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A B S T R A C T   

Ion-exchange membranes (IEMs) are essential components of several electrochemical water technologies where 
they promote the transport of certain ionic species over others. A characteristic property of IEMs concerns their 
ionic charge density (ICD) which is a key parameter for modeling ion transport. In literature, significant vari
ations in ICD for similar membranes are reported. We analyzed the sources of variations of this property and 
traced those back to the water content measurement. In this manuscript, we developed a new technique for 
measuring the water content, i.e., via stacking layers of membranes. This technique reduces the impact of the 
surface water film on the water content measurement. Using this technique, we measured the water content of 
CEMs at different counter-ion forms and analyzed the contribution of the ionic hydration shells inside the 
membrane. The relative change in the measured water content for the studied membranes at different counter- 
ions (K+, Mg2+, or Ca2+) was below 23 % of the Na+ value. Furthermore, we examined the relation between the 
water volume fraction and the membrane tortuosity, where we compared the theoretical predictions of ion 
mobility based on the Mackie and Meares theory to the values calculated based on the membrane resistance 
measurements.   

1. Introduction 

Ion-exchange membranes (IEMs) [1,2] form a key element in several 
electrochemical processes, such as electrodialysis, flow batteries, fuel 
cells, and electrolysis. Those membranes are characterized by their high 
ionic charge density, owing to charged groups that are fixed to the 
membrane polymer. The charge of those groups, whether positively or 
negatively, determines the selectivity of the membranes for either cat
ions or anions [3,4]. For example, cation-exchange membranes (CEMs) 
have a high density of fixed anionic groups which favors the transport of 
cations while excluding anions. 

IEMs swell differently depending on the salinity and composition of 
the solution in contact [5]. The water content, also called water uptake 
or swelling degree, WC [g H2O/g dry polymer] [6,7], of IEMs influences 
ion transport due to its interdependence with membrane properties, 
such as its ionic charge density (ICD). The ionic charge density is defined 
either on the basis of (a) the water volume inside the membrane (Eq. 1a), 
or (b) the overall volume of the swollen membrane (Eq. 1b) [8]: 

ICDa [mol/L water sorbed] =
IEC⋅ρW

WC
Eq. 1a  

ICDb [mol/L swollen polymer] = IEC⋅ρm Eq. 1b  

ρm =
mm,dry

Am⋅δm
Eq. 2  

where ρm [g dry polymer/mL swollen polymer] and ρW [g H2O/mL H2O] 
represent the membrane and water densities, respectively. The mem
brane wet thickness, dry mass, and wet surface area are expressed by δm 
[m], mm,dry [g dry polymer] and Am [m2 swollen polymer], respectively. 
Both Eqs. 1a and 1b depend on the ion-exchange capacity of the mem
brane, IEC [mmol/g dry polymer]. In this study, we discuss the error 
propagation and assumptions underlying each approach since both units 
can be adopted to describe the ion equilibria in membranes. 

In Table 1, we summarize the measured values for two frequently 
reported membranes in literature: Selemion CMV and Neosepta CMX. 
Even for studies reporting similar values of IEC, there are still significant 
variations in the reported ICD due to the WC measurement. For example, 
some studies [9–14] measured similar values for IEC (1.62 – 1.69 
mmol/g dry IEM Neosepta CMX), while the ionic charge density varied 
between 3.9 and 9.0 mol/L water sorbed. Besides, the WC values, 
summarized in Table 1, were reported with an inconsistent number of 
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significant figures (2 – 4 significant figures) without a justification 
regarding the measurement uncertainty. 

The membrane water content (WC, also called water uptake or 
swelling degree) is calculated based on its wet and dry mass, both 
measured gravimetrically. 

WC=
mm,wet − mm,dry

mm,dry
Eq. 3  

where mm is the mass of the membrane sample. The subscripts, wet and 
dry, refer to a membrane in wet (swollen) and dry conditions, respec
tively. Measuring the mass of a wet membrane is challenging. Once the 
membrane is taken out of the solution, water droplets adhere to its 
surface. To remove surface water, different gravimetric techniques were 
reported: via dry tissue [15,16], paper [9,17], or wipe [6,8,18]. 
Furthermore, Bass and Freger [19] calculated the water content of small 
square pieces of Nafion and beads of Dowex based on optical measure
ment of the sample area. The measurement is made without taking the 
samples out of the solution. However, this method assumes isotropic 
swelling of the swollen polymer. As we elaborate later, this assumption 
does not necessarily reflect the swelling of commercial IEMs; as they 
usually contain a reinforcement mesh that hampers isotropic swelling. 

In this study, we aim to standardize the membrane water content 
measurements. We noticed significant variations in the results based on 
how the excess water on the membrane surface is removed. To overcome 
such deviations, we propose a membrane stacking technique. We further 
investigate the influence of the counter-ions inside the membrane on its 
water content and analyze the contribution of the hydration shell of 
ions. In addition, we highlight the relation between the water fraction of 
the membrane and its ion mobility. 

2. Materials and methods 

We studied six types of CEMs: Selemion CMTE and CMVN (Asahi 
Glass Co., Japan), Fumasep FKS-PET-130 and FKD-PK-75 (Fumatech 
BWT GmbH, Germany), in addition to Fujifilm CEM type-10 and type-12 
(Fujifilm Manufacturing Europe BV., The Netherlands). Sodium chloride 
(NaCl) was purchased from VWR Chemicals. Sodium sulfate (Na2SO4), 
potassium chloride (KCl), magnesium chloride (MgCl2), calcium chlo
ride (CaCl2), and hydrochloric acid (HCl 37 %) were purchased from 

Sigma-Aldrich. Solutions were prepared using Milli-Q water (Millipore). 
All experiments were performed at 19 – 22 ◦C. 

2.1. Membrane thickness and water content measurements 

Five samples (~3 × 3 cm2 each) of each membrane type were 
initially used for water content measurements. The membranes are first 
equilibrated in a solution of 0.5 M NaCl overnight where the solution 
was refreshed once. We removed the excess water on the membrane 
surface via one of the following methods, and immediately measured the 
wet membrane mass gravimetrically using an analytical balance (Met
tler Toledo, precision: 10− 4 g):  

(A) Shaking the membrane in air three times  
(B) Drying membrane surface with a thick tissue (thickness 160 μm)  
(C) Drying membrane surface with a thin tissue (thickness 100 μm, 

lower absorption capacity)  
(D) Drying membrane surface with a dry paper (thickness 103 μm) 

Methods (A – D) were performed on the same samples where the 
samples were re-equilibrated in the solution before each measurement. 
After measuring the wet sample mass for all the methods, the samples 
were dried to calculate the water content according to Eq. 3 (the drying 
procedure is described later). We noticed significant variations in the 
membrane WC results depending on the way of removing the surface 
water (Fig. 5). We then cut eight new samples (~3 × 3 cm2 each) of each 
membrane material and equilibrated them at 0.5 M NaCl. To eliminate 
the influence of the surface water film on the calculated water content, 
we stacked eight layers of the membrane on a plastic support (Fig. 1). 
After adding each layer to the membrane pile, the top surface is rubbed 
to remove any water that might be trapped between the layers. A plastic 
frame was mounted on the top of the stack with four plastic screws to 
hold the stack together and to keep the membrane layers flat, aligned, 
and stationary (Figure SI- 3). Otherwise, some types of IEMs tend to curl 
or corrugate, which can overestimate the membrane water content. 
After the screws are tightened, the membrane sheets cannot move/shift 
during the measurement. The four screws were tightened to the same 
degree. Overtightening the stack was avoided to prevent the deforma
tion of the plastic support material. The plastic support was 3D printed 

Table 1 
Reported ion-exchange capacity (IEC) and water content (WC) values for Selemion CMV and Neosepta CMX membranes in literature. (*): the values are presented in 
this table with the same number of significant figures as reported in the references. (**): the ionic charge density in this table is calculated based on Eq. (1a), assuming a 
water density of 1 g/mL. a the measurement method for IEC was not reported. b the author used a different procedure than the common acid/base titration method for 
IEC measurement. n.r. not reported.  

