permittivity (i.e., the static dielectric constant) of the hydrated membrane, 𝑘𝐵  is the 

Boltzmann’s constant, T is the absolute temperature, and b is the distance between fixed charge groups on 

the polymer chain. The static dielectric constant of the hydrated membrane was estimated using an 

empirical relationship based on membrane water content.13 The value of 𝜉 can be related to the counter-ion 

condensation in highly charged ion exchange materials.3,4,8    

For monovalent electrolytes, a critical value of 𝜉 = 1  can be defined.8 If 𝜉 > 1, counter-ions 

condense on (or neutralize) polymer fixed charges to reduce 𝜉 to unity.3,4,8 The remaining uncondensed 

counter-ions are treated thermodynamically using the Debye-Huckel approximation. When 𝜉 > 1, the mean 

ionic activity coefficient in the membrane phase can be calculated as:3,4,8 

𝛾±
𝑚 = [(

𝑋 𝜉⁄ +1

𝑋+1
) exp (−

𝑋

𝑋+2𝜉
)]

1

2
        (3.5) 
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where 𝑋 = 𝑐𝐴
𝑚/𝑐𝑠

𝑚, i.e., the ratio of fixed charge group concentration to mobile salt concentration in the 

membrane phase. When 𝜉 < 1, counter-ion condensation does not occur, and the mean activity coefficient 

in the membrane is calculated directly using the Debye-Huckel approximation:  

ln 𝛾±
𝑚 = −

𝜉𝑋

2(𝑋+2)
         (3.6) 

 

3.1.3. Continuum Electrostatic Theory     

Electrostatic theory can be used to describe the ratio of the mean ionic activity coefficients in the 

solution and membrane phases by considering the definition of the co-ion sorption coefficient for an 

uncharged polymer (Equation 3.2), and the free energy change, ∆Gi, associated with moving an ion from 

the solution to the membrane phase: 

𝛾±
𝑠

𝛾±
𝑚 =

𝑐𝑖
𝑚

𝑐𝑖
𝑠 = exp [−

∆𝐺𝑖

𝑘𝐵𝑇
]        (3.7) 

 

Zhang et al. considered a simple case where ∆Gi was taken as the electrostatic solvation energy 

barrier, ∆Wi, calculated using the Born model.13 The Born model treats the swollen polymer and the external 

solution phases as dielectric continua and the ions as charged, non-polarizable spheres.14,15 Under these 

assumptions, the sorption free energy is the solvation energy change associated with transferring a charged, 

non-polarizable sphere from one dielectric continuum to another.16 The Born model describes the free 

energy change associated with moving ion i from solution into the membrane as:13  

𝛥𝑊𝑖 =
𝑧𝑖

2𝑒2

8𝜋𝜀0𝑎𝑖
(

1

𝜀𝑚(0)
−

1

𝜀𝑠𝑜𝑙(0)
)         (3.8) 

 

where zi is the valence, ai is the bare ionic radius, and 𝜀𝑠𝑜𝑙(0) is the static dielectric constant of the solution.  

Combining Equation 3.3, 3.7 and 3.8, the co-ion sorption coefficient can be described using a 

combination of Donnan theory and Born model as:  



19 

 

𝐾𝑋
𝑚 = √1

4
(

𝑐𝐴
𝑚

𝑐𝑠
𝑠 )

2

+ {exp [−
𝑧𝑖

2𝑒2

8𝜋𝑘𝐵𝑇𝜀0𝑎𝑖
(

1

𝜀𝑚(0)
−

1

𝜀𝑠𝑜𝑙(0)
)]}

2

−
1

2
(

𝑐𝐴
𝑚

𝑐𝑠
𝑠 )          (3.9) 

 

3.1.4. Continuum Electrostatic and Dispersion-Based Theory  

The electrostatic model described above can be modified to include dispersion energy forces.17 

Dispersion forces exist between molecules and have been suggested to be related to ion specific effects that 

have been observed in other systems.17–23 Coupling dispersion forces with electrostatic forces attempts to 

account for the influence of ion polarizability on ion sorption. The electrostatic and dispersion force theory 

proposed by Boström and Ninham17,24 requires many of the same assumptions as the Born model in that 

both the swollen polymer and external solution phases are treated as dielectric continua.25 The difference, 

however, is that incorporating dispersion forces into the model enables the model to treat ions as polarizable 

charged spheres.26 The dispersion energy reflects the fact that ions have different polarizability properties 

compared to the surrounding medium.  

Ninham et al. developed a relationship that describes the difference in the dispersion energy 

between the membrane and solution phases, ∆Di:17 

∆𝐷𝑖 =
4𝑘𝐵𝑇

𝑎𝑖
3

√𝜋
∑ [

𝛼𝑚
∗ (𝑖𝜔𝑛)

𝜀𝑚(𝑖𝜔𝑛)
−

𝛼𝑠𝑜𝑙
∗ (𝑖𝜔𝑛)

𝜀𝑠𝑜𝑙(𝑖𝜔𝑛)
]∞

𝑛=0           (3.10) 

 

where 𝛼𝑚
∗ (𝑖𝜔𝑛)  and 𝛼𝑠𝑜𝑙

∗ (𝑖𝜔𝑛)  are the excess polarizability (i.e., the excess polarizability of an ion 

compared to the solvent of equivalent volume) in the membrane and the solution, respectively 𝜀𝑚(𝑖𝜔𝑛) and 

𝜀𝑠𝑜𝑙(𝑖𝜔𝑛) are the frequency-dependent relative permittivity functions for the membrane and solution phases, 

respectively. Equation 3.10 requires evaluation of the excess polarizability and relative permittivity terms 

at discrete frequencies, 𝜔𝑛 (𝜔𝑛 = 2𝜋𝑘𝐵𝑇 (𝑛 +
1

2
) ℏ⁄ ). The first frequency (n = 0) is 1.23 × 1014 Hz and is 

in the ultraviolet frequency range. The summation over discrete energy levels, in Equation 3.10, originates 

from a quantum mechanical approach, take by London, that accounts for the contributions of different 
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interaction states to the dispersion energy.26 The co-ion sorption coefficient can be described using Donnan 

theory and the electrostatic-dispersion energy model by combining Equation 3.3, 3.7 and 3.10:  

𝐾𝑋
𝑚 = √1

4
(

𝑐𝐴
𝑚

𝑐𝑠
𝑠 )

2

+ {exp [−
𝑧𝑖

2𝑒2

8𝜋𝑘𝐵𝑇𝜀0𝑎𝑖

(
1

𝜀𝑚(0)
−

1

𝜀𝑠𝑜𝑙(0)
) −

4

𝑎𝑖
3√𝜋

∑ (
𝛼𝑚

∗ (𝑖𝜔𝑛)

𝜀𝑚(𝑖𝜔𝑛)
−

𝛼𝑠𝑜𝑙
∗ (𝑖𝜔𝑛)

𝜀𝑠𝑜𝑙(𝑖𝜔𝑛)
)∞

𝑛=0 ]}
2

−
1

2
(

𝑐𝐴
𝑚

𝑐𝑠
𝑠 )            (3.11) 

 

The values of terms 𝛼𝑚
∗ (𝑖𝜔𝑛), 𝛼𝑠𝑜𝑙

∗ (𝑖𝜔𝑛), 𝜀𝑚(𝑖𝜔𝑛) and 𝜀𝑠𝑜𝑙(𝑖𝜔𝑛) for different ions are presented 

and discussed in further detail in Section 4.2.  

3.2. Ion Diffusion 

Ion diffusion in charged, hydrated polymer membranes can be influenced by tortuosity that created 

by the polymer chains of the membrane and electrostatic interactions between the fixed charge groups and 

counter-ions or co-ions. The Mackie and Meares model was used to describe the hindered diffusion of 

ions13,27,28 and the counter-ion condensation model was combined to understand the electrostatic effects.29,30  

3.2.1. Mackie and Meares Theory  

The Mackie and Meares model was used to describe the influence of tortuosity on diffusion:27 

 
𝐷𝑖

𝑚

𝐷𝑖
𝑠 = (

𝑘𝑤

2−𝑘𝑤
)

2
  (3.12) 

 

where 𝑘𝑤 is the water sorption coefficient (i.e., the volume fraction of water sorbed by the membrane), and 

𝐷𝑖
𝑚 and 𝐷𝑖

𝑠 are the diffusion coefficients of ion i in the membrane and solution phases, respectively. Thus, 

increasing the water content of the polymer results in a diffusion coefficient in the membrane phase that 

approaches the diffusion coefficient in bulk solution.  

3.2.2. Counter-Ion Condensation Theory  

Manning’s counter-ion condensation theory describes the influence of electrostatic effects on 

diffusion.30 When 𝜉 > 1, counter-ion condensation must be considered, and condensed counter-ions have 
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no mobility. As a result, the counter-ion diffusion coefficient in the membrane phase, 𝐷𝑀
𝑚, is suppressed by 

electrostatics to a larger extent than the co-ion diffusion coefficient in the membrane phase, 𝐷𝑋
𝑚:  

𝐷𝑀
𝑚

𝐷𝑀
𝑠 = (

𝑋 𝜉⁄ +1

𝑋+1
) [1 −

1

3
𝐴(1, 𝑋 𝜉⁄ )]  (3.13) 

 

𝐷𝑋
𝑚

𝐷𝑋
𝑠 = 1 −

1

3
𝐴(1, 𝑋 𝜉⁄ )  (3.14) 

 

where 𝐴(1, 𝑋 𝜉⁄ ) = ∑ ∑ [𝜋(𝑐1
2 + 𝑐2

2) + 1 +
2𝜉

𝑋
]

−2
 ∞

𝑐2=−∞
∞
𝑐1=−∞  and (𝑐1, 𝑐2) ≠ (0,0) . This sum can be 

calculated numerically or approximated analytically.30,31 When 𝜉 < 1, counter-ion condensation does not 

occur, and the counter-ion and co-ion diffusion coefficients in the membrane phase are suppressed by 

electrostatics to an equivalent extent:  

𝐷𝑀
𝑚

𝐷𝑀
𝑠 =

𝐷𝑋
𝑚

𝐷𝑋
𝑠 = 1 −

1

3
𝐴(𝜉, 𝑋)   (3.15) 

 

where 𝐴(𝜉, 𝑋) = ∑ ∑ [
𝜋

𝜉
(𝑐1

2 + 𝑐2
2) + 1 +

2

𝑋
]

−2
 ∞

𝑐2=−∞
∞
𝑐1=−∞ and (𝑐1, 𝑐2) ≠ (0,0).30 

Combining Equation 3.12, 3.14 and 3.15 provides an approach for calculating the membrane phase 

diffusion coefficients, relative to that in solution, when counter-ion condensation occurs (𝜉 > 1):31  

𝐷𝑀
𝑚

𝐷𝑀
𝑠 = (

𝑘𝑤

2−𝑘𝑤
)

2
(

𝑋 𝜉⁄ +1

𝑋+1
) [1 −

1

3
𝐴(1, 𝑋 𝜉⁄ )]    (3.16) 

 
𝐷𝑋

𝑚

𝐷𝑋
𝑠 = (

𝑘𝑤

2−𝑘𝑤
)

2
[1 −

1

3
𝐴(1, 𝑋 𝜉⁄ )]    (3.17) 

 

When counter-ion condensation does not occur (𝜉 < 1), combining Equation 3.12, 3.16 and 3.17 

provides an approach to calculating the membrane phase diffusion coefficients relative to that in solution: 

𝐷𝑀
𝑚

𝐷𝑀
𝑠 =

𝐷𝑋
𝑚

𝐷𝑋
𝑠 = (

𝑘𝑤

2−𝑘𝑤
)

2
[1 −

1

3
𝐴(𝜉, 𝑋)]    (3.18) 

 

 

 



22 

 

3.3. References 

(1)      Geise, G. M.; Paul, D. R.; Freeman, B. D. Fundamental Water and Salt Transport Properties of 

Polymeric Materials. Prog. Polym. Sci. 2014, 39 (1), 1–42. 

(2)      Geise, G. M.; Lee, H.; Miller, D. J.; Freeman, B. D.; McGrath, J. E.; Paul, D. R. Water Purification 

by Membranes: The Role of Polymer Science. J. Polym. Sci. Part B Polym. Phys. 2010, 48 (15), 

1685–1718. 

(3)      Kamcev, J.; Galizia, M.; Benedetti, F. M.; Jang, E.-S.; Paul, D. R.; Freeman, B. D.; Manning, G. 

S. Partitioning of Mobile Ions between Ion Exchange Polymers and Aqueous Salt Solutions: 

Importance of Counter-Ion Condensation. Phys Chem Chem Phys 2016, 18 (8), 6021–6031. 

(4)      Kamcev, J.; Paul, D. R.; Freeman, B. D. Ion Activity Coefficients in Ion Exchange Polymers: 

Applicability of Manning’s Counterion Condensation Theory. Macromolecules 2015, 48 (21), 

8011–8024. 

(5)      Bird, R.; Stewart, W.; Lightfoot, E. Transport Phenomena 2nd Ed., John Wiley&Sons. Inc Hoboken 

NJ 2002. 

(6)      Kenneth, S. P. Thermodytriarnics of Electrolytes. I. Theoretical Basis and General Equation. J Phys 

Chem A 1973, 77, 268–277. 

(7)      Pitzer, K. S.; Mayorga, G. Thermodynamics of Electrolytes.: II. Activity and Osmotic Coefficients 

for Strong Electrolytes with One or Both Ions Univalent. In Molecular Structure And Statistical 

Thermodynamics: Selected Papers of Kenneth S Pitzer; World Scientific, 1993; pp 396–404. 

(8)      Manning, G. S. Limiting Laws and Counterion Condensation in Polyelectrolyte Solutions I. 

Colligative Properties. J. Chem. Phys. 1969, 51 (3), 924–933. 

(9)      Wijmans, J. G.; Baker, R. W. The Solution-Diffusion Model: A Review. J. Membr. Sci. 1995, 107 

(1–2), 1–21. 

(10)      Geise, G. M.; Falcon, L. P.; Freeman, B. D.; Paul, D. R. Sodium Chloride Sorption in Sulfonated 

Polymers for Membrane Applications. J. Membr. Sci. 2012, 423, 195–208. 

(11)      Paul, D. R. Reformulation of the Solution-Diffusion Theory of Reverse Osmosis. J. Membr. Sci. 

2004, 241 (2), 371–386. 

(12)      Helfferich, F. G. Ion Exchange; Courier Corporation, 1995. 

(13)      Zhang, H.; Geise, G. M. Modeling the Water Permeability and Water/Salt Selectivity Tradeoff in 

Polymer Membranes. J. Membr. Sci. 2016, 520, 790–800. 



23 

 

(14)      Warshel, A.; Russell, S. T. Calculations of Electrostatic Interactions in Biological Systems and in 

Solutions. Q. Rev. Biophys. 1984, 17 (3), 283–422. 

(15)      Parsegian, A. Energy of an Ion Crossing a Low Dielectric Membrane: Solutions to Four Relevant 

Electrostatic Problems. Nature 1969, 221 (5183), 844–846. 

(16)      Bowen, W. R.; Welfoot, J. S. Modelling the Performance of Membrane Nanofiltration—Critical 

Assessment and Model Development. Chem. Eng. Sci. 2002, 57 (7), 1121–1137. 

(17)      Boström, M.; Ninham, B. Energy of an Ion Crossing a Low Dielectric Membrane: The Role of 

Dispersion Self-Free Energy. Biophys. Chem. 2005, 114 (2–3), 95–101. 

(18)      Kunz, W.; Belloni, L.; Bernard, O.; Ninham, B. W. Osmotic Coefficients and Surface Tensions of 

Aqueous Electrolyte Solutions: Role of Dispersion Forces. J. Phys. Chem. B 2004, 108 (7), 2398–

2404. 

(19)      Boström, M.; Williams, D. R.; Ninham, B. W. Surface Tension of Electrolytes: Specific Ion Effects 

Explained by Dispersion Forces. Langmuir 2001, 17 (15), 4475–4478. 

(20)      Tavares, F. W.; Bratko, D.; Blanch, H. W.; Prausnitz, J. M. Ion-Specific Effects in the Colloid− 

Colloid or Protein− Protein Potential of Mean Force: Role of Salt− Macroion van Der Waals 

Interactions. J. Phys. Chem. B 2004, 108 (26), 9228–9235. 

(21)      Boström, M.; Williams, D.; Ninham, B. Ion Specificity of Micelles Explained by Ionic Dispersion 

Forces. Langmuir 2002, 18 (16), 6010–6014. 

(22)      Boström, M.; Williams, D. R.; Ninham, B. W. Influence of Hofmeister Effects on Surface PH and 

Binding of Peptides to Membranes. Langmuir 2002, 18 (22), 8609–8615. 

(23)      Boström, M.; Williams, D.; Stewart, P.; Ninham, B. Hofmeister Effects in Membrane Biology: The 

Role of Ionic Dispersion Potentials. Phys. Rev. E 2003, 68 (4), 041902. 

(24)       Boström, M.; Deniz, V.; Ninham, B. Ion Specific Surface Forces between Membrane Surfaces. J. 

Phys. Chem. B 2006, 110 (19), 9645–9649. 

(25)     Mahanty, J.; Ninham, B. W. Theory of Dispersion Interactions between Macroscopic Bodies. J. 

Chem. Soc. Faraday Trans. 2 Mol. Chem. Phys. 1975, 71, 119–137. 

(26)      Mahanty, J.; Ninham, B. W. Dispersion Forces; Academic Press, 1976; Vol. 1. 

(27)      Mackie, J.; Meares, P. The Diffusion of Electrolytes in a Cation-Exchange Resin Membrane I. 

Theoretical. Proc. R. Soc. Lond. Ser. Math. Phys. Sci. 1955, 232 (1191), 498–509. 

(28)      Mackie, J.; Meares, P. The Diffusion of Electrolytes in a Cation-Exchange Resin Membrane. II. 

Experimental. Proc. R. Soc. Lond. Ser. Math. Phys. Sci. 1955, 232 (1191), 510–518. 



24 

 

(29)      Kamcev, J.; Paul, D. R.; Manning, G. S.; Freeman, B. D. Ion Diffusion Coefficients in Ion 

Exchange Membranes: Significance of Counterion Condensation. Macromolecules 2018, 51 (15), 

5519–5529. 

(30)      Manning, G. S. Limiting Laws and Counterion Condensation in Polyelectrolyte Solutions II. Self‐

diffusion of the Small Ions. J. Chem. Phys. 1969, 51 (3), 934–938. 

(31)      Kamcev, J.; Paul, D. R.; Manning, G. S.; Freeman, B. D. Predicting Salt Permeability Coefficients 

in Highly Swollen, Highly Charged Ion Exchange Membranes. ACS Appl. Mater. Interfaces 2017, 

9 (4), 4044–4056. 

 

  



25 

 

Chapter 4: Materials and Methods 

4.1. Polymeric Membranes 

4.1.1. Commercial Membranes 

Two commercially available, sulfonated CEMs, Selemion CMV (Asahi Glass, Co., Tokyo, Japan) 

and CMI-7000s (Membranes International Inc., NJ, USA) were used in this study (Figure 4.1). The ion 

exchange capacity (IEC) of a charged membrane is a measure of the degree of charged group 

functionalization of the polymer. The reported IEC values of these two commercially available membranes 

were 2.08 meq/g(dry polymer) for Selemion CMV1 and 1.6±0.1 meq/g(dry polymer) for CMI-7000s.2 Other 

properties of the two membranes were measured using the methods specified in Section 4.4 and presented 

in Table 4.1.  

 

 

Figure 4.1.  Two commercially available CEMs, the Selemion CMV (left) and CMI-7000s (right) used in this study. 

 

Table 4.1.  Physical properties of the commercially available polymeric ion exchange membranes. For the water 

uptake measurements, the membranes were initially hydrated in either 0.1 or 0.5 mol/L sodium chloride solutions at 

ambient temperature, and the uncertainty is reported as the standard deviation from the mean value of six 

measurements. The membrane thickness values are reported as an average and standard deviation of four to five 

measurements made on hydrated as-received membrane sheets.  

Membrane 

Ion Exchange Capacity 

(IEC) 

[mequiv/g(dry polymer)] 

Water Uptake (wu) 

[g(water)/g(dry polymer)] 

Hydrated 

Membrane 

Thickness(δ) 

[µm] 
0.1 mol/L NaCl 0.5 mol/L NaCl 

Selemion CMV 2.08 0.28±0.01 0.25±0.02 109±2 

CMI-7000s 1.6±0.1 0.32±0.01 0.35±0.02 590±3 
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4.1.2. XLPEGDA and Sulfonated XLAMPS Membranes 

Crosslinked poly(ethylene glycol diacrylate) (XLPEGDA) polymeric membranes serve as 

uncharged control materials and a crosslinked sulfonated CEM based on sodium neutralized 2-acrylamido-

2-methyl-1-propanesulfonic acid (AMPS) that was crosslinked using poly(ethylene glycol diacrylate) 

(n=10) was used (Figure 4.2). Prior to curing the XLAMPS membranes, 50wt% 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPS) sodium salt solution (catalog number 655821, Sigma-Aldrich, St. Louis, MO) 

was mixed with poly(ethylene glycol) diacrylate (PEGDA) crosslinker (average Mn = 525g/mol, catalog 

number 437441, Sigma-Aldrich, St. Louis, MO) to form a homogeneous 1:3 (by mass) AMPS:PEGDA 

solution. For the XLPEGDA membranes, PEGDA with either 3, 10, or 13 ethylene oxide repeat units 

between crosslinks (i.e., the value of n in Figure 4.2) was used. The PEGDA (obtained from Sigma-Aldrich) 

with n = 3, 10, or 13 corresponded to average PEGDA number average molecular weights of Mn = 250g/mol 

(catalog number 475629), Mn = 525g/mol (catalog number 437441), and Mn = 700g/mol (catalog number 

455008), respectively. A free radical initiator, 1-hydroxycyclohexyl phenyl ketone (HCPK, catalog number 

405612, Sigma-Aldrich, St. Louis, MO), was added to all of the pre-polymerization solution at a 

concentration of 0.1% (by mass).  

The XLAMPS and XLPEGDA membranes were cured via a free radical UV-initiated 

photopolymerization process.3,4 The pre-polymerization solutions were confined between two quartz plates, 

and plates were used to control the separation of the plates and the resulting membrane thickness. 

