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Summary 
 
 
In the new global green hydrogen economy, electrochemical processes such as 
membrane chlor-alkali electrolysis and alkaline water electrolysis are promising 
options to produce hydrogen from renewable (wind) energy. The electrolysis process 
is, however, both capital and energy-intensive. For this reason, research has been 
focusing on intensifying the electrolyzers to enable more cost-effective processes. One 
main interest in reducing the investment cost is to maximize the use of the membrane 
by increasing the applied current density. Moreover, higher current density operation 
allows flexible operation to produce more during sunny and windy days with less 
investment cost.  
 
Even though the membrane plays a crucial role in the process intensification of 
membrane electrolyzers, little is known about membrane performance in terms of 
membrane resistance and membrane perm-selectivity at high current densities.  
 
The research carried out in this thesis focused on investigating the membrane 
performance at high current densities by combining both mathematical modeling and 
experimental studies.  
 
Regarding mathematical modeling, we have developed a mathematical model based 
on a generalized Maxwell-Stefan (MS) approach instead of a simplified model based 
on the Nernst-Plank (NP) approach. The Maxwell-Stefan approach is necessary 
because the chlor-alkali system involves highly concentrated electrolyte solutions       
(5 M NaCl and 10 M NaOH). Also, both water transport and the non-ideal system can 
be incorporated in the Maxwell-Stefan approach, whereas the NP approach requires a 
separate equation to describe water transport and generally neglects the non-ideality. 
The first crucial improvement of this developed Maxwell-Stefan model compared to 
the previously developed models is the ability to calculate both fluxes and the 
membrane potential drop simultaneously by adopting the augmented matrix method.  
 
The Maxwell-Stefan model requires Maxwell-Stefan diffusivities for the interaction 
between the components in a mixture. However, the lack of reliable data on Maxwell-
Stefan diffusivities has been the main reason why this approach has not been widely 
applied for modeling transport behavior in an ion-exchange membrane. In other 
words, the availability of Maxwell-Stefan diffusivities can make or break the Maxwell-
Stefan model. Consequently, understanding the fundamental properties of Maxwell-
Stefan diffusivities has become the heart of this thesis.  
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To obtain more reliable data on Maxwell-Stefan diffusivities, we proposed to relate 
the membrane Maxwell-Stefan diffusivities to the bulk (binary) Maxwell-
Stefan diffusivities in three steps. The first step is to apply the Kuznetsova 
methods to calculate three independent properties of the electrolyte (Maxwell-
Stefan coefficient, sodium ion transference number in bulk, and specific conductivity) 
from eight known electrolyte properties (water dielectric permittivity, water 
viscosity, water self-diffusion coefficient, limiting ionic conductivity of ion, valence 
number, electrolyte viscosity, electrolyte density, and the effective distance between 
ions) as a function of composition and temperature. The second step is followed 
by the Newman/Chapman method to determine three bulk binary Maxwell-
Stefan diffusivities (positive ion-water, negative ion-water, and positive ion-negative 
ion) using three independent properties from the Kuznetsova methods. The third 
step uses the tortuosity correction proposed by Wesselingh/Kraaijeveld to relate 
the bulk binary Maxwell-Stefan diffusivities to the membrane Maxwell-Stefan 
diffusivities.  
 
The major finding in this thesis was that Maxwell-Stefan modeling is significantly 
improved by using the concentration- and temperature-dependent Maxwell-Stefan 
diffusivities as described above. The model results also confirm the importance of 
taking ion-ion interactions into account, even for a diluted system. Another 
interesting finding was that the properties of the chlorate ion could represent the fixed 
charged groups of the membrane to define both ion-membrane and water-membrane 
interactions.   
 
In the experimental investigation, we measured the membrane resistance of a 
monolayer cation-selective membrane Nafion 117 in an alkaline water electrolysis 
(NaOH-NaOH) system using concentrated lye solutions up to 32 wt%, current 
densities up to 25 kA/m2, and temperatures up to 90 oC. Both Direct Current (DC) and 
Electrochemical Impedance Spectroscopy (EIS) methods were applied. One finding 
that emerged from this study was that the ionic membrane resistance follows the 
ohmic law when the actual temperature of the membrane is considered and not the 
bulk temperature further away from the membrane. Earlier reported non-ohmic 
behavior is very likely related to inaccurate temperature measurements.  
 
The Maxwell-Stefan model predicted the experimental data reasonably well, yet there 
is a clear need for more experimental data to validate the model. All in all, we conclude 
that Maxwell-Stefan diffusivities can now make the Maxwell-Stefan model. Yet, the 
Maxwell-Stefan model is still based on many assumptions, and there is still plenty of 
room for improvement. Therefore, we hope that this work inspires others to further 
develop and improve the Maxwell-Stefan model.  
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1.1 Chlor-alkali process 
The chlor-alkali industry operates the largest electrochemical processes in the world, 
which produces ca. 65 million tonnes of chlorine and ca. 76 million tonnes caustic 
soda per year [1], [2]. These products are major building blocks in the manufacture of 
chemical products that we rely on every day for construction, food, health care, 
transportation, fire protection, etc. [3]–[5]. Several examples of the chemical products 
that use chlor-alkali products in the production process are polymers (PVC, 
polyurethane, polycarbonate), pulp for paper, solvents, pesticides, paints, textiles, 
aluminum, and metals. Chlor-alkali chemistry is needed in the manufacture of 88 % 
of all major medicines [4]. 

In addition to chlorine and caustic soda, hydrogen gas is also formed (around 0.03 kg 
per 1 kg chlorine) [6]. In the past, hydrogen was regarded as a byproduct of the chlor-
alkali industry. Nowadays, in the new global green hydrogen economy, hydrogen is 
suggested as a future energy carrier from renewable (wind) energy using 
electrochemical processes such as membrane chlor-alkali electrolysis and alkaline 
water electrolysis [7]. 

The chlor-alkali production process can be described in three major steps as 
schematically shown in Figure 1.1 [8], [9]. The first step is brine saturation and 
purification. In the brine saturation, the raw brine (salt) and the depleted brine are 
mixed. The saturated brine is purified by precipitation and filtration to remove the 
undesired impurities such as sulfate, calcium, magnesium, iron, and other metals. In 
the second step, hydrochloric acid is added to the purified brine to reach pH 2-4 before 
the purified brine is fed to the electrolysis. In the electrolysis, chlorine gas, caustic 
soda, and hydrogen are produced as crude products. These crude products are further 
treated in the third step. The diluted brine is sent back to the first step for brine 
saturation and purification.  
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Figure 1.1. Schematic view of three major steps of the chlor-alkali process. In the first step, the brine is 
treated and purified. The hydrochloric acid is added to the purified brine to prevent side reactions in the 
second step (electrolysis). The crude products of chlorine, caustic soda and hydrogen are produced in the 
electrolysis cell using Direct Current (DC) power. In the third step, crude products are treated. The depleted 
brine is recycled to the first step, and the diluted caustic soda is sent back to the second step.  

The three main technologies for the manufacture of chlorine and caustic soda from 
saturated brine (sodium chloride) solution are the mercury cell process, the 
diaphragm cell process, and the membrane cell process [9]. The diaphragm cell 
process is the oldest technology, which has been commercially available for 140 years 
since 1888. The mercury cell process followed 4 years later in 1892. The membrane cell 
process was introduced in 1975 in Japan after the increasing concern about the health 
and environmental effects of both asbestos and mercury. The mercury cell process is 
now phased out in Europe and replaced by the membrane cell process, which 
corresponds to 85% of the European capacity [10]. The membrane technology is 
considered the best available technology for the chlor-alkali industry because it is the 
most energy-efficient and most environmentally friendly in comparison to the other 
two technologies. The technologies differ from each other, mainly in the electrode 
reactions and in the way the products are kept separate in the electrolysis cell. 

Figure 1.2 shows a schematic view of a chlor-alkali membrane electrolysis cell. The 
electrolysis cell consists of anode and cathode compartments, which are separated by 
a cation-selective membrane. Both anode and cathode are connected with a Direct 
Current (DC) power to drive the chemical reaction since the reaction does not occur 
spontaneously.  
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Figure 1.2. Schematic view of the chlor-alkali membrane electrolysis cell. The electrolysis cell consists of 
anode and cathode compartments, which are separated by a cation-selective membrane. Both anode and 
cathode are connected by Direct Current (DC) power. At the anode, the chloride ions from the saturated 
brine are oxidized to form chlorine, and the electrons are transferred to the cathode to split water into 
hydroxide ions and hydrogen. Through the membrane, sodium ions are transported from the anode to the 
cathode compartment and combined with the hydroxide ions to produce caustic soda.  

At the anode, chloride ions are oxidized by releasing electrons to form chlorine, as 
shown in Eq. (1.1). A minimum potential of 1.36 V/SHE is required for this reaction to 
occur. The released electrons are transferred to the cathode to split water into 
hydroxide ions and hydrogen (Eq. (1.2)). Through the membrane, sodium ions are 
transported from the anode to the cathode compartment and combined with the 
hydroxide ions to produce caustic soda. The total reaction in the electrolysis process 
is given in Eq. (1.3). The total minimum required potential is the potential difference 
between the electrodes (i.e., 2.19 V), also called the minimum thermodynamic 
potential. 

 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (+): 2𝐶𝐶𝑙𝑙− → 𝐶𝐶𝑙𝑙2 + 2 𝐴𝐴−                𝐸𝐸𝑜𝑜 = 1.36 𝑉𝑉/𝑆𝑆𝑆𝑆𝑆𝑆        (1.1) 
 

 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝐴𝐴𝐴𝐴𝐴𝐴 (−): 2 𝐻𝐻2𝑂𝑂 + 2 𝐴𝐴− → 2 𝑂𝑂𝐻𝐻− + 𝐻𝐻2        𝐸𝐸𝑜𝑜 =  −0.828 𝑉𝑉/𝑆𝑆𝑆𝑆𝑆𝑆  (1.2) 
 

 𝑇𝑇𝐴𝐴𝐶𝐶𝐶𝐶𝑙𝑙 𝑟𝑟𝐴𝐴𝐶𝐶𝑟𝑟𝐶𝐶𝑟𝑟𝐴𝐴𝐴𝐴: 2 𝑁𝑁𝐶𝐶𝐶𝐶𝑙𝑙 + 2 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝑙𝑙2 + 𝐻𝐻2 + 2 𝑁𝑁𝐶𝐶𝑂𝑂𝐻𝐻 (1.3) 
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1.2 Cation-selective membrane 
Cation-selective membranes are a key component of the chlor-alkali membrane 
process, and the process conditions are mainly set to optimize the performance 
properties of the membranes.  

There are three large suppliers for commercially available membranes [9]: DuPont 
(now Chemours) from the USA, Asahi Glass, and Asahi Kasei, both from Japan. The 
known brand names are Nafion®, Flemion®, and Aciplex® for Chemours (DuPont), 
Asahi Glass, and Asahi Kasei, respectively. They are different from each other in 
polymer modification, functional groups, and other chemical and mechanical details.  

The requirements for the cation-selective membranes are [8], [9], [11], [12]: 

- To separate chlorine, oxygen, and hydrogen to avoid an explosion. Therefore, 
these membranes must have low permeability to chlorine, oxygen, and 
hydrogen gas;  
 

- To separate chlorine and caustic soda by preventing the transport of co-ion 
(chloride ion and hydroxide ion) through the membrane (Figure 1. 3); 
 

- To have high ionic conductivity for a high transfer of the sodium ion from the 
anolyte to catholyte to minimize the membrane resistance and increase the 
current efficiency; 
 

- To have good mechanical and chemical stability to be operated in a harsh 
environment (acidic brine and basic caustic) over a wide range of 
temperature; 
 

- To prevent direct contact between electrodes in a zero-gap cell configuration. 
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Figure 1. 3. Schematic view of the influence of a lower membrane perm-selectivity on the side products at 
the anode compartment. Hydroxide ions migrate from the catholyte- to the anolyte compartment and can 
cause byproduct formation such as oxygen and hypochlorite.  

Both membrane perm-selectivity and membrane conductivity are the decisive factors 
for the membrane performance in the chlor-alkali industry. Membrane perm-
selectivity is defined as the ability of the membrane to prevent co-ion transport. The 
hydroxide ions migration causes side reactions on the anode like byproduct chlorate 
formation from chlorine and oxygen formation (Eqs. (1.4 - 1.6))[8]. The total exclusion 
of co-ion transport would mean an ideal perm-selectivity of 1. It should be noted that 
the ideal perm-selectivity is never achieved due to the presence of other cations than 
the sodium ion, such as calcium and magnesium ions from the impurities (multivalent 
cations). Undesired migration of co-ions not only causes product contamination but 
also lowers the current efficiency of the process. For this reason, as shown in Figure 
1.1, the purified brine is usually acidified with hydrochloric acid to suppress the side 
reactions in the electrolysis cell.  

  2𝐻𝐻2𝑂𝑂 → 𝑂𝑂2 + 4 𝐻𝐻+ + 4 𝑒𝑒− (1.4) 
 

 𝐻𝐻𝑂𝑂𝐻𝐻𝐻𝐻 ⇿ 𝐻𝐻+ + 𝑂𝑂𝐻𝐻𝐻𝐻− (1.5) 
 

 2 𝐻𝐻𝑂𝑂𝐻𝐻𝐻𝐻 + 𝑂𝑂𝐻𝐻𝐻𝐻− → 𝐻𝐻𝐻𝐻𝑂𝑂3
− + 2 𝐻𝐻+ + 2 𝐻𝐻𝐻𝐻− (1.6) 
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To increase membrane perm-selectivity, the chlor-alkali industry also uses bilayer 
membranes with different types of functional groups. Two types of functional groups 
used in the chlor-alkali industry are sulfonic groups (−𝑆𝑆𝑂𝑂3−) and carboxylic groups 
(−𝐶𝐶𝑂𝑂𝑂𝑂−). Different types of functional groups have different effects on the 
conductivity and the perm-selectivity of the membrane. The sulfonic groups are more 
conductive than the carboxylic groups because the sulfonic groups have a higher 
dissociation constant and higher water content than the carboxylic groups [9]. The 
lower water uptake for carboxylic groups leads to a higher concentration of the fixed 
charged groups inside the membrane, which results in a higher membrane perm-
selectivity [9].   

1.3 Intensified chlor-alkali membrane 
electrolyzer: high current density operation 
Even though the chlor-alkali membrane electrolyzer is considered the best available 
technology for chlorine production, the electrolysis process itself remains both 
capital- and energy-intensive. The membrane is expensive. Moreover, the cost of 
electricity for the electrolysis unit accounts for 51 % of the total production cost [13]. 
Also, considering the source of electricity is usually from fossil fuels, this process is 
indirectly related to CO2 emissions. The increasingly available renewable energy 
sources provide an alternative electricity source for this process. Due to the 
intermittent nature of renewable energy sources, new intensified electrolysis cells 
need to be developed that can be operated with high flexibility. One way to intensify 
the chlor-alkali electrolysis is to increase the current density from 7 kA/m2 to 30 kA/m2 
or even higher. Increasing the current density maximizes the use of the membrane, 
which also reduces the investment cost.  

In the development of high current density operating conditions, membrane 
performance plays a crucial role. The membrane performance depends strongly on the 
operating conditions such as the types of electrolytes, the electrolyte concentration, 
the temperature, and the current density. However, the know-how on this technology 
is mainly available at the membrane suppliers, and little is publicly known about 
membrane performance in terms of membrane perm-selectivity and membrane 
potential at high current densities. It is also unknown if increasing the current density 
will affect the lifetime of the membrane. A better understanding of ion and water 
transport inside the membrane can provide insight for the membrane performance at 
high current density operation. 
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1.4 The HIGHSINC Project 
This thesis is part of the HIGHSINC (HIgh Gravity High Shear for INtensified 
Chemicals production) project in close collaboration with Nouryon (former 
AkzoNobel Specialty Chemicals). Nouryon, as a major producer of specialty chemicals, 
aims to use energy and raw materials more efficiently through the development and 
introduction of intensified manufacturing processes. The HIGHSINC project at 
Sustainable Process Engineering-Chemical Reactor Engineering (SPE-CRE) group at 
TU/e aims to develop the science and technology that is needed for the design of the 
safest, most energy and capital-efficient, and most versatile plant for the sustainable 
production of chemicals.  

The HIGHSINC project has three subdivisions: electrochemistry, rotating reactors, 
and specialty chemicals. The membrane electrolyzer belongs to the subdivision 
electrochemistry. This subdivision consists of cell design, mass transfer in bulk, and 
ion and water transport behavior inside the membrane. The research carried out in 
this thesis focuses on investigating the membrane part.  

1.5 Research Scope 
This thesis aims to combine both mathematical modeling and experimental studies to 
investigate the performance at cation-selective membranes at high current densities 
in terms of membrane potential (membrane resistance) and membrane perm-
selectivity.  

1.5.1. Mathematical modeling 
Mathematical modeling is indispensable to fundamentally understand the mass 
transport behavior of ions and water inside the membrane. The model can perform 
broad multi-parametric studies and extreme operating conditions, which might be 
very challenging or not viable in the experimental setup. For example, membrane 
resistance in the chlor-alkali system is not easily measured directly using the 
technique described in the experimental studies section (1.5.2). A simpler system, 
alkaline electrolysis using sodium hydroxide with equal concentration at both sides, 
is used to measure the membrane resistance. A theoretical model, in this case, can be 
developed for this simpler system so that the model can be verified and validated with 
the measured membrane resistance. Once the model is proven to be reliable with a 
simpler system, the model can then be extended to a more complex system.  The 
extended model should also be further validated with the experimental data with 
similar system when possible. The challenge is to find a general model to describe the 
membrane, which can be applied for a broad range of temperatures, concentrations, 
and current densities.  
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In general, four equations can describe the mass transfer behavior of ions and water 
in an electrolytic solution [14], [15]. The first equation (Eq. (1.7)) is the generalized 
Maxwell-Stefan equation that describes the motion of ionic and neutral species in 
solution. It is a steady-state force balance between driving forces (left-hand side of the 
equation) and friction forces (right-hand side of the equation) acting on a certain 
species in the mixture. The species in the solution can move by diffusion, migration, 
and convection. At the left-hand side of the equation, the diffusion term (∇𝜇𝜇𝑖𝑖) is the 
chemical potential gradient and the migration term (∇𝜑𝜑) is the electrostatic potential 
gradient. The migration term is unique to an electrolytic system or systems containing 
charged species, which does not exist in a nonelectrolyte system or gas. The second 
equation (Eq. (1.8)) is the relation between the flux of a charged species and the 
electric current. The motions of charged particles constitute an electric current. The 
condition of electroneutrality is met except in regions close to electrode surfaces, as 
shown in the third equation (Eq. (1.9)). The last equation is the material balance for a 
species (Eq. (1.10)). The production per unit volume 𝑅𝑅𝑖𝑖 involves homogenous chemical 
reactions, which occur at the boundary of solutions. In electrochemical systems, the 
reaction is frequently restricted to electrode surfaces. Therefore, the production is 
zero inside the membrane.   

 

𝐶𝐶𝑖𝑖(∇𝜇𝜇𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹∇𝜑𝜑) = 𝑅𝑅𝑅𝑅 ∑
𝐶𝐶𝑖𝑖𝐶𝐶𝑗𝑗

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
 (𝝊𝝊𝑗𝑗 − 𝝊𝝊𝑖𝑖)

𝑗𝑗

= 𝑅𝑅𝑅𝑅 ∑ 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

 (𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)
𝑗𝑗

 
(1.7) 

  

 𝐼𝐼 = 𝐹𝐹 ∑ 𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛

𝑖𝑖=1
 (1.8) 

 

  ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖

𝑛𝑛

𝑖𝑖=1
= 0 (1.9) 

 

 
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑁𝑁𝑖𝑖

𝜕𝜕𝜕𝜕 + 𝑅𝑅𝑖𝑖 (1.10) 

 

The chemical-potential gradient (∇𝜇𝜇𝑖𝑖) in Eq. (1.7) consists of both activity- and 
pressure gradients (Eq. (1.11)).  

 ∇𝜇𝜇𝑖𝑖 = 𝑅𝑅𝑅𝑅∇ln𝑎𝑎𝑖𝑖 + �̅�𝑉𝑖𝑖∇𝑃𝑃 (1.11) 
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For a fairly diluted system (0.01 M) [15], Eq. (1.7) is often simplified to the most 
commonly used form of the Nernst-Planck equation in Eq. (1.12). The assumptions are 
that the electrolyte solution behaves as an ideal solution, the pressure gradient is 
negligible, and the average velocity is the same as the velocity of the solvent. The first 
and the third terms on the right-hand side of Eq. (1.12) are the diffusion and convection 
terms, respectively, which are also similar to the non-electrolytic system. In the non-
electrolytic system, the diffusion in the diluted system follows Fick’s law of diffusion; 
species diffuse from regions of high concentration to low concentration. Convection 
is due to the bulk motion of the medium. 

 𝑁𝑁𝑖𝑖 =  − 𝔇𝔇𝑖𝑖,𝑤𝑤
0 ∇𝐶𝐶𝑖𝑖 − 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝔇𝔇𝑖𝑖,𝑤𝑤

0 𝐹𝐹
𝑅𝑅𝑅𝑅 ∇𝜑𝜑 + 𝐶𝐶𝑖𝑖𝝊𝝊𝒘𝒘  (1.12) 

 

It is important to note that the Nernst-Planck (NP) equation is a limiting case of the 
generalized Maxwell-Stefan (MS) equations. Figure 1.4 presents a schematic view of 
the difference between the MS and NP approach. One main difference is that in the 
NP approach, only the interaction or the friction force of a solute species with solvent 
𝔇𝔇𝑖𝑖,𝑤𝑤

0   is taken into account and essentially interactions with other solutes are generally 
neglected. Neglecting the ion-ion interactions leads to an incorrect definition of 
transport properties. Even in the dilute system, the diffusing ionic species are 
“coupled” to one another due to the constraint imposed by the electroneutrality 
condition (Eq. (1.9)). The NP model fails for electrolyte concentrations above 0.1 M 
[14]–[16], whereas the MS approach is suitable for dilute as well as concentrated 
systems. Another difference is that in a concentrated solution, it is not just the solvent 
velocity that contributes to the average velocity. Both migration and diffusion fluxes 
must be defined for some average velocity of the fluid, and the defined flux relations 
must be consistent with this choice. Thus, the average velocity can be assumed the 
same as the velocity of the solvent in an infinite diluted system, but not for the 
concentrated solutions. Furthermore, unlike the NP approach, which has to introduce 
the Schlögl equation to describe water transport, the MS approach accounts for water 
transport via ion-solvent interactions [17]–[21].  

The MS approach is the preferred choice for the chlor-alkali electrolysis for three 
reasons: First, the chlor-alkali system involves highly concentrated electrolyte 
solutions (5 M NaCl and 10 M NaOH). Secondly, water transport is included in the MS 
approach, while in the NP approach, a separate equation is required. Finally, the MS 
Stefan approach accounts for the non-ideality of the system, whereas the NP approach 
assumes an ideal system.   

Maxwell-Stefan (MS) Diffusivities 
The real drawback of applying the MS approach is that MS diffusivities cannot be 
directly measured either in solution or membrane. Based on the Onsager relations 
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[22], the chlor-alkali system that contains at least five components (Na+, Cl-, OH-, H2O, 
and –SO3-) requires ten MS diffusivities based on the n*(n-1)/2 relation.  

The lack of reliable data on the required MS diffusivities is the main reason why the 
MS approach has not been widely applied for mathematical modeling of cation-
exchange membranes. In other words, MS diffusivities can make or break the MS 
model. The heart of this thesis is, therefore, to understand the fundamental property 
of MS diffusivities. 

 

Figure 1.4. Maxwell-Stefan (MS) approach vs. Nernst-Planck (NP) approach. The MS approach takes ion-
ion, ion-solvent, and ion-membrane into account and requires ten binary (Maxwell-Stefan) diffusivities. 
The NP approach neglects the ion-ion interaction and ion-membrane interaction. The binary diffusivities 
for the NP model are reduced to four.  

1.5.2. Experimental studies 
In the development of high current density operation, it is also important to 
distinguish/describe the individual contributor for the cell potential, including the 
membrane potential. A zero-gap cell configuration enables a very close distance 
between electrodes, which lowers the operating cell potential. The cell potential, 
shown in Eq. (1.13)), is the sum of the thermodynamic minimum potential (𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟0 ), the 
anode and cathode overpotentials (|𝜂𝜂𝐶𝐶| + |𝜂𝜂𝐴𝐴|), the ohmic drops of the electrolyte 
solution ((𝑖𝑖𝑖𝑖)𝐴𝐴 + (𝑖𝑖𝑖𝑖)𝐶𝐶), the electrical circuit potential ((𝑖𝑖𝑖𝑖)𝐶𝐶𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶), and the 
membrane potential ((𝑖𝑖𝑖𝑖)𝑚𝑚). In the zero-gap cell, the ohmic drops of the electrolyte 
solution ((𝑖𝑖𝑖𝑖)𝐴𝐴 + (𝑖𝑖𝑖𝑖)𝐶𝐶) should become negligible [23]. In a more modern electrolysis 
unit [24], the overpotential of both electrodes is 0.14 V, and the electrical circuit 
potential is about 0.04 V, leaving the membrane potential (0.51 V) as the main 
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contributor to the energy loss in the membrane electrolyzer. The cell potential, in this 
case, is 2.9 V, including the minimum thermodynamic potential (2.19 V).  

 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐸𝐸𝑟𝑟𝐶𝐶𝑟𝑟
0 + |𝜂𝜂𝐶𝐶| + |𝜂𝜂𝐴𝐴| + (𝑖𝑖𝑖𝑖)𝐴𝐴 + (𝑖𝑖𝑖𝑖)𝐶𝐶 + (𝑖𝑖𝑖𝑖)𝐶𝐶𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + (𝑖𝑖𝑖𝑖)𝑚𝑚 (1.13) 

 

The membrane potential (resistance) is generally measured using an identical solution 
at both compartments by measuring the potential difference between two electrodes 
with and without membrane. The membrane potential is defined in Eq. (1.14) by 
subtracting the measured solution ohmic drop (without membrane) from the total 
measured potential with the membrane (anolyte + catholyte + membrane). Using the 
direct current (DC) method, membrane resistance is the membrane potential divided 
by the applied current. Another method, Electrochemical Impedance Spectroscopy 
(EIS), is often selected due to its ability to separate the boundary layer resistance from 
the membrane resistance.  

 (𝑖𝑖𝑖𝑖)𝑚𝑚 =  (𝑖𝑖𝑖𝑖)(𝑚𝑚+𝐴𝐴+𝐶𝐶) − (𝑖𝑖𝑖𝑖)(𝐴𝐴+𝐶𝐶)  (1.14) 
 

With this method, the membrane resistance for a chlor-alkali membrane electrolysis 
system cannot be directly measured because the anolyte solution (sodium chloride) is 
different than the catholyte solution (sodium hydroxide). Thus, as an alternative, the 
membrane resistance as a function of current density is measured using alkaline water 
electrolysis. The reaction at the cathode is the same as chlor-alkali electrolysis (Eq. 
(1.1)). At the anode, only the oxygen evolution reaction from hydroxide ions, given in 
Eq. (1.15) takes place. 

 4 𝑂𝑂𝐻𝐻− → 𝑂𝑂2 + 2 𝐻𝐻2𝑂𝑂 + 4 𝑒𝑒− (1.15) 
 

For membrane resistance measurement, this study also aims to identify (possible) 
causes of non-ohmic behavior of membrane resistance (potential) as a function of 
current density, as suggested by ourselves and other authors [25]–[28].  

1.6 Structure of the Thesis 
As mentioned in the previous paragraphs, the objective of this thesis is to describe ion 
and water transport behavior inside cation-selective membranes at high current 
densities by combining both mathematical modeling and experimental studies.   

Chapter 2 focuses on the derivation of a mathematical model based on the Maxwell-
Stefan (MS) approach that is applicable for membrane chlor-alkali electrolysis with a 
broad range of current densities. We improve the previously developed MS models by 
adopting the Augmented matrix method to calculate both the concentration and the 
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electrical potential gradients simultaneously. The developed MS model is, however, 
limited to describe a monolayer type of membrane by assuming an ideal system.  

Considering the lack of reliable data on the required MS diffusivities, four sets of 
reported values in the literature are tested. The model is validated with the available 
experimental data for low current densities and used to predict the membrane 
performance at high current density operation.  

Chapter 3 presents a combination of both experimental studies and mathematical 
modeling on the ionic membrane resistance of Nafion 117 as a function of 
concentration, temperature, and current density. The experimental studies are carried 
out not only to obtain experimental data to validate the model but also to identify 
(possible) causes of non-ohmic behavior of membrane resistance as a function of 
current density, as suggested in previous studies [25]–[28]. Membrane resistance is 
measured using both Direct Current (DC) and Electrochemical Impedance 
Spectroscopy (EIS) methods for 15 and 32 wt% sodium hydroxide, temperatures up to 
90 oC, and different current densities up to 25 kA/m2. Also, the temperature is 
measured as close as possible to the membrane. For mathematical modeling, the MS 
model for the chlor-alkali electrolysis (NaCl-NaOH) system in Chapter 2 is simplified 
to 4 components in the alkaline water electrolysis (NaOH-NaOH) system. In this case, 
the required MS diffusivities are reduced from ten to six. Here, the effects of both 
temperature and concentration on MS diffusivities based on the bulk external 
solutions are investigated. The correlations based on infinite dilution are compared to 
the concentration-and temperature-dependent MS diffusivities, and the results of the 
model are validated with the measured membrane resistance.  

In Chapter 4, we improve the MS diffusivity correlations for ion-membrane and 
water-membrane interactions by moving away from empirical correlations to 
correlations with a stronger physical basis. Using the alkali water electrolysis system 
described in Chapter 3, we propose to use the properties of the chlorate ion to 
represent the fixed charged groups of the membrane. These diffusivities are compared 
to the MS values used in Chapter 3 Furthermore, the ion concentration inside the 
membrane is used instead of the ion concentration in bulk external solution to 
determine the concentration-dependent MS diffusivities. 

The updated correlations for MS diffusivities from the fourth chapter are applied for 
the chlor-alkali system in Chapter 5. The results are compared to the MS model based 
on previous correlations in Chapter 2. Also, the MS model is extended to account for 
the non-ideality of the electrolyte solution using bilayer membranes.   

The final chapter summarizes the findings and discusses the implication of the 
findings to future research on this topic.  
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Nomenclature 
 

Latin symbols  

𝑎𝑎 Activity [-] 
𝐶𝐶𝑖𝑖 Concentration of species i [mol.m-3] 

𝔇𝔇𝑖𝑖,𝑗𝑗 Maxwell-Stefan diffusivities [m2.s-1] 
𝔇𝔇𝑖𝑖,𝑤𝑤

0  Maxwell-Stefan diffusivities in the diluted bulk solution [m2.s-1] 
𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  Cell potential [V] 
𝐸𝐸𝑟𝑟𝐶𝐶𝑟𝑟

0  Minimum thermodynamic potential [V] 
F Faraday constant [C.mol-1] 
𝐼𝐼 Current density [A.m-2] 
𝑖𝑖 Current [A] 

M Mol.L-1 
𝑀𝑀𝑀𝑀 Molecular weight [g.mol-1] 
𝑁𝑁𝑖𝑖 Molar flux of species i [mol.m-2.s-1] 
P Pressure [Pa] 
R Gas constant [J.mol-1.K-1] 

𝑅𝑅𝑚𝑚 Membrane resistance [ohm] 
𝑇𝑇 Temperature [K] 
𝑡𝑡 Time [s] 
𝑀𝑀 Water 
𝝊𝝊𝒊𝒊 Velocity of species 𝑖𝑖  [m.s-1] 
�̅�𝑉𝑖𝑖 Partial molar volume [m3.mol-1] 
𝑧𝑧𝑖𝑖  Ionic charge [-]  

  

Greek symbols 

𝛾𝛾𝑖𝑖 Activity coefficient [-] 
𝜇𝜇𝑖𝑖 Chemical potential [J.mol-1]  
𝜂𝜂𝐴𝐴 Anode overpotential [V] 
𝜂𝜂𝐶𝐶 Cathode overpotential [V] 
𝜑𝜑 Electrical potential [V] 

 

Superscript and subscript  

𝐴𝐴 Anolyte 
𝑐𝑐 Centigrade  
𝐶𝐶 Catholyte 
𝑖𝑖 Species  

𝑚𝑚 Membrane  
𝑡𝑡𝑡𝑡𝑡𝑡 Total 
𝑀𝑀 Water 



Chapter 1   

12 
 

electrical potential gradients simultaneously. The developed MS model is, however, 
limited to describe a monolayer type of membrane by assuming an ideal system.  

Considering the lack of reliable data on the required MS diffusivities, four sets of 
reported values in the literature are tested. The model is validated with the available 
experimental data for low current densities and used to predict the membrane 
performance at high current density operation.  

Chapter 3 presents a combination of both experimental studies and mathematical 
modeling on the ionic membrane resistance of Nafion 117 as a function of 
concentration, temperature, and current density. The experimental studies are carried 
out not only to obtain experimental data to validate the model but also to identify 
(possible) causes of non-ohmic behavior of membrane resistance as a function of 
current density, as suggested in previous studies [25]–[28]. Membrane resistance is 
measured using both Direct Current (DC) and Electrochemical Impedance 
Spectroscopy (EIS) methods for 15 and 32 wt% sodium hydroxide, temperatures up to 
90 oC, and different current densities up to 25 kA/m2. Also, the temperature is 
measured as close as possible to the membrane. For mathematical modeling, the MS 
model for the chlor-alkali electrolysis (NaCl-NaOH) system in Chapter 2 is simplified 
to 4 components in the alkaline water electrolysis (NaOH-NaOH) system. In this case, 
the required MS diffusivities are reduced from ten to six. Here, the effects of both 
temperature and concentration on MS diffusivities based on the bulk external 
solutions are investigated. The correlations based on infinite dilution are compared to 
the concentration-and temperature-dependent MS diffusivities, and the results of the 
model are validated with the measured membrane resistance.  

In Chapter 4, we improve the MS diffusivity correlations for ion-membrane and 
water-membrane interactions by moving away from empirical correlations to 
correlations with a stronger physical basis. Using the alkali water electrolysis system 
described in Chapter 3, we propose to use the properties of the chlorate ion to 
represent the fixed charged groups of the membrane. These diffusivities are compared 
to the MS values used in Chapter 3 Furthermore, the ion concentration inside the 
membrane is used instead of the ion concentration in bulk external solution to 
determine the concentration-dependent MS diffusivities. 

The updated correlations for MS diffusivities from the fourth chapter are applied for 
the chlor-alkali system in Chapter 5. The results are compared to the MS model based 
on previous correlations in Chapter 2. Also, the MS model is extended to account for 
the non-ideality of the electrolyte solution using bilayer membranes.   

The final chapter summarizes the findings and discusses the implication of the 
findings to future research on this topic.  

 

 General Introduction 

13 
 

Nomenclature 
 

Latin symbols  

𝑎𝑎 Activity [-] 
𝐶𝐶𝑖𝑖 Concentration of species i [mol.m-3] 

𝔇𝔇𝑖𝑖,𝑗𝑗 Maxwell-Stefan diffusivities [m2.s-1] 
𝔇𝔇𝑖𝑖,𝑤𝑤

0  Maxwell-Stefan diffusivities in the diluted bulk solution [m2.s-1] 
𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  Cell potential [V] 
𝐸𝐸𝑟𝑟𝐶𝐶𝑟𝑟

0  Minimum thermodynamic potential [V] 
F Faraday constant [C.mol-1] 
𝐼𝐼 Current density [A.m-2] 
𝑖𝑖 Current [A] 

M Mol.L-1 
𝑀𝑀𝑀𝑀 Molecular weight [g.mol-1] 
𝑁𝑁𝑖𝑖 Molar flux of species i [mol.m-2.s-1] 
P Pressure [Pa] 
R Gas constant [J.mol-1.K-1] 

𝑅𝑅𝑚𝑚 Membrane resistance [ohm] 
𝑇𝑇 Temperature [K] 
𝑡𝑡 Time [s] 
𝑀𝑀 Water 
𝝊𝝊𝒊𝒊 Velocity of species 𝑖𝑖  [m.s-1] 
�̅�𝑉𝑖𝑖 Partial molar volume [m3.mol-1] 
𝑧𝑧𝑖𝑖  Ionic charge [-]  

  

Greek symbols 

𝛾𝛾𝑖𝑖 Activity coefficient [-] 
𝜇𝜇𝑖𝑖 Chemical potential [J.mol-1]  
𝜂𝜂𝐴𝐴 Anode overpotential [V] 
𝜂𝜂𝐶𝐶 Cathode overpotential [V] 
𝜑𝜑 Electrical potential [V] 

 

Superscript and subscript  

𝐴𝐴 Anolyte 
𝑐𝑐 Centigrade  
𝐶𝐶 Catholyte 
𝑖𝑖 Species  

𝑚𝑚 Membrane  
𝑡𝑡𝑡𝑡𝑡𝑡 Total 
𝑀𝑀 Water 



Chapter 1   
 

14 
 

References 
[1] “The essential chemical industry-online,” 2018. [Online]. Available: 

https://www.essentialchemicalindustry.org/chemicals/chlorine.html. 
[Accessed: 25-Jul-2020]. 

[2] S. Bebelis et al., “Highlights during the development of electrochemical 
engineering,” Chem. Eng. Res. Des., vol. 91, no. 10, pp. 1998–2020, 2013, doi: 
10.1016/j.cherd.2013.08.029. 

[3] Euro Chlor, “The chlorine tree,” 2016. [Online]. Available: 
http://www.eurochlor.org/the-Chlorine-Universe/What-Is-Chlorine-Used-
for/the-Chlorine-Tree/Chlorine-Tree.Aspx. 

[4] Eurochlor, “Uses.” [Online]. Available: https://www.eurochlor.org/uses/. 
[Accessed: 27-Jul-2020]. 

[5] B. Gerardine G, “Electrochemical manufacturing in the 21st century,” 
Electrochem. Soc. Interface, vol. 23, no. 3, p. 47, 2014, doi: 10.1149/2.F03143if. 

[6] H. Khasawneh, M. N. Saidan, and M. Al-Addous, “Utilization of hydrogen as 
clean energy resource in chlor-alkali process,” Energy Explor. Exploit., vol. 37, 
no. 3, pp. 1053–1072, 2019, doi: 10.1177/0144598719839767. 

[7] Euro Chlor, “The Euro Chlor Sustainability Programme,” 2019. [Online]. 
Available: https://www.eurochlor.org/wp-
content/uploads/2019/04/brochure_sustainability-final.pdf. [Accessed: 20-
Feb-2020]. 

[8] “Best Available Techniques (BAT) Reference Document for the Production of 
Chlor-Alkali,” vol. 49, no. 97. pp. 79–81, 2014. 

[9] T. F. O’Brien, T. V. Bommaraju, and F. Hine, Handbook of Chlor-Alkali 
Technology Volume I : Fundamentals. Springer, 2005. 

[10] Eurochlor, “How are chlorine and caustic soda made.” [Online]. Available: 
https://www.eurochlor.org/about-chlor-alkali/how-are-chlorine-and-caustic-
soda-made/. 

[11] J. H. G. Van der Stegen, “The state of art of modern chlor alkali electrolysis 
with membrane cells,” PhD Thesis, Twente University, 2000. 

[12] M. Paidar, V. Fateev, and K. Bouzek, “Membrane electrolysis—History, 
current status and perspective,” Electrochim. Acta, vol. 209, pp. 737–756, 2016, 
doi: 10.1016/j.electacta.2016.05.209. 

[13] Euro Chlor, “The Electrolysis process and the real costs of production,” 2018. 
[Online]. Available: http://www.eurochlor.org/media/121563/12-
electrolysis_production_costs.pdf. [Accessed: 20-Feb-2020]. 

 General Introduction 

15 
 

[14] J. Newman and K. E. Thomas-Alyea, Electrochemical Systems, Third Edit. 
Wiley, 2004. 

[15] R. Taylor and R. Krishna, Multicomponent Mass Transfer. John Wiley & Sons 
Ltd., 1992. 

[16] R. Krishna, “Diffusion in multicomponent electrolyte systems,” Chem. Eng. J., 
vol. 35, no. 1, pp. 19–24, 1987, doi: 10.1016/0300-9467(87)80036-9. 

[17] F. Helfferich, Ion Exchange. McGraw-Hill Book Company, 1962. 

[18] R. Schlögl, “The significance of convection in transport process accross 
porous membranes,” Z.physik.Chem. N.F., pp. 46–52, 1956. 

[19] J. A. Wesselingh and R. Krishna, Mass Transfer in Multicomponent Mixtures, 
First edit. Delft: Delft University Press, 2000. 

[20] J. S. Graham, E.E., Dranoff, “Application of the Stefan-Maxwell Equations to 
Diffusion in Ion Exchangers. 2. Experimental Results,” 
Ind.Eng.Chem.Fundam, 1982. 

[21] M. W. Verbrugge and P. N. Pintauro, “Transport Models for Ion-Exchange 
Membranes,” Compr. Treatise Electrochem., vol. 19, pp. 1–67, 1989, doi: 
10.1007/978-1-4684-8667-4_1. 

[22] L. Onsager, “Reciprocal Relations in Irreversible Processes. I,” vol. 37, pp. 
406–426, 1931, doi: 10.1103/PhysRev.37.405. 

[23] D. Barros, “Clorosur. De NORA. Zero-Gap (TM) Cathode Technology.” 

[24] Asahi Kasei Chemicals Corporation, “Recent Development of Asahi Kasei 
Chemicals’ IM Technology to reduce Power consumption,” 2009. 

[25] S. Moshtarikhah, M. T. de Groot, and J. van der Schaaf, “Nernst-Planck 
modeling of multicomponent ion transport in a Nafion membrane at high 
current density,” J. Appl. Electrochem., vol. 47, no. 1, pp. 51–62, 2017, doi: 
10.1007/s10800-016-1017-2. 

[26] E. J. Taylor, N. R. K. Vilambi, R. Waterhouse, and A. Gelb, “Transport and 
conductivity properties of an advanced cation exchange membrane in 
concentrated sodium hydroxide,” J. Appl. Electrochem., vol. 21, no. 5, pp. 402–
408, 1991, doi: 10.1007/BF01024575. 

[27] D. Bergner, M. Hartmann, and H. Kirsch, “Voltage-Current Curves: 
Application to Membrane Cells,” Mod. Chlor-Alkali Technol., pp. 159–170, 
1989, doi: 10.1007/978-94-009-1137-6_15. 

[28] S. Rondinini and M. Ferrari, “Resistivity behavior of perfluorinated ionomer 
membranes in the chlor-alkali electrolytic process,” 1986. 



Chapter 1   
 

14 
 

References 
[1] “The essential chemical industry-online,” 2018. [Online]. Available: 

https://www.essentialchemicalindustry.org/chemicals/chlorine.html. 
[Accessed: 25-Jul-2020]. 

[2] S. Bebelis et al., “Highlights during the development of electrochemical 
engineering,” Chem. Eng. Res. Des., vol. 91, no. 10, pp. 1998–2020, 2013, doi: 
10.1016/j.cherd.2013.08.029. 

[3] Euro Chlor, “The chlorine tree,” 2016. [Online]. Available: 
http://www.eurochlor.org/the-Chlorine-Universe/What-Is-Chlorine-Used-
for/the-Chlorine-Tree/Chlorine-Tree.Aspx. 

[4] Eurochlor, “Uses.” [Online]. Available: https://www.eurochlor.org/uses/. 
[Accessed: 27-Jul-2020]. 

[5] B. Gerardine G, “Electrochemical manufacturing in the 21st century,” 
Electrochem. Soc. Interface, vol. 23, no. 3, p. 47, 2014, doi: 10.1149/2.F03143if. 

[6] H. Khasawneh, M. N. Saidan, and M. Al-Addous, “Utilization of hydrogen as 
clean energy resource in chlor-alkali process,” Energy Explor. Exploit., vol. 37, 
no. 3, pp. 1053–1072, 2019, doi: 10.1177/0144598719839767. 

[7] Euro Chlor, “The Euro Chlor Sustainability Programme,” 2019. [Online]. 
Available: https://www.eurochlor.org/wp-
content/uploads/2019/04/brochure_sustainability-final.pdf. [Accessed: 20-
Feb-2020]. 

[8] “Best Available Techniques (BAT) Reference Document for the Production of 
Chlor-Alkali,” vol. 49, no. 97. pp. 79–81, 2014. 

[9] T. F. O’Brien, T. V. Bommaraju, and F. Hine, Handbook of Chlor-Alkali 
Technology Volume I : Fundamentals. Springer, 2005. 

[10] Eurochlor, “How are chlorine and caustic soda made.” [Online]. Available: 
https://www.eurochlor.org/about-chlor-alkali/how-are-chlorine-and-caustic-
soda-made/. 

[11] J. H. G. Van der Stegen, “The state of art of modern chlor alkali electrolysis 
with membrane cells,” PhD Thesis, Twente University, 2000. 

[12] M. Paidar, V. Fateev, and K. Bouzek, “Membrane electrolysis—History, 
current status and perspective,” Electrochim. Acta, vol. 209, pp. 737–756, 2016, 
doi: 10.1016/j.electacta.2016.05.209. 

[13] Euro Chlor, “The Electrolysis process and the real costs of production,” 2018. 
[Online]. Available: http://www.eurochlor.org/media/121563/12-
electrolysis_production_costs.pdf. [Accessed: 20-Feb-2020]. 

 General Introduction 

15 
 

[14] J. Newman and K. E. Thomas-Alyea, Electrochemical Systems, Third Edit. 
Wiley, 2004. 

[15] R. Taylor and R. Krishna, Multicomponent Mass Transfer. John Wiley & Sons 
Ltd., 1992. 

[16] R. Krishna, “Diffusion in multicomponent electrolyte systems,” Chem. Eng. J., 
vol. 35, no. 1, pp. 19–24, 1987, doi: 10.1016/0300-9467(87)80036-9. 

[17] F. Helfferich, Ion Exchange. McGraw-Hill Book Company, 1962. 

[18] R. Schlögl, “The significance of convection in transport process accross 
porous membranes,” Z.physik.Chem. N.F., pp. 46–52, 1956. 

[19] J. A. Wesselingh and R. Krishna, Mass Transfer in Multicomponent Mixtures, 
First edit. Delft: Delft University Press, 2000. 

[20] J. S. Graham, E.E., Dranoff, “Application of the Stefan-Maxwell Equations to 
Diffusion in Ion Exchangers. 2. Experimental Results,” 
Ind.Eng.Chem.Fundam, 1982. 

[21] M. W. Verbrugge and P. N. Pintauro, “Transport Models for Ion-Exchange 
Membranes,” Compr. Treatise Electrochem., vol. 19, pp. 1–67, 1989, doi: 
10.1007/978-1-4684-8667-4_1. 

[22] L. Onsager, “Reciprocal Relations in Irreversible Processes. I,” vol. 37, pp. 
406–426, 1931, doi: 10.1103/PhysRev.37.405. 

[23] D. Barros, “Clorosur. De NORA. Zero-Gap (TM) Cathode Technology.” 

[24] Asahi Kasei Chemicals Corporation, “Recent Development of Asahi Kasei 
Chemicals’ IM Technology to reduce Power consumption,” 2009. 

[25] S. Moshtarikhah, M. T. de Groot, and J. van der Schaaf, “Nernst-Planck 
modeling of multicomponent ion transport in a Nafion membrane at high 
current density,” J. Appl. Electrochem., vol. 47, no. 1, pp. 51–62, 2017, doi: 
10.1007/s10800-016-1017-2. 

[26] E. J. Taylor, N. R. K. Vilambi, R. Waterhouse, and A. Gelb, “Transport and 
conductivity properties of an advanced cation exchange membrane in 
concentrated sodium hydroxide,” J. Appl. Electrochem., vol. 21, no. 5, pp. 402–
408, 1991, doi: 10.1007/BF01024575. 

[27] D. Bergner, M. Hartmann, and H. Kirsch, “Voltage-Current Curves: 
Application to Membrane Cells,” Mod. Chlor-Alkali Technol., pp. 159–170, 
1989, doi: 10.1007/978-94-009-1137-6_15. 

[28] S. Rondinini and M. Ferrari, “Resistivity behavior of perfluorinated ionomer 
membranes in the chlor-alkali electrolytic process,” 1986. 



 

17 
 

 

 

 

 

 

 

 

 

 

This chapter is adapted from the publication: 

R. R. Sijabat, M. T. de Groot, S. Moshtarikhah, and J. van der Schaaf, “Maxwell–Stefan 
model of multicomponent ion transport inside a monolayer Nafion membrane for 
intensified chlor-alkali electrolysis.” J. Appl. Electrochem., vol. 49, no. 4, pp. 353–368, 
2019. 

 

Maxwell-Stefan Model Development for  
Chlor-Alkali Membrane Electrolysis 
 



 

17 
 

 

 

 

 

 

 

 

 

 

This chapter is adapted from the publication: 

R. R. Sijabat, M. T. de Groot, S. Moshtarikhah, and J. van der Schaaf, “Maxwell–Stefan 
model of multicomponent ion transport inside a monolayer Nafion membrane for 
intensified chlor-alkali electrolysis.” J. Appl. Electrochem., vol. 49, no. 4, pp. 353–368, 
2019. 