Membrane IEC (*) WC (*) ICD (**) the membrane was 
equilibrated in 

Surface water 
removed with 

To obtain the dry mass, the 
membrane was dried at 

Ref. 

[mmol/g dry 
polymer] 

[g H2O/g dry 
polymer] 

[mol/L H2O 
sorbed] 

Selemion 
CMV 

1.89 0.23 8.2 4 M NaCl laboratory wipe 65 ◦C for 48 h [6] 
1.95 0.19 – 0.21 9.3 – 10.3 0 – 1 M NaCl wipe 40 ◦C for 48 h [7, 

20] 
2.01 0.20 10.1 n.r. blotting paper 50 ◦C for 48 h [9] 
2.01 0.293 6.9 1 M NaCl wipe 35 ◦C for 24 h [21] 
2.01 [9] 0.296 6.8 n.r. n.r. n.r. [10] 
2.08 0.266 7.8 n.r. n.r. 40 ◦C for 48 h [22] 
2.3a 0.3709 6.2 n.r. n.r. n.r. [11] 

Neosepta 
CMX 

1.5–1.8 0.25 – 0.30 5.0–7.2 n.r. n.r. n.r. [23] 
1.57 0.258 6.1 n.r. n.r. 40 ◦C for 48 h [22] 
1.62 0.18 9.0 n. r. blotting paper 50 ◦C for 48 h [9] 
1.62 [9] 0.222 7.3 n.r. n.r. n.r. [10] 
1.65a 0.275 6.0 n.r. n.r. n.r. [11] 
1.66 ± 0.06 0.220 ± 0.003 7.5 n.r. n.r. n.r. [12] 
1.68 ± 0.09 0.40 – 0.43 3.9 – 4.2 0.01 – 1 M NaCl wipe vacuum oven for 48 h at room 

temperature 
[13] 

1.69b 0.30 5.6 n.r. n.r. Dried over MgSO4 for 24 h [14] 
1.77 0.22 8.0 4 M NaCl laboratory wipe 65 ◦C for 48 h [6] 
2.18b 0.336 6.5 1 M NaCl n.r. 40 ◦C vacuum oven for 24 h [24] 
– 0.32 – n.r. n.r. n.r. [25]  
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with acrylonitrile butadiene styrene material (Ultimaker ABS). While 
the bottom support is closed, the top frame is open to give some flexi
bility for the membranes to swell or shrink. 

After equilibrating in solution for at least 2 h, the stack was removed 
from the solution with a tweezer and shaken three times in air. During 
shaking the stack, the open frame was pointed downwards. A tissue was 
used to properly remove any water droplets on the bottom and top 
plastic frames as well as near the screws. Afterward, the wet stack mass 
was measured gravimetrically. Touching any of the membrane material 
with the tissue must be avoided. This ensures that the tissue does not 
withdraw random amounts of the water inside the membrane. More
over, the shaking and the drying of the plastic parts were done consis
tently to have a constant contribution of the water film on the top 
membrane surface throughout all measurements. 

To this point, we weighed the stack of 8 membrane layers. Subse
quently, we removed the top layer from the stack and returned the stack 
to the solution for 10 – 15 min before the next stack (7 layers) mea
surement. Carrying on with this procedure, we obtained 8 measure
ments of the wet stack mass for each membrane material. Moreover, we 
kept the order of samples while removing each layer; so that we measure 
the dry mass of each layer and correlate it accurately. As we follow the 
same technique in each measurement, we assumed constant contribu
tions to each set of measurements (b0): the mass of the plastic support, 
screws, and the water film on the top membrane surface. Therefore, the 
total measured mass of the wet stack, mstack,k, can be linearly correlated 
to the total dry membrane mass as follows 

yk = b1⋅xk + b0 Eq. 4  

yk = mstack,k Eq. 5  

xk =
∑k

i=1
mX form

m,dry,i Eq. 6  

b1 = 1 + WC Eq. 7  

where mstack,k is the total mass of the wet stack including (k) layers of 
membranes, mX form

m,dry,i is the dry mass of membrane sample (i), and the 
superscript (X) refers to the type of counter-ions (according to Eq. 18). 
The subscripts, i and k, refer to the sample order and the number of 
membrane layers in the wet stack, respectively. We calculated the 
regression coefficients (b1 and b0) via the least squares method [26–28] 
as follows 

b1 =

∑N

k=1
(xk − x̄)(yk − ȳ)

∑N

k=1
(xk − x̄)2

Eq. 8  

b0 = ȳ − b1⋅x̄ Eq. 9  

where x̄ and ȳ are the means of the x and y values, respectively. The 
variance of y about the regression line was estimated based on the re
sidual variance (s2) [27,28] 

s2 =

∑N

k=1
(yk − ȳ)2

− b2
1⋅
∑N

k=1
(xk − x̄)2

N − 2
Eq. 10  

where N is the number of data points (N = 8). The denominator repre
sents the degrees of freedom, where two degrees of freedom are used for 
the determination of the two regression coefficients. We evaluated the 
standard error [27,28] in the regression coefficients via 

SEb1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
s2

∑N

k=1
(xk − x̄)2

√
√
√
√
√

Eq. 11  

SEb0 = s⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
+

x̄2

∑N

k=1
(xk − x̄)2

√
√
√
√
√

Eq. 12 

Using the (two-tailed) Student’s t-distribution (tN-2) value for a 90 % 
confidence level and (N-2) degrees of freedom, we estimated the con
fidence interval (CI) [27,28] for the WC as 

CIWC = WC ± tN− 2⋅SEb1 Eq. 13 

Using this method, the same samples of each membrane material and 
stacks were used to measure the water content at different salinities: 
0.01, 0.1, 0.5, and 1 M NaCl. The membranes were always equilibrated 
in the solution of interest overnight, during which the solution was 
renewed at least once. 

The length and width of the wet (equilibrated in 0.5 M NaCl) and dry 
membrane samples were measured with a digital caliper (resolution: 
0.01 mm). Furthermore, we obtained the wet and dry membrane 
thicknesses using a digital micrometer (Micromar, Mahr GmbH, reso
lution: 1 μm). 

2.2. Counter-ion exchange 

We exchanged the counter-ions inside the membrane samples to K+, 
Mg2+, and Ca2+. After each exchange, the samples were equilibrated in a 
10 mM solution of the corresponding chloride salt (i.e., KCl, MgCl2, or 
CaCl2). The water content of the membrane was measured following the 
same membrane stacking technique, described earlier. For each mem
brane material, we monitored the exchange of counter-ions in three 
samples. 

The membrane samples (initially in Na+ form) were firstly soaked in 

Fig. 1. Membrane stacking measurement.  
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demi water for 2 h (with stirring and replacing the water 3 times); to 
desorb excess/mobile ions from the membrane. Afterward, the counter- 
ions of the membrane were replaced by K+ via soaking in a 0.2 M KCl 
solution for a total duration of 2.5 h (with stirring and refreshing the 
solution twice). The three solutions were combined and the concentra
tion of the desorbed Na+ was measured using inductively coupled 
plasma - optical emission spectrometry (ICP-OES). The conversion per
centage was calculated via 

Conversion =
Vs⋅

(
CNa,after − CNa,before

)
⋅zNa

mm,dry⋅IEC
Eq. 14  

where Vs is the collected solution volume, and z is the ion valence. The 
subscripts “after” and “before” refer to the KCl solution after and before 
the exchange step, respectively. Similarly, the samples were also 
exchanged with other ions by soaking the samples in the relevant so
lutions as summarized in Table 2. 

2.3. Ion-exchange capacity (IEC) 

We measured the IEC of CEMs based on the acid/base titration 
method [6,9,29,30]. Small pieces of CEM (~0.5 g wet) were brought to 
H+ form by submerging the membrane in 200 mL of 1 M HCl solution 
overnight with gentle stirring. The solution was renewed and stirred for 
one more hour. The membranes were then soaked in demi water for 2 h 
(with stirring and replacing the water 3 times) to desorb excess/mobile 
ions from the membrane. Afterward, the membranes were transferred to 
a 50 mL solution of 2 M NaCl for 3 h where the solution was renewed 
twice. The three solutions were combined and titrated versus a NaOH 
solution of known concentration with an automatic titrator (Titrando, 
Metrohm). We measured the volume consumed to reach the equivalent 
point VNaOH. Lastly, the membrane dry mass was measured as explained 
in the next section. The IEC was calculated using 

IEC =
VNaOH⋅CNaOH

mm,dry
Eq. 15  

where VNaOH is the volume of NaOH solution required to reach the 
equivalence point, and CNaOH is the NaOH concentration. 