Transparent and colorless membranes were formed by irradiating the pre-polymerization solution with 

120µJ/cm2 of 254nm UV light for 300sec (XLAMPS) and 120sec (XLPEGDA).4 After curing, the films 

were soaked in de-ionized (DI) water to hydrate the membranes and extract any unreacted hydrophilic 

molecules. The final hydrated thickness of the XLAMPS and XLPEGDA membranes was in the range of 

200µm – 300µm. The properties of XLAMPS and XLPEGDA membranes were measured using the 

methods discussed specified in Section 4.4 and presented in Table 4.2 and 4.3. 
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Figure 4.2.  Chemical structures of the XLAMPS and XLPEGDA Membranes. XLPEGDA materials were prepared 

using PEGDA with either n = 3, 10, or 13. 

 

Table 4.2.  Physical and chemical properties of the XLAMPS and XLPEGDA membranes considered in this study. 

Water uptake and dry polymer density data were measured under room temperature, and the water uptake sorption kw 

was calculated using the method specified in Section 4.4.2. No fixed charge groups are expected to exist in the 

XLPEGDA membranes, so their IEC values are not reported. For water uptake measurements, the membranes were 

initially hydrated in either 0.1 or 0.5 mol/L sodium chloride solutions, and the uncertainty is reported as the standard 

deviation of six measurements. The water uptake of XLPEGDA membranes were only measured in 0.1 mol/L sodium 

chloride solution, so the water uptake in 0.5 mol/L sodium chloride solution was not reported.  

Membranes 

Ion Exchange Capacity 

(IEC) 

[mequiv/g(dry polymer)] 

Water Uptake (wu) 

[g(water)/g(dry polymer)] 
Dry 

Polymer 

Density (ρP) 

[g/cm3] 

Water Sorption Coefficient 

(kw) 0.1 mol/L 

NaCl 

0.5 mol/L 

NaCl 

XLAMPS 1.09 0.81±0.01 0.78±0.02 1.34 0.51±0.01 0.51±0.03 

XLPEGDA (n=3) - 0.054±0.003 - 1.27 0.064±0.004 - 

XLPEGDA (n=10) - 0.34±0.01 - 1.21 0.29±0.01 - 

XLPEGDA (n=13) - 0.52±0.02 - 1.19 0.38±0.02 - 

 

Table 4.3.  Room temperature water uptake (wu) data measured using four aqueous electrolyte solutions. Samples 

were equilibrated with either 0.1 mol/L or 0.5 mol/L solution prior to the water uptake measurement. 

Electrolyte 
Selemion CMV CMI-7000s XLAMPS 

0.1 mol/L 0.5 mol/L 0.1 mol/L 0.5 mol/L 0.1 mol/L 0.5 mol/L 

NaCl 0.28±0.01 0.25±0.02 0.32±0.01 0.35±0.02 0.81±0.01 0.78±0.02 

NaBr 0.22±0.06 0.24±0.02 0.35±0.02 0.34±0.04 0.80±0.02 0.78±0.01 

NaNO3 0.24±0.07 0.24±0.03 0.30±0.02 0.31±0.01 0.81±0.02 0.78±0.02 

NaClO4 0.27±0.01 0.30±0.02 0.34±0.01 0.33±0.01 0.80±0.02 0.75±0.01 
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4.1.3. Trimethyl Ammonium Charged PVBAN-TMA and 1,4-Dimethyl Imidazolium 

Charged PVBAN-DMI Membranes  

A crosslinked trimethyl ammonium charged AEM and a crosslinked 1,4-dimethyl ammonium 

charged AEM were used (Figure 4.3). The two AEMs were synthesized by crosslinking a mixture of styrene 

and acrylonitrile (1:3 weight ratio), (vinyl benzyl) trimethylammonium chloride or 1,2-dimethyl-3-(4-

vinylbenzyl) imidazolium chloride (22 or 25 wt% to ensure the theoretical membrane IEC =1.0 mequiv/g). 

Divinylbenzene and benzoin ethyl ether were added (4wt% and 2wt% based on the weight of all monomers, 

respectively) as crosslinker and photoinitiator. Dimethyl sulfoxide (DMSO) was added at a ratio of 1.6g 

per g/(total co-monomer), and the mixture was stirred and ultrasonicated until the solution became 

transparent and homogeneous. The formulation of these two AEMs were based on some widely reported 

recipes in the alkaline fuel cell membrane field.3,5–8 

The transparent and homogeneous solution was then confined between two quartz plates, and 

spacers were used to control the separation of the plates and the resulting membrane thickness.3,4 

Transparent slightly brown membranes were formed by irradiating the solution with 120 µJ/cm2 of 254 nm 

UV light for 1-hour.5,6,9 After curing, the membranes were carefully peeled from the glass plates and placed 

into a Teflon mold, then placed into a convection oven with temperature being maintained at 60oC for 1 

hour. The membranes were subsequently transferred into a vacuum oven with temperature being maintained 

at 60oC and under vacuum for 48 hours. The solvent evaporation process could substantially decrease the 

water uptake of the membranes. Lower membrane uptake, therefore, could make the effects of polymer 

structure more pronounced in influencing membrane performance, and enhance the membrane mechanical 

strength to ease the following handling. The entire solvent evaporation process removed at least 98wt% of 

the solvent from the membrane. The final membranes were soaked in de-ionized (DI) water to be hydrated 

and any unreacted hydrophilic molecules or unevaporated DMSO should be removed in this process.   

   The polymer backbones of the two AEMs are therefore composed of styrene, acrylonitrile, 

divinyl benzene and styrene-based charged monomers. The co-monomer compositions of the two AEMs 
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should be controlled similar during the synthesis processes. Ideally, the only difference between the two 

AEMs should be the fixed charge group. The two AEMs were named “PVBAN-TMA[X]” and “PVBAN-

DMI[X]”, where “PVBAN” indicates that the polymeric membranes mainly contain styrene and 

acrylonitrile co-monomers, “TMA” or “DMI” indicates that the fixed charge group is trimethyl ammonium 

or 1,4-dimethyl imidazolium, respectively, and “[X]” represents for different counter-ions. The physical 

and chemical properties of the two AEMs were measured when the samples were equilibrated with DI water 

and 0.5 mol/L aqueous electrolyte solutions, and presented in Table 4.4 and Table 4.5. The methods used 

to measure those properties will be discussed in detail in Section 4.4.  

 

 

Figure 4.3.  Chemical structure and nomenclature of the two AEMs in this study. “PVBAN” indicates that the 

membranes are mainly composed of styrene and acrylonitrile co-monomers, “TMA” stands for trimethyl ammonium 

fixed charge group, “DMI” stands for 1,4-dimethyl imidazolium fixed charge group and “[X]” represents for the 

counter-ions.  

 

Table 4.4.  Physical and chemical properties of the two AEMs measured in chloride-form and when samples were 

equilibrated with DI water. For water uptake measurements, uncertainty is reported as the standard deviation from the 

mean values of four measurements. The membrane thickness values are reported as an average and standard deviation 

of four measurements made on different places of hydrated membranes.  

Membranes 
Thickness 

(δ) [µm] 

Dry Density 

(ρd) [g/cm3] 

Ion Exchange Capacity (IEC) 

[mequiv (fixed charge group)/g(dry polymer)] 

Water Uptake (wu) 

[g(water)/g(dry polymer)] 

PVBAN-TMA[Cl] 600±10 1.22±0.03 1.21±0.15 0.61±0.03 

PVBAN-DMI[Cl] 450±3 1.16±0.02 1.15±0.12 0.51±0.04 
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Table 4.5.  Physical and chemical properties of the two AEMs when samples were equilibrated with 0.5 mol/L aqueous 

solutions of lithium chloride, sodium chloride, ammonium chloride, sodium bromide and sodium nitrate, respectively. 

In the measurements, the membranes were soaked in 0.5 mol/L solutions for 48 – 72 hours to ensure full equilibrium 

and ion exchange. The water uptake was reported as an average and standard deviation of four measurements.  

Electrolytes 

PVBAN-TMA[X] PVBAN-DMI[X] 

wu 
Water Sorption 

Coefficient (kw) 

Fixed Charge Group Concentration, 𝑐𝑚
𝐴  

[mequiv(fixed charge group group) / cm3(water 

sorbed)] 
wu kw 𝑐𝑚

𝐴  

LiCl 0.47±0.02 0.36±0.01 2.60±0.34 0.30±0.00 0.26±0.00 3.83±0.40 

NaCl 0.46±0.01 0.36±0.01 2.65±0.33 0.30±0.00 0.26±0.00 3.83±0.40 

NH4Cl 0.44±0.01 0.35±0.01 2.74±0.35 0.29±0.00 0.25±0.00 4.02±0.42 

NaBr 0.38±0.02 0.32±0.02 3.20±0.42 0.26±0.02 0.23±0.02 4.40±0.61 

NaNO3 0.36±0.01 0.31±0.01 3.33±0.43 0.22±0.07 0.20±0.05 5.25±1.82 

 

4.2. Electrolytes  

Monovalent strong electrolytes were used in this study. Electrolytes with fixed sodium cation and 

different anions, such as sodium chloride (NaCl), sodium bromide (NaBr), sodium nitrate (NaNO3) and 

sodium perchlorate (NaClO4), as well as electrolytes with fixed chloride anion and different cations, such 

as lithium chloride (LiCl) and ammonium chloride (NH4Cl) were used. The dielectric, size, polarizability 

and hydration enthalpy properties10 of the different cations and anions associated with these electrolytes 

will be presented and discussed in the following chapters.  

4.3. Experimental Methods 

4.3.1. Dry Density  

The dry polymer density of all membrane samples was measured using an Archimedes’ principle 

method.4 A Mettler Toledo density kit (Part # 11106706) was used in conjunction with an analytical balance 

(Model XSE204). The mass of the dry polymer sample first was measured in air, m1, and subsequently was 

measured in an auxiliary liquid, i.e., a non-solvent for the polymer, m2. The dry polymer density, ρp, was 

calculated as:  

𝜌𝑝 =
𝑚1

𝑚1−𝑚2
(𝜌2 − 𝜌1) + 𝜌1  (4.1) 
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where 𝜌1 and 𝜌2 are the density values, at the measurement temperature, of air and the auxiliary liquid, 

respectively. The auxiliary liquid was chosen to be n-heptane for XLAMPS, XLPEGDA, PVBAN-TMA 

and PVBAN-DMI membranes. The reason for choosing n-heptane for XLAMPS and XLPEGDA was that 

n-heptane has little affinity for the ethylene oxide groups present in PEGDA.4,11 The reason for choosing n-

heptane for PVBAN-TMA and PVBAN-DMI was that the molar composition of acrylonitrile is over 85% 

in both two AEMs, and polyacrylonitrile has negligible solubility in n-heptane.12 The measured temperature 

(i.e., the air and auxiliary liquid temperatures) was recorded for each measurement, and the density of air 

and n-heptane was evaluated at the measurement temperature.12  

4.3.2. Water Uptake  

In this research, the water uptake of membranes was measured when samples were equilibrated 

with DI water, 0.1 and 0.5mol/L aqueous electrolyte solutions. Prior to measurements in DI water, a single 

membrane sheet was cut into small circular coupons with diameter ranging from 0.95 to 2.22cm and soaked 

in DI water for over 48 hours. The samples were then removed from DI water, and the wet mass, mwet, was 

measured quickly after the excess DI water was wiped off the sample surface using a laboratory wipe. The 

sample was subsequently dried under vacuum at ambient temperature until a stabilized dry mass, mdry, was 

obtained. The drying process typically required 36 to 48 hours. The dry mass was measured immediately 

after the drying process to prevent sorption of moisture from the atmosphere. The membrane water uptake, 

wu, was calculated as:  

𝑤𝑢 =
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
   (4.2) 

 

The water uptake measurements in 0.1 mol/L or 0.5 mol/L aqueous electrolytes solution follows 

similar procedures as the measurement in DI water. Prior to measurements in aqueous electrolyte solutions, 

the membrane samples were soaked in 0.1 or 0.5 mol/L solution for another 48 to 72 hours, and fresh 

solution was supplied to replace the old solution every 12 hours. This step was conducted to ensure full ion 

exchange when the counter-ions in the solution was different from the counter-ion of the membrane sample. 
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The samples were considered to be equilibrated with electrolyte solution following that process. The sample 

wet mass, mwet, and dry mass, mdry, were measured and the water uptake in electrolytes solution was 

calculated following Equation 4.2. Water uptake for each membrane was reported as the average of at least 

four measurements, and the uncertainty was taken as one standard deviation from the mean. Samples were 

discarded following the water uptake measurement.  

The membrane water content, i.e., volume fraction of water in the membrane, 𝜙𝑤, was calculated 

using the measured membrane dry density and water uptake data using a volume additivity assumption:13 

𝜙𝑤 =
𝑤𝑢 𝜌𝑤⁄

𝑤𝑢 𝜌𝑤⁄ +
1−𝑤𝑢

𝜌𝑤

    (4.3) 

 

where 𝜌𝑤 is the density of water, which was taken as 1 g/cm3.12 The volume fraction of water in the polymer 

is essentially equivalent to the water sorption coefficient, kw, which represents the ratio of concentration of 

water in the polymer to that in the external solution.14–16  

4.3.3. Ion Exchange Capacity and Fixed Charge Group Concentration  

The ion exchange capacity (IEC) of the XLAMPS was calculated theoretically. The IEC of 

PVBAN-TMA[X] and PVBAN-DMI[X] membranes was determined using an ion exchange method. The 

membranes were prepared in chloride form and rinsed with DI water. Prior to IEC measurements, the 

crosslinked membranes were cut into circular coupons with diameters of 0.95 or 1.27cm. The coupons were 

then soaked in 1mol/L sodium nitrate solution of volume, VE (50mL for sample with diameter of 0.95cm 

and 80mL for sample with diameter of 1.27cm). The nitrate will then replace the chloride counter-ion of 

the sample. The samples were soaked for at least 48 hours to ensure full ion exchange. The chloride 

concentration in the external solution, cE, was determined using an Ion Chromatography (ICS-2100, 

Thermo Scientific). The samples were then soaked in DI water to desorb the sodium nitrate, and dried under 

vacuum afterwards. The sample dry mass was then measured as mdry, and the IEC was calculated as:  

𝐼𝐸𝐶 =
𝑉𝐸𝑐𝐸

𝑚𝑑𝑟𝑦
  (4.4) 



33 

 

 

The membrane fixed charge group concentration, 𝑐𝑚
𝐴 , is defined as the concentration of fixed 

charge group within the water sorbed by the polymeric membrane, and has the unit of mol of fixed charge 

groups per liter of sorbed water. It is calculated using the membrane ion exchange capacity, IEC, membrane 

water uptake, wu, and the density of water, ρw: 

𝑐𝑚
𝐴 =

𝐼𝐸𝐶

𝑤𝑢
𝜌𝑤  (4.5) 

 

4.3.4. Salt Sorption and Diffusivity  

The salt sorption coefficient and diffusivity were measured by kinetic desorption.4,17 Kinetic 

desorption measurements started from placing salt-saturated membrane samples into a container filled with 

DI water. The salt will then desorb from the membrane phase into the DI water, and the concentration of 

external solution will change accordingly. By tracking the concentration change at different time points, a 

concentration-versus-time curve can be obtained and salt sorption coefficients and diffusivities can be 

obtained by modeling the desorption curve. It should be noted that when conducting kinetic desorption 

measurements, the carbon dioxide (CO2) from atmosphere can greatly impact the performance of IEMs, 

especially AEMs. When CO2 dissolves in water, it forms carbonic acid, which dissociates into proton, 

bicarbonate and carbonate ions.18,19 The carbonate and bicarbonate ions can displace some counter-ions in 

AEMs, resulting in inaccurate measurements in solution concentration. A modest amount of ion exchange 

might occur between the proton and the counter-ions of CEMs, but the effect is negligible compared with 

the situation of AEMs.18 To minimize the effects of CO2 on the salt sorption coefficients and discursivity 

on AEMs. The entire kinetic desorption process was done under the protection of nitrogen. The desorption 

steps for CEMs and AEMs will be discussed in separate paragraphs. 

To measure the salt sorption coefficients and diffusivity of CEMs, the salt-saturated circular coupon 

samples were removed from salt solution, and excess solution on the sample surface was carefully removed 

using a lab tissue. Then, the sample was carefully transferred into a volume (ranging from 25mL to 150mL) 
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of well-stirred atmospherically equilibrated DI water. The desorption solution volume was chosen such that 

the final concentration (following salt desorption from the polymer) would be in the range of 1 – 

3mg(salt)/L.17 The conductivity of the desorption solution was recorded every 10 – 60s using a conductivity 

meter (inoLab* Cond 7310, WTW Corp Inc., CA, USA). The measurement time interval was chosen based 

on the desorption rate. The measurement was stopped when desorption solution concentration stabilized, 

i.e., the concentration of desorption solution remained constant for at least a time period equivalent to the 

sample’s characteristic time for diffusion (typically between 200 and 500s). This time was determined 

iteratively as δ2 (4𝐷𝑠
𝑚)⁄ , where δ  is the hydrated membrane thickness, and 𝐷𝑠

𝑚  is the salt diffusion 

coefficient in the membrane. The kinetic desorption measurement was conducted five times for each sample, 

electrolyte, and concentration.  

The desorption solution conductivity was converted to salt concentration using a calibration curve 

and then to the mass of salt desorbed from the polymer using the volume of the desorption solution. A flat-

sheet diffusion model was used to determine the salt diffusion coefficient, 𝐷𝑠
𝑚, in the membrane using the 

desorption data:  

𝐷𝑠
𝑚 ≅ {

𝜋𝛿2

16
[

𝜕(𝑀𝑡 𝑀∞⁄ )

𝜕𝑡1 2⁄ ]
2

} 𝑡
1

2   (4.6) 

 

where 𝑀𝑡 is the mass of salt desorbed from the polymer at time t and 𝑀∞ is the total mass of salt desorbed 

from the polymer during the entire process.20 Equation 4.6 is an approximation that is only valid when 

𝑀𝑡 𝑀∞⁄ < 0.6. Thus, the early-time desorption data were plotted as 𝑀𝑡 𝑀∞⁄  versus 𝑡
1

2, and the term in 

square brackets is the slope of the plot.20 

The salt sorption coefficient, 𝑘𝑠
𝑚 is defined as the salt concentration in the water sorbed by the 

membrane, 𝑐𝑠
𝑚, relative to that in the external solution, 𝑐𝑠

𝑠:  

𝑘𝑠
𝑚 =

𝑐𝑠
𝑚

𝑐𝑠
𝑠 =

𝑐∞
𝑠 𝑉𝑑

𝑐𝑠
𝑠𝑉𝑝𝜙𝑤

   (4.7) 
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The measurements on AEMs were done under the protection of nitrogen. A container filled with 

DI water was sealed and purged with nitrogen until the conductivity dropped down to and stabilized at 0.10 

µS/cm. Salt-equilibrated membrane coupons were removed from the salt solution and wiped. Then the 

container was open and the sample was immediately transferred into the container and the container was 

quickly sealed again. The desorption then started and the conductivity of the solution was recorded every 

60 seconds using the same conductivity meter. The entire apparatus was purged with nitrogen, and the 

water-saturated nitrogen removed water from the container and caused conductivity reduction as well. To 

account for the conductivity reduction caused by purging nitrogen, background curves were obtained using 

5ppm solutions of all electrolytes. For example, the sodium chloride background curve was obtained by 

purging a 5ppm sodium chloride solution with nitrogen without putting the membrane samples in. The 

nitrogen pressure (i.e., flow rate) was controlled to be 2.0 psig using a pressure gauge for all measurement. 

The measurement was stopped when desorption solution concentration stabilized, i.e., the conductivity 

decrease follows the background curve for at least a time period equivalent to the sample’s characteristics 

time for diffusion. The actual desorption conductivity curve was obtained by subtracting the background 

conductivity change from the measured desorption conductivity. The diffusion and sorption coefficients 

were obtained using Equation 4.6 and 4.7.  

4.3.5. Membrane Permselectivity  

Membrane permselectivity was measured as apparent permselectivity defined by Strathmann,21,22 

using a static method that is not affected by boundary layers and the solution-membrane interfaces. The 

method also neglects osmotic water transport through the membrane. The decision to study apparent 

permselectivity was motivated by the common use of the static measurement approach throughout the 

literature.23–25  

4.3.5.1. Measurement Apparatus and Principles  
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Apparent permselectivity is determined from a membrane potential, Em, that is measured while the 

membrane separates solutions of high, 𝑎±
𝑠𝐿, and low, 𝑎±

𝑠0, mean electrolyte activity:  

α =
[𝐸𝑚 (

𝑅𝑇

𝐹
𝑙𝑛

𝑎±
𝑠𝐿

𝑎±
𝑠0)⁄ ]+1−2𝑡𝑀

𝑠

2𝑡𝑋
𝑠    

(4.8) 

 
Where R is the gas constant, T is the absolute temperature, and F is the Faraday’s constant.21,26 The solution 

concentration in each chamber of the measurement cell (Figure 4.4) is held constant by supplying fresh 

solution to the chamber, so the mean electrolyte activity of the solution in each chamber is fixed. The 

electric potential difference across the membrane, Ex, is measured using double junction reference 

electrodes. To account for asymmetry in the reference electrodes, an offset potential, Eoffset, is measured 

between the two electrodes, so the membrane potential, Em, is obtained as:     

𝐸𝑚 = 𝐸𝑥 − 𝐸𝑜𝑓𝑓𝑠𝑒𝑡  (4.9) 

 

 

Figure 4.4. Apparent permselectivity of an ion exchange membrane can be measured by placing the membrane 

between solutions of different salt concentration.21 When the concentrations of these solutions are held constant (by 

stirring and single pass fresh solution feeds), the electric potential difference across the membrane can be measured 

and ultimately related to the apparent permselectivity of the membrane. The temperature of the solutions in the cell is 

monitored using a temperature probe places in the low concentration solution  

 

In the measurements, the salt equilibrated membrane sample was placed between the two cell 

chambers, and the chambers subsequently were filled with aqueous salt solutions of different concentrations. 

Each chamber contained 100mL of solution, and cross-sectional area of exposed membrane was 5.09cm2. 

Overhead mechanical stirring at 460rpm ensured that the solution in each chamber was well mixed without 

creating cavitation-induced bubbles in the chambers. Additionally, the concentrations of the solutions in 
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each chamber were maintained by a continuous, single-pass flow of fresh solution. Double-junction 

Ag/AgCl reference electrodes (RREF 0024, Pine Instrument Co., Grove City, PA), filled with 10% KNO3 

solution, were placed in the solutions on either side of the membrane. Double junction reference electrodes 

provided a more stable potential reading as compared to single junction reference electrodes. The electric 

potential difference across the reference electrodes, Ex, was recorded using a multimeter (model 2999, 

Keithley, Cleveland, OH) as a function of time using a LabView program. Typically, the electric potential 

stabilized after 20 – 30 minutes. The potential, Ex, was recorded every 10s, and the stabilized condition was 

defined as the point when the rate of change in Ex was less than 0.3 mV over 20 minutes. The value of Ex 

was taken as a time average of the electric potential difference measurements made over 30 minutes 

following stabilization of the potential.  