 

Maxwell-Stefan Model Development for  
Chlor-Alkali Membrane Electrolysis 
 



Chapter 2   

18 
 

Abstract 

A mathematical model based on a generalized Maxwell-Stefan equation has been 
developed to describe multicomponent ion and water transport inside a cation-
exchange membrane. This model has been validated using experimental data and has 
been used to predict concentration profiles, membrane potential drop, and transport 
numbers of ions and water for the chlor-alkali process at increased current densities. 

Several improvements have been made to previously developed Maxwell-Stefan 
models. In our model, the generalized Maxwell-Stefan equation is written in terms of 
concentration instead of mole fraction, and the fixed groups (membrane) 
concentration is assumed to be constant. We have adopted the Augmented matrix 
method using the built-in partial differential equation parabolic elliptic (pdepe) solver 
in Matlab®, and both the concentration and the electrical potential gradients have 
been solved simultaneously. The boundary conditions are determined with the 
Donnan equilibrium at the membrane-solution interface.  

We have also employed semi-empirical correlations to define the Maxwell-Stefan 
diffusivities inside the membrane. For the bulk diffusivities, we applied the 
correlations for the concentrated solution instead of the values at infinite dilution. 
With the diffusivities presented in this work, the model shows a better fit to the 
experimental data than with previously reported fitted diffusivities. Prediction of the 
sodium transport number and water transport number is generally good, whereas the 
deviations with regard to membrane potential might also be related to issues with the 
experimental data. The model predicts an increase in both sodium and water transport 
numbers at increased current density operation of chlor-alkali production. 

2.1. Introduction 
Renewable energy sources are increasingly available as an alternative electricity source 
for large scale electrolysis processes, such as chlorine production and water 
electrolysis. Due to the intermittent nature of the renewables, it is crucial to develop 
new intensified electrolysis cells that can be operated with high flexibility. This can be 
achieved by increasing the maximum current density. For the chlor-alkali process, an 
ambitious target would be 30 kA/m2 (currently, the process is limited to 7 kA/m2) [1].  

A key aspect of operation at higher current densities is membrane performance. 
Unfortunately, the information on membrane performance at high current densities 
remains scarce. Ion transport across a membrane under current load is not completely 
understood despite the fact that there have been several attempts to model the 
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behavior by either using Maxwell-Stefan (MS) or Nernst-Planck (NP) models [2]–[8]. 
The Nernst-Planck approach assumes an ideal solution and neglects ion-ion 
interactions. This model is known to be valid for dilute ionic systems [9], [10], but 
chlor-alkali electrolysis involves highly concentrated solutions, typically around 5 M 
sodium chloride (NaCl) and 10 M sodium hydroxide (NaOH) [11]. In this case, the 
Maxwell-Stefan is considered more reliable since the interactions of different 
components and the non-ideal solutions are taken into account [9], [12]–[14]. 
Moreover, the Maxwell-Stefan approach includes the water transport via the solvent-
ion interactions, whereas the Nernst-Planck model has to introduce a separate 
equation (i.e., the Schlögl equation) to account for the water transport [10], [15].  

The process intensification of the chlor-alkali process would benefit from a 
mathematical model that can predict the membrane performance. Up to this date, 
only Van der Stegen et al. [2] have developed a Maxwell-Stefan model for the chlor-
alkali system. However, this model has some limitations. It was derived in a mole 
fraction, which assumed that the total concentration is known. The ionic fixed groups 
of the membrane were regarded as one of the mobile components in the aqueous 
mixture to obtain convergence, whereas the fixed charge group concentration is 
generally considered to be constant inside the membrane. This model has also 
simplified the calculation of the membrane potential gradient by neglecting the 
concentration gradient and by using Ohm’s law to derive the potential gradient 
explicitly. The neutrality condition is broken by this simplification, which has been 
numerically proven during the investigation of the extended Nernst-Planck model [8].   

The main drawback of applying the Maxwell-Stefan approach is the lack of reliable 
data on diffusivities at high concentrations. The Maxwell-Stefan diffusivities (𝔇𝔇𝑖𝑖,𝑗𝑗) are 
required for the interaction between the components in a mixture. In a mixture with 
n components, the number of Maxwell-Stefan diffusivities should be n(n-1)/2 based 
on the Onsager relations [16]. The chlor-alkali system contains at least 5 components 
(Na+, Cl-, OH-, H2O, and –SO3- ) and hence requires 10 binary diffusivities.  

Wesselingh et al. [17] proposed that the diffusivities inside the membrane can be 
related to the diffusivities in bulk using the tortuosity factor (𝜏𝜏), (Eq. (2.1)). 𝔇𝔇i,w

0  is the 
diffusion coefficient in infinitely diluted aqueous solution (Eq.(2.2)). The values for 
𝔇𝔇𝑖𝑖,𝑤𝑤

0  at 25 oC and 90 oC are given in Table 2.1 for sodium, chloride and hydroxide in 
water. Kraaijeveld et al. [4] proposed a correlation for the diffusivity of positive ions 
and sulfonate groups in the membrane (𝔇𝔇+,SO3

−𝑚𝑚 ) in Eq.(2.3). As can be seen from the 
equation, it is suggested that this diffusivity is related to the diffusivity of the same ion 
with water in the membrane. The diffusivity of negative ions and sulfonate groups in 
the membrane were fitted in the model based on the experimental data of dialysis. 



Chapter 2   

18 
 

Abstract 

A mathematical model based on a generalized Maxwell-Stefan equation has been 
developed to describe multicomponent ion and water transport inside a cation-
exchange membrane. This model has been validated using experimental data and has 
been used to predict concentration profiles, membrane potential drop, and transport 
numbers of ions and water for the chlor-alkali process at increased current densities. 

Several improvements have been made to previously developed Maxwell-Stefan 
models. In our model, the generalized Maxwell-Stefan equation is written in terms of 
concentration instead of mole fraction, and the fixed groups (membrane) 
concentration is assumed to be constant. We have adopted the Augmented matrix 
method using the built-in partial differential equation parabolic elliptic (pdepe) solver 
in Matlab®, and both the concentration and the electrical potential gradients have 
been solved simultaneously. The boundary conditions are determined with the 
Donnan equilibrium at the membrane-solution interface.  

We have also employed semi-empirical correlations to define the Maxwell-Stefan 
diffusivities inside the membrane. For the bulk diffusivities, we applied the 
correlations for the concentrated solution instead of the values at infinite dilution. 
With the diffusivities presented in this work, the model shows a better fit to the 
experimental data than with previously reported fitted diffusivities. Prediction of the 
sodium transport number and water transport number is generally good, whereas the 
deviations with regard to membrane potential might also be related to issues with the 
experimental data. The model predicts an increase in both sodium and water transport 
numbers at increased current density operation of chlor-alkali production. 

2.1. Introduction 
Renewable energy sources are increasingly available as an alternative electricity source 
for large scale electrolysis processes, such as chlorine production and water 
electrolysis. Due to the intermittent nature of the renewables, it is crucial to develop 
new intensified electrolysis cells that can be operated with high flexibility. This can be 
achieved by increasing the maximum current density. For the chlor-alkali process, an 
ambitious target would be 30 kA/m2 (currently, the process is limited to 7 kA/m2) [1].  

A key aspect of operation at higher current densities is membrane performance. 
Unfortunately, the information on membrane performance at high current densities 
remains scarce. Ion transport across a membrane under current load is not completely 
understood despite the fact that there have been several attempts to model the 

 Maxwell-Stefan Model Development for Chlor-Alkali Membrane Electrolysis  

19 
 

behavior by either using Maxwell-Stefan (MS) or Nernst-Planck (NP) models [2]–[8]. 
The Nernst-Planck approach assumes an ideal solution and neglects ion-ion 
interactions. This model is known to be valid for dilute ionic systems [9], [10], but 
chlor-alkali electrolysis involves highly concentrated solutions, typically around 5 M 
sodium chloride (NaCl) and 10 M sodium hydroxide (NaOH) [11]. In this case, the 
Maxwell-Stefan is considered more reliable since the interactions of different 
components and the non-ideal solutions are taken into account [9], [12]–[14]. 
Moreover, the Maxwell-Stefan approach includes the water transport via the solvent-
ion interactions, whereas the Nernst-Planck model has to introduce a separate 
equation (i.e., the Schlögl equation) to account for the water transport [10], [15].  

The process intensification of the chlor-alkali process would benefit from a 
mathematical model that can predict the membrane performance. Up to this date, 
only Van der Stegen et al. [2] have developed a Maxwell-Stefan model for the chlor-
alkali system. However, this model has some limitations. It was derived in a mole 
fraction, which assumed that the total concentration is known. The ionic fixed groups 
of the membrane were regarded as one of the mobile components in the aqueous 
mixture to obtain convergence, whereas the fixed charge group concentration is 
generally considered to be constant inside the membrane. This model has also 
simplified the calculation of the membrane potential gradient by neglecting the 
concentration gradient and by using Ohm’s law to derive the potential gradient 
explicitly. The neutrality condition is broken by this simplification, which has been 
numerically proven during the investigation of the extended Nernst-Planck model [8].   

The main drawback of applying the Maxwell-Stefan approach is the lack of reliable 
data on diffusivities at high concentrations. The Maxwell-Stefan diffusivities (𝔇𝔇𝑖𝑖,𝑗𝑗) are 
required for the interaction between the components in a mixture. In a mixture with 
n components, the number of Maxwell-Stefan diffusivities should be n(n-1)/2 based 
on the Onsager relations [16]. The chlor-alkali system contains at least 5 components 
(Na+, Cl-, OH-, H2O, and –SO3- ) and hence requires 10 binary diffusivities.  

Wesselingh et al. [17] proposed that the diffusivities inside the membrane can be 
related to the diffusivities in bulk using the tortuosity factor (𝜏𝜏), (Eq. (2.1)). 𝔇𝔇i,w

0  is the 
diffusion coefficient in infinitely diluted aqueous solution (Eq.(2.2)). The values for 
𝔇𝔇𝑖𝑖,𝑤𝑤

0  at 25 oC and 90 oC are given in Table 2.1 for sodium, chloride and hydroxide in 
water. Kraaijeveld et al. [4] proposed a correlation for the diffusivity of positive ions 
and sulfonate groups in the membrane (𝔇𝔇+,SO3

−𝑚𝑚 ) in Eq.(2.3). As can be seen from the 
equation, it is suggested that this diffusivity is related to the diffusivity of the same ion 
with water in the membrane. The diffusivity of negative ions and sulfonate groups in 
the membrane were fitted in the model based on the experimental data of dialysis. 



Chapter 2   

20 
 

 𝔇𝔇𝑖𝑖,𝑤𝑤
𝑚𝑚 =  𝔇𝔇𝑖𝑖,𝑤𝑤

0 𝜏𝜏 −1 =    𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5 𝔇𝔇𝑖𝑖,𝑤𝑤

0   (2.1) 
 

 𝔇𝔇𝑖𝑖,𝑤𝑤
0 = 𝑙𝑙𝑖𝑖

0(𝑅𝑅𝑅𝑅/𝑧𝑧𝑖𝑖𝐹𝐹2) (2.2) 
 

 𝔇𝔇+,𝑆𝑆𝑂𝑂3
−𝑚𝑚 =  0.1𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5 𝔇𝔇𝑖𝑖,𝑤𝑤
0  (2.3) 

 

According to Van der Stegen et al. [2], the low values of diffusivities from the 
correlations of Wesselingh et al. resulted in unreasonably high membrane potential 
for the chlor-alkali system. Instead, they opted for estimating diffusivities using a 
sensitivity analysis based on 4 output parameters in the chlor-alkali process: current 
efficiency, cell potential, relative water transport number, and the chloride 
concentration in caustic (catholyte solution). They assumed that the membrane 
potential was about 15 % of the total cell potential. The input parameters for the model 
were: anolyte (NaCl) and catholyte (NaOH) concentration, membrane thickness, 
membrane equivalent weight, current density, temperature, and initial values of 
diffusivities. They excluded 4 out of 10 Maxwell-Stefan diffusivities by choosing high 
values (1∙10-8 m2/s) to neglect the interaction between these components. They 
indicated that the values of the diffusivities are a function of current density (𝐼𝐼) as 
given in Eq. (2.4), in which  𝔇𝔇𝑖𝑖,𝑗𝑗

𝑚𝑚
𝑟𝑟𝑟𝑟𝑟𝑟,𝑟𝑟𝑒𝑒𝑒𝑒 is the fitted Maxwell-Stefan diffusivity at 4 

kA/m2 listed in Table 2.1. 

 𝔇𝔇𝑖𝑖,𝑗𝑗
𝑚𝑚 = (2.4423 × 10−4 𝐼𝐼 + 0.037) × 𝔇𝔇𝑖𝑖,𝑗𝑗

𝑚𝑚
𝑟𝑟𝑟𝑟𝑟𝑟,𝑟𝑟𝑒𝑒𝑒𝑒 (2.4) 

 

Other groups have looked at diffusivities in ion-exchange membranes for other 
systems than chlor-alkali. Visser et al. [3] encountered a similar problem with the low 
values of diffusivities using the semi-empirical equations of Wesselingh et al. Unlike 
Van der Stegen et al., they investigated the interactions of different electrolytes: HCl, 
H2SO4, NaCl, NaOH, and Na2SO4. The diffusivities were fitted from several partial 
diffusion experiments: diffusion dialysis (salt diffusion flux and osmotic water flux), 
electro-osmotic, membrane resistance, pressure-driven volume flow, and electro-
dialysis. They performed in a total of 26 experiments at 25 oC for a Nafion 450 
membrane to define 21 binary diffusivities. The experiments used current densities 
from 0 to 1 kA/m2. The diffusivity values for NaCl and NaOH in the membrane are 
listed in Table 2.1. Despite their concern about low diffusivity issues from the semi-
empirical equation, they applied Eq. (2.1) to estimate the chloride and hydroxide 
interaction with water inside the membrane ( 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤

𝑚𝑚  , 𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤
𝑚𝑚 ). It is observed in Table 
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2.1 that the value of the binary diffusivities of sodium and hydroxide (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑚𝑚 =

100 · 10−10 m2/s), is remarkably different from the diffusivities of  sodium and 
chloride (𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝐶𝐶−

𝑚𝑚 = 0.580 · 10−10 m2/s), for which no explanation was given. It is 
important to note that they have excluded the Donnan potential as the boundary 
condition because of the convergence issue in the model. The co-ion concentration 
inside the membrane was estimated based on the algebraic relations as a function of 
the external composition instead of the Donnan potential.  

Table 2.1.  Fitted values of  Maxwell-Stefan diffusivities in 10-10 [m2.s-1] and the values of the diffusion 
coefficients at infinite dilution in bulk using Eq. (2.2). 

Component 
pair 

Van der Stegen et al. [2] 
Chlor-alkali electrolysis 
At  4 kA.m-2 
Nafion (sulfonate part); EW 
= 1015 
Model fitted 

Visser et al. [3] 
Electrodialysis 
Up to 1 [kA.m-2] 
Nafion 450; EW = 
1100 
Model fitted 

Infinite 
dilution 
in the bulk 
 
𝔇𝔇𝑖𝑖,𝑤𝑤

0    
(10-10 [m2.s-1]) 

T = 90 oC T = 25 oC 25 
0C 

90 0C 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑚𝑚   11 5.14 13.3 43.6 

𝔇𝔇𝐶𝐶𝐶𝐶−,𝑤𝑤 
𝑚𝑚   100**  6.23* 20.3 63.0 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑚𝑚   10 16.2* 53.0 135 

𝔇𝔇𝑆𝑆𝑂𝑂3,
−,𝑤𝑤 

𝑚𝑚   10 7.92  
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3

−
𝑚𝑚   3 2.26 

𝔇𝔇𝐶𝐶𝐶𝐶−,𝑆𝑆𝑂𝑂3
−𝑚𝑚   0.1 0.169 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   100 ** 1.58 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝐶𝐶−

𝑚𝑚   100 ** 0.580 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑚𝑚   10 100 
𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝐶𝐶−𝑚𝑚   100 ** Not available 

* = calculated from Eq. (2.1); ** = effectively no friction between the components 

Chapman et al. [18] investigated Maxwell-Stefan diffusivities for concentrated 
electrolyte system and listed polynomial correlations to relate the diffusivities for high 
concentrations (𝔇𝔇i,w

b ) to diffusivities at infinite dilution (𝔇𝔇i,w
0 ) for different types of 

electrolytes.  Eq. (2.5) to Eq. (2.10) present the ion-water and ion-ion interactions for 
both sodium chloride and sodium hydroxide. These equations use the concentration 
in moles/liter (M). The fitted constants in the polynomial term are valid for the 
temperature at 25 oC and the concentration up to 5 M for sodium chloride. However, 
most of the temperature dependence of the 𝔇𝔇i,w

b  is accounted for by the variation of 
the limiting value of 𝔇𝔇i,w

0  as given in Eq. (2.2). The interaction of negative and positive 



Chapter 2   

20 
 

 𝔇𝔇𝑖𝑖,𝑤𝑤
𝑚𝑚 =  𝔇𝔇𝑖𝑖,𝑤𝑤

0 𝜏𝜏 −1 =    𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5 𝔇𝔇𝑖𝑖,𝑤𝑤

0   (2.1) 
 

 𝔇𝔇𝑖𝑖,𝑤𝑤
0 = 𝑙𝑙𝑖𝑖

0(𝑅𝑅𝑅𝑅/𝑧𝑧𝑖𝑖𝐹𝐹2) (2.2) 
 

 𝔇𝔇+,𝑆𝑆𝑂𝑂3
−𝑚𝑚 =  0.1𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5 𝔇𝔇𝑖𝑖,𝑤𝑤
0  (2.3) 

 

According to Van der Stegen et al. [2], the low values of diffusivities from the 
correlations of Wesselingh et al. resulted in unreasonably high membrane potential 
for the chlor-alkali system. Instead, they opted for estimating diffusivities using a 
sensitivity analysis based on 4 output parameters in the chlor-alkali process: current 
efficiency, cell potential, relative water transport number, and the chloride 
concentration in caustic (catholyte solution). They assumed that the membrane 
potential was about 15 % of the total cell potential. The input parameters for the model 
were: anolyte (NaCl) and catholyte (NaOH) concentration, membrane thickness, 
membrane equivalent weight, current density, temperature, and initial values of 
diffusivities. They excluded 4 out of 10 Maxwell-Stefan diffusivities by choosing high 
values (1∙10-8 m2/s) to neglect the interaction between these components. They 
indicated that the values of the diffusivities are a function of current density (𝐼𝐼) as 
given in Eq. (2.4), in which  𝔇𝔇𝑖𝑖,𝑗𝑗

𝑚𝑚
𝑟𝑟𝑟𝑟𝑟𝑟,𝑟𝑟𝑒𝑒𝑒𝑒 is the fitted Maxwell-Stefan diffusivity at 4 

kA/m2 listed in Table 2.1. 

 𝔇𝔇𝑖𝑖,𝑗𝑗
𝑚𝑚 = (2.4423 × 10−4 𝐼𝐼 + 0.037) × 𝔇𝔇𝑖𝑖,𝑗𝑗

𝑚𝑚
𝑟𝑟𝑟𝑟𝑟𝑟,𝑟𝑟𝑒𝑒𝑒𝑒 (2.4) 

 

Other groups have looked at diffusivities in ion-exchange membranes for other 
systems than chlor-alkali. Visser et al. [3] encountered a similar problem with the low 
values of diffusivities using the semi-empirical equations of Wesselingh et al. Unlike 
Van der Stegen et al., they investigated the interactions of different electrolytes: HCl, 
H2SO4, NaCl, NaOH, and Na2SO4. The diffusivities were fitted from several partial 
diffusion experiments: diffusion dialysis (salt diffusion flux and osmotic water flux), 
electro-osmotic, membrane resistance, pressure-driven volume flow, and electro-
dialysis. They performed in a total of 26 experiments at 25 oC for a Nafion 450 
membrane to define 21 binary diffusivities. The experiments used current densities 
from 0 to 1 kA/m2. The diffusivity values for NaCl and NaOH in the membrane are 
listed in Table 2.1. Despite their concern about low diffusivity issues from the semi-
empirical equation, they applied Eq. (2.1) to estimate the chloride and hydroxide 
interaction with water inside the membrane ( 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤

𝑚𝑚  , 𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤
𝑚𝑚 ). It is observed in Table 
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2.1 that the value of the binary diffusivities of sodium and hydroxide (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑚𝑚 =

100 · 10−10 m2/s), is remarkably different from the diffusivities of  sodium and 
chloride (𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝐶𝐶−

𝑚𝑚 = 0.580 · 10−10 m2/s), for which no explanation was given. It is 
important to note that they have excluded the Donnan potential as the boundary 
condition because of the convergence issue in the model. The co-ion concentration 
inside the membrane was estimated based on the algebraic relations as a function of 
the external composition instead of the Donnan potential.  

Table 2.1.  Fitted values of  Maxwell-Stefan diffusivities in 10-10 [m2.s-1] and the values of the diffusion 
coefficients at infinite dilution in bulk using Eq. (2.2). 

Component 
pair 

Van der Stegen et al. [2] 
Chlor-alkali electrolysis 
At  4 kA.m-2 
Nafion (sulfonate part); EW 
= 1015 
Model fitted 

Visser et al. [3] 
Electrodialysis 
Up to 1 [kA.m-2] 
Nafion 450; EW = 
1100 
Model fitted 

Infinite 
dilution 
in the bulk 
 
𝔇𝔇𝑖𝑖,𝑤𝑤

0    
(10-10 [m2.s-1]) 

T = 90 oC T = 25 oC 25 
0C 

90 0C 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑚𝑚   11 5.14 13.3 43.6 

𝔇𝔇𝐶𝐶𝐶𝐶−,𝑤𝑤 
𝑚𝑚   100**  6.23* 20.3 63.0 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑚𝑚   10 16.2* 53.0 135 

𝔇𝔇𝑆𝑆𝑂𝑂3,
−,𝑤𝑤 

𝑚𝑚   10 7.92  
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3

−
𝑚𝑚   3 2.26 

𝔇𝔇𝐶𝐶𝐶𝐶−,𝑆𝑆𝑂𝑂3
−𝑚𝑚   0.1 0.169 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   100 ** 1.58 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝐶𝐶−

𝑚𝑚   100 ** 0.580 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑚𝑚   10 100 
𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝐶𝐶−𝑚𝑚   100 ** Not available 

* = calculated from Eq. (2.1); ** = effectively no friction between the components 

Chapman et al. [18] investigated Maxwell-Stefan diffusivities for concentrated 
electrolyte system and listed polynomial correlations to relate the diffusivities for high 
concentrations (𝔇𝔇i,w

b ) to diffusivities at infinite dilution (𝔇𝔇i,w
0 ) for different types of 

electrolytes.  Eq. (2.5) to Eq. (2.10) present the ion-water and ion-ion interactions for 
both sodium chloride and sodium hydroxide. These equations use the concentration 
in moles/liter (M). The fitted constants in the polynomial term are valid for the 
temperature at 25 oC and the concentration up to 5 M for sodium chloride. However, 
most of the temperature dependence of the 𝔇𝔇i,w

b  is accounted for by the variation of 
the limiting value of 𝔇𝔇i,w

0  as given in Eq. (2.2). The interaction of negative and positive 
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ions increases substantially with increasing concentration, as shown in Eq. (2.11). The 
value of q in Eq. (2.11) is defined in Eq. (2.12). c is the concentration of the negative ion, 
and co (M) represents the solvent concentration. G (in K3/2/M1/2) is considered to be a 
correction for the idealized theory. It is strongly related to the concentration and the 
type of electrolyte. There was no systematic trend found for the effect of the 
temperature. Sodium chloride of 5 M at 50 oC has a G value of 979 K3/2/M1/2 and at 25 
oC has a G value of 3171 K3/2/M1/2. Both Eq. (2.7) and Eq. (2.11) gives similar results for 
NaCl at 25 oC. However, the concentration of sodium hydroxide investigated is limited 
to 1.5 M with the temperature at 25 oC. The value of the third constant in Eq. (2.8) 
should be −1.708 ∙ 10−4 instead of +1.708 ∙ 10−4 to match the value listed in his 
Thesis [18] and the values calculated using Eq. (2.10). The G value of 9795 instead of 
2606 K3/2/M1/2 leads to a similar result between Eq. (2.10) and Eq. (2.11).   

 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 (𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)

𝑏𝑏 = 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤
0 − 1.798 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

1/2 −  1.159 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

− 6.288 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
3/2 + 2.415 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

2  
(2.5) 

 

 
𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 (𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)

𝑏𝑏 = 𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤
0 + 3.022 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

1/2 −  3.064 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
− 6.230 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

3/2 + 2.508 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
2      

(2.6) 

 

 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑁𝑁𝑁𝑁− (𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)

𝑏𝑏 = 7.747 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

1
2 +  5.713 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 + 1.085

∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

3
2 − 1.099 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

2  
(2.7) 

 

 
𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 (𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)

𝑏𝑏 = 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤
0 + 3.747 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

1
2 + 7.090

∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻 − 1.708 ∙ 10−4 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻
3/2 + 9.499

∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻
2  

(2.8) 

 

 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 (𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)

𝑏𝑏 = 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤
0 + 2.599 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

1/2 −  2.114
∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻 + 2.558 ∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

3/2    −  1.033
∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

2  
(2.9) 

 

 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻− (𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)
𝑏𝑏 = 2.620 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

1
2 −  5.721 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

+ 1.630 ∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻
3/2    −  1.003 ∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

2  
(2.10) 
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 𝔇𝔇+,−
𝑏𝑏 = 𝑐𝑐0.5(𝑧𝑧+𝔇𝔇+,𝑤𝑤  −  𝑧𝑧−𝔇𝔇−,𝑤𝑤)(1 + 𝑞𝑞0.5)𝑇𝑇3/2(𝑧𝑧+𝜈𝜈+)0.5

𝐺𝐺𝑐𝑐𝑜𝑜(𝑧𝑧+ − 𝑧𝑧−)0.5𝑧𝑧+
2𝑧𝑧−2𝑞𝑞  (2.11) 

 

 𝑞𝑞 = −𝑧𝑧+𝑧𝑧−
𝑧𝑧+ − 𝑧𝑧−

𝑙𝑙+ 
0 + 𝑙𝑙− 

0

𝑧𝑧+𝑙𝑙+ 
0 − 𝑧𝑧−𝑙𝑙− 0  (2.12) 

 

This work aims to improve the Maxwell-Stefan modeling for the chlor-alkali process 
and to increase its applicability to higher current densities. In contrast with the work 
of Van der Stegen, the ionic fixed groups (membrane) concentration is defined based 
on the known membrane properties. As proposed by Krishna [19], both the 
concentration (chemical potential) gradient and the electrical potential gradient can 
be calculated simultaneously using an augmented matrix method. By adopting this 
method, no further assumption about the potential gradient is needed.  

In this chapter, we also investigate the influence of the Maxwell-Stefan diffusivities on 
the membrane performance in terms of membrane perm-selectivity (sodium transport 
number), membrane potential, and relative water transport number. The fitted values 
of diffusivities are compared to the more general correlations which are applicable for 
different operating conditions such as concentration, temperature, and current 
density. The model is then validated with the experimental data reported in the 
literature for the chlor-alkali system at 2 and 3 kA/m2 [20–23]. Lastly, the model 
predicts the membrane performance in terms of membrane perm-selectivity and 
membrane potential for high current densities up to 30 kA/m2. 

2.2. Mathematical model approach 

2.2.1. Maxwell-Stefan equation 
Maxwell-Stefan's theory is a steady-state force balance between driving forces and 
friction forces acting on a certain component in the mixture. The derivation of the 
driving forces of the generalized Maxwell-Stefan is based on irreversible 
thermodynamics [9], [24]. If the system contains ions, the partial molar Gibbs free 
energy depends not only on the chemical potential (𝜇𝜇𝑖𝑖), but also on the electrical 
potential (𝜑𝜑). The combination of these potentials is called the electrochemical 
potential (𝜂𝜂𝑖𝑖) as given in Eq. (2.13) [25]. 

 𝑑𝑑𝜂𝜂𝑖𝑖 = 𝑑𝑑𝜇𝜇𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹𝑑𝑑𝜑𝜑 =  �̅�𝑉𝑖𝑖𝑑𝑑𝑑𝑑 +  𝑅𝑅𝑇𝑇𝑑𝑑𝑙𝑙𝑅𝑅𝑎𝑎𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹𝑑𝑑𝜑𝜑 (2.13) 
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ions increases substantially with increasing concentration, as shown in Eq. (2.11). The 
value of q in Eq. (2.11) is defined in Eq. (2.12). c is the concentration of the negative ion, 
and co (M) represents the solvent concentration. G (in K3/2/M1/2) is considered to be a 
correction for the idealized theory. It is strongly related to the concentration and the 
type of electrolyte. There was no systematic trend found for the effect of the 
temperature. Sodium chloride of 5 M at 50 oC has a G value of 979 K3/2/M1/2 and at 25 
oC has a G value of 3171 K3/2/M1/2. Both Eq. (2.7) and Eq. (2.11) gives similar results for 
NaCl at 25 oC. However, the concentration of sodium hydroxide investigated is limited 
to 1.5 M with the temperature at 25 oC. The value of the third constant in Eq. (2.8) 
should be −1.708 ∙ 10−4 instead of +1.708 ∙ 10−4 to match the value listed in his 
Thesis [18] and the values calculated using Eq. (2.10). The G value of 9795 instead of 
2606 K3/2/M1/2 leads to a similar result between Eq. (2.10) and Eq. (2.11).   

 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 (𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)

𝑏𝑏 = 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤
0 − 1.798 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

1/2 −  1.159 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

− 6.288 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
3/2 + 2.415 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

2  
(2.5) 

 

 
𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 (𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)

𝑏𝑏 = 𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤
0 + 3.022 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

1/2 −  3.064 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
− 6.230 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

3/2 + 2.508 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
2      

(2.6) 

 

 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑁𝑁𝑁𝑁− (𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)

𝑏𝑏 = 7.747 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

1
2 +  5.713 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 + 1.085

∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

3
2 − 1.099 ∙ 10−7 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

2  
(2.7) 

 

 
𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 (𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)

𝑏𝑏 = 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤
0 + 3.747 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

1
2 + 7.090

∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻 − 1.708 ∙ 10−4 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻
3/2 + 9.499

∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻
2  

(2.8) 

 

 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 (𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)

𝑏𝑏 = 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤
0 + 2.599 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

1/2 −  2.114
∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻 + 2.558 ∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

3/2    −  1.033
∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

2  
(2.9) 

 

 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻− (𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)
𝑏𝑏 = 2.620 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

1
2 −  5.721 ∙ 10−6 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

+ 1.630 ∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻
3/2    −  1.003 ∙ 10−5 × 𝑐𝑐𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻

2  
(2.10) 
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 𝔇𝔇+,−
𝑏𝑏 = 𝑐𝑐0.5(𝑧𝑧+𝔇𝔇+,𝑤𝑤  −  𝑧𝑧−𝔇𝔇−,𝑤𝑤)(1 + 𝑞𝑞0.5)𝑇𝑇3/2(𝑧𝑧+𝜈𝜈+)0.5

𝐺𝐺𝑐𝑐𝑜𝑜(𝑧𝑧+ − 𝑧𝑧−)0.5𝑧𝑧+
2𝑧𝑧−2𝑞𝑞  (2.11) 

 

 𝑞𝑞 = −𝑧𝑧+𝑧𝑧−
𝑧𝑧+ − 𝑧𝑧−

𝑙𝑙+ 
0 + 𝑙𝑙− 

0

𝑧𝑧+𝑙𝑙+ 
0 − 𝑧𝑧−𝑙𝑙− 0  (2.12) 

 

This work aims to improve the Maxwell-Stefan modeling for the chlor-alkali process 
and to increase its applicability to higher current densities. In contrast with the work 
of Van der Stegen, the ionic fixed groups (membrane) concentration is defined based 
on the known membrane properties. As proposed by Krishna [19], both the 
concentration (chemical potential) gradient and the electrical potential gradient can 
be calculated simultaneously using an augmented matrix method. By adopting this 
method, no further assumption about the potential gradient is needed.  

In this chapter, we also investigate the influence of the Maxwell-Stefan diffusivities on 
the membrane performance in terms of membrane perm-selectivity (sodium transport 
number), membrane potential, and relative water transport number. The fitted values 
of diffusivities are compared to the more general correlations which are applicable for 
different operating conditions such as concentration, temperature, and current 
density. The model is then validated with the experimental data reported in the 
literature for the chlor-alkali system at 2 and 3 kA/m2 [20–23]. Lastly, the model 
predicts the membrane performance in terms of membrane perm-selectivity and 
membrane potential for high current densities up to 30 kA/m2. 

2.2. Mathematical model approach 

2.2.1. Maxwell-Stefan equation 
Maxwell-Stefan's theory is a steady-state force balance between driving forces and 
friction forces acting on a certain component in the mixture. The derivation of the 
driving forces of the generalized Maxwell-Stefan is based on irreversible 
thermodynamics [9], [24]. If the system contains ions, the partial molar Gibbs free 
energy depends not only on the chemical potential (𝜇𝜇𝑖𝑖), but also on the electrical 
potential (𝜑𝜑). The combination of these potentials is called the electrochemical 
potential (𝜂𝜂𝑖𝑖) as given in Eq. (2.13) [25]. 

 𝑑𝑑𝜂𝜂𝑖𝑖 = 𝑑𝑑𝜇𝜇𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹𝑑𝑑𝜑𝜑 =  �̅�𝑉𝑖𝑖𝑑𝑑𝑑𝑑 +  𝑅𝑅𝑇𝑇𝑑𝑑𝑙𝑙𝑅𝑅𝑎𝑎𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹𝑑𝑑𝜑𝜑 (2.13) 
 



Chapter 2   

24 
 

where ℱ is the Faraday constant, �̅�𝑉𝑖𝑖 is the partial molar volume of the solvent, 𝑃𝑃 is the 
pressure, 𝑅𝑅 is the universal gas constant, 𝑇𝑇 is the temperature and 𝑧𝑧𝑖𝑖 is the ionic charge 
of component 𝑖𝑖. The activity of component 𝑖𝑖 (𝑎𝑎𝑖𝑖) is defined by Eq. (2.14) using the 
activity coefficient 𝛾𝛾𝑖𝑖 to account for the non ideal solution.  

 𝑎𝑎𝑖𝑖 = 𝛾𝛾𝑖𝑖
𝐶𝐶𝑖𝑖 
𝐶𝐶𝑖𝑖

0 (2.14) 

 

The contribution of the pressure gradient is negligible in electrochemical cells when 
compared to the concentration and the electrical potential gradients [2, 9, 26]. In this 
case, Eq. (2.15) presents the relation between the driving force on a component 𝑖𝑖 in 
the mixture and the sum of the friction forces between 𝑖𝑖 and the other component 𝑗𝑗 
in terms of mole fraction [9]. 

 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑋𝑋𝑖𝑖 (𝑅𝑅𝑇𝑇 𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑖𝑖
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐹𝐹

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑) =  ∑ 𝑅𝑅𝑇𝑇

𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑗𝑗≠𝑖𝑖
(𝑋𝑋𝑖𝑖N𝑗𝑗 − 𝑋𝑋𝑗𝑗N𝑖𝑖)  (2.15) 

   
For an ideal system, the generalized Maxwell-Stefan equation from Eq. (2.15) can be 
written in terms of the concentration (Eq. (2.16)). The relation between the ionic fluxes 
and the current density is shown in Eq. (2.17). Hence, the electroneutrality condition 
needs to be met according to Eq. (2.18). 

 
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹

𝑅𝑅𝑇𝑇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑗𝑗≠𝑖𝑖
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖) (2.16) 

 

 𝐼𝐼 = 𝐹𝐹 ∑ 𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛

𝑖𝑖=1
 (2.17) 

 

 ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖 + 𝑧𝑧𝑚𝑚𝐶𝐶𝑚𝑚 = 0 
𝑛𝑛

𝑖𝑖=1
 (2.18) 
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2.2.2. Input parameters and boundary conditions 
Input parameters 

The input parameters used in the model are presented in Table 2.2. The generalized 
Maxwell-Stefan equation in Eq. (2.16) is derived for an ideal solution with constant 
pressure and temperature. The concentration of the stationary fixed charges per void 
fraction in the membrane is calculated by Eq. (2.19)  [8, 11, 27]. The equivalent weight 
(EW) is defined as the dry weight of the polymer in gram per mole of sulfonic acid 
groups. The ratio of weight fraction of fixed ionic groups and electrolyte in the ion 
cluster  (𝑓𝑓𝑚𝑚/𝑓𝑓𝑒𝑒) is around 0.4 – 1.32 depending on the membrane properties and 
electrolyte concentration [11]. The density of the sodium hydroxide solution in 
equilibrium with the membrane is used to represent the density of the electrolyte 
adsorbed in the membrane (𝜌𝜌𝑒𝑒). 

Table 2.2. Input parameters used in the model. 

Input parameter  Value  Reference 
Temperature [°C] 25  –  90   
Current density [kA.m-2] 2  –  30  
Sodium hydroxide [wt%] as catholyte  10 – 35  
Sodium chloride [wt%] as anolyte  18 & 25   
Wet membrane thickness [mm] 0.1 –  0.29    
EW [g.mol-1] 1100, 1150 and 1200  
Void fraction [m3void.m-3m] 0.27 [8] 
Membrane water content [wt% dry 
polymer] 

Eq. (2.20) and Eq. (2.21)  

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

Eq. (2.19)  

fm/fe [-] 1  
pKw  12.60 at 80 °C  [28] 

 

 𝐶𝐶𝑚𝑚 = 1000 × 𝜌𝜌𝑒𝑒
𝐸𝐸𝐸𝐸 ×𝐸𝐸𝑤𝑤

(𝑓𝑓𝑚𝑚𝑓𝑓𝑒𝑒
) (2.19) 

 

The water uptake (𝐸𝐸𝑤𝑤) in the membrane depends on the equivalent weight (EW), and 
it is a function of the sodium hydroxide concentration. The water content decreases 
with increasing equivalent weight. The correlations for the water uptake in the weight 
percentage of the dry polymer as a function of sodium hydroxide up to 10 M are given 
in Eq. (2.20) and Eq. (2.21), for sulfonate EW1100 and sulfonate EW1200 [11].  
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where ℱ is the Faraday constant, �̅�𝑉𝑖𝑖 is the partial molar volume of the solvent, 𝑃𝑃 is the 
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compared to the concentration and the electrical potential gradients [2, 9, 26]. In this 
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(𝑋𝑋𝑖𝑖N𝑗𝑗 − 𝑋𝑋𝑗𝑗N𝑖𝑖)  (2.15) 

   
For an ideal system, the generalized Maxwell-Stefan equation from Eq. (2.15) can be 
written in terms of the concentration (Eq. (2.16)). The relation between the ionic fluxes 
and the current density is shown in Eq. (2.17). Hence, the electroneutrality condition 
needs to be met according to Eq. (2.18). 

 
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹
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𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛
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 𝐼𝐼 = 𝐹𝐹 ∑ 𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛

𝑖𝑖=1
 (2.17) 

 

 ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖 + 𝑧𝑧𝑚𝑚𝐶𝐶𝑚𝑚 = 0 
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𝑖𝑖=1
 (2.18) 
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2.2.2. Input parameters and boundary conditions 
Input parameters 

The input parameters used in the model are presented in Table 2.2. The generalized 
Maxwell-Stefan equation in Eq. (2.16) is derived for an ideal solution with constant 
pressure and temperature. The concentration of the stationary fixed charges per void 
fraction in the membrane is calculated by Eq. (2.19)  [8, 11, 27]. The equivalent weight 
(EW) is defined as the dry weight of the polymer in gram per mole of sulfonic acid 
groups. The ratio of weight fraction of fixed ionic groups and electrolyte in the ion 
cluster  (𝑓𝑓𝑚𝑚/𝑓𝑓𝑒𝑒) is around 0.4 – 1.32 depending on the membrane properties and 
electrolyte concentration [11]. The density of the sodium hydroxide solution in 
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Sodium hydroxide [wt%] as catholyte  10 – 35  
Sodium chloride [wt%] as anolyte  18 & 25   
Wet membrane thickness [mm] 0.1 –  0.29    
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The water uptake (𝐸𝐸𝑤𝑤) in the membrane depends on the equivalent weight (EW), and 
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with increasing equivalent weight. The correlations for the water uptake in the weight 
percentage of the dry polymer as a function of sodium hydroxide up to 10 M are given 
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𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝐸𝐸=1100
= −0.0052 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)3

+ 0.1655 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)2

− 2.7085 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁) + 36.682 

(2.20) 

 

𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝐸𝐸=1200
= −0.0022 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)3

+ 0.1212 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)2 − 1.975 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)
+ 27.165 

(2.21) 

 

The concentration of water in the anolyte and the catholyte is calculated based on the 
density correlations and weight fraction of NaCl and NaOH as a function of the 
temperature as given in Eq. (2.22) to Eq. (2.32) [11]. 

 𝐶𝐶𝑤𝑤,𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎 = 103 × (1 − 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠/100) × 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠/𝑀𝑀𝑤𝑤 (2.22) 
 

 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 = 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 + 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 + 𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠
2   (2.23) 

 

 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 = 1.0004075 − 0.71687895 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 0.51792075
∙ 10−5 × 𝑇𝑇𝑐𝑐

2 + 0.1054032 ∙ 10−7 × 𝑇𝑇𝑐𝑐
3 (2.24) 

 

 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 = 0.0074569085 − 0.2960572 ∙ 10−4 × 𝑇𝑇𝑐𝑐 + 0.30564225
∙ 10−6 × 𝑇𝑇𝑐𝑐

2 − 0.934493315 ∙ 10−9 × 𝑇𝑇𝑐𝑐
3 (2.25) 

 𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 = 0.18372605 ∙ 10−4 + 0.42360185 ∙ 10−6 × 𝑇𝑇𝑐𝑐 − 0.51483125
∙ 10−8 × 𝑇𝑇𝑐𝑐

2 + 0.1794537 ∙ 10−10 × 𝑇𝑇𝑐𝑐
3  (2.26) 

 

 𝐶𝐶𝑤𝑤,𝑐𝑐𝑎𝑎𝑎𝑎ℎ𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎 = 103 × (1 − 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁/100) × 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁/𝑀𝑀𝑤𝑤  (2.27) 
 

 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
2

+ 𝑇𝑇𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
3   (2.28) 

 

 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 1.00224925 − 0.116831975 ∙ 10−3 × 𝑇𝑇𝑐𝑐 − 0.3210971
∙ 10−5 × 𝑇𝑇𝑐𝑐

2 (2.29) 

 

 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 0.01148599 − 0.319841025 ∙ 10−4 × 𝑇𝑇𝑐𝑐 + 0.21510285
∙ 10−6 × 𝑇𝑇𝑐𝑐

2  (2.30) 
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 𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.19658565 ∙ 10−5 + 0.761527825 ∙ 10−6 × 𝑇𝑇𝑐𝑐
− 0.61560685 ∙ 10−8 × 𝑇𝑇𝑐𝑐2 (2.31) 

 

 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = −0.334691125 ∙ 10−6 + 0.7552771 ∙ 10−8 × 𝑇𝑇𝑐𝑐
+ 0.661632323 ∙ 10−10 × 𝑇𝑇𝑐𝑐2 (2.32) 

 

Boundary conditions  

In this work, we focus on the investigation of the mass transfer behavior inside the 
membrane. Therefore, the mass transfer resistance is only considered inside the 
membrane by assuming that a high mass transfer takes place in the bulk solution. The 
Donnan equilibrium theory is applied to define the concentration of ions at the 
interface (Table 2.3).  The Donnan equilibrium for all ions at the membrane surfaces 
is expressed in Eq. (2.33) using the same distribution ratio (𝐾𝐾) shown in Eq. (2.34) [8], 
[27], [29]. Figure 1 depicts the concentration jump of the ionic species at the solution 
and the membrane interface for both anolyte and catholyte sides. The ion 
concentration at the solution interface is assumed to be the same as that of the bulk 
concentration.  

 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑠𝑠 = 𝐶𝐶𝑖𝑖𝑚𝑚
1
𝐾𝐾𝑧𝑧𝑖𝑖 

(2.33) 

 

 𝐾𝐾 = √
∑ 𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑠𝑠𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖=1

∑ 𝐶𝐶𝑖𝑖,𝑖𝑖𝑛𝑛𝑛𝑛𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖=1

 (2.34) 

 

The concentration of water is calculated using the density correlations given in Eq. 
(2.22) to Eq. (2.32). The density correlation is available for the mixed electrolyte of 
sodium hydroxide and sodium chloride but not for the sulfonate group of the 
membrane. Considering the simplification of the model, the total sodium ion, 
calculated from the Donnan equilibrium at the left boundary, is used to define the 
weight percentage of sodium chloride, as presented in Eq. (2.33). Similarly, the total 
sodium ion at the right boundary determines the weight percentage of sodium 
hydroxide shown in Eq. (2.34).   
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𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝐸𝐸=1100
= −0.0052 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)3

+ 0.1655 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)2

− 2.7085 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁) + 36.682 

(2.20) 

 

𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝐸𝐸=1200
= −0.0022 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)3

+ 0.1212 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)2 − 1.975 × (0.001𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)
+ 27.165 

(2.21) 

 

The concentration of water in the anolyte and the catholyte is calculated based on the 
density correlations and weight fraction of NaCl and NaOH as a function of the 
temperature as given in Eq. (2.22) to Eq. (2.32) [11]. 

 𝐶𝐶𝑤𝑤,𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎 = 103 × (1 − 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠/100) × 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠/𝑀𝑀𝑤𝑤 (2.22) 
 

 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 = 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 + 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 + 𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠
2   (2.23) 

 

 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 = 1.0004075 − 0.71687895 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 0.51792075
∙ 10−5 × 𝑇𝑇𝑐𝑐

2 + 0.1054032 ∙ 10−7 × 𝑇𝑇𝑐𝑐
3 (2.24) 

 

 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 = 0.0074569085 − 0.2960572 ∙ 10−4 × 𝑇𝑇𝑐𝑐 + 0.30564225
∙ 10−6 × 𝑇𝑇𝑐𝑐

2 − 0.934493315 ∙ 10−9 × 𝑇𝑇𝑐𝑐
3 (2.25) 

 𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑠𝑠 = 0.18372605 ∙ 10−4 + 0.42360185 ∙ 10−6 × 𝑇𝑇𝑐𝑐 − 0.51483125
∙ 10−8 × 𝑇𝑇𝑐𝑐

2 + 0.1794537 ∙ 10−10 × 𝑇𝑇𝑐𝑐
3  (2.26) 

 

 𝐶𝐶𝑤𝑤,𝑐𝑐𝑎𝑎𝑎𝑎ℎ𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎 = 103 × (1 − 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁/100) × 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁/𝑀𝑀𝑤𝑤  (2.27) 
 

 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
2

+ 𝑇𝑇𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
3   (2.28) 

 

 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 1.00224925 − 0.116831975 ∙ 10−3 × 𝑇𝑇𝑐𝑐 − 0.3210971
∙ 10−5 × 𝑇𝑇𝑐𝑐

2 (2.29) 

 

 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 0.01148599 − 0.319841025 ∙ 10−4 × 𝑇𝑇𝑐𝑐 + 0.21510285
∙ 10−6 × 𝑇𝑇𝑐𝑐

2  (2.30) 
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 𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.19658565 ∙ 10−5 + 0.761527825 ∙ 10−6 × 𝑇𝑇𝑐𝑐
− 0.61560685 ∙ 10−8 × 𝑇𝑇𝑐𝑐2 (2.31) 

 

 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = −0.334691125 ∙ 10−6 + 0.7552771 ∙ 10−8 × 𝑇𝑇𝑐𝑐
+ 0.661632323 ∙ 10−10 × 𝑇𝑇𝑐𝑐2 (2.32) 

 

Boundary conditions  

In this work, we focus on the investigation of the mass transfer behavior inside the 
membrane. Therefore, the mass transfer resistance is only considered inside the 
membrane by assuming that a high mass transfer takes place in the bulk solution. The 
Donnan equilibrium theory is applied to define the concentration of ions at the 
interface (Table 2.3).  The Donnan equilibrium for all ions at the membrane surfaces 
is expressed in Eq. (2.33) using the same distribution ratio (𝐾𝐾) shown in Eq. (2.34) [8], 
[27], [29]. Figure 1 depicts the concentration jump of the ionic species at the solution 
and the membrane interface for both anolyte and catholyte sides. The ion 
concentration at the solution interface is assumed to be the same as that of the bulk 
concentration.  

 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑠𝑠 = 𝐶𝐶𝑖𝑖𝑚𝑚
1
𝐾𝐾𝑧𝑧𝑖𝑖 

(2.33) 

 

 𝐾𝐾 = √
∑ 𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑠𝑠𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖=1

∑ 𝐶𝐶𝑖𝑖,𝑖𝑖𝑛𝑛𝑛𝑛𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖=1

 (2.34) 

 

The concentration of water is calculated using the density correlations given in Eq. 
(2.22) to Eq. (2.32). The density correlation is available for the mixed electrolyte of 
sodium hydroxide and sodium chloride but not for the sulfonate group of the 
membrane. Considering the simplification of the model, the total sodium ion, 
calculated from the Donnan equilibrium at the left boundary, is used to define the 
weight percentage of sodium chloride, as presented in Eq. (2.33). Similarly, the total 
sodium ion at the right boundary determines the weight percentage of sodium 
hydroxide shown in Eq. (2.34).   
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Figure 2.1. Schematic drawing of the concentration jump of sodium ion between the solution and the 
membrane interface using the Donnan equilibrium potential. The sodium concentration at the solution 
interface is assumed to be equal to the bulk concentration. 