2.4. Membrane dry mass 

The membrane samples were first converted to Na+ form and then 
soaked in demi water for 2 h to wash out the excess mobile salt from the 
membrane, where the solution was refreshed twice. Afterward, the 
samples were left to dry at ambient laboratory conditions for 2 days, 
followed by an additional 10 h at N2 atmosphere, and 2 h in a drying 
oven at 105 ◦C to ensure full drying. The samples were left to cool down 
inside a desiccator for 1.5 h where silica gel granules (Merck) were used 
as a drying agent. The dry sample mass was directly recorded once taken 
out of the desiccator. In the Supporting Info, SI-2, we further discuss the 
drying procedure and the influence of the dry mass measurement un
certainty on the WC and ICD calculations. For accurate measurement of 
the membrane dry mass, the samples should be exposed to a temperature 
above the boiling point of the water, yet stay below the thermal 
degradation limits of the polymer [31]. Moreover, an extended heating 

duration should be avoided as it promotes the oxidation of the mem
brane polymer. 

As discussed earlier, the ICD can be calculated using the membrane 
density ρm [g dry polymer/mL swollen polymer] and IEC (Eq. 1b). The 
membrane density (Eq. 2) is calculated based on the dimensions of the 
membrane sample (i.e., width, length, and thickness) as well as its dry 
mass. To clarify the uncertainty in the membrane thickness measure
ment relative to the other parameters in Eq. 2, we formulate the mem
brane density, ρm [g dry polymer/mL swollen polymer], as follows 

ρm =
am

δm
Eq. 16  

aNa form
m =

mNa form
m,dry

Am
Eq. 17  

where am [g dry polymer/m2 swollen polymer] is the surface area 
density of membrane material, mNa form

m,dry [g] is the dry mass of the 
membrane sample having Na+ as counter-ions, and Am [m2 swollen 
polymer] is the surface area of the wet membrane sample (equilibrated 
at 0.5 M NaCl). 

The counter-ions inside the IEM contribute significantly to the dry 
membrane mass. For example, the Na+ counter-ions account for 5 % of 
CMTE membrane’s dry mass when it is fully exchanged in this form. For 
the stacking measurements, we used the same samples to measure the 
membrane water content at different counter-ion forms, but the samples 
were dried eventually in Na+ form. Therefore, it is important to account 
for the accompanied change in the membrane dry mass to avoid inac
curate trends in water content calculations. The dry mass of a membrane 
sample where the counter-ions are X, mX form

m,dry , is calculated as follows 

mX form
m,dry = mNa form

m,dry ⋅
(

1 + IEC⋅
(

MX

zX
−

MNa

zNa

)

⋅10− 3
)

Eq. 18  

where MNa [g/mol] is the molar mass of Na+ ions. 

2.5. Membrane resistance 

The membrane resistance was measured using a 6-compartment cell 
[9,32,33] (EMI Twente, The Netherlands) with circular platinum-coated 
titanium electrodes as cathode and anode (Fig. 2). To eliminate the in
fluence of the working and counter electrodes on the measurements, we 
used a four-electrodes configuration where Ag/AgCl reference elec
trodes were connected to Haber–Luggin capillaries via a 3 M KCl 

Fig. 2. The six-compartment cell used for direct and alternating current mea
surements based on a four-electrodes configuration. Three solutions are recir
culated through the cell. The middle membrane (light orange) is the membrane 
under investigation. The other four membranes (dark orange) are auxiliary 
membranes used to separate the different solutions. 

Table 2 
Solutions used to exchange the membrane counter-ion form.  

counter-ions 
exchanged 

Solution used Total duration [h] Solution was refreshed 

from to 

Na+ K+ 0.2 M KCl 2.5 twice 
K+ Mg2+ 0.1 M MgCl2 3 twice 
Mg2+ Ca2+ 0.01 M CaCl2 3 twice 
Ca2+ H+ 1 M HCl 18 once  
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solution. Moreover, the 6-compartment cell was placed in a Faraday 
cage to minimize the background electromagnetic noise. Three solutions 
were recirculated at 0.25 – 0.3 L/min through the cell and heat ex
changers to keep the temperature at 20 ◦C (±1). To keep the solutions 
separated, four Selemion CMTE sheets were used as auxiliary mem
branes between the outer compartments. The membrane of interest was 
placed between the middle compartments in contact with a 0.5 M NaCl 
solution. The investigated membrane was sandwiched between area 
reducer rings (250 μm) in order to magnify its resistance relative to the 
solution resistance, and consequently, reduce the measurement error. 
The active membrane area was 5.4 ± 0.1 cm2. 

Direct current (DC) and alternating current (AC) were generated via 
a potentiostat (Ivium Technologies, The Netherlands). We analyzed the 
membrane resistance via DC followed by AC, each in triplicates. Before 
and after measuring the membrane resistance, we measured the (blank) 
solution resistance twice. At the blank runs, we inserted the area reducer 
ring without any membrane between the middle compartments. For DC 
measurement, a linear potential sweep between 0 and 0.2 V was per
formed using steps of 3 mV (Figure SI- 5b). The data of the linear ohmic 
part of the iV curve was used to calculate the resistance via linear fitting 
similar to the fitting approach introduced earlier for the stacking mea
surements (Eqs. 8–13). Moreover, the uncertainty in the calculated DC 
resistance (RDC) was calculated based on a 90 % confidence level. 

For electrochemical impedance spectroscopy (EIS) measurement, we 
applied AC sine waves of amplitude 10 mA at open circuit voltage and 
scanned the frequencies from 105 to 0.1 Hz. Długołęcki et al. [34] 
explained the equivalent circuit for the membrane impedance and 
measured the membrane response at lower frequencies (down to 10− 3 

Hz) and more dilute solutions (17 mM NaCl). For our measurements (at 
0.5 M NaCl), the response in the frequency range of 500 – 1 Hz is purely 
resistive with negligible phase shift (Figure SI- 5a). Therefore, we used 
the average of the real impedances in this range as the system resistance. 
Moreover, the uncertainty in the AC measurements is based on the 
standard deviation of the data. 

The membrane resistance (rm) is the difference between the blank 
(solution only) and the combined (membrane + solution) resistance 
measurements. 

rm = rm+s − rs Eq. 19  

where r [Ω] is the system resistance. The subscripts “m” and “s” refer to 
the membrane and the solution respectively. The uncertainty/error in 
the membrane resistance E(rm) is estimated as the summation of errors 
in both the blank and the combined (membrane + solution) resistance 
measurements as follows 

E(rm)=E(rm+s) + E(rs) Eq. 20 

The membrane-area resistance (Rm [Ω.cm2]) is calculated as follows 

Rm = Am⋅(rm+s − rs) Eq. 21  

where Am [cm2] is the active membrane area. Furthermore, the 
membrane-area resistance (Rm) translates to a membrane-specific 
resistance (Rm,specific) and conductivity (κm) [35] as follows 

Rm,specific =
Rm

δm
Eq. 22  

κm =
1

Rm,specific
Eq. 23  

2.6. Error propagation analysis 

Earlier, we explained how we estimate the error or uncertainty in the 
measurement, e.g., the WC measurement. In this sub-section, we clarify 
how to estimate the combined error propagation from multiple param
eters to one parameter, e.g., ICD.  