The offset potential of the reference electrodes, Eoffset, was measured after completion of the Ex 

measurement. This offset potential captured the asymmetry of the specific reference electrodes that were 

used in the measurement. Both reference electrodes were placed in the high concentration solution, and the 

electric potential difference between the reference electrodes was measured using a multimeter. The value 

of Eoffset was determined by averaging the offset potential over a period of 30 minutes to 1 hour once the 

offset potential had stabilized, and the magnitude of the offset potential was typically found to be 2.0 ± 0.3 

mV. Equation 4.9 was used to determine the membrane potential.  

Solution concentration was chosen on the basis of a typical concentration range reported in the 

literature (c0 = 0.1mol/L and cL = 0.5mol/L). 24,25 Using these concentrations also ensured that the electric 

potential, Ex, would be significantly large to measure accurately. The average electrolyte activity values 

were determined as:  

𝑎±
𝑠0 = 𝛾±

𝑠0𝑐0  (4.10) 

 

𝑎±
𝑠𝐿 = 𝛾±

𝑠𝐿𝑐𝐿   (4.11) 
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where 𝛾±
𝑠0 and 𝛾±

𝑠𝐿 are the average electrolyte activity coefficients on the low and high concentration sides 

of the membrane, respectively. The activity coefficients and their temperature dependence were determined 

from reported values.27  

Apparent permselectivity measurements were made on a given membrane sample. The membrane 

potential for the sample was measured three times, and the cell was disassembled and reassembled between 

each measurement. Each experimentally measured apparent permselectivity data point represents the 

average of three replicates, and the uncertainty in this average is reported as one standard deviation from 

the mean value. This approach facilitated study of the influence of temperature and flow rate on apparent 

permselectivity without complications that could arise from sample-to-sample variability, which is reported 

elsewhere24 for these membranes.  

4.3.5.2.Influence of Experimental Factors   

The terms in Equation 4.8 are fixed on the basis of the experimental conditions and suggest 

potential sources of uncertainty in the apparent permselectivity potential measurement. Three sources of 

uncertainty were identified: temperature variations, concentration deviations and electric potential 

fluctuations. The influence of the three factors can be quantified either through experiments or error 

propagation analysis.  

To probe the influence of temperature on apparent permselectivity, fresh solution baths (Figure 4.4) 

were cooled or heated using a water bath. To prevent evaporation, the solution baths were connected to the 

measurement apparatus such that the solution was not exposed to the atmosphere until it excited the tubing 

after passing through the measurement cell. A probe was placed in the low concentration solution chamber 

to measure the temperature, and the water bath temperature was set such that the desired chamber 

temperature was achieved. Chamber temperatures were set in the range of 14 – 31oC. These temperatures 

were selected to be both above and below typical room temperature to determine whether modest 

temperature fluctuations appreciably influence the apparent membrane permselectivity measurement. The 
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temperature dependent parameters used in Equation 4.8 to calculate apparent permselectivity are provided 

in Appendix B.  

Apparent permselectivity was also measured using a series of single pass solution flow rates, 

ranging from 1 to 15mL/min, to determine the minimum flow rate that would maintain the solution 

concentration in both chambers of the experimental apparatus (i.e., maintain the pseudo-steady-state 

condition during the measurement). Flow rates were controlled using a digital peris pump (Masterflex L/S 

Digital Drive, ColeParmer, U.S.). Fresh solution was fed to the chambers, and the displaced solution was 

not recycled to the chambers.  

Uncertainty resulting from the electric potential measurements and the solution preparation process 

was taken into consideration using standard error propagation analysis.28 The magnitude of electric potential 

measurement fluctuations, ∆E, an independent variable for the purpose of error propagation analysis, was 

taken to be a series of values of this error propagation analysis, was taken to be a series of values ranging 

from 0 to 0.4mV, which was found to be an experimentally relevant range. The uncertainty of the membrane 

apparent permselectivity, ∆α, was calculated using ∆E and standard error propagation techniques. The 

deviations from the target solution concentrations for low concentration, ∆c0, and high concentration, ∆c0, 

solutions, independent variables for the purpose of this error propagation analysis, were taken to be a series 

of values ranging from 0 to 0.015mol/L and 0 to 0.075mol/L, respectively, and values of ∆α were calculated 

using ∆c0 or ∆cL and standard error propagation techniques. The effect of error in the salt mass measurement, 

∆m, associated with the preparation of 1L of low and high concentration solution on the membrane 

permselectivity was also investigated. Values of ∆m ranging from 0 to 100mg (NaCl) were considered, and 

standard error propagation techniques were used to determine the influence of ∆m on the uncertainty of the 

apparent permselectivity. Additional details and sample calculations for the error propagation analysis are 

discussed in Chapter 5 and provided in the Appendix B.  
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4.3.6. Ionic Conductivity  

The membrane ionic conductivity was measured using electrochemical impedance spectroscopy 

(EIS, SP 150, Biologic).29,30 The measurement was performed while the membrane separated two chambers 

with a cross-sectional membrane area of 4.52cm2 that was filled with 50mL of 0.5mol/L aqueous solutions 

of lithium chloride, sodium chloride, ammonium chloride, sodium nitrate and sodium bromide. Ag/AgCl 

reference electrodes (MR 5275, Bioanalytical Systems Inc., Lafayette, IN) were inserted on both sides of 

the membrane, and the impedance response was measured from 1Hz to 50kHz with a current amplitude of 

1mA and 100 points were recorded in total. The Ohmic resistance of the cell (i.e., the solution and the 

membrane), Rm+s, was taken as the value of the real impedance when the imaginary impedance was zero 

(i.e., when the data on a Nyquist plot crossed the real axis. The cell was then disassembled, and the thickness 

of the membrane, δ, was measured. The cell was then reassembled without the membrane and the 

measurement was repeated to obtain the resistance of aqueous solution, Rs. The conductivity of the 

membrane, 𝜎𝑚
𝑠 , was calculated as: 

𝜎𝑚
𝑠 =

𝛿

𝐴(𝑅𝑚+𝑠−𝑅𝑠)
  (4.12) 

 

where A was the cross-sectional area of the cell and 𝛿 was the membrane thickness.  
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Chapter 5: Effects of Experimental Factors on Permselectivity Measurement 

Accuracy† 

This study investigated the magnitude of three origins of experimental uncertainty in membrane 

apparent permselectivity measurements using a static method, i.e., temperature variations, concentration 

deviations and membrane potential measurement fluctuations. The main objective of this study was to 

understand whether the uncertainty from experimental factors substantially disturbed permselectivity 

values measured by such method, therefore set the foundation for evaluating permselectivity difference 

originated from other factors such as the specific nature of ion or polymer structure.  

5.1. Introduction 

IEMs are widely used in separation and energy generation technologies, such as ED and RED.2–12 

In general, these processes rely on ion exchange membranes to regulate electric field-driven ion migration.13 

CEMs, which have negatively charged groups bound to the matrix, enable selective transport of cations in 

an electric field, and AEMs, which have positively charged groups bound to the matrix, enable selective 

transport of anions in an electric field.6,13 The permselectivity of these CEMs and AEMs is a measure of 

how exclusively CEMs transport cations or how exclusively AEMs transport anions.7 ED and RED 

processes use stacks of alternating CEMs and AEMs to establish a selective ionic current that either 

deionizes water when electricity is applied to the system or generates electricity when solutions of different 

electrolyte activity are used to generate an electric potential difference, which drives ionic current, across 

the stack (RED).7,13,14 

The permselectivity of an ion exchange membrane affects the energy efficiency of electric field-

driven membrane applications. In RED, for example, the open circuit voltage of the membrane stack varies 

linearly with permselectivity, and maximum power density scales with the permselectivity squared. 

Therefore, membranes with low permselectivity result in low RED power output.10,11,14,15 In ED, low 

 
† This section has been adapted with permission from: Ji, Y.; Geise, G. M. The Role of Experimental Factors 

in Membrane Permselectivity Measurements. Ind. Eng. Chem. Res. 2017, 56 (26), 7559–7566. 
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permselectivity results in less efficient desalination because more power must be supplied to this system, 

as compared to a high permselectivity membrane, to accomplish an equivalent separation.4,16 

As discussed in previous chapters, membrane permselectivity α is defined using the transport 

numbers of counterions and coions in solution phase and membrane phase, respectively. Transport numbers 

represent the fraction of current carries by each ion in each phase.7 In a perfectly permselective membrane, 

only counterions carry current through the membrane. For a nonpermselective membrane, ion transport in 

the membrane is analogous to that in solution, and the permselectivity is equal to zero.  

Membrane apparent permselectivity was typically measured using a static method as described in 

previous chapter.17–19 Apparent permselectivity values that exceed unity using such method have been 

reported.19–21 In these cases, the values are typically close to unity (e.g., typical values are reported up to an 

apparent permselectivity of 1.04). These nonphysical results, in some cases, have been attributed to 

fluctuations in room temperature.19–21 Presumably, these room temperature variations are relatively small 

(i.e., likely no more than a few degrees Celsius). Such reports, though, raise questions about the selectivity 

of the apparent permselectivity to temperature. Experimental measurements of apparent permselectivity as 

a function of temperature would help to address and inform this issue.  

According to the static method, apparent permselectivity often is determined from a membrane 

potential, Em, that is measured while the membrane separates solutions of high, high, 𝑎±
𝑆𝐿, and low, 𝑎±

𝑆0, 

mean electrolyte activity: 

α =
[𝐸𝑚 (

𝑅𝑇

𝐹
𝑙𝑛

𝑎±
𝑠𝐿

𝑎±
𝑠0)⁄ ]+1−2𝑡𝑀

𝑠

2𝑡𝑋
𝑠   

(5.1) 

 

The solution concentration in each chamber of the measurement cell (Figure 4.4) is held constant by 

supplying fresh solution to the chamber, so the mean electrolyte activity of the solution in each chamber is 

fixed. The electric potential difference across the membrane, Ex, is measured using double junction 



45 

 

reference electrodes. To account for asymmetry in the reference electrodes, an offset potential, 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 , is 

measured between the two electrodes, so the membrane potential, 𝐸𝑚, is obtained as: 

𝐸𝑚 = 𝐸𝑥 − 𝐸𝑜𝑓𝑓𝑠𝑒𝑡  (5.2) 

 

The membrane potential, Em, can then be used to calculate the apparent permselectivity of the 

membrane using Equation 5.1.  

The other terms in Equation 5.1 are fixed on the basis of the experimental conditions and suggest 

potential sources of uncertainty in the apparent membrane potential measurement. Temperature enters the 

analysis both directly and indirectly (the transport numbers and activity values are expected to depend on 

temperature22–26). Additionally, error is introduced into the apparent permselectivity measurement if the 

actual salt solution concentrations in the chambers are different from those concentrations used to determine 

the activity values for use in Equation 5.1. Finally, uncertainty in the measured value of Ex (and, thus, Em) 

could contribute uncertainty to the overall measurement.  

Here, we reported an investigation of three factors that may influence the accuracy of apparent 

permselectivity measurements. First, the Nernst potential calculations used to convert membrane potential 

measurements to permselectivity require a fixed temperature. Researchers often report room temperature 

conditions, which may fluctuate from day to day, when measuring apparent permselectivity. In some cases, 

nonphysical permselectivity data are attributed to such temperature fluctuations, but the magnitude of the 

influence of temperature on apparent permselectivity is not well established. Second, the mean electrolyte 

activity (ultimately, concentration) of the two solutions used in the measurement must be kept constant. We 

investigated the sensitivity of the apparent permselectivity to relevant deviations from these fixed 

concentrations and the effects of failing to provide a sufficiently high flow rate of fresh solution to the cell. 

Third, the influence of electric potential measurement fluctuations on apparent permselectivity was 

considered. Figure 5.1 illustrates these fluctuations (characterized by ∆E) using representative data that 

show the electric potential difference across a membrane stabilizing as the system reaches a pseudo steady 
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state. The standard deviation, ∆E, from the average membrane potential, Ex, could be a source of membrane 

permselectivity uncertainty. We report and discuss the influence of temperature fluctuations, deviations in 

salt concentration, and membrane potential measurement fluctuations on membrane apparent 

permselectivity measurements.  

 

 

Figure 5.1.  Representative electric potential difference, Ex, data measured, as a function of time and using reference 

electrodes, across a membrane that separates solutions of different salt concentration. The measured membrane 

potential approaches the pseudo-steady-state values, Ex, and fluctuations in the measured values of Ex can be quantified 

as ∆E. 

 

5.2. Results and Discussion 

5.2.1. Temperature Dependence of Apparent Permselectivity  

Temperature variations around room temperature could affect apparent permselectivity, and little 

is known about the temperature sensitivity of this property. The membrane apparent permselectivity 

decreases slightly as temperature increases (Figure 5.2). These effects are relatively small as increasing 

temperature from 14 to 31oC results in a decrease in apparent permselectivity that is less than 2% for both 

commercial membranes. Therefore, under typical experimental conditions (i.e., room temperature with 

fluctuations that do not exceed ± 5oC), some temperature-induced apparent permselectivity fluctuations 



47 

 

may occur, but these fluctuations should be relatively small (no larger than 2%). The standard deviation 

from the mean of three replicate values (i.e., the error bars in Figure 5.2) is generally in the range of 1% to 

2% for these measurements, so the dependence of apparent permselectivity on temperature, over this 

temperature range, is on the order of the uncertainty that results from simply dismantling the cell and 

reassembling the cell to conduct replicate measurements.  

The observed changes in apparent permselectivity as a function of temperature may result from 

uneven increase in the diffusion coefficients of counterions and coions in the membrane phase. As 

temperature increases, the counterion and coion diffusion coefficients in solution generally increase to 

different extents,24,27 so the transport numbers in the solution phase depend on temperature (Table B.1).28  

For sodium chloride, a temperature rise from 14oC to 31oC will cause 𝑡𝑀
𝑠  to increase from 0.392 to 0.399 

and 𝑡𝑋
𝑠  to decrease from 0.608 to 0.601 (Table B.1),28 and the apparent permselectivity (calculated using 

Equation 5.1) would decrease as a result of the decrease in 𝑡𝑋
𝑠 , provided that the transport number in the 

membrane phase did not change. The membrane phase transport number may be affected by temperature 

to a different extent than solution transport numbers (due to differences in the activation energy for diffusion 

in the two phases), but this solution-phase example and the results reported in Figure 5.2 suggest that these 

temperature effects may be small, particularly over small temperature ranges.  
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Figure 5.2.  Apparent permselectivity decreases slightly as temperature increases over a modest range of temperatures 

surrounding room temperature. The apparent permselectivity was characterized using 0.1mol/L and 0.5mol/L aqueous 

sodium chloride solutions. Fresh solution single-pass flow rates were 5mL/min. Each data point corresponds to the 

average of three replicate measurements made on a membrane sample (the cell was disassembled and reassembled 

between measurements), and the error bars correspond to one standard deviation from this average.  

 

5.2.2. Deviations in Electrolyte Concentrations  

While measuring apparent permselectivity, the concentrations of the solutions on both sides of the 

membrane must be held constant. The difference in the thermodynamic activity must be held constant. The 

difference in the thermodynamic activity of the electrolyte solutions on either side of the membrane 

generates the membrane potential as described by the Nernst equation,29 so deviations in concentration 

(ultimately thermodynamic activity) will influence permselectivity. The concentration difference across the 

membrane can drive salt permeation from the high salt concentration chamber to the low salt concentration 

chamber, and this process acts to reduce the concentration difference between the solutions on the low and 

high concentration sides of the membrane.6,30 To combat this salt transport process, fresh solution is fed to 

the chambers throughout the measurement, so the flow rate for this single pass feed should be set at a 

sufficiently high value to maintain the solution concentrations on either side of the membrane. Furthermore, 

because permselectivity depends on the thermodynamic activity of the solutions, errors in the solution 
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preparation process, particularly the low concentration solution, also can affect the apparent permselectivity 

measurement.  

5.2.2.1. Solution Flow Rates 

The rate of fresh solution addition to each chamber will influence the solution residence time in the 

chamber, and this residence time influences the formation of the pseudo-steady-state measurement 

condition. During the measurement, the solution concentration on both sides of the membrane should be 

effectively constant,7 and achieving this pseudo-steady-state condition requires a sufficiently high flow rate 

of fresh solution to be provided to each chamber. To maintain the concentration on both sides of the 

membrane, the solution residence time, τ, must be much shorter than the diffusion time scale, tdiff, for salt 

permeation through the membrane. Thus, 𝜏 𝑡𝑑𝑖𝑓𝑓⁄ = (𝑉𝑐 𝑓⁄ ) (𝛿2 𝐷𝑠⁄ )⁄ ≪ 1, where 𝑉𝑐 is the volume of the 

chamber, f is the solution flow rate, 𝛿 is the membrane thickness, and 𝐷𝑠 is the salt diffusion coefficient in 

the membrane.  

Apparent permselectivity values were measured using a series of flow rates (1mL/min to 

15mL/min). Above 5mL/min, the apparent permselectivity stabilize for both membranes (Figure 5.3), 

suggesting that those flow rates are sufficient to achieve the pseudo-steady-state condition. The sensitivity 

of apparent permselectivity to flow rate is more pronounced for the Selemion CMV membrane, and the 

CMI membrane achieves the pseudo-steady-state condition at the flow rate of 3mL/min, which is lower 

than that required for the CMV membrane. This situation could be explained by the time scale relationship 

described above. The CMV membranes are thinner than the CMI membranes (Table 4.1), so the diffusion 

time scale of the CMV membrane is much shorter than that of the CMI membrane. Thus, a greater flow 

rate must be used with the CMV membrane to reduce the solution residence time as compared to what is 

required for the CMI membrane. This analysis also explains why the CMI membrane is less sensitive to 

flow rate than CMV membrane. Thicker membranes, such as the CMI membrane, have larger diffusion 

time scale, so the pseudo-steady-state condition can be achieved at lower flow rates.  
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Figure 5.3.  Apparent permselectivity as a function of solution flow rate at 21oC. The apparent permselectivity was 

characterized using 0.1mol/L and 0.5mol/L aqueous sodium chloride solutions. Each data point corresponds to the 

average of three replicate measurements made on a membrane sample (the cell was disassembled and reassembled 

between measurements), and the error bars correspond to one standard deviation from this average.  

 

5.2.2.2. Solution Preparation  

The relationship between concentration deviations and apparent permselectivity uncertainty for low 

concentration solution and high concentration solution is shown in Figure 5.4A and B. Figure 5.4A shows 

the situation for deviations around a cL = 0.5mol/L sodium chloride solution, and Figure 5.4B shows the 

situation for deviations around a c0 = 0.1mol/L sodium chloride solution. The actual solution concentration 

is normalized by the target concentration (i.e., 0.1mol/L or 0.5mol/L sodium chloride), and the actual 

apparent permselectivity is also normalized by the value measured using the target solution concentrations 

(additional details and sample calculations are provided in the Appendix B.2) 

The influence of concentration changes on apparent permselectivity depends on whether the change 

increases or decreases the difference of the thermodynamic activity values of the solutions on either side of 

the membrane. When the value of cL increases (i.e., ∆cL > 0) with a fixed value of c0, the difference of 

thermodynamic activity values of the solutions on either side of the membrane increases. The situation 
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results in an increase in the apparent permselectivity (Figure 5.4A) as compared to the base case (i.e., cL = 

0.5mol/L). For example, if the concentration of the high concentration solution was 5% greater than the 

base case (i.e., ∆cL = 0.025mol/L), the measured apparent permselectivity would increase by approximately 

2.8% as compared to the base case. When the value of c0 increases (i.e., ∆c0 > 0) with a fixed value of cL, 

the difference of the thermodynamic activity values of the solutions on either side of the membrane 

decreases. This situation results in a decrease in the apparent permselectivity (Figure 5.4B) as compared to 

the base case (i.e., c0 = 0.1mol/L). For example, if the concentration of the low concentration solution was 

5% greater than the base case (i.e., ∆c0 = 0.005mol/L), the measured apparent permselectivity would 

decrease by approximately 2.8% as compared to the base case. Therefore, concentration changes that 

increase the activity difference across the membrane cause an increase in apparent permselectivity and vice 

versa.  

 

 

Figure 5.4.  Error analysis reveals the relative deviation of the apparent permselectivity as a function of the relative 

deviation of solution centration for (A) the high concentration solution and (B) the low concentration solution.  

 

Uncertainty in the measurement of salt mass, while preparing the salt solutions, is one possible 

source of error in the salt solution concentrations. While the relationship between the relative magnitude of 

concentration and apparent permselectivity is similar for high and low concentration solutions (as discussed 
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in the preceding paragraph and Figure 5.5), the influence of absolute magnitude of uncertainty in the 

solution preparation process (e.g., uncertainty in the mass of salt measured during the solution preparation 

process) has a more significant effect on apparent permselectivity if the uncertainty is in the low 

concentration solution as compared to the high concentration solution (Figure 5.5). For example, 

preparation of 1L of 0.1mol/L and 0.5mol/L aqueous sodium chloride solution requires measuring 5.844g 

and 29.22g of sodium chloride, respectively. A 10mg salt mass deviation in the 0.1mol/L solution will 

introduce a 0.1% deviation in apparent permselectivity. The same mass deviation in the 0.5mol/L solution 

will only introduce a 0.015% deviation in the apparent permselectivity. Therefore, uncertainty in the salt 

mass measured during the solution preparation process will influence the low concentration solution to a 

greater extent than the high concentration solution.  

 

Figure 5.5.  Uncertainty in the salt mass measured during the solution preparation process, ∆m, has a more significant 

influence on apparent permselectivity if the uncertainty is in the low concentration solution as compared to the high 

concentration solution.  

 

In addition to the potential salt mass measurement errors, which could contribute to ∆m, sorption 

of atmospheric moisture into the salt crystals and/or losses during solute transfer (after mass measurement) 



53 

 

could also contribute to ∆m and thus affect the apparent permselectivity. These contributions, however, 

may be small in practice. Deviations from target sodium chloride solution concentrations of 10ppm in the 

high and low concentration solutions introduce approximately 0.015% and 0.1% error, respectively, in 

apparent permselectivity, and this uncertainty is within the replicate uncertainty that results from 

disassembling and reassembling the measurement cell between replicate apparent permselectivity 

measurements.  