Table 2.3. Boundary conditions at the anolyte-membrane interface (z = 0) and at the catholyte-membrane 
interface (z = 1). 

 

 
𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑁𝑁 = (−1.094 ∙ 10−6 × 𝑇𝑇𝑐𝑐

2 − 1.22 ∙ 10−4 × 𝑇𝑇𝑐𝑐

− 0.01488 ) × (𝐶𝐶𝑁𝑁𝑁𝑁+,𝑁𝑁
𝑚𝑚 ∙ 10−3)2 + (1.375 ∙ 10−5 × 𝑇𝑇𝑐𝑐

2

+ 1.844 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 5.652) × 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑁𝑁
𝑚𝑚 ∙ 10−3 

(2.35) 

 

 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑟𝑟 = (−3.656 ∙ 10−7 × 𝑇𝑇𝑐𝑐
2 − 4.351 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 6.097 ∙ 10−2 )

× (𝐶𝐶𝑁𝑁𝑁𝑁+,𝑟𝑟
𝑚𝑚 ∙ 10−3)2

+ (7.937 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 + 1.083 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 3.631)

× 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑟𝑟
𝑚𝑚 ∙ 10−3 

 

(2.36) 

𝑧𝑧 = 0    𝑧𝑧 = 1  

𝐶𝐶𝑁𝑁𝑁𝑁+,𝑁𝑁
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑁𝑁

𝑏𝑏𝑏𝑏𝑁𝑁𝑏𝑏,𝐴𝐴 =
𝑁𝑁𝑁𝑁𝑎𝑎+,𝑙𝑙 

𝑚𝑚

𝐾𝐾𝑙𝑙
  

 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝑁𝑁 = 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑟𝑟

𝑏𝑏𝑏𝑏𝑁𝑁𝑏𝑏,𝑁𝑁 =
𝑁𝑁𝑁𝑁𝑎𝑎+,𝑟𝑟 

𝑚𝑚

𝐾𝐾𝑟𝑟
  

𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁

𝑏𝑏𝑏𝑏𝑁𝑁𝑏𝑏,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁
𝑚𝑚  × 𝐾𝐾𝑁𝑁  𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟
𝑚𝑚 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑚𝑚  ×  𝐾𝐾𝑟𝑟   

𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁

𝑚𝑚 = − 1
𝑧𝑧𝑐𝑐𝑁𝑁−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑁𝑁
𝑚𝑚

𝑖𝑖

𝑖𝑖,𝑖𝑖≠𝑁𝑁𝑁𝑁−
) 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑖𝑖𝑖𝑖𝑖𝑖,𝑁𝑁 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟
𝑏𝑏𝑏𝑏𝑁𝑁𝑏𝑏,𝑁𝑁 = − 1

𝑧𝑧𝑐𝑐𝑁𝑁−
( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑟𝑟

𝑚𝑚
𝑖𝑖

𝑖𝑖,𝑖𝑖≠𝑁𝑁𝑁𝑁−
)  

𝐶𝐶𝑁𝑁2𝑁𝑁,𝑁𝑁
𝑚𝑚 =  𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑 

 (𝐸𝐸𝐸𝐸𝑑𝑑. (2.35 𝑁𝑁𝑑𝑑𝑑𝑑  2.22)) 
𝐶𝐶𝑁𝑁2𝑁𝑁,𝑟𝑟

𝑚𝑚 =  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑 
 (𝐸𝐸𝐸𝐸. (2.36 𝑁𝑁𝑑𝑑𝑑𝑑 2.27)) 
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2.2.3. Augmented matrix 
The Maxwell-Stefan equation given in Eq. (2.16) forms a system of non-linear 
Differential Algebraic Equations (DAEs). The built-in pdepe solver in Matlab® can 
solve DAEs using the Ordinary Differential Equations (ODE15s) solver, only applicable 
for DAEs index 1 or index 0. The index of DAEs is defined by the number of 
differentiation needed to reduce DAEs to ODEs. Eq. (2.16) consists of both 
concentration and potential gradients (DAEs index 2), which cannot be solved by the 
built-in pdepe solver in Matlab. The DAEs index 2 is reduced to index 1 by applying 
the augmented matrix method as proposed by Krishna et al. [19] shown in Eq. (2.37). 

 b𝑖𝑖 ≡
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 =∑

1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑗𝑗≠𝑖𝑖
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖) − 

𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  (2.37) 

 

The non-linear flux equations need to be arranged in a matrix format (Eq. (2.38) to Eq. 
(2.42)). The derivation of the augmented formulation is explained in the Appendix. 
The concentration gradient (𝑑𝑑𝐶𝐶𝑖𝑖/𝑑𝑑𝑧𝑧) as driving force in (𝑏𝑏𝑖𝑖)  is a linear combination 
of both flux (𝑁𝑁𝑖𝑖) and the potential gradient(𝑑𝑑𝑑𝑑/𝑑𝑑𝑧𝑧).  

 (𝐽𝐽) = −[𝐵𝐵]−1(𝑏𝑏) (2.38) 
 

 

(

 
 
𝐽𝐽𝑖𝑖
𝐽𝐽𝑖𝑖+1
…
𝐽𝐽𝑛𝑛−1
𝐽𝐽𝑛𝑛 )

 
 =  

(

 
 
 
𝑁𝑁𝑖𝑖
𝑁𝑁𝑖𝑖+1
…
𝑁𝑁𝑛𝑛−1
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 )

 
 
 

 (2.39) 

 

 [𝐵𝐵] = [𝛿𝛿𝑚𝑚[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
] (2.40) 

 

 

[𝐴𝐴] =  𝐴𝐴𝑖𝑖,𝑗𝑗 =
𝐶𝐶𝑖𝑖

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
; 𝑖𝑖 ≠ 𝑗𝑗 = 1,2, … , 𝑛𝑛 − 1 𝑎𝑎𝑛𝑛𝑑𝑑 

  𝐴𝐴𝑖𝑖,𝑖𝑖 = −∑
𝐶𝐶𝑘𝑘

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑘𝑘

𝑛𝑛

𝑘𝑘=1
𝑖𝑖≠𝑘𝑘

; 𝑖𝑖 = 1,2, … , 𝑛𝑛 − 1 
(2.41) 
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Figure 2.1. Schematic drawing of the concentration jump of sodium ion between the solution and the 
membrane interface using the Donnan equilibrium potential. The sodium concentration at the solution 
interface is assumed to be equal to the bulk concentration. 

Table 2.3. Boundary conditions at the anolyte-membrane interface (z = 0) and at the catholyte-membrane 
interface (z = 1). 

 

 
𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑁𝑁 = (−1.094 ∙ 10−6 × 𝑇𝑇𝑐𝑐

2 − 1.22 ∙ 10−4 × 𝑇𝑇𝑐𝑐

− 0.01488 ) × (𝐶𝐶𝑁𝑁𝑁𝑁+,𝑁𝑁
𝑚𝑚 ∙ 10−3)2 + (1.375 ∙ 10−5 × 𝑇𝑇𝑐𝑐

2

+ 1.844 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 5.652) × 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑁𝑁
𝑚𝑚 ∙ 10−3 

(2.35) 

 

 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑟𝑟 = (−3.656 ∙ 10−7 × 𝑇𝑇𝑐𝑐
2 − 4.351 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 6.097 ∙ 10−2 )

× (𝐶𝐶𝑁𝑁𝑁𝑁+,𝑟𝑟
𝑚𝑚 ∙ 10−3)2

+ (7.937 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 + 1.083 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 3.631)

× 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑟𝑟
𝑚𝑚 ∙ 10−3 

 

(2.36) 

𝑧𝑧 = 0    𝑧𝑧 = 1  

𝐶𝐶𝑁𝑁𝑁𝑁+,𝑁𝑁
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑁𝑁

𝑏𝑏𝑏𝑏𝑁𝑁𝑏𝑏,𝐴𝐴 =
𝑁𝑁𝑁𝑁𝑎𝑎+,𝑙𝑙 

𝑚𝑚

𝐾𝐾𝑙𝑙
  

 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝑁𝑁 = 𝐶𝐶𝑁𝑁𝑁𝑁+,𝑟𝑟

𝑏𝑏𝑏𝑏𝑁𝑁𝑏𝑏,𝑁𝑁 =
𝑁𝑁𝑁𝑁𝑎𝑎+,𝑟𝑟 

𝑚𝑚

𝐾𝐾𝑟𝑟
  

𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁

𝑏𝑏𝑏𝑏𝑁𝑁𝑏𝑏,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁
𝑚𝑚  × 𝐾𝐾𝑁𝑁  𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟
𝑚𝑚 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑚𝑚  ×  𝐾𝐾𝑟𝑟   

𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝑁𝑁𝑁𝑁−,𝑁𝑁

𝑚𝑚 = − 1
𝑧𝑧𝑐𝑐𝑁𝑁−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑁𝑁
𝑚𝑚

𝑖𝑖

𝑖𝑖,𝑖𝑖≠𝑁𝑁𝑁𝑁−
) 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑖𝑖𝑖𝑖𝑖𝑖,𝑁𝑁 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟
𝑏𝑏𝑏𝑏𝑁𝑁𝑏𝑏,𝑁𝑁 = − 1

𝑧𝑧𝑐𝑐𝑁𝑁−
( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑟𝑟

𝑚𝑚
𝑖𝑖

𝑖𝑖,𝑖𝑖≠𝑁𝑁𝑁𝑁−
)  

𝐶𝐶𝑁𝑁2𝑁𝑁,𝑁𝑁
𝑚𝑚 =  𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑 

 (𝐸𝐸𝐸𝐸𝑑𝑑. (2.35 𝑁𝑁𝑑𝑑𝑑𝑑  2.22)) 
𝐶𝐶𝑁𝑁2𝑁𝑁,𝑟𝑟

𝑚𝑚 =  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑 
 (𝐸𝐸𝐸𝐸. (2.36 𝑁𝑁𝑑𝑑𝑑𝑑 2.27)) 
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2.2.3. Augmented matrix 
The Maxwell-Stefan equation given in Eq. (2.16) forms a system of non-linear 
Differential Algebraic Equations (DAEs). The built-in pdepe solver in Matlab® can 
solve DAEs using the Ordinary Differential Equations (ODE15s) solver, only applicable 
for DAEs index 1 or index 0. The index of DAEs is defined by the number of 
differentiation needed to reduce DAEs to ODEs. Eq. (2.16) consists of both 
concentration and potential gradients (DAEs index 2), which cannot be solved by the 
built-in pdepe solver in Matlab. The DAEs index 2 is reduced to index 1 by applying 
the augmented matrix method as proposed by Krishna et al. [19] shown in Eq. (2.37). 

 b𝑖𝑖 ≡
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 =∑

1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑗𝑗≠𝑖𝑖
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖) − 

𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  (2.37) 

 

The non-linear flux equations need to be arranged in a matrix format (Eq. (2.38) to Eq. 
(2.42)). The derivation of the augmented formulation is explained in the Appendix. 
The concentration gradient (𝑑𝑑𝐶𝐶𝑖𝑖/𝑑𝑑𝑧𝑧) as driving force in (𝑏𝑏𝑖𝑖)  is a linear combination 
of both flux (𝑁𝑁𝑖𝑖) and the potential gradient(𝑑𝑑𝑑𝑑/𝑑𝑑𝑧𝑧).  

 (𝐽𝐽) = −[𝐵𝐵]−1(𝑏𝑏) (2.38) 
 

 

(

 
 
𝐽𝐽𝑖𝑖
𝐽𝐽𝑖𝑖+1
…
𝐽𝐽𝑛𝑛−1
𝐽𝐽𝑛𝑛 )

 
 =  

(

 
 
 
𝑁𝑁𝑖𝑖
𝑁𝑁𝑖𝑖+1
…
𝑁𝑁𝑛𝑛−1
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 )

 
 
 

 (2.39) 

 

 [𝐵𝐵] = [𝛿𝛿𝑚𝑚[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
] (2.40) 

 

 

[𝐴𝐴] =  𝐴𝐴𝑖𝑖,𝑗𝑗 =
𝐶𝐶𝑖𝑖

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
; 𝑖𝑖 ≠ 𝑗𝑗 = 1,2, … , 𝑛𝑛 − 1 𝑎𝑎𝑛𝑛𝑑𝑑 

  𝐴𝐴𝑖𝑖,𝑖𝑖 = −∑
𝐶𝐶𝑘𝑘

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑘𝑘

𝑛𝑛

𝑘𝑘=1
𝑖𝑖≠𝑘𝑘

; 𝑖𝑖 = 1,2, … , 𝑛𝑛 − 1 
(2.41) 
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(

 
 
𝑏𝑏𝑖𝑖
𝑏𝑏𝑖𝑖+1
…
𝑏𝑏𝑛𝑛−1
𝑏𝑏𝑛𝑛 )

 
 =

(

 
 
 
 
 
 
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑖𝑖+1
𝑑𝑑𝑑𝑑…
𝑑𝑑𝐶𝐶𝑛𝑛−1
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 

 (2.42) 

 

2.2.4. Model Summary 
The ion concentration profiles are calculated with the built-in pdepe solver in Matlab 
by solving the flux equations (Eq. (2.37)) based on the continuity equation shown in 
Eq. (2.43), except for the chloride ion concentration, which follows from the 
electroneutrality condition. The initial sodium ion concentration is the sum of the 
concentration of all negative ions, including the fixed charged group of the membrane. 
The initial concentration of water and other negative ions are arbitrary and are not of 
influence on the steady-state solution. 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 fluxes 
are constant at the steady-state condition. From the fluxes, the membrane perm-
selectivity in terms of sodium transport number for each given current density can be 
calculated using Eq. (2.44). The relative water transport number is the ratio of the flux 
of water and flux of sodium ions (Eq. (2.45)). The pH inside the membrane can also 
be estimated from the hydroxide concentration as given in Eq. (2.46).  

 𝛿𝛿𝑚𝑚  
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕 =

𝜕𝜕𝑁𝑁𝑖𝑖
𝜕𝜕𝑑𝑑  (2.43) 

 

  𝜕𝜕𝑖𝑖 =
𝑑𝑑𝑖𝑖𝐹𝐹𝑁𝑁𝑖𝑖
𝐼𝐼 ;        ∑ 𝜕𝜕𝑖𝑖 = 1

𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖=1
   (2.44) 

 

  𝑇𝑇𝐻𝐻2𝑂𝑂 = 𝑁𝑁𝐻𝐻2𝑂𝑂/𝑁𝑁𝑁𝑁𝑎𝑎+ (2.45) 
 

 𝑝𝑝𝑝𝑝 = 𝑝𝑝𝐾𝐾𝑤𝑤 − 𝑝𝑝𝑝𝑝𝑝𝑝 (2.46) 
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2.2.5. Maxwell-Stefan Diffusivities 
Table 2.4 presents the correlations for the Maxwell-Stefan diffusivities used in this 
model. The Chapman correlation for bulk diffusivities for the concentrated solution is 
substituted in Eq. (2.1) from Wesselingh et al. to estimate the diffusivities in the 
membrane. Water self-diffusivity as a function of the temperature is given in Eq. (2.47) 
[30]: 

 𝔇𝔇𝑤𝑤 =  𝔇𝔇𝑤𝑤
0 (𝑇𝑇/𝑇𝑇𝑆𝑆 − 1)𝛾𝛾; 𝔇𝔇𝑤𝑤

0 = 1.635 ∙ 10−8 𝑚𝑚2. 𝑠𝑠−1; 𝑇𝑇𝑠𝑠 = 215.05 K;   𝛾𝛾
= 2.063 (2.47) 

 

We apply Eq. (2.3) not only for the positive ion – fixed charge groups ( 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3
−

𝑚𝑚 ) but 

also for the negative ion – fixed charge groups (𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3
−𝑚𝑚  , 𝔇𝔇𝐶𝐶𝑙𝑙−,𝑆𝑆𝑂𝑂3

−𝑚𝑚 ) and the negative 
ion – positive ion interactions inside the membrane ( 𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−

𝑚𝑚  , 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑚𝑚 ). For the 

solvent concentration (𝑐𝑐𝑜𝑜) inside the membrane in Eq. (2.11), Eq. (2.22) is used for 
sodium chloride. 

Table 2.4. Correlations for Maxwell-Stefan diffusivities used in this model. 

Component pair Correlations 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏 𝜀𝜀𝑣𝑣𝑜𝑜𝑣𝑣𝑣𝑣

1.5  using NaCl 
𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑏𝑏 𝜀𝜀𝑣𝑣𝑜𝑜𝑣𝑣𝑣𝑣

1.5   
𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑏𝑏 𝜀𝜀𝑣𝑣𝑜𝑜𝑣𝑣𝑣𝑣

1.5  
𝔇𝔇𝑆𝑆𝑂𝑂3,

−,𝑤𝑤 
𝑚𝑚   𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑜𝑜𝑣𝑣𝑣𝑣

1.5   
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3

−
𝑚𝑚   0.1𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚   
𝔇𝔇𝐶𝐶𝑙𝑙−,𝑆𝑆𝑂𝑂3

−𝑚𝑚   0.1𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑚𝑚   

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   0.1𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑚𝑚   

𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−
𝑚𝑚   0.1 𝔇𝔇+,−

𝑏𝑏  using NaCl 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑚𝑚   0.1 𝔇𝔇+,−
𝑏𝑏   using NaOH 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝑙𝑙−𝑚𝑚   1.0∙10-10 m2.s-1 * 
*= base case value 

A fixed value of 55.4 M is given as the solvent concentration for 1.5 M NaOH.  The 
values of G = 3171 and 9795 K3/2/M1/2 are used for sodium chloride and sodium 
hydroxide, respectively, throughout the simulation. No correlation is available for the 
diffusion coefficient of negative ion – negative ion (𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝑙𝑙−𝑚𝑚 ) and a base case value of 
1.0∙10-10 m2/s is used in this model. The calculated values for three different 
temperatures are listed in Table 2.5.  
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(

 
 
𝑏𝑏𝑖𝑖
𝑏𝑏𝑖𝑖+1
…
𝑏𝑏𝑛𝑛−1
𝑏𝑏𝑛𝑛 )

 
 =

(

 
 
 
 
 
 
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑖𝑖+1
𝑑𝑑𝑑𝑑…
𝑑𝑑𝐶𝐶𝑛𝑛−1
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 

 (2.42) 

 

2.2.4. Model Summary 
The ion concentration profiles are calculated with the built-in pdepe solver in Matlab 
by solving the flux equations (Eq. (2.37)) based on the continuity equation shown in 
Eq. (2.43), except for the chloride ion concentration, which follows from the 
electroneutrality condition. The initial sodium ion concentration is the sum of the 
concentration of all negative ions, including the fixed charged group of the membrane. 
The initial concentration of water and other negative ions are arbitrary and are not of 
influence on the steady-state solution. 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 fluxes 
are constant at the steady-state condition. From the fluxes, the membrane perm-
selectivity in terms of sodium transport number for each given current density can be 
calculated using Eq. (2.44). The relative water transport number is the ratio of the flux 
of water and flux of sodium ions (Eq. (2.45)). The pH inside the membrane can also 
be estimated from the hydroxide concentration as given in Eq. (2.46).  

 𝛿𝛿𝑚𝑚  
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕 =

𝜕𝜕𝑁𝑁𝑖𝑖
𝜕𝜕𝑑𝑑  (2.43) 

 

  𝜕𝜕𝑖𝑖 =
𝑑𝑑𝑖𝑖𝐹𝐹𝑁𝑁𝑖𝑖
𝐼𝐼 ;        ∑ 𝜕𝜕𝑖𝑖 = 1

𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖=1
   (2.44) 

 

  𝑇𝑇𝐻𝐻2𝑂𝑂 = 𝑁𝑁𝐻𝐻2𝑂𝑂/𝑁𝑁𝑁𝑁𝑎𝑎+ (2.45) 
 

 𝑝𝑝𝑝𝑝 = 𝑝𝑝𝐾𝐾𝑤𝑤 − 𝑝𝑝𝑝𝑝𝑝𝑝 (2.46) 
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2.2.5. Maxwell-Stefan Diffusivities 
Table 2.4 presents the correlations for the Maxwell-Stefan diffusivities used in this 
model. The Chapman correlation for bulk diffusivities for the concentrated solution is 
substituted in Eq. (2.1) from Wesselingh et al. to estimate the diffusivities in the 
membrane. Water self-diffusivity as a function of the temperature is given in Eq. (2.47) 
[30]: 

 𝔇𝔇𝑤𝑤 =  𝔇𝔇𝑤𝑤
0 (𝑇𝑇/𝑇𝑇𝑆𝑆 − 1)𝛾𝛾; 𝔇𝔇𝑤𝑤

0 = 1.635 ∙ 10−8 𝑚𝑚2. 𝑠𝑠−1; 𝑇𝑇𝑠𝑠 = 215.05 K;   𝛾𝛾
= 2.063 (2.47) 

 

We apply Eq. (2.3) not only for the positive ion – fixed charge groups ( 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3
−

𝑚𝑚 ) but 

also for the negative ion – fixed charge groups (𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3
−𝑚𝑚  , 𝔇𝔇𝐶𝐶𝑙𝑙−,𝑆𝑆𝑂𝑂3

−𝑚𝑚 ) and the negative 
ion – positive ion interactions inside the membrane ( 𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−

𝑚𝑚  , 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑚𝑚 ). For the 

solvent concentration (𝑐𝑐𝑜𝑜) inside the membrane in Eq. (2.11), Eq. (2.22) is used for 
sodium chloride. 

Table 2.4. Correlations for Maxwell-Stefan diffusivities used in this model. 

Component pair Correlations 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏 𝜀𝜀𝑣𝑣𝑜𝑜𝑣𝑣𝑣𝑣

1.5  using NaCl 
𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑏𝑏 𝜀𝜀𝑣𝑣𝑜𝑜𝑣𝑣𝑣𝑣

1.5   
𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑏𝑏 𝜀𝜀𝑣𝑣𝑜𝑜𝑣𝑣𝑣𝑣

1.5  
𝔇𝔇𝑆𝑆𝑂𝑂3,

−,𝑤𝑤 
𝑚𝑚   𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑜𝑜𝑣𝑣𝑣𝑣

1.5   
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3

−
𝑚𝑚   0.1𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚   
𝔇𝔇𝐶𝐶𝑙𝑙−,𝑆𝑆𝑂𝑂3

−𝑚𝑚   0.1𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑚𝑚   

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   0.1𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑚𝑚   

𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−
𝑚𝑚   0.1 𝔇𝔇+,−

𝑏𝑏  using NaCl 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑚𝑚   0.1 𝔇𝔇+,−
𝑏𝑏   using NaOH 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝑙𝑙−𝑚𝑚   1.0∙10-10 m2.s-1 * 
*= base case value 

A fixed value of 55.4 M is given as the solvent concentration for 1.5 M NaOH.  The 
values of G = 3171 and 9795 K3/2/M1/2 are used for sodium chloride and sodium 
hydroxide, respectively, throughout the simulation. No correlation is available for the 
diffusion coefficient of negative ion – negative ion (𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝑙𝑙−𝑚𝑚 ) and a base case value of 
1.0∙10-10 m2/s is used in this model. The calculated values for three different 
temperatures are listed in Table 2.5.  
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Table 2.5. Four sets of Maxwell-Stefan diffusivities in 10-10 [m2.s-1]  used in the model for the anolyte 
concentration (NaCl) of 5 M and the catholyte concentration (NaOH) of 10 M. 

Component 
pair 

Van der 
Stegen [2] 
Chlor-alkali 
electrolysis 
at 4 kA.m-2 
Nafion 
(sulfonate 
part);   
EW = 1015 [-] 
 
Model fitted  

Visser [3] 
Electrodialysis 
Up to 1 kA.m-2 
Nafion 450;  
EW = 1100 [-] 
 
Model fitted  

This work 
Chlor-alkali electrolysis 
Up to 30 kA.m-2 
Nafion 1110; 
EW =  1100 [-] 
εvoid = 0.27 [-] 
Correlation for  
Concentrated solution 
(Table 2.4) 

Basecase 

T = 90 oC 
 

T = 25 oC 
 

T = 
25oC 
 

T = 
80 oC 

T = 90 
oC 

 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑚𝑚   11 5.14 0.88 4.24 5.06 1.0 

𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑚𝑚   100**  6.23* 1.53 6.35 7.48 1.0 

𝔇𝔇𝑂𝑂𝑂𝑂−,𝑤𝑤 
𝑚𝑚   10 16.2* 8.97 18.6 20.5 1.0 

𝔇𝔇𝑆𝑆𝑂𝑂3,
−,𝑤𝑤 

𝑚𝑚   10 7.92 3.23 9.20 10.63 1.0 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3

−
𝑚𝑚   3 2.26 0.089 0.42 0.51 1.0 

𝔇𝔇𝐶𝐶𝑙𝑙−,𝑆𝑆𝑂𝑂3
−𝑚𝑚   0.1 0.169 0.15 0.63 0.75 1.0 

𝔇𝔇𝑂𝑂𝑂𝑂−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   100 ** 1.58 0.90 1.86 2.05 1.0 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−

𝑚𝑚   100 ** 0.580 0.31 1.76 2.18 1.0 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝑂𝑂−

𝑚𝑚   10 100 0.20 0.60 0.70 1.0 
𝔇𝔇𝑂𝑂𝑂𝑂−,𝐶𝐶𝑙𝑙−𝑚𝑚   100 ** 1.0*** 1.0*** 1.0*** 1.0*** 1.0 

* = calculated from Eq. (2.1); ** = effectively no friction between the components; *** = base case value 
 

It should be noted that the fitted values of diffusivities obtained by Visser et al. were 
used at 25 oC and a sodium concentration up to 4 M. Therefore, this set of diffusivities 
is less applicable for the chlor-alkali system. Due to the very limited availability of data 
for Maxwell-Stefan diffusivities, these values are used in the simulation for 
comparison. 
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2.3. Results and discussion 

Concentration, potential gradient, and pH profiles 
Figure 2.2 depicts the concentration profiles of sodium, hydroxide, chloride, and water 
inside the membrane at 2 kA/m2 using different values of Maxwell-Stefan diffusivities, 
as listed in Table 2.5. The conditions are 80 C, EW = 1150, membrane thickness = 0.25 
mm, 25 wt% NaCl as anolyte and 32 wt% NaOH as catholyte similar to the 
experimental work by Yeager et al. [20, 21].  

 

Figure 2.2. Concentration profiles of sodium, hydroxide, chloride, and water as a function of position inside 
the membrane using different values of Maxwell-Stefan diffusivities as listed in Table 2.5 (see legend) at 2 
kA.m-2. EW=1150, membrane thickness = 0.25 mm, temperature = 80 oC, 25 wt% NaCl and 32 wt% NaOH. 

All sets of Maxwell-Stefan diffusivities generate nonlinear concentration profiles for 
each component. The concentration profiles of the ions using diffusivities from Visser, 
Van der Stegen, and this work show similar trends but clearly differ from the base 
case. The water concentration profile is similar for the diffusivities from Visser and 
this work but is clearly different for the Basecase and Van der Stegen. The profiles of 
the potential gradient in Figure 2.3 (left) also show a nonlinear behavior and are 
depending on the values of diffusivities. This confirms the strong influence of the 
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Table 2.5. Four sets of Maxwell-Stefan diffusivities in 10-10 [m2.s-1]  used in the model for the anolyte 
concentration (NaCl) of 5 M and the catholyte concentration (NaOH) of 10 M. 

Component 
pair 

Van der 
Stegen [2] 
Chlor-alkali 
electrolysis 
at 4 kA.m-2 
Nafion 
(sulfonate 
part);   
EW = 1015 [-] 
 
Model fitted  

Visser [3] 
Electrodialysis 
Up to 1 kA.m-2 
Nafion 450;  
EW = 1100 [-] 
 
Model fitted  

This work 
Chlor-alkali electrolysis 
Up to 30 kA.m-2 
Nafion 1110; 
EW =  1100 [-] 
εvoid = 0.27 [-] 
Correlation for  
Concentrated solution 
(Table 2.4) 

Basecase 

T = 90 oC 
 

T = 25 oC 
 

T = 
25oC 
 

T = 
80 oC 

T = 90 
oC 

 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑚𝑚   11 5.14 0.88 4.24 5.06 1.0 

𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑚𝑚   100**  6.23* 1.53 6.35 7.48 1.0 

𝔇𝔇𝑂𝑂𝑂𝑂−,𝑤𝑤 
𝑚𝑚   10 16.2* 8.97 18.6 20.5 1.0 

𝔇𝔇𝑆𝑆𝑂𝑂3,
−,𝑤𝑤 

𝑚𝑚   10 7.92 3.23 9.20 10.63 1.0 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3

−
𝑚𝑚   3 2.26 0.089 0.42 0.51 1.0 

𝔇𝔇𝐶𝐶𝑙𝑙−,𝑆𝑆𝑂𝑂3
−𝑚𝑚   0.1 0.169 0.15 0.63 0.75 1.0 

𝔇𝔇𝑂𝑂𝑂𝑂−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   100 ** 1.58 0.90 1.86 2.05 1.0 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−

𝑚𝑚   100 ** 0.580 0.31 1.76 2.18 1.0 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝑂𝑂−

𝑚𝑚   10 100 0.20 0.60 0.70 1.0 
𝔇𝔇𝑂𝑂𝑂𝑂−,𝐶𝐶𝑙𝑙−𝑚𝑚   100 ** 1.0*** 1.0*** 1.0*** 1.0*** 1.0 

* = calculated from Eq. (2.1); ** = effectively no friction between the components; *** = base case value 
 

It should be noted that the fitted values of diffusivities obtained by Visser et al. were 
used at 25 oC and a sodium concentration up to 4 M. Therefore, this set of diffusivities 
is less applicable for the chlor-alkali system. Due to the very limited availability of data 
for Maxwell-Stefan diffusivities, these values are used in the simulation for 
comparison. 
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2.3. Results and discussion 

Concentration, potential gradient, and pH profiles 
Figure 2.2 depicts the concentration profiles of sodium, hydroxide, chloride, and water 
inside the membrane at 2 kA/m2 using different values of Maxwell-Stefan diffusivities, 
as listed in Table 2.5. The conditions are 80 C, EW = 1150, membrane thickness = 0.25 
mm, 25 wt% NaCl as anolyte and 32 wt% NaOH as catholyte similar to the 
experimental work by Yeager et al. [20, 21].  

 

Figure 2.2. Concentration profiles of sodium, hydroxide, chloride, and water as a function of position inside 
the membrane using different values of Maxwell-Stefan diffusivities as listed in Table 2.5 (see legend) at 2 
kA.m-2. EW=1150, membrane thickness = 0.25 mm, temperature = 80 oC, 25 wt% NaCl and 32 wt% NaOH. 

All sets of Maxwell-Stefan diffusivities generate nonlinear concentration profiles for 
each component. The concentration profiles of the ions using diffusivities from Visser, 
Van der Stegen, and this work show similar trends but clearly differ from the base 
case. The water concentration profile is similar for the diffusivities from Visser and 
this work but is clearly different for the Basecase and Van der Stegen. The profiles of 
the potential gradient in Figure 2.3 (left) also show a nonlinear behavior and are 
depending on the values of diffusivities. This confirms the strong influence of the 
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values of the Maxwell-Stefan diffusivities on the concentration and potential gradient 
profiles.   

 

Figure 2.3. Potential gradient profiles (left) and pH profiles (right) as a function of position in the membrane 
at 2 kA.m-2 using different values of Maxwell-Stefan diffusivities as listed in Table 2.5 (see legend). EW=1150, 
membrane thickness = 0.25 mm, temperature = 80 oC, 25 wt% NaCl and 32 wt% NaOH. 

Despite the clearly different concentration profiles for the different sets of 
diffusivities, all models predict similar pH profiles inside the membrane since pH is 
logarithmic (Figure 2.3 (right)). This demonstrates that the hydroxide ion 
concentration is relatively high, which results in a pH above 12 throughout the 
membrane. Similar results have been reported in the previously developed models [7], 
[31]. It should be mentioned that in our model, we use pKw  = 12.60 at 80 oC [28] 
instead of pKw = 14 at  25 oC.   

Model validation for low current densities 
The membrane perm-selectivity (sodium transport number) and the membrane 
potential are key performance criteria in the chlor-alkali process. To validate the 
models with the different diffusivity sets, the model was run with the same conditions 
as experiments by Yeager et al. and  T. Berzins [20, 23] in which the catholyte 
concentration was varied from  10 wt% - 35 wt% (≈ 2.5 to 12 M).  
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Figure 2.4 (top) shows the sodium transport number as a function of the catholyte 
concentration at 2 kA/m2  using a monolayer sulfonate membrane with EW=1150, 
membrane thickness = 0.25 mm and temperature = 80 oC. Similar profiles are also 
observed in Figure 2.5 for a monolayer membrane with EW=1100 and a membrane 
thickness of 0.1 mm at 3 kA/m2. It is observed that the influence of the diffusivities on 
the calculated sodium transport number is even more pronounced than for the 
concentration profiles. The base case diffusivities overpredict the sodium transport 
number while the opposite is observed for both the Visser and Van der Stegen cases. 
The diffusivities based on the empirical correlation used in our model show the best 
fit to the experimental work. Sensitivity analysis was performed for the diffusion 
coefficient of negative ion – negative ion (𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝑙𝑙−

𝑚𝑚 ) for the range 0.1∙10-10 - 50∙10-10 m2/s, 
no significant impact was found on the ion transport number and the membrane 
potential for this system. It could be because the chloride ion flux through the 
membrane is negligible. Therefore a base case value of 1.0∙10-10 m2/s is used throughout 
the simulation. 

Water is also transported together with sodium to the catholyte site. The Maxwell-
Stefan model includes water transport via water-ion interactions. Therefore, a 
separate semi-empirical equation (i.e., the Schlögl equation) is no longer required.  
Figure 2.4 (bottom) shows the relative water transport number (TH2O) calculated 
using Eq. (2.45) with the different models and compares these to experimental data. 
The measured water transport number reported by Yeager et al. [20, 21] was converted 
to the relative water transport number (TH2O) by dividing the measured water 
transport number with the measured sodium transport number.  It can be seen that 
both Van der Stegen and Visser predict too low water transport, especially at high 
caustic concentrations, whereas the base case and our work show a good match. It is 
important to note that water concentration at the membrane interface is calculated 
based on the density correlations of sodium chloride and sodium hydroxide, which 
does not completely reflect reality since it does not take into account the density 
difference compared to sulfonate groups in the membrane.  
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values of the Maxwell-Stefan diffusivities on the concentration and potential gradient 
profiles.   

 

Figure 2.3. Potential gradient profiles (left) and pH profiles (right) as a function of position in the membrane 
at 2 kA.m-2 using different values of Maxwell-Stefan diffusivities as listed in Table 2.5 (see legend). EW=1150, 
membrane thickness = 0.25 mm, temperature = 80 oC, 25 wt% NaCl and 32 wt% NaOH. 

Despite the clearly different concentration profiles for the different sets of 
diffusivities, all models predict similar pH profiles inside the membrane since pH is 
logarithmic (Figure 2.3 (right)). This demonstrates that the hydroxide ion 
concentration is relatively high, which results in a pH above 12 throughout the 
membrane. Similar results have been reported in the previously developed models [7], 
[31]. It should be mentioned that in our model, we use pKw  = 12.60 at 80 oC [28] 
instead of pKw = 14 at  25 oC.   

Model validation for low current densities 
The membrane perm-selectivity (sodium transport number) and the membrane 
potential are key performance criteria in the chlor-alkali process. To validate the 
models with the different diffusivity sets, the model was run with the same conditions 
as experiments by Yeager et al. and  T. Berzins [20, 23] in which the catholyte 
concentration was varied from  10 wt% - 35 wt% (≈ 2.5 to 12 M).  
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Figure 2.4 (top) shows the sodium transport number as a function of the catholyte 
concentration at 2 kA/m2  using a monolayer sulfonate membrane with EW=1150, 
membrane thickness = 0.25 mm and temperature = 80 oC. Similar profiles are also 
observed in Figure 2.5 for a monolayer membrane with EW=1100 and a membrane 
thickness of 0.1 mm at 3 kA/m2. It is observed that the influence of the diffusivities on 
the calculated sodium transport number is even more pronounced than for the 
concentration profiles. The base case diffusivities overpredict the sodium transport 
number while the opposite is observed for both the Visser and Van der Stegen cases. 
The diffusivities based on the empirical correlation used in our model show the best 
fit to the experimental work. Sensitivity analysis was performed for the diffusion 
coefficient of negative ion – negative ion (𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝑙𝑙−

𝑚𝑚 ) for the range 0.1∙10-10 - 50∙10-10 m2/s, 
no significant impact was found on the ion transport number and the membrane 
potential for this system. It could be because the chloride ion flux through the 
membrane is negligible. Therefore a base case value of 1.0∙10-10 m2/s is used throughout 
the simulation. 

Water is also transported together with sodium to the catholyte site. The Maxwell-
Stefan model includes water transport via water-ion interactions. Therefore, a 
separate semi-empirical equation (i.e., the Schlögl equation) is no longer required.  
Figure 2.4 (bottom) shows the relative water transport number (TH2O) calculated 
using Eq. (2.45) with the different models and compares these to experimental data. 
The measured water transport number reported by Yeager et al. [20, 21] was converted 
to the relative water transport number (TH2O) by dividing the measured water 
transport number with the measured sodium transport number.  It can be seen that 
both Van der Stegen and Visser predict too low water transport, especially at high 
caustic concentrations, whereas the base case and our work show a good match. It is 
important to note that water concentration at the membrane interface is calculated 
based on the density correlations of sodium chloride and sodium hydroxide, which 
does not completely reflect reality since it does not take into account the density 
difference compared to sulfonate groups in the membrane.  
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Figure 2.4. Modeled and experimental data (Yeager et al. [20, 21] of the sodium transport number (top) and 
the relative water transport number (bottom) as a function of catholyte concentration using different values 
of Maxwell-Stefan diffusivities as listed in Table 5 (see legend) at 2 kA.m-2. EW=1150, membrane thickness 
= 0.25 mm, temperature = 80 oC and 25 wt% NaCl. The measured water transport number reported by 
Yeager et al. [20, 21] was converted to the relative water transport number (TH2O) by dividing the measured 
water transport number with the measured sodium transport number.   

The values of diffusivities also affect the membrane potential drop, as shown in Figure 
2.6. The suggested values of diffusivities by Van der Stegen as a function of current 
density as given in Eq. (2.4) show an unrealistic profile. The model was run with the 
operating conditions reported by Bergner et al. [32] with a typical thickness of 0.29 
mm for Nafion N954 [33] and EW = 1100. Our model shows a reasonable match with 
the experimental values of the membrane potential at 80 oC around 0.51 V at 6 kA/m2 
[34] and 0.291 V at 3 kA/m2 [11]. However, the linear correlations proposed by Bergner 
et al. for both their experimental data and the experimental data of A.Nidola [35] show 
higher values than the predicted model at lower current densities. The fact that they 
still show a significant membrane potential at zero current density is not easy to 
explain. Osmotic pressure differences between the anolyte and catholyte could play a 
role, but it might also be related to experimental issues. They mentioned that during 
the membrane potential measurement, two Luggin capillaries could not be placed 
with sufficient accuracy (the zero-gap configuration had a gap of 0.5 – 1 mm). 
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Chandran et al. [36] also reported similar experimental difficulties, resulting in large 
measured membrane potentials.  

 

Figure 2.5. Modeled and experimental data (Yeager et al. [20, 21] and T. Berzins [21, 23]) of the sodium 
transport number as a function of catholyte concentration using different values of Maxwell-Stefan 
diffusivities as listed in Table 2.5 (see legend) at 3 kA.m-2. EW=1100, membrane thickness = 0.1 mm, 25 wt% 
NaCl and temperature = 80 oC.  

The performance of the models can be explained by considering the diffusivities. 
Visser uses a very high binary diffusivity of sodium ion – hydroxide ion inside the 
membrane (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑚𝑚  = 100·10-10 m2/s), which results in a high hydroxide ion transport 
inside the membrane and a low sodium transport number. The diffusivity exceeds the 
value calculated using the correlation suggested by Chapman for 1.5 M (≈ 6 wt%) 
NaOH (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  = 0.26·10-10 m2/s at 25 oC). The diffusivity values suggested by Van 
der Stegen result in even lower sodium transport numbers and negative water 
transport numbers. In this case, it does not seem logical that the diffusivities of 
chloride inside the membrane are higher than the value for infinite dilution, as listed 
in Table 2.1. The diffusivities presented in this work seem more realistic, and this is 
reflected in both sodium and relative water transport numbers.  
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Figure 2.4. Modeled and experimental data (Yeager et al. [20, 21] of the sodium transport number (top) and 
the relative water transport number (bottom) as a function of catholyte concentration using different values 
of Maxwell-Stefan diffusivities as listed in Table 5 (see legend) at 2 kA.m-2. EW=1150, membrane thickness 
= 0.25 mm, temperature = 80 oC and 25 wt% NaCl. The measured water transport number reported by 
Yeager et al. [20, 21] was converted to the relative water transport number (TH2O) by dividing the measured 
water transport number with the measured sodium transport number.   

The values of diffusivities also affect the membrane potential drop, as shown in Figure 
2.6. The suggested values of diffusivities by Van der Stegen as a function of current 
density as given in Eq. (2.4) show an unrealistic profile. The model was run with the 
operating conditions reported by Bergner et al. [32] with a typical thickness of 0.29 
mm for Nafion N954 [33] and EW = 1100. Our model shows a reasonable match with 
the experimental values of the membrane potential at 80 oC around 0.51 V at 6 kA/m2 
[34] and 0.291 V at 3 kA/m2 [11]. However, the linear correlations proposed by Bergner 
et al. for both their experimental data and the experimental data of A.Nidola [35] show 
higher values than the predicted model at lower current densities. The fact that they 
still show a significant membrane potential at zero current density is not easy to 
explain. Osmotic pressure differences between the anolyte and catholyte could play a 
role, but it might also be related to experimental issues. They mentioned that during 
the membrane potential measurement, two Luggin capillaries could not be placed 
with sufficient accuracy (the zero-gap configuration had a gap of 0.5 – 1 mm). 
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All in all, one can conclude that the model with the diffusivities presented in this work 
shows the best fit compared to experimental data. Prediction of the sodium transport 
number and water transport number is good, whereas the deviations with regard to 
membrane potential might also be related to issues with the experimental data. Given 
this good performance, we can now consider using the model to predict membrane 
performance at conditions for which experimental data are not yet available such as 
high current densities. 

 

Figure 2.6. Membrane potential drop as a function of current density using different values of Maxwell-
Stefan diffusivities as listed in Table 5. The experimental data of Bergner et al.[32]: NaCl = 18 wt%, NaOH = 
33 wt%, temperature = 90 oC,  EW=1100, membrane thickness = 0.29 mm (properties of Nafion N954 [33]) . 
The typical value of membrane potential at 80 oC  for current densities of 3.5 kA.m-2 and 6 kA.m-2  are  0.291 
V [11] and  0.51 V [34] respectively. 

Model prediction for high current densities 
The Maxwell-Stefan diffusivities suggested in this work are applied for further 
simulation. The model uses the operating conditions of the chlor-alkali process: 25 
wt% NaCl as anolyte, 32 wt% NaOH as catholyte, and a Nafion single layer membrane, 
N-1110 (EW = 1100 and thickness = 0.27 mm) [8], [33]. Figure 2.7 presents the transport 
number of sodium, hydroxide, water, and membrane potential drop as a function of 
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current density from 2 kA/m2 to 30 kA/m2  for low and high temperature (25 oC and 90 
oC).  

 

Figure 2.7. The transport number of sodium, hydroxide, water, and membrane potential as a function of 
current density using the Maxwell-Stefan diffusivities based on this work for 2 different temperatures (see 
legend). The model simulation used the Nafion 1110 with properties: EW=1100, membrane thickness = 0.27 
mm, 25 wt% NaCl as anolyte, and 32 wt% NaOH as catholyte. 

The sodium transport number shows an increasing trend with increasing current 
density, which is also experimentally observed in chlor-alkali [11]. This can be 
explained by the fact that at low current densities, diffusion is still important 
compared to migration. This leads to higher back diffusion of sodium from catholyte 
(around 10 M NaOH) to anolyte (around 5 M NaCl). At higher current densities, the 
contribution of diffusion diminishes compared to the increasing migration term. The 
model also predicts that the chloride ion transport is negligible for both high current 
density and temperature. 

As shown in Figure 2.7, the membrane potential is significantly lower for higher 
temperatures. This is related to the increased conductivity of the membrane. In the 
model, the conductivity is not explicitly present as a variable, but it is taken into 
account in the diffusivities, as shown in Eq. (2.2). The infinite dilution of diffusivities 
is related to limiting ionic conductivity. The ionic conductivity increases with 
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increasing temperature, which results in lower resistance, thus, lower membrane 
potential drop.  

Figure 2.8 illustrates the effects of the fixed ionic group concentration and the current 
densities on the membrane perm-selectivity and the membrane potential. The model 
predicts a higher sodium transport number with higher fixed ionic group 
concentration and current densities. The latter is in line with the results shown in 
Figure 2.7. Higher sulfonate group concentration in the membrane prevents the 
transport of the hydroxide ion as co-ion based on the Donnan exclusion and enhances 
the sodium ion transport as counter-ion. The water concentration decreases with 
increasing sulfonate group concentration, and the model predicts lower water 
transport for higher fixed ionic group concentration. A slight increase is observed in 
the membrane potential, and this can be related to the decreased water concentration 
for higher membrane concentration. 

 

Figure 2.8. The transport number of sodium, hydroxide, water, and membrane potential as a function of 
ionic fixed group concentration using the Maxwell-Stefan diffusivities suggested in this work for 3 different 
current densities (see legend). Membrane thickness = 0.27 mm, temperature = 90 oC, NaCl as anolyte = 25 
wt% and NaOH as catholyte = 32 wt%. 
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2.4. Conclusion 
A Maxwell-Stefan model has been developed to investigate the nonlinear behavior of 
multicomponent ion and water transport inside a cation-exchange membrane. The 
nonlinear concentration profiles, the membrane potential drop, and the transport 
number of ions and water strongly depend on the values of the Maxwell-Stefan 
diffusivities. To conclude, the combined correlations proposed by Wesselingh et al., 
Kraaijeveld et al., and Chapman et al.  show a good agreement with the available 
experimental data of chlor-alkali for sodium transport number and relative water 
transport number. Thus, it is our considered opinion that the semi-empirical 
correlations are suitable for defining the Maxwell-Stefan diffusivities and therefore are 
suitable for further simulations.   

The improvement of our model compared to the previously developed models is the 
ability to calculate both fluxes and the membrane potential drop simultaneously by 
adopting the augmented matrix method. Our model well predicts a typical expected 
membrane potential for chlor-alkali process around 0.5 V at 6 kA/m2 and 80 oC.  