(a) One-to-one 

It is useful to first examine the propagation of an arbitrary error from 
one parameter to another, specifically to the ionic charge density. As 
introduced earlier, the ICD can be calculated using either Eq. 1a or 1b. 
For the former approach (Eq. 1a), we calculate the theoretical error 
propagation from the water content measurement to the ICDa as follows 

ICDa + E(ICDa) =
IEC⋅ρW

WC + E(WC)
Eq. 24  

E(ICDa)

ICDa
=

1
1 +

E(WC)
WC

− 1 Eq. 25a  

where E is the error or uncertainty in the measured or calculated 
parameter. Similarly, the error propagation from the membrane thick
ness measurement to the ICDb can be calculated as follows 

E(ICDb)

ICDb
=

1
1 +

E(δm)

δm

− 1 Eq. 25b  

In both cases (Eqs. 25a and 25b), the relative error in the ICD is not 
linear in response to the relative error in the membrane thickness, or the 
membrane WC measurements (solid line in Fig. 3). Furthermore, 
underestimating the membrane thickness or WC leads to higher relative 
errors in the ICD compared to overestimating.  

(b) Multiple-to-one 

Secondly, we consider the propagation of multiple uncertainties to 
one parameter, e.g., the propagation of the WC, and IEC measurements 
uncertainties to the ICD. It is unlikely that the errors in each of the WC 
and IEC will accumulate in the same direction to either maximize or 
minimize the ICD. It is also unlikely for those errors to perfectly cancel 
each other. Taylor [36] treated this statistical problem and suggested a 
general formula to calculate the uncertainty in a variable, e.g., q, which 
is a function of parameters: A, …, Z measured with uncertainties of E(A), 
…, E(Z), respectively. We reformulate his general equation (“addition in 
quadrature”, equation 3.47 in Ref. [36]) as follows 

E(q) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

E(A)⋅
∂q
∂A

)2

+ … +

(

E(Z)⋅
∂q
∂Z

)2
√

Eq. 26  

where ∂q/∂A is the partial derivative of q with respect to A. This equa
tion is applicable when the uncertainties in A, .., and Z are independent 
and random [36]. For example, the measurement of the IEC is inde
pendent of that of the WC or the membrane thickness. However, that is 
not necessarily the case for the measurements of the combined mem
brane and solution resistance (rm+s) versus the blank (solution only, rs) 
resistance since those measurements were performed consequently 
using the same procedure and equipment. Therefore, the uncertainty in 
the membrane resistance (E(rm)) was estimated as a simple summation 
of the uncertainties in each of the combined (membrane + solution) and 
the blank measurements (Eq. 20). 

The addition in quadrature is an estimation that simplifies the 
complex problem of multi-error propagation. Nevertheless, an under
lying assumption [36] is that the uncertainties in A, …, and Z are small. 
To examine the accuracy of Eq. 26, we derive the special case of the error 
propagation from the WC to the ICD as follows 

E(ICDa)

ICD
=
− E(WC)

WC
Eq. 27 

We ignored the uncertainty of IEC in Eq. 27 only for the sake of a 
theoretical comparison with Eq. 25a. This approximation was plotted 
against the exact solution (Fig. 3). As a rule of thumb, the “addition in 
quadrature” (Eq. 26) provides reasonable error estimations when the 
relative uncertainty in the measurements is below 10 %, which is 
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generally the case for the measurements performed in this study. In the 
results section, we present the uncertainty in the ICD based on the 
addition in quadrature equation as follows 

E(ICDa) = ICDa⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

E(IEC)
IEC

)2

+

(
E(WC)

WC

)2
√

Eq. 28  

E(ICDb) = ICDb⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

E(IEC)
IEC

)2

+

(
E(λm)

λm

)2

+

(
E(δm)

δm

)2
√

Eq. 29 

Moreover, the uncertainty in the membrane-area resistance (E(Rm)) 
is calculated as follows 

E(Rm) = Rm⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

E(Am)

Am

)2

+

(
E(rm)

rm

)2
√

Eq. 30  

3. Results 

3.1. Membrane thickness and IEC 

Using a desk micrometer, we measured a range for the membrane 
thicknesses rather than a single value (Table 3), since the membrane has 
some ability to shrink/contract based on the applied stress. The thick
ness of all the tested materials shrunk after drying except FKS whose 
minimum dry thickness was larger than its minimum wet thickness. As 
the membrane is more brittle when dry, its dry thickness lies within a 
narrower range compared to the wet range. We calculated the swelling 
percentage in the membrane length (Slength) and thickness (Sthickness) for 
each sample as follows 

Slength =

̅̅̅̅̅̅̅̅̅
Awet

√
−

̅̅̅̅̅̅̅̅
Adry

√

̅̅̅̅̅̅̅̅
Adry

√ Eq. 31  

Sthickness =
δm,wet − δm,dry

δm,dry
Eq. 32  

where A is the area of the membrane sample. It was not practical to 
measure the dry area of the FKD samples as they coil up upon drying. 

The average swelling percentage in the membrane thickness was 
calculated based on the average of the measured wet and dry thickness 
ranges (Fig. 4). Moreover, we estimated the maximum and minimum 
thickness swelling, e.g., the maximum swelling was calculated using the 
maximum wet thickness and the minimum dry thickness. While the 

membrane thickness was estimated by a range, the membrane length is 
measured as a single value. Approaching the membrane surface with a 
desk micrometer can significantly influence the measured membrane 
thickness. However, this effect is insignificant for the membrane length 
measurement (by approaching the membrane edges with a caliper) 
owing to the higher scale of membrane length (mm) compared to its 
thickness (μm). The membrane swelling along its length (Slength range: 1 
– 6 %) is more confined compared to its thickness (Sthickness, avg range: 3 
to 17 %). Generally, the thickness swelling is significantly higher than 
the length swelling. Since all the tested IEMs contain a reinforcement 
mesh which might swell differently compared to the membrane poly
mer, the membrane swelling along its length is limited relative to the 
thickness swelling. 

In line with Taylor [36], the uncertainties are reported with one sig
nificant figure, and the average values are rounded accordingly (Table 4). 
The measured IEC values are in good agreement with the literature and 
with the tabulated values of the manufacturers. Furthermore, we calcu
lated the ICD based on Eqs. 1a and 1b where CMTE, CMVN, and Fuji-T10 
exhibited a relatively high ICD compared to the other three materials. 
Both concentration units, i.e., [mol/L water sorbed] or [mol/L swollen 
polymer]), can be used to describe the ion equilibria in membranes. 
Kamcev et al. [8] fitted the membrane equilibrium with an aqueous so
lution of NaCl. The authors plotted the activity coefficients inside the 
membrane in case of expressing the concentrations as either “moles/L 
sorbed water” or “moles/L swollen polymer” (Fig. 7a and Fig. S2 in 
Ref. [8], respectively). Both approaches led to similar trends of the 
membrane activity coefficients but the scale of the values is different in 
response to the scale of the used concentration units. 

Following the basis of Eq. 1a, the aqueous solution is considered to 
be in equilibrium with the water inside the membrane. We assumed that 
the water density, applied in Eq. 1a, is same as the bulk water density. 

Fig. 3. Theoretical error propagation from the water content (WC) measure
ment to the ionic charge density (ICD) where the relative error in the ICDa 
[mol/L water sorbed] is plotted as function of the relative error in the WC 
parameter. The solid line refers to the exact error propagation based on Eq. 25a, 
while the dashed line represents the approximated error using Eq. 27. Similar 
trend can be plotted for the error propagation from the membrane thickness 
measurement to the ICD calculated via Eq. (1b). 

Fig. 4. Swelling percentage of the membrane along its thickness as well as its 
length. The swelling of the membrane length is marked with open circles (6 – 8 
measurements per membrane material). The average thickness swelling is 
marked by black solid diamonds. 

Table 3 
Membrane thickness and area density for different commercial CEMs. The ±
values for the surface area density represent the standard deviation based on 8 
measurements.  

membrane reinforcement thickness surface area density 

dry wet 

[μm] [μm] [g dry polymer/m2 

wet IEM] 

avg +/−

CMTE unkown 219 – 227 250 – 270 195 3 
CMVN unkown 88 – 95 97 – 103 107 2 
FKS Polyester [37] 146 – 152 138 – 150 119 2 
FKD PEEK [37] 90 – 97 103 – 110 76 1 
Fuji-T10 Polyolefin [38] 115 – 125 125 – 155 84 2 
Fuji-T12 Polyolefin [38] 118 – 126 119 – 132 93 1  
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This assumption is not fully accurate since the IEMs have a high con
centration of ions whose hydration shells contain water of lower molar 
volume (or density) relative to the bulk water, i.e., about 15 relative to 
18 cm3/mol [42,43], respectively. Nevertheless, the bulk water density 
was used in Eq. 1a; to be consistent with the calculations in literature, 
and to avoid the uncertainty about the exact hydration volume of the 
ions inside the membrane. 