5.2.3.  Uncertainty from Membrane Potential Measurement  

During the apparent permselectivity measurement, the measured value of Ex increased and reached 

a stabilized value (cf., Figure 5.1). The final measured value of Ex was taken as the average electric potential, 

and the standard deviation ∆E was taken as the measurement uncertainty. The membrane potential, Em, was 

determined using the measured electrode offset potential (Equation 5.2). The uncertainty in the 

measurement of Eoffset was typically more than 2 orders of magnitude smaller than the value of ∆E, so the 

value of ∆E was taken as the uncertainty in Em. A ∆E value that is 1% of Em will introduce approximately 

a 1% deviation in the final membrane apparent permselectivity (Figure 5.6). For the conditions (0.1mol/L 

and 0.5mol/L sodium chloride solutions) used in this study, average membrane potential values, Em, were 

around 37mV, and in this case, typical values of ∆E ranged from 0.1mV to 0.2mV. Therefore, fluctuations 

in the measurement of Em contribute roughly 0.2% to 0.5% uncertainty in the final apparent permselectivity. 

In contrast, the concentration variability of low concentration solution and high concentration solution 

typically introduce about 0.015% to 0.1% uncertainty in the final apparent permselectivity, and the 

uncertainty from temperature fluctuations is expected to be no large than 2%.  
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Figure 5.6.  Fluctuations in the membrane potential measurement (∆E) introduce uncertainty in the apparent 

permselectivity  

 

5.3. Conclusions 

This work discussed three origins of uncertainty in the apparent permselectivity measurement: 

temperature variations, concentration deviations, and membrane potential measurement fluctuations. Of the 

three issues considered, the influence of small temperature variations around room temperature on apparent 

permselectivity was greatest. Apparent permselectivity decreased by approximately 2% as the temperature 

decreased from 14oC to 31oC. This uncertainty, however, was of magnitude comparable to the replicate 

uncertainty, which was determined by disassembling and reassembling the measurement cell between 

multiple apparent permselectivity measurements made on a given sample. Second, membrane potential 

measurement fluctuations were found to contribute likely 0.2% to 0.5% uncertainty to the apparent 

permselectivity measurement. Finally, the influence of solution preparation errors was found to be the 

smallest contributor of apparent permselectivity uncertainty (approximately 0.015% to 0.1%). The low 

concentration solution is more sensitive to salt mass deviations than the high concentration solution, so the 
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low concentration solution is more likely to be the source of solution concentration-related apparent 

permselectivity uncertainty as compared to the high concentration solution.  
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Chapter 6: Specific Co-Ion Sorption and Diffusion Properties Influence 

Permselectivity‡ 

The previous project has demonstrated that the experimental factors will not introduce larger-than-

2% uncertainty to membrane permselectivity. The objective of this project was to understand if the 

permselectivity of a series of commercially available and lab-synthesized CEMs will depend on ion specific 

factors. Furthermore, the co-ion transport within CEMs was studied in terms of ion sorption and diffusion 

effects. Ion specific permselectivity behavior of CEMs was observed, and ion specific sorption and 

diffusion effects were observed and demonstrated to contribute to ion specific permselectivity phenomena. 

Modeling results were compared with experimental results to illustrate on how the ion specific parameter, 

i.e., co-ion bare and hydrated radius, polarizability and geometry, contribute the ion specific sorption and 

diffusion behavior. Additionally, an ion-polymer complexation was detected and demonstrated to facilitate 

the perchlorate transport.   

6.1. Introduction 

Ion exchange membranes (IEMs) often are prepared using polymers containing positively charged 

groups (AEMs) or negatively charged groups (CEMs). The parameter used to quantify the ability of an 

IEMs to selectively transport certain ions is permselectivity. The permselectivity of an ion exchange 

membrane describes the extent to which a membrane selectively transports counter-ions and excludes co-

ions,1,2 and it is linked to the efficiency of many electromembrane-based separation (e.g., electrodialysis 

(ED)3–5), energy generation (e.g., reverse electrodialysis (RED)6–8), and energy storage (e.g., redox flow 

batteries (RFB)9,10) technologies. Highly permselective IEMs enable efficient ED separation processes, 

efficient energy recovery in RED, and high coulombic efficiency of and low capacity fade in redox flow 

batteries.2,3,5,7,9 Therefore, it is critical to maximize the permselectivity properties of ion exchange 

membranes of these applications.  

 
‡This chapter has been adapted with permission from: Ji, Y.; Luo, H.; Geise, G.M. Specific Co-Ion Sorption 

and Diffusion Properties Influence Membrane Permselectivity. J. Membr. Sci. 2018, 563(1), 492 – 504 
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Traditionally, ion exchange membrane permselectivity has been characterized and studied using 

sodium chloride. Emerging separation challenges and electro-membrane applications, however, require 

membrane optimized for solutions containing electrolytes that are different from sodium chloride.8,11–20 

Perhaps one of the more pronounced examples of this situation is the application of membranes as 

separators in RFB applications. The development of flow batteries has involved the identification of a wide 

range of battery chemistry options, and vanadium-based ions, bromide, zinc ions, cerium or organic redox 

shuttles are a few examples of the types of molecules that could be exposed to the membrane separator in 

RFB systems.9–11,13 Additionally, many membrane-based energy recovery technologies could expose ion 

exchange membranes to complex ionic solutions such ammonium bicarbonate,18 lithium chlorate,6 or 

copper and ammonia-based solutions.17 Furthermore, deionization via ED could be challenged with 

increasingly contaminated waters containing, for example, chromium,21 cadmium,22 fluoride,23 nitrate,5 

perchlorate,24 and sulfate.5 Since IEMs are required in these technologies, membrane permselectivity 

properties must be understood for electrolytes other than sodium chloride.  

Membrane that selectively transport ions via differences in ion valence (e.g., di-valent versus 

mono-valent ions) are available,25–35 but fewer studies have addressed the problem of engineering selective 

ion transport between ions of similar valence (e.g., selectivity between different mono-valent ions).19,36–38 

Li et al. measured the permselectivity properties of three poly(phenylene oxide)-based anion exchange 

membranes using sodium electrolytes with fluoride, chloride, bromide, iodide, hydroxyl, nitrate and nitrite 

counter-ions; membrane permselectivity was correlated with the Gibbs free energy of anion hydration and 

the Stokes radii of the anions.37 Geise et al. measured the permselectivity properties of four commercial ion 

exchange membranes using sodium chloride and bicarbonate as well as ammonium chloride and 

bicarbonate.19 Cassady et al. subsequently measured the permselectivity properties of a sulfonated 

poly(ether sulfone) membrane using lithium, sodium, and potassium salts with chloride and sulfate.36 In the 

latter two studies, ion specific effects were discussed within the framework of counter-ion binding affinity 

and co-ion polarizability. Imteyaz et al. measured the permselectivity of a zirconium aluminophosphate-
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poly(vinyl chloride) composite cation exchange membrane using lithium, sodium potassium salts with 

chloride and nitrate, and ascribed differences in permselectivity to counter-ion binding affinity, and the 

hydration radii of the co-ions.38  

In general, membrane permselectivity has been observed to decrease as the binding affinity 

between the counter-ion and fixed charge group increases.19,36 The relationship between co-ion properties 

and membrane permselectivity is less clear compared to the situation for the counter-ions. Studies suggest 

that co-ion specific membrane permselectivity properties may be related to the Gibbs free energy of 

hydration,37 co-ion Stokes radius,37 co-ion polarizability,19,36 and co-ion hydrated radius,38 but few general 

conclusions exist. These preliminary studies highlight the need for a deeper understanding of the 

fundamental interactions that drive co-ion specific permselectivity properties in ion exchange membranes.  

Membrane permselectivity, α, is defined using cation and anion transport numbers (Equation 2.1). 

Increase in the membrane-phase co-ion transport number drive a decrease in permselectivity (Equation 2.1 

and 2.2). A perfectly permselective membrane (α = 1) passes current via only counter-ions and completely 

prevents co-ion transport (i.e., 𝑡𝑋
𝑚 = 0). In the other limiting case, a non-permselective membrane (i.e., 

𝑡𝑋
𝑚 = 𝑡𝑋

𝑠  and α = 0). The permselectivity, therefore, varies between zero and unity as the co-ion transport 

number varies between zero and the value in bulk solution.  

The definition of the membrane phase transport numbers, 𝑡𝑖
𝑚, include both the ion concentration 

and diffusivity in the membrane phase. As a result, permselectivity is expected to increase as either the co-

ion concentration or mobility in the membrane phase is suppressed (see Appendix C.1 for additional 

discussion). Therefore, attempts to understand or model co-ion specific permselectivity properties should 

recognize the contribution of co-ion specific sorption (or partitioning) and diffusion effects.  

In this study, the apparent permselectivity properties of three CEMs were measured using four 

monovalent electrolytes, sodium chloride (NaCl), sodium bromide (NaBr), sodium nitrate (NaNO3) and 

sodium perchlorate (NaClO4). These electrolytes all dissociate completely in water and avoid aqueous 

speciation challenges recognized in other studies.39 The co-ion sorption and diffusion coefficients of a 
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crosslinked sulfonated polymer membrane (a CEM) were measured using the four electrolytes to quantify 

specific co-ion sorption and diffusion properties. To determine the underlying phenomena that drive co-ion 

specific sorption (and, thus, permselectivity) properties, co-ion sorption was modeled using Donnan 

exclusion theory4 coupled with three models to describe the mean ionic activity coefficients in the polymer: 

Manning’s counter-ion condensation theory,40,41 electrostatic (i.e., the Born model),17,42 and a model 

combining electrostatic and dispersion force.43 Ion diffusion coefficients were modeled using a combination 

of the Mackie and Meares hindered diffusion model44,45 and Manning’s counter-ion condensation theory.41 

Co-ion properties, including polarizability and size, affect co-ion specific sorption and diffusion properties 

and, thus, permselectivity. Additionally, complexation between sodium perchlorate and the polymer 

affected permselectivity via both co-ion sorption and diffusion properties.  

6.2. Results and Discussion 

6.2.1. Apparent Permselectivity 

The apparent permselectivity of the CEMs was measured using each of the four electrolytes 

considered (Figure 6.1). In general, the Selemion CMV membrane had the highest apparent permselectivity, 

and XLAMPS had the lowest apparent permselectivity. Membrane with high IEC and low water content 

tend to have higher apparent permselectivity compared to materials with low IEC and high-water content, 

so the high-water content of XLAMPS compared to the commercial membranes. Representative membrane 

permselectivity data analysis was presented in Appendix C.2.  
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Figure 6.1.  Apparent permselectivity values of the commercial and XLAMPS membranes calculated from membrane 

potential measurements made while the membranes separated solutions of 0.1mol/L and 0.5mol/L aqueous 

electrolytes. Each data point represents the average of three independent measurements made at room temperature 

(23±2oC), and the uncertainty was taken as one standard deviation from the mean.  

 

Apparent permselectivity properties, for all three membranes, depended on which co-ion (anion) 

was used during the measurement (Figure 6.1), i.e., the properties were co-ion specific. Unlike other 

observations of co-ion specific apparent permselectivity properties made using ions that have different 

valence or participate in aqueous speciation reactions, the ions considered here have the same valence and 

do not undergo speciation in aqueous solution. Junction potentials at the reference electrode/solution 

interface may contribute to the measured apparent permselectivity properties reported in Figure 6.1. These 

junction potentials can be estimated based on Henderson equation, and apparent permselectivity values 

adjusted using the estimated junction potential are provided in the Appendix C.3. The junction potential 

contribution changes the absolute value of the apparent permselectivity, but the qualitative trend is 

preserved. Therefore, the co-ion specific apparent permselectivity results reported in Figure 6.1 suggest that 

fundamental properties of the co-ions influence apparent permselectivity properties.  
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Apparent permselectivity values that are less than unity result from a non-zero value of the co-ion 

transport number in the membrane (Equation 6.1). As such, differences in apparent permselectivity 

measured using different co-ions (Figure 6.1) suggest that the monovalent co-ions considered in this study 

interact with the polymer and influence the co-ion transport number in fundamentally unique ways. Non-

zero values of the membrane phase co-ion transport number occur because co-ions sorb into the membrane 

and then transport (via a diffusion/migration process) through the membrane. As such, co-ion transport in 

the membrane is sensitive to co-ion sorption and diffusion contributions.46 Additionally, because the 

differences in apparent permselectivity measured using the different electrolytes generally are similar 

between the three membranes considered, intrinsic co-ion properties may be responsible for the observed 

co-ion specific apparent permselectivity properties.  

6.2.2. Co-Ion Sorption 

The XLAMPS co-ion sorption coefficients were measured experimentally using the four 

electrolytes (Figure 6.2). Additionally, the mean ionic activity coefficients for the electrolyte sorbed in the 

polymer were calculated from the measured sorption data and reported in Appendix C.4. The commercial 

membrane co-ion sorption coefficients were not measured because the supporting mesh incorporated in 

those membranes for mechanical strength complicates the interpretation of ion sorption coefficients in those 

materials.  
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Figure 6.2. XLAMPS co-ion sorption coefficients measured after equilibrating samples with (A) 0.1mol/L or (B) 

0.5mol/L aqueous electrolyte solutions ( ). Experimental data were compared to sorption coefficients calculated by 

combining Donnan exclusion theory with either Manning’s counter-ion condensation theory ( ), electrostatic theory 

( ), or an electrostatic and dispersion force-based theory ( ). Each experimental data point represents the average of 

at least four measurements made at room temperature, and the uncertainty was taken as one standard deviation from 

the mean. The dashed lines are included to guide the eyes. 

 

The measured XLAMPS co-ion sorption coefficients increase with increasing external salt 

concentration. This observation is consistent with Donnan theory and other reports.4,47 Specific co-ion 

sorption was observed (Figure 6.2) as the sorption coefficients differed depending on the co-ion used during 

the measurement. Co-ion sorption generally correlated with the apparent permselectivity measurements; 

co-ions that exhibited larger sorption coefficients generally resulted in lower apparent permselectivity and 

vice versa.  

Comparing the measured and calculated co-ion sorption coefficients (Figure 6.2) provides insight 

into the co-ion specific properties and/or interactions that may contribute to the co-ion specific sorption 

behavior. In the following discussion, the results obtained using sodium perchlorate will be excluded due 

to the presence of additional interactions between sodium perchlorate and the polymer. These interactions 

are not captured using the sorption models discussed in this section and will be discussed in the next section.  

 The Manning parameter, 𝜉, for the XLAMPS material was taken to be 0.18 (estimation of 𝜉 is 

detailed in the Appendix C.5). Since this value is less than unity, counter-ion condensation does not occur 

in XLAMPS,40 and Equation 3.6 was used to calculate the activity coefficients in the membrane phase. 
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Using Manning’s counter-ion condensation theory generally provided a reasonable prediction of the 

chloride sorption coefficient (Figure 6.2). The theory, however, underestimated the sorption coefficients 

measured using the other electrolytes. This result is not surprising because ion valence is the only explicit 

ion-specific parameter in the model. Manning proposed an empirical parameter to capture ion-specific 

effects,48 but the model does not describe co-ion specific sorption based on fundamental co-ion properties.  

The application of electrostatic and dispersion theories to calculate co-ion sorption coefficients 

require knowledge of ion, membrane and solution parameters. The parameters used for such calculations 

were presented and discussed in Appendix C.6 and C.7.  

Electrostatic theory contains a bare co-ion radius term (c.f. Equation 3.8), so this approach is able 

to capture co-ion specific sorption effects to some degree because different monovalent co-ions have 

different charge density values due to size differences. The theory dictates that the magnitude of the 

solvation energy barrier increases as ion size decreases (or charge density increases), so smaller ions 

generally would be expected to have smaller sorption coefficients compared to larger ions.  The sorption 

coefficients predicted using electrostatic theory follow the trend: 𝑘NaBr
𝑚 > 𝑘NaNO3

𝑚 ≅ 𝑘NaCl
𝑚 . Unlike the 

Manning theory, electrostatic theory captures ion specific effects to some extent, but it does not completely 

capture the experimental sorption coefficient trend, e.g., electrostatic theory predicts a drop in the sodium 

nitrate sorption coefficient compared to that for sodium bromide that is not observed in the experimentally 

measured value. The partial agreement between the electrostatic theory-calculated and experimentally 

measured co-ion sorption coefficients indicates that charge density effects likely contribute to co-ion 

specific sorption properties, but charge density is not the only contributor to co-ion specific sorption 

properties.  

Dispersion forces can be combined with the electrostatic forces to take into account excess 

polarizability, which is an additional ion specific parameter. Attractive dispersion forces between the 

hydrated polymer and co-ions reduce the sorption energy barrier and increase ion sorption coefficients 
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compared to calculations made using electrostatics alone. Increases in excess polarizability are expected to 

lead to a reduction in the sorption energy barrier and an increase in ion sorption.  

Dispersion forces arise from differences in the polarizability properties of the ion and the 

surrounding medium. Smaller ions of a given valence have larger charge density, and this larger charge 

density enables smaller ions to more effectively polarize the surrounding medium. As a result, smaller ions 

of a given valence create a larger polarizability difference between the ion and the surrounding medium.  

The ion excess polarizability is a measure of this difference between the polarizability of the ion 

and the surrounding medium (of equivalent volume). Therefore, larger excess polarizability is correlated 

with more substantial dispersion interactions, and this correlation ultimately leads to increased ion sorption 

for more polarizable ions compared to less polarizable ions. Including dispersion energy in the sorption 

model addresses qualitative disagreement between the sodium chloride, bromide, and nitrate measured 

sorption coefficients and those values calculated using electrostatic theory (Figure 6.2). For example, 

dispersion energy contributions address the previously discussed issue where electrostatic theory predicts 

a sodium nitrate sorption coefficient that is less than the sodium bromide sorption coefficient. The sorption 

coefficients calculated using the electrostatic and dispersion combined theory followed the trend: 𝑘NaNO3

𝑚 >

𝑘NaBr
𝑚 > 𝑘NaCl

𝑚 . Although the theory predicted a larger difference between sodium nitrate sorption 

coefficient and sodium bromide sorption coefficient, compared to experimental data, the electrostatic and 

dispersion combined theory still captured the qualitative increasing tendency, from  𝑘NaBr
𝑚  to 𝑘NaNO3

𝑚 .  

Neither the use of electrostatic theory nor the inclusion of dispersion energy results in quantitative 

agreement between the measured and calculated sorption coefficients. Electrostatic theory overestimates 

the sorption energy barrier and underestimates co-ion sorption coefficients by approximately two orders of 

magnitude. Including dispersion energy in the calculation reduced the sorption energy barrier to the point 

where co-ion sorption coefficients were overestimated by several orders of magnitude. This lack of 

quantitative agreement may originate from at least two issues. First, the dielectric continuum assumption 

oversimplifies the membrane as it does not capture molecular details of the material, and this simplification 
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could obscure the interaction energy calculations. Second, even if the dielectric continuum assumption is 

reasonable, the magnitude of both the electrostatic and dispersion energies is very sensitive to the hydrated 

membrane dielectric constant, 𝜀𝑚(0), and optical dielectric constant, 𝜀𝑚
∗ (0). As discussed previously, the 

value of 𝜀𝑚(0) was taken to be 40 using an empirical relationship,49 so the specific polymer considered in 

this study may have different relative permittivity properties compared to the empirical relationship. The 

value of 𝜀𝑚
∗ (0)  was measured experimentally to be 3.0±0.1, but the magnitude of the experimental 

uncertainty in this value could affect the caluclated sorption coefficients by at least an order of magnitude. 

Both of these issues may introduce sufficient uncertainty into the energy calculations to prevent quantitative 

agreement between the experimentally measured and calculated sorption coefficient values.  

To explore the issue of uncertainty in more depth, the electrostatic theory was fit to the sorption 

coefficient data for XLAMPS initially equilibrated in 0.1 mol/L aqueous NaCl with the value of 𝜀𝑚(0) left 

as an adjustable parameter. This approach resulted in a fitted value of 𝜀𝑚(0) = 64 (compared to the value 

of 40 that was determined using the empirical approach discussed previously). Electrostatic theory was then 

used to calculate the NaBr and NaNO3 sorption coefficients using the 𝜀𝑚(0) = 64 value (open circles in 

Figure 6.3). The larger value of 𝜀𝑚(0) reduces the significance of charge density effects, and as such, the 

calculated NaBr and NaNO3 sorption coefficients are very similar to that for NaCl.  
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Figure 6.3.  XLAMPS co-ion sorption coefficient data measured experimentally after equilibrating samples with 0.1 

mol/L aqueous electrolyte solution ( ), calculated using electrostatic theory with 𝜀𝑚(0) = 40 ( ) or the fitted 

𝜀𝑚(0) = 64 ( ), and calculated using the electrostatic and dispersion energy theory with 𝜀𝑚
∗ (0) = 3.0 ( ) or the 

fitted 𝜀𝑚
∗ (0) = 2.4  ( ). Experimental data points represent the average of four to five measurements, and the 

uncertainty was taken as one standard deviation from the mean. The dashed lines are provided to guide the eyes. 

 

Alternatively, the electrostatic theory with dispersion energy contributions was fit to the sorption 

coefficient data for XLAMPS initially equilibrated in 0.1 mol/L aqueous NaCl with 𝜀𝑚(0) = 40 and the 

value of 𝜀𝑚
∗ (0) left as an adjustable parameter. This approach resulted in a fitted value of 𝜀𝑚

∗ (0) = 2.4, 

which is less than the measured value of 3.0±0.1. The theory was then used to calculate the NaBr and 

NaNO3 sorption coefficients using the 𝜀𝑚
∗ (0) = 2.4  value (open triangles in Figure 6.3). Agreement 

between the experimental and calculated sorption coefficient data is greatly improved with the fitted 𝜀𝑚
∗ (0) 

value compared to the measured value, and this calculation further highlights the sensitivity of the 

electrostatic and dispersion energy model to the value of the optical dielectric constant. It further suggests 

that dispersion energy effects may be important for describing co-ion specific sorption in charged polymers. 

6.2.3. Ion-Polymer Complexation 

In addition to the continuum modeling approaches described above, specific ion-polymer 

complexation interactions may also contribute to co-ion specific apparent permselectivity properties. 
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Evidence for these interactions can be found by analyzing the sodium perchlorate sorption data. For 

XLAMPS initially equilibrated with 0.5mol/L aqueous sodium perchlorate, 𝑘NaClO4

𝑚 = 1.09 ± 0.01 (Figure 

6.2). Values of 𝑘𝑋
𝑚 greater than unity indicate that, at equilibrium, the electrolyte solution sorbed by the 

membrane is more concentrated than the external solution. Alternatively, when 𝑘𝑋
𝑚 is less than unity, ions 

are excluded from the polymer matrix. For membrane polymers, 𝑘𝑋
𝑚 is typically less than unity, so the 

situation, described above where 𝑘NaClO4

𝑚 > 1  is a rare occurrence as polymers generally exclude ion 

sorption to at least some extent.50 This situation could be consistent with ion-polymer complex formation 

as such interactions could increase ion sorption to the point where the internal perchlorate concentration 

exceeded the perchlorate concentration in the external solution.  

