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Effects of Fixed Charge Group Physicochemistry on Anion Exchange 
Membrane Permselectivity and Ion Transport
Yuanyuan Ji,a Hongxi Luo a and Geoffrey M. Geise *a

Understanding the effects of polymer chemistry on membrane ion transport properties is critical for enabling efforts to 
design advanced highly permselective ion exchange membranes for water purification and energy applications. Here, the 
effects of fixed charge group type on anion exchange membrane (AEM) apparent permselectivity and ion transport 
properties were investigated using two crosslinked AEMs. The two AEMs, containing a similar acrylonitrile, styrene and 
divinyl benzene-based polymer backbone, had either trimethyl ammonium or 1,4-dimethyl imidazolium fixed charge groups. 
Membrane deswelling, apparent permselectivity and ion transport properties of the two AEMs were characterized using 
aqueous solutions of lithium chloride, sodium chloride, ammonium chloride, sodium bromide and sodium nitrate. Apparent 
permselectivity measurements revealed a minor influence of the fixed charge group type on apparent permselectivity. 
Further analysis of membrane swelling and ion sorption, however, suggests that less hydrophilic fixed charge groups more 
effectively exclude co-ions compared to more hydrophilic fixed charge groups. Analysis of ion diffusion properties suggest 
that ion and fixed charge group enthalpy of hydration properties influence ion transport, likely through a counter-ion 
condensation, ion pairing or binding mechanism. Interactions between fixed charge groups and counter-ions may be 
stronger if the enthalpy of hydration properties of the ion and fixed charge group are similar, and suppressed counter-ion 
diffusion was observed in this situation. In general, the hydration properties of the fixed charge group may be important for 
understanding how fixed charge group chemistry influences ion transport properties in anion exchange membranes.

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.1-4 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).2, 3 Due to their ability to selectively transport 
specific ions, 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.3-8 Emerging technologies 
and/or applications introduce separation challenges whereby 
IEMs may be exposed to aqueous electrolyte solutions 
containing a variety of ions that are different from the 
traditionally and widely-studied sodium and chloride ions. For 
example, ED or MCDI processes have been considered for 
deionization of increasingly contaminated water containing 
iron,9 chromium,10 copper,11 cadmium,12 fluoride,13 nitrate,5 

perchlorate,14 sulfate,5 and barium15 ions. To realize efficient 
water purification and energy production using membrane-
based technologies, IEMs must maintain high apparent 
permselectivity properties upon exposure to the specific ions of 
interest.5, 7

Efforts have been made to engineer membrane apparent 
permselectivity for specific ions, and most of these efforts have 
focused on engineering IEM polymer chemistry using two broad 
approaches.16, 17 The first approach includes membrane surface 
chemistry modifications,16 such as enhancing the degree of 
crosslinking on the membrane surface or creating a dense and 
neutral surface layer,18 creating oppositely charged surface 
layers,19-23 or creating “layer-by-layer” structures.23-25 Several of 
these approaches appear to be effective in enhancing 
membrane selectivity between ions of different size or 
valence.18 For example, increasing the degree of crosslinking (or 
otherwise densifying) the membrane surface may result in 
increased ion selectivity via a mechanism that differentiates 
ions based, typically, on hydrated radii.18 Alternatively, 
selectivity between ions of different valence can be achieved by 
creating oppositely charged surface layers or “layer-by-layer” 
structures to leverage different extents of electrostatic 
exclusion.23

The second approach includes fixed charge group chemistry 
modifications.16 The most commonly used anionic fixed charge 
group in CEMs is the sulfonate group,26 but other anionic 
groups, e.g., carboxylic acid, phosphonic acid, boric acid, and 
phenolic acid, have been studied.18, 27, 28 For example, boric acid 
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groups, in contrast to sulfonic acid groups, did not remarkably 
enhance selectivity between alkaline earth metal cations and 
sodium ions.28 Alternatively, CEMs with phosphoric acid groups 
appear to be more effective at separating like-valent cations 
than CEMs with sulfonic acid groups.27 A larger library of 
cationic fixed charge groups can be used to prepare AEMs, e.g., 
quaternary ammonium, quaternary phosphonium, 
quinuclidinium-based quaternary ammonium, imidazolium, 
pyridinium, and pentamethyl guanidinium groups. The 
influence of cationic fixed charge groups on AEM properties has 
been investigated primarily for alkaline fuel cell applications, 
and less attention has been given to aqueous electro-
membrane applications. Therefore, this study aims to 
understand the influence of cationic fixed charge group type on 
AEM performance for aqueous electro-membrane separations.

Here, we studied the influence of cationic fixed charge group 
type on AEM apparent permselectivity and ion transport 
properties. Two acrylonitrile, styrene and divinyl benzene-
based, crosslinked AEMs containing similar polymer backbones 
but different cationic fixed charge groups (i.e., either trimethyl 
ammonium, TMA, or 1,4-dimethyl imidazolium, DMI) were 
synthesized and studied. Apparent permselectivity and 
counter- and co-ion transport properties were characterized 
using electrolytes containing different counter-ions (i.e., 
sodium chloride, sodium bromide and sodium nitrate) or 
different co-ions (i.e., lithium chloride, sodium chloride and 
ammonium chloride).

The transport property differences, arising from differences in 
the fixed charge group and differences in the electrolytes 
exposed to the membranes, were analyzed and hypothesized to 
correlate with the physicochemical properties of membrane 
fixed charge groups (i.e., bulkiness and hydrophilicity) and ions 
(i.e., size and hydrophilicity). This hypothesis was based on the 
observation that fixed charge group bulkiness and 
hydrophilicity lead to specific interactions between ions and 
fixed charge sites in colloid, surfactant and biological systems. 
Overall, results from this study quantify the influence of fixed 
charge group chemistry on the apparent permselectivity 
properties of AEMs and provided insight into how fixed charge 
group chemistry influences ion transport.