Following the basis of Eq. 1b, the membrane system is treated as two- 

phase equilibria: one is the aqueous solution while the other phase is the 
overall swollen membrane. However, Eq. 1b is not fully accurate since 
each membrane contains a different reinforcement material (also called 
backing material, Table 3) whose volume is inaccessible for ion trans
port. Therefore, we need to base our calculations on the effective or 
active swollen polymer volume as follows 

ICDe =
ICD

1 − fb
Eq. 33  

where ICDe is the effective ionic charge density. Galizia et al. [15] 
calculated the volume occupied by the backing in a commercial mem
brane, i.e., CR61. Their equation (Eq. S9 in Ref. [15]) can be rearranged 
to calculate the volume fraction of the backing (reinforcement) material 
in the swollen polymer (fb) 

fb =
Vb

Vm
=

δb

δm
(1 − εb) Eq. 34  

where Vb and Vm are the volume of the backing and wet IEM, respec
tively. The calculations in our study were not corrected for the inactive 
reinforcement volume since each of the studied membranes has a 
different backing of an unknown thickness (δb) and porosity (εb). 

We compared the calculated ICD to the values recently reported by 
Espinoza et al. [39] for CMVN, Fuji-T10, and Fuji-T12 (Table 4). There is 
a good agreement between the two studies for the ICDb [mol/L swollen 
polymer], calculated via Eq. 1b. However, there are significant differ
ences in the values of ICDa [mol/L water sorbed], calculated via Eq. 1a. 
As discussed later, the water content measurement technique plays a 
major role, leading to such differences (Table SI- 8). 

3.2. Water content measurement 

In Fig. 5a, we compare the measured water content based on the 
different methods to remove the surface water film. For single mem
brane measurements (techniques: A – D as introduced in the Methods), 

Fig. 5. (a) Measured water content (WC) at 0.5 M NaCl for four commercial CEMs using different methods to remove the surface water. Letters, A – D, represent the 
single membrane measurement methods as explained in the Materials and Methods section, where 5 measurements were performed for each method and each 
membrane. “Stacking” refers to the membrane stacking method. The error bars for the stacking method reflect a 90 % confidence level. The red lines refer to the 
minimum WC that corresponds to the measured membrane resistance as per the theoretical framework of Mackie and Meares (details are discussed in the next 
sections). (b, c) Linear fitting of the water content measurements (at 0.5 M NaCl) via the stacking method. The markers represent the measured values, while the 
dashed line is the linear fit. 

Table 4 
Ion-exchange capacity (IEC) and ionic-charge density (ICD) of different com
mercial CEMs. The ± values for the IEC represent the standard deviation in 3 – 6 
measurements. The ± values for the ICD represent the propagated errors ac
cording to the addition in quadrature approach (Methods section). For each 
membrane, the values, based on this study, are presented in the first row, and the 
values, retrieved from literature, are in the subsequent rows.  

membrane IEC ICD 

via Eq. 1a via Eq. 1b 

[mmol/g dry 
polymer] 

[mol/L water 
sorbed] 

[mol/L swollen 
polymer] 

CMTE 2.21 ± 0.09 3.8 ± 0.3 1.7 ± 0.1 
CMVN 1.40 ± 0.04 

1.40 ± 0.02 [39] 
1.51 ± 0.01 [40] 

3.7 ± 0.6 
7.7 ± 0.2 [39] 

1.50 ± 0.07 
1.54 ± 0.02 [39] 

FKS 0.91 ± 0.01 
1.02 ± 0.03 [40] 
1.0 [41] 
0.8 – 1.2 [37] 

2.0 ± 0.4 0.75 ± 0.03 

FKD 1.29 ± 0.04 
1.14 [9] 
1.2 – 1.4 [37] 

1.59 ± 0.06 0.92 ± 0.04 

Fuji-T10 2.45 ± 0.03 
2.74 ± 0.15 [39] 
2.12 ± 0.05 [17] 

2.5 ± 0.2 
6.7 ± 0.4 [39] 

1.5 ± 0.2 
1.69 ± 0.09 [39] 

Fuji-T12 1.46 ± 0.01 
1.55 ± 0.07 [39] 

2.0 ± 0.2 
5.5 ± 0.3 [39] 

1.08 ± 0.06 
1.15 ± 0.05 [39]  
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we can calculate the standard deviation in the measurements, which 
reflects the measurement precision but not its accuracy. Therefore, we 
used the theory of Mackie and Meares [44] to calculate the theoretical 
membrane water content that corresponds to its measured EIS resistance 
(details of the theory and the calculations are given in the next sections, 
and the Supporting Info, SI-1). This theoretical water content represents 
the minimum water content that the membrane should contain to pro
vide the measured resistance in case the membrane tortuosity is the only 
factor contributing to the membrane resistance. Furthermore, the 
membrane water content might exceed this theoretical value while 
having the same conductivity since (a) the membrane might contain 
dead cavities that do not function as transport channels either because 
they are not connected or too narrow compared to the ion size, and (b) 
there are other sources of resistance inside the membrane such as the 
electrostatic interactions [21]. 

For single membrane measurements (A – D as introduced in the 
Methods), we found significant variations in the measured WC (Fig. 5a, 
Figure SI- 4). Generally, using a tissue/paper to directly remove the 
water film from the membrane surface underestimated the membrane 
water content (method B – D). The tissue can easily withdraw the water 
inside the membrane that is not associated with the hydration shell of 
the present ions. As we explain later, this is the case for FKS and FKD 
(Fig. 8). Using different tissue materials led to significant variations in 
the calculated WC, especially for CMVN. In case of membranes with low 
excess water (e.g., CMTE and CMVN), the membrane water content 
either favors staying in the ionic hydration shell or moving to the tissue 
depending on the absorption capacity of the tissue/paper and the ionic 
hydration energy. 

Using the stacking method, we obtain 8 measurement points (Fig. 5b 
and c) for each membrane at equilibrium with a certain solution. The 
water content of the membrane was obtained from the slope of the linear 
fitting of these points (Eq. 4). Moreover, we calculated a confidence 
interval for the WC (membrane stacking method, Fig. 5a), which in
cludes the WC value with a 90 % confidence level as described by Eq. 
10–13. The more data points (N) to be used in the regression, the lower 
the standard error in b1 as well as the t-factor, and consequently, we 
reach to a narrower confidence interval for the WC. The fitting param
eters are summarized in the supplementary info (SI-3). A regression 
model that well explains the variability in the y measurements has a 
coefficient of determination (R2) [26] close to 1. In this study, all fittings 
had high R2 values (above 0.994) except for one measurement, FKS at 
10 mM HCl (R2 = 0.985). The measurement of CMTE and FKS at 0.5 M 
NaCl were reproduced twice, showing a good agreement since their WC 
values (stacking method) lie within the error margins or confidence 
intervals of the repeated measurements (Fig. 5a). 

The effect of salinity on the water content of IEMs was compared to 
literature. Kamcev et al. [8,45] as well as Galizia et al. [15] observed a 
decreasing water content for three CEMs (CR61, CA267, and CA238) in 
response to increasing the solution salinity. Ji et al. [46] measured the 
water content of CMV, CMI-7000s, and XLAMPS at 0.1 and 0.5 M NaCl, 
where the difference between the two values was insignificant (within 
the error margins). 