The ethylene oxide groups that are present in XLAMPS may form ion-polymer complexes with the 

perchlorate ions (Figure 6.4).51,52 Four ethylene oxide repeat units are suggested to be needed to form the 

complex.52–54 This type of complexation may occur in XLAMPS because ethylene oxide units are present 

in the PEGDA crosslinker. To further test the hypothesis that ion-polymer complex formation occurred in 

XLAMPS, the co-ion sorption coefficients of crosslinked poly(ethylene glycol) diarylate hydrogels 

(XLPEGDA) with different numbers of ethylene oxide repeat units between crosslinks (n = 3, 10, or 13, cf. 

Figure 4.2) were measured (Figure 6.5). 

 

Figure 6.4. Schematic illustration of the structure of the NaClO4-EO complex. Adapted from Ref.53 with permission 

from The Royal Society of Chemistry. 



70 

 

 

Figure 6.5. Co-ion sorption coefficient, 𝑘𝑋
𝑚,𝑤

, values for XLPEGDA (n=3) ( ), XLPEGDA (n=10) ( ) and 

XLPEGDA (n=13) ( ). Sorption coefficients were measured after samples were equilibrated in 0.1 mol/L aqueous 

electrolyte. Each experimental data point represents the average of four or five measurements made at room 

temperature, and the uncertainty was taken as one standard deviation from the mean. 

 

For the chloride, bromide, and nitrate electrolytes, the values of 𝑘𝑋
𝑚,𝑤

 are all less than unity for 

XLPEGDA (Figure 6.5), and this result suggests that those electrolytes are excluded from the polymer. 

Alternatively, for XLPEGDA with n>4 (i.e., n = 10 and 13), the perchlorate sorption coefficients are greater 

than unity, and this result suggests that perchlorate is more concentrated in the polymer compared to the 

external solution. Sorption of perchlorate in the XLPEGDA (n = 3) material is still considerably greater 

than the sorption of the other co-ions. This result may be due to the ability of perchlorate to complex with 

ethylene oxide units on other chains, but the formation of the complex may not be facilitated to the extent 

that is observed when n>4. These results suggest that ion-polymer complexes may form between the 

ethylene oxide repeat units and the perchlorate ions in the XLPEGDA materials with n>4. 

The XLPEGDA results support the formation of ion-polymer complexes between sodium 

perchlorate and XLAMPS. The crosslinker used in XLAMPS is XLPEGDA (n = 10), so this crosslinker 

would provide sufficient ethylene oxide repeat units to form the complex. Ultimately, this complex may 
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increase the perchlorate sorption in XLAMPS and contribute to a reduction in the XLAMPS apparent 

permselectivity measured using sodium perchlorate. 

6.2.4. Co-Ion Diffusion 

XLAMPS salt diffusion coefficients, 𝐷𝑠
𝑚, were measured via kinetic desorption using 0.1 mol/L 

and 0.5 mol/L aqueous electrolyte solutions (Figure 6.6). As expected, the salt diffusion coefficients 

increase as the size of the co-ion decreases following the trend: 𝐷NaCl
𝑚 > 𝐷NaBr

𝑚 > 𝐷NaNO3

𝑚 > 𝐷NaClO4

𝑚  (the 

hydrated co-ion radii increase in the order of Cl–, Br–, NO3
–, and ClO4

–).54–56 Salt diffusion coefficients 

measured using samples initially equilibrated in 0.5 mol/L aqueous electrolyte were less than that measured 

using samples initially equilibrated with 0.1 mol/L aqueous electrolyte. This difference is consistent with 

an observed osmotic de-swelling phenomenon whereby the water content of the 0.5 mol/L equilibrated 

samples was less than that of the 0.1 mol/L equilibrated samples (Table 4.3).47,50,57 

 

Figure 6.6. Effective XLAMPS salt diffusion coefficients, 𝐷𝑠
𝑚, measured at room temperature after equilibrating 

samples with either (A) 0.1 mol/L or (B) 0.5 mol/L aqueous electrolyte ( ). The ratio of 𝐷𝑋
𝑚/𝐷𝑋

𝑠  was calculated using 

either experimental data ( ) or the combined Mackie and Meares – Manning model ( ). Each experimental data 

point represents the average of at least four measurements, and the uncertainty was taken as one standard deviation 

from the mean. The dashed lines are provided to guide the eye. 

 

XLAMPS samples characterized using sodium chloride had the highest permselectivity and the 

highest salt diffusion coefficient, and samples characterized using sodium perchlorate had the lowest 
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permselectivity and the lowest salt diffusion coefficient (Figure 6.6). These observations contradict the 

earlier discussion suggesting that faster co-ion (salt) diffusion is expected to result in lower permselectivity. 

The results, therefore, suggest that co-ion sorption properties may influence apparent permselectivity to a 

greater extent than the diffusion properties. For example, at both concentrations, the salt diffusion 

coefficient measured using sodium chloride was double that of sodium perchlorate, but the chloride sorption 

coefficient was about an order of magnitude lower than the perchlorate sorption coefficient. 

To account for the influence of ion size on diffusivity in the membrane phase, the diffusivity 

measured in the membrane can be normalized by the corresponding value in bulk solution. In charged 

polymers, such as XLAMPS, the effective salt diffusion coefficient, 𝐷𝑠
𝑚, is often approximately equivalent 

to the co-ion diffusion coefficient in the membrane, 𝐷𝑋
𝑚. This approximation, discussed in more detail in 

Appendix C.8, is applicable when the concentration of sorbed counter-ions is much greater than the 

concentration of sorbed co-ions, and this situation is often applicable for charged membranes. Therefore, 

further analysis of the measured effective salt diffusion coefficient in the membrane is presented under the 

assumption that 𝐷𝑠
𝑚 ≈ 𝐷𝑋

𝑚. Correspondingly, the effective co-ion diffusion coefficient in the membrane, 

𝐷𝑋
𝑚, was normalized by the co-ion diffusion coefficient in bulk solution, 𝐷𝑋

𝑠. 

The ratio of 𝐷𝑋
𝑚 𝐷𝑋

𝑠⁄  is reported in Figure 6.6. Though the magnitude of the change in diffusion 

coefficient properties measured using the four electrolytes is reduced compared to the raw diffusivity data, 

evidence of specific ion diffusivity properties still exists. Evidence of this situation is illustrated by 

comparing the ratio of 𝐷𝑋
𝑚 𝐷𝑋

𝑠⁄  (determined using the experimental data) with calculations performed using 

the combined Mackie and Meares – Manning model, cf. Section 3.2.  

Counter-ion condensation is not expected to occur in XLAMPS because 𝜉 = 0.18, so Equation 20 

was used to calculate the co-ion diffusion coefficients. The term 𝐴(𝜉, 𝑋) was evaluated using an integral 

approximation: 

𝐷𝑋
𝑚

𝐷𝑋
𝑠 ≈ (

𝑘𝑤

2−𝑘𝑤
)

2
[1 −

1

3

𝜉𝑋

2+𝑋(1+𝜋/𝜉)
]    

(6.1) 
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where the term in parentheses describes the influence of polymer tortuosity on 𝐷𝑋
𝑚 (i.e., the polymer chains 

act as obstacles that the co-ions must diffuse around). The square bracket term describes the influence of 

electrostatic effects on co-ion diffusion. In general, the first term was calculated to be in the range of 0.10 

to 0.12, and the second term was calculated to be approximately 0.99 for all four co-ions. As such, the 

tortuosity effects appear to dominate in these materials, and electrostatic effects do not appreciably affect 

co-ion diffusion. Therefore, electrostatic effects likely are not responsible for co-ion specific diffusion 

properties. 

Comparison of the value of 𝐷𝑋
𝑚 𝐷𝑋

𝑠⁄   calculated using the experimental data to that determined 

using the Mackie and Meares – Manning model reveals evidence of co-ion specific diffusion effects in 

membrane phase (Figure 6.6). In general, agreement between the experimental and calculated values 

deteriorates as the co-ion changes from chloride to bromide, nitrate, and perchlorate. This result suggests 

that interactions between the co-ions and the polymer matrix act to restrict diffusivity above and beyond 

what would generally be expected based on ion charge and ion size.  

The specific shape of the co-ion also may contribute to the observed properties. Diffusion of planar 

nitrate and tetrahedral perchlorate ions may be restricted to a larger extent compared to chloride and 

bromide ions that are spherical in shape. These shape effects may explain the stronger reduction of 𝐷𝑋
𝑚 𝐷𝑋

𝑠⁄  

for nitrate, as salt concentration increased from 0.1 to 0.5 mol/L, compared to the ratios for chloride and 

bromide. As osmotic de-swelling occurs (i.e., salt concentration increases from 0.1 to 0.5 mol/L), chain 

packing in the polymer may increase, and nitrate may be more vulnerable to tighter packing compared to 

the situation for chloride and bromide ions if nitrate interacts more strongly with the polymer.  

Additionally, ion-polymer complexation between perchlorate ions and XLAMPS (Figure 6.4) may 

inform the larger reduction in the experimental 𝐷𝑋
𝑚 𝐷𝑋

𝑠⁄  ratio for perchlorate compared to the value 

calculated using the Mackie and Meares – Manning model. While these complexes are not expected to be 

as strong as a covalent bond, they likely reduce the mobility of sodium and perchlorate ions in the polymer 
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relative to a situation where complexation does not occur. 58 Therefore, perchlorate diffusivity in XLAMPS 

may be reduced via complexation to a greater extent compared to what might be expected based solely on 

size and shape.  

6.3. Conclusions 

The apparent permselectivity values of two commercial CEMs (Selemion CMV and CMI-7000s) 

and a crosslinked sulfonated polymer, XLAMPS, were measured using four monovalent strong electrolytes 

(NaCl, NaBr, NaNO3 and NaClO4). Co-ion specific apparent permselectivity properties were observed. Co-

ion specific phenomena result from a combination of co-ion specific sorption and diffusion effects, though 

sorption effects appear to be more significant compared to the diffusion effects.  

Three models were used to investigate the influence of electrostatic and dispersion forces (in 

conjunction with electroneutrality and the thermodynamic equilibrium criterion) on co-ion sorption 

coefficients. The Manning counter-ion condensation model showed reasonable agreement with measured 

chloride sorption, but the model failed to qualitatively predict the bromide and nitrate sorption coefficients. 

Electrostatic and dispersion forces captured some of the qualitative ion specific trends suggesting that co-

ion charge density and polarizability properties contribute to ion specific sorption properties. Neither model 

provided quantitative agreement, but analyzing the model results revealed that dispersion energy 

contributions appear to contribute to ion specific properties as qualitative agreement was observed between 

the experimental data and the model containing the dispersion energy term. This lack of agreement was 

likely due to a combination of the continuum nature of these models and the sensitivity of the model to 

membrane dielectric constant and optical dielectric constant.  

The combined Mackie and Meares – Manning counter-ion condensation model was used to analyze 

the influence of tortuosity and electrostatic forces on ion specific diffusion effects. The tortuosity effects 

on co-ion diffusion appeared to be more significant than the electrostatic effects. Diffusion of non-spherical 

ions may be more restricted compared to spherical ions. Finally, ion-polymer complexation involving 
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perchlorate and ethylene oxide repeat units in XLAMPS appears to increase ion sorption and reduce ion 

diffusivity properties. 

All of the interactions discussed in this study might be applied to guide the preparation of ion-

specific selective membrane. For example, membrane static and optical dielectric constants can be adjusted 

to control the sorption properties of ions with difference size and polarizability. The membrane polymer 

tortuosity might also be adjusted to facilitate or hinder the diffusion of ions with different geometry. In 

addition, the ion-polymer complexation proved the possibility of preparing ion-specific selective membrane 

through incorporating certain complexation-forming functional groups into the membrane polymer. 
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Chapter 7: Effects of Polymer Fixed Charge Group Physiochemistry on 

Permselectivity of and Ion Transport in AEMs 

7.1. Introduction 

Ion exchange membranes (IEMs) are often prepared using charged polymers, i.e., polymers having 

ionizable fixed charge groups incorporated into the polymer matrix.1–3 Anion exchange membranes (AEMs) 

contain positively charged groups and preferentially transport anions (i.e., counter-ions) while excluding 

cations (i.e., co-ions). Cation exchange membranes (CEMs) contain negatively charged groups and 

preferentially transport cations (i.e., counter-ions) while excluding anions (i.e., co-ions).1 Due to their 

selective transport ability, IEMs are often used as selective separators in diverse water purification (e.g., 

electrodialysis (ED) and membrane capacitive deionization (MCDI)), energy generation (e.g., reverse 

electrodialysis (RED)) and energy storage (e.g., redox flow battery (RFB)) applications.4–6 Emerging 

separation challenges require IEMs to be exposed to aqueous electrolyte solutions containing a variety of 

ions different from the traditionally widely-studied sodium and chloride. For example, water deionization 

via ED or MCDI can be challenged with increasingly contaminated water containing ferric, chromium, 

cupric, cadmium, fluoride, nitrate, perchlorate and sulfate.6–10 To achieve efficient water purification and 

energy production using those membrane-based technologies, the IEMs must have maximized 

permselectivity when exposed with specific ions.1  

Efforts have been made in this field to tune membrane permselectivity for specific ions, and most 

of those focused on engineering the chemical structure of IEMs.1,11,12 The efforts typically fall into two 

categories.12–30 The first category includes membrane surface modifications, such as enhancing the degree 

of crosslinking on membrane surface,25 creating a dense and neutral surface layer,11 creating oppositely 

charged surface layers,28–30 or creating a “layer-by-layer” structure.13,14,17–19 Most efforts in this first 

category have been demonstrated to be effective in enhancing the membrane selectivity between ions with 

different valence, e.g., monovalent and divalent ions.14,19,29 The mechanism to improve ion selectivity by 

the highly crosslinked or dense surface layer is based on the steric sieving effects on ions that have different 
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size (typically hydrated radii). While the mechanism to improve ion selectivity by creating oppositely 

charged surface layer or “layer-by-layer” structure is based on the electrostatic sieving effects between the 

surface layer and ions that have different charges (i.e., valences).11 

The second category includes modifying the fixed charge group type incorporated into the IEMs. 

The most commonly used anionic fixed charge group is the sulfonate group for CEMs, but research has 

been done to explore the effects of other anionic groups, such as carboxylic acid, phosphonic acid, boric 

acid, and phenolic acid on the selectivity properties and separation performance of CEMs.25,26,31,32 For 

example, the study by Sata et al. concluded that CEMs having boric acid groups did not remarkably enhance 

the selectivity between alkaline earth metal cations and sodium ions, as compared to CEMs having sulfonic 

acid groups.31 The study by Nagarale et al. suggested that CEMs with phosphoric acid groups were more 

effective in separating cations with identical charges as compared with CEMs with sulfonic acid groups.26 

A larger library of cationic fixed charge groups exist for AEMs, e.g., quaternary ammonium, quaternary 

phosphonium, quinuclidinium-based quaternary ammonium, imidazolium, pyridinium, and 

pentamethylguanidinium groups.33,34 The effects of cationic fixed charge groups on the performance of 

AEMs have been investigated mostly in the alkaline fuel cell field,33,35–37 so little discussion exists for 

aqueous based electro-membrane applications. Therefore, a study aimed at understanding the effects of 

cationic fixed charge group type on AEM performance in aqueous separation systems will close this 

knowledge gap. 

In this study, we explored the effects of cationic fixed charge group type on the permselectivity of 

and ion transport in AEMs by examining two AEMs with trimethyl ammonium and 1,4-dimethyl 

imidazolium groups. Two physiochemical properties of the fixed charge group, i.e., bulkiness (quantified 

by Van der Waals volume38,39) and hydrophilicity (quantified by hydration enthalpy40–42) were hypothesized 

to be the key causes of their performance difference. Such hypothesis was formed because fixed charge 

group bulkiness and hydrophilicity were found to lead to the specific interactions between ions and fixed 

charge sites in the colloid, surfactant and ion exchange resin fields.43–50 
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 Two acrylonitrile and styrene-based, crosslinked AEMs with different cationic fixed charge groups, 

i.e., trimethyl ammonium and 1,4-dimethyl imidazolium groups, were synthesized and used in this study. 

Their permselectivity, counter-ion and co-ion transport properties were characterized with electrolytes with 

different co-ions (i.e., lithium chloride, sodium chloride and ammonium chloride) and different counter-

ions (i.e., sodium chloride, sodium bromide and sodium nitrate). Their permselectivity, counter-ion and co-

ion transport properties were compared and correlated with the physiochemical properties of ions and fixed 

charge groups to understand the effects of fixed charge group type on the separation performance of AEMs 

and the mechanism behind specific interactions between different fixed charge groups and ions.  

7.2. Results and Discussion 

The physical and chemical properties of the two AEMs, measured in DI water, are reported in Table 

4.4. The water uptake of the PVBAN-TMA[X] membrane with the trimethyl ammonium group is about 17% 

higher than the water uptake of PVBAN-DMI[X] with the 1,4-dimethyl imidazolium group. This result is 

consistent with the more negative enthalpy of hydration value for the TMA charged group compared to the 

DMI charged group.  

 
Table 7.1.  Estimated Van der Waals volume and hydration enthalpy values for the two fixed charge groups. The 

values were calculated using semi-empirical models adapted from literature.38,40 Detailed calculation principles and 

procedures are presented in Appendix D.1.  

Fixed Charge Group 
Estimated Van der Waals 

Volume, Vvdw [Å3] 

Estimated Hydration 

Enthalpy, -∆Hhyd [kJ/mol] 

TMA[X] Trimethyl ammonium 72 272 

DMI[X] 1,4-dimethyl imidazolium 99 260 

 

The membrane water uptake, water volume fraction and fixed charge group concentration measured 

using 0.5 mol/L aqueous solutions are reported in Table 4.4. Generally, the water uptake of both AEMs 

decreased by 20 – 55% in 0.5 mol/L aqueous electrolyte solutions compared to the situation in the DI water 

measurements, due to osmotic deswelling. However, the degree of deswelling (defined as 

𝑤𝑢in DI water − 𝑤𝑢 in solution

𝑤𝑢in DI water
) varied according to fixed charge group hydrophilicity, co-ion and counter-ion 
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type (Figure 7.1). First, the membrane with the less hydrophilic fixed charge group dehydrated more readily 

compared to the membrane with the more hydrophilic fixed charge group. PVBANDMI[X] generally 

deswelled 15% more than PVBANTMA[X] in all of the solutions. Second, both membranes dehydrate 

more readily when less hydrophilic counter-ions or co-ions are used. For example, both membranes deswell 

3% more in ammonium chloride compared to the situation in sodium chloride, and both membranes deswell 

16% more in sodium nitrate as compared to the situation in sodium chloride. The influence of counter-ion 

type on deswelling is more pronounced than that of the co-ion type.  

 

 
Figure 7.1.  The degree of deswelling of the two AEMs measured using 0.5 mol/L aqueous solutions of different 

electrolytes. The -∆Hhyd order of co-ions, counter-ions (Table 7.2) and fixed charge groups are: Cl− > Br− > NO3
−, Li+ > 

Na+ > NH4
+ and trimethyl ammonium > 1,4-dimethyl imidazolium, respectively. It is noted that the standard deviation 

associated with sodium nitrate is larger than other data points, presumably due to the fact that the water uptake value 

associated with sodium nitrate is the smallest (cf. Table 4.5), and standard propagation of uncertainty magnifies this 

uncertainty when the degree of deswelling is calculated. 
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Table 7.2. Hydration enthalpy values of the counter-ions and co-ions studied in this work. The values are based on 

the definition of enthalpy of hydration that it is the enthalpy change accompanying the dissolution of one mol of the 

ideal gaseous ions in an infinite volume of water at a temperature of 298oK and a pressure of 1 atm). Therefore, the 

values are calculated using the thermodynamic data associated with such process, and those thermodynamic data were 

obtained experimentally.51 Ions with a higher magnitude of enthalpy are considered more hydrophilic than those ions 

with less negative hydration enthalpy values. 

Ion Hydration Enthalpy, -∆Hhyd [kJ/mol] 

Li+ 519 

Na+ 409 

NH4
+ 307 

Cl- 381 

Br- 347 

NO3
− 314 

 

7.2.1. Permselectivity  

The measured apparent permselectivity results were presented in Figure 7.2. Since aqueous 

solutions of different electrolytes that are different from 1 mol/L aqueous potassium nitrate solution (i.e., 

the filling solution of the electrodes used) were used in this study, the junction potential at the reference 

electrode/solution interface may contribute to the measured apparent permselectivity in Figure 7.2. The 

junction potentials can be estimated using the Henderson equation,52 the results considering junction 

potential effects were presented and analyzed in Appendix D.2. Considering junction potential exaggerated 

the influence of co-ion type, narrowed the influence of counter-ion type, but did not create substantial 

difference on the influence of the fixed charge group type. More detailed discussion on junction potential 

is presented in Appendix D.2.  

The fixed charge group, counter-ion and co-ion types influence permselectivity to a degree of 

different magnitude. The influence of the chemistry of the fixed charge group on permselectivity was found 

to be relatively small. Switching from the trimethyl ammonium (TMI) to 1,4-dimethyl imidazolium (DMI) 

fixed charge group led to no more than a 6% difference in permselectivity. The permselectivity values of 

PVBANDMI membrane were about 2 – 4 % higher than those for the PVBANTMI membrane for lithium 

chloride, sodium chloride, sodium bromide and sodium nitrate electrolytes. The most pronounced 
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difference in permselectivity occurred with ammonium chloride, where the permselectivity of 1,4-dimethyl 

imidazolium-charged membrane was 6% higher than the trimethyl ammonium charged membrane.  

Variations in the co-ion, however, can influence permselectivity to a greater extent. Up to an 18% 

difference in permselectivity was observed as a result of varying the co-ion. As such, the specific co-ion 

used influences permselectivity to a greater extent than changing the fixed charge group or the counter-ion. 

For both AEMs, the permselectivity decreased in the order of: NH4Cl > NaCl > LiCl as the co-ion was 

changed. Such results are partially consistent with previous findings with commercially available AEMs 

that the ammonium permselectivity is higher than sodium chloride permselectivity.53 Less studies exist for 

LiCl with AEMs in aqueous electro-membrane systems. So, an explanation of this permselectivity order as 

a function of co-ion type will be given in the following discussion.  

Variations in counter-ions influence permselectivity up to 5%. The permselectivity order of 

electrolyte with different counter-ions was observed as: NaCl ≈ NaBr > NaNO3. Such order was also 

consistent with previous findings with commercially-available and lab-prepared CEMs.54 Explanation of 

this permselectivity order will be given in the following discussion as well.  