2. Materials and Methods
2.1. Polymers

2.1.1. Structure

The polymer backbone of the two AEMs considered in this study was 
composed of styrene, acrylonitrile, divinyl benzene and styrene-
based monomers (Figure 1). The composition of these monomers 
was controlled to be equivalent during the synthesis processes 
(described in Section 2.1.2). As such, the only expected significant 
difference between the two AEMs is the fixed charge group type. The 
two AEMs were named “PVBAN-TMA[X]” and “PVBAN-DMI[X]” 
(where “PVBAN” reflects the styrene (poly(vinyl benzene)) and 
acrylonitrile content of the material) and “TMA” or “DMI” specifies 
the fixed charge group: trimethyl ammonium (TMA) or 1,4-dimethyl 
imidazolium (DMI). The nomenclature “[X]” indicates that the 
membrane is in the X counter-ion form.

2.1.2. Synthesis

Unless otherwise noted, reagents/monomers were obtained from 
Sigma-Aldrich. Styrene (catalog number S4972), acrylonitrile (catalog 
number 110213), (vinylbenzyl)trimethylammonium chloride (catalog 
number 458694) and 1,2-dimethyl-3-(4-vinylbenzyl)imidazolium 
chloride  were used as monomers. Divinylbenzene (catalog number 
414565) was used as the crosslinker, and benzoin ethyl ether (catalog 
number 172006) was used as the photoinitiator.29 Synthesis of 1,2-
dimethyl-3-(4-vinylbenzyl)imidazolium chloride is described in 
Section S1 of the Supplementary Information. Inhibitors were 
removed from the vinyl monomers by using a tert-butylcatechol 
inhibitor remover (catalog number 311340).

The two AEMs were prepared via a photo-initiated crosslinking 
process.30, 31 The reagent mixture used to prepare PVBAN-TMA[Cl] 
contained 0.20g styrene, 0.60g acrylonitrile, 0.24g 
(vinylbenzyl)trimethylammonium chloride, 0.041g divinyl benzene 
and 0.04g benzoin ethyl ether. The reagent mixture used to prepare 
PVBAN-DMI[Cl] contained 0.20g styrene, 0.60g acrylonitrile, 0.29g 
1,2-dimethyl-3-(4-vinylbenzyl)imidazolium chloride, 0.044g divinyl 
benzene and 0.04g benzoin ethyl ether. As such, for both AEMs, the 
composition (by mass) of styrene and acrylonitrile, 
(vinylbenzyl)trimethyl ammonium chloride or 1,2-dimethyl-3-(4-
vinylbenzyl)imidazolium chloride, divinyl benzene, and benzoin ethyl 
ether was approximately 70%, 24%, 4% and 2%, respectively.

To obtain a transparent homogeneous solution, 1g (total monomer) 
was mixed and ultrasonicated with 1.6g (dimethyl sulfoxide (DMSO)). 
Then, this solution was confined between two quartz plates to form 
a liquid film, and spacers were used to control the separation of the 
plates and, ultimately, the membrane thickness,32 The solution was 

Figure 1.  Polymer structure and nomenclature for the two anion exchange membranes (AEMs) considered in this study.
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cured by irradiation with 120 µJ/cm2 of 254 nm UV light for 1 hour to 
produce transparent polymer films that had a slight brown color.29

After curing, the membranes were carefully peeled from the glass 
plates and placed into Teflon dishes. The membranes were then 
dried at 60oC for 1 hour in a convection oven. This initial drying step 
did not completely remove DMSO from the sample, but it was a 
necessary step to prepare membranes that had sufficient mechanical 
strength to facilitate handling/study. Next, the membranes (still in 
the Teflon dishes) were dried under vacuum at 60oC for 48 hours. The 
mass of the membrane sample was measured both before and after 
the two drying steps, and we estimated that over 98% of the DMSO 
was removed from the membrane during this drying process.

Finally, the membrane was soaked in de-ionized (DI) water to fully 
hydrate the polymer and likely extract any unreacted hydrophilic 
monomers and/or residual DMSO. To minimize exposure to 
atmospheric carbon dioxide, which can affect AEMs via ion 
exchange,33 membranes were quickly placed into a container 
completely filled with DI water obtained directly from the DI water 
system. The container was then immediately sealed to minimize 
exposure to atmospheric carbon dioxide.

2.1.3. Physicochemical Properties

Two fixed charge group physicochemical properties were 
considered: fixed charge group bulkiness and hydrophilicity. The 
fixed charge group bulkiness was quantified using the van der Waals 
volume (Vvdw),34, 35 and the hydrophilicity was quantified using the 
enthalpy of hydration (∆Hhyd).36-38 The van der Waals volumes of the 
fixed charge groups were estimated using a semi-empirical group 
contribution method that relates the chemical structure/atomic 
makeup of an organic compound to its van der Waals volume.34 The 
enthalpy of hydration values were estimated using a semi-empirical 
method that relates the charge density of an organic cation to its 
enthalpy of hydration.37 The estimation processes are described in 
more detail in Section S2 of the Supplementary Information, and the 
results are presented in Table 1.

