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Maxwell-Stefan modeling and experimental study on the ionic resistance of 
cation-selective membranes in concentrated lye solutions 
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A B S T R A C T   

Both experimental investigation and mathematical modeling have been combined to clarify the influence of 
membrane properties, temperature, electrolyte concentration, and current density on membrane resistance of 
Nafion 117 in concentrated lye solutions. The ionic resistance was measured with and without membrane using 
four electrodes for 15 wt% and 32 wt% sodium hydroxide, temperatures up to 90 �C, and current densities up to 
25 kA/m2. The results from the measurement using Direct Current (DC) method as well as Electrochemical 
Impedance Spectroscopy (EIS) method indicate that membrane resistance is a function of temperature and lye 
concentration but is independent of current density. A mathematical model based on the Maxwell-Stefan 
approach has been developed to predict the ionic membrane resistance, and the model has been validated 
using the measured experimental data. A more suitable semi-empirical correlation for Maxwell-Stefan diffusiv-
ities is proposed by replacing the expressions for binary diffusivities based on infinite dilution with the 
concentration-dependent binary diffusivities. The new proposed correlation performs better in the model vali-
dation with the experimental data than the expressions using infinite dilution diffusivities.   

1. Introduction 

Membrane resistance is a key parameter for the energy efficiency of 
electrochemical membrane-based technologies. In modern electro-
chemical cells with a zero-gap configuration, membrane resistance is 
considered the main contributor to the overall ohmic resistance of the 
cell. The resistance strongly depends on operating conditions such as the 
type of electrolyte, electrolyte concentration, and temperature. It has 
also been suggested that applied current densities can affect membrane 
resistance, which would imply non-ohmic behavior [1–5]. 

Previous studies have reported that measuring the membrane resis-
tance remains a challenge, as various reported methods and operating 
conditions lead to different results [1–3,6–13]. Galama et al. [7] dis-
cussed different approaches and possible flaws in measuring membrane 
resistance. There are two general methods for measurement of mem-
brane resistance: the direct current (DC) method and the Electro-
chemical Impedance Spectroscopy (EIS) method. The EIS method is 
often preferred due to its ability to separate the boundary layer resis-
tance from the membrane resistance. When it comes to the experimental 
method, the choices are usually between a direct method with two 
electrodes and an indirect method with four electrodes. The indirect 

method offers an effective way of excluding the effects of electrode 
shielding, electrode reactions, and bubble formation. The resistance, in 
this case, is measured between two reference electrodes instead of the 
current-generating electrodes. An additional challenge in measuring 
membrane resistance at high current density is the heat generation at the 
membrane surface. So far, no single study exists which investigates the 
temperature profile as close as possible to the membrane for high cur-
rent density operation. 

The present study seeks to combine both experimental investigation 
and mathematical modeling to clarify the influence of membrane 
properties, current density, and temperature on membrane resistance in 
concentrated lye solutions. Concentrated lye solution is the most widely 
used electrolyte in alkaline water electrolysis, chlor-alkali electrolysis, 
and carbon dioxide electroreduction. Combining both experimental 
investigation and mathematical modeling provides a robust approach in 
understanding the fundamental transport phenomena of the ion- 
exchange membrane. Moreover, mathematical modeling is a powerful 
tool to describe local phenomena and to distinguish different factors in 
complicated physicochemical processes. The mathematical model can 
also perform broad multi-parametric studies and extreme operating 
conditions. 

For mathematical modeling, the Maxwell-Stefan (MS) approach is 
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considered more reliable than the Nernst-Planck (NP) approach [3, 
14–20]. Multicomponent diffusion equation based on Maxwell-Stefan’s 
theory is a steady-state force balance between driving forces and friction 
forces acting on a certain component in the mixture [21,22]. For an 
electrolyte solution, a generalized Maxwell-Stefan equation is shown in 
Eq. (1). The term Cirηi represents a driving force per unit volume acting 
on species i which consists of the electrochemical potential gradient. The 
species velocity, υi, is the average velocity for the species but not the 
velocity of individual molecules. The total concentration Ctot is defined 
in Eq. (2). Using the definition of flux density of species i (Ni ¼ Ciυi), the 
right hand side of Eq. (1) can be rewritten in terms of fluxes (Eq. (3)). 

Cirηi ¼RT
X

j

CiCj

CtotDi;j

�
υj � υi

�
(1)  

Ctot ¼
X

Ci (2)  

Cirηi

RT
¼
X

j

1
CtotDi;j

�
CiNj � CjNi

�
(3) 

The electrochemical potential gradient (rηi) consists of the gradients 
of activity (RTdlnai), electrical potential (ziFdϕ) and pressure (VidP). 
When the pressure gradient is negligible, and the activity coefficient 
assumed to be unity, the driving forces can be written in terms of the 
concentration gradient (dCi=dxÞ and the electrical potential gradient 
ðdϕ=dxÞ as given in Eq. (4). 

Nomenclature 

Latin symbols 
A1 Constant for the electrophoretic effect in Eq. (28) 
A2 Constant for the relaxation effect in Eq. (29) 
C Concentration used in the Maxwell-Stefan model [mol.m-3] 
Cm

i Concentration used in the Maxwell-Stefan model inside the 
membrane [mol.m-3

void] 
Cm Fixed ionic groups concentration [mol.m-3

void] 
c Concentration used to define Maxwell-Stefan diffusivities 

in bulk solution [mol.liter-1] 
d0 Effective distance of the closest approach of ions [Å] 
D0 Diffusion coefficient at infinite dilution [cm2.s-1] 
DM Measured diffusion coefficient [cm2.s-1] 
Dw Water self-diffusion coefficient [m2.s-1] 
D Maxwell-Stefan coefficient based on thermodynamic 

driving force [cm2.s-1] 
D

b
i;j Maxwell-Stefan diffusivities in the bulk solution [m2.s-1] 

D
m
i;j Maxwell-Stefan diffusivities inside the membrane [m2.s-1] 

EW Equivalent weight [g.mol-1] 
eo Electron charge [1.60217662 � 10-19 C] 
F Faraday constant [96485 C mol-1] 
I Current density [A.m-2] 
K Donnan equilibrium constant [-] 
K Kelvin 
k Boltzmann constant [1.38064852 � 10-23 m2 kg s-2 K-1] 
l0i Equivalent conductivity at infinite dilution [cm2.ohm-1. 

mol-1] 
lþ Equivalent conductivity of cation [cm2.ohm-1.mol-1] 
M Molarity [mol.liter-1] 
Mw Molecular mass [g.mol-1] 
m Molality [mol. kgw

-1] 
mw Molality of pure water (55.508 [molw. kgw

-1]) 
Ni Molar flux [mol.m-2.s-1] 
NA Avogadro number [6.02214076 � 1023 mol-1] 
P Pressure [Pa] 
q Defined in Eq. Eqn 17 [-] 
R Gas constant [8.314 J mol-1 K-1] 
Ri Rate of homogenous production of species [mol.m-3.s-1] 
r Crystallochemical radius of ion [Å] 
t Time [s] 
ti Transference number [-] 
T Temperature in Kelvin [K] 
Tc Temperature in degree Celcius [oC] 
TH2O Relative transport number of water [-] 
Vi Partial molar volume [m3. mol-1] 
W Weight percentage [wt%] 

Ww Water uptake [wt%] 
ww Weight fraction of water [-] 
zi Charge of ion i [-] 
zþ Charge of positive ion [-] 
z� Charge of negative ion (e.g. a negative value) [-] 
z Dimensionless length [-] 

Greek symbols 
β Correction coefficient for temperatures that differs from 

298.15 K [-] 
δm Membrane thickness [m] 
εvoid Void fraction [-] 
ε0 Dielectric permittivity of a vacuum [8.85 � 10� 12 F m� 1] 
εw Dielectric constant of water/Relative permittivity of water 