 

 

Figure 7.2.  Measured membrane apparent permselectivity of the trimethyl ammonium-charged and the 1,4-dimethyl 

imidazolium charged AEMs characterized using 0.1 mol/L and 0.5 mol/L aqueous solutions of (A) lithium chloride, 

sodium chloride and ammonium chloride (i.e., different co-ions) and (B) sodium chloride, sodium bromide and sodium 

nitrate (i.e., different counter-ions). The measurements and calculations were conducted under/using the temperature 

of 25oC. The values were reported as the average and standard deviations of three samples.  
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The membrane permselectivity was defined using the transport numbers of counter-ion and co-ion 

in membrane and solution phases, respectively.2 Based on the definitions of permselectivity and transport 

numbers, the permselectivity can be determined by three counter-ion and co-ion transport related 

factors:55,56  

𝛼 = 1 −
𝑘𝑋 𝑀⁄

𝑚 𝐷𝑋 𝑀⁄
𝑚 (1+

1

𝐷𝑋 𝑀⁄
𝑠 )

𝑘𝑋 𝑀⁄
𝑚 𝐷𝑋 𝑀⁄

𝑚 +1
  (7.1) 

 

where 𝑘𝑋 𝑀⁄
𝑚  is the membrane co-ion to counter-ion concentration ratio, defined as the membrane co-ion 

concentration normalized by counter-ion concentration, i.e., 𝑘𝑋 𝑀⁄
𝑚 = 𝑐𝑋

𝑚 𝑐𝑀
𝑚⁄  ; 𝐷𝑋 𝑀⁄

𝑚  is the membrane co-

ion to counter-ion diffusion ratio, defined as the membrane co-ion diffusivity normalized by counter-ion 

diffusivity, i.e., 𝐷𝑋 𝑀⁄
𝑚 = 𝐷𝑋

𝑚 𝐷𝑀
𝑚⁄ . Finally, 𝐷𝑋 𝑀⁄

𝑠  is the solution co-ion to counter-ion diffusion ratio, 

defined as the solution co-ion diffusivity normalized by counter-ion diffusivity, i.e., 𝐷𝑋 𝑀⁄
𝑠 = 𝐷𝑋

𝑠 𝐷𝑀
𝑠⁄ .  

The value of 𝑘𝑋 𝑀⁄
𝑚  quantifies the extent of co-ion sorption on a per counter-ion basis (i.e. the ratio 

of the number of co-ions present in the polymer compared to the number of counter-ions). This quantity, 

for charged ion exchange materials, is expected to be less than unity due to Donnan exclusion.57 The value 

of 𝐷𝑋 𝑀⁄
𝑚  quantifies co-ion diffusion relative to counter-ion diffusion within the membrane. Larger 𝑘𝑋 𝑀⁄

𝑚  

and 𝐷𝑋 𝑀⁄
𝑚  indicate that co-ion transport occurs to a larger extent as compared to counter-ion transport across 

the membrane, and this situation is expected to result in smaller permselectivity. The value of 𝐷𝑋 𝑀⁄
𝑠  

quantifies the co-ion diffusivity relative to counter-ion diffusivity in the solution phase, so larger 𝐷𝑋 𝑀⁄
𝑠  

values are expected to lead to larger permselectivity. The 𝑘𝑋 𝑀⁄
𝑚 , 𝐷𝑋 𝑀⁄

𝑚  and 𝐷𝑋 𝑀⁄
𝑠  values, though, influence 

permselectivity to different extents, among which the influence of 𝑘𝑋 𝑀⁄
𝑚  is the most pronounced (Appendix 

D.3). For example, in the situation of an AEM measured using 0.1 mol/L and 0.5 mol/L sodium chloride 

solution (described in more detail in Appendix D.3), a 20% increase in 𝑘𝑋 𝑀⁄
𝑚 , 𝐷𝑋 𝑀⁄

𝑚  and 𝐷𝑋 𝑀⁄
𝑠  would be 

expected to cause a 5.7% reduction, 2.0% reduction and 3.2% increase in permselectivity, respectively.  
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To further understand the influence of changing the polymer fixed charge group on ion transport, 

𝑘𝑋 𝑀⁄
𝑚 , 𝐷𝑋 𝑀⁄

𝑚  and 𝐷𝑋 𝑀⁄
𝑠  values were obtained via experiments and calculations: 

𝑘𝑋 𝑀⁄
𝑚 =

𝑐𝑋
𝑚

𝑐𝑀
𝑚   (7.2) 

 

𝑐𝑋
𝑚 = 𝑐𝑠

𝑠𝑘𝑠
𝑚   (7.3) 

 

𝑐𝑀
𝑚 = 𝑐𝑠

𝑠𝑘𝑠
𝑚 + 𝑐𝐴

𝑚   (7.4) 

 

𝐷𝑋 𝑀⁄
𝑚 =

𝐷𝑋
𝑚

𝐷𝑀
𝑚   (7.5) 

 

𝐷𝑠
𝑚 =

𝐷𝑋
𝑚𝐷𝑀

𝑚(𝑐𝑋
𝑚+𝑐𝑀

𝑚)

𝑐𝑋
𝑚𝐷𝑋

𝑚+𝑐𝑀
𝑚𝐷𝑀

𝑚    (7.6) 

 

𝜎𝑠
𝑚 =

𝐹2

𝑅𝑇
(𝑐𝑀

𝑚𝐷𝑀
𝑚 + 𝑐𝑋

𝑚𝐷𝑋
𝑚)    (7.7) 

 

where 𝑐𝑠
𝑠 is the concentration of external solution, 𝑘𝑠

𝑚 is the salt sorption coefficient of membrane, 𝑐𝐴
𝑚 is 

the concentration of fixed charge group in the membrane, 𝐷𝑠
𝑚 is the salt diffusivity in the membrane, 𝜎𝑠

𝑚 

is the ionic conductivity of the membrane, F is the Faraday constant, R is the gas constant and T is the 

absolute temperature. The 𝑘𝑠
𝑚 and 𝐷𝑠

𝑚 values were obtained through kinetic desorption measurements. The 

𝑐𝐴
𝑚  value was calculated using the measured IEC and wu values, and 𝜎𝑠

𝑚  can be measured using 

electrochemical impedance spectroscopy. 

7.2.2. Ion Transport Breakdown: Concentration and Diffusivity Ratios  

The co-ion and counter-ion transport across the membrane and in solution, was then analyzed using 

the calculated 𝑘𝑋 𝑀⁄
𝑚 , 𝐷𝑋 𝑀⁄

𝑚  and 𝐷𝑋 𝑀⁄
𝑠  values. Comparing the 𝑘𝑋 𝑀⁄

𝑚 , 𝐷𝑋 𝑀⁄
𝑚  and 𝐷𝑋 𝑀⁄

𝑠  values between the 

two membranes facilitates understanding of how changing the fixed charge group in the polymer affected 

transport properties from a thermodynamic or kinetic perspective.  
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7.2.2.1.Electrolytes with Different Co-Ions  

For the electrolytes with different co-ions, i.e., lithium chloride, sodium chloride and ammonium 

chloride, the 𝑘𝑋 𝑀⁄
𝑚  values of the 1,4-dimethyl imidazolium charged membrane are generally about 20% 

lower than the 𝑘𝑋 𝑀⁄
𝑚  values of the trimethyl ammonium charged membrane (Figure 7.3A). This result may 

be due to the lower hydrophilicity of the 1,4-dimethyl imidazolium group and the resulting higher 𝑐𝐴
𝑚 of 

the 1,4-dimethyl imidazolium charged membrane (cf. Table 4.4 and 7.1). These results suggest that less 

hydrophilic fixed charge groups may enhance the overall co-ion exclusion performance of an AEM.   

For lithium chloride and sodium chloride, the 𝐷𝑋 𝑀⁄
𝑚  values of the 1,4-dimethyl imidazolium 

charged membrane overlap with those of the trimethyl imidazolium charged membrane. For ammonium 

chloride, the 𝐷𝑋 𝑀⁄
𝑚  value of the 1,4-dimethyl imidazolium charged membrane is moderately lower (about 

25%) than that of the trimethyl imidazolium charged membrane (Figure 7.3B). The fact that the 1,4-

dimethyl imidazolium charged membrane suppressed ammonium diffusion to a much larger extent 

compared to the trimethyl ammonium charged membrane may be due to the larger size (quantified by Van 

der Waals volume) of the 1,4-dimethyl imidazolium fixed charge group as well as the tetrahedral geometry 

of the ammonium ion.42,58 The tetrahedral geometry of the ammonium ion makes its diffusion more 

vulnerable to steric hindrance created by the polymer chains of the membrane, and the bulkier 1,4-dimethyl 

imidazolium group could be the source of this larger steric hindrance.42 

Overall, the 𝑘𝑋 𝑀⁄
𝑚  difference originated from fixed charge group type is about 20% for lithium 

chloride, sodium chloride and ammonium chloride. The 𝐷𝑋 𝑀⁄
𝑚  difference originated from fixed charge 

group type is almost negligible for lithium chloride and sodium chloride, but about 25% for ammonium 

chloride. Previous discussion has shown that a 20% difference in 𝑘𝑋 𝑀⁄
𝑚  or 𝐷𝑋 𝑀⁄

𝑚  typically leads to about 

5.7% or 2.0% difference in permselectivity, respectively. Therefore, when the AEMs are characterized 

using lithium chloride and sodium chloride, permselectivity difference between the two AEMs mainly 

comes from the difference in sorption effects. However, when the AEMs are characterized using 
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ammonium chloride, the permselectivity difference mainly comes from the difference in diffusion effects, 

as a result of the size difference between the fixed charge groups as well as the tetrahedral geometry of 

ammonium. 

 

 

Figure 7.3. The (A) 𝑘𝑋 𝑀⁄
𝑚  and (B) 𝐷𝑋 𝑀⁄

𝑚  and 𝐷𝑋 𝑀⁄
𝑠 of the two AEMs measured in 0.5 mol/L aqueous solution of lithium 

chloride, sodium chloride and ammonium chloride, i.e., electrolytes with different co-ions. The measurements and 

calculations were conducted under/using the temperature of 25oC. The values were reported as an average and standard 

deviation of three to four measurements.  

 

7.2.2.2.Electrolytes with Different Counter-Ions 

For the electrolytes with different counter-ions, i.e., sodium chloride, sodium bromide and sodium 

nitrate, the 𝑘𝑋 𝑀⁄
𝑚  values of the 1,4-dimethyl imidazolium charged membrane were about 20 – 50% lower 

than those of the trimethyl ammonium charged membrane (Figure 7.4A). This result is likely also due to 

the lower hydrophilicity of the 1,4-dimethyl imidazolium group and the resulting higher 𝑐𝐴
𝑚 of the 1,4-

dimethyl imidazolium charged membrane relative to the trimethyl ammonium charged membrane. The 

𝐷𝑋 𝑀⁄
𝑚  value of the 1,4-dimethyl imidazolium charged membrane overlaps with that of the 1,4-dimethyl 

imidazolium charged membrane for sodium chloride. While for sodium bromide and sodium nitrate, the 

𝐷𝑋 𝑀⁄
𝑚  value of the 1,4-dimethyl imidazolium charged membrane is moderately (about 25%) and 

dramatically (about 75%) higher than that of the trimethyl ammonium charged membrane (Figure 7.4B). 
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Such phenomenon is contrary to previous observations that the 𝐷𝑋 𝑀⁄
𝑚  values of the 1,4-dimethyl 

imidazolium charged membrane are generally lower than those of the trimethyl ammonium charged 

membrane when electrolytes of different co-ions were used (Figure 7.3B). A hypothesis regarding the 

binding effects between fixed charge group and counter-ions has been proposed to explain those contrary 

observations and detailed explanations will be given in the next section.  

Overall, the influence of fixed charge group type on 𝑘𝑋 𝑀⁄
𝑚  and 𝐷𝑋 𝑀⁄

𝑚  values was more pronounced 

(can be as high as 50% and 75%, respectively) when electrolytes with different counter-ions were used. 

However, the 𝑘𝑋 𝑀⁄
𝑚  and 𝐷𝑋 𝑀⁄

𝑚  orders show opposite directions, i.e., 1,4-dimethyl imidazolium charged 

membrane showed lower 𝑘𝑋 𝑀⁄
𝑚  but higher 𝐷𝑋 𝑀⁄

𝑚  as compared to the trimethyl ammonium charged 

membrane. As such the changes in sorption and diffusion, i.e., 𝑘𝑋 𝑀⁄
𝑚  and 𝐷𝑋 𝑀⁄

𝑚 , contributions to the overall 

permselectivity offset each other, resulting in a situation where the nature of the fixed charge group does 

not appreciably influence permselectivity properties. 

 

 

Figure 7.4.  The (A) 𝑘𝑋 𝑀⁄
𝑚  and (B) 𝐷𝑋 𝑀⁄

𝑚  and 𝐷𝑋 𝑀⁄
𝑠 values for the two AEMs measured using 0.5 mol/L aqueous 

solutions of sodium chloride, sodium bromide and sodium nitrate, i.e., electrolytes with different counter-ions. The 

measurements and calculations were conducted under/using the temperature of 25oC. The values were reported as an 

average and standard deviation of three to four measurements.  
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7.2.2.3.Reduction in Counter-Ion Diffusion Due to Specific Binding Effects 

When the two AEMs were characterized using electrolytes with different co-ions, i.e., lithium 

chloride, sodium chloride and ammonium chloride, the 𝐷𝑋 𝑀⁄
𝑚  values of the 1,4-dimethyl imidazolium 

membrane were generally lower than those of the trimethyl ammonium membrane. However, when 

electrolytes with different counter-ions were used, i.e., sodium bromide and sodium nitrate, the 𝐷𝑋 𝑀⁄
𝑚  

values of the 1,4-dimethyl imidazolium membrane were higher than those of the trimethyl ammonium 

membrane. We hypothesized that stronger binding effects between the less hydrophilic 1,4-dimethyl 

imidazolium fixed charge group (compared to trimethyl ammonium) and the less hydrophilic bromide and 

nitrate counter-ions (compared to chloride) might be the leading cause of this situation (Figure 7.5).  

Such hypothesis originated from the widely recognized Law of Matching Water Affinities (LMWA) 

proposed by Collins.59–61 The LMWA asserts that cations and anions (or ions and ion-charged sites) form 

stable ion pairs if their respective hydration enthalpies (considered to be a measure of “water affinities) 

match. Applying the LMWA to the situation in this work, it is speculated that the 1,4-dimethyl imidazolium 

fixed charge group, having lower -∆Hhyd, should form more stable pairs with bromide and nitrate (as they 

have lower -∆Hhyd , especially nitrate) compared to the trimethyl ammonium fixed charge group that has a 

higher -∆Hhyd value. Stronger binding between the 1,4-dimethyl imidazolium group and nitrate, for example, 

could immobilize the nitrate counter-ions around the fixed charge groups, thus reducing the measured 

counter-ion diffusivity and causing a reduction in the 𝐷𝑀
𝑚 and an increase in 𝐷𝑋 𝑀⁄

𝑚  (Equation 7.5). In the 

situation of the two AEMs, the 1,4-dimethyl imidazolium charged membrane might show stronger binding 

with bromide and nitrate, especially nitrate, as compared to the trimethyl ammonium charged membrane. 

Therefore, the diffusion of bromide and nitrate counter-ions might be somewhat restricted in the 1,4-

dimethyl imidazolium charged membrane, as compared to the trimethyl ammonium charged membrane. 

Such deduction is consistent with the fact that the 1,4-dimethyl imidazolium charged membrane shows 

higher 𝐷𝑋 𝑀⁄
𝑚  for sodium bromide (about 25% higher) and sodium nitrate (about 75% higher) as compared 

to the trimethyl ammonium charged membrane. The consistency might support the conclusion that stronger 
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binding between fixed charge group and counter-ions having “matching water affinities” reduces the 

counter-ion diffusion in the membrane.  

 

 

Figure 7.5. Schematic illustration of the mechanism that stronger binding between fixed charge group and counter-

ion restricts the diffusion of counter-ions across the membrane.  

 

7.3. Conclusions 

Two styrene and acrylonitrile crosslinked AEMs with 1,4-dimethyl imidazolium and trimethyl 

ammonium fixed charge groups, respectively, were synthesized with similar IEC values. The water uptake, 

permselectivity, co-ion to counter-ion concentration and diffusivity ratios of the two AEMs were measured 

and compared to understand the effects of fixed charge group type on permselectivity and ion transport.  

First, fixed charge group type introduced up to 6% difference in permselectivity, less pronounced 

than the effects of co-ion type but more pronounced than the effects of counter-ion type. The permselectivity 

of the 1,4-dimethyl imidazolium charged membrane was higher than the trimethyl ammonium charged 

membrane, and the permselectivity difference originated from both sorption and diffusion contributions to 

ion transport.  

Second, AEMs with less hydrophilic fixed charge groups swell to a smaller extent in DI water and 

deswell more readily in aqueous electrolyte solutions compared to AEMs with more hydrophilic fixed 

charge groups. The resulting higher fixed charge group concentration of the less hydrophilic AEM makes 
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it more effective at co-ion exclusion compared to the more hydrophilic AEM, when the IEC values are 

similar.  

Overall, it was demonstrated in this work that the fixed charge group type introduced modest 

difference in permselectivity of AEMs, as a result of facilitated or restricted ion sorption and diffusion. 

AEMs with less hydrophilic fixed charge groups generally are more effective at excluding co-ions, while 

AEMs with bulkier fixed charge groups restrict the diffusion of non-spherical ions to a larger extent. 

Moreover, a hypothesis was proposed that the fixed charge group restricts the diffusion of counter-ions that 

have hydration enthalpy values that are closer (to the hydration enthalpy of the fixed charge group. As such, 

the less-hydrophilic 1,4-dimethyl imidazolium group restricts the diffusion of less-hydrophilic nitrate 

counter-ions. The findings from this work quantified the effects of fixed charge group type on 

permselectivity, counter-ion and co-ion transport, and such knowledge can be applied to engineer 

membrane permselectivity for a variety of electro-membrane applications.  
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Chapter 8: Conclusions and Recommendations 

This dissertation has provided knowledge of characterizing and optimizing the apparent 

permselectivity of IEMs for specific ions that are different from sodium and chloride. The ion specific 

permselectivity and transport behavior has been studied from the experimental, ion-specific and membrane 

polymer chemistry – specific perspectives. This chapter summarized the results of Chapters 5 through 7 

and provided recommendations for future research.   

8.1. Conclusions  

In chapter 5, experiments and error propagation analysis were performed to quantify the influence 

of three experimental factors, i.e., temperature variations, concentration deviations and electric potential 

fluctuations, on apparent permselectivity measurement inaccuracy. Of the three factors considered, the 

influence of temperature variations was the greatest. Apparent permselectivity decreased by approximately 

2% as the temperature increased from 14 to 31oC. Second, the membrane potential fluctuations were found 

to contribute 0.2% to 0.5% uncertainty to membrane permselectivity measurement. Finally, the influence 

of solution preparation errors was found to be the smallest and contributed approximately 0.015% to 0.1% 

to apparent permselectivity uncertainty. In addition, thinner membrane is more sensitive to insufficient 

supply of fresh solution and requires a higher flow rate of fresh solution to maintain constant concentration 

of solutions in both chambers. None of these issues introduced uncertainty that is larger than the replicate 

uncertainty that came from disassembling and reassembling the measurement cell between multiple 

measurements on a given sample (approximately 2%). Generally, the influence of these three experimental 

factors on permselectivity is small and comparable to the magnitude of variability between different 

replicate measurements. Therefore, the uncertainty introduced by the three issues is not large enough to 

overwhelm the difference in permselectivity that can potentially be originated from the nature of the 

membrane or ion. 
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In chapter 6, the permselectivity of two commercially available and a lab-prepared CEMs 

(Selemion CMV, CMI-7000s and XLAMPS, respectively) were characterized using four monovalent 

strong electrolytes with different co-ions, i.e., sodium chloride, sodium bromide, sodium nitrate and sodium 

perchlorate. The co-ion sorption and diffusion coefficients of the XLAMPS, and the co-ion sorption 

coefficients of non-charged XLPEGDA were measured. Ion-specific permselectivity properties were 

observed for the three CEMs considered in this study, using four monovalent strong electrolytes (NaCl, 

NaBr, NaNO3 and NaClO4), and such phenomena resulted from a combination of co-ion specific sorption 

and diffusion effects, though sorption effects appear to be more significant than diffusion effects. Generally, 

increase in either co-ion sorption or diffusion coefficients cause a reduction in permselectivity. Three 

models were used to investigate the influence of different ion-specific parameters on ion sorption 

coefficient. The Manning’s model showed reasonable agreement with experimental chloride sorption but 

failed to qualitatively predict the bromide and nitrate sorption coefficients. Electrostatic and dispersion 

models captured some qualitative ion specific sorption trend suggesting that co-ion charge density and 

polarizability contribute to ion specific sorption properties. However, none of the models provided 

quantitative agreement. The lack of agreement was likely due to a combination of the continuum nature of 

these models as the sensitivity of the model to membrane dielectric properties (i.e., dielectric constant and 

optical dielectric constant) that were required in the calculations. The comparison between Mackie and 

Meares and Manning predicted diffusion coefficients and experimental diffusion coefficients showed that 

polymer tortuosity effects on co-ion diffusion appeared to be more significant than the electrostatic effects. 

Additionally, co-ion with larger hydrated radius tends to diffuse slower, and diffusion of non-spherical ions 

may be more restricted compared to non-spherical ions. Finally, an ion-polymer complexation phenomenon 

was detected involving perchlorate and ethylene oxide repeat units in XLAMPS. Such complexation 

appears to increase ion sorption and reduce ion diffusion properties. 

Two lab-prepared AEMs with different fixed charge group type, i.e., trimethyl ammonium and 1,4-

dimethyl imidazolium, were used in Chapter 10. The permselectivity and ion transport properties of the two 
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AEMs were characterized using electrolytes having different co-ions, i.e., lithium chloride, sodium chloride 

and ammonium chloride, and electrolytes with different counter-ions, i.e., sodium chloride, sodium bromide 

and sodium nitrate. AEM with less hydrophilic fixed charge group was found to show lower water uptake, 

larger permselectivity and more effective co-ion exclusion under similar IEC, as compared to AEM with 

more hydrophilic fixed charge group. The fixed charge group type introduced up to 6% difference in 

permselectivity, much as pronounced as compared to the influence of co-ion type (about 18%) and of 

similar magnitude as compared to the influence of counter-ion type (up to 5%). The difference in 

permselectivity was found to result from the difference in sorption or diffusion effects. Moreover, the 

specific binding between counter-ion and fixed charge group with matching water affinities was 

hypothesized to restrict counter-ion diffusion and reduce the diffusion coefficient.  