2.2. Methods

2.2.1. Dry Polymer Density

Dry polymer density ( ) was measured using an Archimedes’ p
principle method.32 A Mettler Toledo density kit (Part 
#111067060, Mettler Toledo) was used in conjunction with an 
analytical balance (XSE204, Mettler Toledo). The mass of the dry 
polymer sample first was measured in air ( ) and 1m
subsequently was measured in an auxiliary liquid, i.e., a non-
solvent for the polymer ( ). The dry polymer density was 2m
calculated as:

(2)1
2 1 1

1 2

( )p
m

m m
     



where and are the density values, at the measurement 1 2
temperature, of air and the auxiliary liquid, respectively. N-
heptane was used as the auxiliary liquid for both AEMs because 
n-heptane sorption in polyacrylonitrile was negligible, and the 
molar composition of acrylonitrile in the AEMs was over 85%. 
The measurement temperature (i.e., the air and auxiliary liquid 
temperatures) was recorded for each measurement, and the 
density values for air and n-heptane were evaluated at the 
measurement temperature.39

2.2.2. Water Uptake

Water uptake ( ) was measured using samples that had been uw
equilibrated with either DI water or 0.5mol/L aqueous 
electrolyte solutions. Prior to the measurement, smaller circular 
sample coupons were cut from larger membrane films. These 
coupons had diameters of 0.95cm or 1.27cm. To measure water 
uptake in DI water, the samples were placed in a container that 
was then completely filled with DI water obtained directly from 
the DI water system. The container was sealed immediately 
after filling to minimize exposure to atmospheric carbon 
dioxide. This was done to minimize ion exchange from the 
chloride to carbonate or bicarbonate counter-ion form.33 The 
samples were allowed to equilibrate in DI water for at least 48 
hours before continuing with the procedure.

To measure water uptake in 0.5mol/L aqueous electrolyte 
solutions of lithium chloride, sodium chloride or ammonium 
chloride, the circular coupon samples were allowed to 
equilibrate in the electrolyte solution for at least 48 hours. To 
measure the water uptake in 0.5mol/L solutions of sodium 
bromide and sodium nitrate, the samples were allowed to 
equilibrate in the electrolyte solution for at least 72 hours, and 
fresh solution was used to replace the old solution every 12 
hours. The solution replacement procedure was used to ensure 
complete counter-ion exchange with the solution.

Following the initial equilibration in either DI water or 
electrolyte solution, the samples were removed from the DI 
water or electrolyte solution, and the wet mass ( ) was wetm
measured (XSE204, Mettler Toledo) quickly after the excess DI 
water or electrolyte solution was removed from the sample 
surface using a laboratory wipe. The sample subsequently was 
dried under vacuum at ambient temperature until a stabilized 
dry mass ( ) was obtained. The drying process typically drym
required 36 to 48 hours. The dry mass was measured 
immediately after the drying process to prevent sorption of 

Table 1.  Estimated van der Waals volume and enthalpy of hydration values for the two fixed charge groups considered in this study. The values were 
calculated using semi-empirical models adapted from the literature and described in more detail in Section S2 of the Supplementary Information.

Membrane and Fixed Charge Group Estimated Van der Waals Volume, 
Vvdw [Å3]

Estimated Enthalpy of Hydration, ∆Hhyd 
[kJ/mol]

PVBAN-TMA[X] Trimethyl ammonium 72 -272

PVBAN-DMI[X] 1,4-Dimethyl imidazolium 99 -260
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moisture from the atmosphere. The water uptake ( ) was uw
calculated as:

(3)wet dry
u

dry

m m
w

m




The water uptake for each membrane was reported as the average 
of at least five measurements, and the uncertainty was taken as one 
standard deviation from the mean. The volume fraction of water ( w
) in the membrane was calculated using the measured dry polymer 
density and water uptake data via a volume additivity approach:40

(4)
(1 )

u w
w

u w u p

w
w w


 


 

where is the density of water, which was taken as 1g/cm3.39
w

2.2.3. Ion Exchange Capacity and Fixed Charge Concentration

The membrane ion exchange capacity (IEC) represents the 
concentration of fixed charge groups in a dry polymer 
membrane and has the unit of [milliequivalents (fixed charge 
groups) / g (dry polymer)]. Here the IEC was determined using 
an ion exchange method. This method recognizes that the ion 
exchange process is described by counter-ion specific 
equilibrium constants.41 For example, in strong-base ion 
exchangers (such as those considered here), the nitrate 
counter-ion has a greater ion exchange equilibrium constant 
than the chloride counter-ion.41 Therefore, when a chloride 
counter-ion form AEM is exposed to a nitrate-containing 
solution, nitrate will preferentially replace the chloride counter-
ions in the AEM via ion exchange. Thus, the IEC can be 
determined by measuring the amount of chloride released by 
an initially chloride counter-ion form membrane upon exposure 
to a sufficiently high volume and concentration aqueous sodium 
nitrate solution, which will promote ion exchange to the nitrate 
counter-ion form.

Prior to the IEC measurement, chloride counter-ion form 
membranes were cut into circular coupons with diameters of 
either 0.95cm or 1.27cm. The coupons were then soaked in a 
volume  of 1mol/L NaNO3 solution (  was either 50mL for Ev Ev
the 0.95cm diameter samples or 80mL for the 1.27cm diameter 
samples). After ion exchange was complete, the chloride 
concentration of the resulting external solution (cE) was 
measured using ion chromatography (ICS-2100, Thermo 
Scientific). Finally, the coupons were soaked in DI water to allow 
excess sodium nitrate to desorb from the sample and 
subsequently dried under vacuum. The dry mass ( ) was drym

measured, and the IEC was calculated as:

(5)E E

dry

v cIEC
m



The fixed charge group concentration ( ) is the concentration m
Ac

of fixed charge groups in the water sorbed by the membrane 
and has the unit of [milliequivalents (fixed charge groups) / 
cm3(water sorbed)]. The value of  was calculated as:m

Ac

(6)

m
A w

u

IEC
c

w


2.2.4. Apparent Permselectivity

Apparent permselectivity ( ) was measured using a static 
method.42, 43 The membrane potential ( ) was measured using mE
Ag/AgCl double junction electrodes (RREF 0024, Pine Instrument Co.) 
while the sample separated 100mL solutions of high ( ) and low (sLa

) mean ionic activity (i.e., high and low concentration electrolyte 0sa

solutions), and the apparent permselectivity was calculated as:

(7)
0ln 1 2

2

sL
s

m Ms

s
X

RT aE t
F a

t






  
   

  

where R is the gas constant and F is Faraday’s constant. The 
apparent permselectivity of each sample was measured three times, 
and the uncertainty was taken as one standard deviation from the 
mean.