[-] 
κ Specific conductance [ohm-1.cm-1] 
Λ Equivalent conductivity of electrolyte [cm2.ohm-1.mol-1] 
ϕ Electrical potential [V] 
Φ Effective polarizabilities of electrolytes [Å3] 
ρNaOH Density of NaOH solution [g.cm-3] 
ηi Electrochemical potential of species i [J.mol-3] 
ηw Solvent viscosity [mPa.s] 
ηsolute Solute viscosity [-] 
ηNaOH NaOH solution viscosity [mPa.s] 
ηreduced Reduced viscosity [-] 
ν Valence number (the number of ions in the formula of the 

electrolyte (νþ þv� Þ [-] 
υi Velocity of species i [m.s-1] 
γ Activity coefficient [-] 
π Mathematical constant (3.14159 [-]) 
ΔV Volume increase of the membrane upon absorbtion of 

electrolyte solution [-] 

Superscript and subscript 
A Anolyte 
C Catholyte 
bulk Bulk electrolyte 
c Centigrade 
i Species 
int Interface 
l Left 
m Membrane 
r Right 
tot Total 
w Water 
þ Positive ion 
� Negative ion 
0 Infinite dilution  
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dCi

dx
þ

ziCiF
RT

dϕ
dx
¼
Xn

j6¼i

1
CtotDi;j

�
CiNj � CjNi

�
(4) 

The Nernst-Planck (NP) equation, given in Eq. (5), is only a limiting 
case of the generalized Maxwell-Stefan (MS) equation [23]. One main 
difference is that in the NP approach, only the interaction or the friction 
force of a solute species with solvent D

0
i;w is taken into account and 

essentially neglects interactions with other solutes. Neglecting the 
ion-ion interactions leads to an incorrect definition of transport prop-
erties especially for high concentrations. The NP model fails for the 
electrolyte above 0.1 M [22–24], whereas the MS approach is suitable 
for dilute as well as concentrated systems. Another difference is that in 
the NP approach, the average velocity is assumed to be the same as the 
velocity of the solvent in an infinite diluted system (Ni ¼ CiυwÞ. How-
ever, in a concentrated solution, it is not just the solvent velocity that 
contributes to the average velocity. In the MS approach, the average 
velocity of species is used (Ni ¼ CiυiÞ. Furthermore, unlike the NS 
approach, which has to introduce the Schl€ogl equation to describe water 
transport, the MS approach accounts for water transport via ion-solvent 
interactions [25–29]. 

Ni ¼ � D
0
i;wrCi � CiziD

0
i;w

F
RT
rϕþ Ciυw (5) 

The Maxwell-Stefan model requires Maxwell-Stefan diffusivities 
ðDi;jÞ for the interaction between the components in a mixture. Based on 
the Onsager relation [30], a system that contains four components (Naþ, 
OH-, H2O, and –SO3

- ) requires six binary diffusivities. However, 
Maxwell-Stefan diffusivities cannot be measured in neither solution nor 
membrane, which is the main reason why this approach has not been 
widely applied for modeling transport behavior of an ion-exchange 
membrane. 

This paper attempts to develop an understanding of Maxwell-Stefan 
diffusivities ðDi;jÞ for concentrated electrolyte solutions in bulk solution 
and inside the membrane. Wesselingh et al. [31] and Kraaijeveld et al. 
[16] proposed to relate the diffusivities inside the membrane to the 
diffusivities in solution as given in (Eq. (6)). One contradicting fact in 
the equation is that D0

i;w is used, which is the diffusivity in an infinitely 
diluted aqueous solution (Eq. (77)). For concentrated solutions, it seems 
to be more logical to use the value of concentrated bulk solutions (Db

i;w) 
given in Eq. (8). 

D
m
i;w;Kraaijeveld ¼ D

0
i;wτ� 1 ¼ D

0
i;w ε1:5

void (6)  

D
0
i;w ¼ l0

i

�
RT
�

ziF2�  (7)  

D
m
i;w;this work ¼ D

b
i;wτ� 1 ¼ D

b
i;wε1:5

void (8) 

Methods to determine Maxwell-Stefan diffusivities in concentrated 
electrolyte solutions have been proposed. Chapman et al. [32] and 
Newman [21] introduced different expressions to deduce binary diffu-
sivities from three independent transport properties, namely the 
Maxwell-Stefan coefficient based on thermodynamic driving force (D), 
the transference number (ti), and the specific conductance (κ) (see 
Table 1). For concentrated solutions, the expressions can be rearranged 
to Eq. (9) to Eq. (11) in terms of Db

þ;w, Db
� ;w and Db

þ;� , which are the 
Maxwell-Stefan diffusivities of respectively positive ion – solvent, 
negative ion – solvent, and positive ion – negative ion. The 
Maxwell-Stefan coefficient (D) is related to the measured diffusion co-
efficient (DM) and the activity coefficient using Eq. (12). The main dif-
ference between dilute and concentrated solutions is that only the 
correlations of concentrated solution account for the ion-ion in-
teractions. The binary diffusivity of positive ion – negative ion (Db

þ;� ) is 
not defined for an infinite diluted system. Therefore the value of 
concentration-dependent bulk diffusivities (Db

i;w) should be applied for 

concentrated lye solutions to include the ion – ion interactions. 
Chapman et al. [32] further investigated the Maxwell-Stefan diffu-

sivities for concentrated solutions. They used experimental data on 
diffusion coefficients, transference number, and conductance to deduce 
the Maxwell-Stefan diffusivities. The concentration dependence of the 
calculated diffusivities of Db

þ;w and Db
� ;w was fitted by an equation of 

the polynomial form given in Eq. (13). 

D
b
i;w;Chapman¼ D

0
i;w þ k1c1=2 þ k2cþ k3c3=2 þ k4c2 (13) 

The terms k1 to k4 are the empirical constants that represent the 
concentration dependence. Although the value D

0
i;w includes the tem-

perature dependency, they reported that the values of k1 to k4 are also 
temperature-dependent. Additionally, the correlation is only valid over 
a limited concentration domain. This complicates the ability to use these 
correlations for our work. For sodium hydroxide, for example, only 
values at 25 �C and a concentration up to 1.5 M are available. Since we 
are interested in investigating the membrane resistance for a higher lye 
concentration up to 10 M and a temperature up to 90 �C, we focus on 
finding a more suitable approach to predict the Maxwell-Stefan diffu-
sivities for a broad range of temperatures and concentrations. The cor-
relations in Eq. (9) to Eq. (12) can be used and the values of D, DM, ti, κ 
are both concentration- and temperature-dependent. 

Kuznetsova [33] proposed new methods to correlate the measured 
diffusion coefficient (DM) in Eq. (14) in which ηreduced is the reduced 
viscosity, γ is the activity coefficient, D0 is the diffusion coefficient at 
infinite dilution, Dw is the self-diffusion coefficient of water, ν is the 
valence number, and m is the molality of the solution (mol/kgw). The 
molality of pure water, m;w, has a value of 55.508 (molw/kgw). The 
correlations have been tested and validated for significant amount of 
electrolytes, in total 22 types. Therefore this method can be used to 
predict the value of DM for sodium hydroxide. To calculate the value of 
D from DM, we also need to define the thermodynamic factor 
�

1þ dln γ
dlnm;

�

. 

DM; Kuznetsova ¼

�

1þ dln γ
dln m

�

ηreduced

�

D0þ
Dw ν m

mw

�

(14) 

Kuznetsova [33–36] also investigated the activity coefficient factor 
�

1þ dln γ
dln m

�

as shown in Eq. (15). The constant was derived using a 

Table 1 
Comparison of the expressions of three transport properties for binary electro-
lytes: dilute solutions vs. concentrated solutions [21,32]. 