 

Nomenclature 
Latin symbols  

𝑎𝑎 Activity  [-] 
𝐶𝐶𝑖𝑖 Concentration of species i [mol.m-3] 
𝑐𝑐 Concentration of the binary electrolyte in Eqs. (2.5-2.11)  [mol.L-1] 
𝑐𝑐𝑜𝑜 Bulk concentration in Eq. (2.11) [mol.L-1] 
𝔇𝔇𝑖𝑖,𝑗𝑗
𝑚𝑚  Maxwell-Stefan diffusivities inside the membrane [m2.s-1] 

𝔇𝔇𝑖𝑖,𝑤𝑤
0  Maxwell-Stefan diffusivities in the diluted bulk solution [m2.s-1] 

𝔇𝔇𝑖𝑖,𝑤𝑤
𝑏𝑏  Maxwell-Stefan diffusivities (interaction of ion-water) for concentrated 

bulk solution in Eqs. (2.5) to Eq. (2.9) [cm2.s-1]  
𝔇𝔇+,−
𝑏𝑏  Maxwell-Stefan diffusivities (interaction of negative – positive ion) for 

concentrated bulk solution in Eqs. (2.7, 2.10, and 2.11) [cm2.s-1] 
𝐸𝐸𝐸𝐸 Equivalent weight [g.mol-1]  
𝑓𝑓𝑒𝑒 Fraction of electrolyte in the ion cluster [-] 
𝑓𝑓𝑚𝑚 Fraction of fixed ionic groups in the ion cluster [-] 
F Faraday constant [C.mol-1] 
G Correction for idealized theory in Eq. (2.11) [K3/2.M-1/2 ] 
𝐼𝐼 Current density [A.m-2] 
𝐾𝐾 
K 

Donnan equilibrium constant [-] 
Kelvin 

𝑙𝑙𝑖𝑖0 
M 

Limiting equivalent conductivity [cm2.Ohm-1.mol-1] 
Mol.L-1 
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𝑀𝑀𝑀𝑀 Molecular weight [g.mol-1] 
𝑁𝑁𝑖𝑖 Molar flux of species i [mol.m-2.s-1] 
P Pressure [Pa] 
𝑞𝑞 Constant defined in Eq. (2.12) [-] 

𝑄𝑄, 𝑅𝑅, 𝑆𝑆, 𝑇𝑇 Fitting constant for density correlations defined in Equations (2.22-
2.32) [-] 

R Gas constant [J.mol-1.K-1] 
𝑡𝑡 Time [s] 
𝑡𝑡𝑖𝑖  Ion transport number [-] 
𝑇𝑇 
𝑇𝑇𝑐𝑐 

Temperature [K] 
Temperature [oC] 

𝑊𝑊 Weight percentage [wt%] 
𝑊𝑊𝑤𝑤 Membrane water content [wt% dry polymer] 
𝑀𝑀 Water 
𝑋𝑋 Mole fraction [-] 
𝜈𝜈𝑖𝑖  Valence number [-] 
�̅�𝑉𝑖𝑖 
𝛾𝛾𝑖𝑖 

Partial molar volume [m3.mol-1] 
Activity coefficient [-] 

𝑧𝑧𝑖𝑖  Ionic charge [-]  
𝑧𝑧 Dimensionless length [-] 

  

Greek symbols 

𝛿𝛿𝑚𝑚 Membrane thickness [m] 
𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣  Void fraction [-]  
𝜂𝜂 Electrochemical potential [J.mol-1] 
𝜌𝜌 Density [g.cm-3] 
𝜇𝜇 Chemical potential [J.mol-1]  
𝜏𝜏 Tortuosity [-] 
𝜑𝜑 Electrical potential [V] 

 

 

 

 

Superscript and subscript  

𝐴𝐴 Anolyte 
𝑐𝑐 Centigrade  
𝐶𝐶 Catholyte 
𝑒𝑒 

𝑒𝑒𝑒𝑒𝑒𝑒. 
Electrolyte 
Experiment 

𝑖𝑖 Species  
𝑖𝑖𝑖𝑖𝑡𝑡 Interface  
𝑙𝑙 Left  
𝑚𝑚 
𝑖𝑖𝑒𝑒𝑛𝑛 

Membrane  
Negative 

𝑒𝑒𝑝𝑝𝑝𝑝 Positive 
𝑟𝑟 
𝑟𝑟𝑒𝑒𝑟𝑟 

Right 
Reference 

𝑝𝑝 solution phase 
𝑡𝑡𝑝𝑝𝑡𝑡 Total 
𝑀𝑀 Water 

 Maxwell-Stefan Model Development for Chlor-Alkali Membrane Electrolysis  
 

43 
 

Appendix. Augmented matrix formulation  
The fixed charged groups of the cation-selective membrane are treated as a 
component in the aqueous electrolyte solution. The chlor-alkali process contains in 
total of 5 components, including the fixed charged groups (n = 5). The flux of fixed 
charged groups of the membrane is zero. This results in a matrix of (n-1) fluxes. In 
addition, the concentration of the fixed charged groups is constant. The fixed charged 
group is therefore set as the nth (5th) component.   

Every component is defined as a number: 

 Na+ = 1, OH− = 2, H2O = 3, Cl− = 4, SO3
− = 5                                    (2.48) 

 

Based on literature written by Krishna (1987), the DAEs index 2 can be reduced to 
index 1 by applying the augmented matrix method [19].   

 b𝑖𝑖 ≡ 𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑗𝑗≠𝑖𝑖
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖) −  𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝐹𝐹

𝑅𝑅𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  (2.49) 

 

The fixed charged groups of the cation-exchange membrane contain zero flux (𝑁𝑁5 =
𝑁𝑁𝑆𝑆𝑂𝑂3

− = 0) because these ions are not transported (kept in place).  This leads to (n-1) 
equations:  

 

b1 ≡ 𝑑𝑑𝐶𝐶1
𝑑𝑑𝑑𝑑 = 𝐶𝐶1𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,2
− 𝐶𝐶2𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,2
+ 𝐶𝐶1𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,3
− 𝐶𝐶3𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,3
+ 𝐶𝐶1𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,4

− 𝐶𝐶4𝑁𝑁1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,4

− 𝐶𝐶5𝑁𝑁1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,5

−  𝐶𝐶1𝑧𝑧1𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(2.50) 

 

b2 ≡ 𝑑𝑑𝐶𝐶2
𝑑𝑑𝑑𝑑 = 𝐶𝐶2𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,1
− 𝐶𝐶1𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,1
+ 𝐶𝐶2𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,3
− 𝐶𝐶3𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,3
+ 𝐶𝐶2𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,4

− 𝐶𝐶4𝑁𝑁2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,4

− 𝐶𝐶5𝑁𝑁2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,5

−  𝐶𝐶2𝑧𝑧2𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(2.51) 

 

b3 ≡ 𝑑𝑑𝐶𝐶3
𝑑𝑑𝑑𝑑 = 𝐶𝐶3𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,1
− 𝐶𝐶1𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,1
+ 𝐶𝐶3𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,2
− 𝐶𝐶2𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,2
+ 𝐶𝐶3𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,4

− 𝐶𝐶4𝑁𝑁3
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,4

− 𝐶𝐶5𝑁𝑁3
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,5

−  𝐶𝐶3𝑧𝑧3𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(2.52) 
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𝑀𝑀𝑀𝑀 Molecular weight [g.mol-1] 
𝑁𝑁𝑖𝑖 Molar flux of species i [mol.m-2.s-1] 
P Pressure [Pa] 
𝑞𝑞 Constant defined in Eq. (2.12) [-] 

𝑄𝑄, 𝑅𝑅, 𝑆𝑆, 𝑇𝑇 Fitting constant for density correlations defined in Equations (2.22-
2.32) [-] 

R Gas constant [J.mol-1.K-1] 
𝑡𝑡 Time [s] 
𝑡𝑡𝑖𝑖  Ion transport number [-] 
𝑇𝑇 
𝑇𝑇𝑐𝑐 

Temperature [K] 
Temperature [oC] 

𝑊𝑊 Weight percentage [wt%] 
𝑊𝑊𝑤𝑤 Membrane water content [wt% dry polymer] 
𝑀𝑀 Water 
𝑋𝑋 Mole fraction [-] 
𝜈𝜈𝑖𝑖  Valence number [-] 
�̅�𝑉𝑖𝑖 
𝛾𝛾𝑖𝑖 

Partial molar volume [m3.mol-1] 
Activity coefficient [-] 

𝑧𝑧𝑖𝑖  Ionic charge [-]  
𝑧𝑧 Dimensionless length [-] 

  

Greek symbols 

𝛿𝛿𝑚𝑚 Membrane thickness [m] 
𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣  Void fraction [-]  
𝜂𝜂 Electrochemical potential [J.mol-1] 
𝜌𝜌 Density [g.cm-3] 
𝜇𝜇 Chemical potential [J.mol-1]  
𝜏𝜏 Tortuosity [-] 
𝜑𝜑 Electrical potential [V] 

 

 

 

 

Superscript and subscript  

𝐴𝐴 Anolyte 
𝑐𝑐 Centigrade  
𝐶𝐶 Catholyte 
𝑒𝑒 

𝑒𝑒𝑒𝑒𝑒𝑒. 
Electrolyte 
Experiment 

𝑖𝑖 Species  
𝑖𝑖𝑖𝑖𝑡𝑡 Interface  
𝑙𝑙 Left  
𝑚𝑚 
𝑖𝑖𝑒𝑒𝑛𝑛 

Membrane  
Negative 

𝑒𝑒𝑝𝑝𝑝𝑝 Positive 
𝑟𝑟 
𝑟𝑟𝑒𝑒𝑟𝑟 

Right 
Reference 

𝑝𝑝 solution phase 
𝑡𝑡𝑝𝑝𝑡𝑡 Total 
𝑀𝑀 Water 
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Appendix. Augmented matrix formulation  
The fixed charged groups of the cation-selective membrane are treated as a 
component in the aqueous electrolyte solution. The chlor-alkali process contains in 
total of 5 components, including the fixed charged groups (n = 5). The flux of fixed 
charged groups of the membrane is zero. This results in a matrix of (n-1) fluxes. In 
addition, the concentration of the fixed charged groups is constant. The fixed charged 
group is therefore set as the nth (5th) component.   

Every component is defined as a number: 

 Na+ = 1, OH− = 2, H2O = 3, Cl− = 4, SO3
− = 5                                    (2.48) 

 

Based on literature written by Krishna (1987), the DAEs index 2 can be reduced to 
index 1 by applying the augmented matrix method [19].   

 b𝑖𝑖 ≡ 𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑗𝑗≠𝑖𝑖
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖) −  𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝐹𝐹

𝑅𝑅𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  (2.49) 

 

The fixed charged groups of the cation-exchange membrane contain zero flux (𝑁𝑁5 =
𝑁𝑁𝑆𝑆𝑂𝑂3

− = 0) because these ions are not transported (kept in place).  This leads to (n-1) 
equations:  

 

b1 ≡ 𝑑𝑑𝐶𝐶1
𝑑𝑑𝑑𝑑 = 𝐶𝐶1𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,2
− 𝐶𝐶2𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,2
+ 𝐶𝐶1𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,3
− 𝐶𝐶3𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,3
+ 𝐶𝐶1𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,4

− 𝐶𝐶4𝑁𝑁1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,4

− 𝐶𝐶5𝑁𝑁1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,5

−  𝐶𝐶1𝑧𝑧1𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(2.50) 

 

b2 ≡ 𝑑𝑑𝐶𝐶2
𝑑𝑑𝑑𝑑 = 𝐶𝐶2𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,1
− 𝐶𝐶1𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,1
+ 𝐶𝐶2𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,3
− 𝐶𝐶3𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,3
+ 𝐶𝐶2𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,4

− 𝐶𝐶4𝑁𝑁2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,4

− 𝐶𝐶5𝑁𝑁2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,5

−  𝐶𝐶2𝑧𝑧2𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(2.51) 

 

b3 ≡ 𝑑𝑑𝐶𝐶3
𝑑𝑑𝑑𝑑 = 𝐶𝐶3𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,1
− 𝐶𝐶1𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,1
+ 𝐶𝐶3𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,2
− 𝐶𝐶2𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,2
+ 𝐶𝐶3𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,4

− 𝐶𝐶4𝑁𝑁3
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,4

− 𝐶𝐶5𝑁𝑁3
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,5

−  𝐶𝐶3𝑧𝑧3𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(2.52) 
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b4 ≡ 𝑑𝑑𝐶𝐶4
𝑑𝑑𝑑𝑑 = 𝐶𝐶4𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,1
− 𝐶𝐶1𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,1
+ 𝐶𝐶4𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,2
− 𝐶𝐶2𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,2
+ 𝐶𝐶4𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,3

− 𝐶𝐶3𝑁𝑁4
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,3

− 𝐶𝐶5𝑁𝑁4
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,5

−  𝐶𝐶4𝑧𝑧4𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(2.53) 

The current density can be defined in terms of flux: 

 𝐼𝐼 = ℱ ∑ 𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛

𝑖𝑖=1
  (2.54) 

 

Regrouping the Eq. (2.50) to Eq. (2.53) results in 4 equations with 5 unknowns 

 (N1, N2,N3,N4 𝑎𝑎𝑎𝑎𝑑𝑑 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑). Using the equation (2.54), there are now in a total of 5 

equations with 5 unknowns: 

 
b1 ≡ 𝑑𝑑𝐶𝐶1

𝑑𝑑𝑑𝑑 = − 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶2
𝔇𝔇1,2

+ 𝐶𝐶3
𝔇𝔇1,3

+ 𝐶𝐶4
𝔇𝔇1,4

+ 𝐶𝐶5
𝔇𝔇1,5

) N1 + 𝐶𝐶1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,2

N2

+ 𝐶𝐶1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,3

N3 + 𝐶𝐶1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,4

N4 − 𝐶𝐶1𝑧𝑧1𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

(2.55) 

  

 
b2 ≡ 𝑑𝑑𝐶𝐶2

𝑑𝑑𝑑𝑑 = 𝐶𝐶2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,1

N1 − 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶1
𝔇𝔇2,1

+ 𝐶𝐶3
𝔇𝔇2,3

+ 𝐶𝐶4
𝔇𝔇2,4

+ 𝐶𝐶5
𝔇𝔇2,5

) N2

+ 𝐶𝐶2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,3

N3 + 𝐶𝐶2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,4

N4 − 𝐶𝐶2𝑧𝑧2𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

(2.56) 

 

 

b3 ≡ 𝑑𝑑𝐶𝐶3
𝑑𝑑𝑑𝑑 = 𝐶𝐶3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,1
N1 + 𝐶𝐶3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,2
N2

− 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶1
𝔇𝔇3,1

+ 𝐶𝐶2
𝔇𝔇3,2

+ 𝐶𝐶4
𝔇𝔇3,4

+ 𝐶𝐶5
𝔇𝔇3,5

) N3 + 𝐶𝐶3
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,4

N4

− 𝐶𝐶3𝑧𝑧3𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

(2.57) 

  

  

b4 ≡ 𝑑𝑑𝐶𝐶4
𝑑𝑑𝑑𝑑 = 𝐶𝐶4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,1
N1 + 𝐶𝐶4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,2
N2 + 𝐶𝐶4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,3
N3

− 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶1
𝔇𝔇4,1

+ 𝐶𝐶2
𝔇𝔇4,2

+ 𝐶𝐶3
𝔇𝔇4,3

+ 𝐶𝐶5
𝔇𝔇4,5

) N4

− 𝐶𝐶4𝑧𝑧4𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

(2.58) 
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 b5 ≡
𝐼𝐼
ℱ =  z1N1 + z2N2 + z3N3 + z4N4 + 0 (2.59) 

 

This can be written in the equivalent form: 

 𝑏𝑏𝑖𝑖(𝑛𝑛−1) ≡
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 = ∑𝐴𝐴𝑖𝑖,𝑗𝑗𝑁𝑁𝑗𝑗

𝑛𝑛−1

𝑗𝑗=1
− 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖

𝐹𝐹
𝑅𝑅𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑   ; 𝑖𝑖 = 1,2, … 𝑛𝑛 − 1  (2.60) 

 

 𝐴𝐴𝑖𝑖,𝑗𝑗 =
𝐶𝐶𝑖𝑖

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
; 𝑖𝑖 ≠ 𝑗𝑗 = 1,2, … , 𝑛𝑛 − 1  (2.61) 

 

 𝐴𝐴𝑖𝑖,𝑖𝑖 = −∑
𝐶𝐶𝑘𝑘

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑘𝑘

𝑛𝑛

𝑘𝑘=1
𝑖𝑖≠𝑘𝑘

; 𝑖𝑖 = 1,2, … , 𝑛𝑛 − 1  (2.62) 

 

 𝑏𝑏𝑛𝑛 ≡
𝐼𝐼
ℱ = ∑𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛−1

𝑖𝑖=1
  (2.63) 

 

Both Eq.(2.61) and Eq. (2.62) are defined in a matrix [A]. The known variables in the 
last term of equation (2.63) can be added to matrix [A] using Augmented Matrix [B]: 

 [𝐵𝐵] = [[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
] (2.64) 

 

The augmented vector of the driving forces:  

 

(

 
 
𝑏𝑏1
𝑏𝑏2
…
𝑏𝑏𝑛𝑛−1
𝑏𝑏𝑛𝑛 )

 
 =

(

 
 
 
 
 
 
𝑑𝑑𝐶𝐶1
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶2
𝑑𝑑𝑑𝑑…
𝑑𝑑𝐶𝐶𝑛𝑛−1
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 

          (2.65) 
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b4 ≡ 𝑑𝑑𝐶𝐶4
𝑑𝑑𝑑𝑑 = 𝐶𝐶4𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,1
− 𝐶𝐶1𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,1
+ 𝐶𝐶4𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,2
− 𝐶𝐶2𝑁𝑁4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,2
+ 𝐶𝐶4𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,3

− 𝐶𝐶3𝑁𝑁4
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,3

− 𝐶𝐶5𝑁𝑁4
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,5

−  𝐶𝐶4𝑧𝑧4𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(2.53) 

The current density can be defined in terms of flux: 

 𝐼𝐼 = ℱ ∑ 𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛

𝑖𝑖=1
  (2.54) 

 

Regrouping the Eq. (2.50) to Eq. (2.53) results in 4 equations with 5 unknowns 

 (N1, N2,N3,N4 𝑎𝑎𝑎𝑎𝑑𝑑 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑). Using the equation (2.54), there are now in a total of 5 

equations with 5 unknowns: 

 
b1 ≡ 𝑑𝑑𝐶𝐶1

𝑑𝑑𝑑𝑑 = − 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶2
𝔇𝔇1,2

+ 𝐶𝐶3
𝔇𝔇1,3

+ 𝐶𝐶4
𝔇𝔇1,4

+ 𝐶𝐶5
𝔇𝔇1,5

) N1 + 𝐶𝐶1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,2

N2

+ 𝐶𝐶1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,3

N3 + 𝐶𝐶1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,4

N4 − 𝐶𝐶1𝑧𝑧1𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

(2.55) 

  

 
b2 ≡ 𝑑𝑑𝐶𝐶2

𝑑𝑑𝑑𝑑 = 𝐶𝐶2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,1

N1 − 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶1
𝔇𝔇2,1

+ 𝐶𝐶3
𝔇𝔇2,3

+ 𝐶𝐶4
𝔇𝔇2,4

+ 𝐶𝐶5
𝔇𝔇2,5

) N2

+ 𝐶𝐶2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,3

N3 + 𝐶𝐶2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,4

N4 − 𝐶𝐶2𝑧𝑧2𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

(2.56) 

 

 

b3 ≡ 𝑑𝑑𝐶𝐶3
𝑑𝑑𝑑𝑑 = 𝐶𝐶3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,1
N1 + 𝐶𝐶3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,2
N2

− 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶1
𝔇𝔇3,1

+ 𝐶𝐶2
𝔇𝔇3,2

+ 𝐶𝐶4
𝔇𝔇3,4

+ 𝐶𝐶5
𝔇𝔇3,5

) N3 + 𝐶𝐶3
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,4

N4

− 𝐶𝐶3𝑧𝑧3𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

(2.57) 

  

  

b4 ≡ 𝑑𝑑𝐶𝐶4
𝑑𝑑𝑑𝑑 = 𝐶𝐶4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,1
N1 + 𝐶𝐶4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,2
N2 + 𝐶𝐶4

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇4,3
N3

− 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶1
𝔇𝔇4,1

+ 𝐶𝐶2
𝔇𝔇4,2

+ 𝐶𝐶3
𝔇𝔇4,3

+ 𝐶𝐶5
𝔇𝔇4,5

) N4

− 𝐶𝐶4𝑧𝑧4𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

(2.58) 
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 b5 ≡
𝐼𝐼
ℱ =  z1N1 + z2N2 + z3N3 + z4N4 + 0 (2.59) 

 

This can be written in the equivalent form: 

 𝑏𝑏𝑖𝑖(𝑛𝑛−1) ≡
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 = ∑𝐴𝐴𝑖𝑖,𝑗𝑗𝑁𝑁𝑗𝑗

𝑛𝑛−1

𝑗𝑗=1
− 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖

𝐹𝐹
𝑅𝑅𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑   ; 𝑖𝑖 = 1,2, … 𝑛𝑛 − 1  (2.60) 

 

 𝐴𝐴𝑖𝑖,𝑗𝑗 =
𝐶𝐶𝑖𝑖

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
; 𝑖𝑖 ≠ 𝑗𝑗 = 1,2, … , 𝑛𝑛 − 1  (2.61) 

 

 𝐴𝐴𝑖𝑖,𝑖𝑖 = −∑
𝐶𝐶𝑘𝑘

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑘𝑘

𝑛𝑛

𝑘𝑘=1
𝑖𝑖≠𝑘𝑘

; 𝑖𝑖 = 1,2, … , 𝑛𝑛 − 1  (2.62) 

 

 𝑏𝑏𝑛𝑛 ≡
𝐼𝐼
ℱ = ∑𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛−1

𝑖𝑖=1
  (2.63) 

 

Both Eq.(2.61) and Eq. (2.62) are defined in a matrix [A]. The known variables in the 
last term of equation (2.63) can be added to matrix [A] using Augmented Matrix [B]: 

 [𝐵𝐵] = [[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
] (2.64) 

 

The augmented vector of the driving forces:  

 

(

 
 
𝑏𝑏1
𝑏𝑏2
…
𝑏𝑏𝑛𝑛−1
𝑏𝑏𝑛𝑛 )

 
 =

(

 
 
 
 
 
 
𝑑𝑑𝐶𝐶1
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶2
𝑑𝑑𝑑𝑑…
𝑑𝑑𝐶𝐶𝑛𝑛−1
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 

          (2.65) 
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The augmented vector of the unknown variables: 

 

(

 
 
𝐽𝐽1
𝐽𝐽2
…
𝐽𝐽𝑛𝑛−1
𝐽𝐽𝑛𝑛 )

 
 = 

(

 
 
 
𝑁𝑁1
𝑁𝑁2
𝑁𝑁3
𝑁𝑁4
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑)

 
 
 

 (2.66) 

 

The fluxes and the electro potential gradient can be therefore calculated: 

 (𝐽𝐽) = −[𝐵𝐵]−1(𝑏𝑏) (2.67) 
 
The negative sign is added for the physical meaning of the fluxes to be a positive 
value (driving forces (𝑏𝑏) are positive, while the diagonal matrix [𝐵𝐵] contains negative 
values).  
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The augmented vector of the unknown variables: 

 

(
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…
𝐽𝐽𝑛𝑛−1
𝐽𝐽𝑛𝑛 )

 
 = 

(

 
 
 
𝑁𝑁1
𝑁𝑁2
𝑁𝑁3
𝑁𝑁4
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑)

 
 
 

 (2.66) 
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Abstract 

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 oC, 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 diffusivities 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 validation with the experimental data than the 
expressions using infinite dilution diffusivities. 

3.1. Introduction 
Membrane resistance is a key parameter for the energy efficiency of electrochemical 
membrane-based technologies. In modern electrochemical 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 resistance remains a 
challenge, as various reported methods and operating conditions lead to different 
results [1]–[3], [6]–[13]. Galama et al. [7] discussed different approaches and possible 
flaws in measuring membrane resistance. There are two general methods for 
measurement of membrane resistance: the direct current (DC) method and the 
Electrochemical Impedance Spectroscopy (EIS) method. The EIS method is often 
preferred due to its ability to separate the boundary layer resistance 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 
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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 current 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.  

As previously described in Chapter 1 and Chapter 2, for mathematical modeling, the 
Maxwell-Stefan (MS) approach is 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. (3.1). The term 𝐶𝐶𝑖𝑖∇𝜂𝜂𝑖𝑖 
represents a driving force per unit volume acting on species 𝑖𝑖 which consists of the 
electrochemical potential gradient. The species velocity, 𝝊𝝊𝑖𝑖 , is the average velocity for 
the species but not the velocity of individual molecules. The total concentration 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 
is defined in Eq. (3.2). Using the definition of flux density of species 𝑖𝑖 (N𝑖𝑖 = 𝐶𝐶𝑖𝑖𝝊𝝊𝑖𝑖), the 
right hand side of Eq. (3.1) can be rewritten in terms of fluxes (Eq. (3.3)).  

 𝐶𝐶𝑖𝑖∇𝜂𝜂𝑖𝑖 = 𝑅𝑅𝑅𝑅 ∑
𝐶𝐶𝑖𝑖𝐶𝐶𝑗𝑗

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
 (𝝊𝝊𝑗𝑗 − 𝝊𝝊𝑖𝑖)

𝑗𝑗
 (3.1) 

 

 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 = ∑ 𝐶𝐶𝑖𝑖 (3.2) 

 

 
𝐶𝐶𝑖𝑖∇𝜂𝜂𝑖𝑖

𝑅𝑅𝑅𝑅 = ∑ 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

 (𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)
𝑗𝑗

 
(3.3) 
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Abstract 

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 oC, and 
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concentration but is independent of current density. A mathematical model based on 
the Maxwell-Stefan approach has been developed to predict the ionic membrane 
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A more suitable semi-empirical correlation for Maxwell-Stefan diffusivities is 
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with the concentration-dependent binary diffusivities. The new proposed correlation 
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expressions using infinite dilution diffusivities. 
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membrane-based technologies. In modern electrochemical cells with a zero-gap 
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challenge, as various reported methods and operating conditions lead to different 
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flaws in measuring membrane resistance. There are two general methods for 
measurement of membrane resistance: the direct current (DC) method and the 
Electrochemical Impedance Spectroscopy (EIS) method. The EIS method is often 
preferred due to its ability to separate the boundary layer resistance 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 
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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 current 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.  

As previously described in Chapter 1 and Chapter 2, for mathematical modeling, the 
Maxwell-Stefan (MS) approach is 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. (3.1). The term 𝐶𝐶𝑖𝑖∇𝜂𝜂𝑖𝑖 
represents a driving force per unit volume acting on species 𝑖𝑖 which consists of the 
electrochemical potential gradient. The species velocity, 𝝊𝝊𝑖𝑖 , is the average velocity for 
the species but not the velocity of individual molecules. The total concentration 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 
is defined in Eq. (3.2). Using the definition of flux density of species 𝑖𝑖 (N𝑖𝑖 = 𝐶𝐶𝑖𝑖𝝊𝝊𝑖𝑖), the 
right hand side of Eq. (3.1) can be rewritten in terms of fluxes (Eq. (3.3)).  

 𝐶𝐶𝑖𝑖∇𝜂𝜂𝑖𝑖 = 𝑅𝑅𝑅𝑅 ∑
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𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
 (𝝊𝝊𝑗𝑗 − 𝝊𝝊𝑖𝑖)

𝑗𝑗
 (3.1) 

 

 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 = ∑ 𝐶𝐶𝑖𝑖 (3.2) 

 

 
𝐶𝐶𝑖𝑖∇𝜂𝜂𝑖𝑖

𝑅𝑅𝑅𝑅 = ∑ 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

 (𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)
𝑗𝑗

 
(3.3) 
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The electrochemical potential gradient (∇𝜂𝜂𝑖𝑖) consists of the gradients of activity 
(𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑖𝑖), electrical potential (𝑧𝑧𝑖𝑖𝐹𝐹𝑑𝑑𝐹𝐹) and pressure (�̅�𝑉𝑖𝑖𝑑𝑑𝑑𝑑). 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 (𝑑𝑑𝐶𝐶𝑖𝑖/𝑑𝑑𝑑𝑑) and the 
electrical potential gradient (𝑑𝑑𝐹𝐹/𝑑𝑑𝑑𝑑) as given in  Eq. (3.4).  

 

 
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹

𝑅𝑅𝑅𝑅
𝑑𝑑𝐹𝐹
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑗𝑗≠𝑖𝑖
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖) (3.4) 

 

The Nernst-Planck (NP) equation, given in Eq. (3.5),  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 𝔇𝔇𝑖𝑖,𝑤𝑤

0   
is taken into account and essentially neglects interactions with other solutes. 
Neglecting the ion-ion interactions leads to an incorrect definition of transport 
properties 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 (𝑁𝑁𝑖𝑖 = 𝐶𝐶𝑖𝑖𝝊𝝊𝒘𝒘). However, 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 (𝑁𝑁𝑖𝑖 = 𝐶𝐶𝑖𝑖𝝊𝝊𝒊𝒊). Furthermore, unlike the NS approach, which 
has to introduce the Schlögl equation to describe water transport, the MS approach 
accounts for water transport via ion-solvent interactions [25]–[29]. 

 𝑁𝑁𝑖𝑖 =  − 𝔇𝔇𝑖𝑖,𝑤𝑤
0 ∇𝐶𝐶𝑖𝑖 − 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝔇𝔇𝑖𝑖,𝑤𝑤

0 𝐹𝐹
𝑅𝑅𝑅𝑅 ∇𝐹𝐹 + 𝐶𝐶𝑖𝑖𝝊𝝊𝒘𝒘  (3.5) 

 

The Maxwell-Stefan model requires Maxwell-Stefan diffusivities (𝔇𝔇𝑖𝑖,𝑗𝑗) for the 
interaction between the components in a mixture. Based on the Onsager relation [30], 
a system that contains four components (Na+, 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 work attempts to develop an understanding of Maxwell-Stefan diffusivities 
(𝔇𝔇𝑖𝑖,𝑗𝑗) for concentrated electrolyte solutions in bulk solution and inside the 
membrane. Wesselingh et al. [31] and Kraaijeveld et al. [16] proposed to relate the 
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diffusivities inside the membrane to the diffusivities in solution as given in  (Eq. (3.6)). 
One contradicting fact in the equation is that  𝔇𝔇i,w

0  is used, which is the diffusivity in 
an infinitely diluted aqueous solution (Eq.(3.7)). For concentrated solutions, it seems 
to be more logical to use the value of concentrated bulk solutions (𝔇𝔇𝑖𝑖,𝑤𝑤

𝑏𝑏 ) given in Eq. 
(3.8).  

 𝔇𝔇𝑖𝑖,𝑤𝑤,𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾
𝑚𝑚 =  𝔇𝔇𝑖𝑖,𝑤𝑤

0 𝜏𝜏−1 =    𝔇𝔇𝑖𝑖,𝑤𝑤
0  𝜀𝜀𝐾𝐾𝑣𝑣𝑖𝑖𝐾𝐾

1.5  (3.6) 
 

 𝔇𝔇𝑖𝑖,𝑤𝑤
0 = 𝑙𝑙𝑖𝑖

0(𝑅𝑅𝑅𝑅/𝑧𝑧𝑖𝑖𝐹𝐹2)  (3.7) 
 

 𝔇𝔇𝑖𝑖,𝑤𝑤,𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑤𝑤𝑣𝑣𝐾𝐾𝑤𝑤
𝑚𝑚 =  𝔇𝔇𝑖𝑖,𝑤𝑤

𝑏𝑏 𝜏𝜏−1 =  𝔇𝔇𝑖𝑖,𝑤𝑤
𝑏𝑏 𝜀𝜀𝐾𝐾𝑣𝑣𝑖𝑖𝐾𝐾

1.5  (3.8) 
 

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 diffusivities from three independent transport 
properties, namely the Maxwell-Stefan coefficient based on  thermodynamic driving 
force (𝔇𝔇), the transference number (𝑡𝑡𝑖𝑖), and the specific conductance (𝜅𝜅) (see Table 
3.1). For concentrated solutions, the expressions can be rearranged to Eq. (3.9) to Eq. 
(3.11) in terms of 𝔇𝔇+,𝑤𝑤

𝑏𝑏 , 𝔇𝔇−,𝑤𝑤
𝑏𝑏  and 𝔇𝔇+,−

𝑏𝑏 , which are the Maxwell-Stefan diffusivities of 
respectively positive ion – solvent, negative ion – solvent, and positive ion – negative 
ion. The Maxwell-Stefan coefficient (𝔇𝔇) is related to the measured diffusion coefficient 
(𝐷𝐷𝑀𝑀) and the activity coefficient using Eq. (3.12). The main difference between dilute 
and concentrated solutions is that only the correlations of concentrated solution 
account for the ion-ion interactions. The binary diffusivity of positive ion – negative 
ion (𝔇𝔇+,−

𝑏𝑏 ) is not defined for an infinite diluted system. Therefore the value of 
concentration-dependent bulk diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤

𝑏𝑏 ) should be applied for concentrated 
lye solutions to include the ion – ion interactions.  

Table 3.1. Comparison of the expressions of three transport properties for binary electrolytes: dilute 
solutions vs. concentrated solutions [21], [32]. 

Dilute Solutions Concentrated Solutions 
𝐷𝐷 = 𝐷𝐷+𝐷𝐷−(𝑧𝑧+−𝑧𝑧−)

𝑧𝑧+𝐷𝐷+−𝑧𝑧−𝐷𝐷−
  𝔇𝔇 = 𝔇𝔇+,𝑤𝑤𝑏𝑏 𝔇𝔇−,𝑤𝑤𝑏𝑏 (𝑧𝑧+− 𝑧𝑧−)

𝑧𝑧+𝔇𝔇+,𝑤𝑤
𝑏𝑏 −𝑧𝑧−𝔇𝔇−,𝑤𝑤𝑏𝑏   

𝑡𝑡+ = 𝑧𝑧+𝐷𝐷+
𝑧𝑧+𝐷𝐷+−𝑧𝑧−𝐷𝐷−

  𝑡𝑡+ = 𝑧𝑧+𝔇𝔇+,𝑤𝑤𝑏𝑏

𝑧𝑧+𝔇𝔇+,𝑤𝑤
𝑏𝑏 −𝑧𝑧−𝔇𝔇−,𝑤𝑤𝑏𝑏   

1
𝜅𝜅 = − 𝑅𝑅𝑅𝑅

𝑐𝑐𝑤𝑤𝑧𝑧+𝑧𝑧−𝐹𝐹2 (𝑐𝑐𝑤𝑤 (1−𝑡𝑡+)
𝑐𝑐+𝐷𝐷− 

)  1
𝜅𝜅 = − 𝑅𝑅𝑅𝑅

𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑧𝑧+𝑧𝑧−𝐹𝐹2 ( 1
𝔇𝔇+,−

𝑏𝑏 + 𝑐𝑐𝑤𝑤(1−𝑡𝑡+)
𝑐𝑐+𝔇𝔇−,𝑤𝑤𝑏𝑏 )  
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The electrochemical potential gradient (∇𝜂𝜂𝑖𝑖) consists of the gradients of activity 
(𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑖𝑖), electrical potential (𝑧𝑧𝑖𝑖𝐹𝐹𝑑𝑑𝐹𝐹) and pressure (�̅�𝑉𝑖𝑖𝑑𝑑𝑑𝑑). 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 (𝑑𝑑𝐶𝐶𝑖𝑖/𝑑𝑑𝑑𝑑) and the 
electrical potential gradient (𝑑𝑑𝐹𝐹/𝑑𝑑𝑑𝑑) as given in  Eq. (3.4).  

 

 
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹

𝑅𝑅𝑅𝑅
𝑑𝑑𝐹𝐹
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑗𝑗≠𝑖𝑖
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖) (3.4) 

 

The Nernst-Planck (NP) equation, given in Eq. (3.5),  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 𝔇𝔇𝑖𝑖,𝑤𝑤

0   
is taken into account and essentially neglects interactions with other solutes. 
Neglecting the ion-ion interactions leads to an incorrect definition of transport 
properties 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 (𝑁𝑁𝑖𝑖 = 𝐶𝐶𝑖𝑖𝝊𝝊𝒘𝒘). However, 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 (𝑁𝑁𝑖𝑖 = 𝐶𝐶𝑖𝑖𝝊𝝊𝒊𝒊). Furthermore, unlike the NS approach, which 
has to introduce the Schlögl equation to describe water transport, the MS approach 
accounts for water transport via ion-solvent interactions [25]–[29]. 

 𝑁𝑁𝑖𝑖 =  − 𝔇𝔇𝑖𝑖,𝑤𝑤
0 ∇𝐶𝐶𝑖𝑖 − 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝔇𝔇𝑖𝑖,𝑤𝑤

0 𝐹𝐹
𝑅𝑅𝑅𝑅 ∇𝐹𝐹 + 𝐶𝐶𝑖𝑖𝝊𝝊𝒘𝒘  (3.5) 

 

The Maxwell-Stefan model requires Maxwell-Stefan diffusivities (𝔇𝔇𝑖𝑖,𝑗𝑗) for the 
interaction between the components in a mixture. Based on the Onsager relation [30], 
a system that contains four components (Na+, 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 work attempts to develop an understanding of Maxwell-Stefan diffusivities 
(𝔇𝔇𝑖𝑖,𝑗𝑗) for concentrated electrolyte solutions in bulk solution and inside the 
membrane. Wesselingh et al. [31] and Kraaijeveld et al. [16] proposed to relate the 
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diffusivities inside the membrane to the diffusivities in solution as given in  (Eq. (3.6)). 
One contradicting fact in the equation is that  𝔇𝔇i,w

0  is used, which is the diffusivity in 
an infinitely diluted aqueous solution (Eq.(3.7)). For concentrated solutions, it seems 
to be more logical to use the value of concentrated bulk solutions (𝔇𝔇𝑖𝑖,𝑤𝑤

𝑏𝑏 ) given in Eq. 
(3.8).  

 𝔇𝔇𝑖𝑖,𝑤𝑤,𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑖𝑖𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾
𝑚𝑚 =  𝔇𝔇𝑖𝑖,𝑤𝑤

0 𝜏𝜏−1 =    𝔇𝔇𝑖𝑖,𝑤𝑤
0  𝜀𝜀𝐾𝐾𝑣𝑣𝑖𝑖𝐾𝐾

1.5  (3.6) 
 

 𝔇𝔇𝑖𝑖,𝑤𝑤
0 = 𝑙𝑙𝑖𝑖

0(𝑅𝑅𝑅𝑅/𝑧𝑧𝑖𝑖𝐹𝐹2)  (3.7) 
 

 𝔇𝔇𝑖𝑖,𝑤𝑤,𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑤𝑤𝑣𝑣𝐾𝐾𝑤𝑤
𝑚𝑚 =  𝔇𝔇𝑖𝑖,𝑤𝑤

𝑏𝑏 𝜏𝜏−1 =  𝔇𝔇𝑖𝑖,𝑤𝑤
𝑏𝑏 𝜀𝜀𝐾𝐾𝑣𝑣𝑖𝑖𝐾𝐾

1.5  (3.8) 
 

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 diffusivities from three independent transport 
properties, namely the Maxwell-Stefan coefficient based on  thermodynamic driving 
force (𝔇𝔇), the transference number (𝑡𝑡𝑖𝑖), and the specific conductance (𝜅𝜅) (see Table 
3.1). For concentrated solutions, the expressions can be rearranged to Eq. (3.9) to Eq. 
(3.11) in terms of 𝔇𝔇+,𝑤𝑤

𝑏𝑏 , 𝔇𝔇−,𝑤𝑤
𝑏𝑏  and 𝔇𝔇+,−

𝑏𝑏 , which are the Maxwell-Stefan diffusivities of 
respectively positive ion – solvent, negative ion – solvent, and positive ion – negative 
ion. The Maxwell-Stefan coefficient (𝔇𝔇) is related to the measured diffusion coefficient 
(𝐷𝐷𝑀𝑀) and the activity coefficient using Eq. (3.12). The main difference between dilute 
and concentrated solutions is that only the correlations of concentrated solution 
account for the ion-ion interactions. The binary diffusivity of positive ion – negative 
ion (𝔇𝔇+,−

𝑏𝑏 ) is not defined for an infinite diluted system. Therefore the value of 
concentration-dependent bulk diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤

𝑏𝑏 ) should be applied for concentrated 
lye solutions to include the ion – ion interactions.  

Table 3.1. Comparison of the expressions of three transport properties for binary electrolytes: dilute 
solutions vs. concentrated solutions [21], [32]. 

Dilute Solutions Concentrated Solutions 
𝐷𝐷 = 𝐷𝐷+𝐷𝐷−(𝑧𝑧+−𝑧𝑧−)

𝑧𝑧+𝐷𝐷+−𝑧𝑧−𝐷𝐷−
  𝔇𝔇 = 𝔇𝔇+,𝑤𝑤𝑏𝑏 𝔇𝔇−,𝑤𝑤𝑏𝑏 (𝑧𝑧+− 𝑧𝑧−)

𝑧𝑧+𝔇𝔇+,𝑤𝑤
𝑏𝑏 −𝑧𝑧−𝔇𝔇−,𝑤𝑤𝑏𝑏   

𝑡𝑡+ = 𝑧𝑧+𝐷𝐷+
𝑧𝑧+𝐷𝐷+−𝑧𝑧−𝐷𝐷−

  𝑡𝑡+ = 𝑧𝑧+𝔇𝔇+,𝑤𝑤𝑏𝑏

𝑧𝑧+𝔇𝔇+,𝑤𝑤
𝑏𝑏 −𝑧𝑧−𝔇𝔇−,𝑤𝑤𝑏𝑏   

1
𝜅𝜅 = − 𝑅𝑅𝑅𝑅

𝑐𝑐𝑤𝑤𝑧𝑧+𝑧𝑧−𝐹𝐹2 (𝑐𝑐𝑤𝑤 (1−𝑡𝑡+)
𝑐𝑐+𝐷𝐷− 

)  1
𝜅𝜅 = − 𝑅𝑅𝑅𝑅

𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑧𝑧+𝑧𝑧−𝐹𝐹2 ( 1
𝔇𝔇+,−

𝑏𝑏 + 𝑐𝑐𝑤𝑤(1−𝑡𝑡+)
𝑐𝑐+𝔇𝔇−,𝑤𝑤𝑏𝑏 )  
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 𝔇𝔇−,𝑤𝑤 
𝑏𝑏 = 𝑧𝑧+

𝑧𝑧+ − 𝑧𝑧−

1
𝑡𝑡+

𝔇𝔇 (3.9) 

 

 𝔇𝔇+,𝑤𝑤 
𝑏𝑏 =  −𝑧𝑧−

𝑧𝑧+ − 𝑧𝑧−

1
1 − 𝑡𝑡+

𝔇𝔇 (3.10) 

 

 𝔇𝔇+,−
𝑏𝑏 =  −z+𝑅𝑅𝑅𝑅c+𝔇𝔇 κ

( 𝑧𝑧+
2𝑧𝑧−𝐹𝐹2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐+𝔇𝔇 + (𝑧𝑧+ − 𝑧𝑧−)𝑅𝑅𝑅𝑅𝑐𝑐𝑤𝑤(1 − 𝑡𝑡+)𝑡𝑡+κ ) (3.11) 

 

 𝔇𝔇 = 𝐷𝐷𝑀𝑀
𝑐𝑐𝑤𝑤

𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡

1
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞)
  (3.12) 

 

Chapman et al. [32] further investigated the Maxwell-Stefan diffusivities 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 𝔇𝔇+,𝑤𝑤 

𝑏𝑏  and 𝔇𝔇−,𝑤𝑤 
𝑏𝑏  was 

fitted by an equation of the polynomial form given in Eq. (3.13). 

 𝔇𝔇𝑖𝑖,𝑤𝑤,𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑏𝑏 =  𝔇𝔇𝑖𝑖,𝑤𝑤

0 + 𝑘𝑘1𝑐𝑐1/2 + 𝑘𝑘2𝑐𝑐 + 𝑘𝑘3𝑐𝑐3/2 + 𝑘𝑘4𝑐𝑐2 (3.13) 
 

The terms 𝑘𝑘1 to 𝑘𝑘4 are the empirical constants that represent the concentration 
dependence. Although the value 𝔇𝔇𝑖𝑖,𝑤𝑤

0  includes the temperature dependency, they 
reported that the values of 𝑘𝑘1 to 𝑘𝑘4 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 oC 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 oC, we focus on finding a more suitable approach to predict 
the Maxwell-Stefan diffusivities for a broad range of temperatures and concentrations. 
The correlations in Eq. (3.9) to Eq. (3.12) can be used and the values of   𝔇𝔇, 𝐷𝐷𝑀𝑀, 𝑡𝑡𝑖𝑖, 𝜅𝜅 
are both concentration- and temperature-dependent. 

Kuznetsova [33] proposed new methods to correlate the measured diffusion 
coefficient (𝐷𝐷𝑀𝑀) in Eq. (3.14) in which 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the reduced viscosity, 𝛾𝛾 is the activity 
coefficient, 𝐷𝐷0 is the diffusion coefficient at infinite dilution, 𝐷𝐷𝑤𝑤 is the self-diffusion 
coefficient of water, 𝜈𝜈 is the valence number, and 𝕞𝕞 is the molality of the solution 
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(mol/kgw). The molality of pure water, 𝕞𝕞𝑤𝑤, 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  𝐷𝐷𝑀𝑀 for sodium 
hydroxide. To calculate the value of 𝔇𝔇 from 𝐷𝐷𝑀𝑀, we also need to define the 

thermodynamic factor (1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 ).  

 𝐷𝐷𝑀𝑀,𝐾𝐾𝐾𝐾𝐾𝐾𝑑𝑑𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 )
𝜂𝜂𝑟𝑟𝐾𝐾𝑑𝑑𝐾𝐾𝑟𝑟𝐾𝐾𝑑𝑑

(𝐷𝐷0 + 𝐷𝐷𝑤𝑤 𝜈𝜈 𝕞𝕞
𝕞𝕞𝑤𝑤

) (3.14) 

 

Kuznetsova [33]–[36] also investigated the activity coefficient factor (1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 ) as 

shown in Eq. (3.15). The constant was derived using a 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 (M) due to the availability 
of experimental data. 𝛽𝛽 (Eq. (3.16)) is the correction coefficient for the temperatures. 
The effective distance of the closest approach of ions, 𝑑𝑑0, in Eq. (3.18) has a unit in 
Angstrom (Å). The sum of polarizabilities of these ions is defined as Φ (Å3) in Eq. 
(3.19). A correction coefficient of 1.3 was introduced for NaOH for a better result. Using 
Eq. (3.15) with the values of constant  𝔸𝔸3 to  𝔸𝔸5 (Eq. (3.20) to Eq. (3.22)), we were not 
able to reproduce the exact constants shown in Eq. (3.23) as given by Kuznetsova [34]. 
Three (possible) corrections need to be made to reproduce the exact constants given 
in Eq. (3.23). 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 (𝜀𝜀𝑤𝑤) and the 
permittivity of vacuum (𝜀𝜀0) should be used to achieve a dimensionless unit. Third, 
there was a factor 10 difference between the calculated and the given values. Since Eq. 
(3.23) has been used to predict the experimental data of equivalent electroconductivity 
of sodium hydroxide using Eq. (3.27) quite well [36], this correlation is used in this 
work as an empirical correlation.  

 

𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 = 𝛽𝛽𝑧𝑧+|𝑧𝑧_|𝑞𝑞 [− 4

3
𝔸𝔸3

𝜈𝜈2/3 𝕞𝕞1/3 + 2𝔸𝔸4 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞

+ 7
3 𝔸𝔸5𝜈𝜈1/3Φ𝕞𝕞4/3 ] 

(3.15) 

 

 𝛽𝛽 = 78.15 ∗ 298.15
𝜀𝜀𝑤𝑤𝑇𝑇  (3.16) 
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 𝔇𝔇−,𝑤𝑤 
𝑏𝑏 = 𝑧𝑧+

𝑧𝑧+ − 𝑧𝑧−

1
𝑡𝑡+

𝔇𝔇 (3.9) 

 

 𝔇𝔇+,𝑤𝑤 
𝑏𝑏 =  −𝑧𝑧−

𝑧𝑧+ − 𝑧𝑧−

1
1 − 𝑡𝑡+

𝔇𝔇 (3.10) 

 

 𝔇𝔇+,−
𝑏𝑏 =  −z+𝑅𝑅𝑅𝑅c+𝔇𝔇 κ

( 𝑧𝑧+
2𝑧𝑧−𝐹𝐹2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐+𝔇𝔇 + (𝑧𝑧+ − 𝑧𝑧−)𝑅𝑅𝑅𝑅𝑐𝑐𝑤𝑤(1 − 𝑡𝑡+)𝑡𝑡+κ ) (3.11) 

 

 𝔇𝔇 = 𝐷𝐷𝑀𝑀
𝑐𝑐𝑤𝑤

𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡

1
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞)
  (3.12) 

 

Chapman et al. [32] further investigated the Maxwell-Stefan diffusivities 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 𝔇𝔇+,𝑤𝑤 

𝑏𝑏  and 𝔇𝔇−,𝑤𝑤 
𝑏𝑏  was 

fitted by an equation of the polynomial form given in Eq. (3.13). 

 𝔇𝔇𝑖𝑖,𝑤𝑤,𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑏𝑏 =  𝔇𝔇𝑖𝑖,𝑤𝑤

0 + 𝑘𝑘1𝑐𝑐1/2 + 𝑘𝑘2𝑐𝑐 + 𝑘𝑘3𝑐𝑐3/2 + 𝑘𝑘4𝑐𝑐2 (3.13) 
 

The terms 𝑘𝑘1 to 𝑘𝑘4 are the empirical constants that represent the concentration 
dependence. Although the value 𝔇𝔇𝑖𝑖,𝑤𝑤

0  includes the temperature dependency, they 
reported that the values of 𝑘𝑘1 to 𝑘𝑘4 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 oC 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 oC, we focus on finding a more suitable approach to predict 
the Maxwell-Stefan diffusivities for a broad range of temperatures and concentrations. 
The correlations in Eq. (3.9) to Eq. (3.12) can be used and the values of   𝔇𝔇, 𝐷𝐷𝑀𝑀, 𝑡𝑡𝑖𝑖, 𝜅𝜅 
are both concentration- and temperature-dependent. 

Kuznetsova [33] proposed new methods to correlate the measured diffusion 
coefficient (𝐷𝐷𝑀𝑀) in Eq. (3.14) in which 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the reduced viscosity, 𝛾𝛾 is the activity 
coefficient, 𝐷𝐷0 is the diffusion coefficient at infinite dilution, 𝐷𝐷𝑤𝑤 is the self-diffusion 
coefficient of water, 𝜈𝜈 is the valence number, and 𝕞𝕞 is the molality of the solution 
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(mol/kgw). The molality of pure water, 𝕞𝕞𝑤𝑤, 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  𝐷𝐷𝑀𝑀 for sodium 
hydroxide. To calculate the value of 𝔇𝔇 from 𝐷𝐷𝑀𝑀, we also need to define the 

thermodynamic factor (1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 ).  