8.2. Significance 

The quantification of the permselectivity measurement inaccuracy from three major experimental 

factors in Chapter 5, for the first time, provided reliable evidence informing the field of the expected 

magnitude of experimental errors for permselectivity. The results from Chapter 6 closed a knowledge gap 

in the field regarding how the ion specific parameters, such as ion size, polarizability and complexation-

forming nature, affect ion transport within membrane phase as well as membrane permselectivity 

performance. The results from Chapter 7 filled another knowledge gap regarding how much permselectivity 

enhancement can be achieved through modifying the fixed charge group type of AEMs. Chapter 5 set the 

analytical foundation for Chapters 6 and 7, and the results from Chapters 6 and 7 can be applied to guide 

the design, engineering and optimization of novel ion specific selective membrane for a wide range of 

electro-membrane applications in aqueous systems.  
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8.3. Recommendations for Future Work 

8.3.1. Continued Research on the Influence of Fixed Charge Group Type on AEM 

Performance with Diverse Cationic Groups  

The research in the Chapter 7 of this dissertation focused on AEMs with two fixed charge groups, 

i.e., trimethyl ammonium and 1,4-dimethyl imidazolium. Although it has been demonstrated that the 

switching from trimethyl ammonium to 1,4-dimethyl imidazolium can only introduce minor enhancement 

(less than 6%) in permselectivity, there are a wider library of cationic groups for AEMs remained 

unexplored,1–4 especially in the aqueous electro-membrane systems. A research on the influence of fixed 

charge group type on the separation performance of AEMs with diverse cationic groups, especially cationic 

groups possessing more pronounced property difference, will be beneficial to explore options on enhancing 

AEMs performance through modifying fixed charge group chemistry.  

8.3.2. Developing Characterization Systems for Mixed Electrolytes  

The results of this research were all obtained within single electrolyte systems, i.e., the aqueous 

solutions used in this research only contain one type of electrolytes. However, IEMs are often exposed to 

systems containing mixed electrolytes. For example, ions such as Na+, Cl-, Mg2+, Br-, and NO3
- co-exist in 

sea water, and the IEMs used in RO or ED desalination processes are exposed to such mixed systems.5–7 

Moreover, in all vanadium redox flow batteries, at least seven different ions are presented in the system, 

i.e., V3+, V2+, VO2+, VO2
+, H+, SO4

2−and HSO4
−.8–10 The IEMs used in all vanadium redox flow battery system, 

will therefore be exposed to such system.  Developing fundamental characterization system to understand 

the separation and ion transport properties of IEMs in systems having mixed electrolytes will provide more 

accurate guidance on optimizing those electro-membrane systems.  

8.3.3. Research on Membrane Counter-ion Selectivity  

The entire scope of this research is related with the permselectivity properties of IEMs, i.e., the 

ability of an IEM to selectively transport counter-ions but exclude co-ions. However, another important 
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property of IEMs, the counter-ion selectivity, has not yet been explored. The counter-ion selectivity is 

defined as the ability of an IEM to selectively transport a certain ion from a group of ions containing charges 

of the same sign, e.g., K+ from the mixed group of K+ and Na+. The counter-ion selectivity is as critical as 

permselectivity in determining the performance of many electro-membrane systems, especially the water 

deionization efficiency of ED11–15 and the coulombic efficiency of RFB.9,16,17 Additional research on 

understanding and optimizing the counter-ion selectivity, is therefore necessary.  
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Appendix A:  List of Symbols 

Table A.1.  Nomenclature 

IEC Ion Exchange Capacity  

α Apparent Membrane Permselectivity 

𝑡𝑀
𝑚 Counter-ion Transport Number in Membrane Phase 

𝑡𝑀
𝑠  Counter-ion Transport Number in Solution Phase 

𝑡𝑋
𝑚 Co-ion Transport Number in Membrane Phase 

𝑡𝑋
𝑠  Co-ion Transport Number in Solution Phase  

𝑧𝑖 Valence of Ion i  

𝐷𝑖
𝑗
 Diffusivity of Ion i in phase j  

Mn Molecular Weight of Monomers and Polymers  

n Number of Repeating Units of Functional Groups of Polymer 

𝑘𝑋
𝑚 Co-ion Sorption Coefficient 

𝑐𝑋
𝑚 Co-ion Concentration in Membrane Phase 

𝑐𝑋
𝑠  Co-ion Concentration in Solution Phase 

𝛾±
𝑠  Averaged Ionic Activity Coefficient in Solution 

𝛾±
𝑚 Averaged Ionic Activity Coefficient in Membrane  

𝑐𝐴
𝑚 Membrane Fixed Charge Group Concentration 

𝑐𝑠
𝑠 Solution Concentration 

𝜉 Dimensionless Parameter of Counter-ion Condensation Model 

𝜆𝐵 Bjerrum Length  

b Distance Between Fixed Charge Groups on Polymer Chain 

e Elementary Charge 

𝜀0 Vacuum Permittivity  

𝜀𝑚(0) Constant Relative Permittivity of Membrane 

T Temperature 

X Ratio of Fixed Charge Group Concentration to Mobil Salt Concentration in Membrane 

∆Gi Free Energy Change of Moving an Ion from the Solution to the Membrane Phase 

∆Wi Born Solvation Energy  

𝜀𝑠𝑜𝑙(0) Constant Relative Permittivity of Solution 

𝛼𝑚
∗ (𝑖𝜔𝑛) Excess Polarizability of an Ion in the Membrane 

𝛼𝑠𝑜𝑙
∗ (𝑖𝜔𝑛) Excess Polarizability of an Ion in the Solution 

𝜀𝑚(𝑖𝜔𝑛) Frequency-dependent Relative Permittivity Function of the Membrane  

𝜀𝑠𝑜𝑙(𝑖𝜔𝑛) Frequency-dependent Relative Permittivity Function of the Solution  

ai Bare Ion Radius 

kw Water Sorption Coefficient in Membrane 

c1, c2 Numerical Parameters 

ρp Dry Density of Polymeric Membrane 

m1 Membrane Dry Mass in Air 

m2 Membrane Mass in Auxiliary Liquid 

ρ1 Density of Air   
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ρ2 Density of Auxiliary Liquid 

wu Membrane Water Uptake 

mwet Membrane Wet Mass 

mdry Membrane Dry Mass 

𝜙𝑤 Membrane Water Volume Fraction 

𝜌𝑤 Water Density 

vE Volume of Sodium Nitrate Used in Titration 

𝑐𝐸 Concentration of Sodium Nitrated Used in Titration 

δ Membrane Thickness 

𝑀𝑡 Concentration of Desorption Solution at Time t 

𝑀∞ Concentration of Desorption Solution at Infinite Time 

vd Volume of Desorption Solution 

vp Volume of Dry Membrane Sample 

Em Membrane Potential 

R Ideal Gas Constant 

F Faraday’s Constant 

𝑎±
𝑠𝐿 Ion Activity of the High Concentration Solution 

𝑎±
𝑠0 Ion Activity of the Low Concentration Solution 

Ex Electrical Potential 

Eoffset Electrode Offset Potential 

c0 Concentration of the Low Concentration Side of the Membrane 

cL Concentration of the High Concentration Side of the Membrane 

𝜎𝑚+𝑠
𝑠  Membrane Ionic Conductivity in Solution 

𝑅𝑚+𝑠 Resistance of Membrane and Solution 

𝑅𝑠 Resistance of Solution 

A Membrane Area  

𝜏 Solution Residence Time 

tdiff Diffusion Time Scale 

Vc Volume of the Permselectivity Measurement Chamber 

f Solution Flow Rate 

𝑘𝑋/𝑀
𝑚  Concentration Ratio of Co-ion Relative to Counter-ion in the Membrane Phase 

𝐷𝑋/𝑀
𝑚  Diffusivity Ratio of Co-ion Relative to Counter-ion in the Membrane Phase 
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Table A.2.  Subscripts and Superscripts 

X Co-ion 

M Counter-ion 

L High Concentration Side 

0 Low Concentration Side 

dry Dry Polymer 

wet Wet Polymer 

diff Diffusion  

A Fixed Charge Groups 

m Membrane 

p Polymer 

s Solution 

w Water 

vdw Van Der Waals  

hyd Hydration 
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Appendix B:  Supporting Information for Chapter 5 

B.1. Temperature and Concentration Dependence of Solution Phase Properties 

Calculation of the apparent permselectivity via Equation 5.1 relies on solution phase transport 

number and thermodynamic activity properties. These parameters are both inherently temperature and 

concentration dependent,1 and Table B1 reports the transport number and solution activity values that were 

used to calculate apparent permselectivity throughout this work. Additionally, Table B1 reports 

representative Em and apparent permselectivity data for the Selemion CMV membrane. The thermodynamic 

activity values in Table B1 were determined from activity coefficient data reported in the literature as a 

function of concentration and temperature, and the solution phase transport numbers at infinite dilution 

were determined using data reported in the literature as a function of temperature.1,2  

 
Table B.1.  Solution phase transport number and thermodynamic values used in the calculation of apparent 

permselectivity via Equation 5.1. Representative Em and apparent permselectivity data are shown for the Selemion 

CMV membrane. 

Temperature 

(oC) 

Transport 

Numbers at 

Infinite 

Dilution [ref] 

𝑎±
𝑠0 

(mol/L) [ref] 

𝑎±
𝑠𝐿 

(mol/L) [ref] 

𝑅𝑇

𝐹
ln (

𝑎±
𝑠0

𝑎±
𝑠𝐿) 

Em 

(mV) 

Apparent 

Permselectivity 

𝑡𝑀
𝑠  𝑡𝑋

𝑠  

14.0 0.392 0.608 0.0780 0.340 36.4 36.8±0.2 1.009±0.005 

17.2 0.394 0.606 0.0779 0.341 39.6 36.6±0.2 0.992±0.005 

21.0 0.395 0.605 0.0779 0.341 37.4 37.1±0.4 0.993±0.010 

26.0 0.397 0.603 0.0778 0.341 38.1 37.6±0.3 0.989±0.007 

31.0 0.399 0.601 0.0777 0.341 38.8 38.0±0.1 0.984±0.001 

 

The solution phase transport numbers at infinite dilution were used to calculate apparent 

permselectivity via Equation 5.1, and this approach neglects the transport number dependence on solution 

concentration. Concentration dependent transport number data for aqueous solutions of sodium chloride at 

25oC have been reported (Figure B.1a),3,4 and these data can be used to evaluate the influence of neglecting 

the concentration dependence of the transport numbers on apparent permselectivity (at a fixed temperature). 

Neglecting the concentration dependence of the solution phase transport numbers becomes a better 
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assumption as the apparent permselectivity of the membrane increases (Figure B.1b). Above a membrane 

potential of 29mV (an approximate apparent permselectivity of 0.81), the uncertainty that is contributed by 

this assumption is within 1%. The analysis also suggests that neglecting the concentration dependence of 

the solution phase transport numbers is likely not an explanation for permselectivity values that exceed 

unity because the influence of the concentration dependence of the solution phase transport numbers on the 

apparent permselectivity is smallest in the limit where membrane potential approaches the potential 

calculated using the Nernst equation (i.e., as the apparent permselectivity approaches unity).  

 

 

Figure B.1.  (a) Sodium transport numbers measured at 25oC (data points:  ) as a function of aqueous sodium 

chloride concentration (b) The influence of concentration dependence of solution phase transport numbers on apparent 

permselectivity calculation (via Equation 5.1) can be evaluated by defining the relative apparent permselectivity to be 

the apparent permselectivity value calculated at a specified salt concentration (either 0.1mol/L or 0.5mol/L) divided 

by the apparent permselectivity value calculated using the solution phase transport numbers at infinite dilution. The 

influence of the concentration dependence of the solution phase transport numbers on apparent permselectivity 

decreases as membrane potential increases (i.e., as apparent permselectivity increases)  

 

B.2. Error Propagation Analysis and Sample Calculation 

The contribution of uncertainty in the solution preparation process and the membrane potential 

measurement to the uncertainty in the apparent permselectivity were quantified using standard error 

propagation analysis applied to Equation 5.1.5 The apparent permselectivity is a function of the membrane 
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potential and solution phase thermodynamic activity values, i.e., 𝛼 = 𝑓(𝐸𝑚, 𝑎±
𝑆0, 𝑎±

𝑆𝐿). The uncertainty in 

the apparent permselectivity, ∆𝛼, can be written as:  

𝑆𝛼 = √(
𝜕𝑓

𝜕𝐸𝑚
)

2
∆𝐸2 + (

𝜕𝑓

𝜕𝑎±
𝑠0)

2

(∆𝑎±
𝑠0)

2
+ (

𝜕𝑓

𝜕𝑎±
𝑠𝐿)

2

(∆𝑎±
𝑠𝐿)

2
    (B.1) 

 

where ∆𝐸  describes the fluctuations in the measured membrane potential (cf. Figure 5.1), ∆𝑎±
𝑠0  is the 

uncertainty in the low concentration solution electrolyte activity, and ∆𝑎±
𝑠𝐿  is uncertainty in the high 

concentration solution electrolyte activity. The ∆ prefix is used throughout this discussion to represent the 

uncertainty in a variable. All error propagation analysis was performed relative to a base case apparent 

permselectivity measurement, which corresponded to the apparent permselectivity of Selemion CMV 

membrane at 21oC (cf. Table B.2):  

 
Table B.2.  Conditions used in the calculation. 

Temperature: 21oC 

High Concentration Solution: cL = 0.5mol/L NaCl; Low Concentration Solution: c0 = 0.1mol/L NaCl 

𝑎±
𝑠𝐿 = 0.341; 𝑎±

𝑠0 = 0.078 

𝑡𝑀
𝑠  = 0.395; 𝑡𝑋

𝑠  = 0.605 

Membrane Potential: Em = 37.1mV 

Membrane Apparent Permselectivity: α = 0.993 

 

B.2.1.  Error Propagation of the Solution Preparation Process  

To calculate the data reported in Figure 5.4A, the influence of ∆cL on ∆α was determined. For this 

analysis, ∆𝑎±
𝑠0 and ∆E was set equal to zero to isolate the influence of ∆cL (and, thus, ∆𝑎±

𝑠𝐿) on ∆α. Values 

of  ∆𝑎±
𝑠𝐿 were determined from a series of ∆cL values ranging from -0.075mol/L to 0.075mol/L (i.e., up to 

a ±15% deviation from cL  = 0.5mol/L) under the assumption that the change in the activity coefficient over 

the concentration range of 0.5mol/L ± 0.075mol/L, which was calculated to be approximately 1.1%, was 

negligible:  
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∆𝑎±
𝑠𝐿 ≈ 𝛾±

𝑠𝐿∆𝑐𝐿     (B.2) 

 

where 𝛾±
𝑠𝐿 is the mean ionic activity coefficient for the high concentration solution (taken to be 𝛾±

𝑠𝐿 = 0.682). 

Finally, values of ∆α were calculated using Equation B.1.  

For example, consider ∆cL = 0.025mol/L; then ∆𝑎±
𝑠𝐿  = 0.017 mol/L and ∆α = 0.0277 (using 

Equation B.1 and B.2). Because ∆cL > 0, this example is a case where the difference in concentration 

between the solutions on either side of the membrane increases, so in Figure 5.4A, the values from this 

example are presented as 1.05 on the horizontal axis and (α+∆α)/α = 1.03 on the vertical axis (the axes are 

normalized to the base case conditions described above).  

The data reported in Figure 5.4B were calculated similarly. In this case, the influence of ∆c0 on ∆α 

was determined. For this analysis, ∆𝑎±
𝑠𝐿 and ∆E were set equal to zero to isolate the influence of ∆c0 (and, 

thus, ∆𝑎±
𝑠0) on ∆α. Values of ∆𝑎±

𝑠0 were determined from a series of ∆c0 values ranging from -0.015mol/L  

to 0.015mol/L (i.e., up to a ±15% deviation from c0 = 0.1mol/L) under the assumption that the change in 

the activity coefficient over the concentration range of 0.1mol/L ± 0.015mol/L, which was calculated to be 

approximately 1.2%, was negligible:  

∆𝑎±
𝑠0 ≈ 𝛾±

𝑠0∆𝑐0     (B.3) 

 

where 𝛾±
𝑠0 is the mean ionic activity coefficient for the low concentration solution (taken to be 𝛾±

𝑠0 = 0.779). 

Finally, values of ∆α was calculated using Equation B.1.  

For example, consider ∆𝑐0  = 0.005mol/L, then ∆𝑎±
𝑠0  = 0.0039mol/L and ∆α = 0.0277 (using 

Equation B.1 and B.3). Because ∆𝑐0 > 0, this example is a case where the difference in concentration 

between the solutions on either side the membrane decreases, so in Figure 5.4B, the values from this 

example are presented as 1.05 on the horizontal axis and (α + ∆α) / α = 1.03 on the vertical axis (the axes 

are normalized to the base case conditions described above). In Figure 5.4B, the values from this example 
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are represented as 1.05 on the horizontal axis and 0.972 on the vertical axis (the axes are normalized to the 

base case conditions described above)  

The data reported in Figure 5.6 were calculated in an analogous fashion to the data reported in 

Figure 5.4. Similar to the examples given above, the values of ∆E and either ∆𝑎±
𝑠𝐿 or ∆𝑎±

𝑠0 (depending on 

which solution was being considered) were set equal to zero to isolate the effect of salt mass deviations on 

either the high or low concentration solution. Calculations were performed to determine to what extent the 

apparent permselectivity would be affected by 0mg to 100mg sodium chloride required to prepare 1L of 

the 0.1mol/L or 0.5mol/L sodium chloride solutions. For example, when ∆m was taken as 20mg, the 

corresponding values of ∆cL and ∆c0 were 0.0003mol/L. The analysis then proceeded as described above 

using Equation B.1, B.2 and B.3 to calculate ∆α values of 0.0003 and 0.0017 for the high and low 

concentration solutions, respectively. Finally, the absolute values of ∆α were normalized by α and reported 

in Figure 5.5.  

B.2.2.  Error Propagation of the Membrane Potential Measurement  

To calculate the data reported in Figure 5.6, the influence of ∆E on ∆α was determined. For this 

analysis, ∆𝑎±
𝑠𝐿 and ∆𝑎±

𝑠0 were set equal to zero to isolate the influence of ∆E on ∆α. Values of ∆E were 

chosen to be in the range of -0.4mV to 0.4mV (i.e., up to a ± 1.1% deviation from Em = 37mV), which was 

chosen to be a reasonable range based on experimentally observed fluctuations in the membrane potential 

measurement (cf. Figure 5.1). Finally, values of ∆α were calculated using Equation B.1.  

For example, when ∆E = 0.185mV then ∆α = 0.0041 (using Equation B.1). In Figure 5.6, the values 

from this example are represented as 1.005 on the horizontal axis and 1.004 on the vertical axis (the axes 

are normalized to the base case conditions described above). Similar to the analysis described above for the 

data shown in Figure 5.6, values of ∆E > 0 result in increases in permselectivity, while values of ∆E < 0 

result in decreases in permselectivity.  
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Appendix C:  Supporting Information for Chapter 6 

C.1. Discussion on the Influence of Co-Ion Sorption and Diffusion on Permselectivity 

Co-ion sorption and diffusion in the membrane phase can be described using the co-ion sorption 

coefficient, 𝐾𝑋
𝑚, and the co-ion diffusion coefficient, 𝐷𝑋

𝑚, respectively. The sorption coefficient is defined 

generally as the ratio of the concentration of i in the membrane phase divided by the concentration of i in 

the solution phase, i.e., 𝑘𝑖
𝑚 ≡ 𝑐𝑖

𝑚 𝑐𝑖
𝑠⁄ . Combining Equations 2.1 and 2.2 (from the main text) with the 

definition of 𝑘𝑖
𝑚 illustrates the effect of the co-ion sorption and diffusion coefficients on permeability:  

𝛼 = 1 −
𝑘𝑋

𝑚𝐷𝑋 𝑀⁄
𝑚 (1+

1

𝐷𝑋 𝑀⁄
𝑠 )

𝑘𝑋
𝑚𝐷𝑋 𝑀⁄

𝑚 +𝑘𝐴
𝑚+𝑘𝑋

𝑚      (C.1) 

 

where 𝐷𝑋 𝑀⁄
𝑗

 is defined as the ratio of the co-ion diffusion coefficient, 𝐷𝑋
𝑗
, to the counter-ion diffusion 

coefficient, 𝐷𝑀
𝑗

 (i.e., 𝐷𝑋 𝑀⁄
𝑗

= 𝐷𝑋
𝑗

𝐷𝑀
𝑗

⁄ ). Additionally, the subscript A refers to fixed charges in the polymer. 

Increases in co-ion sorption and diffusion coefficients cause a reduction in the apparent 

permselectivity (Figure C.1). This observation is consistent with the physical picture that both increased 

co-ion sorption and diffusivity are expected to enhance co-ion transport through the polymer. As such, 

understanding specific co-ion sorption and diffusion properties may be critical for understanding and 

ultimately controlling the ion specific apparent permselectivity properties of ion exchange membranes. 
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Figure C.1. Apparent permselectivity decreases with increasing 𝐾𝑋
𝑚  and increasing 𝐷𝑋 𝑀⁄

𝑚  as calculated using 

Equation C.1. The lines of constant sorption coefficient were calculated by taking 𝐷𝑋 𝑀⁄
𝑠  to be 0.54 (determined using 

sodium chloride diffusion coefficient values at infinite dilution1), 𝑐𝐴
𝑚 to be 3.0 eq/L(swollen polymer) (a typical value 

for CEMs2), and 𝑐𝑠
𝑠 to be 0.5 mol/L as this was one of the concentrations used in the experiments. 

 

C.2. Membrane Permselectivity Data Analysis 

Table C.1.  Representative Em and α values for XLAMPS. The measurements were made at room temperature 

(23±2oC), and the permselectivity, α was calculated at 23oC. The transport numbers were calculated using counter-ion 

and co-ion diffusion coefficients in aqueous solution at infinite dilution and 25oC.1 The activity coefficients were 

calculated using Pitzer’s model.3 

Electrolyte T (oC) 

Transport Numbers at 

Infinite Dilution 𝑎±
𝑠𝑜 

(0.1 mol/L) 

𝑎±
𝑠𝐿 

(0.5 mol/L) 

𝐸𝑚 

(mV) 
𝛼 

𝑡𝑀
𝑆  𝑡𝑥

𝑆 

NaCl 23 0.396 0.604 0.0776 0.340 34.0±0.4 0.918±0.009 

NaBr 23 0.398 0.602 0.0781 0.348 32.8±0.6 0.884±0.012 

NaNO3 23 0.412 0.588 0.0758 0.308 31.8±0.7 0.906±0.016 

NaClO4 23 0.426 0.574 0.0774 0.334 30.4±1.3 0.838±0.029 

 

C.3. Influence of Junction Potentials on Apparent Permselectivity  

The influence of electrochemical junction potentials on apparent permselectivity values has 

recently been reported. Due to the non-chloride nature of the electrolytes used in this study, it was not 

possible to eliminate the effect of the junction potentials from the measurement. The junction potentials, 
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however, were estimated using a theoretical method based on the Henderson Equation.4 The estimated 

junction potentials reduce the measured membrane potential by 2.2, 2.4, 1.6, and 1.4 mV for the sodium 

chloride, bromide, nitrate, and perchlorate electrolytes, respectively. As such, incorporating the estimated 

junction potentials into the apparent permselectivity calculation reduces the absolute value of the measured 

apparent permselectivity. The ion specific effects, however, are not significantly affected by incorporating 

the estimated junction potential values (Figure C.2). 