D
b
� ;w ¼

zþ
zþ � z�

1
tþ

D (9)  

D
b
þ;w ¼

� z�
zþ � z�

1
1 � tþ

D (10)  

D
b
þ;� ¼

� zþRTcþD κ
�

z2
þz� F2ctotcþD þ ðzþ � z� ÞRTcwð1 � tþÞtþκ

� (11)  

D ¼ DM
cw

ctot

1
�

1þ
dln γ
dlnm;

� (12)   

Dilute Solutions Concentrated Solutions 

D ¼
DþD� ðzþ � z� Þ
zþDþ � z� D� D ¼

D
b
þ;wD

b
� ;wðzþ � z� Þ

zþD
b
þ;w � z� D

b
� ;w  

tþ ¼
zþDþ

zþDþ � z� D� tþ ¼
zþD

b
þ;w

zþD
b
þ;w � z� D

b
� ;w  

1
κ
¼ �

RT
cwzþz� F2

0

B
B
@

cw ð1 � tþÞ
cþD�

1

C
C
A

1
κ
¼ �

RT
ctotzþz� F2

 
1

D
b
þ;�

þ
cwð1 � tþÞ

cþD
b
� ;w

!
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quasicrystalline model for monovalent salts like sodium hydroxide. It is 
important to note that the molality (mol/kg) was used instead of the 
concentration in mol/liter due to the availability of experimental data. β 
(Eq. (16)) is the correction coefficient for the temperatures. The effective 
distance of the closest approach of ions, d0, in Eq. (18) has a unit in 
Angstrom (Å). The sum of polarizabilities of these ions is defined as Φ 
(Å3) in Eq. (19). A correction coefficient of 1.3 was introduced for NaOH 
for a better result. Using Eq. (15) with the values of constant A3 to A5 

(Eq. (20) to Eq. (22)), we were not able to reproduce the exact constants 
shown in Eq. (23) as given by Kuznetsova [34]. Three (possible) cor-
rections need to be made to reproduce the exact constants given in Eq. 
(23). First, it seems that Kuznetsova calculated these constants using 
373.15 K instead of 298.15 K. Second, the product of dielectric constant 
of water (εw) and the permittivity of vacuum (ε0) should be used to 
achieve a dimensionless unit. Third, there was a factor 10 difference 
between the calculated and the given values. Since Eq. (23) has been 
used to predict the experimental data of equivalent electroconductivity 
of sodium hydroxide using Eq. (27) quite well [36], this correlation is 
used in this work as an empirical correlation. 

dln γ
dln m

¼ βzþ
�
�z
�
�q
�

�
4
3

A3

ν2=3 m1=3 þ 2A4

�

d2
0 �

Φ
d0

�

mþ
7
3
A5ν1=3Φm4=3

�

(15)  

β¼
78:15*298:15

εwT
(16)  

q¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zþjz� jν

2

r

 (17)  

d0¼ðrþ þ r� Þ
�

1þ 1:5
r�
rþ

ln
1:327

rþ

�

(18)  

Φ¼ 1:3 
εw � 1
2εw þ 1

d3
0

4
(19)  

A3¼
πe2

0

3kT2
ffiffiffi
2
p

εwε0

N1=3
A

10
(20)  

A4¼
πe2

0

3kT2
ffiffiffi
2
p

εwε0

3NA

1000
(21)  

A5¼
πe2

0

3kT2
ffiffiffi
2
p

εwε0

4N4=3
A

10000
(22)  

dln γ
dln m

¼ β
�

� 0:18807m1=3 þ 0:0095806
�

d2
ions �

Φ
dions

�

mþ 0:001585m4=3
�

(23) 

The equivalent electroconductivity for positive ions defined in Eq. 
(24) is related to the viscosity, the electrophoretic effect, and the 
relaxation effect [35,36]. For the negative ion, similar equations can be 
used. The electrophoretic effect in Eq. (25) and the relaxation effect in 
Eq. (26) account for the hydrodynamic part and the electrostatic part of 
the resistance respectively. Taking the constant out of Eq. (25) and (26), 
Eq. (24) is rewritten in Eq. (27). For monovalent salts like potassium or 
sodium hydroxide, the electrophoretic constant A1 (Eq. (28)) and the 
relaxation constant A2 (Eq. (29)) are equal to 8.7256 and 2281.04 
respectively. 

lþ ¼
1

ηreduced

h
l0
þ �

�
lþelectrophoretic þ lþrelaxation

� i �

1þ
�
1 � t0

þ

� dln γ
dlnm

�

(24)  

lþelectrophoretic¼
eoF

6πηw

1
�

1000
ν NACþ

�1=3 (25)  

lþrelaxation¼
e2

0l0
þ

3
ffiffiffi
3
p

εwε06πkT
1

�
1000

ν NACþ

�1=3 (26)  

lþ ¼
1

ηreduced

�

l0
þ �

�
A1

ηw
þ

A2l0
þ

εwT

�

c1=3
þ

� �

1þ
�
1 � t0

þ

� dln γ
dln m

�

(27)  

A1¼
eoF
6π

1
�

1000
ν NA

�1=3 (28)  

A2¼
e2

0

3
ffiffiffi
3
p

ε06πk
1

�
1000
ν NA

�1=3 (29) 

Combining the work of Kuznetsova, Newmann, and Chapman, it is 
possible to calculate Maxwell-Stefan diffusivities for a large concentra-
tion and temperature range. Both transference number (tþ) and the 
specific conductance (κ) are related to the equivalent electro-
conductivity using Eq. (30) and Eq. (32) respectively. 

tþ ¼
lþ

ðlþ þ l� Þ
(30)  

Λ¼ lþ þ l� (31)  

κ¼  Λcþ (32) 

Having found a method to deduce the Maxwell-Stefan diffusivities of 
ion-solvent and ion-ion interactions in the bulk solutions for a wide 
range of concentrations and temperatures, we now need to find suitable 
correlations inside the membrane for the interactions of ion-solvent 
(Dm

i;w ), ion-ion (Dm
i;j ), solvent-fixed ionic group (Dm

w;SO�3
), and ion- 

fixed ionic group (Dm
i;SO�3

). Table 2 presents the correlations proposed 
by Wesselingh et al. [31], Kraaijeveld et al. [16], and the correlations 
proposed in this work. The correlation for ion-ion interaction (Dm

þ;� ) is 
not given by Wesselingh et al. because the positive ion-negative ion 
interaction (D0

þ;� ) is absent in the bulk for an infinitely diluted system. 
Instead, they opted to use a concentration of 1 M to define the ion-ion 
interaction (D0

þ;� ) to calculate the value of the positive ion-fixed ionic 
group interaction (Dm

þ;SO�3
). Since previous studies have reported that 

this value resulted in an unrealistically high membrane resistance 
[14–16,37], Kraaijeveld et al. proposed to correlate the counter ion – 
fixed ionic group interaction (Dm

þ;SO�3
) with the counter ion – solvent 

inside the membrane (Dm
þ;w ). In their work the diffusivity value of the 

counter ion-fixed ionic groups interaction (Dm
þ;SO�3

) is a factor 10 lower 

than the counter ion-solvent interaction inside the membrane (Dm
þ;w ). 

They performed dialysis experiment to obtain the diffusivity of the co 
ion-fixed ionic groups (Dm

� ;SO�3
). The value of the ion-ion interaction 

(Dm
þ;� ) was then fitted in their model. The main difference in this work is 

that the concentration-dependent diffusivities (Db
i;w) replace the value of 

the infinite dilution diffusivities (D0
i;w). As a result, the value of the 

ion-ion interaction (Db
þ;� ) can be defined using Eq. (11). Also we use the 

same correlation of 0.1 Dm
i;w to define both Dm

Naþ ;SO�3 
and Dm

OH� ;SO�3
. 

In the present work, we develop a Maxwell-Stefan model for alkaline 
water electrolysis with a cation-exchange membrane that can predict the 
resistance of ion-exchange membranes as a function of concentration, 
temperature, and current density. The main purpose of this study is to 
clarify the significant effect of the Maxwell-Stefan diffusivities. The 
correlations suggested in this work listed in Table 2 for Maxwell-Stefan 
diffusivities as a function of concentration (Db

i;j ) are compared with the 
correlations based on the infinite dilution as proposed by Kraaijeveld 
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(D0
i;j ). The properties of Nafion ® 117 are used as input parameters of 

the model, and the results of the experimental data of the same mem-
brane are used to validate the model. 