 𝐷𝐷𝑀𝑀,𝐾𝐾𝐾𝐾𝐾𝐾𝑑𝑑𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 )
𝜂𝜂𝑟𝑟𝐾𝐾𝑑𝑑𝐾𝐾𝑟𝑟𝐾𝐾𝑑𝑑

(𝐷𝐷0 + 𝐷𝐷𝑤𝑤 𝜈𝜈 𝕞𝕞
𝕞𝕞𝑤𝑤

) (3.14) 

 

Kuznetsova [33]–[36] also investigated the activity coefficient factor (1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 ) as 

shown in Eq. (3.15). The constant was derived using a 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 (M) due to the availability 
of experimental data. 𝛽𝛽 (Eq. (3.16)) is the correction coefficient for the temperatures. 
The effective distance of the closest approach of ions, 𝑑𝑑0, in Eq. (3.18) has a unit in 
Angstrom (Å). The sum of polarizabilities of these ions is defined as Φ (Å3) in Eq. 
(3.19). A correction coefficient of 1.3 was introduced for NaOH for a better result. Using 
Eq. (3.15) with the values of constant  𝔸𝔸3 to  𝔸𝔸5 (Eq. (3.20) to Eq. (3.22)), we were not 
able to reproduce the exact constants shown in Eq. (3.23) as given by Kuznetsova [34]. 
Three (possible) corrections need to be made to reproduce the exact constants given 
in Eq. (3.23). 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 (𝜀𝜀𝑤𝑤) and the 
permittivity of vacuum (𝜀𝜀0) should be used to achieve a dimensionless unit. Third, 
there was a factor 10 difference between the calculated and the given values. Since Eq. 
(3.23) has been used to predict the experimental data of equivalent electroconductivity 
of sodium hydroxide using Eq. (3.27) quite well [36], this correlation is used in this 
work as an empirical correlation.  

 

𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 = 𝛽𝛽𝑧𝑧+|𝑧𝑧_|𝑞𝑞 [− 4

3
𝔸𝔸3

𝜈𝜈2/3 𝕞𝕞1/3 + 2𝔸𝔸4 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞

+ 7
3 𝔸𝔸5𝜈𝜈1/3Φ𝕞𝕞4/3 ] 

(3.15) 

 

 𝛽𝛽 = 78.15 ∗ 298.15
𝜀𝜀𝑤𝑤𝑇𝑇  (3.16) 
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 𝑞𝑞 = √𝑧𝑧+|𝑧𝑧−|𝜈𝜈
2   (3.17) 

 

 𝑑𝑑0 = (𝑟𝑟+ + 𝑟𝑟−)(1 + 1.5 𝑟𝑟−
𝑟𝑟+

𝑙𝑙𝑙𝑙 1.327 
𝑟𝑟+

) (3.18) 

 

 Φ = 1.3 𝜀𝜀𝑤𝑤 − 1
2𝜀𝜀𝑤𝑤 + 1

𝑑𝑑0
3

4  (3.19) 

 

 𝔸𝔸3 = 𝜋𝜋𝑒𝑒0
2

3𝑘𝑘𝑘𝑘2√2 𝜀𝜀𝑤𝑤𝜀𝜀0

𝑁𝑁𝐴𝐴
1/3

10  (3.20) 

 

 𝔸𝔸4 = 𝜋𝜋𝑒𝑒0
2

3𝑘𝑘𝑘𝑘2√2 𝜀𝜀𝑤𝑤𝜀𝜀0

3𝑁𝑁𝐴𝐴
1000 (3.21) 

 

 𝔸𝔸5 = 𝜋𝜋𝑒𝑒0
2

3𝑘𝑘𝑘𝑘2√2 𝜀𝜀𝑤𝑤𝜀𝜀0

4𝑁𝑁𝐴𝐴
4/3

10000 (3.22) 

 

 

𝑑𝑑𝑙𝑙𝑙𝑙 𝛾𝛾
𝑑𝑑𝑙𝑙𝑙𝑙 𝕞𝕞 = 𝛽𝛽 [−0.18807𝕞𝕞1/3 + 0.0095806 (𝑑𝑑0

2 − Φ
𝑑𝑑0

) 𝕞𝕞

+ 0.001585𝕞𝕞4/3 ] 
(3.23) 

 

The equivalent electroconductivity for positive ions defined in Eq. (3.24) 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. (3.25) 
and the relaxation effect in Eq. (3.26) account for the hydrodynamic part and the 
electrostatic part of the resistance respectively. Taking the constant out of the Eqs. 
(3.25) and (3.26),  Eq. (3.24) is rewritten in Eq. (3.27).  For monovalent salts like 
potassium or sodium hydroxide, the electrophoretic constant  𝔸𝔸1 (Eq. (3.28)) and the 
relaxation constant  𝔸𝔸2 (Eq. (3.29)) are equal to 8.7256 and 2281.04 respectively.  
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𝑙𝑙+ = 1

𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
[𝑙𝑙+

0 − (𝑙𝑙𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑜𝑜𝑟𝑟
+ + 𝑙𝑙𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑜𝑜𝑒𝑒𝑟𝑟

+ ) ] (1

+ (1 − 𝑡𝑡+
0) 𝑑𝑑𝑙𝑙𝑑𝑑 𝛾𝛾

𝑑𝑑𝑙𝑙𝑑𝑑 𝕞𝕞) 
(3.24) 

 

 𝑙𝑙𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑜𝑜𝑟𝑟
+ = 𝑒𝑒𝑒𝑒𝐹𝐹

6𝜋𝜋𝜂𝜂𝑤𝑤

1

( 1000
𝜈𝜈 𝑁𝑁𝐴𝐴𝐶𝐶+

)
1/3 (3.25) 

 

 𝑙𝑙𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑜𝑜𝑒𝑒𝑟𝑟
+ = 𝑒𝑒0

2𝑙𝑙+
0

3√3𝜀𝜀𝑤𝑤𝜀𝜀06𝜋𝜋𝜋𝜋𝜋𝜋
1

( 1000
𝜈𝜈 𝑁𝑁𝐴𝐴𝐶𝐶+

)
1/3 (3.26) 

 𝑙𝑙+ = 1
𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

[𝑙𝑙+
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑙𝑙+

0

𝜀𝜀𝑤𝑤𝜋𝜋 ) 𝑐𝑐+
1/3] (1 + (1 − 𝑡𝑡+

0) 𝑑𝑑𝑙𝑙𝑑𝑑 𝛾𝛾
𝑑𝑑𝑙𝑙𝑑𝑑 𝕞𝕞) (3.27) 

 

 𝔸𝔸1 = 𝑒𝑒𝑒𝑒𝐹𝐹
6𝜋𝜋

1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 (3.28) 

 

 𝔸𝔸2 = 𝑒𝑒0
2

3√3𝜀𝜀06𝜋𝜋𝜋𝜋
1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 (3.29) 

 

Combining the work of Kuznetsova, Newmann, and Chapman, it is possible to 
calculate Maxwell-Stefan diffusivities for a large concentration and temperature 
range.  Both transference number (𝑡𝑡+) and the specific conductance (κ ) are related to 
the equivalent electroconductivity using Eq. (3.30) and Eq. (3.32) respectively.  

 𝑡𝑡+ = 𝑙𝑙+
(𝑙𝑙+ + 𝑙𝑙−) (3.30) 

 

 Λ = 𝑙𝑙+ + 𝑙𝑙− (3.31) 
 

 κ =  Λc+ (3.32) 
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 𝑞𝑞 = √𝑧𝑧+|𝑧𝑧−|𝜈𝜈
2   (3.17) 

 

 𝑑𝑑0 = (𝑟𝑟+ + 𝑟𝑟−)(1 + 1.5 𝑟𝑟−
𝑟𝑟+

𝑙𝑙𝑙𝑙 1.327 
𝑟𝑟+

) (3.18) 

 

 Φ = 1.3 𝜀𝜀𝑤𝑤 − 1
2𝜀𝜀𝑤𝑤 + 1

𝑑𝑑0
3

4  (3.19) 

 

 𝔸𝔸3 = 𝜋𝜋𝑒𝑒0
2

3𝑘𝑘𝑘𝑘2√2 𝜀𝜀𝑤𝑤𝜀𝜀0

𝑁𝑁𝐴𝐴
1/3

10  (3.20) 

 

 𝔸𝔸4 = 𝜋𝜋𝑒𝑒0
2

3𝑘𝑘𝑘𝑘2√2 𝜀𝜀𝑤𝑤𝜀𝜀0

3𝑁𝑁𝐴𝐴
1000 (3.21) 

 

 𝔸𝔸5 = 𝜋𝜋𝑒𝑒0
2

3𝑘𝑘𝑘𝑘2√2 𝜀𝜀𝑤𝑤𝜀𝜀0

4𝑁𝑁𝐴𝐴
4/3

10000 (3.22) 

 

 

𝑑𝑑𝑙𝑙𝑙𝑙 𝛾𝛾
𝑑𝑑𝑙𝑙𝑙𝑙 𝕞𝕞 = 𝛽𝛽 [−0.18807𝕞𝕞1/3 + 0.0095806 (𝑑𝑑0

2 − Φ
𝑑𝑑0

) 𝕞𝕞

+ 0.001585𝕞𝕞4/3 ] 
(3.23) 

 

The equivalent electroconductivity for positive ions defined in Eq. (3.24) 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. (3.25) 
and the relaxation effect in Eq. (3.26) account for the hydrodynamic part and the 
electrostatic part of the resistance respectively. Taking the constant out of the Eqs. 
(3.25) and (3.26),  Eq. (3.24) is rewritten in Eq. (3.27).  For monovalent salts like 
potassium or sodium hydroxide, the electrophoretic constant  𝔸𝔸1 (Eq. (3.28)) and the 
relaxation constant  𝔸𝔸2 (Eq. (3.29)) are equal to 8.7256 and 2281.04 respectively.  
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𝑙𝑙+ = 1

𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
[𝑙𝑙+

0 − (𝑙𝑙𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑜𝑜𝑟𝑟
+ + 𝑙𝑙𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑜𝑜𝑒𝑒𝑟𝑟

+ ) ] (1

+ (1 − 𝑡𝑡+
0) 𝑑𝑑𝑙𝑙𝑑𝑑 𝛾𝛾

𝑑𝑑𝑙𝑙𝑑𝑑 𝕞𝕞) 
(3.24) 

 

 𝑙𝑙𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑜𝑜𝑟𝑟
+ = 𝑒𝑒𝑒𝑒𝐹𝐹

6𝜋𝜋𝜂𝜂𝑤𝑤

1

( 1000
𝜈𝜈 𝑁𝑁𝐴𝐴𝐶𝐶+

)
1/3 (3.25) 

 

 𝑙𝑙𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑜𝑜𝑒𝑒𝑟𝑟
+ = 𝑒𝑒0

2𝑙𝑙+
0

3√3𝜀𝜀𝑤𝑤𝜀𝜀06𝜋𝜋𝜋𝜋𝜋𝜋
1

( 1000
𝜈𝜈 𝑁𝑁𝐴𝐴𝐶𝐶+

)
1/3 (3.26) 

 𝑙𝑙+ = 1
𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

[𝑙𝑙+
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑙𝑙+

0

𝜀𝜀𝑤𝑤𝜋𝜋 ) 𝑐𝑐+
1/3] (1 + (1 − 𝑡𝑡+

0) 𝑑𝑑𝑙𝑙𝑑𝑑 𝛾𝛾
𝑑𝑑𝑙𝑙𝑑𝑑 𝕞𝕞) (3.27) 

 

 𝔸𝔸1 = 𝑒𝑒𝑒𝑒𝐹𝐹
6𝜋𝜋

1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 (3.28) 

 

 𝔸𝔸2 = 𝑒𝑒0
2

3√3𝜀𝜀06𝜋𝜋𝜋𝜋
1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 (3.29) 

 

Combining the work of Kuznetsova, Newmann, and Chapman, it is possible to 
calculate Maxwell-Stefan diffusivities for a large concentration and temperature 
range.  Both transference number (𝑡𝑡+) and the specific conductance (κ ) are related to 
the equivalent electroconductivity using Eq. (3.30) and Eq. (3.32) respectively.  

 𝑡𝑡+ = 𝑙𝑙+
(𝑙𝑙+ + 𝑙𝑙−) (3.30) 

 

 Λ = 𝑙𝑙+ + 𝑙𝑙− (3.31) 
 

 κ =  Λc+ (3.32) 
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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 (𝔇𝔇𝑖𝑖,𝑤𝑤 

𝑚𝑚 ), ion-ion (𝔇𝔇𝑖𝑖,𝑗𝑗 
𝑚𝑚 ), solvent-fixed ionic group (𝔇𝔇𝑤𝑤,𝑆𝑆𝑂𝑂3

− 
𝑚𝑚 ), 

and ion-fixed ionic group (𝔇𝔇𝑖𝑖,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚 ). Table 3.2 presents the correlations proposed by 
Wesselingh et al. [31], Kraaijeveld et al. [16], and the correlations proposed in this 
work.  

Table 3.2. Comparison of correlations for Maxwell-Stefan diffusivities used in the previous studies [16], 
[20], [31], and proposed in this work. 

*fitted to match the experimental data from dialysis in the model 

The correlation for ion-ion interaction (𝔇𝔇+,− 
𝑚𝑚 ) is not given by Wesselingh et al. because 

the positive ion-negative ion interaction (𝔇𝔇+,−
0 ) 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 (𝔇𝔇+,−

0 ) to calculate the value of the positive ion-fixed ionic group 
interaction (𝔇𝔇+,𝑆𝑆𝑂𝑂3

− 
𝑚𝑚 ). 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 ( 𝔇𝔇+,𝑆𝑆𝑂𝑂3

−𝑚𝑚  ) with the counter 
ion – solvent inside the membrane (𝔇𝔇+,𝑤𝑤 

𝑚𝑚 ). In their work the diffusivity value of the 
counter ion-fixed ionic groups interaction (𝔇𝔇+,𝑆𝑆𝑂𝑂3

−𝑚𝑚 ) is a factor 10 lower than the 
counter ion-solvent interaction inside the membrane (𝔇𝔇+,𝑤𝑤 

𝑚𝑚 ). They performed dialysis 
experiment to obtain the diffusivity of the co ion-fixed ionic groups (𝔇𝔇−,𝑆𝑆𝑂𝑂3

−𝑚𝑚 ). The 
value of the ion-ion interaction (𝔇𝔇+,−

𝑚𝑚 ) was then fitted in their model. The main 

Component 
pair (𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚 ) 
Wesselingh et al. [31] Kraaijeveld et al. [16]  

 
Proposed in this 
work 
       

𝔇𝔇+,𝑤𝑤 𝑚𝑚   𝔇𝔇+,𝑤𝑤
0  𝜏𝜏−1 = 𝔇𝔇+,𝑤𝑤  

0 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5    𝔇𝔇+,𝑤𝑤

0  𝜏𝜏−1

= 𝔇𝔇+,𝑤𝑤  
0(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑣𝑣𝑖𝑖) 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5  
 

𝔇𝔇+,𝑤𝑤𝑏𝑏  𝜏𝜏−1

= 𝔇𝔇+,𝑤𝑤  𝑏𝑏 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5  

𝔇𝔇−,𝑤𝑤 𝑚𝑚   𝔇𝔇−,𝑤𝑤0  𝜏𝜏−1 = 𝔇𝔇−,𝑤𝑤  0 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5    𝔇𝔇−,𝑤𝑤0  𝜏𝜏−1

= 𝔇𝔇−,𝑤𝑤  
0(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑣𝑣𝑖𝑖)𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5  
𝔇𝔇−,𝑤𝑤𝑏𝑏  𝜏𝜏−1

= 𝔇𝔇−,𝑤𝑤  𝑏𝑏 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5  

𝔇𝔇+,−𝑚𝑚   Not given Fitted in the model*  𝔇𝔇+,− 𝑏𝑏 𝜏𝜏−1

=  𝔇𝔇+,− 𝑏𝑏 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5  

 
𝔇𝔇𝑤𝑤,𝑆𝑆𝑂𝑂3

− 
𝑚𝑚   𝔇𝔇𝑤𝑤 𝜏𝜏−1 = 𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5   𝔇𝔇𝑤𝑤 𝜏𝜏−1 = 𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5  𝔇𝔇𝑤𝑤 𝜏𝜏−1 = 𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5  

𝔇𝔇+,𝑆𝑆𝑂𝑂3
−𝑚𝑚   

𝔇𝔇+,−
0 1

[
𝐶𝐶𝑆𝑆𝑂𝑂3−(1−𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
)

𝐶𝐶0
]

0.5 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5     

0.1𝔇𝔇+,𝑤𝑤 𝑚𝑚  
 

0.1𝔇𝔇+,𝑤𝑤 𝑚𝑚  
 

𝔇𝔇−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   𝔇𝔇−,𝑤𝑤 0 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5   

 
Obtained from 

experiment* 
0.1𝔇𝔇−,𝑤𝑤 𝑚𝑚  
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difference in this work is that  the concentration-dependent diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤
𝑏𝑏 ) replace 

the value of the infinite dilution diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤
0 ).  As a result, the value of the ion-

ion interaction (𝔇𝔇+,−
𝑏𝑏 ) can be defined using Eq. (3.11). Also we use the same correlation 

of 0.1 𝔇𝔇𝑖𝑖,𝑤𝑤 
𝑚𝑚 to define both 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3

−
𝑚𝑚  and 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3

−𝑚𝑚 . 

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 3.2 for Maxwell-
Stefan diffusivities as a function of concentration (𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑏𝑏 ) are compared with the 
correlations based on the infinite dilution as proposed by Kraaijeveld (𝔇𝔇𝑖𝑖,𝑗𝑗 

0 ). The 
properties of Nafion ® 117 are used as input parameters of the model, and the results of 
the experimental data of the same membrane 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, temperatures up to 90 oC, and different 
current densities up to 25 kA/m2. In these experiments, the temperature close to the 
membrane is continuously measured. Both Direct Current (DC) and Electrochemical 
Impedance Spectroscopy (EIS) methods are applied. 

3.2. Maxwell-Stefan modeling approach 

3.2.1. Maxwell-Stefan equation 
The force balance between the driving forces and friction forces is given in Eq. (3.1) 
and further simplified in this work in Eq. (3.4). The simplifications of the generalized 
Maxwell-Stefan approach in this work are listed in Table 3.3. 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. (3.33). 
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].  
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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 (𝔇𝔇𝑖𝑖,𝑤𝑤 

𝑚𝑚 ), ion-ion (𝔇𝔇𝑖𝑖,𝑗𝑗 
𝑚𝑚 ), solvent-fixed ionic group (𝔇𝔇𝑤𝑤,𝑆𝑆𝑂𝑂3

− 
𝑚𝑚 ), 

and ion-fixed ionic group (𝔇𝔇𝑖𝑖,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚 ). Table 3.2 presents the correlations proposed by 
Wesselingh et al. [31], Kraaijeveld et al. [16], and the correlations proposed in this 
work.  

Table 3.2. Comparison of correlations for Maxwell-Stefan diffusivities used in the previous studies [16], 
[20], [31], and proposed in this work. 

*fitted to match the experimental data from dialysis in the model 

The correlation for ion-ion interaction (𝔇𝔇+,− 
𝑚𝑚 ) is not given by Wesselingh et al. because 

the positive ion-negative ion interaction (𝔇𝔇+,−
0 ) 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 (𝔇𝔇+,−

0 ) to calculate the value of the positive ion-fixed ionic group 
interaction (𝔇𝔇+,𝑆𝑆𝑂𝑂3

− 
𝑚𝑚 ). 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 ( 𝔇𝔇+,𝑆𝑆𝑂𝑂3

−𝑚𝑚  ) with the counter 
ion – solvent inside the membrane (𝔇𝔇+,𝑤𝑤 

𝑚𝑚 ). In their work the diffusivity value of the 
counter ion-fixed ionic groups interaction (𝔇𝔇+,𝑆𝑆𝑂𝑂3

−𝑚𝑚 ) is a factor 10 lower than the 
counter ion-solvent interaction inside the membrane (𝔇𝔇+,𝑤𝑤 

𝑚𝑚 ). They performed dialysis 
experiment to obtain the diffusivity of the co ion-fixed ionic groups (𝔇𝔇−,𝑆𝑆𝑂𝑂3

−𝑚𝑚 ). The 
value of the ion-ion interaction (𝔇𝔇+,−

𝑚𝑚 ) was then fitted in their model. The main 

Component 
pair (𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚 ) 
Wesselingh et al. [31] Kraaijeveld et al. [16]  

 
Proposed in this 
work 
       

𝔇𝔇+,𝑤𝑤 𝑚𝑚   𝔇𝔇+,𝑤𝑤
0  𝜏𝜏−1 = 𝔇𝔇+,𝑤𝑤  

0 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5    𝔇𝔇+,𝑤𝑤

0  𝜏𝜏−1

= 𝔇𝔇+,𝑤𝑤  
0(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑣𝑣𝑖𝑖) 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5  
 

𝔇𝔇+,𝑤𝑤𝑏𝑏  𝜏𝜏−1

= 𝔇𝔇+,𝑤𝑤  𝑏𝑏 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5  

𝔇𝔇−,𝑤𝑤 𝑚𝑚   𝔇𝔇−,𝑤𝑤0  𝜏𝜏−1 = 𝔇𝔇−,𝑤𝑤  0 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5    𝔇𝔇−,𝑤𝑤0  𝜏𝜏−1

= 𝔇𝔇−,𝑤𝑤  
0(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑣𝑣𝑖𝑖)𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5  
𝔇𝔇−,𝑤𝑤𝑏𝑏  𝜏𝜏−1

= 𝔇𝔇−,𝑤𝑤  𝑏𝑏 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5  

𝔇𝔇+,−𝑚𝑚   Not given Fitted in the model*  𝔇𝔇+,− 𝑏𝑏 𝜏𝜏−1

=  𝔇𝔇+,− 𝑏𝑏 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5  

 
𝔇𝔇𝑤𝑤,𝑆𝑆𝑂𝑂3

− 
𝑚𝑚   𝔇𝔇𝑤𝑤 𝜏𝜏−1 = 𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5   𝔇𝔇𝑤𝑤 𝜏𝜏−1 = 𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5  𝔇𝔇𝑤𝑤 𝜏𝜏−1 = 𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣

1.5  

𝔇𝔇+,𝑆𝑆𝑂𝑂3
−𝑚𝑚   

𝔇𝔇+,−
0 1

[
𝐶𝐶𝑆𝑆𝑂𝑂3−(1−𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
)

𝐶𝐶0
]

0.5 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5     

0.1𝔇𝔇+,𝑤𝑤 𝑚𝑚  
 

0.1𝔇𝔇+,𝑤𝑤 𝑚𝑚  
 

𝔇𝔇−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   𝔇𝔇−,𝑤𝑤 0 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
1.5   

 
Obtained from 

experiment* 
0.1𝔇𝔇−,𝑤𝑤 𝑚𝑚  
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difference in this work is that  the concentration-dependent diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤
𝑏𝑏 ) replace 

the value of the infinite dilution diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤
0 ).  As a result, the value of the ion-

ion interaction (𝔇𝔇+,−
𝑏𝑏 ) can be defined using Eq. (3.11). Also we use the same correlation 

of 0.1 𝔇𝔇𝑖𝑖,𝑤𝑤 
𝑚𝑚 to define both 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3

−
𝑚𝑚  and 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3

−𝑚𝑚 . 

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 3.2 for Maxwell-
Stefan diffusivities as a function of concentration (𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑏𝑏 ) are compared with the 
correlations based on the infinite dilution as proposed by Kraaijeveld (𝔇𝔇𝑖𝑖,𝑗𝑗 

0 ). The 
properties of Nafion ® 117 are used as input parameters of the model, and the results of 
the experimental data of the same membrane 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, temperatures up to 90 oC, and different 
current densities up to 25 kA/m2. In these experiments, the temperature close to the 
membrane is continuously measured. Both Direct Current (DC) and Electrochemical 
Impedance Spectroscopy (EIS) methods are applied. 

3.2. Maxwell-Stefan modeling approach 

3.2.1. Maxwell-Stefan equation 
The force balance between the driving forces and friction forces is given in Eq. (3.1) 
and further simplified in this work in Eq. (3.4). The simplifications of the generalized 
Maxwell-Stefan approach in this work are listed in Table 3.3. 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. (3.33). 
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].  
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 ∑𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖
𝑛𝑛

𝑖𝑖=1
= 0;     (3.33) 

 

The alkaline water electrolysis process contains a total of four components, including 
the fixed charged groups (Na+, OH-, H2O, and –SO3-). The flux of fixed charged groups 
of the membrane (N𝑆𝑆𝑆𝑆3−,) is zero. Using the current density in terms of flux in Eq. (3.34), 

we obtain four equations with four unknowns (N𝑁𝑁𝑎𝑎+, N𝑆𝑆𝐻𝐻−,N𝐻𝐻2𝑆𝑆, 𝑎𝑎𝑎𝑎𝑎𝑎 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑). 

The Eq. (3.4) is rearranged in an augmented matrix format (Eq. (3.35) to Eq. (3.40)) 
[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.  

   

 𝐼𝐼 = ℱ ∑𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖
𝑛𝑛

𝑖𝑖=1
            (3.34) 

 

 b𝑖𝑖 ≡
𝑎𝑎𝐶𝐶𝑖𝑖
𝑎𝑎𝑑𝑑 = ∑𝐴𝐴𝑖𝑖,𝑗𝑗𝑁𝑁𝑗𝑗

𝑛𝑛−1

𝑗𝑗≠𝑖𝑖
−  𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝐹𝐹𝑅𝑅𝑅𝑅

𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑  (3.35) 

 

 (𝐽𝐽) = −[𝐵𝐵]−1(𝑏𝑏)   (3.36) 
 

 [𝐵𝐵] = [[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
]   (3.37) 

 

[𝐴𝐴] =  𝐴𝐴𝑖𝑖,𝑗𝑗 =
𝐶𝐶𝑖𝑖

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
; 𝑖𝑖 ≠ 𝑗𝑗 = 1,2, … , 𝑎𝑎 − 1 𝑎𝑎𝑎𝑎𝑎𝑎, 

  𝐴𝐴𝑖𝑖,𝑖𝑖 = −∑
𝐶𝐶𝑘𝑘

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑘𝑘

𝑛𝑛

𝑘𝑘=1
𝑖𝑖≠𝑘𝑘

; 𝑖𝑖 = 1,2, … , 𝑎𝑎 − 1 
(3.38) 

 

(
𝐽𝐽𝑖𝑖
𝐽𝐽𝑖𝑖+1
𝐽𝐽𝑛𝑛−1
𝐽𝐽𝑛𝑛

) =  

(

 
 
𝑁𝑁𝑖𝑖
𝑁𝑁𝑖𝑖+1
𝑁𝑁𝑛𝑛−1
𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑 )

 
 

 (3.39) 
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 (
𝑏𝑏𝑖𝑖
𝑏𝑏𝑖𝑖+1
𝑏𝑏𝑛𝑛−1
𝑏𝑏𝑛𝑛

) =

(

 
 
 
 
 
 
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑖𝑖+1
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑛𝑛−1
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 

            (3.40) 

 

Table 3.3. 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 oC.  

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

Fixed charged groups concentration of the 
membrane: 

𝐶𝐶𝑚𝑚 =
1000 × 𝜌𝜌𝑒𝑒
𝐸𝐸𝐸𝐸 ×𝐸𝐸𝑤𝑤

(𝑓𝑓𝑚𝑚𝑓𝑓𝑒𝑒
) 

𝑓𝑓𝑚𝑚
𝑓𝑓𝑒𝑒

 is assumed 1 

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

𝜌𝜌𝑒𝑒 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 (𝔇𝔇) in Eq. (3.12) 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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 ∑𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖
𝑛𝑛

𝑖𝑖=1
= 0;     (3.33) 

 

The alkaline water electrolysis process contains a total of four components, including 
the fixed charged groups (Na+, OH-, H2O, and –SO3-). The flux of fixed charged groups 
of the membrane (N𝑆𝑆𝑆𝑆3−,) is zero. Using the current density in terms of flux in Eq. (3.34), 

we obtain four equations with four unknowns (N𝑁𝑁𝑎𝑎+, N𝑆𝑆𝐻𝐻−,N𝐻𝐻2𝑆𝑆, 𝑎𝑎𝑎𝑎𝑎𝑎 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑). 

The Eq. (3.4) is rearranged in an augmented matrix format (Eq. (3.35) to Eq. (3.40)) 
[39]. The augmented matrix method proposed by R. Krishna [39] to simultaneously 
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 𝐼𝐼 = ℱ ∑𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖
𝑛𝑛

𝑖𝑖=1
            (3.34) 

 

 b𝑖𝑖 ≡
𝑎𝑎𝐶𝐶𝑖𝑖
𝑎𝑎𝑑𝑑 = ∑𝐴𝐴𝑖𝑖,𝑗𝑗𝑁𝑁𝑗𝑗

𝑛𝑛−1

𝑗𝑗≠𝑖𝑖
−  𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝐹𝐹𝑅𝑅𝑅𝑅

𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑  (3.35) 

 

 (𝐽𝐽) = −[𝐵𝐵]−1(𝑏𝑏)   (3.36) 
 

 [𝐵𝐵] = [[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
]   (3.37) 

 

[𝐴𝐴] =  𝐴𝐴𝑖𝑖,𝑗𝑗 =
𝐶𝐶𝑖𝑖

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
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(
𝐽𝐽𝑖𝑖
𝐽𝐽𝑖𝑖+1
𝐽𝐽𝑛𝑛−1
𝐽𝐽𝑛𝑛

) = 

(

 
 
𝑁𝑁𝑖𝑖
𝑁𝑁𝑖𝑖+1
𝑁𝑁𝑛𝑛−1
𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑 )

 
 

 (3.39) 
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𝑏𝑏𝑖𝑖
𝑏𝑏𝑖𝑖+1
𝑏𝑏𝑛𝑛−1
𝑏𝑏𝑛𝑛

) =

(

 
 
 
 
 
 
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑖𝑖+1
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑛𝑛−1
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 

            (3.40) 

 

Table 3.3. Simplifications of the generalized Maxwell-Stefan approach in this work. 
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 is assumed 1 

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

𝜌𝜌𝑒𝑒 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 (𝔇𝔇) in Eq. (3.12) 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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The flux equations are solved with the built-in pdepe solver in Matlab based on the 
continuity equation shown in Eq. (3.41). 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. (3.42). The relative water transport number is the ratio of the 
flux of water and flux of sodium ions (Eq. (3.43)). 

 

 
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑁𝑁𝑖𝑖

𝜕𝜕𝜕𝜕 + 𝑅𝑅𝑖𝑖 (3.41) 

  

  𝜕𝜕𝑖𝑖 = 𝑧𝑧𝑖𝑖𝐹𝐹𝑁𝑁𝑖𝑖
𝐼𝐼 ;        ∑ 𝜕𝜕𝑖𝑖 = 1

𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖=1
 (3.42) 

 

  𝑇𝑇𝐻𝐻2𝑂𝑂 = 𝑁𝑁𝐻𝐻2𝑂𝑂/𝑁𝑁𝑁𝑁𝑎𝑎+ (3.43) 
 

3.2.2. Input parameters  
In this model, the input parameters are based on the known membrane properties of 
Nafion® 117 (Table 3.4).  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 (𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣), which also affects the tortuosity of the membrane, as discussed in the 
introduction. The void fraction can be determined from the volume increase (∆𝑉𝑉) of 
the membrane upon absorption of electrolyte solution as given in Eq. (3.44) [41]. The 
volume increase of the membrane in Eq. (3.45) can be calculated from the measured 
water uptake and the ratio of dry membrane 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 temperature. 
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 oC. Higher water uptake is expected for higher 
temperatures, but no correlation is available for higher temperatures than 25 oC.   

 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 = ∆𝑉𝑉
1 + ∆𝑉𝑉 (3.44) 
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 ∆𝑉𝑉 =
𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
 
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁117,𝑑𝑑𝑑𝑑𝑑𝑑

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
= 𝑊𝑊𝑤𝑤,𝐸𝐸𝐸𝐸=1100

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁117,𝑑𝑑𝑑𝑑𝑑𝑑
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

 (3.45) 

   
Table 3.4. Input parameters used in the model. 

Input parameter Nafion® 117 
Charge [-] + 
Membrane thickness 
[µm] 190* 

𝜌𝜌Nafion® 117 in dry form 
[g.cm-3] 2.1 [47] 

EW [g/mol] 1100 [47] 
Water uptake (𝑊𝑊𝑤𝑤) [wt% 
dry membrane] 

𝑊𝑊𝑤𝑤,𝐸𝐸𝐸𝐸=1100 = −0.0052 × (0.001𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)3 + 0.1655 ×
(0.001𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)2 − 2.7085 × (0.001𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) + 36.682  

[20], [42] 
Fixed ionic groups 
concentration (𝐶𝐶𝑚𝑚) 
[mol.m-3void] 

𝐶𝐶𝑚𝑚 = 1000×𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐸𝐸𝐸𝐸×𝐸𝐸𝑤𝑤

(𝑁𝑁𝑚𝑚
𝑁𝑁𝑒𝑒

) [42]  

fm/fe [-] 1 

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 [g.cm-3] 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
2 +

𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
3   [20], [42] 

𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1.00224925 − 0.116831975 ∙ 10−3 × 𝑇𝑇𝑐𝑐
− 0.3210971 ∙ 10−5 × 𝑇𝑇𝑐𝑐

2 
𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.01148599 − 0.319841025 ∙ 10−4 × 𝑇𝑇𝑐𝑐

+ 0.21510285 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 

𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.19658565 ∙ 10−5 + 0.761527825 ∙ 10−6 × 𝑇𝑇𝑐𝑐
− 0.61560685 ∙ 10−8 × 𝑇𝑇𝑐𝑐

2 
𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = −0.334691125 ∙ 10−6 + 0.7552771 ∙ 10−8 × 𝑇𝑇𝑐𝑐

+ 0.661632323 ∙ 10−10 × 𝑇𝑇𝑐𝑐
2 

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

*typical thickness measured in this work when immersed in concentrated NaOH 

The model also needs input parameters for the electrolyte that takes temperature and 
concentration into account. The value of the measured diffusion coefficient (𝐷𝐷𝑀𝑀) in 
Eq. (3.14) is related to the diffusion coefficient at infinite dilution (𝐷𝐷0), the self-
diffusion coefficient of water (𝐷𝐷𝑤𝑤), and the reduced viscosity (𝜂𝜂𝑑𝑑𝑤𝑤𝑑𝑑𝑟𝑟𝑐𝑐𝑤𝑤𝑑𝑑). The 
temperature dependence of 𝐷𝐷0 is shown in  Eq. (3.46). Also, the  value of the limiting 
equivalent conductivity 𝑙𝑙𝑁𝑁 

0 [cm2/ohm/mol] for calculating 𝐷𝐷0 increases at higher 
temperature [43]. For the sodium ion and the hydroxide ion, the correlations are given 
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The flux equations are solved with the built-in pdepe solver in Matlab based on the 
continuity equation shown in Eq. (3.41). 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. (3.42). The relative water transport number is the ratio of the 
flux of water and flux of sodium ions (Eq. (3.43)). 

 

 
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑁𝑁𝑖𝑖

𝜕𝜕𝜕𝜕 + 𝑅𝑅𝑖𝑖 (3.41) 
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𝑖𝑖=1
 (3.42) 

 

  𝑇𝑇𝐻𝐻2𝑂𝑂 = 𝑁𝑁𝐻𝐻2𝑂𝑂/𝑁𝑁𝑁𝑁𝑎𝑎+ (3.43) 
 

3.2.2. Input parameters  
In this model, the input parameters are based on the known membrane properties of 
Nafion® 117 (Table 3.4).  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 (𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣), which also affects the tortuosity of the membrane, as discussed in the 
introduction. The void fraction can be determined from the volume increase (∆𝑉𝑉) of 
the membrane upon absorption of electrolyte solution as given in Eq. (3.44) [41]. The 
volume increase of the membrane in Eq. (3.45) can be calculated from the measured 
water uptake and the ratio of dry membrane 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 temperature. 
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 oC. Higher water uptake is expected for higher 
temperatures, but no correlation is available for higher temperatures than 25 oC.   

 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 = ∆𝑉𝑉
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Table 3.4. Input parameters used in the model. 

Input parameter Nafion® 117 
Charge [-] + 
Membrane thickness 
[µm] 190* 

𝜌𝜌Nafion® 117 in dry form 
[g.cm-3] 2.1 [47] 

EW [g/mol] 1100 [47] 
Water uptake (𝑊𝑊𝑤𝑤) [wt% 
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[mol.m-3void] 
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𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 [g.cm-3] 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
2 +

𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
3   [20], [42] 

𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1.00224925 − 0.116831975 ∙ 10−3 × 𝑇𝑇𝑐𝑐
− 0.3210971 ∙ 10−5 × 𝑇𝑇𝑐𝑐

2 
𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.01148599 − 0.319841025 ∙ 10−4 × 𝑇𝑇𝑐𝑐

+ 0.21510285 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 

𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.19658565 ∙ 10−5 + 0.761527825 ∙ 10−6 × 𝑇𝑇𝑐𝑐
− 0.61560685 ∙ 10−8 × 𝑇𝑇𝑐𝑐

2 
𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = −0.334691125 ∙ 10−6 + 0.7552771 ∙ 10−8 × 𝑇𝑇𝑐𝑐

+ 0.661632323 ∙ 10−10 × 𝑇𝑇𝑐𝑐
2 

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

*typical thickness measured in this work when immersed in concentrated NaOH 

The model also needs input parameters for the electrolyte that takes temperature and 
concentration into account. The value of the measured diffusion coefficient (𝐷𝐷𝑀𝑀) in 
Eq. (3.14) is related to the diffusion coefficient at infinite dilution (𝐷𝐷0), the self-
diffusion coefficient of water (𝐷𝐷𝑤𝑤), and the reduced viscosity (𝜂𝜂𝑑𝑑𝑤𝑤𝑑𝑑𝑟𝑟𝑐𝑐𝑤𝑤𝑑𝑑). The 
temperature dependence of 𝐷𝐷0 is shown in  Eq. (3.46). Also, the  value of the limiting 
equivalent conductivity 𝑙𝑙𝑁𝑁 

0 [cm2/ohm/mol] for calculating 𝐷𝐷0 increases at higher 
temperature [43]. For the sodium ion and the hydroxide ion, the correlations are given 
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in Eq. (3.47) and Eq. (3.48) respectively. Next, the increasing value of 𝐷𝐷𝑤𝑤 as a function 
of temperature is taken into account by applying Eq. (3.49) [44].  The reduced viscosity 
(𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) is the viscosity of the solution divided by the viscosity of water (Eq. (3.50)). 
The viscosity of pure water is evaluated as a function of temperature in Eq. (3.51) [45]. 
The solutes viscosity is a function of both temperature and concentration (weight 
fraction), which is represented in Eq. (3.52) for NaOH [45]. The solution viscosity is 
related to the solutes and pure water viscosity given in Eq. (3.53). 𝑤𝑤𝑊𝑊 is the weight 
fraction of water in the solution and the constant parameters 𝕒𝕒1 to 𝕒𝕒6 for NaOH are 
listed in Table 3.5. Also, the correlation of the dielectric constant of water as a function 
of temperature is shown in Eq. (3.54) [46].  

 𝐷𝐷0 = 𝑅𝑅𝑅𝑅
𝐹𝐹2

𝑧𝑧+ + |𝑧𝑧−|
𝑧𝑧+|𝑧𝑧−|

𝑙𝑙+
0 𝑙𝑙−

0

𝑙𝑙+
0 + 𝑙𝑙−0

 (3.46) 

 

 𝑙𝑙+
0  = 𝑙𝑙𝑁𝑁𝑎𝑎+

0 = 25.665 + 0.889𝑅𝑅𝑟𝑟 + 0.0033𝑅𝑅𝑟𝑟
2 (3.47) 

 

 𝑙𝑙−
0  = 𝑙𝑙𝑂𝑂𝑂𝑂−0 = 105.32 + 3.8031𝑅𝑅𝑟𝑟 − 0.0037𝑅𝑅𝑟𝑟

2 (3.48) 
 

 𝐷𝐷𝑤𝑤 =  𝐷𝐷𝑤𝑤
0 ( 𝑅𝑅

𝑅𝑅𝑆𝑆
− 1)

2.063
; 𝐷𝐷𝑤𝑤

0 = 16.35 ∙ 10−5 𝑐𝑐𝑐𝑐2. 𝑠𝑠−1;  𝑅𝑅𝑠𝑠 = 215.05 K;  (3.49) 

 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝜂𝜂𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂/𝜂𝜂𝑤𝑤 (3.50) 
 

 𝜂𝜂𝑤𝑤 = 𝑅𝑅𝑟𝑟 + 246
(0.05594𝑅𝑅𝑟𝑟 + 5.2842)𝑅𝑅𝑟𝑟 + 137.37 (3.51) 

 

 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟 = 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝕒𝕒1(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒2 + 𝕒𝕒3
(𝕒𝕒4𝑅𝑅𝐶𝐶 + 1) (𝕒𝕒5(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒6 + 1) (3.52) 

 

 𝜂𝜂𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂 = 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟
(1−𝑤𝑤𝑤𝑤)𝜂𝜂𝑤𝑤

𝑤𝑤𝑤𝑤  (3.53) 
 

 𝜀𝜀𝑤𝑤 = 87.740 − 0.40008𝑅𝑅𝑟𝑟 + 9.398 ∙ 10−4𝑅𝑅𝑟𝑟
2 − 1.410 ∙ 10−6𝑅𝑅𝑟𝑟

3  (3.54) 
   

  

 Membrane Resistance in Concentrated Lye Solution 
 

67 
 

   
Table 3.5. Constant parameters 𝕒𝕒𝟏𝟏 to 𝕒𝕒𝟔𝟔for NaOH in Eq. (3.52) [45]. 

Parameter Value [-] 
𝕒𝕒1  440.2 
𝕒𝕒2  0.0089764 
𝕒𝕒3   -423.67 
𝕒𝕒4  0.015949 
𝕒𝕒5  107.6 
𝕒𝕒6  4.6489 

 

3.2.3. Maxwell-Stefan diffusivities   
Table 3.6 contains Maxwell-Stefan diffusivities used in the model simulation based on 
the correlations presented in Table 3.2 for two different concentrations and three 
different temperatures. The void fraction (𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣), calculated using Eq. (3.44) and Eq. 
(3.45), decreases at higher concentrations. Thus lower diffusivity values at higher 
concentrations 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 (𝔇𝔇𝑣𝑣,𝑗𝑗

𝑏𝑏 ) are considerably lower than the infinite dilution values (𝔇𝔇𝑣𝑣,𝑗𝑗
0 ). For 15 wt% 

NaOH, the values  of 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏  and 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 

𝑏𝑏 are a factor 2.7 and 2.0 lower at 25 oC and 90 
oC, respectively. The values vary even more for 32 wt% NaOH: a factor 15 lower at 25 
oC and a factor 6 lower at 90 oC. 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 oC than the value based on Kraaijeveld.  
Another significant difference is the value of ion-ion interaction inside the membrane 
(𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑚𝑚 ). In this work,  𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑚𝑚  is equal to the value of the bulk (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑏𝑏 ) using 
the same tortuosity correction  as 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚  and 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑚𝑚 . Since the Kraaijeveld method 

(Kraaijeveld = 𝔇𝔇𝑣𝑣,𝑗𝑗
0 ) is independent of concentration, the correlation of 𝔇𝔇+,−

𝑏𝑏  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. (3.11).  
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in Eq. (3.47) and Eq. (3.48) respectively. Next, the increasing value of 𝐷𝐷𝑤𝑤 as a function 
of temperature is taken into account by applying Eq. (3.49) [44].  The reduced viscosity 
(𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) is the viscosity of the solution divided by the viscosity of water (Eq. (3.50)). 
The viscosity of pure water is evaluated as a function of temperature in Eq. (3.51) [45]. 
The solutes viscosity is a function of both temperature and concentration (weight 
fraction), which is represented in Eq. (3.52) for NaOH [45]. The solution viscosity is 
related to the solutes and pure water viscosity given in Eq. (3.53). 𝑤𝑤𝑊𝑊 is the weight 
fraction of water in the solution and the constant parameters 𝕒𝕒1 to 𝕒𝕒6 for NaOH are 
listed in Table 3.5. Also, the correlation of the dielectric constant of water as a function 
of temperature is shown in Eq. (3.54) [46].  

 𝐷𝐷0 = 𝑅𝑅𝑅𝑅
𝐹𝐹2

𝑧𝑧+ + |𝑧𝑧−|
𝑧𝑧+|𝑧𝑧−|

𝑙𝑙+
0 𝑙𝑙−

0

𝑙𝑙+
0 + 𝑙𝑙−0

 (3.46) 

 

 𝑙𝑙+
0  = 𝑙𝑙𝑁𝑁𝑎𝑎+

0 = 25.665 + 0.889𝑅𝑅𝑟𝑟 + 0.0033𝑅𝑅𝑟𝑟
2 (3.47) 

 

 𝑙𝑙−
0  = 𝑙𝑙𝑂𝑂𝑂𝑂−0 = 105.32 + 3.8031𝑅𝑅𝑟𝑟 − 0.0037𝑅𝑅𝑟𝑟

2 (3.48) 
 

 𝐷𝐷𝑤𝑤 =  𝐷𝐷𝑤𝑤
0 ( 𝑅𝑅

𝑅𝑅𝑆𝑆
− 1)

2.063
; 𝐷𝐷𝑤𝑤

0 = 16.35 ∙ 10−5 𝑐𝑐𝑐𝑐2. 𝑠𝑠−1;  𝑅𝑅𝑠𝑠 = 215.05 K;  (3.49) 

 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝜂𝜂𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂/𝜂𝜂𝑤𝑤 (3.50) 
 

 𝜂𝜂𝑤𝑤 = 𝑅𝑅𝑟𝑟 + 246
(0.05594𝑅𝑅𝑟𝑟 + 5.2842)𝑅𝑅𝑟𝑟 + 137.37 (3.51) 

 

 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟 = 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝕒𝕒1(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒2 + 𝕒𝕒3
(𝕒𝕒4𝑅𝑅𝐶𝐶 + 1) (𝕒𝕒5(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒6 + 1) (3.52) 

 

 𝜂𝜂𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂 = 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟
(1−𝑤𝑤𝑤𝑤)𝜂𝜂𝑤𝑤

𝑤𝑤𝑤𝑤  (3.53) 
 

 𝜀𝜀𝑤𝑤 = 87.740 − 0.40008𝑅𝑅𝑟𝑟 + 9.398 ∙ 10−4𝑅𝑅𝑟𝑟
2 − 1.410 ∙ 10−6𝑅𝑅𝑟𝑟

3  (3.54) 
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Table 3.5. Constant parameters 𝕒𝕒𝟏𝟏 to 𝕒𝕒𝟔𝟔for NaOH in Eq. (3.52) [45]. 

Parameter Value [-] 
𝕒𝕒1  440.2 
𝕒𝕒2  0.0089764 
𝕒𝕒3   -423.67 
𝕒𝕒4  0.015949 
𝕒𝕒5  107.6 
𝕒𝕒6  4.6489 

 

3.2.3. Maxwell-Stefan diffusivities   
Table 3.6 contains Maxwell-Stefan diffusivities used in the model simulation based on 
the correlations presented in Table 3.2 for two different concentrations and three 
different temperatures. The void fraction (𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣), calculated using Eq. (3.44) and Eq. 
(3.45), decreases at higher concentrations. Thus lower diffusivity values at higher 
concentrations 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 (𝔇𝔇𝑣𝑣,𝑗𝑗

𝑏𝑏 ) are considerably lower than the infinite dilution values (𝔇𝔇𝑣𝑣,𝑗𝑗
0 ). For 15 wt% 

NaOH, the values  of 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏  and 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 

𝑏𝑏 are a factor 2.7 and 2.0 lower at 25 oC and 90 
oC, respectively. The values vary even more for 32 wt% NaOH: a factor 15 lower at 25 
oC and a factor 6 lower at 90 oC. 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 oC than the value based on Kraaijeveld.  
Another significant difference is the value of ion-ion interaction inside the membrane 
(𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑚𝑚 ). In this work,  𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑚𝑚  is equal to the value of the bulk (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−

𝑏𝑏 ) using 
the same tortuosity correction  as 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚  and 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑚𝑚 . Since the Kraaijeveld method 

(Kraaijeveld = 𝔇𝔇𝑣𝑣,𝑗𝑗
0 ) is independent of concentration, the correlation of 𝔇𝔇+,−

𝑏𝑏  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. (3.11).  
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Table 3.6. Comparison of the values of Maxwell-Stefan diffusivities in 10-10 [m2.s-1] between Kraaijeveld 
(𝕯𝕯𝒊𝒊,𝒋𝒋

𝟎𝟎 ) and proposed in this work (𝕯𝕯𝒊𝒊,𝒋𝒋
𝒃𝒃 ) using tortuosity correction 𝝉𝝉−𝟏𝟏 = 𝜺𝜺𝒗𝒗𝒗𝒗𝒊𝒊𝒗𝒗

𝟏𝟏.𝟓𝟓   as given in Table 3.2. 