In our study (Fig. 6), we found that membranes of high ion-exchange 
capacity (i.e., CMTE and Fuji-T10) have a constant water content within 
the studied concentration range of 0.01 – 1 M NaCl. The other mem
branes had a fairly constant WC for ionic strengths <0.5 M NaCl. Moving 
towards higher ionic strength (0.5 – 1 M NaCl), the water content 
showed a slight increase (CMVN and Fuji-T12) or decrease (FKS). On 
one hand, the higher ionic strength of the solution lowers the osmotic 
pressure difference between the membrane and the solution, leading to 
osmotic de-swelling of the free water inside the membrane (water not 
bound to the ionic hydration shell). On the other hand, increasing so
lution salinity promotes co-ion leakage into the membrane which en
hances the membrane swelling since those leaked ions enter the 
membrane with their (partial) hydration shell. Note that mobile salts 
inside the membrane at high solution salinity (1 M NaCl) are not 

included in the dry mass of the membrane since we soaked the mem
branes in demi water prior to drying. If the membranes were dried 
without soaking in demi water, the dry mass of the samples is expected 
to vary significantly in case of the measurements at concentrated solu
tions (>0.5 M NaCl). Again, those variations will depend on the way of 
removing the surface water film before drying. 

3.3. Counter-ions influence on membrane swelling 

We monitored the exchange of the membrane counter-ions (Table 5). 
Although CMTE is almost twice as thick as the other three membranes, 
FKS and FKD showed lower conversions using 0.2 M KCl and 0.1 M 
MgCl2. Having high background concentrations of K+ or Mg2+ can 
interfere with the measurement of the co-existing ions which is likely to 
influence the results of FKS and FKD more than the other membranes. 
Both FKS and FKD have low IEC (Table 4) and hence low amounts of 
counter-ions to be transferred to the exchange solution compared to the 
other membranes (for the same sample area). The ICP interference issue 
was avoided when using a low concentration of CaCl2 solution. A con
centration as low as 0.01 M CaCl2 gave high conversions overall (>95 %) 
due to the high Ca2+ selectivity in CEMs according to the general 
selectivity sequence reported by Helfferich [5]. 

Fig. 7 illustrates the impact of the counter-ions on the membrane 
water content. Generally, the water content is higher when the mem
branes are in H+ counter-ion form compared to the other forms. Similar 
results were observed in the study of Tuan et al. [7], where CMV 
membranes swelled further when soaked in acids (water content order: 
HCl > H2SO4 > NaCl). Several studies [47–50] introduced the concept of 
proton structure in aqueous solutions to explain the transport mecha
nism of protons and their unique mobility performance. Those authors 
pictured a hydronium ion that maintains three water molecules in its 
first hydration shell via hydrogen bonding, i.e., the Eigen configuration 
(H9O4

+). Another proposed configuration is the Zundel ion (H5O2
+), a 

proton shared between two water molecules. Further research is still 
needed to elucidate the proton interactions and its hydration shell 

Fig. 6. Effect of the NaCl concentration of the external solution on the mem
brane water content based on the stacking method. The error bars represent a 
90 % confidence level. 

Table 5 
Exchange of counter-ions inside the membranes (rounded values).  

exchanged solution used conversion [%] 

from to CMTE CMVN FKS FKD 

Na K 0.2 M KCl 90 100 90 85 
K Mg 0.1 M MgCl2 100 100 90 95 
Mg Ca 0.01 M CaCl2 95 100 100 100 
Ca H 1 M HCl 100 100 90 95  
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structure inside IEMs, especially the proton selective and the proton 
resistive membranes. 

Regarding the Na+, K+, Mg2+, and Ca2+ ions, the counter-ion form 
influenced the membrane water content results, however, without a 
general trend (Fig. 7). Moreover, the changes in the membrane water 
content are not significant relative to the measurement uncertainty 
(confidence interval), especially for the FKD. Some trends for membrane 
water content for different counter-ions were reported in the literature 
[15,45] with similarity to the membrane selectivity trend. Nevertheless, 
no thermodynamic relation has been put forward to explain these two 
trends, as was also stated by Bonner et al. [51]. 

The membrane water content can be further analyzed in light of the 
ion solvation. Generally, the water content of an ion-exchange resin is 
considered either “hydration” or “free” water [5,52–55]. Although the 
meaning of the results can vary across the literature based on the 
adopted treatment, the experimental method, or the definition of the 
hydration shell. In our analysis, the hydration number (λm

hyd. [mol 
H2O/mol eq.]) refers to the number of water molecules (per equivalent 
mole of counter-ions) that are associated with the (primary and sec
ondary) hydration shells of the mobile and fixed ions in the swollen 
membrane. 

In studies of ion-exchange resins, the D’Arcy and Watt equation [56] 
was frequently used to calculate the hydration number of the resin by 
fitting the water vapor sorption isotherm data [53,57–59]. This 
approach employs different parameters that associate the water to 
strong or weak hydration sites, or multilayer formation (free water). 
However, Nandan et al. [53] showed this analysis only distinguished the 
primary hydration for some counter-ion species such as Na+. 

For the sake of a consistent comparison, we assumed all counter-ions 
to be fully hydrated inside the membrane with radii similar to their 
recorded radii in solution. This translates to estimating the maximum 
limit for the hydrated water and the minimum limit for the free water. 
Burgess [60,61] provided a comprehensive review of the different 
methods for estimating the hydration numbers of ions. The radii, used in 
our analysis, are based on the electrolyte transport properties [62,63] 
(Table 6). CEMs commonly have sulfonate groups (R–SO3

- ) as their 
fixed-charged groups [2,64–66]. Due to a lack of data, we assumed the 
radii of the fixed-charged groups to be similar to chloride ions rather 
than the (divalent) sulfates. 

We adapted Eq. 3, in Ref. [43], to estimate the volume of water 
associated with the hydration shell of an equivalent mole of ions (i) 
(Veq.

hyd.,i [mL H2O/mol eq.]) as follows 

Veq.
hyd.,i =

4π⋅Av

3⋅|zi|

(
r3

H,i − r3
C,i

)
Eq. 35  

where Av is Avogadro’s number (6.02E+23 ion/mol). The hydrated and 
crystal radii of ion (i) are given by rH,i and rC,i [A◦], respectively. At 10 

mM of chloride salts, ions inside the membranes are basically counter- 
ions and fixed-charged groups. In this case, the co-ion concentration 
can be neglected. The hydration number is calculated as follows 

λm
hyd. =

∑

i
Veq.

hyd.,i

VHS
H2O

Eq. 36  

where “i” refers to all the ionic species inside the membrane. The molar 
volume of water inside the hydration shell (VHS

H2O) was estimated to be 
15 mL H2O/mol H2O [42,43]. The volume fraction of water associated 
with the ionic hydration shells inside the membrane (Vhyd. [mL H2O/mL 
wet IEM]) is given by 

Vhyd. = ICD⋅
∑

i
Veq.

hyd.,i Eq. 37  

Furthermore, the free water fraction (Vfree water) represents the differ
ence between the measured water content and the hydration number as 
follows 

Vfree water =

(
WC − λhyd.⋅IEC⋅MH2O

)
⋅ρm

ρfree water
Eq. 38  

where MH2O [g/mol] is the molar mass of water. The free water density, 
ρfree water, was assumed to be the same as the bulk water density, i.e., 
0.998 g H2O/mL H2O at 20 ◦C [67]. 

Generally, the counter-ion species inside the membrane have a minor 
influence on the hydration water inside the membrane (Fig. 8). For some 
membranes, e.g., FKD, those differences in the hydration water volume 
(Fig. 8) are within the uncertainty of the WC measurement (Fig. 7). 
Unbound to any hydration shell, the free water inside the membrane is 
the fraction that is mostly influenced by the osmotic effect of the solu
tion. Converting from Na+ to K+ form (or Mg2+ to Ca2+), we obtain the 
same number of counter-ions with similar hydration energy, but with 
smaller hydration numbers (Table 6). Therefore, the membrane water 
content is expected to be relatively lower, i.e., WCK < WCNa (also WCCa 
< WCMg). This is the case for the CMTE and FKS membranes (Fig. 8). 