Regarding the experimental investigation, we measure the ionic 
resistance of Nafion® 117 for 15 and 32 wt% sodium hydroxide, tem-
peratures up to 90 �C, and different current densities up to 25 kA/m2. In 
these experiments, the temperature close to the membrane is continu-
ously measured. Both Direct Current (DC) and Electrochemical Imped-
ance Spectroscopy (EIS) methods are applied. 

2. Maxwell-Stefan modeling approach 

2.1. Maxwell-Stefan equation 

The force balance between the driving forces and friction forces is 
given in Eq. (1) and further simplified in this work in Eq. (4). The sim-
plifications of the generalized Maxwell-Stefan approach in this work are 
listed in Table 3. For the MS model, we focus on investigating the ions 
and water transport behavior inside the membrane. We assume a high 
mass transfer rate in the bulk external solution; the concentration in bulk 
is the same as the concentration at the interface of the membrane. This 
assumption is valid for a highly concentrated and conductive system. 
The concentration at the membrane interface inside the membrane is 
calculated based on the Donnan equilibrium, and the electroneutrality 
condition is met using Eq. (33). This implies that no charge separation or 
double-layer phenomena are taken into account in our model. The 
charge transfer in the double layer at the membrane interface can play a 
role in a dilute system, as reported by Femmer et al. [38]. 

Xn

i¼1
ziCi ¼ 0; (33) 

The alkaline water electrolysis process contains a total of four com-
ponents, including the fixed charged groups (Naþ, OH-, H2O, and –SO3

- ). 
The flux of fixed charged groups of the membrane (NSO�3 ;) is zero. Using 
the current density in terms of flux in Eq. (34), we obtain four equations 

with four unknowns (NNaþ ;NOH� ;NH2O; and dϕ
dx

�

. 

Eq. (4) is rearranged in an augmented matrix format (Eq. (35) to Eq. 
(40)) [39]. The augmented matrix method proposed by R. Krishna [39] 
to simultaneously predict both the concentration- and the potential 
gradients. The derivation of the augmented formulation can be found in 
the Appendix at the end of this paper. 

I¼F
Xn

i¼1
ziNi (34)  

bi�
dCi

dx
¼
Xn� 1

j6¼i

Ai;jNj �
CiziF
RT

dϕ
dx

(35)  

ðJÞ¼ � ½B�� 1
ðbÞ (36)  

½B� ¼

2

4
½A� Cizi

F
RT

zi 0

3

5 (37)  

½A� ¼ Ai;j ¼
Ci

CtotDi;j
; i 6¼ j ¼ 1; 2;…; n � 1 and;

Ai;i ¼ �
Xn

k¼1

i6¼k

Ck

CtotDi;k
; i ¼ 1; 2;…; n � 1 (38)  

0

B
B
@

Ji
Jiþ1
Jn� 1
Jn

1

C
C
A ¼

0

B
B
B
B
B
B
B
@

Ni

Niþ1

Nn� 1

dϕ
dx

1

C
C
C
C
C
C
C
A

(39)  

0

B
B
@

bi
biþ1
bn� 1
bn

1

C
C
A ¼

0

B
B
B
B
B
B
B
B
B
B
B
B
@

dCi

dx
dCiþ1

dx
dCn� 1

dx
I

F

1

C
C
C
C
C
C
C
C
C
C
C
C
A

(40) 

The flux equations are solved with the built-in pdepe solver in Matlab 
based on the continuity equation shown in Eq. (41). The production of 
homogeneous chemical reactions is zero. We use the default setting of 
Matlab of 1⋅10� 3 and 1⋅10� 6 for the relative and the absolute error 
tolerance, respectively. The values of the steady-state condition of fluxes 
are used to calculate the membrane perm-selectivity in terms of sodium 
transport number for each given current density, temperature, and 
concentration using Eq. (42). The relative water transport number is the 
ratio of the flux of water and flux of sodium ions (Eq. (43)). 

∂Ci

∂t
¼

∂Ni

∂x
þ Ri (41)  

ti ¼
ziFNi

I
;

Xnions

i¼1
ti ¼ 1 (42)  

TH2O ¼NH2O=NNaþ (43)  

2.2. Input parameters 

In this model, the input parameters are based on the known mem-

Table 2 
Comparison of correlations for Maxwell-Stefan diffusivities used in the previous studies [16,20,31], and proposed in this work.  

Component pair (Dm
i;j )  Wesselingh et al. [31] Kraaijeveld et al. [16] Proposed in this work 

D
m
þ;w  D

0
þ;w τ� 1 ¼ D

0
þ;w ε1:5

void  D
0
þ;w τ� 1 ¼ D

0ðinfinite dilutionÞ
þ;w ε1:5

void  D
b
þ;w τ� 1 ¼ D

b
þ;w ε1:5

void  

D
m
� ;w  D

0
� ;w τ� 1 ¼ D

0
� ;w ε1:5

void  D
0
� ;w τ� 1 ¼ D

0ðinfinite dilutionÞ
� ;w ε1:5

void  D
b
� ;w τ� 1 ¼ D

b
� ;w ε1:5

void  

D
m
þ;�

Not given Fitted in the modela 
Db
þ; � τ� 1 ¼ Db

þ; � ε1:5
void  

D
m
w;SO�3  

Dw τ� 1 ¼ Dwε1:5
void  Dw τ� 1 ¼ Dwε1:5

void  Dw τ� 1 ¼ Dwε1:5
void  

D
m
þ;SO�3  D

0
þ;�

1
2

6
6
4

CSO�3

�
1 � εvoid

εvoid

�

C0

3

7
7
5

0:5ε1:5
void  

0:1D
m
þ;w  0:1D

m
þ;w  

D
m
� ;SO�3  

D
0
� ;w ε1:5

void  
Obtained from experimenta 0:1D

m
� ;w   

a Fitted to match the experimental data from dialysis in the model. 
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brane properties of Nafion® 117 (Table 4). A typical thickness of Nafion 
® 117 in concentrated NaOH solution is around 190 μm. For simplicity, 
this thickness is used in the model throughout the simulation. Membrane 
swelling has a strong impact on the void fraction (εvoid), which also af-
fects the tortuosity of the membrane, as discussed in the introduction. 
The void fraction can be determined from the volume increase (ΔV) of 
the membrane upon absorption of electrolyte solution as given in Eq. 
(44) [41]. The volume increase of the membrane in Eq. (45) can be 
calculated from the measured water uptake and the ratio of dry mem-
brane density and the density of the absorbed electrolyte. Water uptake 
is also a function of the equivalent weight of the membrane, crosslinking 
degree of the membrane, electrolyte concentration, and the tempera-
ture. Water uptake in this model (Table 3) is suitable for Nafion with an 

equivalent weight of 1100 and sodium hydroxide up to 10 M [42]. 
Important to note that this correlation is valid for a temperature of 25 �C. 
Higher water uptake is expected for higher temperatures, but no cor-
relation is available for higher temperatures than 25 �C. 

εvoid ¼
ΔV

1þ ΔV
(44)  

ΔV ¼
mwet � mdry

mdry

ρNafion117;dry

ρNaOH
¼ Ww; EW¼1100

ρNafion117;dry

ρNaOH
(45) 

The model also needs input parameters for the electrolyte that takes 
temperature and concentration into account. The value of the measured 
diffusion coefficient (DM) in Eq. (14) is related to the diffusion coeffi-
cient at infinite dilution (D0), the self-diffusion coefficient of water (Dw), 
and the reduced viscosity (ηreduced). The temperature dependence of D0 is 
shown in Eq. (46). Also, the value of the limiting equivalent conductivity 
l0i [cm2.ohm-1.mol-1] for calculating D0 increases at higher temperature 
[43]. For the sodium ion and the hydroxide ion, the correlations are 
given in Eq. (47) and Eq. (48) respectively. Next, the increasing value of 
Dw as a function of temperature is taken into account by applying Eq. 
(49) [44]. The reduced viscosity (ηreduced) is the viscosity of the solution 
divided by the viscosity of water (Eq. (50)). The viscosity of pure water is 
evaluated as a function of temperature in Eq. (51) [45]. The solutes 
viscosity is a function of both temperature and concentration (weight 
fraction), which is represented in Eq. (52) for NaOH [45]. The solution 
viscosity is related to the solutes and pure water viscosity given in Eq. 
(53). wW is the weight fraction of water in the solution and the constant 
parameters m1 to m6 for NaOH are listed in Table 5. Also, the correlation 
of the dielectric constant of water as a function of temperature is shown 
in Eq. (54) [46]. 