Compo
nent 
Pair 

NaOH 15 wt% NaOH 32wt% 
Kraaijeveld 

(𝔇𝔇𝑖𝑖,𝑗𝑗
0 ) 

This work 
(𝔇𝔇𝑖𝑖,𝑗𝑗

𝑏𝑏 ) 
Kraaijeveld 

(𝔇𝔇𝑖𝑖,𝑗𝑗
0 ) 

This work 
(𝔇𝔇𝑖𝑖,𝑗𝑗

𝑏𝑏 ) 
25  
oC 

80 
 oC 

90  
oC 

25 
oC 

80 
oC 

90 
oC 

25 
 oC 

80 
 oC 

90 
 oC 

25  
oC 

80 
oC 

90 
oC 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
0   

13.3 37.2 42.9 13.3 37.2 42.
9 

13.3 37.2 42.9 13.3 37.2 42.
9 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
0   

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

𝔇𝔇𝑤𝑤,𝑤𝑤 0 /
𝔇𝔇𝑤𝑤,𝑤𝑤 𝑏𝑏    

23.0 65.6 75.7 23.0 65.6 75.
7 

23.0 65.6 75.7 23.0 65.6 75.
7 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏   

 5.04 17.9 21.1  0.99 5.92 7.3
5 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑏𝑏   

19.1 58.3 66.
5 

3.36 18.8 22.
8 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑏𝑏   

8.48 21.8 24.
8 

7.88 24.4 28.
7 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑚𝑚   2.55 7.38 8.59 0.97 3.56 4.2

3 
1.56 4.58 5.33 0.12 0.73 0.9

2 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑚𝑚   10.1 24.2 27.1 3.67 11.6 13.3 6.19 15.0 16.8 0.40 2.31 2.8

3 

𝔇𝔇𝑤𝑤,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   4.41 13.0 15.1 4.41 13.0 15.1 2.70 8.07 9.40 2.70 8.07 9.4
0 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3
−

𝑚𝑚   0.26 0.74 0.86 0.10 0.36 0.4
2 

0.16 0.46 0.53 0.012 0.07
3 

0.0
91 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   1.01* 2.42
* 

2.71* 0.37 1.16 1.33 0.62
* 

1.50* 1.68* 0.04 0.23 0.2
8 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑚𝑚   0.06

** 
0.13*
* 

0.14*
* 

1.63 4.33 4.9
5 

0.04
** 

0.08
** 

0.09
** 

0.93 3.0 3.5
6 

*Using similar correlation as 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3
−

𝑚𝑚 ; **Using 0.5 wt% NaOH 

3.2.4. Boundary conditions  
By assuming a high mass transfer in the bulk solution, mass transfer resistance takes 
place only inside the membrane. The Donnan equilibrium theory is applied to define 
the sodium ion concentration at the interface (Table 3.7). To meet the 
electroneutrality condition, Eq. (3.33) is used to calculate the hydroxide ion 
concentration assuming that the fixed group membrane concentration is constant. 
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Water concentration is defined using the density correlations. Since the density 
correlations for mixed electrolyte and sulfonate groups of the membrane are not 
available, we assume the validity of the density correlations for sodium hydroxide.  

Table 3.7. Boundary conditions at the anolyte-membrane interface (z = 0) and the catholyte-membrane 
interface (z = 1). 

 

3.3. 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 Spectroscopy (EIS) method. The DC method applies a constant current to 
measure the potential difference between two electrodes for solution and membrane 
(𝐸𝐸𝑚𝑚+𝑠𝑠) and without membrane (𝐸𝐸𝑠𝑠). The membrane potential is defined in Eq. (3.55) 
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. 
(3.57)).  

𝑧𝑧 = 0  𝑧𝑧 = 1 

𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙

𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐴𝐴 =
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙 

𝑚𝑚

𝐾𝐾𝑙𝑙
 ; 

 𝐾𝐾𝑙𝑙 = √
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙 

𝑚𝑚

(𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙 
𝑚𝑚 − 𝐶𝐶𝑆𝑆𝑆𝑆3−) 

 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝐶𝐶 = 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟

𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐶𝐶 =
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟 

𝑚𝑚

𝐾𝐾𝑟𝑟
 ; 

 𝐾𝐾𝑟𝑟 = √
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟 

𝑚𝑚

(𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟 
𝑚𝑚 − 𝐶𝐶𝑆𝑆𝑆𝑆3−) 

𝐶𝐶𝑂𝑂𝑂𝑂−,𝑙𝑙
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝑂𝑂𝑂𝑂−,𝑙𝑙

𝑚𝑚

= −
(𝑧𝑧𝑁𝑁𝑎𝑎+𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙 

𝑚𝑚 + 𝑧𝑧𝑆𝑆𝑂𝑂3−𝐶𝐶𝑆𝑆𝑂𝑂3−) 
𝑧𝑧𝑂𝑂𝑂𝑂−

 

𝐶𝐶𝑂𝑂𝑂𝑂−,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝑂𝑂𝑂𝑂−,𝑟𝑟

𝑚𝑚

= −
(𝑧𝑧𝑁𝑁𝑎𝑎+𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟 

𝑚𝑚 + 𝑧𝑧𝑆𝑆𝑂𝑂3−𝐶𝐶𝑆𝑆𝑂𝑂3−) 
𝑧𝑧𝑂𝑂𝑂𝑂−

 

𝐶𝐶𝑂𝑂2𝑂𝑂,𝑙𝑙
𝑚𝑚 =  103 × (1

− 𝑊𝑊𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑙𝑙/100)
× 𝜌𝜌𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑙𝑙/𝑀𝑀𝑤𝑤 

 

𝐶𝐶𝑂𝑂2𝑂𝑂,𝑟𝑟
𝑚𝑚 =  103 × (1

− 𝑊𝑊𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑟𝑟/100)
× 𝜌𝜌𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑙𝑙/𝑀𝑀𝑤𝑤 

𝑊𝑊𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑙𝑙 = (−3.656 ∙ 10−7 × 𝑇𝑇𝑐𝑐
2 −

4.351 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 6.097 ∙ 10−2 ) ×
(𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙

𝑚𝑚 ∙ 10−3)2 + (7.937 ∙ 10−6 ×
𝑇𝑇𝑐𝑐

2 + 1.083 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 3.631) ×
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙

𝑚𝑚 ∙ 10−3 [42] 

𝑊𝑊𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑟𝑟 = (−3.656 ∙ 10−7 × 𝑇𝑇𝑐𝑐
2 −

4.351 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 6.097 ∙ 10−2 ) ×
(𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟

𝑚𝑚 ∙ 10−3)2 + (7.937 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 +

1.083 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 3.631) × 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟
𝑚𝑚 ∙

10−3 [42] 
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Table 3.6. Comparison of the values of Maxwell-Stefan diffusivities in 10-10 [m2.s-1] between Kraaijeveld 
(𝕯𝕯𝒊𝒊,𝒋𝒋

𝟎𝟎 ) and proposed in this work (𝕯𝕯𝒊𝒊,𝒋𝒋
𝒃𝒃 ) using tortuosity correction 𝝉𝝉−𝟏𝟏 = 𝜺𝜺𝒗𝒗𝒗𝒗𝒊𝒊𝒗𝒗

𝟏𝟏.𝟓𝟓   as given in Table 3.2. 

Compo
nent 
Pair 

NaOH 15 wt% NaOH 32wt% 
Kraaijeveld 

(𝔇𝔇𝑖𝑖,𝑗𝑗
0 ) 

This work 
(𝔇𝔇𝑖𝑖,𝑗𝑗

𝑏𝑏 ) 
Kraaijeveld 

(𝔇𝔇𝑖𝑖,𝑗𝑗
0 ) 

This work 
(𝔇𝔇𝑖𝑖,𝑗𝑗

𝑏𝑏 ) 
25  
oC 

80 
 oC 

90  
oC 

25 
oC 

80 
oC 

90 
oC 

25 
 oC 

80 
 oC 

90 
 oC 

25  
oC 

80 
oC 

90 
oC 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
0   

13.3 37.2 42.9 13.3 37.2 42.
9 

13.3 37.2 42.9 13.3 37.2 42.
9 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
0   

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

𝔇𝔇𝑤𝑤,𝑤𝑤 0 /
𝔇𝔇𝑤𝑤,𝑤𝑤 𝑏𝑏    

23.0 65.6 75.7 23.0 65.6 75.
7 

23.0 65.6 75.7 23.0 65.6 75.
7 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏   

 5.04 17.9 21.1  0.99 5.92 7.3
5 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑏𝑏   

19.1 58.3 66.
5 

3.36 18.8 22.
8 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑏𝑏   

8.48 21.8 24.
8 

7.88 24.4 28.
7 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑚𝑚   2.55 7.38 8.59 0.97 3.56 4.2

3 
1.56 4.58 5.33 0.12 0.73 0.9

2 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑚𝑚   10.1 24.2 27.1 3.67 11.6 13.3 6.19 15.0 16.8 0.40 2.31 2.8

3 

𝔇𝔇𝑤𝑤,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   4.41 13.0 15.1 4.41 13.0 15.1 2.70 8.07 9.40 2.70 8.07 9.4
0 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3
−

𝑚𝑚   0.26 0.74 0.86 0.10 0.36 0.4
2 

0.16 0.46 0.53 0.012 0.07
3 

0.0
91 

𝔇𝔇𝑂𝑂𝐻𝐻−,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚   1.01* 2.42
* 

2.71* 0.37 1.16 1.33 0.62
* 

1.50* 1.68* 0.04 0.23 0.2
8 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝐻𝐻−
𝑚𝑚   0.06

** 
0.13*
* 

0.14*
* 

1.63 4.33 4.9
5 

0.04
** 

0.08
** 

0.09
** 

0.93 3.0 3.5
6 

*Using similar correlation as 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑆𝑆𝑂𝑂3
−

𝑚𝑚 ; **Using 0.5 wt% NaOH 

3.2.4. Boundary conditions  
By assuming a high mass transfer in the bulk solution, mass transfer resistance takes 
place only inside the membrane. The Donnan equilibrium theory is applied to define 
the sodium ion concentration at the interface (Table 3.7). To meet the 
electroneutrality condition, Eq. (3.33) is used to calculate the hydroxide ion 
concentration assuming that the fixed group membrane concentration is constant. 
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Water concentration is defined using the density correlations. Since the density 
correlations for mixed electrolyte and sulfonate groups of the membrane are not 
available, we assume the validity of the density correlations for sodium hydroxide.  

Table 3.7. Boundary conditions at the anolyte-membrane interface (z = 0) and the catholyte-membrane 
interface (z = 1). 

 

3.3. 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 Spectroscopy (EIS) method. The DC method applies a constant current to 
measure the potential difference between two electrodes for solution and membrane 
(𝐸𝐸𝑚𝑚+𝑠𝑠) and without membrane (𝐸𝐸𝑠𝑠). The membrane potential is defined in Eq. (3.55) 
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. 
(3.57)).  

𝑧𝑧 = 0  𝑧𝑧 = 1 

𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙

𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐴𝐴 =
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙 

𝑚𝑚

𝐾𝐾𝑙𝑙
 ; 

 𝐾𝐾𝑙𝑙 = √
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙 

𝑚𝑚

(𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙 
𝑚𝑚 − 𝐶𝐶𝑆𝑆𝑆𝑆3−) 

 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝐶𝐶 = 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟

𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐶𝐶 =
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟 

𝑚𝑚

𝐾𝐾𝑟𝑟
 ; 

 𝐾𝐾𝑟𝑟 = √
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟 

𝑚𝑚

(𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟 
𝑚𝑚 − 𝐶𝐶𝑆𝑆𝑆𝑆3−) 

𝐶𝐶𝑂𝑂𝑂𝑂−,𝑙𝑙
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝑂𝑂𝑂𝑂−,𝑙𝑙

𝑚𝑚

= −
(𝑧𝑧𝑁𝑁𝑎𝑎+𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙 

𝑚𝑚 + 𝑧𝑧𝑆𝑆𝑂𝑂3−𝐶𝐶𝑆𝑆𝑂𝑂3−) 
𝑧𝑧𝑂𝑂𝑂𝑂−

 

𝐶𝐶𝑂𝑂𝑂𝑂−,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝑂𝑂𝑂𝑂−,𝑟𝑟

𝑚𝑚

= −
(𝑧𝑧𝑁𝑁𝑎𝑎+𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟 

𝑚𝑚 + 𝑧𝑧𝑆𝑆𝑂𝑂3−𝐶𝐶𝑆𝑆𝑂𝑂3−) 
𝑧𝑧𝑂𝑂𝑂𝑂−

 

𝐶𝐶𝑂𝑂2𝑂𝑂,𝑙𝑙
𝑚𝑚 =  103 × (1

− 𝑊𝑊𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑙𝑙/100)
× 𝜌𝜌𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑙𝑙/𝑀𝑀𝑤𝑤 

 

𝐶𝐶𝑂𝑂2𝑂𝑂,𝑟𝑟
𝑚𝑚 =  103 × (1

− 𝑊𝑊𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑟𝑟/100)
× 𝜌𝜌𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑙𝑙/𝑀𝑀𝑤𝑤 

𝑊𝑊𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑙𝑙 = (−3.656 ∙ 10−7 × 𝑇𝑇𝑐𝑐
2 −

4.351 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 6.097 ∙ 10−2 ) ×
(𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙

𝑚𝑚 ∙ 10−3)2 + (7.937 ∙ 10−6 ×
𝑇𝑇𝑐𝑐

2 + 1.083 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 3.631) ×
𝐶𝐶𝑁𝑁𝑎𝑎+,𝑙𝑙

𝑚𝑚 ∙ 10−3 [42] 

𝑊𝑊𝑁𝑁𝑎𝑎𝑂𝑂𝑂𝑂,𝑟𝑟 = (−3.656 ∙ 10−7 × 𝑇𝑇𝑐𝑐
2 −

4.351 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 6.097 ∙ 10−2 ) ×
(𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟

𝑚𝑚 ∙ 10−3)2 + (7.937 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 +

1.083 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 3.631) × 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟
𝑚𝑚 ∙

10−3 [42] 
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 𝐸𝐸𝑚𝑚 = 𝐸𝐸𝑚𝑚+𝑠𝑠 − 𝐸𝐸𝑠𝑠 (3.55) 
 

 𝑅𝑅𝑚𝑚(𝐷𝐷𝐷𝐷) = 𝐸𝐸𝑚𝑚 × 𝐴𝐴𝑚𝑚
𝐼𝐼  (3.56) 

 

 
𝑅𝑅𝑚𝑚(𝐸𝐸𝐼𝐼𝐸𝐸) = 𝑅𝑅(𝑚𝑚+𝑠𝑠+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑙𝑙𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏) − 𝑅𝑅(𝑠𝑠+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑙𝑙𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏) 

 
(3.57) 

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 oC and excluding the gas bubble effects. In 
alkaline water electrolysis, oxygen and hydrogen are formed at the anode  (Eq. (3.58)) 
and the cathode (Eq. (3.59)), respectively. 

 4𝑂𝑂𝐻𝐻− → 𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 + 4𝑒𝑒− (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒)  (3.58) 
 

 2𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− → 𝐻𝐻2 + 2𝑂𝑂𝐻𝐻− (𝐷𝐷𝐶𝐶𝐶𝐶ℎ𝐴𝐴𝐴𝐴𝑒𝑒)   (3.59) 
 

We used an H-cell setup using four electrodes to measure the membrane resistance. 
This setup is depicted in Figure 3.1. 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 oC 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. 
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Figure 3.1:  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.  

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 hours 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 distance 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 the tips of 
the capillaries touch the membrane or disturb the current flow distribution. Therefore 
the distance between capillaries was kept between 4.8 and 10 mm. The capillary 
distances were determined by comparing the measured solution resistance with the 
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 𝐸𝐸𝑚𝑚 = 𝐸𝐸𝑚𝑚+𝑠𝑠 − 𝐸𝐸𝑠𝑠 (3.55) 
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𝑅𝑅𝑚𝑚(𝐸𝐸𝐼𝐼𝐸𝐸) = 𝑅𝑅(𝑚𝑚+𝑠𝑠+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑙𝑙𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏) − 𝑅𝑅(𝑠𝑠+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑙𝑙𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏) 

 
(3.57) 
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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 
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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 thermocouples 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 
thermocouples 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 circuit 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 oC.  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 seconds. At the same time, the solution was heated 
while the temperature was also recorded every 2 seconds. For the EIS method,  the 
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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. 

3.4. Results and discussion  

Ionic resistance measurement: DC vs. EIS 
Figure 3.2 and Figure 3.3 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  
Figure 3.2 and Figure 3.3,  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.  

 

Figure 3.2: Measured ionic resistance using DC (left) with and without a membrane (N117 + 15 wt% NaOH 
and 15 wt% NaOH only) and EIS (right) of  N117 + 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. 
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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. 

3.4. Results and discussion  

Ionic resistance measurement: DC vs. EIS 
Figure 3.2 and Figure 3.3 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  
Figure 3.2 and Figure 3.3,  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.  

 

Figure 3.2: Measured ionic resistance using DC (left) with and without a membrane (N117 + 15 wt% NaOH 
and 15 wt% NaOH only) and EIS (right) of  N117 + 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. 
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Figure 3.3: Measured ionic resistance using DC (left) and EIS (right)  with and without a membrane (N117 + 
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. 

To identify (possible) non-ohmic behavior of the membrane resistance as a function 
of current density, the measurements with different current densities are also plotted 
in the same Figures (Figure 3.2 and Figure 3.3). 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 temperature close to the 
membrane (O-ring), whereas, especially at high current densities, there can be 
differences of tens of degrees as shown in Figure 3.4. 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. (3.55) and Eq. (3.57) instead of the temperature 
measured as close as possible to the membrane.  
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Figure 3.4: 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 vessels (bottom).   

Even in our measurements with temperature measurement close to 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 Figure 3.4). This heat generation 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 
Figure 3.2 was 10 mm. When the distance of capillaries reduced to 4.8 mm for 32 wt% 
NaOH in Figure 3.3, the results are smoother. Another possible explanation for the 
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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.  

Model validation with the experimental data of Nafion® 117 
Figure 3.5 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 3.6.  

 

Figure 3.5: 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 3.2. Input 
parameters based on known membrane properties:  membrane thickness; 0.190 mm, EW = 1100 [-]. 

The correlations based on Kraaijeveld (𝔇𝔇𝑖𝑖,𝑗𝑗
0 ) 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 𝔇𝔇𝑖𝑖,𝑤𝑤
0 𝜏𝜏−1 =  𝔇𝔇𝑖𝑖,𝑤𝑤

0  𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣
3/2 . Pinto and 
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Graham [48] listed six theoretical equations from different authors for the tortuosity 
correction including the chosen tortuosity 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 𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
4/3  gave a better match 

with their experimental data.  

The Nafion membrane is generally considered to be more homogenous 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  𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
3/2  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 3.2). 

Figure 3.6 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. (3.60). Membrane conductivity increases at higher 
temperatures, and 15 wt% NaOH is more conductive than 32 wt% NaOH. Similar to 
the results shown in Figure 3.5, the concentration-dependent Maxwell-Stefan 
diffusivities 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. (3.52), which does not follow the Arrhenius behavior. 

 𝜅𝜅𝑚𝑚 = 𝛿𝛿𝑚𝑚
𝑅𝑅𝑚𝑚  × 𝐴𝐴𝑚𝑚

 (3.60) 

   
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 3.8. Nafion 117 seems to be more conductive than Nafion 901. The 
temperature dependence of the conductivity of both membranes seems comparable. 
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factor 10 that is currently used to relate these diffusivities to ion-water diffusivities 
(see Table 3.2). 

Figure 3.6 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. (3.60). Membrane conductivity increases at higher 
temperatures, and 15 wt% NaOH is more conductive than 32 wt% NaOH. Similar to 
the results shown in Figure 3.5, the concentration-dependent Maxwell-Stefan 
diffusivities 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. (3.52), which does not follow the Arrhenius behavior. 

 𝜅𝜅𝑚𝑚 = 𝛿𝛿𝑚𝑚
𝑅𝑅𝑚𝑚  × 𝐴𝐴𝑚𝑚

 (3.60) 

   
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 3.8. Nafion 117 seems to be more conductive than Nafion 901. The 
temperature dependence of the conductivity of both membranes seems comparable. 
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Table 3.8. Membrane conductivity of two different types of Nafion membranes in [ohm-1.cm-1]. 

T [oC] 15 wt% NaOH 32 wt% NaOH 
 N117* (this work) N901**[52] N117* (this work) N901**[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 

*EW = 1100, monolayer, 𝛿𝛿𝑚𝑚 = 0.019 cm; **EW = not given, bilayer, 𝛿𝛿𝑚𝑚 = 0.018 cm.  

 

Figure 3.6: 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. (3.60). 

Model prediction of  ion and water transport of Nafion® 117 
In addition to the membrane conductivity or ionic membrane resistance, the Maxwell-
Stefan model can also predict ion- and water transport, shown in Figure 3.7. 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.  
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Figure 3.7: 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 = 1100 [-].  

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 
correlation. Since the hydroxide ion diffuses faster than the sodium ion in water, 
hydroxide ion will be transported easier through the membrane. 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 Figure 3.8.  
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Figure 3.8: The transport number of sodium, hydroxide, water, and membrane potential at 80 oC as a 
function of sodium hydroxide concentration using the Maxwell-Stefan diffusivities for a diluted solution 
only (Kraaijeveld) and concentration-dependent diffusivities. 

The water transport number decreases at higher electrolyte concentrations 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 0.5 M. 

3.5. Conclusions  
The present study was designed to determine the effect of current density, membrane 
properties, temperature, and electrolyte concentration 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 
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solution. In this way, it becomes possible to predict membrane conductivity at high 
concentrations reasonably well. 

Appendix: Augmented matrix formulation 
Based on literature written by Krishna (1987), the DAEs index 2 can be reduced to 
index 1 by applying the augmented matrix method [39].   

 b𝑖𝑖 ≡ 𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑗𝑗≠𝑖𝑖
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖) − 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖𝐹𝐹

𝑅𝑅𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  (3.61) 

 

Alkaline water electrolysis contains in total 4 components, including the fixed charged 
groups (n = 4). Every component is defined as a number: 

 Na+ = 1, OH− = 2, H2O = 3, , SO3
− = 4                                   (3.62) 

 

The fixed charged groups of the cation-exchange membrane contain zero flux (𝑁𝑁4 =
𝑁𝑁𝑆𝑆𝑂𝑂3

− = 0) because these ions are not transported (kept in place).  This leads to (n-1) 
equations:  

 

b1 ≡ 𝑑𝑑𝐶𝐶1
𝑑𝑑𝑑𝑑 = 𝐶𝐶1𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,2
− 𝐶𝐶2𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,2
+ 𝐶𝐶1𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,3
− 𝐶𝐶3𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,3
− 𝐶𝐶4𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,4

−  𝐶𝐶1𝑧𝑧1𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(3.63) 

 

b2 ≡ 𝑑𝑑𝐶𝐶2
𝑑𝑑𝑑𝑑 = 𝐶𝐶2𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,1
− 𝐶𝐶1𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,1
+ 𝐶𝐶2𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,3
− 𝐶𝐶3𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,3
− 𝐶𝐶4𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,4

− 𝐶𝐶2𝑧𝑧2𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(3.64) 

 

b3 ≡ 𝑑𝑑𝐶𝐶3
𝑑𝑑𝑑𝑑 = 𝐶𝐶3𝑁𝑁1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,1
− 𝐶𝐶1𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,1
+ 𝐶𝐶3𝑁𝑁2

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,2
− 𝐶𝐶2𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,2
− 𝐶𝐶4𝑁𝑁3

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,4

− 𝐶𝐶3𝑧𝑧3𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 

(3.65) 

   
The current density can be defined in terms of flux: 

 𝐼𝐼 = ℱ ∑ 𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛

𝑖𝑖=1
  (3.66) 
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Figure 3.8: The transport number of sodium, hydroxide, water, and membrane potential at 80 oC as a 
function of sodium hydroxide concentration using the Maxwell-Stefan diffusivities for a diluted solution 
only (Kraaijeveld) and concentration-dependent diffusivities. 

The water transport number decreases at higher electrolyte concentrations 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 0.5 M. 

3.5. Conclusions  
The present study was designed to determine the effect of current density, membrane 
properties, temperature, and electrolyte concentration 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 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  
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𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,4

− 𝐶𝐶2𝑧𝑧2𝐹𝐹
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  
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The current density can be defined in terms of flux: 

 𝐼𝐼 = ℱ ∑ 𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛

𝑖𝑖=1
  (3.66) 
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Regrouping the Eq. (3.63) to Eq. (3.65) results in 4 equations with 5 

unknowns(N1, N2,N3,N4 𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑). Using the equation (3.66), there are now in a total of 

5 equations with 5 unknowns: 

 
b1 ≡ 𝑎𝑎𝐶𝐶1

𝑎𝑎𝑑𝑑 = − 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶2
𝔇𝔇1,2

+ 𝐶𝐶3
𝔇𝔇1,3

+ 𝐶𝐶4
𝔇𝔇1,4

) N1 + 𝐶𝐶1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,2

N2

+ 𝐶𝐶1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇1,3

N3 − 𝐶𝐶1𝑧𝑧1𝐹𝐹
𝑅𝑅𝑅𝑅

𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑  

(3.67) 

  

 
b2 ≡ 𝑎𝑎𝐶𝐶2

𝑎𝑎𝑑𝑑 = 𝐶𝐶2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,1

N1 − 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶1
𝔇𝔇2,1

+ 𝐶𝐶3
𝔇𝔇2,3

+ 𝐶𝐶4
𝔇𝔇2,4

) N2 + 𝐶𝐶2
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇2,3

N3

− 𝐶𝐶2𝑧𝑧2𝐹𝐹
𝑅𝑅𝑅𝑅

𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑  

(3.68) 

 

 
b3 ≡ 𝑎𝑎𝐶𝐶3

𝑎𝑎𝑑𝑑 = 𝐶𝐶3
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,1

N1 + 𝐶𝐶3
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇3,2

N2 − 1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

( 𝐶𝐶1
𝔇𝔇3,1

+ 𝐶𝐶2
𝔇𝔇3,2

+ 𝐶𝐶4
𝔇𝔇3,4

) N3

− 𝐶𝐶3𝑧𝑧3𝐹𝐹
𝑅𝑅𝑅𝑅

𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑  

(3.69) 

 

 b4 ≡ 𝐼𝐼
ℱ =  z1N1 + z2N2 + z3N3 + 0 (3.70) 

 

This can be written in the equivalent form: 

 𝑏𝑏𝑖𝑖(𝑛𝑛−1) ≡ 𝑎𝑎𝐶𝐶𝑖𝑖
𝑎𝑎𝑑𝑑 = ∑ 𝐴𝐴𝑖𝑖,𝑗𝑗𝑁𝑁𝑗𝑗

𝑛𝑛−1

𝑗𝑗=1
− 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖

𝐹𝐹
𝑅𝑅𝑅𝑅

𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑   ; 𝑖𝑖 = 1,2, … 𝑎𝑎 − 1  (3.71) 

 

 𝐴𝐴𝑖𝑖,𝑗𝑗 = 𝐶𝐶𝑖𝑖
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

; 𝑖𝑖 ≠ 𝑗𝑗 = 1,2, … , 𝑎𝑎 − 1  (3.72) 

 

 𝐴𝐴𝑖𝑖,𝑖𝑖 = − ∑ 𝐶𝐶𝑘𝑘
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑘𝑘

𝑛𝑛

𝑘𝑘=1
𝑖𝑖≠𝑘𝑘

; 𝑖𝑖 = 1,2, … , 𝑎𝑎 − 1  (3.73) 
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 𝑏𝑏𝑛𝑛 ≡
𝐼𝐼
ℱ = ∑𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛−1

𝑗𝑗=1
  (3.74) 

 

Both Eq.(3.72) and Eq. (3.73) are defined in Matrix [A]. The known variables in the 
last term of equation (3.74) can be added to Matrix [A] using Augmented Matrix [B]: 

 [𝐵𝐵] = [[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
] (3.75) 

 

The augmented vector of the driving forces:  

 (
𝑏𝑏1
𝑏𝑏2
𝑏𝑏3
𝑏𝑏4

) =

(

 
 
 
 
 
 
𝑑𝑑𝐶𝐶1
𝑑𝑑𝑥𝑥
𝑑𝑑𝐶𝐶2
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶3
𝑑𝑑𝑑𝑑
𝐼𝐼
𝐹𝐹 )

 
 
 
 
 
 

          (3.76) 

 

The augmented vector of the unknown variables: 

 (
𝐽𝐽1
𝐽𝐽2
𝐽𝐽3
𝐽𝐽4
) =  

(

 
 
𝑁𝑁1
𝑁𝑁2
𝑁𝑁3
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑)

 
 

 (3.77) 

 

The fluxes and the electro potential gradient can be therefore calculated: 

 (𝐽𝐽) = −[𝐵𝐵]−1(𝑏𝑏) (3.78) 
 
The negative sign is added for the physical meaning of the fluxes to be a positive 
value (driving forces (𝑏𝑏) are positive, while the diagonal matrix [𝐵𝐵] contains negative 
values).  
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Nomenclature 

Latin symbols 

𝔸𝔸1 Constant for the electrophoretic effect in Eq. (3.28)  
𝔸𝔸2 Constant for the relaxation effect in Eq. (3.29)  
𝐶𝐶 Concentration used in the Maxwell-Stefan model [mol.m-3] 

𝐶𝐶𝑖𝑖
𝑚𝑚 Concentration used in the Maxwell-Stefan model inside the membrane 

[mol.m-3void] 
𝐶𝐶𝑚𝑚 Fixed ionic groups concentration [mol.m-3void] 
c Concentration used to define Maxwell-Stefan diffusivities in bulk 

solution [mol.L-1] 
𝑑𝑑0 Effective distance of the closest approach of ions [Å] 
𝐷𝐷0 Diffusion coefficient at infinite dilution [cm2.s-1] 
𝐷𝐷𝑀𝑀 Measured diffusion coefficient [cm2.s-1] 
𝐷𝐷𝑤𝑤 Water self-diffusion coefficient [m2.s-1] 
𝔇𝔇 Maxwell-Stefan coefficient based on thermodynamic driving force 

[cm2.s-1] 
𝔇𝔇𝑖𝑖,𝑗𝑗

𝑏𝑏  Maxwell-Stefan diffusivities in the bulk solution [m2.s-1] 
𝔇𝔇𝑖𝑖,𝑗𝑗

𝑚𝑚  Maxwell-Stefan diffusivities inside the membrane [m2.s-1] 
𝐸𝐸𝐸𝐸 Equivalent weight [g.mol-1] 
𝑒𝑒𝑜𝑜 Electron charge [1.60217662 × 10-19 C] 
F Faraday constant [96485 C.mol-1] 
𝐼𝐼 Current density [A.m-2] 
𝐾𝐾 Donnan equilibrium constant [-] 
K Kelvin 
𝑘𝑘 Boltzmann constant [1.38064852 × 10-23 m2 kg s-2 K-1] 
𝑙𝑙𝑖𝑖

0 Equivalent conductivity at infinite dilution [cm2.ohm-1.mol-1] 
𝑙𝑙+ Equivalent conductivity of cation [cm2.ohm-1.mol-1] 
M Molarity [mol.L-1] 

𝑀𝑀𝑤𝑤 Molecular mass [g.mol-1] 
𝕞𝕞 Molality [mol.kg-1] 

𝕞𝕞𝑤𝑤 Molality of pure water (55.508 [molw. kgw-1]) 
𝑁𝑁𝑖𝑖 Molar flux [mol.m-2.s-1] 
𝑁𝑁𝐴𝐴 Avogadro number [6.02214076×1023 mol-1] 
𝑃𝑃 Pressure [Pa] 
R Gas constant [8.314 J.mol-1.K-1] 
𝑅𝑅𝑖𝑖 Rate of homogenous production of species  [mol.m-3.s-1] 
𝑟𝑟 Crystallochemical radius of ion [Å] 
𝑡𝑡 Time [s] 
𝑡𝑡𝑖𝑖 Transference number [-] 
𝑇𝑇 Temperature in Kelvin [K] 
𝑇𝑇𝑐𝑐 Temperature in degree Celcius [oC] 

 𝑇𝑇𝐻𝐻2𝑂𝑂 Relative transport number of water [-] 
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�̅�𝑉𝑖𝑖 Partial molar volume [m3. mol-1] 
𝑊𝑊 Weight percentage [wt%] 
𝑊𝑊𝑤𝑤 Water uptake [wt%] 
𝑤𝑤𝑤𝑤 Weight fraction of water [-] 
𝑧𝑧𝑖𝑖 Charge of ion i [-] 
𝑧𝑧+ Charge of positive ion [-] 
𝑧𝑧− Charge of negative ion (i.e. a negative value) [-] 
𝑧𝑧 Dimensionless length [-] 

  

 Greek symbols 

𝛽𝛽 Correction coefficient for temperatures that differs from 
298.15 K [-] 

𝛾𝛾 Activity coefficient [-] 
∆𝑉𝑉 Volume increase of the membrane upon absorbtion of 

electrolyte solution [-] 
𝛿𝛿𝑚𝑚 Membrane thickness [m] 
𝜀𝜀0 Dielectric permittivity of a vacuum [8.85×10−12 F⋅m−1] 
𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 Void fraction [-] 
𝜀𝜀𝑤𝑤 Dielectric constant of water/Relative permittivity of water 

[-] 
𝜂𝜂𝑖𝑖 Electrochemical potential of species i [J.mol-3] 

𝜂𝜂𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  NaOH solution viscosity [mPa.s] 
𝜂𝜂𝑟𝑟𝑟𝑟𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑣𝑣  Reduced viscosity [-] 
𝜂𝜂𝑠𝑠𝑣𝑣𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟  Solute viscosity [-] 
𝜂𝜂𝑤𝑤 Solvent viscosity [mPa.s] 
𝜅𝜅 Specific conductance [ohm-1.cm-1] 
Λ Equivalent conductivity of electrolyte [cm2.ohm-1.mol-1] 
𝜈𝜈 Valence number (the number of ions in the formula of the 

electrolyte (𝜈𝜈+ + 𝑣𝑣−) [-] 
𝜈𝜈+ Valence number of the positive ion [-] 
𝜈𝜈− Valence number of the negative ion [-] 
𝜋𝜋 Mathematical constant (3.14159 [-]) 

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  Density of NaOH solution [g.cm-3] 
𝝊𝝊𝑖𝑖  Velocity of species i [m.s-1] 
Φ Effective polarizabilities of electrolytes [Å3] 
𝜑𝜑 Electrical potential [V] 
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Superscript and subscript  

𝐴𝐴 Anolyte 
𝐶𝐶 Catholyte 

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 Bulk electrolyte  
𝑐𝑐 Centigrade 
𝑖𝑖 Species 
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Abstract 

Better fundamental insights in transport phenomena occurring during membrane 
electrolysis are needed to optimize electrolysis processes. Maxwell-Stefan models can 
potentially assist in identifying options for reducing energy consumption and capital 
investments. The disadvantage of existing Maxwell-Stefan models is that they are 
partly based on empirical correlations with limited physical meaning. Therefore, we 
have improved the description of the ion-membrane interactions by replacing 
empirical diffusivity correlations by more realistic correlations, a.o. by representing 
the membrane’s fixed charged groups using properties of the chlorate ion and by using 
concentrations inside the membrane as a basis for diffusivities. The required physical 
properties needed as input for the model have been derived by the Kuznetsova 
method. The use of these new correlations in the updated Maxwell-Stefan model has 
resulted in more realistic predictions of the membrane resistance and perm-selectivity 
for Nafion 117, although there is still a need for more experimental data to validate the 
model better. 

4.1. Introduction 
Electrochemical processes such as membrane chlor-alkali electrolysis and alkaline 
water electrolysis are promising options to produce green hydrogen from renewable 
(wind) energy [1]. The electrolysis process is, however, capital intensive, and the 
membrane is one of the expensive components of the electrochemical cell. 
Accordingly, research has been focusing on intensifying the electrolyzers to enable 
more cost-effective processes. One main interest in reducing the investment cost is to 
maximize the use of the membrane by increasing the applied current density.  

The membrane performance plays a key role in the process intensification of 
membrane electrolyzers. Understanding the membrane performance at high current 
densities is, therefore, crucial. Even though mathematical modeling is a powerful tool 
to describe the transport phenomena of ions and water inside the membrane, a proper 
generalized theoretical model is not yet available. In multicomponent electrolyte 
systems, the Maxwell-Stefan (MS) approach is considered more rigorous than the 
Nernst-Planck (NP) approach [2]–[11] because it takes the interactions between all 
components (including the membrane) present in the electrolyte system into account. 
However, the main bottleneck for the input of the MS model is the lack of reliable 
data on Maxwell-Stefan (MS) diffusivities (𝔇𝔇𝑖𝑖,𝑗𝑗). For the interaction between the 
components in a solution, the MS approach requires n(n-1)/2 MS diffusivities, where 
n is the total number of components. A system with an ion-exchange membrane 
consists of at least four components (cation, anion, membrane fixed-charged groups, 
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and solvent) and hence requires six binary (MS) diffusivities. These MS diffusivities 
cannot be directly measured.  

Available Maxwell-Stefan models [5], [7], [9]–[11] describe the mass transfer behavior 
of ions and water inside a cation-exchange membrane, using semi-empirical 
correlations. The prediction of the membrane performance based on these models 
strongly depends on the values of the Maxwell-Stefan (MS) diffusivities between 
different components present in the membrane. For the alkaline water electrolysis 
system with a Nafion 117 membrane, the model results in Chapter 3 matched the 
measured membrane resistance reasonably well. However, the results also showed a 
low perm-selectivity of <0.5 for 32 wt% NaOH, which is rather low for the cation-
selective Nafion 117 membrane [12].  

Further study is therefore needed to investigate possible factors that can influence the 
model prediction of membrane performance in terms of membrane resistance and 
perm-selectivity. The probably inaccurate prediction of low membrane perm-
selectivity in Chapter 3 is most likely related to the assumptions that are made to 
determine the MS diffusivities. One such assumption is that the ion-fixed charged 
groups of the membrane interactions are related to the ion-solvent interactions. This 
assumption is expected to be inaccurate since the fixed-charged groups of the 
membrane (−𝑆𝑆𝑂𝑂3−) contain a negative charge and are therefore unlikely to behave like 
the neutral solvent.   

One main objective of this paper is therefore to find more suitable correlations to 
represent binary diffusivities between the fixed charged groups (−𝑆𝑆𝑂𝑂3−) of the 
membrane and the ions.  

Furthermore, until now, concentrations in the bulk solution have been used as a basis 
for the MS diffusivities in available Maxwell-Stefan models. The ion concentration 
inside the membrane is different than its concentration in bulk due to the Donnan 
equilibrium [13]. A better description of the concentration inside the cation-exchange 
membrane and its effect on MS diffusivities is therefore needed as well.  

In this chapter, improved and more realistic correlations are presented and applied in 
the Maxwell-Stefan model to predict membrane resistance and membrane perm-
selectivity. The results are compared and discussed to gain a better insight into a more 
logical and suitable correlation for Maxwell-Stefan diffusivities. As in Chapter 3, we 
focus on the system of alkaline water electrolysis with a cation-exchange membrane. 
Even though we realize that alkaline water is typically carried out with a porous 
separator, we use this model system due to its lower complexity compared to systems 
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where different anolyte and catholyte concentrations are used. Yet, the learnings from 
this work can be generally applied across different electrochemical ion-exchange 
applications, including chlor-alkali electrolysis, anion-exchange membrane 
electrolysis, and electrodialysis.  

4.2. Model development for electrolysis 
For the alkaline water electrolysis with a cation-exchange membrane system [10], a 
schematic view of the input and the output of the MS model is shown in Figure 4.1. 
The model uses known membrane properties such as membrane equivalent weight 
(EW [-]), membrane thickness (𝛿𝛿𝑚𝑚 [𝑚𝑚]), membrane water content (𝑊𝑊𝑤𝑤 [𝑤𝑤𝑤𝑤%]), void 
fraction (𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 [−]), and the concentration of the fixed charged groups of the 
membrane (𝐶𝐶𝑚𝑚 [mol. mvoid

−3 ]) to predict the membrane performance as a function of 
current density, temperature, and electrolyte concentration.  

 

Figure 4.1. A schematic view of the input and the output of the Maxwell-Stefan model for alkaline water 
electrolysis using sodium hydroxide solution.  

Since Maxwell-Stefan (MS) diffusivities cannot be directly measured, MS diffusivities 
inside the membrane in Chapter 3 were defined using two steps (Figure 4.2). In the 
first step, MS diffusivities were estimated in the bulk solution (𝔇𝔇𝑣𝑣,𝑗𝑗 

𝑏𝑏 ) from the known 
bulk properties, using the expressions proposed by Newman and Chapman [2], [14]. 
In the second step, the MS diffusivities inside the membrane (𝔇𝔇𝑣𝑣,𝑗𝑗 

𝑚𝑚 ) were determined 
by applying a tortuosity correction to bulk diffusivities  (𝔇𝔇𝑣𝑣,𝑗𝑗 

𝑏𝑏 ) [7], [9], [10], [15]. As 
shown in Figure 4.2, only three out of six MS diffusivities can be calculated using this 
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method: the interactions of positive ion-solvent (𝔇𝔇+,𝑤𝑤 
𝑚𝑚 ), negative ion-solvent (𝔇𝔇−,𝑤𝑤 

𝑚𝑚 ), 
and positive ion-negative ion (𝔇𝔇+,− 

𝑚𝑚 ). To determine the three diffusivities with the 
fixed charge groups in the membrane another method was applied.  The interaction 
of water-fixed charged groups (𝔇𝔇𝑤𝑤,𝑚𝑚 

𝑚𝑚 ) was defined by using the self-diffusivity of water 
with a tortuosity correction. For the interaction of counter-ion-fixed charged groups 
(𝔇𝔇+,𝑚𝑚 

𝑚𝑚 ), an empirical correlation suggested by Kraaijeveld et al. [7] was applied, which 
assumes that the value is a factor 10 lower than counter-ion-solvent interaction (𝔇𝔇+,𝑤𝑤 

𝑚𝑚 ) 
inside the membrane. The interaction of co-ion-fixed charged groups (𝔇𝔇−,𝑚𝑚 

𝑚𝑚 ) was also 
assumed a factor 10 lower than co-ion-solvent interaction (𝔇𝔇−,𝑤𝑤 

𝑚𝑚 ) inside the 
membrane.  

The method used to generate MS diffusivities in Chapter 2 and Chapter 3 deviates 
slightly from the work of others [7], [15]. One main difference is that in Chapter 2 and 
Chapter 3, concentration-dependent diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤

𝑏𝑏 ) replaced infinite dilution 
diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤

0 ) as used by Kraaijeveld et al. [7]. Another difference is that 
Kraaijeveld et al. [6] included the ion-ion interaction (𝔇𝔇+,− 

𝑚𝑚 ) by fitting its value in their 
model. Reason for this is that the positive ion-negative ion interaction in bulk 
electrolytes (𝔇𝔇+,− 

𝑏𝑏 ) cannot be defined for infinite dilution. By using 𝔇𝔇𝑖𝑖,𝑗𝑗
𝑏𝑏  instead of 𝔇𝔇𝑖𝑖,𝑗𝑗

0  
in Chapter 2 and Chapter 3, the value of the ion-ion interaction (𝔇𝔇+,−

𝑏𝑏 ) could be 
calculated.  

 

Figure 4.2. A schematic view of the two steps carried out to define Maxwell-Stefan (MS) diffusivities inside 
the membrane based on the known properties of bulk electrolytes in Chapter 3. 



Chapter 4   

96 
 

where different anolyte and catholyte concentrations are used. Yet, the learnings from 
this work can be generally applied across different electrochemical ion-exchange 
applications, including chlor-alkali electrolysis, anion-exchange membrane 
electrolysis, and electrodialysis.  

4.2. Model development for electrolysis 
For the alkaline water electrolysis with a cation-exchange membrane system [10], a 
schematic view of the input and the output of the MS model is shown in Figure 4.1. 
The model uses known membrane properties such as membrane equivalent weight 
(EW [-]), membrane thickness (𝛿𝛿𝑚𝑚 [𝑚𝑚]), membrane water content (𝑊𝑊𝑤𝑤 [𝑤𝑤𝑤𝑤%]), void 
fraction (𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 [−]), and the concentration of the fixed charged groups of the 
membrane (𝐶𝐶𝑚𝑚 [mol. mvoid

−3 ]) to predict the membrane performance as a function of 
current density, temperature, and electrolyte concentration.  

 

Figure 4.1. A schematic view of the input and the output of the Maxwell-Stefan model for alkaline water 
electrolysis using sodium hydroxide solution.  

Since Maxwell-Stefan (MS) diffusivities cannot be directly measured, MS diffusivities 
inside the membrane in Chapter 3 were defined using two steps (Figure 4.2). In the 
first step, MS diffusivities were estimated in the bulk solution (𝔇𝔇𝑣𝑣,𝑗𝑗 

𝑏𝑏 ) from the known 
bulk properties, using the expressions proposed by Newman and Chapman [2], [14]. 
In the second step, the MS diffusivities inside the membrane (𝔇𝔇𝑣𝑣,𝑗𝑗 

𝑚𝑚 ) were determined 
by applying a tortuosity correction to bulk diffusivities  (𝔇𝔇𝑣𝑣,𝑗𝑗 

𝑏𝑏 ) [7], [9], [10], [15]. As 
shown in Figure 4.2, only three out of six MS diffusivities can be calculated using this 

 Maxwell-Stefan diffusivities of Cation-Selective Membranes   

97 
 

method: the interactions of positive ion-solvent (𝔇𝔇+,𝑤𝑤 
𝑚𝑚 ), negative ion-solvent (𝔇𝔇−,𝑤𝑤 

𝑚𝑚 ), 
and positive ion-negative ion (𝔇𝔇+,− 

𝑚𝑚 ). To determine the three diffusivities with the 
fixed charge groups in the membrane another method was applied.  The interaction 
of water-fixed charged groups (𝔇𝔇𝑤𝑤,𝑚𝑚 

𝑚𝑚 ) was defined by using the self-diffusivity of water 
with a tortuosity correction. For the interaction of counter-ion-fixed charged groups 
(𝔇𝔇+,𝑚𝑚 

𝑚𝑚 ), an empirical correlation suggested by Kraaijeveld et al. [7] was applied, which 
assumes that the value is a factor 10 lower than counter-ion-solvent interaction (𝔇𝔇+,𝑤𝑤 

𝑚𝑚 ) 
inside the membrane. The interaction of co-ion-fixed charged groups (𝔇𝔇−,𝑚𝑚 

𝑚𝑚 ) was also 
assumed a factor 10 lower than co-ion-solvent interaction (𝔇𝔇−,𝑤𝑤 

𝑚𝑚 ) inside the 
membrane.  

The method used to generate MS diffusivities in Chapter 2 and Chapter 3 deviates 
slightly from the work of others [7], [15]. One main difference is that in Chapter 2 and 
Chapter 3, concentration-dependent diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤

𝑏𝑏 ) replaced infinite dilution 
diffusivities (𝔇𝔇𝑖𝑖,𝑤𝑤

0 ) as used by Kraaijeveld et al. [7]. Another difference is that 
Kraaijeveld et al. [6] included the ion-ion interaction (𝔇𝔇+,− 

𝑚𝑚 ) by fitting its value in their 
model. Reason for this is that the positive ion-negative ion interaction in bulk 
electrolytes (𝔇𝔇+,− 

𝑏𝑏 ) cannot be defined for infinite dilution. By using 𝔇𝔇𝑖𝑖,𝑗𝑗
𝑏𝑏  instead of 𝔇𝔇𝑖𝑖,𝑗𝑗

0  
in Chapter 2 and Chapter 3, the value of the ion-ion interaction (𝔇𝔇+,−

𝑏𝑏 ) could be 
calculated.  

 

Figure 4.2. A schematic view of the two steps carried out to define Maxwell-Stefan (MS) diffusivities inside 
the membrane based on the known properties of bulk electrolytes in Chapter 3. 



Chapter 4   

98 
 

As shown in Figure 4.1, we want to estimate the values of MS diffusivities for 
temperatures up to 100 oC and sodium hydroxide concentrations up to 33 wt%. 
However, the measured diffusion coefficient (𝐷𝐷𝑀𝑀) and the transport number (𝑡𝑡+) for 
sodium hydroxide reported by Chapman et al. [14]  are only available for a maximum 
concentration of 1.5 M and a temperature of 25 °C. So, we adopted the methods 
proposed by Kuznetsova et al. [16]–[19] (Figure 4.3) to predict the bulk properties of 
sodium hydroxide as a function of both temperature and composition. The input 
parameters for Kuznetsova methods are water dielectric permittivity (𝜀𝜀𝑤𝑤), water 
viscosity (𝜂𝜂𝑤𝑤), electrolyte viscosity (𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒), electrolyte density (𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒), water 
self-diffusion coefficient (𝐷𝐷𝑤𝑤), limiting ionic conductivity of ion (𝑙𝑙𝑖𝑖

0), valence number 
(𝜈𝜈), and the effective distance between ions (𝑑𝑑0). 

 

Figure 4.3. Methods proposed by Kuznetsova et al. [16]–[19] to predict the bulk properties as a function of 
temperature and composition. 

For our new model, we propose to represent −𝑆𝑆𝑂𝑂3
− with a chlorate ion (𝐶𝐶𝑙𝑙𝑂𝑂3

−).  The 
reason is that −𝑆𝑆𝑂𝑂3

− does not exist as an ion and 𝑆𝑆𝑂𝑂3
2− is expected to behave 

significantly different due to its dual charge, whereas the 𝐶𝐶𝑙𝑙𝑂𝑂3
− ion has similarities 

with −𝑆𝑆𝑂𝑂3
−: it consists of 4 atoms, it is a bulkier ion than anions like chloride and 

hydroxide, it is a monovalent ion, it has high solubility, and there is enough 
information available on its physical properties up to high concentrations. As shown 
in Figure 4.4, this means that we use the sodium ion-chlorate ion interaction (𝔇𝔇+,𝐶𝐶𝑒𝑒𝐶𝐶3

−𝑚𝑚 ) 
to represent the interaction of sodium ion-fixed charged groups (𝔇𝔇+,𝑆𝑆𝐶𝐶3

−𝑚𝑚 ). This 
interaction replaces the factor 10 empirical correlation (0.1𝔇𝔇+,𝑤𝑤 

𝑚𝑚 ) used in earlier 
available Maxwell-Stefan models.  Also, the water-chlorate ion interaction (𝔇𝔇𝑤𝑤,𝐶𝐶𝑒𝑒𝐶𝐶3

−𝑚𝑚 ) 
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replaces the value of self-diffusivity of water (𝔇𝔇𝑤𝑤) to define the  water-membrane 
interaction (𝔇𝔇𝑤𝑤,𝑆𝑆𝑆𝑆3

−𝑚𝑚 ). 