The measurement temperature was maintained at 23±2oC, and 
apparent permselectivity is not expected to vary significantly over 
this temperature range.42 The counter-ion and co-ion transport 
numbers in the solution phase were calculated using diffusion 
coefficients in aqueous solution at infinite dilution and 25oC.44 The 
low ( ) and high ( ) solution concentrations were chosen to be 0c Lc
0.1mol/L and 0.5mol/L to be consistent with other studies. The mean 
ionic activity values were determined as:

(8)0 0
0

s sa c 

(9)sL sL
La c 

where and are the average electrolyte activity coefficients on 0s 
sL 

the low and high concentration side of the membrane, respectively 
and were determined using the Pitzer model.45 Samples of apparent 
permselectivity calculations are provided in Section S3 of the 
Supplementary Information.

The electrode filling solution was 1mol/L potassium nitrate solution, 
and the electrodes were used to measure electrical potential in 
0.1mol/L and 0.5mol/L aqueous solutions of either lithium chloride, 
sodium chloride, ammonium chloride, sodium nitrate or sodium 
bromide. Junction potentials may occur between the reference 
electrode tip and the solution and could bias the apparent 
permselectivity measurement.46 A reported junction potential 
correction was applied to the data, and the junction potential-
corrected apparent permselectivity values are presented and 
discussed in Section S4 of the Supplementary Information. While the 
junction potential correction affected the magnitude of the apparent 
permselectivity, the qualitative trends in the data did not change as 
a result of applying the junction potential correction.

2.2.5. Ionic Conductivity

The membrane ionic conductivity ( ) was measured using s
m

electrochemical impedance spectroscopy (EIS, SP 150, Biologic). 
Prior to the measurement, samples were equilibrated with 
0.5mol/L aqueous electrolyte solution. The measurement was 
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performed while the membrane separated two reservoirs that 
were filled with 50mL of 0.5mol/L aqueous solutions of either 
lithium chloride, sodium chloride, ammonium chloride, sodium 
nitrate or sodium bromide. The cross-sectional membrane area 
in the cell was 4.52cm2. Platinum mesh electrodes that spanned 
the cross-sectional area of the cell were fixed on both ends of 
the cell, and Ag/AgCl reference electrodes (MF-2052, 
Bioanalytical Systems Inc., Lafayette, IN) were placed on either 
side of the membrane. The position of the reference electrodes 
was fixed during the entire measurement. The impedance 
response was measured from 1Hz to 50kHz with a current 
amplitude of 1mA. A total of 100 data points were recorded.

The ohmic resistance of the cell containing 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 hydrated thickness of the membrane ( ) 
was measured (Model #293-244, Mitutoyo) immediately after 
the resistance measurement. The cell was then reassembled 
without the membrane, and the same measurement was 
repeated to obtain the resistance of aqueous solution (Rs). The 
conductivity of the membrane ( ) was calculated as:s

m

(10)
( )

s
m

m s sA R R






where is the cross-sectional area of the cell.A

2.2.6. Salt Sorption and Diffusion Coefficients

The membrane salt sorption and diffusion coefficients were 
measured using a kinetic desorption technique.43 To minimize 
the effects of carbon dioxide on the AEMs,33 the entire process 
was performed under a nitrogen blanket. A container filled with 
25mL DI water was sealed and purged with nitrogen until the 
conductivity decreased to and stabilized at approximately 
0.10µS/cm. Electrolyte solution-equilibrated membrane 
coupons were removed from the solution, and the excess 
solution on the sample surface was quickly removed using a 
laboratory wipe. Then, the sample was quickly added to the 
container containing the nitrogen purged DI water, and the 
container was immediately re-sealed. 

The conductivity of the desorption solution was recorded as a 
function of time using a conductivity meter (inoLab* Cond7310, 
WTW Corp Inc.). Since the entire apparatus was purged with 
nitrogen during the desorption process, it was necessary to 
correct for evaporative water loss. This water loss caused a 
consistent background increase in the solution conductivity 
throughout the experiment. To account for this background 
conductivity increase, background conductivity curves were 

determined for all of the electrolyte solutions considered. The 
detailed steps taken to obtain the background curves are 
discussed further in Section S5 of the Supplementary 
Information.

The “evaporation-corrected” desorption conductivity curve was 
obtained by subtracting the background conductivity curve 
from the measured desorption conductivity curve. Then, the 
conductivity was converted to salt concentration using a 
calibration curve. A flat-sheet diffusion model was used to 
determine the salt diffusion coefficient ( ) in the membrane m

sD
from the desorption data:47

(11)
 

2
12
2

1
216

tm
s

M M
D t

t

 

          

where is the mass of salt desorbed from the polymer at time tM
t, and is the total mass of salt desorbed from the polymer M

during the entire experiment. Equation 10 is an approximation 
that is only valid when . Thus, the early-time 0.6tM M 
desorption data were plotted as versus , and the tM M

1 2t
term in square brackets was evaluated as the slope of that plot.