2.2.1. Maxwell-Stefan diffusivities 
Table 6 contains Maxwell-Stefan diffusivities used in the model 

simulation based on the correlations presented in Table 2 for two 
different concentrations and three different temperatures. The void 
fraction (εvoid), calculated using Eq. (44) and Eq. (45), decreases at 
higher concentrations. Thus lower diffusivity values at higher concen-
trations are expected for both methods. 

The values in this work differ from Kraaijeveld and Wesselingh in 
two important ways. One major difference is that the values of 
concentration-dependent diffusivities in bulk (Db

i;j) are considerably 

lower than the infinite dilution values (D0
i;j ). For 15 wt% NaOH, the 

values of Db
Naþ ;w and Db

OH� ;w are a factor 2.7 and 2.0 lower at 25 �C and 
90 �C, respectively. The values vary even more for 32 wt% NaOH: a 
factor 15 lower at 25 �C and a factor 6 lower at 90 �C. With tortuosity 
correction, the values of binary diffusivities inside the membrane in this 
work are a factor 3 and 15 lower for 15 wt% NaOH and 32 wt% NaOH 
respectively at 25 �C than the value based on Kraaijeveld. Another sig-
nificant difference is the value of ion-ion interaction inside the mem-
brane (Dm

Naþ ;OH� ). In this work, Dm
Naþ;OH� is equal to the value of the bulk 

(Db
Naþ ;OH� Þ using the same tortuosity correction as Dm

Naþ ;w and Dm
OH� ;w . 

Since the Kraaijeveld method (Kraaijeveld ¼ D
0
i;j ) is independent of 

concentration, the correlation of D
b
þ;� in Eq. (6) does not apply to 

infinite dilution. To account for the ion-ion interaction, we used the 
concentration limit for diluted solution 0.1 M (0.5 wt%) in Eq. (11). 

2.3. Boundary conditions 

By assuming a high mass transfer in the bulk solution, mass transfer 
resistance takes place only inside the membrane. The Donnan equilib-
rium theory is applied to define the sodium ion concentration at the 
interface (Table 7). To meet the electroneutrality condition, Eq. (33) is 
used to calculate the hydroxide ion concentration assuming that the 
fixed group membrane concentration is constant. Water concentration is 

Table 3 
Simplifications of the generalized Maxwell-Stefan approach in this work.  

Factors Simplification Real condition 

Driving force Negligible influence of (osmotic) 
pressure gradient at high current 
densities in comparison with the 
concentration and electrical 
potential gradients [27,37] 

Osmotic pressure can play a 
role in water transport. 

The concentration gradient is 
used based on the known 
concentration at the external bulk 
solution in industrial application. 

The activity gradient should 
be considered to account for 
the non-ideal electrolyte 
solution, especially for a 
highly concentrated system. 

The temperature is constant 
throughout the simulation. 

There can be a local 
temperature gradient 
depending on the applied 
current densities. 

Transport 
dimension 

One dimensional diffusion with 
the assumption of pseudo 
homogenous phase. 

Three dimensional as the 
membrane structure is 
heterogeneous [40]. 

Membrane 
properties 

The fixed charged groups of the 
membrane are treated as one 
component. The membrane 
consists of a homogenous bulk 
phase. 

The fixed charged groups of 
the membrane are not 
homogenous inside the 
membrane, and the 
membrane support might 
affect diffusion. 

The available correlation for 
membrane water uptake for EW 
1100 as a function of sodium 
hydroxide concentration is 
limited to 25 �C. 

At higher temperatures, the 
membrane is expected to 
have a higher water uptake. 

Fixed charged groups 
concentration of the membrane: 

Cm ¼
1000� ρe
EW�Ww

�
fm
fe

�

fm
fe 

is assumed 1 

ρe is the electrolyte density inside 
the membrane assumed to be 
equal to the density of sodium 
hydroxide.  

ρe is the electrolyte density 
inside the membrane, it 
should be the mixed density 
of electrolyte solution.  

Membrane thickness is c0nstant 
throughout the simulation. 
No swelling or shrinking effects 
are taken into account. 

The membrane can swell or 
shrink, depending on the 
external electrolyte 
concentration. 

Maxwell- 
Stefan 
diffusivities 

MS diffusivities are defined as 
input parameters based on the 
known process conditions and 
assumed constant throughout the 
simulation. 

Diffusivities can differ 
locally based on differences 
in concentration. 

Maxwell-Stefan coefficient (D) in 
Eq. (12) is considered less 
concentration-dependent because 
of the activity coefficient 
correction.  

Non-ideality. 

Boundary 
condition 

There is no mass transfer 
limitation outside the membrane 
due to the highly concentrated 
system. Donnan equilibrium 
theory is applied. 

Mass transfer limitations 
might occur in the bulk 
external solution and at the 
boundary layers of the 
membrane.  
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defined using the density correlations. Since the density correlations for 
mixed electrolyte and sulfonate groups of the membrane are not avail-
able, we assume the validity of the density correlations for sodium 
hydroxide. 

3. Experimental 

The present study was originally designed to identify (possible) 
causes of non-ohmic behavior of membrane resistance as a function of 
current density, as suggested by ourselves and other authors [1,3–5]. 
Membrane resistance can be measured using two general methods: the 
direct current (DC) method and the Electrochemical Impedance Spec-
troscopy (EIS) method. The DC method applies a constant current to 

measure the potential difference between two electrodes for solution 
and membrane (Emþs) and without membrane (Es). The membrane po-
tential is defined in Eq. (55) by substracting the measured potential of 
the solution from the total measured potential. Membrane resistance is 
the membrane potential divided by the applied current. Unlike the DC 
method, the EIS method gives the resistances as the output. This method 
is often preferred due to its ability to separate the boundary layer 
resistance from the membrane resistance. In this case, membrane 
resistance is the total measured resistance minus the solution and 
boundary layer resistances (Eq. (57)). 

Em¼Emþs � Es (55)  

RmðDCÞ¼
Em � Am

I
(56)  

RmðEISÞ¼Rðmþsþboundary layerÞ � Rðsþboundary layerÞ (57) 

As was pointed out in the introduction to this paper, a variety of 
methods have been used to asses membrane resistance. Each has its 
advantages and drawbacks. Our focus was to design an experimental 
setup that is suitable for high current density operation up to 25 kA/m2, 
temperature up to 90 �C and excluding the gas bubble effects. In alkaline 
water electrolysis, oxygen and hydrogen are formed at the anode (Eq. 
(58)) and the cathode (Eq. (59)), respectively. 

4OH� → O2 þ 2H2Oþ 4e� ðAnodeÞ (58) 

Table 4 
Input parameters used in the model.  