 

Figure 4.4. A schematic view of the two steps carried out to calculate Maxwell-Stefan (MS) diffusivities 
inside the membrane proposed in this work.  The Kuznetsova methods [16]–[19] in Figure 4.3 are used to 
predict the bulk properties of sodium hydroxide and sodium chlorate solutions. 

It is especially challenging to define a logical correlation for the co-ion-fixed charged 
groups interaction (𝔇𝔇−,𝑆𝑆𝑆𝑆3

−𝑚𝑚 ). Due to the electroneutrality condition, the co-ion 
concentration inside the membrane is lower than the counter-ion concentration, as 
shown in Eq. (4.1). The counter-ion concentration is defined based on Donnan 
equilibrium in Eq. (4.2) [13], [20].  

   
 𝑐𝑐−

𝑚𝑚 = 𝑐𝑐𝑆𝑆𝐻𝐻−𝑚𝑚 = 𝑐𝑐𝑁𝑁𝑎𝑎+
𝑚𝑚 − 𝑐𝑐𝑆𝑆𝑆𝑆3

− (4.1) 

 

 

𝑐𝑐+
𝑚𝑚 = 𝑐𝑐𝑁𝑁𝑎𝑎+

𝑚𝑚 =
𝑐𝑐𝑆𝑆𝑆𝑆3

− +  √𝑐𝑐𝑆𝑆𝑆𝑆3
−2 + 4 (𝑐𝑐𝑁𝑁𝑎𝑎+

𝑏𝑏 )2

2  

(4.2) 

 

For diluted bulk solutions, the co-ion concentration inside the membrane is often 
assumed negligible due to Donnan's exclusion, and therefore this interaction can be 
ignored. For a concentrated solution, however, the co-ion can have a significant 
concentration in the membrane. For this reason, the interaction of co-ion-fixed 
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hydroxide, it is a monovalent ion, it has high solubility, and there is enough 
information available on its physical properties up to high concentrations. As shown 
in Figure 4.4, this means that we use the sodium ion-chlorate ion interaction (𝔇𝔇+,𝐶𝐶𝑒𝑒𝐶𝐶3

−𝑚𝑚 ) 
to represent the interaction of sodium ion-fixed charged groups (𝔇𝔇+,𝑆𝑆𝐶𝐶3

−𝑚𝑚 ). This 
interaction replaces the factor 10 empirical correlation (0.1𝔇𝔇+,𝑤𝑤 

𝑚𝑚 ) used in earlier 
available Maxwell-Stefan models.  Also, the water-chlorate ion interaction (𝔇𝔇𝑤𝑤,𝐶𝐶𝑒𝑒𝐶𝐶3

−𝑚𝑚 ) 
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replaces the value of self-diffusivity of water (𝔇𝔇𝑤𝑤) to define the  water-membrane 
interaction (𝔇𝔇𝑤𝑤,𝑆𝑆𝑆𝑆3

−𝑚𝑚 ). 

 

Figure 4.4. A schematic view of the two steps carried out to calculate Maxwell-Stefan (MS) diffusivities 
inside the membrane proposed in this work.  The Kuznetsova methods [16]–[19] in Figure 4.3 are used to 
predict the bulk properties of sodium hydroxide and sodium chlorate solutions. 

It is especially challenging to define a logical correlation for the co-ion-fixed charged 
groups interaction (𝔇𝔇−,𝑆𝑆𝑆𝑆3

−𝑚𝑚 ). Due to the electroneutrality condition, the co-ion 
concentration inside the membrane is lower than the counter-ion concentration, as 
shown in Eq. (4.1). The counter-ion concentration is defined based on Donnan 
equilibrium in Eq. (4.2) [13], [20].  

   
 𝑐𝑐−

𝑚𝑚 = 𝑐𝑐𝑆𝑆𝐻𝐻−𝑚𝑚 = 𝑐𝑐𝑁𝑁𝑎𝑎+
𝑚𝑚 − 𝑐𝑐𝑆𝑆𝑆𝑆3

− (4.1) 

 

 

𝑐𝑐+
𝑚𝑚 = 𝑐𝑐𝑁𝑁𝑎𝑎+

𝑚𝑚 =
𝑐𝑐𝑆𝑆𝑆𝑆3

− +  √𝑐𝑐𝑆𝑆𝑆𝑆3
−2 + 4 (𝑐𝑐𝑁𝑁𝑎𝑎+

𝑏𝑏 )2

2  

(4.2) 

 

For diluted bulk solutions, the co-ion concentration inside the membrane is often 
assumed negligible due to Donnan's exclusion, and therefore this interaction can be 
ignored. For a concentrated solution, however, the co-ion can have a significant 
concentration in the membrane. For this reason, the interaction of co-ion-fixed 
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charged groups of the membrane does play a role. This interaction cannot be defined 
using the Newman/Chapman method since this method is unable to predict 
interactions between ions of the same charge. The interaction can be determined 
using tracer experiments [21]. In the bulk solution, its value is reported to mirror the 
opposite charge ion, and hence can be negative [21], [22]. However, the value inside 
the membrane is suggested to be positive [15]. As no information is available for the 
tracer diffusivity for concentrated sodium hydroxide, the influence of co-ion-fixed 
charged groups interaction in this work is investigated further through sensitivity 
analysis.   

The correlation set for MS diffusivities used in this work is compared with the one 
used in Chapter 3 in Table 4.1. One important difference is that in this work, we replace 
the empirical correlation for positive ion-fixed charged groups interaction (𝔇𝔇+,𝑆𝑆𝑂𝑂3−

𝑚𝑚 ) by 
treating the membrane as a negative ion represented by chlorate ion, as mentioned 
earlier. Another difference is that we relate the positive ion-fixed charged groups 
interaction to the negative ion-fixed charged groups of the membrane interaction.  

Ideally, the concentration-dependent MS diffusivities should be evaluated based on 
the properties of the mixture (the density and the viscosity of the mixture of sodium 
hydroxide and sodium chlorate inside the membrane). The density of the mixture is 
required to determine water concentration for the Maxwell-Stefan coefficient 
correlation (𝔇𝔇) in Eq. (4.18). The viscosity of the mixture (Eq. (4.20)) is needed not 
only to predict measured diffusion coefficient (𝐷𝐷𝑀𝑀 = 𝐷𝐷𝑀𝑀,𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾) in Eq. (4.19) but 
also to calculate the equivalent conductivity (𝑙𝑙𝑖𝑖) of cation and anion (Eq. (4.33) and 
Eq. (4.34)). However, the density and the viscosity of the mixture are not available. 
Thus, we calculate the three binary MS diffusivities (Eq. (4.15), Eq. (4.16) and Eq. (4.17)) 
of sodium hydroxide using the density (Eq. (4.5)) and viscosity (Eq. (4.22) and Eq. 
(4.23)4.23) of sodium hydroxide. Similarly, three binary MS diffusivities for sodium 
chlorate are determined using the bulk properties of the sodium chlorate. The 
required bulk properties of sodium chlorate are listed in Table 4.3. The water 
concentration and the total concentration are calculated using Eq. (4.10) and Eq. (4.11), 
respectively. The expressions to determine the density and the weight percentage of 
sodium chlorate are given in Eq. (4.12) and Eq. (4.13). The density of sodium chlorate 
[23] in Eq. (4.12) is valid for a temperature range of 20 – 100 oC. The concentration in 
gram per liter (𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔) is related to the concentration of the fixed charged groups of the 
membrane and the molecular weight of sodium chlorate (Eq. (4.14)). 

Furthermore, we also consider using the ion concentration inside the membrane to 
determine the concentration-dependent MS diffusivities instead of the bulk external 
solution used in the previous models. As can be seen in Eq. (4.1) and Eq. (4.2), the co-
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ion concentration inside the membrane is generally lower than the bulk external 
solution and the counter-ion inside the membrane due to the presence of the fixed-
charged groups. We choose to use the co-ion concentration, assuming that the 
counter-ion that is absorbed to and desorbed from the fixed charged groups and is 
consequently less mobile. 

Table 4.1. Comparison of correlations for Maxwell-Stefan diffusivities used in the previous study [10] and 
investigated in this work. 

 

As shown in Figure 4.1, the MS model depends on the input parameters based on 
membrane properties. The input parameters based on membrane properties used in 
Chapter 3 for sodium hydroxide solution are listed in Table 4.2. These correlations 
have also been used in the MS model developed in this work. It should be pointed out 
that the value of  𝑓𝑓𝑚𝑚/𝑓𝑓𝑒𝑒 (the ratio between the fraction of the fixed ionic groups and 
the electrolyte solution in the ion clusters) varies between 0.4 and 1.32 depending on 
the membrane properties and electrolyte concentration [24], [25]. For a Nafion 
membrane a value of 𝑓𝑓𝑚𝑚/𝑓𝑓𝑒𝑒 = 1 is typically assumed because the hydrophilic nature of 
the ionic groups [25].   

  

Component 
pair (𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚 ) 
Chapter 3 
       

Investigated in this work 
 

𝔇𝔇+,𝑤𝑤 
𝑚𝑚   𝔇𝔇+,𝑤𝑤

𝑏𝑏  𝜏𝜏−1  based on 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑏𝑏

 𝔇𝔇+,𝑤𝑤
𝑏𝑏  𝜏𝜏−1 using 𝑐𝑐𝑁𝑁𝑁𝑁−𝑚𝑚  

𝔇𝔇−,𝑤𝑤 
𝑚𝑚   𝔇𝔇−,𝑤𝑤

𝑏𝑏  𝜏𝜏−1  based on 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑏𝑏  𝔇𝔇−,𝑤𝑤

𝑏𝑏  𝜏𝜏−1   using 𝑐𝑐𝑁𝑁𝑁𝑁−𝑚𝑚  
𝔇𝔇+,−

𝑚𝑚    𝔇𝔇+,− 
𝑏𝑏 𝜏𝜏−1 based on 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑏𝑏   𝔇𝔇+,− 
𝑏𝑏 𝜏𝜏−1  using 𝑐𝑐𝑁𝑁𝑁𝑁−𝑚𝑚  

𝔇𝔇𝑤𝑤,𝑆𝑆𝑁𝑁3
− 

𝑚𝑚   𝔇𝔇𝑤𝑤𝜏𝜏−1  (water self-diffusivity) 𝔇𝔇𝑤𝑤,𝐶𝐶𝐶𝐶𝑁𝑁3
− 

𝑏𝑏 𝜏𝜏−1 based on 𝑐𝑐𝑆𝑆𝑁𝑁3
−   

𝔇𝔇+,𝑆𝑆𝑁𝑁3
−𝑚𝑚   0.1𝔇𝔇+,𝑤𝑤 

𝑚𝑚   𝔇𝔇+,𝐶𝐶𝐶𝐶𝑁𝑁3
− 

𝑏𝑏 𝜏𝜏−1  based on 𝑐𝑐𝑆𝑆𝑁𝑁3
−  

𝔇𝔇−,𝑆𝑆𝑁𝑁3
−𝑚𝑚   0.1𝔇𝔇−,𝑤𝑤 

𝑚𝑚   −𝔇𝔇+,𝑆𝑆𝑁𝑁3
−𝑚𝑚  or 𝔇𝔇+,𝑆𝑆𝑁𝑁3

−𝑚𝑚  
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charged groups of the membrane does play a role. This interaction cannot be defined 
using the Newman/Chapman method since this method is unable to predict 
interactions between ions of the same charge. The interaction can be determined 
using tracer experiments [21]. In the bulk solution, its value is reported to mirror the 
opposite charge ion, and hence can be negative [21], [22]. However, the value inside 
the membrane is suggested to be positive [15]. As no information is available for the 
tracer diffusivity for concentrated sodium hydroxide, the influence of co-ion-fixed 
charged groups interaction in this work is investigated further through sensitivity 
analysis.   

The correlation set for MS diffusivities used in this work is compared with the one 
used in Chapter 3 in Table 4.1. One important difference is that in this work, we replace 
the empirical correlation for positive ion-fixed charged groups interaction (𝔇𝔇+,𝑆𝑆𝑂𝑂3−

𝑚𝑚 ) by 
treating the membrane as a negative ion represented by chlorate ion, as mentioned 
earlier. Another difference is that we relate the positive ion-fixed charged groups 
interaction to the negative ion-fixed charged groups of the membrane interaction.  

Ideally, the concentration-dependent MS diffusivities should be evaluated based on 
the properties of the mixture (the density and the viscosity of the mixture of sodium 
hydroxide and sodium chlorate inside the membrane). The density of the mixture is 
required to determine water concentration for the Maxwell-Stefan coefficient 
correlation (𝔇𝔇) in Eq. (4.18). The viscosity of the mixture (Eq. (4.20)) is needed not 
only to predict measured diffusion coefficient (𝐷𝐷𝑀𝑀 = 𝐷𝐷𝑀𝑀,𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾) in Eq. (4.19) but 
also to calculate the equivalent conductivity (𝑙𝑙𝑖𝑖) of cation and anion (Eq. (4.33) and 
Eq. (4.34)). However, the density and the viscosity of the mixture are not available. 
Thus, we calculate the three binary MS diffusivities (Eq. (4.15), Eq. (4.16) and Eq. (4.17)) 
of sodium hydroxide using the density (Eq. (4.5)) and viscosity (Eq. (4.22) and Eq. 
(4.23)4.23) of sodium hydroxide. Similarly, three binary MS diffusivities for sodium 
chlorate are determined using the bulk properties of the sodium chlorate. The 
required bulk properties of sodium chlorate are listed in Table 4.3. The water 
concentration and the total concentration are calculated using Eq. (4.10) and Eq. (4.11), 
respectively. The expressions to determine the density and the weight percentage of 
sodium chlorate are given in Eq. (4.12) and Eq. (4.13). The density of sodium chlorate 
[23] in Eq. (4.12) is valid for a temperature range of 20 – 100 oC. The concentration in 
gram per liter (𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔) is related to the concentration of the fixed charged groups of the 
membrane and the molecular weight of sodium chlorate (Eq. (4.14)). 

Furthermore, we also consider using the ion concentration inside the membrane to 
determine the concentration-dependent MS diffusivities instead of the bulk external 
solution used in the previous models. As can be seen in Eq. (4.1) and Eq. (4.2), the co-
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ion concentration inside the membrane is generally lower than the bulk external 
solution and the counter-ion inside the membrane due to the presence of the fixed-
charged groups. We choose to use the co-ion concentration, assuming that the 
counter-ion that is absorbed to and desorbed from the fixed charged groups and is 
consequently less mobile. 

Table 4.1. Comparison of correlations for Maxwell-Stefan diffusivities used in the previous study [10] and 
investigated in this work. 

 

As shown in Figure 4.1, the MS model depends on the input parameters based on 
membrane properties. The input parameters based on membrane properties used in 
Chapter 3 for sodium hydroxide solution are listed in Table 4.2. These correlations 
have also been used in the MS model developed in this work. It should be pointed out 
that the value of  𝑓𝑓𝑚𝑚/𝑓𝑓𝑒𝑒 (the ratio between the fraction of the fixed ionic groups and 
the electrolyte solution in the ion clusters) varies between 0.4 and 1.32 depending on 
the membrane properties and electrolyte concentration [24], [25]. For a Nafion 
membrane a value of 𝑓𝑓𝑚𝑚/𝑓𝑓𝑒𝑒 = 1 is typically assumed because the hydrophilic nature of 
the ionic groups [25].   

  

Component 
pair (𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚 ) 
Chapter 3 
       

Investigated in this work 
 

𝔇𝔇+,𝑤𝑤 
𝑚𝑚   𝔇𝔇+,𝑤𝑤

𝑏𝑏  𝜏𝜏−1  based on 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑏𝑏

 𝔇𝔇+,𝑤𝑤
𝑏𝑏  𝜏𝜏−1 using 𝑐𝑐𝑁𝑁𝑁𝑁−𝑚𝑚  

𝔇𝔇−,𝑤𝑤 
𝑚𝑚   𝔇𝔇−,𝑤𝑤

𝑏𝑏  𝜏𝜏−1  based on 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑏𝑏  𝔇𝔇−,𝑤𝑤

𝑏𝑏  𝜏𝜏−1   using 𝑐𝑐𝑁𝑁𝑁𝑁−𝑚𝑚  
𝔇𝔇+,−

𝑚𝑚    𝔇𝔇+,− 
𝑏𝑏 𝜏𝜏−1 based on 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑏𝑏   𝔇𝔇+,− 
𝑏𝑏 𝜏𝜏−1  using 𝑐𝑐𝑁𝑁𝑁𝑁−𝑚𝑚  

𝔇𝔇𝑤𝑤,𝑆𝑆𝑁𝑁3
− 

𝑚𝑚   𝔇𝔇𝑤𝑤𝜏𝜏−1  (water self-diffusivity) 𝔇𝔇𝑤𝑤,𝐶𝐶𝐶𝐶𝑁𝑁3
− 

𝑏𝑏 𝜏𝜏−1 based on 𝑐𝑐𝑆𝑆𝑁𝑁3
−   

𝔇𝔇+,𝑆𝑆𝑁𝑁3
−𝑚𝑚   0.1𝔇𝔇+,𝑤𝑤 

𝑚𝑚   𝔇𝔇+,𝐶𝐶𝐶𝐶𝑁𝑁3
− 

𝑏𝑏 𝜏𝜏−1  based on 𝑐𝑐𝑆𝑆𝑁𝑁3
−  

𝔇𝔇−,𝑆𝑆𝑁𝑁3
−𝑚𝑚   0.1𝔇𝔇−,𝑤𝑤 

𝑚𝑚   −𝔇𝔇+,𝑆𝑆𝑁𝑁3
−𝑚𝑚  or 𝔇𝔇+,𝑆𝑆𝑁𝑁3

−𝑚𝑚  
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Table 4.2. Membrane properties in sodium hydroxide solution as input parameters used in the model 
from Chapter 3. 

Correlations 
Equation 
number 

𝑊𝑊𝑤𝑤,𝐸𝐸𝐸𝐸=1100 = −0.0052 × (0.001𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)3 + 0.1655 × (0.001𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)2

− 2.7085 × (0.001𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) + 36.682   
(4.3) 

𝐶𝐶𝑚𝑚 = 1000 × 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐸𝐸𝑊𝑊 × 𝑊𝑊𝑤𝑤

(𝑓𝑓𝑚𝑚
𝑓𝑓𝑒𝑒

)  
(4.4) 

𝐸𝐸𝑊𝑊 = 1100; 𝑓𝑓𝑚𝑚/𝑓𝑓𝑒𝑒 = 1  
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

2 + 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
3    (4.5) 

𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1.0022 − 0.1168 ∙ 10−3 × 𝑇𝑇𝑐𝑐 − 0.3211 ∙ 10−5 × 𝑇𝑇𝑐𝑐
2 

𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.01149 − 0.3198 ∙ 10−4 × 𝑇𝑇𝑐𝑐 + 0.2151 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 

𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.1966 ∙ 10−5 + 0.7615 ∙ 10−6 × 𝑇𝑇𝑐𝑐 − 0.6156 ∙ 10−8 × 𝑇𝑇𝑐𝑐
2 

𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = −0.337 ∙ 10−6 + 0.7553 ∙ 10−8 × 𝑇𝑇𝑐𝑐 + 0.6616 ∙ 10−10 × 𝑇𝑇𝑐𝑐
2 

𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = ∆𝑉𝑉
1 +  ∆𝑉𝑉 

(4.6) 

∆𝑉𝑉 = 𝑊𝑊𝑤𝑤,𝐸𝐸𝐸𝐸=1100
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝑣𝑣𝑁𝑁117,𝑣𝑣𝑑𝑑𝑑𝑑

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
 (4.7) 

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝑣𝑣𝑁𝑁117,𝑣𝑣𝑑𝑑𝑑𝑑 = 2.1  (4.8) 
 

Table 4.3. Input parameters for sodium chlorate solution used in the model [23]. 

Correlations Equation 
number 

𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 = 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁3
− = 𝑐𝑐𝑆𝑆𝑁𝑁3

− (4.9) 

𝑐𝑐𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 =

(1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3
𝑚𝑚 /100) × (𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3

𝑚𝑚  × 1000)
𝑀𝑀𝑤𝑤

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3
 

(4.10) 

𝑐𝑐𝑡𝑡𝑣𝑣𝑡𝑡
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 = 𝑐𝑐𝑁𝑁𝑁𝑁+

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 + 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁3
− + 𝑐𝑐𝑤𝑤

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3  (4.11) 

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3
𝑚𝑚 = 1.0936 + 0.000619 𝑐𝑐𝑔𝑔𝑔𝑔𝑁𝑁 − 0.0041𝑇𝑇𝑁𝑁  (4.12) 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3
𝑚𝑚 = 100 × 𝑐𝑐𝑔𝑔𝑔𝑔𝑁𝑁/(𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3

𝑚𝑚 × 1000) (4.13) 

𝑐𝑐𝑔𝑔𝑔𝑔𝑁𝑁 = 𝑐𝑐𝑆𝑆𝑁𝑁3
− × 𝑀𝑀𝑤𝑤

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3  (4.14) 
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In this work, the concentration of the hydroxide ion inside the membrane (𝑐𝑐𝑂𝑂𝐻𝐻−𝑚𝑚 ) 
defines the concentration of electrolyte inside the membrane, as given in Eq. (4.1), as 
mentioned earlier. It is important to note that the ion concentration inside the 
membrane is not necessarily constant throughout the thickness of the membrane and 
can vary depending on the conditions and the current density. However, to avoid a 
higher complexity of the model, this effect is not included in this work.  

Table 4.4 and Table 4.5 list the required equations to calculate the MS diffusivities for 
both sodium hydroxide and sodium chlorate solutions. It must be pointed out that 
the empirical correlation for the effective distance between ions (𝑑𝑑0) depends on the 
type and the concentration of electrolyte [17]–[19]. It is related to the ionic radii of the 
ion and other factors, such as polarizability and the hydration effect of the ions [17]. 
The ionic radii of the sodium, hydroxide ion, and chlorate ion are 0.98 Å, 1.40 Å, and 
1.71 Å, respectively [26], [27]. For electrolytes with weakly hydrated ions, the value of 
𝑑𝑑0 approaches the sum of the ionic radii (𝑟𝑟0). It is reported that the value for 𝑑𝑑0 is 
higher than the sum of the ionic radii when the electrolyte contains sodium ions [17]. 
Eq. (4.26) is proposed to be valid for sodium hydroxide [19]. Using Eq. (4.26), the 𝑑𝑑0 
value of sodium hydroxide is 3.93 Å while the value based on the sum of the 𝑟𝑟0 is 2.38 
Å. For high polarizability, the 𝑑𝑑0 is smaller than 𝑟𝑟0. Since there is no empirical 
correlation available for NaClO3, Eq. (4.26) is used as a starting point.   

Table 4.4. The expressions to calculate bulk Maxwell-Stefan (MS) diffusivities for a broad range of 
concentrations and temperatures [2], [10], [14], [16], [18], [19], [26], [28]. 

Correlations 
Equation 
number 

𝔇𝔇−,𝑤𝑤 
𝑏𝑏 = 𝑧𝑧+

𝑧𝑧+ − 𝑧𝑧−

1
𝑡𝑡+

𝔇𝔇 
(4.15) 

𝔇𝔇+,𝑤𝑤 
𝑏𝑏 =  −𝑧𝑧−

𝑧𝑧+ − 𝑧𝑧−

1
1 − 𝑡𝑡+

𝔇𝔇 
(4.16) 

𝔇𝔇+,−
𝑏𝑏 =  −z+𝑅𝑅𝑅𝑅c+𝔇𝔇 κ

( 𝑧𝑧+
2𝑧𝑧−𝐹𝐹2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐+𝔇𝔇 + (𝑧𝑧+ − 𝑧𝑧−)𝑅𝑅𝑅𝑅𝑐𝑐𝑤𝑤(1 − 𝑡𝑡+)𝑡𝑡+κ ) 

(4.17) 

𝔇𝔇 = 𝐷𝐷𝑀𝑀
𝑐𝑐𝑤𝑤

𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡

1
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞)
 

(4.18) 

𝐷𝐷𝑀𝑀 = 𝐷𝐷𝑀𝑀,𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑡𝑡𝐾𝐾𝑡𝑡𝐾𝐾𝐾𝐾 =
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 )
𝜂𝜂𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟

(𝐷𝐷0 + 𝐷𝐷𝑤𝑤 𝜈𝜈 𝕞𝕞
𝕞𝕞𝑤𝑤

) 

 

(4.19) 

𝜂𝜂𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟 =  𝜂𝜂𝐾𝐾𝑒𝑒𝐾𝐾𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝐾𝐾/𝜂𝜂𝑤𝑤 (4.20) 
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Table 4.2. Membrane properties in sodium hydroxide solution as input parameters used in the model 
from Chapter 3. 

Correlations 
Equation 
number 

𝑊𝑊𝑤𝑤,𝐸𝐸𝐸𝐸=1100 = −0.0052 × (0.001𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)3 + 0.1655 × (0.001𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)2

− 2.7085 × (0.001𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) + 36.682   
(4.3) 

𝐶𝐶𝑚𝑚 = 1000 × 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐸𝐸𝑊𝑊 × 𝑊𝑊𝑤𝑤

(𝑓𝑓𝑚𝑚
𝑓𝑓𝑒𝑒

)  
(4.4) 

𝐸𝐸𝑊𝑊 = 1100; 𝑓𝑓𝑚𝑚/𝑓𝑓𝑒𝑒 = 1  
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

2 + 𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
3    (4.5) 

𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1.0022 − 0.1168 ∙ 10−3 × 𝑇𝑇𝑐𝑐 − 0.3211 ∙ 10−5 × 𝑇𝑇𝑐𝑐
2 

𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.01149 − 0.3198 ∙ 10−4 × 𝑇𝑇𝑐𝑐 + 0.2151 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 

𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.1966 ∙ 10−5 + 0.7615 ∙ 10−6 × 𝑇𝑇𝑐𝑐 − 0.6156 ∙ 10−8 × 𝑇𝑇𝑐𝑐
2 

𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = −0.337 ∙ 10−6 + 0.7553 ∙ 10−8 × 𝑇𝑇𝑐𝑐 + 0.6616 ∙ 10−10 × 𝑇𝑇𝑐𝑐
2 

𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = ∆𝑉𝑉
1 +  ∆𝑉𝑉 

(4.6) 

∆𝑉𝑉 = 𝑊𝑊𝑤𝑤,𝐸𝐸𝐸𝐸=1100
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝑣𝑣𝑁𝑁117,𝑣𝑣𝑑𝑑𝑑𝑑

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
 (4.7) 

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝑣𝑣𝑁𝑁117,𝑣𝑣𝑑𝑑𝑑𝑑 = 2.1  (4.8) 
 

Table 4.3. Input parameters for sodium chlorate solution used in the model [23]. 

Correlations Equation 
number 

𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 = 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁3
− = 𝑐𝑐𝑆𝑆𝑁𝑁3

− (4.9) 

𝑐𝑐𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 =

(1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3
𝑚𝑚 /100) × (𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3

𝑚𝑚  × 1000)
𝑀𝑀𝑤𝑤

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3
 

(4.10) 

𝑐𝑐𝑡𝑡𝑣𝑣𝑡𝑡
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 = 𝑐𝑐𝑁𝑁𝑁𝑁+

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 + 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁3
− + 𝑐𝑐𝑤𝑤

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3  (4.11) 

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3
𝑚𝑚 = 1.0936 + 0.000619 𝑐𝑐𝑔𝑔𝑔𝑔𝑁𝑁 − 0.0041𝑇𝑇𝑁𝑁  (4.12) 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3
𝑚𝑚 = 100 × 𝑐𝑐𝑔𝑔𝑔𝑔𝑁𝑁/(𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3

𝑚𝑚 × 1000) (4.13) 

𝑐𝑐𝑔𝑔𝑔𝑔𝑁𝑁 = 𝑐𝑐𝑆𝑆𝑁𝑁3
− × 𝑀𝑀𝑤𝑤

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3  (4.14) 
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In this work, the concentration of the hydroxide ion inside the membrane (𝑐𝑐𝑂𝑂𝐻𝐻−𝑚𝑚 ) 
defines the concentration of electrolyte inside the membrane, as given in Eq. (4.1), as 
mentioned earlier. It is important to note that the ion concentration inside the 
membrane is not necessarily constant throughout the thickness of the membrane and 
can vary depending on the conditions and the current density. However, to avoid a 
higher complexity of the model, this effect is not included in this work.  

Table 4.4 and Table 4.5 list the required equations to calculate the MS diffusivities for 
both sodium hydroxide and sodium chlorate solutions. It must be pointed out that 
the empirical correlation for the effective distance between ions (𝑑𝑑0) depends on the 
type and the concentration of electrolyte [17]–[19]. It is related to the ionic radii of the 
ion and other factors, such as polarizability and the hydration effect of the ions [17]. 
The ionic radii of the sodium, hydroxide ion, and chlorate ion are 0.98 Å, 1.40 Å, and 
1.71 Å, respectively [26], [27]. For electrolytes with weakly hydrated ions, the value of 
𝑑𝑑0 approaches the sum of the ionic radii (𝑟𝑟0). It is reported that the value for 𝑑𝑑0 is 
higher than the sum of the ionic radii when the electrolyte contains sodium ions [17]. 
Eq. (4.26) is proposed to be valid for sodium hydroxide [19]. Using Eq. (4.26), the 𝑑𝑑0 
value of sodium hydroxide is 3.93 Å while the value based on the sum of the 𝑟𝑟0 is 2.38 
Å. For high polarizability, the 𝑑𝑑0 is smaller than 𝑟𝑟0. Since there is no empirical 
correlation available for NaClO3, Eq. (4.26) is used as a starting point.   

Table 4.4. The expressions to calculate bulk Maxwell-Stefan (MS) diffusivities for a broad range of 
concentrations and temperatures [2], [10], [14], [16], [18], [19], [26], [28]. 

Correlations 
Equation 
number 

𝔇𝔇−,𝑤𝑤 
𝑏𝑏 = 𝑧𝑧+

𝑧𝑧+ − 𝑧𝑧−

1
𝑡𝑡+

𝔇𝔇 
(4.15) 

𝔇𝔇+,𝑤𝑤 
𝑏𝑏 =  −𝑧𝑧−

𝑧𝑧+ − 𝑧𝑧−

1
1 − 𝑡𝑡+

𝔇𝔇 
(4.16) 

𝔇𝔇+,−
𝑏𝑏 =  −z+𝑅𝑅𝑅𝑅c+𝔇𝔇 κ

( 𝑧𝑧+
2𝑧𝑧−𝐹𝐹2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐+𝔇𝔇 + (𝑧𝑧+ − 𝑧𝑧−)𝑅𝑅𝑅𝑅𝑐𝑐𝑤𝑤(1 − 𝑡𝑡+)𝑡𝑡+κ ) 

(4.17) 

𝔇𝔇 = 𝐷𝐷𝑀𝑀
𝑐𝑐𝑤𝑤

𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡

1
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞)
 

(4.18) 

𝐷𝐷𝑀𝑀 = 𝐷𝐷𝑀𝑀,𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑡𝑡𝐾𝐾𝑡𝑡𝐾𝐾𝐾𝐾 =
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 )
𝜂𝜂𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟

(𝐷𝐷0 + 𝐷𝐷𝑤𝑤 𝜈𝜈 𝕞𝕞
𝕞𝕞𝑤𝑤

) 

 

(4.19) 

𝜂𝜂𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟 =  𝜂𝜂𝐾𝐾𝑒𝑒𝐾𝐾𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝐾𝐾/𝜂𝜂𝑤𝑤 (4.20) 
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𝜂𝜂𝑤𝑤 = 𝑇𝑇𝑐𝑐 + 246
(0.05594𝑇𝑇𝑐𝑐 + 5.2842)𝑇𝑇𝑐𝑐 + 137.37 

(4.21) 

𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜂𝜂𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒
(1−𝑤𝑤𝑤𝑤)𝜂𝜂𝑤𝑤

𝑤𝑤𝑤𝑤  (4.22) 

𝜂𝜂𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒 = 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝕒𝕒1(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒2 + 𝕒𝕒3
(𝕒𝕒4𝑇𝑇𝐶𝐶 + 1) (𝕒𝕒5(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒6 + 1) 

(4.23) 

𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 = 𝛽𝛽 [−0.18807𝕞𝕞1/3 + 0.0095806 (𝑑𝑑0

2 − Φ
𝑑𝑑0

) 𝕞𝕞

+ 0.001585𝕞𝕞4/3 ] 

(4.24) 

𝛽𝛽 = 78.15 ∗ 298.15
𝜀𝜀𝑤𝑤𝑇𝑇  

(4.25) 

𝑑𝑑0
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (𝑟𝑟+ + 𝑟𝑟−)(1 + 1.5 𝑟𝑟−

𝑟𝑟+
𝑑𝑑𝑑𝑑 1.327 

𝑟𝑟+
) 

(4.26) 

Φ = 1.3 𝜀𝜀𝑤𝑤 − 1
2𝜀𝜀𝑤𝑤 + 1

𝑑𝑑0
3

4  
(4.27) 

𝐷𝐷0 = 𝑅𝑅𝑇𝑇
𝐹𝐹2

𝑧𝑧+ + |𝑧𝑧−|
𝑧𝑧+|𝑧𝑧−|

𝑑𝑑+
0 𝑑𝑑−

0

𝑑𝑑+
0 + 𝑑𝑑−0

 
(4.28) 

𝑑𝑑𝑁𝑁𝑁𝑁+
0 = 25.665 + 0.889𝑇𝑇𝑐𝑐 + 0.0033𝑇𝑇𝑐𝑐

2 (4.29) 

𝑑𝑑𝑁𝑁𝑁𝑁−0 = 105.32 + 3.8031𝑇𝑇𝑐𝑐 − 0.0037𝑇𝑇𝑐𝑐
2 (4.30) 

𝑑𝑑𝐶𝐶𝑒𝑒𝑁𝑁3
−0 = 35.865 + 1.0914𝑇𝑇𝑐𝑐 + 0.0027𝑇𝑇𝑐𝑐

2 (4.31) 

𝑡𝑡+ = 𝑑𝑑+
(𝑑𝑑+ +  𝑑𝑑−) 

(4.32) 

𝑑𝑑+ = 1
𝜂𝜂𝑒𝑒𝑒𝑒𝑟𝑟𝑠𝑠𝑐𝑐𝑒𝑒𝑟𝑟

[𝑑𝑑+
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑑𝑑+

0

𝜀𝜀𝑤𝑤𝑇𝑇 ) 𝑐𝑐+
1/3] (1 + (1 − 𝑡𝑡+

0) 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞) 

(4.33) 

𝑑𝑑− = 1
𝜂𝜂𝑒𝑒𝑒𝑒𝑟𝑟𝑠𝑠𝑐𝑐𝑒𝑒𝑟𝑟

[𝑑𝑑−
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑑𝑑−

0

𝜀𝜀𝑤𝑤𝑇𝑇 ) 𝑐𝑐+
1/3] (1 + 𝑡𝑡+

0 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞) 

(4.34) 

𝔸𝔸1 = 𝑒𝑒𝑒𝑒𝐹𝐹
6𝜋𝜋

1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 

(4.35) 

𝔸𝔸2 = 𝑒𝑒0
2

3√3𝜀𝜀06𝜋𝜋𝜋𝜋
1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 

(4.36) 

κ =  Λc+ (4.37) 
Λ = 𝑑𝑑+ + 𝑑𝑑− (4.38) 

𝜀𝜀𝑤𝑤 = 87.740 − 0.40008𝑇𝑇𝑐𝑐 + 9.398 ∙ 10−4𝑇𝑇𝑐𝑐
2 − 1.410 ∙ 10−6𝑇𝑇𝑐𝑐

3 (4.39) 

𝐷𝐷𝑤𝑤 =  𝐷𝐷𝑤𝑤
0 ( 𝑇𝑇

𝑇𝑇𝑆𝑆
− 1)

2.063
; 𝐷𝐷𝑤𝑤

0 = 16.35 ∙ 10−5 𝑐𝑐𝑐𝑐2. 𝑠𝑠−1; 𝑇𝑇𝑠𝑠 = 215.05 K; 
(4.40) 
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Table 4.5. Constant parameters 𝕒𝕒𝟏𝟏 to 𝕒𝕒𝟔𝟔 for calculating solute viscosity (𝜼𝜼𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔) of  NaOH and NaClO3 in 
Eq. (4.23)  [28]. 

Parameter NaOH NaClO3 
𝕒𝕒1  440.2 13.697 
𝕒𝕒2  0.0089764 0.37882 
𝕒𝕒3   -423.67 -1.1782 
𝕒𝕒4  0.015949 0.0015768 
𝕒𝕒5  107.6 4065.9 
𝕒𝕒6  4.6489 2.1278 

 

4.3. Results and discussion 
4.3.1. Kuznetsova methods validation 

The Kuznetsova methods [16]–[19] shown in Figure 4.3 were applied to predict the 
bulk properties such as the observed (measured) diffusion coefficient (𝐷𝐷𝑀𝑀), activity 

gradient ( 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞), sodium ion transport number in bulk (𝑡𝑡𝑁𝑁𝑎𝑎+

𝑏𝑏 ), and specific 

conductance (κ) as a function of concentration and temperature. The results at 25oC 
are compared to available experimental data in Figure 4.5 and Figure 4.6 for sodium 
hydroxide and sodium chlorate, respectively [14], [29], [30].  

For sodium hydroxide, the correlations used (see Table 4.4 and Table 4.5) match the 
experimental data reasonably well even though there is a slight difference in the trend 
between predicted and measured data for the diffusion coefficient. Since the available 
experimental data are mainly limited to the low concentration range, it remains a 
challenge to validate the model for higher concentrations.  

For the sodium chlorate system in Figure 4.6, the results of the model using the value 
of 𝑑𝑑0 = 4.82 Å based on Eq. (4.26) strongly overpredict the values of the observed 

(measured) diffusion coefficient (𝐷𝐷𝑀𝑀), activity gradient ( 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞), sodium ion transport 

number in bulk (𝑡𝑡𝑁𝑁𝑎𝑎+
𝑏𝑏 ), and specific conductance (κ). This clearly shows that Eq. (4.26)  

is not valid for sodium chlorate. Applying 𝑑𝑑0 =  𝑟𝑟0 = 2.69 Å improved the result 
significantly, and a slightly lower fitted value of  𝑑𝑑0 <  𝑟𝑟0 = 2.41 Å led to an even closer 
match with the experimental data. This suggests that sodium chlorate belongs to the 
category of highly polarizable electrolytes. The fitted value of 𝑑𝑑0 <  𝑟𝑟0 = 2.41 Å for 
sodium chlorate was therefore used for further simulation.  
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𝜂𝜂𝑤𝑤 = 𝑇𝑇𝑐𝑐 + 246
(0.05594𝑇𝑇𝑐𝑐 + 5.2842)𝑇𝑇𝑐𝑐 + 137.37 

(4.21) 

𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜂𝜂𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒
(1−𝑤𝑤𝑤𝑤)𝜂𝜂𝑤𝑤

𝑤𝑤𝑤𝑤  (4.22) 

𝜂𝜂𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒 = 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝕒𝕒1(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒2 + 𝕒𝕒3
(𝕒𝕒4𝑇𝑇𝐶𝐶 + 1) (𝕒𝕒5(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒6 + 1) 

(4.23) 

𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 = 𝛽𝛽 [−0.18807𝕞𝕞1/3 + 0.0095806 (𝑑𝑑0

2 − Φ
𝑑𝑑0

) 𝕞𝕞

+ 0.001585𝕞𝕞4/3 ] 

(4.24) 

𝛽𝛽 = 78.15 ∗ 298.15
𝜀𝜀𝑤𝑤𝑇𝑇  

(4.25) 

𝑑𝑑0
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (𝑟𝑟+ + 𝑟𝑟−)(1 + 1.5 𝑟𝑟−

𝑟𝑟+
𝑑𝑑𝑑𝑑 1.327 

𝑟𝑟+
) 

(4.26) 

Φ = 1.3 𝜀𝜀𝑤𝑤 − 1
2𝜀𝜀𝑤𝑤 + 1

𝑑𝑑0
3

4  
(4.27) 

𝐷𝐷0 = 𝑅𝑅𝑇𝑇
𝐹𝐹2

𝑧𝑧+ + |𝑧𝑧−|
𝑧𝑧+|𝑧𝑧−|

𝑑𝑑+
0 𝑑𝑑−

0

𝑑𝑑+
0 + 𝑑𝑑−0

 
(4.28) 

𝑑𝑑𝑁𝑁𝑁𝑁+
0 = 25.665 + 0.889𝑇𝑇𝑐𝑐 + 0.0033𝑇𝑇𝑐𝑐

2 (4.29) 

𝑑𝑑𝑁𝑁𝑁𝑁−0 = 105.32 + 3.8031𝑇𝑇𝑐𝑐 − 0.0037𝑇𝑇𝑐𝑐
2 (4.30) 

𝑑𝑑𝐶𝐶𝑒𝑒𝑁𝑁3
−0 = 35.865 + 1.0914𝑇𝑇𝑐𝑐 + 0.0027𝑇𝑇𝑐𝑐

2 (4.31) 

𝑡𝑡+ = 𝑑𝑑+
(𝑑𝑑+ +  𝑑𝑑−) 

(4.32) 

𝑑𝑑+ = 1
𝜂𝜂𝑒𝑒𝑒𝑒𝑟𝑟𝑠𝑠𝑐𝑐𝑒𝑒𝑟𝑟

[𝑑𝑑+
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑑𝑑+

0

𝜀𝜀𝑤𝑤𝑇𝑇 ) 𝑐𝑐+
1/3] (1 + (1 − 𝑡𝑡+

0) 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞) 

(4.33) 

𝑑𝑑− = 1
𝜂𝜂𝑒𝑒𝑒𝑒𝑟𝑟𝑠𝑠𝑐𝑐𝑒𝑒𝑟𝑟

[𝑑𝑑−
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑑𝑑−

0

𝜀𝜀𝑤𝑤𝑇𝑇 ) 𝑐𝑐+
1/3] (1 + 𝑡𝑡+

0 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞) 

(4.34) 

𝔸𝔸1 = 𝑒𝑒𝑒𝑒𝐹𝐹
6𝜋𝜋

1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 

(4.35) 

𝔸𝔸2 = 𝑒𝑒0
2

3√3𝜀𝜀06𝜋𝜋𝜋𝜋
1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 

(4.36) 

κ =  Λc+ (4.37) 
Λ = 𝑑𝑑+ + 𝑑𝑑− (4.38) 

𝜀𝜀𝑤𝑤 = 87.740 − 0.40008𝑇𝑇𝑐𝑐 + 9.398 ∙ 10−4𝑇𝑇𝑐𝑐
2 − 1.410 ∙ 10−6𝑇𝑇𝑐𝑐

3 (4.39) 

𝐷𝐷𝑤𝑤 =  𝐷𝐷𝑤𝑤
0 ( 𝑇𝑇

𝑇𝑇𝑆𝑆
− 1)

2.063
; 𝐷𝐷𝑤𝑤

0 = 16.35 ∙ 10−5 𝑐𝑐𝑐𝑐2. 𝑠𝑠−1; 𝑇𝑇𝑠𝑠 = 215.05 K; 
(4.40) 

 

 Maxwell-Stefan diffusivities of Cation-Selective Membranes   

105 
 

Table 4.5. Constant parameters 𝕒𝕒𝟏𝟏 to 𝕒𝕒𝟔𝟔 for calculating solute viscosity (𝜼𝜼𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔) of  NaOH and NaClO3 in 
Eq. (4.23)  [28]. 

Parameter NaOH NaClO3 
𝕒𝕒1  440.2 13.697 
𝕒𝕒2  0.0089764 0.37882 
𝕒𝕒3   -423.67 -1.1782 
𝕒𝕒4  0.015949 0.0015768 
𝕒𝕒5  107.6 4065.9 
𝕒𝕒6  4.6489 2.1278 

 

4.3. Results and discussion 
4.3.1. Kuznetsova methods validation 

The Kuznetsova methods [16]–[19] shown in Figure 4.3 were applied to predict the 
bulk properties such as the observed (measured) diffusion coefficient (𝐷𝐷𝑀𝑀), activity 

gradient ( 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞), sodium ion transport number in bulk (𝑡𝑡𝑁𝑁𝑎𝑎+

𝑏𝑏 ), and specific 

conductance (κ) as a function of concentration and temperature. The results at 25oC 
are compared to available experimental data in Figure 4.5 and Figure 4.6 for sodium 
hydroxide and sodium chlorate, respectively [14], [29], [30].  

For sodium hydroxide, the correlations used (see Table 4.4 and Table 4.5) match the 
experimental data reasonably well even though there is a slight difference in the trend 
between predicted and measured data for the diffusion coefficient. Since the available 
experimental data are mainly limited to the low concentration range, it remains a 
challenge to validate the model for higher concentrations.  

For the sodium chlorate system in Figure 4.6, the results of the model using the value 
of 𝑑𝑑0 = 4.82 Å based on Eq. (4.26) strongly overpredict the values of the observed 

(measured) diffusion coefficient (𝐷𝐷𝑀𝑀), activity gradient ( 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞), sodium ion transport 

number in bulk (𝑡𝑡𝑁𝑁𝑎𝑎+
𝑏𝑏 ), and specific conductance (κ). This clearly shows that Eq. (4.26)  

is not valid for sodium chlorate. Applying 𝑑𝑑0 =  𝑟𝑟0 = 2.69 Å improved the result 
significantly, and a slightly lower fitted value of  𝑑𝑑0 <  𝑟𝑟0 = 2.41 Å led to an even closer 
match with the experimental data. This suggests that sodium chlorate belongs to the 
category of highly polarizable electrolytes. The fitted value of 𝑑𝑑0 <  𝑟𝑟0 = 2.41 Å for 
sodium chlorate was therefore used for further simulation.  
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Although one could argue that there still remain some differences between the model 
and the experimental values, we feel the methods proposed by Kuznetsova are of 
sufficient accuracy as input for our MS model, also considering the many assumptions 
made in that model. 

 

Figure 4.5. Comparison of the predicted values of bulk properties of sodium hydroxide based on the 
Kuznetsova methods in the model using the temperature at 25 oC to the available experimental data [14], 
[29]. The experimental data from the chlor-alkali handbook is at 18 oC [24].   
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Figure 4.6. Comparison of the predicted values of bulk properties of sodium chlorate based on the 
Kuznetsova methods using the temperature at 25 oC to the available experimental data [30] using three 
different values for 𝒅𝒅𝟎𝟎 (see legends). The value of experimental conductivity data is for 20 oC [31].  

4.3.2. Bulk Maxwell-Stefan diffusivities (𝕯𝕯𝒊𝒊,𝒋𝒋 
𝒃𝒃 ) 

In Figure 4.7, the calculated values of bulk MS diffusivities for sodium hydroxide and 
sodium chlorate using Newman/Chapman correlations based on the bulk properties 
are compared with the calculated values based on the experimental data for sodium 
hydroxide [14].  

The predicted bulk properties were based on the Kuznetsova methods, as shown in 
Figure 4.5. The values based on the Newman/Chapman correlations match the values 
based on experimental data reasonably well for sodium hydroxide. The values of the 
ion-water MS diffusivities decrease significantly as a function of increasing sodium 
hydroxide concentration. It is also interesting to mention that the profiles of positive 
ion-negative ion diffusivities (𝔇𝔇+,− 

𝑏𝑏 ) in Figure 4.7 show a trend comparable to the 
profiles of the specific conductance (κ) in Figure 4.5 and Figure 4.6.  

The value of the MS diffusivity of sodium ion-solvent in the sodium hydroxide solution 

(𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏 (𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)) is slightly lower than the MS diffusivity in the sodium chlorate solution 

(𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏 (𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁3)). For example, the value of the MS diffusivity at 5 M NaOH is 4∙10-10 m2/s, 

whereas for 5 M NaClO3, it is 6∙10-10 m2/s. The difference may be due to the presence 
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of different anions but can be caused by (minor) inaccuracies in the model as well. In 
this work, we use the value of the sodium ion-solvent interaction of sodium hydroxide 

(𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏 (𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁)) to calculate the membrane diffusivity of sodium-solvent (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚 ) because 

most of the properties of the membrane are based on sodium hydroxide properties.  

 

Figure 4.7. Comparison of calculated bulk Maxwell-Stefan diffusivities in 10-10 [m2.s-1] using 
Newman/Chapman correlations based on the bulk properties predicted by the Kuznetsova methods to the 
values listed by Chapman [14] and the values for infinite dilution at 25 oC. 