The salt sorption coefficient ( ) was calculated as:m
sk

(12)
m s

m s d
s s s

s s p w

c c vk
c c v 

 

where is the desorption solution volume (set at the beginning dv
of the experiment), and is the hydrated sample volume. The pv
sample volume was determined geometrically using the 
measured hydrated thickness ( ) and the diameter ( ) of the  d
circular coupon samples and vp = πd2δ/4. The hydrated 
membrane thickness was measured using a micrometer (Model 
#293-244, Mitutoyo), and the thickness was measured at three 
different locations on the sample and averaged. The 
measurement was repeated three to four times for each sample 
with each electrolyte, and the salt sorption and diffusion 
coefficients were reported as the average and standard 
deviation of the data. More information regarding the analysis 
of the kinetic desorption is provided in Section S5 of the 
Supplementary Information.

3. Results and Discussions
3.1. Membrane Properties

The PVBAN-TMA and PVBAN-DMI polymers used in this study are 
considered to be dense non-porous membranes where transport 
through the material can be described via a solution-diffusion 
mechanism.4, 17, 48, 49 Ions, due to their small size relative to the 

Table 2.  Hydrated thickness ( ), dry polymer density ( ), ion exchange capacity ( ) and water uptake ( ) properties measured using DI water 
and the two chloride counter-ion form AEMs. Samples were equilibrated, prior to characterization, in DI water for at least 48 hours.

Polymer [mm]  [g / cm3]
[meq / g(dry polymer)] [g(water) / g(dry polymer)]

PVBAN-TMA[Cl] 0.060±0.01 1.22±0.03 1.2±0.2 0.61±0.03
PVBAN-DMI[Cl] 0.045±0.003 1.16±0.02 1.2±0.1 0.51±0.04

 p IEC
u

w

 p IEC u
w
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polymer network mesh, transport through such materials via free 
volume.17, 50 The materials also contain the same base polymer 
backbone, suggesting that the polymer structure (e.g., mesh size) is 
likely very similar for the two polymers.  

Membrane properties, measured in DI water, are reported in Table 
2. The membrane composition was controlled to yield materials that 
had statistically equivalent ion exchange capacity (IEC) values. The 
membrane prepared using the more hydrophilic (i.e., more negative 
enthalpy of hydration) TMA fixed charge group sorbed about 17% 
more water compared to the membrane prepared using the less 
hydrophilic DMI fixed charge group. Thus, membrane water uptake 

was consistent with the hydrophilicity of the fixed charge group used 
on the polymer backbone. 

Membrane water uptake, water volume fraction and fixed charge 
group concentration data for materials measured using 0.5mol/L 
aqueous electrolyte solutions are reported in Table 3. Generally, the 
water uptake of both membranes in 0.5mol/L aqueous electrolyte 
solutions decreased by 20 to 55% relative to that in DI water. This 
result is due, at least in part, to osmotic deswelling, as the 
thermodynamic activity of water exposed to the polymer is reduced 
by the presence of salt in the electrolyte solution.17, 51 Additionally, 
the materials soaked in the bromide or nitrate containing 

Table 3.  Water uptake ( ), water volume fraction ( ), and fixed charge group concentration ( ) properties determined using samples that had 
been equilibrated in 0.5mol/L aqueous electrolyte solutions. Prior to characterization, samples were equilibrated in 0.5mol/L aqueous electrolyte solution 
for 48 to 72 hours.  The sodium bromide and sodium nitrate solutions were replaced with fresh solution every 12 hours during equilibration to facilitate 
ion exchange from the initial chloride counter-ion form to the bromide or nitrate counter-ion forms, respectively. The water uptake and fixed charge 
concentration units are [g(water)/g(dry polymer)] and [meq/cm3(sorbed water)], respectively.

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

LiCl 0.47±0.02 0.36±0.01 2.6±0.3 0.30±0.01 0.26±0.01 3.8±0.4
NaCl 0.46±0.01 0.36±0.01 2.7±0.3 0.30±0.01 0.26±0.01 3.8±0.4

NH4Cl 0.44±0.01 0.35±0.01 2.7±0.4 0.29±0.01 0.25±0.01 4.0±0.4
NaBr 0.38±0.02 0.32±0.02 3.2±0.4 0.26±0.02 0.23±0.02 4.4±0.6

NaNO3 0.36±0.01 0.31±0.01 3.3±0.4 0.22±0.07 0.20±0.05 5.3±1.8

Figure 2.  The degree of deswelling of the two AEMs measured using 0.5mol/L aqueous solutions of different electrolytes. The degree of deswelling is 
defined as [wu (DI water) – wu (electrolyte solution)] / [wu (DI water)]. The –∆Hhyd order of co-ions, counter-ions (Table 4) and fixed charge groups are: Cl– 
> Br– > NO3

–, Li+ > Na+ > NH4
+, trimethyl ammonium > 1,4-dimethyl imidazolium, respectively. 

Table 4.  Enthalpy of hydration properties of the counter-ions and co-ions considered in this study.

Ion Enthalpy of hydration, ∆Hhyd [kJ/mol]

Li+ –519

Na+ –409

NH4
+ –307

Cl– –381

Br– –347

NO3
– –314

u
w w m

Ac

u
w

w m

A
c u

w
w m

A
c
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electrolytes were ion exchanged into the bromide and nitrate 
counter-ion forms, respectively. This ion exchange process from the 
initial chloride counter-ion form may also influence water uptake.