The hydration energy of divalent ions is significantly higher than 
that of monovalent ones (Table 6). Although the degree of dehydration 
of ions inside the membrane is unknown, monovalent ions are expected 
to get further dehydrated compared to the divalent ions. The degree of 
dehydration does not only depend on the ion properties, but also on the 
swollen membrane structure. In Fig. 8, we illustrate the breakdown of 
the membrane water volume fraction at equilibrium with 10 mM of 
different chloride solutions, e.g., 10 mM of CaCl2. For each membrane 
material, the osmotic pressure difference between the membrane and 
the solution is almost the same for the different counter-ions. Therefore, 
the free water portion inside the membrane is expected to be similar in 
all forms. However, the free water in the Na+ form of CMVN is signifi
cantly smaller relative to other forms of the same membrane. Therefore, 

Fig. 7. Membrane water content at different counter-ion forms, where the 
samples were equilibrated in 10 mM of the corresponding (X)Cly solution. The 
error bars represent a 90 % confidence level. 

Table 6 
Ion properties at 25 ◦C: molar mass, Gibbs free energies of hydration [68], ionic 
crystal radii [69], and hydrated radii in aqueous solution [62]. The last two 
columns present the calculated water volume associated with the ionic hydra
tion shell and the hydration number in a CEM, respectively. n.a.: not applicable.  

Ion Molar 
mass 

-Δhyd 

G◦

Crystal 
radius 

Hydrated 
radius 

Veq.
hyd.,i λm

hyd.

[g/ 
mol] 

[kJ/ 
mol] 

[A◦] [A◦] [mL 
H2O/mol 
eq.] 

[mol 
H2O/mol 
eq.] 

Na+ 23.0 365 0.95 3.58 114 12.7 
K+ 39.1 295 1.33 3.31 86 10.9 
Mg2+ 24.3 1830 0.65 4.28 99 11.7 
Ca2+ 40.1 1505 0.99 4.12 87 11.0 
Cl− 35.5 340 1.81 3.32 77 n.a.  
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the sodium ions are likely to face more pronounced dehydration in 
CMVN relative to the other cations in this membrane. The dehydration 
extent of counter-ion depends on the hydration energy as well as the 
effective diameter of the membrane cavities or transport channels 
[70–72]. 

3.4. Water content influence on the ion mobility 

Picturing (partially) hydrated ions and the different water fractions 
inside the membrane (Fig. 8), we expect some influences for the free and 
overall water volume fractions on the transport, and consequently the 
membrane performance. Firstly, a membrane with a high free water 
fraction is likely to have a high water permeability and hence a high 
osmotic water leakage. In this regard, the osmotic water leakage is ex
pected to be higher for FKD relative to the other membranes (FKD > FKS 
> CMVN, CMTE). This can be supported by the study of Dražević et al. 
[73] who showed an increasing trend for the water intrinsic perme
ability in aromatic polyamide (reverse osmosis, RO) membranes as their 
water content is raised. While both IEMs and RO membranes contain a 
dense polymeric layer, RO membranes do not contain a significant 
number of fixed charges compared to IEMs. Therefore, we can consider 
the whole RO membrane water content as free water, i.e., unlimited by 
the ionic hydration energy. 

Secondly, higher ionic mobilities are expected in the membrane with 
higher free water content. More free water inside the membrane trans
lates to more space for ions to move with low friction between the ions 
and the membrane polymer as well as among themselves (solute-mem
brane and solute-solute friction). Kingsbury et al. [6] studied the water 
permeation for 20 commercial IEMs and concluded that the water and 
salt permeability are highly correlated to one another regardless of 
polymer type or reinforcement. Such a correlation does not imply cau
sality. Instead, it is a common membrane parameter that influences both 
water and salt permeabilities in the same way, either positively or 
negatively. 

To cross a membrane, the ions need to take a longer diffusion path 

relative to their path if they were to cross a pure solution of the same 
thickness, i.e., membrane tortuosity [74,75]. Therefore, the mobility 
inside the membrane is reduced by a factor (rF) 

rF =
ui

um
i
=

Di

Dm
i

Eq. 39  

where ui and Di are the mobility and diffusion coefficient of ion (i) in 
aqueous solutions. Subscript, m, refers to the swollen membrane phase. 
The diffusion coefficient for Na+ and Cl− in aqueous solutions equals 
1.33E-9 and 2.03E-9 m2/s respectively [67]. 

Mackie and Meares [44] postulated a theoretical framework to ac
count for the effect of tortuosity using only one parameter: the water 
fraction in the membrane. They described the swollen membrane phase 
using a cubic lattice (Figure SI- 1b), where an ion at position (0) has a 
coordination number of 6. Each position around the ion can be either 
occupied by the membrane polymer, a hydrated ion, or water molecules. 
As the polymer chain mobility is much lower than that of ions, the sites 
occupied by the polymer are unavailable for the ions. Their analysis 
concludes with a simple relation between the water volume fraction and 
the mobility reduction factor of the membrane (details in the Supporting 
Info, SI-1) 

rMackie
F =

(
2 − Vw

Vw

)2

Eq. 40 

To evaluate the accuracy of Mackie and Meares’s theory in 
explaining the experimental observations, we also calculated the ion 
diffusion coefficient inside the membrane based on the resistance 
measurement. We measured the membrane resistance via two ap
proaches: electrochemical impedance spectroscopy (EIS) as well as 
direct current (DC) at 0.5 M NaCl (Fig. 9, Figure SI- 5). We included 
results from Rijnaarts et al. [76] and Długołęcki et al. [34] as they also 
measured the membrane resistance via both approaches. Długołęcki 
et al. [34] measured the membrane resistance at three different flow 
rates. We selected their measurements at the highest flow rate (0.8 
l/min); because they did their measurements using a 2-compartment cell 
where one solution is flowed between the membrane and the working or 
counter electrodes. In other words, using a higher flow rate is better to 
reduce the influence of the electrode reactions on the ionic composition 
of the solution and membrane under investigation. Although the resis
tance of Ralex CMH-PES is relatively high compared to the other 
membranes (point no. 1 in Fig. 9), this traces back to its relatively high 
thickness (680 μm [76]) rather than having a heterogenous structure 

Fig. 8. Break-down of the membrane water volume fraction into hydration and 
free water. 

Fig. 9. Membrane resistance measurements based on direct current (DC, y- 
axis) compared to the alternating current (AC, x-axis). The blue circles are 
measured in the present study, where error bars in both x- and y-directions are 
added based on the uncertainty in each measurement (refer to the Methods 
sections for details). The smaller closed and open orange circles are measured 
by Rijnaarts et al. [76] and Długołęcki et al. [34], respectively. 
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since it exhibited a relatively low-to-moderate specific resistivity 
(Figure SI- 6). 

The membrane resistance, measured by EIS, was always lower than 
that based on DC measurement (Fig. 9) for two reasons: (a) Using EIS, we 
can differentiate between the membrane resistance and the interfacial 
resistances such as the diffusion boundary layer resistance [34,77] that 
develops at the membrane surface. On the other hand, the DC method 
measures the combined resistance of the membrane and interfacial re
sistances. (b) During EIS measurement, an alternating current was 
applied at open circuit voltage where the ions oscillate in response to the 
frequency of the applied signal. Friction between ions and the mem
brane polymer is less significant when the ions are oscillating (EIS 
measurement) compared to actually crossing the membrane (DC mea
surement). For common applications of IEMs, such as electrodialysis, the 
DC method provides further insights into the overall ion-transport 
resistance. In this study, we compared the theory of Mackie and 
Meares to the measured EIS resistance instead of the DC resistance since 
the former better represents the membrane tortuosity. 

We considered a membrane in equilibrium with a 0.5 M NaCl solu
tion. Neglecting the activity coefficients in the solution and membrane, 
the Donnan equilibrium condition [35,78] simplifies to 
(

Cm
Na+

CNa+

)1/zNa+

=

(
Cm

Cl−

CCl−

)1/zCl−

Eq. 41 

Furthermore, the concentrations of mobile ions inside the membrane 
(Cm

i [mol / L swollen polymer]) are governed by the electroneutrality 
condition: 

zfix⋅Cm
fix +

∑

i
zi⋅Cm

i = 0 Eq. 42  

where Cm
fix equals the ICDb and zfix is the charge of the fixed ions (equals 

− 1). We solved Eqs. 41 and 42 for the concentration of the counter- 
(Na+) and co- (Cl− ) ions inside the membrane. 