Input parameter Nafion® 117 

Charge [-] þ

Membrane thickness [μm] 190a 

ρNafion®  117 in dry form [g.cm-3]  2.1 [47] 
EW [g/mol] 1100 [47] 
Water uptake (Ww) [wt% dry membrane]  Ww; EW¼1100 ¼ � 0:0052� ð0:001CNaOHÞ

3
þ 0:1655� ð0:001CNaOHÞ

2
� 2:7085� ð0:001CNaOHÞ þ 36:682 [20,42]  

Fixed ionic groups concentration (Cm) [mol.m-3
void]  Cm ¼

1000� ρNaOH
EW�Ww

�
fm
fe

�

[42]  
fm/fe [-] 1 
ρNaOH [g.cm-3]  ρNaOH ¼ QNaOH þ RNaOH �WNaOH þ SNaOH �W2

NaOH þ TNaOH �W3
NaOH [20,42]  

QNaOH ¼ 1:00224925 � 0:116831975⋅10� 3 � Tc � 0:3210971⋅10� 5 � T2
c  

RNaOH ¼ 0:01148599 � 0:319841025⋅10� 4 � Tc þ 0:21510285⋅ � 10� 6 � T2
c  

SNaOH ¼ 0:19658565⋅10� 5 þ 0:761527825⋅10� 6 � Tc � 0:61560685⋅ � 10� 8 � T2
c  

TNaOH ¼ � 0:334691125⋅10� 6 þ 0:7552771⋅10� 8 � Tc þ 0:661632323⋅10� 10 � T2
c  

Sodium hydroxide [wt%] 15 and 32 
Temperature [�C] 20–100 
Current density [kA.m-2] 0.00001–25  

a Typical thickness measured in this work when immersed in concentrated NaOH. 

D0 ¼
RT
F2

zþ þ jz� j
zþjz� j

l0
þl0
�

l0
þ þ l0

�

(46)  

l0
þ ¼ l0

Naþ ¼ 25:665þ 0:889Tc þ 0:0033T2
c (47)  

l0
� ¼ l0

OH� ¼ 105:32þ 3:8031Tc � 0:0037T2
c (48)  

Dw ¼ D0
w

�
T
TS
� 1
�2:063

; D0
w ¼ 16:35 ⋅ 10� 5 cm2:s� 1; Ts ¼ 215:05 K; (49)  

ηreduced ¼ ηNaOH=ηw (50)  

ηw ¼
Tc þ 246

ð0:05594Tc þ 5:2842ÞTc þ 137:37
(51)  

ηsolute ¼ exp
�

m1ð1 � wwÞ
m2 þm3

ðm4TC þ 1Þ ðm5ð1 � wwÞ
m6 þ 1

�

(52)  

ηNaOH ¼ ηð1� ww Þ
solute ηww

w (53)  

εw ¼ 87:740 � 0:40008Tc þ 9:398⋅10� 4T2
c � 1:410⋅10� 6T3

c  (54)   

Table 5 
Constant parameters m1 to m6 for NaOH in Eq. 
(52) [45].  

Parameter  Value [-] 

m1  440.2 
m2  0.0089764 
m3  � 423.67 
m4  0.015949 
m5  107.6 
m6  4.6489  
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2H2Oþ 2e� →H2 þ 2OH� ðCathodeÞ (59) 

We used an H-cell setup using four electrodes to measure the mem-
brane resistance. This setup is depicted in Fig. 1. The electrodes were 
positioned far from the membrane to prevent bubble accumulation close 
to the membrane. The H-Cell consists of two jacketed glass vessels. Each 
vessel is 1 L. A Lauda Eco Gold RE 620 with heating oil Therm 180 was 
connected to the jacketed vessels. This heating oil can also be cooled 
down by connecting the Lauda Eco Gold with the Lauda Loop L 100 
using Kryo 30. In addition, a glass cooling spiral with cooling water at 
15 �C was placed above each jacketed vessel to prevent electrolyte 
evaporation. Next, the O-ring stack between two compartments serves as 
a membrane holder. The inner diameter of the O-ring stack is 1 cm, with 
an effective area of the membrane of 0.985 cm2. This enables high 
current density operation. To improve mass transfer and to avoid 
membrane surface concentration polarization, the electrolyte was 
recirculated from the O-ring stack to the bottom of the jacketed vessel 
with a flow rate of 125 mL/min using a double-channel peristaltic pump 
(Masterflex L/S easy load ® II model 77201-60). Nitrogen gas flow was 
placed into the catholyte vessel to dilute hydrogen produced at the 

cathode to prevent the formation of an explosive gas mixture. 
Sodium hydroxide (NaOH) solutions were prepared by diluting a 

stock solution of sodium hydroxide 50 wt% (VWR chemicals, analytical 
grade) to 15 and 32 wt%. Nafion® 117 was equilibrated for 24 h in the 
same NaOH concentration as the experiment before mounting the 
membrane into the experimental setup. After installing the membrane, 
the Haber-Luggin capillaries were filled with the same solution, and the 
entrapped air bubbles were removed by tilting the tips slightly higher 
than the reservoirs. The capillaries were then placed with the required 
distance from the membrane. If no leaking from the O-ring stack was 
observed, both jacketed vessels were simultaneously filled with 750 ml 
NaOH solution to prevent a significant pressure difference at the 
membrane. 

Regarding the Haber-Luggin capillary, it is suggested that the dis-
tance between the capillaries should be at least twice the outer diameter 
of the capillaries [7]. In this experiment, two Haber-Luggin capillaries 
had an inner diameter of 1 mm, and the outer diameter of the tip of the 
capillary was around 2 mm. When the membrane was inserted in the 
experimental setup with a fixed capillary distance of 4 mm, the 
measured resistance was not stable. A possible explanation could be that 

Table 6 
Comparison of the values of Maxwell-Stefan diffusivities in 10-10 [m2.s-1] between Kraaijeveld (D0

i;j ) and proposed in this work (Db
i;j) using tortuosity correction τ� 1 ¼

ε1:5
void as given in Table 2.  

Component Pair NaOH 15 wt% NaOH 32 wt% 

Kraaijeveld (D0
i;j )  This work (Db

i;j)  Kraaijeveld (D0
i;j )  This work (Db

i;j)  

25 �C 80 �C 90 �C 25 �C 80 �C 90 �C 25 �C 80 �C 90 
oC 

25 
oC 

80 �C 90 �C 

D
0
Naþ ;w  

13.3 37.2 42.9 13.3 37.2 42.9 13.3 37.2 42.9 13.3 37.2 42.9 

D
0
OH� ;w  

52.7 122 135 52.7 122 135 52.7 122 135 52.7 122 135 

D
0
w;w = D

b
w;w  

23.0 65.6 75.7 23.0 65.6 75.7 23.0 65.6 75.7 23.0 65.6 75.7 

D
b
Naþ ;w   

5.04 17.9 21.1  0.99 5.92 7.35 

D
b
OH� ;w  

19.1 58.3 66.5 3.36 18.8 22.8 

D
b
Naþ ;OH�

8.48 21.8 24.8 7.88 24.4 28.7 

D
m
Naþ ;w  2.55 7.38 8.59 0.97 3.56 4.23 1.56 4.58 5.33 0.12 0.73 0.92 

D
m
OH� ;w  10.1 24.2 27.1 3.67 11.6 13.3 6.19 15.0 16.8 0.40 2.31 2.83 

D
m
w;SO�3  

4.41 13.0 15.1 4.41 13.0 15.1 2.70 8.07 9.40 2.70 8.07 9.40 

D
m
Naþ ;SO�3  

0.26 0.74 0.86 0.10 0.36 0.42 0.16 0.46 0.53 0.012 0.073 0.091 

D
m
OH� ;SO�3  

1.01a 2.42a 2.71a 0.37 1.16 1.33 0.62a 1.50a 1.68a 0.04 0.23 0.28 

D
m
Naþ ;OH� 0.06b 0.13b 0.14b 1.63 4.33 4.95 0.04b 0.08b 0.09b 0.93 3.0 3.56  

a Using similar correlation as Dm
Naþ ;SO�3

. 
b Using 0.5 wt% NaOH. 