It is useful, however, to consider the degree of deswelling, which is 
defined as the difference in the water uptake values measured in DI 
water and electrolyte solution normalized by the water uptake 
measured in DI water. This degree of deswelling, i.e., [wu (DI water) 
– wu (electrolyte solution)] / [wu (DI water)], appears to correlate with 
the hydrophilicity of the fixed charge group, co-ion and counter-ion 
(Figure 2). First, the membrane with the less hydrophilic fixed charge 
group (i.e., DMI) generally deswelled 15% more than the membrane 
with the more hydrophilic fixed charge group (i.e., TMA). Second, 
membrane deswelling increased as the counter-ions or co-ions 
became less hydrophilic (Table 4). For example, both membranes 
deswell 3% more in ammonium chloride compared to the situation 
in sodium chloride, which is consistent with the observation that the 
ammonium co-ion is less hydrophilic than sodium (Table 4). 
Moreover, both membranes deswell 16% more in sodium nitrate 
than in sodium chloride, and the nitrate counter-ion is less 
hydrophilic than chloride (Table 4). The influence of counter-ion 
hydrophilicity on deswelling was generally found to be more 
pronounced than the influence of the co-ion hydrophilicity. This 
result is reasonable given that ion exchange membranes generally 
contain far more counter-ions compared to co-ions,17, 51 so changes 
in counter-ion hydrophilicity would be more likely to affect the water 
content of the polymer than changes in co-ion hydrophilicity.52, 53

3.2. Apparent Permselectivity

Apparent permselectivity was measured to determine how the fixed 
charge group, counter-ion type, and co-ion type affect apparent 
permselectivity properties (Figure 3). Generally speaking, the fixed 
charge group and counter-ion type influenced the apparent 
permselectivity to a smaller extent than the co-ion type. This section 
discusses the nature and relative magnitudes of observed specific ion 
effects in the polymers. 

Switching between the TMA and DMI fixed charge group did not 
appreciably affect the apparent permselectivity of most of the 
materials and/or electrolytes considered. The membranes 
characterized using ammonium chloride were an exception. The 
PVBAN-DMI[Cl] material had 6% greater apparent permselectivity 
compared to the PVBAN-TMA[Cl] material.

This observation opposes the general view that ion exchange 
materials with either higher fixed charge concentration or lower 
water uptake tend to be more selective compared to materials that 
have lower fixed charge concentration or higher water uptake.17, 51 
The higher fixed charge concentration in the DMI-containing 
materials does not translate into a higher apparent permselectivity. 
A potential explanation for this observation is that the less 
hydrophilic nature of the DMI fixed charge group compared to the 
TMA fixed charge group promotes counter-ion condensation or 
binding/pairing of the counter-ion with the fixed charge group. This 
phenomenon would reduce the effective fixed charge concentration 
of the material, and as such, it could explain why the apparent 
permselectivity does not appreciably increase upon switching from 
the TMA to DMI fixed charge group as suggested by the combination 
Donnan theory17, 51 and the water uptake, density and IEC 
measurements used to determine the fixed charge concentration.

Ion exchange of the material from the initial chloride counter-ion 
form to the bromide counter-ion form did not affect the apparent 
permselectivity when solutions containing the corresponding 
counter-ion were used to perform the characterization. 
Alternatively, the apparent permselectivity decreased when the 
nitrate counter-ion was used to characterize the apparent 
permselectivity properties of the nitrate counter-ion form materials. 
This result may be explained by interactions between the counter-
ion and the fixed charge group, as will be discussed subsequently.

Changing the co-ion that was used to characterize the materials had 
a greater influence on the apparent permselectivity properties 
compared to the influence of fixed charge group or counter-ion type. 

Figure 3.  Membrane apparent permselectivity of the TMA- and DMI-containing AEMs measured using 0.1mol/L and 0.5mol/L aqueous electrolyte 
solutions of (A) lithium chloride, sodium chloride and ammonium chloride (i.e., electrolytes containing different co-ions) and (B) sodium chloride, sodium 
bromide and sodium nitrate (i.e., electrolytes containing different counter-ions).
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The apparent permselectivity was greatest when ammonium was 
used as the co-ion and smallest when lithium was used as the co-ion 
(Table 3A). The observation that the ammonium chloride apparent 
permselectivity was higher than the sodium chloride apparent 
permselectivity is consistent with measurements made on 
commercially available AEMs.54 The change in apparent 
permselectivity that was observed as the co-ion used in the 
measurement was changed correlates with the enthalpy of hydration 
of the co-ions in that the most hydrophilic co-ion (i.e., lithium) had 
the lowest apparent permselectivity, and the highest apparent 
permselectivity was measured using the least hydrophilic co-ion (i.e., 
ammonium).

3.3. Ion Transport Analysis: Sorption and Diffusion Ratios

To further explore the influence of ion type on apparent 
permselectivity, it is useful to consider an expression for the 
permselectivity that derives from the transport numbers of the 
counter-ion and co-ion in the membrane and solution phases, 
respectively.54 The ion transport numbers in the membrane or 
solution phases are defined by the ion valence, concentration and 
diffusivity in the respective phases and represent the fraction of 
current carried by the ion under an applied electric field.48 Three 
ratios can be used to describe the thermodynamic sorption and 
diffusion contributions to the apparent permselectivity:

(13)
/ /

/

/ /

1(1 )
1

1

m m
X M X M m

X M
m m
X M X M

k D
D

k D



 



where the thermodynamic sorption ratio ( ) is defined as the co-/
m
X Mk

ion concentration in the membrane divided by the counter-ion 
concentration in the membrane, i.e., . The /

m m m
X M X Mk c c

membrane-phase diffusivity ratio ( ) is defined as the co-ion /
m
X MD

diffusion coefficient in the membrane phase divided by the counter-
ion diffusion coefficient in the membrane phase, i.e., 