 

 

Figure C.2.  Apparent permselectivity values for the three CEMs without incorporating an estimated liquid junction 

potential (A) and with incorporating an estimated liquid junction potential (B). The liquid junction potential was 

estimated using a theoretical approach based on the Henderson Equation. 

 

C.4. Mean Ionic Activity Coefficients in the Membrane Phase 

The measured equilibrium salt sorption coefficient data were combined with solution mean ionic 

activity values to determine the mean ionic activity coefficients for the electrolyte sorbed in the polymer 

𝛾±
𝑚 as:5  

𝛾±
𝑚 = (𝛾𝑀

𝑚𝛾𝑋
𝑚)1 2⁄ = (

(𝛾±
𝑠 )

2
(𝑐𝑠

𝑠)2

𝑐𝑀
𝑚𝑐𝑋

𝑚 )
1 2⁄

     (C.2) 
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where 𝛾𝑖
𝑗
 and 𝑐𝑖

𝑗
 are the activity coefficient and concentration, respectively, of ion, i, in phase j, 𝛾±

𝑠  is the 

mean ionic activity coefficient of the electrolyte in solution (calculated using the Pitzer model), M refers to 

the counter-ion, X refers to the co-ion, m refers to the membrane phase, s refers to the solution phase, and 

m,w denotes the membrane phase concentration on the volume of sorbed water basis. The co-ion 

concentration in the membrane phase was measured experimentally, and the counter-ion concentration in 

the membrane phase was determined using the measured co-ion concentration and the fixed charge 

concentration in the polymer, 𝑐𝐴
𝑚 , which was determined from the ion exchange capacity, IEC, of the 

material as:6,7 

𝑐𝑀
𝑚 = 𝑐𝐴

𝑚 + 𝑐𝑋
𝑚 = (

IEC

𝑤𝑢
𝜌𝑤) + 𝑐𝑋

𝑚  (C.3) 

 

The measured values of 𝑐𝑋
𝑚 and the calculated values of 𝑐𝑀

𝑚, 𝛾±
𝑠 , and 𝛾±

𝑚 are reported in Table C.2 

for both of the external electrolyte solution concentrations (0.1 and 0.5 mol/L) used in this study. 

 
Table C.2.  Concentrations of co-ions and counter-ions in the XLAMPS membrane phase, solution phase mean 

ionic activity coefficients, and membrane phase mean ionic activity coefficients for the four electrolytes and two 

external solution concentrations (0.1 and 0.5 mol/L) used in this study. 

Electrolytes 

Membrane Phase Co-

ion 

Concentration, 𝑐𝑋
𝑚 

(mol/L (water)) 

Membrane Phase 

Counter-ion 

Concentration, 𝑐𝑀
𝑚 

(mol/L (water)) 

Solution Phase Mean 

Ionic Activity 

Coefficient, 𝛾±
𝑠  

Membrane Phase 

Mean Ionic Activity 

Coefficient, 𝛾±
𝑚 

0.1 mol/L 0.5 mol/L 0.1 mol/L 0.5 mol/L 0.1 mol/L 0.5 mol/L 0.1 mol/L 0.5 mol/L 

NaCl 0.004 0.080 1.364 1.440 0.776 0.680 1.051 1.002 

NaBr 0.010 0.151 1.370 1.511 0.781 0.696 0.664 0.728 

NaNO3 0.012 0.153 1.372 1.513 0.758 0.616 0.594 0.641 

NaClO4 0.046 0.546 1.406 1.906 0.774 0.668 0.305 0.327 

 

C.5. Estimation of the Manning’s Parameter for XLAMPS 

The dimensionless parameter, 𝜉, was needed to use Manning’s counter-ion condensation theory. 

To calculate 𝜉 for XLAMPS, the dielectric constant of the hydrated membrane, 𝜀𝑚(0), and the distance 

between fixed charge groups on the polymer chain, b, were needed (Equation 3.4 in the main text). The 

value of 𝜀𝑚(0), i.e., the constant relative permittivity of the hydrated polymer, was taken to be 40 using an 
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empirical method that relates polymer water content with polymer dielectric constant.8 The distance 

between fixed charges, b, was estimated based on the composition and the structure of the polymer.   

XLAMPS is a crosslinked network, and fixed charge groups (on the AMPS monomer) can be 

located on different nodes of the network (Figure C.3). The fixed charge groups are connected by the 

crosslinker. For each fixed charge group, the adjacent fixed charge group can be attached on node A, B or 

C (Figure C.3). The likelihood of forming these three configurations was assumed to be equivalent as 

information to the contrary is not presently available. The final length of the repeat unit, L, was taken to be 

the average of these three configurations.   

 

 

Figure C.3.  Schematic illustration of the XLAMPS network structure. 

 

In configuration A, there are four C-C covalent bonds between the two charged AMPS groups. 

Manning’s theory assumes that the polymer is an infinitely long line charge, which requires the charged 

groups to be projected onto the polymer backbone (i.e., the two starred positions in Figure C.3) for the 

purpose of the calculation. In this situation, the length L is equal to the straight-line distance between the 

two starred positions, and it can be calculated using the number of C-C bonds, the C-C covalent bond length, 

l, and the bond angle, 𝜃: 
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𝐿 = 𝑛𝑙sin
𝜃

2
    (C.4) 

 

where l is 1.53 Å, 𝜃 is 109.5o for sp3 hybridized C-C covalent bond,9 and b was calculated to be 5.0 Å for 

configuration A.  

The estimation methods used for configuration B and C were the same as that use for configuration 

A. In configurations B and C, C-O and C=O bonds are also involved. The C-O bond length is 1.42 Å,9 and 

the bond angle for the sp3 hybridized C-O covalent bond is 109.5o. The sp2 hybridized C=O bond angel is 

120o.  

The depiction of XLAMPS in Figure C.3 does not reflect the specific chemical composition of the 

material. In XLAMPS, the molar ratio of uncharged crosslinker, PEGDA (n=10), and charged monomer, 

AMPS, was determined to be 1.3, i.e., the network contains 1.3 uncharged crosslinker molecules per 

charged monomer. Assuming that AMPS and PEGDA are evenly distributed in the final XLAMPS material, 

there are an average of 2.3 crosslinker molecules between each charged group. The value of b was 

calculated as the product of number of crosslinker molecules between fixed charge groups (i.e., 2.3) and 

the length, L, i.e. b = 2.3L. The calculated values of L and b are presented in Table C.3.  

 
Table C.3.  Estimation of b and 𝜉. The bond lengths were obtained from the literature.9 

Configuration Types 

Bond Type 
L 

(Å) 

Average L 

(Å) 

b 

(Å) 
𝜉 𝜃 = 109.5o 

l = 1.53Å 

𝜃 = 109.5o 

l = 1.42Å 

𝜃 = 120o 

l = 1.53Å 

𝜃 = 120o 

l = 1.42Å 

n in Configuration A 4 0 0 0 5.0 

33.8 77.4 0.18 n in Configuration B 22 13 2 2 47.7 

n in Configuration C 22 14 2 2 48.8 

 

 

C.6. Modeling Parameters  

To calculate the electrostatic energy using Born model, the ion radius, 𝑎𝑖, static dielectric constant 

of the membrane, 𝜀𝑚(0), and static dielectric constant of the solution, 𝜀𝑠𝑜𝑙(0), must be evaluated. The ion 
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radius, 𝑎𝑖, was taken as the bare ionic radius.1 The static dielectric constant, 𝜀𝑚(0), of XLAMPS was taken 

as 40, using an empirical water volume fraction-based relationship based on measurements made using 

Nafion®.8,10 The static dielectric constants of the electrolyte solutions (Table C.5) were obtained from the 

literature. 

 
Table C.4.  Static dielectric constant, 𝜀𝑠𝑜𝑙(0), values at 20oC for the solutions used in this study.11,12 

Solutions 
NaCl NaBr NaNO3 NaClO4 

0.1M 0.5M 0.1M 0.5M 0.1M 0.5M 0.1M 0.5M 

𝜀𝑠𝑜𝑙(0) 76 72 75 70 77 73 71 66 

 

To calculate the dispersion energy, ∆𝐷𝑖 , the frequency-dependent relative permittivity for the 

solution, 𝜀𝑠𝑜𝑙(𝑖𝜔𝑛) , frequency-dependent excess ionic polarizability in the membrane and solution, 

𝛼𝑚
∗ (𝑖𝜔𝑛)  and 𝛼𝑠𝑜𝑙

∗ (𝑖𝜔𝑛) , respectively, and the frequency-dependent membrane relative permittivity, 

𝜀𝑚(𝑖𝜔𝑛), must be known for frequencies greater than 1.23×1014 Hz.13–16 

The function 𝜀𝑠𝑜𝑙(𝑖𝜔𝑛) of all solutions were taken as that for water, 𝜀(𝑖𝜔𝑛),17 due to the lack of 

available data for electrolyte solutions at different concentrations. This approximation therefore potentially 

neglects ion-specific properties of the external solution.  

The frequency-dependent excess ionic polarizability in the membrane, 𝛼𝑚
∗ (𝑖𝜔𝑛), and in solution, 

𝛼𝑠𝑜𝑙
∗ (𝑖𝜔𝑛), were both modeled as the ionic excess polarizability in water, 𝛼∗(𝑖𝜔𝑛). This approximation was 

made due to the lack of ionic polarizability data measured in different solvents or polymers.13 The function 

𝛼∗(𝑖𝜔𝑛) can be evaluated using a single oscillator model with a single co-ion specific adsorption frequency, 

𝜔𝐼, using the London approximation:13 

𝛼∗(𝑖𝜔𝑛) =
𝛼∗(0)

1+𝜔𝑛
2 𝜔𝐼

2⁄
     (C.5) 

 

where 𝛼∗(0) is the static ionic excess polarizability, 𝜔𝐼 is the ionic single adsorption frequency 

that can be calculated from the first ionization potential of the co-ion.1 The bare ionic radii, 𝑎𝑖, used to 
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calculate electrostatic and dispersion energy values and the 𝛼∗(0) and 𝜔𝐼  values used to calculate the 

dispersion energy are given in Table C.6.  

 
Table C.5.  Ion properties used to calculate the electrostatic and dispersion energy values 

Ions ai (Å)1 𝛼∗(0) (Å3)18 𝜔𝐼  (1016 Hz)18 

Cl− 1.81 3.40 1.97 

Br− 1.96 4.63 1.79 

NO3
− 1.79 4.92 1.58 

ClO4
− 2.20 5.14 2.13 

 

The frequency-dependent membrane relative permittivity, 𝜀𝑚(𝑖𝜔𝑛), was modeled using a single 

oscillator model, which is a typical approach for hydrocarbon films:19 

𝜀𝑚(𝑖𝜔𝑛) = 1 +
𝜀𝑚

∗ (0)

1+(
𝜔𝑛

1016⁄ )
      (C.6) 

 

where 1016 is a typical approximation of the adsorption frequency for hydrocarbon membranes,19 and 𝜀𝑚
∗ (0) 

is the relative permittivity of the membrane in the optical frequency range (i.e., optical dielectric constant). 

The value of 𝜀𝑚
∗ (0) can be determined using the refractive index n of the membrane:19 

𝜀𝑚
∗ (0) = 𝑛2        (C.7) 

 
The refractive index n in the optical frequency range can be calculated from measured reflectivity 

values, ℛ, using the formula:20 

𝑛 =
1+√ℛ

1−√ℛ
        (C.8) 

 
The reflectivity of a film-shaped sample in the optical frequency range was obtained using UV-vis 

spectroscopy. A Lambda 950s UV/Vis/NIR with an integrating sphere (Perkin Elmer) was used to measure 

the XLAMPS reflection spectrum. Samples for these measurements were equilibrated with DI water and 

cut into circular coupons with a diameter of 1.9 cm. Samples were removed from DI water, wiped quickly 

to remove surface water, and loaded into the instrument to collect four independent spectra. The spectra 



121 

 

were measured over a wavelength range of 400 nm to 700 nm, and the scanning speed was 4.44 nm/s. The 

reflectivity was taken as the average value within this wavelength range, and n and 𝜀𝑚
∗ (0) were calculated 

as described above. The reported value of 𝜀𝑚
∗ (0) was an average of three measurements, and the uncertainty 

was taken as one standard deviation from the mean. The n and 𝜀𝑚
∗ (0) from the three measurements were 

presented in detail in next section. 

C.7. UV-Vis Spectroscopy for XLAMPS 

A Lambda 950s UV/Vis/NIR with an integrating sphere (Perkin Elmer) was used to measure the 

XLAMPS reflection spectrum. Samples for these measurements were equilibrated with DI water and cut 

into circular coupons with a diameter of 1.9 cm. Samples were removed from DI water, wiped quickly to 

remove surface water, and loaded into the instrument to collect four independent spectra. The spectra were 

measured over a wavelength range of 400 nm to 700 nm, and the scanning speed was 4.44 nm/s. The 

reflectivity was taken as the average value within this wavelength range, and n and 𝜀𝑚
∗ (0) were calculated 

as described in the main text. The reported value of 𝜀𝑚
∗ (0) was an average of three measurements, and the 

uncertainty was taken as one standard deviation from the mean. The refractive index n and optical dielectric 

constant, 𝜀𝑚
∗ (0), of XLAMPS were measured and the data from the three measurements are shown in 

Figure C.4. 

The values of 𝜀𝑚
∗ (0) were determined by averaging over the measurements made at wavelengths 

ranging from 400 to 700 nm. The values from each measurement (i.e., first, second and third) were 3.1±0.1, 

2.83±0.04 and 3.0±0.1, respectively. The values were averaged and standard error propagation was used to 

arrive at the value of 𝜀𝑚
∗ (0) = 3.0±0.1. 
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Figure C.4.  Refractive index, n, for the first ( ), second ( ), and third measurements ( ), and optical relative 

permittivity, 𝜀𝑚
∗ (0), for the first ( ), second ( ), and third measurements ( ). The first measurement was conducted 

in a different instrument than the second and third measurements. 

 

C.8. Discussion of the Diffusion Assumption 

The measured effective salt diffusion coefficient in XLAMPS, 𝐷𝑠
𝑚, is related to the individual 

counter-ion and co-ion diffusion coefficients, 𝐷𝑀
𝑚 and 𝐷𝑋

𝑚 respectively, using the Nernst-Planck equation 

and a charge balance that reflects the charged nature of this cation exchange material:6 

𝐷𝑠
𝑚 =

𝐷𝑀
𝑚𝐷𝑋

𝑚(𝑐𝑀
𝑚+𝑐𝑋

𝑚)

𝐷𝑀
𝑚𝑐𝑀

𝑚+𝐷𝑋
𝑚𝑐𝑋

𝑚   (C.9) 

 

When the concentration of counter-ions (cations) in the polymer is much greater than the concentration of 

co-ions in the polymer (i.e., 𝑐𝑀
𝑚 ≫ 𝑐𝑋

𝑚), the effective salt diffusion coefficient in the membrane phase 

approaches that of the co-ion, i.e., 𝐷𝑠
𝑚 ≈ 𝐷𝑋

𝑚 .21 In many circumstances of practical interest, this 

approximation is reasonable for cation exchange materials since the concentration of counter-ions in the 

polymer often exceeds that of the co-ions by a substantial factor. 

In the XLAMPS materials, the concentrations of counter-ions in the membrane, 𝑐𝑀
𝑚, are at least one 

order of magnitude greater than the concentration of co-ions in the membrane, 𝑐𝑋
𝑚, for sodium chloride, 
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bromide, and nitrate (Table C.6). These results suggest that 𝑐𝑀
𝑚 ≫ 𝑐𝑋

𝑚 is a good assumption for XLAMPS 

exposed to these three electrolytes at the two concentrations considered.  

 
Table C.6.  The values of 𝑐𝑀

𝑚/𝑐𝑋
𝑚 for XLAMPS in equilibrium with either 0.1 or 0.5 mol/L aqueous solution of the 

four electrolytes considered. 

Electrolyte 
𝑐𝑀

𝑚,𝑝
/𝑐𝑋

𝑚,𝑝
 

0.1 mol/L 0.5 mol/L 

NaCl 407 18 

NaBr 136 10 

NaNO3 115 10 

NaClO4 31 4 
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Appendix D:  Supporting Information for Chapter 7 

D.1. Estimating Van der Waals Volume 

The van der Waals volume of fixed charge groups were estimated using an empirical method 

adapted from the literature.1 According to this method, the van der Waals volume of an organic molecule 

can be calculated by considering contributions from the atoms, bond and ring structure composing the 

molecule. Therefore, the van der Waals volume (Å3/molecule) can be calculated from this following 

formula:  

𝑉𝑣𝑑𝑤 = ∑ all atom contributions – 5.92𝑁𝐵 – 14.7𝑅𝐴– 3.8𝑅𝑁𝐴 (D.1) 

 

where the ∑ all atom contributions is the sum of van der Waals volume of all atoms included in a molecule, 

NB is the total number of bonds regardless of bond type, 𝑅𝐴 is the number of aromatic rings, and 𝑅𝑁𝐴 is the 

total number of non-aromatic rings.  

The “all atom contributions” terms indicates the sum of the individual van der Waals volume of 

atoms included in a molecule and such values are available in the literature.1 To estimate the van der Waals 

volume of trimethyl ammonium and 1,4-dimethyl imidazolium groups, the total number, bonds and rings 

in the two groups are counted and used in the calculation. The calculation procedures can be illustrated 

using Table D.1: 

 
Table D.1.  Estimation of van der Waals volume of the two fixed charge groups. The “H”, “C” and “N” in the 

Component column indicates hydrogen, carbon and nitrogen atom, respectively. The Contribution column was 

calculated using the number of components and the contribution from a single component. The contribution of a single 

component, i.e., atom, bond or ring was obtained from literature.1  

Trimethyl Ammonium 1,4-Dimethyl Imidazolium 

Component Number Contribution (Å3) Component Number Contribution (Å3) 

H 9 65.2 H 8 57.9 

C 3 61.7 C 5 102.9 

N 1 15.6 N 2 31.2 

Bonds 12 -71.0 Bonds 15 -88.8 

Aromatic Rings 0 0 Aromatic Rings 0 0 

Non-aromatic Rings 0 0 Non-aromatic Rings 1 -3.8 

Vvdw 71.5 Vvdw 99.4 

 



126 

 

D.2. Influence of Junction Potential on Apparent Permselectivity 

The junction potential can be estimated using the Henderson Equation,2 as discussed in Appendix 

C.3 already. The calculation of junction potential will be skipped here. The membrane apparent 

permselectivity results considering junction potential are presented in Figure D.1:  

 

 

Figure D.1.  Apparent permselectivity of the two AEMs measured using 0.5 mol/L aqueous solutions of (A) lithium 

chloride, sodium chloride and ammonium chloride (i.e., different co-ions) and (B) sodium chloride, sodium bromide 

and sodium nitrate (i.e., different counter-ions) under 25oC. The membrane junction potentials were calculated using 

the Henderson Equation and incorporated in the results.  

 

Figure D.1 can be compared with Figure 7.2 to draw conclusions on the effects of junction potential 

on apparent permselectivity of the two AEMs. First of all, junction potential correction reduced membrane 

permselectivity values for both membranes and all electrolytes considered relative to their values in the 

absence of the correction. Second, including the junction potential correction enlarged the difference in the 

permselectivity values of both membranes measured using electrolytes with a common counter-ions, i.e., 

lithium chloride, sodium chloride and ammonium chloride. Third, junction potential correction affected the 

difference in permselectivity for both membranes measured using electrolytes with a common co-ion, i.e., 

sodium chloride, sodium bromide and sodium nitrate to a lesser extent than what permselectivity was 

measured using electrolytes with a common counter-ion.  
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D.3. Magnitude of Influence of Concentration and Diffusion Ratios on Permselectivity 

The 𝑘𝑋 𝑀⁄
𝑚 , 𝐷𝑋 𝑀⁄

𝑚  and 𝐷𝑋 𝑀⁄
𝑠  values associated with different electrolyte solutions all affect 

membrane permselectivity, but the influence of each term on permselectivity is different. The subsequent 

analysis was done to determine the magnitude of the effect resulting from each factor:  

• Calculations were done based on Equation 1.  

• The base scenario:  

o 𝑐𝐴
𝑚 = 3 mol/L (water sorbed)  

o 𝑘𝑋 𝑀⁄
𝑚  = 0.162 (calculated using ideal Donnan exclusion with external solution 

concentration = 0.5 mol/L) 

o 𝐷𝑋 𝑀⁄
𝑠 = 0.66 (calculated using the ion diffusivity of sodium and chloride in aqueous 

solution of infinite dilution)  

o 𝐷𝑋 𝑀⁄
𝑚 = 0.66 (assuming the sodium and chloride diffusion was suppressed to the same 

extent in membrane)  

• Starting from the base scenario, we calculated the relative change in permselectivity as 𝑘𝑋 𝑀⁄
𝑚 , 

𝐷𝑋 𝑀⁄
𝑚  or 𝐷𝑋 𝑀⁄

𝑠  were varied.  

• Results were presented in Figure D.2. Compared with the base scenario:  

o Permselectivity reduced by 5.7% when 𝑘𝑋 𝑀⁄
𝑚  increased by 20% 

o Permselectivity reduced by 1.9% when 𝐷𝑋 𝑀⁄
𝑚  increased by 20% 

o Permselectivity increased by 3.2%when 𝐷𝑋 𝑀⁄
𝑚  increased by 20% 

o Changes in 𝑘𝑋 𝑀⁄
𝑚  have the most pronounced effect on permselectivity. 
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Figure D.2.  Membrane permselectivity decreases with increasing 𝑘𝑋 𝑀⁄
𝑚  or 𝐷𝑋 𝑀⁄

𝑚 but increases with increasing 𝐷𝑋 𝑀⁄
𝑠 , 

according to Equation 7.1. 
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