Table 7 
Boundary conditions at the anolyte-membrane interface (z ¼ 0) and the catholyte-membrane interface (z ¼ 1).  

z ¼ 0  z ¼ 1  

Cint;A
Naþ ;l ¼ Cbulk;A

Naþ ;l ¼
Cm

Naþ ;l 

Kl 
Kl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cm

Naþ ;l 

ðCm
Naþ ;l  � CSO3� Þ

s

;  Cint;C
Naþ ;r ¼ Cbulk;C

Naþ ;r ¼
Cm

Naþ ;r 

Kr 
; Kr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cm

Naþ ;r 

ðCm
Naþ ;r  � CSO3� Þ

s

Cint;A
OH� ;l ¼  C

m
OH� ;l ¼ �

ðzNaþCm
Naþ ;l  þ zSO3� CSO3� Þ 

zOH�
Cint;A

OH� ;r ¼  Cm
OH� ;r ¼ �

ðzNaþCm
Naþ ;r  þ zSO3� CSO3� Þ 

zOH�
Cm

H2O;l ¼ 103 � ð1 � WNaOH;l =100Þ � ρNaOH;l=Mw  Cm
H2O;r ¼ 103 � ð1 �

WNaOH;r =100Þ� ρNaOH;l=Mw  

WNaOH;l ¼ ð� 3:656 ⋅10� 7 �T2
c � 4:351 ⋅10� 5 �Tc � 6:097 ⋅10� 2  Þ � ðCm

Naþ ;l⋅10� 3Þ
2
þ ð7:937 ⋅� 10� 6 �T2

c þ1:083 ⋅10� 3 �Tc þ3:631Þ� Cm
Naþ ;l⋅ 10� 3 

[42]  

WNaOH;r ¼ ð � 3:656 ⋅� 10� 7 �

T2
c � 4:351 ⋅� 10� 5 � Tc �

6:097 ⋅10� 2  Þ� ðCm
Naþ ;r⋅10� 3Þ

2
þ

ð7:937 ⋅10� 6 � T2
c þ

1:083 ⋅10� 3 � Tc þ 3:631Þ�
Cm

Naþ ;r⋅10� 3[42]   
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the tips of the capillaries touch the membrane or disturb the current flow 
distribution. Therefore the distance between capillaries was kept be-
tween 4.8 and 10 mm. The capillary distances were determined by 
comparing the measured solution resistance with the conductivity data 
in the literature for 15 wt% NaOH [42]. It is important to note that 
having a larger distance between the capillary tips leads to a higher 
solution resistance. Therefore measuring a very low ionic membrane 
resistance might be challenging due to a higher standard error of the 
solution resistance. 

For the temperature control, four thermocouples (Inconel 600) with 
1 mm diameter were installed in the experimental set-up. Two ther-
mocouples in the anolyte and catholyte jacketed vessels and the other 
two thermocouples inside the O-ring membrane stack with 0.5 mm 
distance from the membrane. This distance is needed to avoid the 
possible damage due to penetration into the membrane. All four ther-
mocouples are connected to the Voltcraft K204 datalogger to measure 
and continuously record the temperature during the experiment. The 
measured anolyte temperature was slightly different from the catholyte, 
and the average temperature measured at the O-ring stack was used in 
the results. 

Two nickel plates (as working and counter electrode) and two 
reference electrodes were installed and connected to the potentiostat. 
The potentiostat, an IviumStat.ERe (Ivium Technologies, the 
Netherlands), has a 2A and 50 V scan range and a Frequency Response 
Analysis (FRA) or Electrochemical Impedance Spectroscopy (EIS) of 10 
μHz to 8 MHz. Several types of reference electrodes were tested. At first, 
we tried the recommended Mercury-mercury oxide (Hg/HgO) reference 
electrode for a concentrated sodium hydroxide system as an alkaline 
solution. However, the reading was not stable at higher temperatures. 
Pseudo reference electrodes made of gold wires were also tested, but the 
thin wires got polarized at high current density operation, leading to an 
erroneous reading in the electrochemical potential. Lastly, the double 
junctions silver-silver chloride (Ag/AgCl) reference electrodes gave a 
stable reading for both high temperature and high current density with a 
slight potential drift at a concentrated solution of 32 wt% NaOH. The 
potential drift was corrected by measuring and recording the open cir-
cuit potential for 100s before and after applying DC. 

Both the Direct Current (DC) and the Electrochemical Impedance 
Spectroscopy (EIS) methods were applied. Ionic resistance was 
measured with and without membrane for different current densities up 

to 25 kA/m2 as a function of temperature in the range of 20–90 �C. With 
the DC (Direct Current) method, Chronopotentiometric experiments 
were carried out by applying a constant current at a time range of 
1800s–3600 s at increasing/decreasing temperature while constantly 
measuring/recording the potential with a time-lapse of 2 s. At the same 
time, the solution was heated while the temperature was also recorded 
every 2 s. For the EIS method, the resistance was measured using an EIS 
frequency of 1000–0.05 Hz. Also, the average temperature during the 
measurement was used to report the results. 

4. Results and discussion 

4.1. Ionic resistance measurement: DC vs. EIS 

Fig. 2 and Fig. 3 show the total measured resistance of the electrolyte 
solution with and without a membrane (N117) as a function of the 
temperature for 15 wt% NaOH and 32 wt% NaOH respectively, with 
different current densities. Comparing DC and EIS, the resistances 
measured using the EIS method match the values measured using the DC 
method. As shown in the Nyquist plots on the right side of Figs. 2 and 3, 
no boundary layer is observed since most of the points are on the real 
axis. The Bode plots have a negligible phase shift from zero degrees and, 
therefore, are not shown here. 

To identify (possible) non-ohmic behavior of the membrane resis-
tance as a function of current density, the measurements with different 
current densities are also plotted in the same Figures (Figs. 2 and 3). 
With equal concentration at both anolyte and catholyte compartments, 
the DC results indicate that the membrane resistance is a function of 
temperature but is independent of current density. The cause of the 
apparent non-ohmic behavior in other measurements was likely related 
to the temperature measurement. The temperature in the bulk (jacketed 
vessel) far from the membrane was assumed to be equal to the tem-
perature close to the membrane (O-ring), whereas, especially at high 
current densities, there can be differences of tens of degrees as shown in 
Fig. 4. Also, the temperature at the O-ring increases faster with the 
membrane at high current density operation. This leads to a significantly 
lower membrane resistance when the temperature of the electrolyte 
inside the jacketed vessel is used in Eq. (55) and Eq. (57) instead of the 
temperature measured as close as possible to the membrane. 

Even in our measurements with temperature measurement close to 

Fig. 1. Schematic view of a four-electrode experimental setup to measure the membrane resistance as a function of temperature and current density. The H-Cell 
consists of two jacketed glass vessels connected to a heating/cooling unit. The membrane is placed inside the O-ring membrane stack. The working electrode (WE) 
and the counter electrodes (CE) are positioned higher than the O-ring membrane stack to prevent gas from reaching the tips of the Haber Luggin capillaries. 
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the membrane, some measurement errors are observed at higher current 
densities for both EIS and DC methods, which was mainly due to the 
challenge of maintaining a constant temperature at higher current 
densities. Several factors can be outlined. First, the higher the applied 
current density, the more significant the difference of the temperature 
between the jacketed vessel and the O-ring membrane stack. This led to 
a temperature gradient between the tips of capillaries. The origin of the 
temperature gradient is a large amount of heat generation in the high 

current density operation up to 20 kA/m2 (see Fig. 4). This heat gen-
eration concentrates around the membrane where the setup has the 
smallest diameter and hence the highest local current density. Even 
though the solution is circulated from the O-ring stack to the jacketed 
vessels, the bulk solution inside the O-ring membrane stack is heated 
faster than bulk inside the jacketed vessels. The distance between the 
tips of capillaries for 15 wt% NaOH in Fig. 2 was 10 mm. When the 
distance of capillaries reduced to 4.8 mm for 32 wt% NaOH in Fig. 3, the 

Fig. 2. Measured ionic resistance using DC (left) with and without a membrane (N117 þ 15 wt% NaOH and 15 wt% NaOH only) and EIS (right) of N117 þ 15 wt% 
NaOH as a function of the average value of the O-ring stack temperature with different current densities. The distance of capillary tips was 10 mm. 