. The solution-phase diffusivity ratio ( ) is /
m m m
X M X MD D D /

s
X MD

defined as the co-ion diffusion coefficient in solution divided by the 
counter-ion diffusion coefficient in solution, i.e., ./

s s s
X M X MD D D

The value of  quantifies the extent of co-ion relative to counter-/
m
X Mk

ion sorption in the membrane phase, and  quantifies the /
m
X MD

relative rates of co-ion and counter-ion diffusion within the 
membrane. Larger  and  values suggest a greater extent /

m
X Mk /

m
X MD

of co-ion transport compared to counter-ion transport in the 
membrane, and this situation would be expected to lead to a smaller 
permselectivity. The value of  quantifies the relative rates of /

s
X MD

co-ion and counter-ion diffusion in solution, and this ratio captures 
ion specific diffusion in solution. 

The ,  and  values influence permselectivity to /
m
X Mk /

m
X MD /

s
X MD

different extents, and the influence of  is the most pronounced /
m
X Mk

(Section S6 of the Supplementary Information), which is not 
surprising as ion exchange membrane permselectivity properties are 
expected to result from Donnan exclusion of co-ions.17, 51 For 
example, a 20% increase in ,  and  is expected to /

m
X Mk /

m
X MD /

s
X MD

cause a 6% decrease, 2% decrease and 3% increase in 
permselectivity, respectively. As such, the co-ion sorption properties 
are important for understanding ion specific permselectivity 
properties.

To further analyze the measured apparent permselectivity 
properties (Figure 3), values of ,  and  were /

m
X Mk /

m
X MD /

s
X MD

determined for the AEMs. Measurements of , ,  and m
sk m

Ac m
sD m

s
can be combined with parameter definitions and the Nernst-Einstein 
equation55 to calculate the three ratios:
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Figure 4.  The (A)  and (B)  and  values of the two AEMs in 0.5mol/L aqueous electrolyte solutions of lithium chloride, sodium chloride 
and ammonium chloride, i.e., electrolytes with different co-ions. The ,  and values were calculated from measured , ,  and 

 values, and the standard deviation values were calculated from the standard deviation of , ,  and  via error propagation.
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where  is the concentration of the external solution,  is the s
sc m

sk
salt sorption coefficient, which defines sorption of salt from the 
external solution into the membrane,  is the salt concentration in m

sc
the membrane,  is the salt diffusivity in the membrane,  is the m

sD m
s

membrane ionic conductivity,  is Faraday’s constant,  is the gas F R
constant and  is the absolute temperature. T

The measured , ,  and  values are reported in Section m
sk m

Ac m
sD m

s
S7 of the Supporting Information. Co-ion and counter-ion transport 
was analysed using the calculated ,  and  values. /

m
X Mk /

m
X MD /

s
X MD

The subsequent discussion compares the ,  and /
m
X Mk /

m
X MD /

s
X MD

values between the two AEMs and among the different ions to 
provide insight into fixed charge group and/or ion specific transport 
properties. 

3.3.1. Electrolytes with Different Co-ions

When the AEMs were characterized using electrolytes featuring 
different co-ions, i.e., lithium chloride, sodium chloride and 
ammonium chloride, the  values of PVBAN-DMI[Cl] were found /

m
X Mk

to be approximately 20% lower than that of PVBAN-TMA[Cl] (Figure 
4A). This result likely stems from the larger deswelling degree and 
the higher  of PVBAN-DMI[Cl] in the 0.5mol/L electrolyte m

Ac
solutions. Ultimately, this phenomenon can be related back to the 
lower hydrophilicity of the DMI fixed charge group, and the result 
suggests that less hydrophilic fixed charge groups may enhance the 
overall co-ion exclusion performance of an AEM.

The  values of the two AEMs were less influenced by the fixed /
m
X MD

charged group type. For all electrolytes, the  values for PVBAN-/
m
X MD

DMI[Cl] are statistically indistinguishable from those values for 

Figure 5.  The (A)  and (B)  and  values of the two AEMs in 0.5mol/L aqueous electrolyte solutions of sodium chloride, sodium bromide 

and sodium nitrate, i.e., electrolytes with different co-ions. The ,  and  values were calculated from measured , ,  and  

values, and the standard deviations were calculated from the standard deviations of the , ,  and  properties via error propagation.

Figure 6.  Schematic illustration of a proposed mechanism where stronger interactions between the fixed charge groups and counter-ions that have similar 
hydration properties may restrict counter-ion diffusion in the membrane.
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PVBAN-TMA[Cl] (Figure 4B). This result suggests that the relative 
diffusion properties may be more significantly influenced by the 
nature of the electrolyte as opposed to the specific fixed charge 
group.

Overall, the change in  upon switching between the TMA and /
m
X Mk

DMI fixed charge group was about 20% for lithium chloride, sodium 
chloride and ammonium chloride. The change in  upon /

m
X MD

switching between the TMA and DMI fixed charge group was 
essentially negligible. As such, co-ion sorption properties appear 
have the strongest influence on apparent permselectivity for these 
AEMs. The DMI fixed charge group resulted in lower water content 
and higher fixed charge group concentration compared to the TMA 
fixed charge group, and this situation favored co-ion exclusion in 
PVBAN-DMI[Cl], though the observed differences in co-ion exclusion 
between the two materials did not significantly affect the measured 
apparent permselectivity.