Einstein-Smoluchowski equation [79] relates the diffusion coeffi
cient of an ion (Di) to its mobility (ui) via 

um
i =

|zi|⋅F⋅Dm
i

R⋅T
Eq. 43  

where F [C/mol], R [J/(K⋅mol)], and T [K] are Faraday’s constant, the 
universal gas constant, and the temperature (293 K), respectively. For 
each membrane material (j), one mobility reduction factor (rF,j) was 
assigned for Na+ and Cl− . Moreover, we assumed a homogenous mem
brane where counter- and co-ions are uniformly distributed and 
contribute to the membrane conductivity. Hence, the membrane con
ductivity (κm) [35,79] is proportional to the ionic charge, mobility, and 
concentration via 

κm = F
∑

i
|zi|⋅um

i ⋅Cm
i Eq. 44 

By solving Eqs. 39, 43, and 44, we calculated the diffusion coefficient 
of Na+ inside each membrane material. 

In our analysis, we included the relevant data from literature: Geise 
et al. [18] measured the membrane-area resistance and the water vol
ume fraction for 10 types of AEMs at 0.5 M NaCl. Fan et al. [21] reported 
the membrane conductivity and the water volume fraction for 4 com
mercial IEMs at 1 M NaCl. Furthermore, Espinoza et al. [39] charac
terized 40 different commercial membranes at 1 M NaCl. They 
calculated the counter- and co-ion diffusion coefficients inside the 
membrane based on measuring the membrane resistance (EIS, 
direct-contact method), the ion concentrations in the membrane (the 
membrane was wiped to remove the surface water film, method B), and 
the salt permeability. We analyzed the data from Espinoza et al. in two 
ways: firstly, we used the reported membrane conductivity data and 
applied the aforementioned approach (Eq. 41–44) to solve for the ion 
diffusion coefficient inside the membrane (solid triangles, Fig. 10). 
Secondly, we directly used the reported diffusion coefficients by the 
authors (hollow triangles, Fig. 10). 

Generally, the membrane water volume fraction positively in
fluences the ion mobility inside the membrane (Fig. 10a) as it leads to a 
lower tortuosity reduction factor. This trend (Fig. 10a) is more consis
tent compared to the trend of the membrane-specific resistance against 
the membrane water volume fraction (Fig. 5 in Ref. [18]). The ion 

Fig. 10. (a) The reduction factor (rF, y-axis) for the counter-ion mobility inside ion-exchange membranes compared to the water volume fraction of the membrane (x- 
axis). The markers present the reduction factors calculated based on the resistance measurements. The theoretical reduction factor of the ion mobility for an arbitrary 
membrane water volume fraction is plotted based on Mackie and Meares (solid line) or the unconditional probability (dashed line, details are provided in the 
Supporting Info, SI-1). (b) The diffusion coefficient of counter-ions inside the membrane based on resistance measurements (y-axis) versus the value calculated via 
the Mackie and Meares equation (x-axis). A thin solid line represents the function: y = x, while the two dashed lines represent a multiplication or division factor of 
1.5. In both figures, the blue squares represent CEMs based on this study (rF is based on EIS measurements, and WC was measured via the stacking method). The data 
marked by the solid and hollow orange circles come from the study of Geise et al. [18] and Fan et al. [21], respectively (rF is based on DC resistance measurements, 
and WC was measured via method B). For the data points of Espinoza et al. [39], the WC was measured via method B, and the rF is calculated based on the EIS 
resistance measurements (solid triangles) or based on the reported membrane diffusion coefficients in the originating study (hollow triangles). All data points are 
provided in Table SI- 7. 
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mobility inside IEMs (or its reduction factor) depends on the nature of 
the ion as well as the membrane structure, e.g., the tortuosity and the 
size of the transport channels of the membrane. However, the intrinsic 
membrane resistance depends on the concentration of mobile ions and 
their mobilities inside the membrane as given in Eq. 44. 

In Fig. 10b, we compare the diffusion coefficient inside the mem
brane based on two approaches: (a) Mackie and Meares theory (Eq. 40) 
versus (b) the resistance measurement (Eq. 44). The reduction in ion 
mobility is well explained by the tortuosity for 4 out of the 6 membranes 
characterized in our study. The Fujifilm membranes, i.e., T10 and T12, 
exhibited an ion diffusion coefficient (based on the measured resistance) 
that is more than 1.5x lower than the prediction based on Mackie and 
Meares theory. This can be explained by: (a) the tortuosity of the 
membrane structure can be more intricate than the treatment of Mackie 
and Meares since the membrane might contain dead cavities that 
contribute to the water content but not to the membrane conductivity, 
(b) there are measurement errors in the WC, and (c) the membrane 
tortuosity is one among other factors that contribute to the membrane 
resistance, and consequently, to the reduction factor of the ion mobility 
[21]. For the data of Geise et al. [18] and Fan et al. [21], the membrane 
resistance is measured via the DC method which includes frictional 
factors in the resistance beside the membrane tortuosity. 

Generally, the membrane must contain a minimum amount of water 
to justify a specific conductivity. The ion diffusion coefficient, based on 
the membrane resistance, is expected to be lower than the predicted 
value by the Mackie and Meares theory which accounts for the tortuosity 
resistance only. However, most of the data points, retrieved from 
Ref. [39], showed significantly (exceeding 1.5 times) higher diffusion 
coefficients (based on the measured resistance) compared to the calcu
lated values based on the membrane water volume fraction and the 
Mackie and Meares theory (grey triangles in Fig. 10b). We hypothesize 
that this departure from the theory mainly originates from the experi
mental technique of the WC measurement. We compared the results for 
three commercial membranes characterized in our study with the values 
given in Ref. [39] (Table SI- 8). Between the two studies, the relative 
differences in values for the IEC, the membrane thickness, and the 
membrane-area resistance range from − 11 to +28 %. However, the 
membrane WC values measured in our study (stacking method) are 
higher by 110 – 145 % relative to the values in Ref. [39] (method B). 
Therefore, the WC measurement technique led to major differences in 
the results as explained earlier in Fig. 5a. The WC values in Ref. [39] are 
hypothesized to be underestimated because (a) they are mostly below 
the minimum WC values that explain the measured conductivities 
(Fig. 10), and (b) they lead to the ionic charge densities of 1 – 15 mol/L 
sorbed water (Fig. 1b in Ref. [39]). Such concentrations of counter-ions 
are quite high relative to the solubility limits of the common sodium 
salts (Table SI- 9, e.g. solubility of NaCl is 6.1 mol/L water at 25 ◦C). 

The error bars in the x- and y-directions (Fig. 10) reflect the uncer
tainty in the membrane water volume fraction and conductivity, 
respectively. The error in the water volume fraction propagates from the 
WC, the membrane surface area density, and the wet membrane thick
ness measurements. The error in the membrane diffusion coefficient 
propagates from the membrane resistance and wet membrane thickness 
measurements. Generally, the uncertainty in the diffusion coefficient 
based on the membrane conductivity is small compared to the one based 
on the water volume fraction. 

4. Conclusion 

We investigated the water content (WC) of six commercial CEMs via 
a new measurement technique (membrane stacking). This technique 
minimized the impact of the surface water film on the membrane 
without the need of wiping the membrane surface. Moreover, the data 
fitting approach provides a confidence interval of the water content 
value to judge the accuracy of the technique. We analyzed the mem
brane WC either as free water or hydration water, assuming that the ions 

are fully hydrated inside the membrane. Generally, the change in the 
hydration water due to changing the counter-ion species (from Na+ to 
K+, Mg2+, or Ca2+) is not significant relative to the WC measurement 
uncertainty. 

To explore the influence of the WC on the ion mobility inside the 
membrane, we measured the membrane resistance via two methods: 
electrochemical impedance spectroscopy (EIS) and direct current (DC). 
The EIS-measured resistance was always lower than the corresponding 
DC measurement since the ions are oscillating (EIS) rather than moving 
(DC). Based on the stacking WC measurements and the EIS resistance 
measurements, there is a positive trend between the membrane water 
volume fraction and its ion mobility which is explained by the mem
brane tortuosity. 
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