Fig. 3. Measured ionic resistance using DC (left) and EIS (right) with and without a membrane (N117 þ 32 wt% NaOH and 32 wt% NaOH only) as a function of the 
average value of the O-ring stack temperature with different current densities. The distance of capillary tips was 4.8 mm. 
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results are smoother. Another possible explanation for the measurement 
error is that the temperature can alter the thickness of the rubber used to 
seal the O-ring stack, which can influence the real distance of capillaries 
during the experiment. 

4.2. Model validation with the experimental data of Nafion® 117 

Fig. 5 compares the measured membrane resistance of Nafion® 117 
with the predicted value of the Maxwell-Stefan model using two sets of 
the Maxwell-Stefan diffusivities listed in Table 6. 

The correlations based on Kraaijeveld (D0
i;j ) using diluted solution 

diffusivities not only overpredict the measured resistance data but also 
fail to follow the trends of experimental data of 32 wt% NaOH. In 
contrast, the concentration-dependent Maxwell-Stefan diffusivities 

proposed in this work predict the experimental data quite well. It is 
important to note that Wesselingh et al. [31] and Kraaijeveld et al. [16] 
chose the tortuosity correction using the infinite dilution of D0

i;wτ� 1 ¼

D
0
i;w ε3=2

void. Pinto and Graham [48] listed six theoretical equations from 
different authors for the tortuosity correction including the chosen tor-
tuosity correction by Wesselingh et al. They tested all six equations to 
define the tortuosity correction for an ion exchange resin (Dowex 50 
W-X8) and concluded that the tortuosity correction of ε4=3

void gave a better 
match with their experimental data. 

The Nafion membrane is generally considered to be more homoge-
nous than other types of membranes, which might lead to a less tortuous 
path [49–51]. Applying this tortuosity correction in our model shows a 
slightly better prediction for 32 wt% NaOH but underpredicts the 
experimental data of 15 wt% NaOH (not shown here). Considering the 
challenges in measuring the membrane resistance and the assumptions 
made in the model, the tortuosity correction ε3=2

void is used throughout the 
simulation. There are yet many factors to be investigated in addition to 
the tortuosity factor. Future work should aim at gaining more insight 
into other important factors to be further taken into account in defining 
the Maxwell-Stefan diffusivities. A more suitable correlation of ion-fixed 
group interaction is also preferred over the mere factor 10 that is 
currently used to relate these diffusivities to ion-water diffusivities (see 
Table 2). 

Fig. 6 presents membrane conductivity as a function of temperature 
and also shows an Arrhenius plot of the membrane conductivity of the 
N117 membrane for 15 wt% NaOH and 32 wt% NaOH. Membrane 
conductivity is, in fact, the inverse of the membrane resistance using Eq. 
(60). Membrane conductivity increases at higher temperatures, and 15 
wt% NaOH is more conductive than 32 wt% NaOH. Similar to the results 
shown in Fig. 5, the concentration-dependent Maxwell-Stefan diffusiv-
ities match the experimental data better than the values of infinite 
dilution diffusivities. When there is no viscosity correction for a diluted 
solution, a linear profile of the Arrhenius plot is observed. However, for 
concentrated electrolyte solutions, both the model and the experimental 
data shows a non-linear profile. One explanation can be related to the 
viscosity correction for diffusivities based on solute viscosity in Eq. (52), 
which does not follow the Arrhenius behavior. 

κm ¼
δm

Rm � Am
(60) 

The measured membrane conductivity is compared to another 
Nafion membrane since no experimental data are available for N117 in 
the scientific literature. The values are listed in Table 8. Nafion 117 
seems to be more conductive than Nafion 901. The temperature 
dependence of the conductivity of both membranes seems comparable. 

4.3. Model prediction of ion and water transport of Nafion® 117 

In addition to the membrane conductivity or ionic membrane resis-
tance, the Maxwell-Stefan model can also predict ion- and water trans-
port, shown in Fig. 7. Opposite trends are observed from both sets of 
correlations. The Kraaijeveld model results in an unrealistically high 
sodium transport number, which reaches almost 2 [-] at 32 wt% NaOH. 
This means that hydroxide ion is also transported to the catholyte side. 
The model based on the concentration-dependent diffusivities in this 
work predicts a low sodium transport number slightly above 0.5 [-] at 
15 wt% NaOH and slightly under 0.5 [-] at 32 wt% NaOH. 

Even though the hydroxide ion penetrates Nafion, we expect a higher 
sodium transport number because Nafion 117 is a cation-selective 
membrane. A possible cause of this low perm-selectivity is the 
assumption that ion-fixed charged groups of the membrane interactions 
resemble ion-solvent interactions using the factor 10 empirical corre-
lation. Since the hydroxide ion diffuses faster than the sodium ion in 
water, hydroxide ion will be transported easier through the membrane. 

Fig. 4. A typical measured potential drop with and without membrane as a 
function of time at different current densities (top) and the average values of 
measured bulk temperatures of the O-ring stacks and the jacketed ves-
sels (bottom). 

Fig. 5. Modeled and measured areal membrane resistance of Nafion 117 as a 
function of the average value of the O-ring stack temperature for 15 wt% and 
32 wt% NaOH using Maxwell-Stefan diffusivity correlations for the 
concentration-dependent solution proposed in this work listed in Table 2. Input 
parameters based on known membrane properties: membrane thickness; 0.190 
mm, EW ¼ 1100 [-]. 
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Therefore, further study is needed to find a more suitable correlation to 
represent the diffusivities between the charged fixed groups of the 
membrane and the ions. 

The concentration-dependent Maxwell-Stefan diffusivities are tested 
for a broad range of concentrations from a diluted system 0.5 wt% (0.1 
M) to 33 wt% NaOH (11 M) and compared to the Kraaijeveld model in 
Fig. 8. 

The water transport number decreases at higher electrolyte con-
centrations as expected due to the lower water concentration and lower 
water uptake inside the membrane. Both correlations give similar results 
at a fairly dilute system. This confirms the need to take the concentration 
and viscosity into account for Maxwell-Stefan diffusivities higher than 

Fig. 6. Membrane conductivity as a function of temperature (left) and the Arrhenius plot of membrane conductivity (right) of N117 for 15 wt% NaOH and 32 wt% 
NaOH. Membrane conductivity is calculated using Eq. (60). 

Table 8 
Membrane conductivity of two different types of Nafion membranes in [ohm-1. 
cm-1].  

T [oC] 15 wt% NaOH 32 wt% NaOH  

N117a (this work) N901b [52] N117a (this work) N901b [52] 

40 0.024 0.012 0.008 0.002 
60 0.041 0.018 0.014 0.004 
80 0.054 0.025 0.019 0.006  

a EW ¼ 1100, monolayer, δm ¼ 0.019 cm. 
b EW ¼ not given, bilayer, δm ¼ 0.018 cm. 

Fig. 7. Model prediction of ion and water transport of Nafion 117 as a function of the average value of the O-ring stack temperature for NaOH 15 wt% and 32 wt% 
using Maxwell-Stefan diffusivity correlations for the concentrated solution proposed in this work with two different tortuosity correction factors. Input parameters 
based on known membrane properties: membrane thickness; 0.190 mm, EW ¼ 1100 [-]. 
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0.5 M. 

5. Conclusions 

The present study was designed to determine the effect of current 
density, membrane properties, temperature, and electrolyte concentra-
tion on the ionic membrane resistance of Nafion 117 by combining both 
experimental investigation and mathematical modeling. One of the 
more significant findings to emerge from this study is that the ionic 
membrane resistance follows the ohmic law when the temperature is 
measured as close as possible to the membrane during the experiment. 
The cause of the apparent non-ohmic behavior in other measurements 
was likely related to inaccurate temperature measurements. The second 
major finding was that Maxwell-Stefan modeling can be improved by 
relating the Maxwell-Stefan diffusivities to the concentration- and 
temperature-dependent binary diffusivities of the bulk solution. In this 
way, it becomes possible to predict membrane conductivity at high 
concentrations reasonably well. 
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