3.3.2. Electrolytes with Different Counter-ions

When the AEMs were characterized using electrolytes with different 
counter-ions, i.e., sodium chloride, sodium bromide and sodium 
nitrate, changing the fixed charge group from TMA to DMI did not 
have as uniform an influence on  (Figure 5A) as was observed /

m
X Mk

when the co-ion was changed (Figure 4A). When sodium chloride was 
used to characterize the membranes, the  value for PVBAN-/

m
X Mk

DMI[X] were lower than those of PVBAN-TMA[X]. When sodium 
bromide or nitrate were used to characterize the membranes, 
switching the fixed charge group had a less significant effect on the 
value of .This result also may be due to the larger deswelling /

m
X Mk

degree and the resulting higher  of PVBAN-DMI[X] compared to m
Ac

PVBAN-TMA[X], but in general, switching the counter-ion had less of 
an effect on ion exclusion compared to switching the co-ion.

When the sodium chloride or sodium bromide electrolytes were used 
to characterize the materials, the PVBAN-DMI[X]  values were /

m
X MD

statistically similar to those values for PVBAN-TMA[X]. When sodium 
nitrate was used to characterize the materials, however, the PVBAN-
DMI[X] value was greater than that of PVBAN-TMA[X] (Figure 5B). 
This observation differs from the statistically equivalent  /

m
X MD

values of PVBAN-DMI[Cl] and of PVBAN-TMA[Cl] when lithium 
chloride, sodium chloride and ammonium chloride were used (Figure 
4B), and this result suggests that interactions between the counter-
ion and the fixed charge group may be important for determining the 
diffusion properties of the material as discussed in more detail in the 
next section.

3.3.3. Reduction in Counter-ion Diffusion and Specific Binding

When the two AEMs were characterized using electrolytes with 
chloride and bromide counter-ions (i.e., lithium chloride, sodium 
chloride, ammonium chloride and sodium bromide), the  /

m
X MD

values of PVBAN-DMI[X] were statistically equivalent to those of 
PVBAN-TMA[X]. However, when an electrolyte with a nitrate 
counter-ion (i.e., sodium nitrate) was used to characterize the 
membranes, the  value of PVBAN-DMI[NO3] was greater than /

m
X MD

that of PVBAN-TMA[NO3]. Moreover, since PVBAN-DMI[NO3] was 
less hydrophilic than PVBAN-TMA[NO3], this observation contrasted 
the generally accepted view that less hydrophilic membranes 
typically restrict ion diffusion to a larger extent compared to more 

hydrophilic membranes.17, 49 Counter-ion condensation or 
binding/pairing effects between the weakly hydrated ion and fixed 
charge group (i.e., nitrate and DMI, respectively) may explain this 
observed phenomena (Figure 6).

The basis for this explanation originates from the Law of Matching 
Water Affinities (LMWA) proposed by Collins.56, 57 The LMWA asserts 
that cations and anions (or ions and ionic fixed charge groups) can 
form stable ion pairs if the enthalpy of hydration (considered to be a 
measure of water affinity) of the two ions are similar.56, 57 A more 
straightforward explanation of this law is that more hydrophilic 
cations or ion-changed sites will tend to form stable pairs with more 
hydrophilic anions, and vice versa. 

In this study, the enthalpy of hydration of DMI is less negative than 
that of TMA. Additionally, nitrate had the least negative enthalpy of 
hydration out of the anions considered in this study. Therefore, 
nitrate and the DMI fixed charge group would be most likely, of the 
systems considered in this work, to form ion pairs or undergo 
counter-ion condensation according to the LMWA. These 
interactions between DMI and nitrate could immobilize, at least to 
some extent, the nitrate counter-ions and reduce the counter-ion 
diffusivity ( ). This reduction in  would ultimately lead to an m

MD m
MD

increase in  (Equation 15) for PVBAN-DMI[NO3]./
m
X MD

4. Conclusions
Two styrene- and acrylonitrile-based crosslinked AEMs with 1,4-
dimethyl imidazolium and trimethyl ammonium fixed charge 
groups, respectively, were synthesized. The polymer backbones 
and IEC values were controlled to be essentially equivalent with 
the goal of making the only substantial difference between the 
two AEMs the fixed charge group type. The water uptake, 
apparent permselectivity, co-ion to counter-ion concentration 
and diffusivity ratios of the two AEMs were measured and 
analyzed to understand the effects of fixed charge group type 
on permselectivity and ion transport.

First, the apparent permselectivity was influenced by fixed 
charge group to a relatively small extent compared to the co-
ion type, and the apparent permselectivity was influenced by 
counter-ion type to an even smaller extent. The observed 
differences in the apparent permselectivity properties appear 
to result primarily from differences in co-ion sorption 
properties. Second, the AEM with the less hydrophilic fixed 
charge group deswelled to a greater extent in aqueous 
electrolyte solutions compared to the AEM with the more 
hydrophilic fixed charge group. The resulting higher fixed 
charge group concentration of the less hydrophilic AEM made it 
more effective at excluding co-ions compared to the more 
hydrophilic AEM. Third, fixed charge groups may pair/bind more 
strongly with counter-ions that have similar hydrophilicity (i.e., 
similar enthalpy of hydration), and stronger pairing/binding 
could restrict counter-ion diffusion. For example, the diffusion 
of the less hydrophilic counter-ion (nitrate) was restricted to a 
larger extent in the less hydrophilic PVBAN-DMI material.

Ultimately, results from this study quantified the influence of 
fixed charge group type on the apparent permselectivity 
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properties of two AEMs. Though the influence of the fixed 
charge groups on apparent permselectivity was relatively small, 
it was demonstrated that the fixed charge group hydrophilicity 
is strongly coupled to membrane apparent permselectivity 
properties. Additionally, this study further illuminates ion 
specific transport properties of anion exchange membranes 
that are important for a wide range of electro-membrane 
processes.
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