4.3.3. Membrane Maxwell-Stefan diffusivities (𝕯𝕯𝒊𝒊,𝒋𝒋 
𝒎𝒎 )  

Membrane MS diffusivities (𝔇𝔇𝒊𝒊,𝒋𝒋 
𝑚𝑚 ) are related to the bulk MS diffusivities (𝔇𝔇𝒊𝒊,𝒋𝒋 

𝑏𝑏 ) listed 

in Table 4.1 using a tortuosity correction based on the void fraction (𝜏𝜏−1 = 𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5 ) [7], 

[9], [10], [15] and different ion concentrations.  

The profiles of void fraction and the ion concentrations as a function of the sodium 
hydroxide concentration in bulk are shown in Figure 4.8. The void fraction strongly 
decreases at a higher concentration of sodium hydroxide (Eq. (4.6) and Eq. (4.7)), 
because the void fraction is determined based on the membrane water uptake. The 
membrane has a lower water uptake at higher electrolyte concentrations due to its 
higher ionic strength (leading to a higher osmotic pressure of the bulk solution). As a 
result, the concentration of fixed charged groups (𝑐𝑐𝑆𝑆𝑁𝑁3

−) increases at higher sodium 
hydroxide concentration due to a lower membrane water uptake.  
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Also, based on Donnan exclusion considerations, the co-ion (hydroxide ion) 
concentration inside the membrane increases significantly with higher bulk sodium 
hydroxide concentrations. It even exceeds the membrane charge concentration 
(represented by the ClO3- concentration) for a sodium hydroxide bulk concentration 
of 6 M and higher. This co-ion concentration corresponds to the free electrolyte 
concentration inside the membrane.  

 

Figure 4.8. The profiles of the void fraction (left) and the ion concentration inside the membrane (right) 
as a function of sodium hydroxide concentration in bulk at 25 oC. 

In this work, as shown in Table 4.1, the chlorate ion represents the fixed charged 
groups of the membrane. For the interaction of counter-ion-fixed charged groups of 
the membrane (𝔇𝔇+,𝑆𝑆𝑆𝑆3

−𝑚𝑚 ), the interaction of positive ion-chlorate ion (𝔇𝔇+,𝐶𝐶𝐶𝐶𝑆𝑆3
− 

𝑏𝑏 ) replaces 
the empirical correlation (0.1𝔇𝔇+,𝑤𝑤 

𝑚𝑚 ) as used in Chapter 3.  Also, the water-chlorate ion 
interaction (𝔇𝔇𝑤𝑤,𝐶𝐶𝐶𝐶𝑆𝑆3

−𝑚𝑚 ) replaces the value of self-diffusivity of water (𝔇𝔇𝑤𝑤) to define the 
water-membrane interaction (𝔇𝔇𝑤𝑤,𝑆𝑆𝑆𝑆3

−𝑚𝑚 ). Another significant difference from Chapter 3 
is that the co-ion-fixed charged groups of the membrane interaction (𝔇𝔇−,𝑆𝑆𝑆𝑆3

−𝑚𝑚 ) is related 
to the counter-ion-fixed charged groups of the membrane interaction (𝔇𝔇+,𝑆𝑆𝑆𝑆3

−𝑚𝑚 ). The 
co-ion concentration inside the membrane (𝑐𝑐𝑆𝑆𝐻𝐻−𝑚𝑚 ) was used to calculate the 
concentration-dependent MS diffusivities. 

In Figure 4.9 the profiles of calculated membrane MS diffusivities at 80 oC (based on 
Table 4.1) are shown as a function of the bulk electrolyte concentration outside the 
membrane (𝑐𝑐𝑁𝑁𝑁𝑁𝑆𝑆𝐻𝐻

𝑏𝑏 ). For 𝔇𝔇−,𝑆𝑆𝑆𝑆3
−𝑚𝑚  the same value was used as for  𝔇𝔇+,𝑆𝑆𝑆𝑆3

−𝑚𝑚 (= +𝔇𝔇𝑁𝑁𝑁𝑁+,𝐶𝐶𝐶𝐶𝑆𝑆3
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𝑚𝑚 ). 

Using the negative value of the interaction of the counter-ion-fixed charged groups of 
the membrane (−𝔇𝔇𝑁𝑁𝑁𝑁+,𝐶𝐶𝐶𝐶𝑆𝑆3
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𝑚𝑚 ), the MS model did not converge. Since the physical 
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of different anions but can be caused by (minor) inaccuracies in the model as well. In 
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most of the properties of the membrane are based on sodium hydroxide properties.  
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meaning of negative diffusivities is also difficult to grasp, only the positive value was 
used for further simulation.   

 

Figure 4.9. Comparison of calculated membrane Maxwell-Stefan (MS) diffusivities in 10-10 [m2.s-1] at 80 oC as 
a function of sodium hydroxide concentration outside the membrane between Chapter 3 and this work 
based on the correlations listed in Table 4.1.  The concentration of the chlorate ion is based on the 
concentration of the fixed charged groups of the membrane. The value of 𝒅𝒅𝟎𝟎 <  𝒓𝒓𝟎𝟎 = 𝟐𝟐. 𝟒𝟒𝟒𝟒 Å was used for 
sodium chlorate.  For 𝕯𝕯𝑶𝑶𝑯𝑯−,𝒎𝒎

𝒎𝒎 , a positive value of 𝕯𝕯𝑵𝑵𝒂𝒂+,𝒎𝒎
𝒎𝒎  was used.   

The calculated values of the MS diffusivity within the membrane using  𝑐𝑐𝑂𝑂𝐻𝐻−𝑚𝑚  in this 
work are slightly higher for ion-water interactions (𝔇𝔇𝑖𝑖,𝑤𝑤 

𝑚𝑚 ) than the calculated values 
based on 𝑐𝑐𝑁𝑁𝑁𝑁𝑂𝑂𝐻𝐻

𝑏𝑏  from Chapter 3. This trend is expected because the diffusivity is higher 
at lower ion concentration, as already shown in Figure 4.7. In contrast, for the water-
fixed charged groups of the membrane interaction, a lower value is observed when the 
chlorate ion-water interaction (𝔇𝔇𝑤𝑤,𝑆𝑆𝑂𝑂3

− 
𝑚𝑚 = 𝔇𝔇𝑤𝑤,𝐶𝐶𝐶𝐶𝑂𝑂3

− 
𝑚𝑚 ) is used in this work to replace the 

self-diffusivity of water (𝔇𝔇𝑤𝑤,𝑆𝑆𝑂𝑂3
− 

𝑚𝑚 = 𝔇𝔇𝑤𝑤,𝑤𝑤 
𝑚𝑚 ), which was used in Chapter 3.   

Comparing to Chapter 3, there is a significant difference in the diffusion coefficient 
value for co-ion-fixed charged groups (𝔇𝔇−,𝑆𝑆𝑂𝑂3

− 
𝑚𝑚 ), which was about four times higher 

than the sodium ion-fixed charged groups (using 0.1 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑤𝑤 
𝑏𝑏 ). Yeager [32] related a 

lower co-ion diffusivity inside the membrane to the diffusional properties of the 
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perfluorinated ionomers. He suggested that the tortuosity correction for the co-ion is 
higher than for the counter-ion inside the membrane. In this work, the tortuosity 
correction is set equal to all ions and solvent. 

The results of the calculated MS diffusivities as a function of temperature using the 
correlations listed in Table 4.1 for 15 wt% and 32 wt% NaOH are shown in Figure 4.10. 
All calculated MS diffusivities increase at higher temperatures. The MS diffusivity 
values of 15 wt% NaOH increases faster than the values of 32 wt% NaOH. 

 

Figure 4.10. Comparison of calculated membrane Maxwell-Stefan (MS) diffusivities in 10-10 [m2.s-1] as a 
function of temperature for 15 wt% and 32 wt% NaOH between Chapter 3 and this work using the 
correlations listed in Table 4.1. The co-ion-membrane interaction is assumed to be equal to the counter-
ion-membrane interaction (𝕯𝕯−,𝒎𝒎 

𝒎𝒎 = 𝕯𝕯+,𝒎𝒎 
𝒎𝒎 ). The value of 𝒅𝒅𝟎𝟎 <  𝒓𝒓𝟎𝟎 = 𝟐𝟐. 𝟒𝟒𝟒𝟒 Å was used for sodium chlorate. 

The calculated MS diffusivities, shown in Figure 4.9, were applied to predict 
membrane perm-selectivity (𝑡𝑡𝑁𝑁𝑁𝑁

+ ), relative water transport number (𝑇𝑇𝐻𝐻2𝑂𝑂), and areal 
membrane resistance (𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎 𝑅𝑅𝑚𝑚). The correlations to calculate the 𝑡𝑡𝑁𝑁𝑁𝑁

+ ,  𝑇𝑇𝐻𝐻2𝑂𝑂, and 
𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎 𝑅𝑅𝑚𝑚 can be found in Chapter 3. The results of the model prediction are shown in 
Figure 4.11. The figure also lists available experimental data on membrane resistance. 
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Figure 4.10. Comparison of calculated membrane Maxwell-Stefan (MS) diffusivities in 10-10 [m2.s-1] as a 
function of temperature for 15 wt% and 32 wt% NaOH between Chapter 3 and this work using the 
correlations listed in Table 4.1. The co-ion-membrane interaction is assumed to be equal to the counter-
ion-membrane interaction (𝕯𝕯−,𝒎𝒎 
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𝒎𝒎 ). The value of 𝒅𝒅𝟎𝟎 <  𝒓𝒓𝟎𝟎 = 𝟐𝟐. 𝟒𝟒𝟒𝟒 Å was used for sodium chlorate. 
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+ ), relative water transport number (𝑇𝑇𝐻𝐻2𝑂𝑂), and areal 
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Figure 4.11. The figure also lists available experimental data on membrane resistance. 
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No experimental data are available for membrane perm-selectivity and the relative 
water transport number for Nafion 117 with an equivalent weight (EW) of 1100. 
However, Yeager et al. [12] reported several data points for the membrane perm-
selectivity and the relative water transport number for a monolayer membrane with 
an equivalent weight of 1150. The correlations proposed in this work seem to improve 
the model prediction of the perm-selectivity (see Figure 4.11). The higher prediction 
of membrane perm-selectivity in this work is probably related to the lower co-ion-
fixed charged groups diffusivity.  

 

Figure 4.11. Comparison of model prediction of membrane perm-selectivity (𝒕𝒕𝑵𝑵𝑵𝑵
+ ), relative water transport 

number (𝑻𝑻𝑯𝑯𝟐𝟐𝑶𝑶) and the areal membrane resistance (Areal Rm) at 80 oC of Nafion 117 (Ew=1100) as a function 
of sodium hydroxide concentration in bulk between Chapter 3 and this work based on the correlations listed 
in Table 4.1.  The concentration of the chlorate ion is based on the concentration of the fixed charged groups 
of the membrane. Sodium transport numbers and relative water transport numbers were validated with the 
experimental data (EW=1150) of Yeager et al. [12], and the areal membrane resistance was validated with the 
experimental data of Nafion 117 (EW=1100) reported in Chapter 3. The value of 𝒅𝒅𝟎𝟎 <  𝒓𝒓𝟎𝟎 = 𝟐𝟐. 𝟒𝟒𝟒𝟒 Å was used 
for sodium chlorate. Experimental relative water transport was determined from the Yeager et al. results by 
dividing their reported water transport number by the sodium transport number. 

Figure 4.12 presents the results of the MS model prediction as a function of 
temperature for 15 wt% and 32 wt% NaOH. The correlations proposed in this work 
seem to show a slightly better prediction of expected membrane perm-selectivity than 
the correlations from Chapter 3, although it is difficult to draw strong conclusions due 
to the limited amount of experimental data. 
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Figure 4.12. Model prediction membrane perm-selectivity (𝒕𝒕𝑵𝑵𝑵𝑵
+ ), relative water transport number (𝑻𝑻𝑯𝑯𝟐𝟐𝑶𝑶) and 

the areal membrane resistance (Areal Rm) of Nafion 117 (EW=1100) as a function of temperature for 15 wt% 
and 32 wt% NaOH using two different correlations for Maxwell-Stefan diffusivities listed in Table 4.1. The 
co-ion-membrane interaction is assumed to be equal to the counter-ion-membrane interaction (𝕯𝕯−,𝒎𝒎 

𝒎𝒎 =
𝕯𝕯+,𝒎𝒎 

𝒎𝒎 ). The value of 𝒅𝒅𝟎𝟎 <  𝒓𝒓𝟎𝟎 = 𝟐𝟐. 𝟒𝟒𝟒𝟒 Å was used for sodium chlorate. Membrane perm-selectivity (𝒕𝒕𝑵𝑵𝑵𝑵
+ ) and 

relative water transport number (𝑻𝑻𝑯𝑯𝟐𝟐𝑶𝑶) were validated with the experimental data (EW=1150) of Yeager et 
al. [12]. Experimental relative water transport was determined from the Yeager et al. results by dividing their 
reported water transport number by the sodium transport number. The areal membrane resistance was 
validated with the experimental data of Nafion 117 (EW=1100) reported in Chapter 3.  

4.4. Conclusions 
The primary aim of this study was to find a suitable correlation to represent the binary 
diffusivities between the fixed charged groups of the membrane and the ions that is 
not empirical and is more logical from a physical perspective. We have succeeded in 
doing so by representing the fixed charge groups in the membrane by the chlorate ion, 
which has properties comparable to the sulfonate groups.  

To conclude, we have shown that Maxwell-Stefan diffusivities can be defined based 
on the known bulk properties using the Kuznetsova methods. With this, we have 
solved the main bottleneck for the input for the Maxwell-Stefan model.  
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A challenge we are still facing is the limited experimental data available to validate 
and further finetune the model.  

Nomenclature 

Latin symbols 

𝔸𝔸1 Constant for the electrophoretic effect  
𝔸𝔸2 Constant for the relaxation effect  
Å Angstrom [10-10 m] 
𝐶𝐶 Concentration used in the Maxwell-Stefan model [mol.m-3] 
𝐶𝐶𝑖𝑖𝑚𝑚 Concentration used in the Maxwell-Stefan model inside the membrane 

[mol.m-3void] 
𝐶𝐶𝑚𝑚 Fixed ionic groups concentration [mol.m-3void] 
c Concentration used to define Maxwell-Stefan diffusivities in bulk 

solution [mol.L-1] 
𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔 The concentration of sodium chlorate in gram per liter in Eq (4.14) 

used to define the density of sodium chlorate in Eq. (4.12) [g.L-1] 
𝑑𝑑0 Effective distance of the closest approach of ions [Å] 
𝐷𝐷0 Diffusion coefficient at infinite dilution [cm2.s-1] 
𝐷𝐷𝑀𝑀 Measured diffusion coefficient [cm2.s-1] 
𝐷𝐷𝑤𝑤 Water self-diffusion coefficient [m2.s-1] 
𝔇𝔇 Thermodynamic diffusion coefficient [cm2.s-1] 
𝔇𝔇𝑖𝑖,𝑗𝑗
𝑏𝑏  Maxwell-Stefan diffusivities in the bulk solution [m2.s-1] 

𝔇𝔇𝑖𝑖,𝑗𝑗
𝑚𝑚  Maxwell-Stefan diffusivities inside the membrane [m2.s-1] 

𝐸𝐸𝐸𝐸 Equivalent weight [g.mol-1] 
𝑒𝑒𝑜𝑜 Electron charge [1.60217662 × 10-19 C] 
F Faraday constant [96485 C.mol-1] 
𝑓𝑓𝑒𝑒 Fraction of the electrolyte solution in the ion clusters [-] 
𝑓𝑓𝑚𝑚 Fraction of the ionic groups in the ion clusters [-] 
𝐼𝐼 Current density [A.m-2] 
𝐾𝐾 Donnan equilibrium constant [-] 
K Kelvin 
𝑘𝑘 Boltzmann constant [1.38064852 × 10-23 m2 kg s-2 K-1] 
𝑙𝑙𝑖𝑖0 Equivalent conductivity at infinite dilution [cm2.ohm-1.mol-1] 
𝑙𝑙+ Equivalent conductivity of cation [cm2.ohm-1.mol-1] 
M Molarity [mol.L-1] 
𝑀𝑀𝑤𝑤 Molecular mass [g.mol-1] 
𝕞𝕞 Molality [mol. kgw-1] 
𝕞𝕞𝑤𝑤 Molality of pure water (at 25 oC = 55.508 [molw. kgw-1]) 
𝑛𝑛 Total number of components [-] 
𝑁𝑁𝑖𝑖 Molar flux [mol.m-2.s-1] 
𝑁𝑁𝐴𝐴 Avogadro number [6.02214076×1023 mol-1] 
𝑞𝑞 Defined in Eq. (21) [-] 
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R Gas constant [8.314 J.mol-1.K-1] 
𝑟𝑟 Crystallochemical radius of ion [Å] 
𝑡𝑡 Time [s] 
𝑡𝑡𝑖𝑖 Transport number [-] 
𝑇𝑇 The temperature in Kelvin [K] 
𝑇𝑇𝑐𝑐 The temperature in degree Celcius [oC] 

 𝑇𝑇𝐻𝐻2𝑂𝑂 The relative transport number of water [-] 
𝑊𝑊 Weight percentage [wt%] 
𝑊𝑊𝑤𝑤 Membrane water uptake [wt%] 
𝑤𝑤𝑤𝑤 The weight fraction of water [-] 
𝑧𝑧𝑖𝑖 Charge of ion i [-] 
𝑧𝑧+ Charge of positive ion [-] 
𝑧𝑧− Charge of negative ion (e.g., a negative value) [-] 
𝑧𝑧 Dimensionless length [-] 

  

 Greek symbols 

𝛽𝛽 Correction coefficient for temperatures that differs from 298.15 K 
[-] 

∆𝑉𝑉 Volume increase of the membrane upon absorption of electrolyte 
solution [-] 

𝛿𝛿𝑚𝑚 Membrane thickness [m] 
𝜀𝜀0 Dielectric permittivity of a vacuum [8.85×10−12 F⋅m−1] 

𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 Void fraction [-] 
𝜀𝜀𝑤𝑤 The dielectric constant of water/Relative permittivity of water [-] 
𝜅𝜅 Specific conductance [ohm-1.cm-1] 
Λ Equivalent conductivity of electrolyte [cm2.ohm-1.mol-1] 

𝜂𝜂𝑁𝑁𝑁𝑁𝑂𝑂𝐻𝐻  NaOH solution viscosity [mPa.s] 
𝜂𝜂𝑟𝑟𝑟𝑟𝑣𝑣𝑟𝑟𝑐𝑐𝑟𝑟𝑣𝑣 Reduced viscosity [-] 
𝜂𝜂𝑠𝑠𝑣𝑣𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟 Solute viscosity [-] 

𝜂𝜂𝑤𝑤 Solvent viscosity [mPa.s] 
𝜈𝜈 Valence number (the number of ions in the formula of the 

electrolyte (𝜈𝜈+ + 𝑣𝑣−) [-] 
𝜈𝜈+ Valence number of the positive ion [-] 
𝜈𝜈− Valence number of the negative ion [-] 
𝛾𝛾 Activity coefficient [-] 
𝜋𝜋 Mathematical constant (3.14159 [-]) 

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑠𝑠𝑂𝑂3 Density of NaClO3 solution [g.cm-3] 
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖𝑣𝑣𝑁𝑁117,𝑣𝑣𝑟𝑟𝑑𝑑 Density of Nafion 117 in dry form [g.cm-3] 

𝜌𝜌𝑁𝑁𝑁𝑁𝑂𝑂𝐻𝐻 Density of NaOH solution [g.cm-3] 
𝜏𝜏 Tortuosity [-] 
Φ Effective polarizabilities of electrolytes [Å3] 
𝜑𝜑 Electrical potential [V] 



Chapter 4   

114 
 

A challenge we are still facing is the limited experimental data available to validate 
and further finetune the model.  

Nomenclature 

Latin symbols 

𝔸𝔸1 Constant for the electrophoretic effect  
𝔸𝔸2 Constant for the relaxation effect  
Å Angstrom [10-10 m] 
𝐶𝐶 Concentration used in the Maxwell-Stefan model [mol.m-3] 
𝐶𝐶𝑖𝑖𝑚𝑚 Concentration used in the Maxwell-Stefan model inside the membrane 

[mol.m-3void] 
𝐶𝐶𝑚𝑚 Fixed ionic groups concentration [mol.m-3void] 
c Concentration used to define Maxwell-Stefan diffusivities in bulk 

solution [mol.L-1] 
𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔 The concentration of sodium chlorate in gram per liter in Eq (4.14) 

used to define the density of sodium chlorate in Eq. (4.12) [g.L-1] 
𝑑𝑑0 Effective distance of the closest approach of ions [Å] 
𝐷𝐷0 Diffusion coefficient at infinite dilution [cm2.s-1] 
𝐷𝐷𝑀𝑀 Measured diffusion coefficient [cm2.s-1] 
𝐷𝐷𝑤𝑤 Water self-diffusion coefficient [m2.s-1] 
𝔇𝔇 Thermodynamic diffusion coefficient [cm2.s-1] 
𝔇𝔇𝑖𝑖,𝑗𝑗
𝑏𝑏  Maxwell-Stefan diffusivities in the bulk solution [m2.s-1] 

𝔇𝔇𝑖𝑖,𝑗𝑗
𝑚𝑚  Maxwell-Stefan diffusivities inside the membrane [m2.s-1] 

𝐸𝐸𝐸𝐸 Equivalent weight [g.mol-1] 
𝑒𝑒𝑜𝑜 Electron charge [1.60217662 × 10-19 C] 
F Faraday constant [96485 C.mol-1] 
𝑓𝑓𝑒𝑒 Fraction of the electrolyte solution in the ion clusters [-] 
𝑓𝑓𝑚𝑚 Fraction of the ionic groups in the ion clusters [-] 
𝐼𝐼 Current density [A.m-2] 
𝐾𝐾 Donnan equilibrium constant [-] 
K Kelvin 
𝑘𝑘 Boltzmann constant [1.38064852 × 10-23 m2 kg s-2 K-1] 
𝑙𝑙𝑖𝑖0 Equivalent conductivity at infinite dilution [cm2.ohm-1.mol-1] 
𝑙𝑙+ Equivalent conductivity of cation [cm2.ohm-1.mol-1] 
M Molarity [mol.L-1] 
𝑀𝑀𝑤𝑤 Molecular mass [g.mol-1] 
𝕞𝕞 Molality [mol. kgw-1] 
𝕞𝕞𝑤𝑤 Molality of pure water (at 25 oC = 55.508 [molw. kgw-1]) 
𝑛𝑛 Total number of components [-] 
𝑁𝑁𝑖𝑖 Molar flux [mol.m-2.s-1] 
𝑁𝑁𝐴𝐴 Avogadro number [6.02214076×1023 mol-1] 
𝑞𝑞 Defined in Eq. (21) [-] 

 Maxwell-Stefan diffusivities of Cation-Selective Membranes   

115 
 

R Gas constant [8.314 J.mol-1.K-1] 
𝑟𝑟 Crystallochemical radius of ion [Å] 
𝑡𝑡 Time [s] 
𝑡𝑡𝑖𝑖 Transport number [-] 
𝑇𝑇 The temperature in Kelvin [K] 
𝑇𝑇𝑐𝑐 The temperature in degree Celcius [oC] 

 𝑇𝑇𝐻𝐻2𝑂𝑂 The relative transport number of water [-] 
𝑊𝑊 Weight percentage [wt%] 
𝑊𝑊𝑤𝑤 Membrane water uptake [wt%] 
𝑤𝑤𝑤𝑤 The weight fraction of water [-] 
𝑧𝑧𝑖𝑖 Charge of ion i [-] 
𝑧𝑧+ Charge of positive ion [-] 
𝑧𝑧− Charge of negative ion (e.g., a negative value) [-] 
𝑧𝑧 Dimensionless length [-] 

  

 Greek symbols 

𝛽𝛽 Correction coefficient for temperatures that differs from 298.15 K 
[-] 

∆𝑉𝑉 Volume increase of the membrane upon absorption of electrolyte 
solution [-] 

𝛿𝛿𝑚𝑚 Membrane thickness [m] 
𝜀𝜀0 Dielectric permittivity of a vacuum [8.85×10−12 F⋅m−1] 

𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 Void fraction [-] 
𝜀𝜀𝑤𝑤 The dielectric constant of water/Relative permittivity of water [-] 
𝜅𝜅 Specific conductance [ohm-1.cm-1] 
Λ Equivalent conductivity of electrolyte [cm2.ohm-1.mol-1] 

𝜂𝜂𝑁𝑁𝑁𝑁𝑂𝑂𝐻𝐻  NaOH solution viscosity [mPa.s] 
𝜂𝜂𝑟𝑟𝑟𝑟𝑣𝑣𝑟𝑟𝑐𝑐𝑟𝑟𝑣𝑣 Reduced viscosity [-] 
𝜂𝜂𝑠𝑠𝑣𝑣𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟 Solute viscosity [-] 

𝜂𝜂𝑤𝑤 Solvent viscosity [mPa.s] 
𝜈𝜈 Valence number (the number of ions in the formula of the 

electrolyte (𝜈𝜈+ + 𝑣𝑣−) [-] 
𝜈𝜈+ Valence number of the positive ion [-] 
𝜈𝜈− Valence number of the negative ion [-] 
𝛾𝛾 Activity coefficient [-] 
𝜋𝜋 Mathematical constant (3.14159 [-]) 

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑠𝑠𝑂𝑂3 Density of NaClO3 solution [g.cm-3] 
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖𝑣𝑣𝑁𝑁117,𝑣𝑣𝑟𝑟𝑑𝑑 Density of Nafion 117 in dry form [g.cm-3] 

𝜌𝜌𝑁𝑁𝑁𝑁𝑂𝑂𝐻𝐻 Density of NaOH solution [g.cm-3] 
𝜏𝜏 Tortuosity [-] 
Φ Effective polarizabilities of electrolytes [Å3] 
𝜑𝜑 Electrical potential [V] 



Chapter 4   

116 
 

Superscript and subscript  

𝐴𝐴 Anolyte 

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 Bulk electrolyte  

𝐶𝐶 Catholyte 

𝑐𝑐 Centigrade 

𝑖𝑖 Species 

𝑖𝑖𝑖𝑖𝑖𝑖 Interface 

𝑏𝑏 Left 

𝑚𝑚 Membrane  

𝑟𝑟 right 

𝑖𝑖𝑡𝑡𝑖𝑖 Total 

𝑤𝑤 Water 

+ Positive ion 

− Negative ion 

0 Infinite dilution 
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Abstract 

More sustainable operation of electrolyzers for chlor-alkali production requires better 
fundamental understanding and proper model description of the electrolysis process. 
Earlier available Maxwell-Stefan models include semi-empirical correlations to define 
Maxwell-Stefan diffusivities inside the membrane and assume ideal liquid phase 
behavior, neglecting deviations of activity coefficients from unity. In this work, we 
have introduced new Maxwell-Stefan diffusivity correlations based on more logical 
physical properties that are suitable for the concentrated electrolyte solution. The 
model was further extended to account for non-ideality and was made suitable for use 
with bilayer membranes. The use of the improved Maxwell-Stefan model resulted in 
a better description of ion - and water transport inside the monolayer or bilayer cation 
exchange membrane of the chlor-alkali electrolyzer. When the non-ideality is 
included in the model, the model results are clearly influenced, which improves the 
model prediction on both membrane perm-selectivity and the relative water transport 
number. Better sodium hydroxide dependence for the membrane conductivity is 
observed. Yet, the membrane potential for the bilayer membrane is now 
overpredicted, which requires further improvements in the model. More experimental 
data are needed for a better input of the model and to validate the model.    

5.1   Introduction 
The chlor-alkali industry converts salt and water into ca. 65 million tonnes of chlorine 
and ca. 76 million tonnes caustic soda per year [1], [2].  Chlorine and caustic soda are 
among the top 10 chemicals that are used as major building blocks in the manufacture 
of chemical products that we rely on every day for construction, food, health care, 
transportation, fire protection, etc. [3]–[5].  

Chlor-alkali membrane electrolysis process is both energy- and capital-intensive. Also, 
since the source of electricity is usually from fossil fuels, this process indirectly 
generates CO2 emissions. Increasingly available renewable energy provides an 
alternative electricity source for this process. However, the renewable energy source 
is intermittent, whereas current operating conditions require constant and reliable 
electricity sources to meet the production capacity. Therefore, flexible and intensified 
electrolyzers are required to enable the most-effective processes. One way to intensify 
the chlor-alkali electrolysis is to increase the current density from 7 kA/m2 to 30 kA/m2 
or even higher.  

Increasing the current density maximizes the use of the membrane and the electrodes 
and hence reduces the investment cost. This promotes a cost-effective industry, 
considering the membrane and the electrodes are the most expensive part of the 
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electrolyzer in the long run. One question is whether or not the membrane can retain 
its performance at high current density operation in terms of membrane perm-
selectivity, membrane conductivity, and membrane life-time.   

A better fundamental understanding of ion and water transport behavior inside the 
membrane is required through mathematical modeling. The use of a Maxwell-Stefan 
(MS) model would be preferred over, e.g., the Nernst-Plank (NP) model since the MS 
model is more generally applicable, and the NP model is a simplification of the MS 
model [6]–[15]. In the next sections, the general MS approach will be outlined. In 
subsequent sections, previously developed MS models will be discussed.  

In this chapter, first of all, we apply the improved MS diffusivities from Chapter 4 to 
the chlor-alkali system. The results are compared to the results of the MS model 
prediction from Chapter 2. Secondly, we extend the MS model by considering the non-
ideality of the solution. The chlor-alkali system involves highly concentrated 
electrolyte solutions around 5 M NaCl and 10 M NaOH and deviates significantly from 
an ideal system. Lastly, the MS model is further extended to model bilayer membranes 
by using a logistic function to enable a smooth transition of different properties 
between different layers. 

5.2. Generalized Maxwell-Stefan model approach 
As described in the previous chapters, the Maxwell-Stefan (MS) approach for 
electrolyte solutions requires four basic equations [8]:  1) The force balance between 
driving forces and friction forces in Eq. (5.1); 2) The continuity equation (Eq. (5.2)); 3) 
The electroneutrality condition (Eq. (5.3)); 4) The current flux relation (Eq.(5.4)).  

 𝐶𝐶𝑖𝑖∇𝜂𝜂𝑖𝑖 = 𝐶𝐶𝑖𝑖(∇𝜇𝜇𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹∇𝜑𝜑) =  𝐶𝐶𝑖𝑖(�̅�𝑉𝑖𝑖∇𝑝𝑝 +  𝑅𝑅𝑅𝑅∇𝑙𝑙𝑙𝑙𝑎𝑎𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹∇𝜑𝜑)
= 𝑅𝑅𝑅𝑅 ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
 (𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)

𝑗𝑗
 

 

(5.1) 

   
 𝜕𝜕𝐶𝐶𝑖𝑖

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑁𝑁𝑖𝑖
𝜕𝜕𝜕𝜕 + 𝑅𝑅𝑖𝑖 

(5.2) 

 

 
∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖

𝑛𝑛

𝑖𝑖=1
= 0     

(5.3) 
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𝐼𝐼 = ℱ ∑ 𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛

𝑖𝑖=1
            

(5.4) 

 

For a one dimensional model, Eq.(5.1) converts into Eq. (5.5). The activity gradient is 
converted to the concentration gradient using the activity coefficient term in Eq. (5.6). 
Defining the non-ideality into the thermodynamic factor (Γ) in Eq. (5.7), Eq (5.5) can 
be rewritten into Eq. (5.8).  

 𝐶𝐶𝑖𝑖 (𝑅𝑅𝑅𝑅 dln𝑎𝑎𝑖𝑖
𝑑𝑑𝑑𝑑 + �̅�𝑉𝑖𝑖

d𝑃𝑃
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐹𝐹

d𝜑𝜑
𝑑𝑑𝑑𝑑) = 𝑅𝑅𝑅𝑅 ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
 (𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)

𝑗𝑗
 

 

(5.5) 

 dln𝑎𝑎𝑖𝑖
𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑𝑑𝑑(𝛾𝛾𝑖𝑖𝐶𝐶𝑖𝑖)

𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾𝑖𝑖+ 𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾𝑖𝑖

𝑑𝑑𝑑𝑑 +  𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾𝑖𝑖
 𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖

 𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑 +  𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖

𝑑𝑑𝑑𝑑 = (1 + 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾𝑖𝑖
 𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖

) 1
𝐶𝐶𝑖𝑖

 𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑  

 

(5.6) 

 Γ = 1 + 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾𝑖𝑖
 𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖

≈ 1 + 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑𝕞𝕞 

(5.7) 

 

 Γ dCi
𝑑𝑑𝑑𝑑 + �̅�𝑉𝑖𝑖𝐶𝐶𝑖𝑖

𝑅𝑅𝑅𝑅
d𝑃𝑃
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹

𝑅𝑅𝑅𝑅
d𝜑𝜑
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
 (𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)

𝑗𝑗
 

 

(5.8) 

The derivations of the MS model for the chlor-alkali system and alkaline water 
electrolysis system have been described in detail in Chapter 2 and Chapter 3 for an 
ideal system. In this work, only changes are listed and compared.  

5.3. Methods 
5.3.1. Previously developed Maxwell-Stefan models 

For the chlor-alkali system, only Van der Stegen et al. [16] have developed a Maxwell-
Stefan (MS) model before our previous work in Chapter 2. One main limitation of the 
developed MS model by Van der Stegen et al. is that the calculation of the membrane 
potential gradient was simplified by neglecting the concentration gradient and by 
using ohm’s law to derive the potential gradient explicitly. The neutrality condition is 
broken by this simplification [10]. Another limitation is that the MS model was derived 
in a mole fraction, which assumed that the total concentration was known. Also, they 
regarded ionic fixed groups of the membrane as a single mobile component in the 
aqueous mixture to obtain convergence, which implies that the fixed charge group 
concentration is not constant inside the membrane.    
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In Chapter 2, we have improved the previously developed MS Model by Van der Stegen 
et al. [16] by adopting the Augmented matrix method using the built-in partial 
differential equation parabolic elliptic (pdepe) solver in Matlab® to calculate both the 
concentration and the electrical potential gradients simultaneously. In our model, the 
generalized MS equation is also written in terms of concentration instead of mole 
fraction, and the fixed groups (membrane) concentration is assumed to be constant. 
We used, however, a simplified model by assuming an ideal system, and the pressure 
gradient was assumed negligible.  

The lack of reliable data on diffusivities has been the main drawback of applying the 
Maxwell-Stefan approach. The MS diffusivities (𝔇𝔇𝑖𝑖,𝑗𝑗) are required for the interaction 
between the components in a mixture. According to the Onsager relations [17], the 
number of MS diffusivities is n(n-1)/2 in a mixture with n components. The chlor-
alkali system contains at least five components (Na+, Cl-, OH-, H2O, and –SO3- ) and 
hence requires at least ten binary diffusivities.  

For Maxwell-Stefan diffusivities, we proposed semi-empirical correlations based on 
the combined correlations based on Wesselingh et al., Kraaijeveld et al., and Chapman 
et al. [14], [15], [18]. The works of both Wesselingh et al. and Kraaijeveld et al. suggested 
to define MS diffusivities inside the membrane by relating the values with the bulk 
electrolytes with tortuosity correction. Chapman et al. listed polynomial correlations 
for MS diffusivities in bulk electrolytes for a concentrated solution.  

The model was used to predict the membrane performance at high current densities 
in terms of membrane potential (resistance) and membrane perm-selectivity. The 
results of the model showed that the model prediction strongly depends on the values 
of MS diffusivities.  When the model was validated with experimental data, the values 
of MS diffusivities based on semi-empirical correlations appeared to be better than 
the fitted values reported by other authors [13], [16], [19].  

We also reduced the MS model from the chlor-alkali system to an alkaline water 
electrolysis (NaOH-NaOH) system in Chapter 3. Simplifying the system offers several 
advantages.  One advantage is that the amount of components is reduced from 5 to 4, 
which requires 6 instead of 10 MS diffusivities. Another advantage is that both activity 
(concentration) and osmotic pressure gradients are negligible. It is important to stress 
that with the main goal to use the MS model to describe the chlor-alkali system, the 
augmented matrix method was kept to include both chemical potential and electrical 
potential gradients as driving forces. The results of the MS model showed a flat 
concentration profile inside the membrane for the NaOH-NaOH system with equal 
concentration at both compartments.  
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𝐼𝐼 = ℱ ∑ 𝑧𝑧𝑖𝑖𝑁𝑁𝑖𝑖

𝑛𝑛

𝑖𝑖=1
            

(5.4) 

 

For a one dimensional model, Eq.(5.1) converts into Eq. (5.5). The activity gradient is 
converted to the concentration gradient using the activity coefficient term in Eq. (5.6). 
Defining the non-ideality into the thermodynamic factor (Γ) in Eq. (5.7), Eq (5.5) can 
be rewritten into Eq. (5.8).  

 𝐶𝐶𝑖𝑖 (𝑅𝑅𝑅𝑅 dln𝑎𝑎𝑖𝑖
𝑑𝑑𝑑𝑑 + �̅�𝑉𝑖𝑖

d𝑃𝑃
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐹𝐹

d𝜑𝜑
𝑑𝑑𝑑𝑑) = 𝑅𝑅𝑅𝑅 ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
 (𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)

𝑗𝑗
 

 

(5.5) 
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𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾𝑖𝑖
 𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖
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 𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖

) 1
𝐶𝐶𝑖𝑖

 𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑  

 

(5.6) 
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≈ 1 + 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑𝕞𝕞 

(5.7) 
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𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹
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d𝜑𝜑
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
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𝑗𝑗
 

 

(5.8) 

The derivations of the MS model for the chlor-alkali system and alkaline water 
electrolysis system have been described in detail in Chapter 2 and Chapter 3 for an 
ideal system. In this work, only changes are listed and compared.  

5.3. Methods 
5.3.1. Previously developed Maxwell-Stefan models 

For the chlor-alkali system, only Van der Stegen et al. [16] have developed a Maxwell-
Stefan (MS) model before our previous work in Chapter 2. One main limitation of the 
developed MS model by Van der Stegen et al. is that the calculation of the membrane 
potential gradient was simplified by neglecting the concentration gradient and by 
using ohm’s law to derive the potential gradient explicitly. The neutrality condition is 
broken by this simplification [10]. Another limitation is that the MS model was derived 
in a mole fraction, which assumed that the total concentration was known. Also, they 
regarded ionic fixed groups of the membrane as a single mobile component in the 
aqueous mixture to obtain convergence, which implies that the fixed charge group 
concentration is not constant inside the membrane.    
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In Chapter 2, we have improved the previously developed MS Model by Van der Stegen 
et al. [16] by adopting the Augmented matrix method using the built-in partial 
differential equation parabolic elliptic (pdepe) solver in Matlab® to calculate both the 
concentration and the electrical potential gradients simultaneously. In our model, the 
generalized MS equation is also written in terms of concentration instead of mole 
fraction, and the fixed groups (membrane) concentration is assumed to be constant. 
We used, however, a simplified model by assuming an ideal system, and the pressure 
gradient was assumed negligible.  

The lack of reliable data on diffusivities has been the main drawback of applying the 
Maxwell-Stefan approach. The MS diffusivities (𝔇𝔇𝑖𝑖,𝑗𝑗) are required for the interaction 
between the components in a mixture. According to the Onsager relations [17], the 
number of MS diffusivities is n(n-1)/2 in a mixture with n components. The chlor-
alkali system contains at least five components (Na+, Cl-, OH-, H2O, and –SO3- ) and 
hence requires at least ten binary diffusivities.  

For Maxwell-Stefan diffusivities, we proposed semi-empirical correlations based on 
the combined correlations based on Wesselingh et al., Kraaijeveld et al., and Chapman 
et al. [14], [15], [18]. The works of both Wesselingh et al. and Kraaijeveld et al. suggested 
to define MS diffusivities inside the membrane by relating the values with the bulk 
electrolytes with tortuosity correction. Chapman et al. listed polynomial correlations 
for MS diffusivities in bulk electrolytes for a concentrated solution.  

The model was used to predict the membrane performance at high current densities 
in terms of membrane potential (resistance) and membrane perm-selectivity. The 
results of the model showed that the model prediction strongly depends on the values 
of MS diffusivities.  When the model was validated with experimental data, the values 
of MS diffusivities based on semi-empirical correlations appeared to be better than 
the fitted values reported by other authors [13], [16], [19].  

We also reduced the MS model from the chlor-alkali system to an alkaline water 
electrolysis (NaOH-NaOH) system in Chapter 3. Simplifying the system offers several 
advantages.  One advantage is that the amount of components is reduced from 5 to 4, 
which requires 6 instead of 10 MS diffusivities. Another advantage is that both activity 
(concentration) and osmotic pressure gradients are negligible. It is important to stress 
that with the main goal to use the MS model to describe the chlor-alkali system, the 
augmented matrix method was kept to include both chemical potential and electrical 
potential gradients as driving forces. The results of the MS model showed a flat 
concentration profile inside the membrane for the NaOH-NaOH system with equal 
concentration at both compartments.  
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We adopted the Kuznetsova methods (Figure 4.3) to predict the bulk properties as a 
function of concentration up to 34 wt% NaOH and temperature up to 100 oC.  Using 
the bulk properties predicted by the Kuznetsova methods, we then applied the 
expressions proposed by Newman/Chapman to define bulk MS diffusivities (Figure 
4.2). With these correlations, the MS model prediction of membrane resistance 
matched the measured membrane resistance reasonably well. However, the results of 
the model suggested a low perm-selectivity of <0.5 [-] for 32 wt% NaOH, which is not 
expected because Nafion 117 is a cation-selective membrane.  

In Chapter 4, we improved the MS diffusivity correlations of ion-membrane 
interactions. We proposed to represent the membrane’s fixed charged groups (−𝑆𝑆𝑂𝑂3

−) 
using chlorate ion properties (𝐶𝐶𝐶𝐶𝑂𝑂3

−). The sodium ion-chlorate ion interaction 
(𝔇𝔇+,𝐶𝐶𝐶𝐶𝐶𝐶3

−𝑚𝑚 ) replaced the empirical correlation (0.1𝔇𝔇+,𝑤𝑤 
𝑚𝑚 ) used earlier for 𝔇𝔇+,𝑆𝑆𝐶𝐶3

−𝑚𝑚 . 
Moreover, the water-chlorate ion interaction (𝔇𝔇𝑤𝑤,𝐶𝐶𝐶𝐶𝐶𝐶3

−𝑚𝑚 ) was used instead of  the value 
of self-diffusivity of water (𝔇𝔇𝑤𝑤) to represent the water-membrane interaction 
(𝔇𝔇𝑤𝑤,𝑆𝑆𝐶𝐶3

−𝑚𝑚 ). The value of 𝔇𝔇−,𝑆𝑆𝐶𝐶3
−𝑚𝑚  was assumed equal to the value of 𝔇𝔇+,𝑆𝑆𝐶𝐶3

−𝑚𝑚 . These new 
correlations seem to improve the prediction of both membrane resistance and 
membrane perm-selectivity of Nafion 117.  

5.3.2. Maxwell-Stefan diffusivities in this work 
Table 5.1 shows the comparison between the correlations for MS diffusivities used in 
Chapter 2 for the chlor-alkali system [11] and the improved correlations in this work. 
The differences between Chapter 2 and this work are: 1.) The void fraction in Chapter 
2 was assumed constant (0.27 [-]), whereas in this work, the void fraction is a function 
of the local sodium hydroxide concentration (Eq. (5.30) and Eq. (5.31)).  2) The 
concentration-dependent MS diffusivities are calculated using the co-ion 
concentration at the membrane interface (𝑐𝑐−

𝑚𝑚) based on Donnan equilibrium (listed 
in Table 5.6 (Eq. (5.38) and Eq. (5.41). Chapter 2 used the electrolyte concentration in 
bulk (𝑐𝑐−

𝑏𝑏 =  𝑐𝑐𝑒𝑒𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒
𝑏𝑏 ), which is typically higher than the co-ion concentration at the 

membrane interface (𝑐𝑐−
𝑚𝑚). 3) The empirical correlations in Chapter 2  are replaced by 

more physical logical correlations in this work by representing the sulfonate groups 
with the chlorate ion ((−𝑆𝑆𝑂𝑂3

− ≈  𝐶𝐶𝐶𝐶𝑂𝑂3
−).  
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Figure 5.1. A schematic view of the two steps carried out to define Maxwell-Stefan (MS) diffusivities inside 
the membrane proposed in this work using the methods of Kuznetsova et al. to predict the known bulk 
properties of sodium chloride, sodium hydroxide, and sodium chlorate solutions. 

It is worth noting that the interaction of sodium-solvent inside the membrane 
(𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑏𝑏 ) seems to depend on the type of electrolyte, as shown in Chapter 4 [20]. The 
value of  𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚  based on the properties of sodium hydroxide is chosen because the 
membrane properties such as water uptake, void fraction, and fixed charged groups of 
the membrane concentration are a function of sodium hydroxide concentration (see 
Table 5.6).  

It remains a challenge to define a logical Maxwell-Stefan diffusivity correlation for the 
similarly charged ion interactions (𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝐶𝐶−𝑚𝑚 , 𝔇𝔇𝑂𝑂𝐻𝐻−,𝑚𝑚,

𝑚𝑚  𝑎𝑎𝑎𝑎𝑎𝑎 𝔇𝔇𝐶𝐶𝐶𝐶−,𝑚𝑚,
𝑚𝑚 ). In Chapter 4, the 

negative ion-membrane interaction (𝔇𝔇𝑂𝑂𝐻𝐻−,𝑚𝑚,
𝑚𝑚 ) was assumed equal to the positive ion-

membrane interaction (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑚𝑚,
𝑚𝑚 ). For the sake of simplicity, the values of similarly 

charged ion interactions are assumed to be equal to the positive ion-membrane 
interaction (𝔇𝔇+,𝑚𝑚

𝑚𝑚 ). Although this is unlikely to be correct, the influence on the 
modeling from the value of 𝔇𝔇𝑂𝑂𝐻𝐻−,𝐶𝐶𝐶𝐶−𝑚𝑚  is limited, since there are no places in the 
membrane where high concentrations of OH- and Cl- occur together. 
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Table 5.1. Comparison of correlations in Chapter 2 and the correlations for improved Maxwell-Stefan (MS) 
diffusivities proposed in this work. 

Component 
pair 

Chapter 2 
𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 0.27 [−] 

This work 
𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 using Eq. (5.30) and Eq. (5.31) 
 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑏𝑏,𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  using 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

𝑏𝑏  𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  using 𝑐𝑐𝑁𝑁𝑁𝑁−
𝑚𝑚,𝐶𝐶  

𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 
𝑚𝑚   𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 

𝑏𝑏,𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  using 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

𝑏𝑏  𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 
𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  using 𝑐𝑐𝑁𝑁𝑁𝑁−
𝑚𝑚,𝐶𝐶  

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑁𝑁𝑁𝑁−
𝑚𝑚   0.1 𝔇𝔇+,−𝑏𝑏    𝔇𝔇𝑁𝑁𝑎𝑎+,𝑁𝑁𝑁𝑁− 

𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  using 𝑐𝑐𝑁𝑁𝑁𝑁−

𝑚𝑚,𝐶𝐶  
𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑏𝑏,𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  using 𝑐𝑐𝑁𝑁𝑎𝑎𝐶𝐶𝑙𝑙
𝑏𝑏  𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 

𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  using 𝑐𝑐𝐶𝐶𝑙𝑙−

𝑚𝑚,𝐴𝐴 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−

𝑚𝑚   0.1 𝔇𝔇+,−𝑏𝑏   𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙− 
𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  using 𝑐𝑐𝐶𝐶𝑙𝑙−
𝑚𝑚,𝐴𝐴 

𝔇𝔇𝑚𝑚,𝑤𝑤 𝑚𝑚   𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5   𝔇𝔇𝐶𝐶𝑙𝑙𝑁𝑁3

−,𝑤𝑤 
𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  based on 𝑐𝑐𝑚𝑚 = 𝑐𝑐𝐶𝐶𝑙𝑙𝑁𝑁3
− 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑚𝑚
𝑚𝑚   0.1𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙𝑁𝑁3
− 

𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  based on 𝑐𝑐𝑚𝑚 = 𝑐𝑐𝐶𝐶𝑙𝑙𝑁𝑁3

− 
𝔇𝔇𝐶𝐶𝑙𝑙−,𝑚𝑚

𝑚𝑚   0.1𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝑚𝑚

𝑚𝑚   

𝔇𝔇𝑁𝑁𝑁𝑁−,𝑚𝑚 
𝑚𝑚   0.1𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝑚𝑚
𝑚𝑚   

𝔇𝔇𝑁𝑁𝑁𝑁−,𝐶𝐶𝑙𝑙−𝑚𝑚   1.0∙10-10 m2.s-1 * 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑚𝑚
𝑚𝑚   

*base-case 

For the chlor-alkali system, both the type and the concentration of electrolytes are 
different on both sides, which can lead to non-linear concentration profiles inside the 
membrane (shown in Chapter 2). This effect is not included in defining the MS 
diffusivities to minimize the complexity of the model. Instead, the concentration-
dependent MS diffusivities are calculated based on the co-ion concentration at the 
membrane interface. For sodium chloride, the chloride ion concentration at the 
anolyte-membrane interface (𝑐𝑐𝐶𝐶𝑙𝑙−

𝑚𝑚,𝐴𝐴) in Eq. (5.41) is used to define the MS diffusivities 
of chloride ion-water (𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 

𝑏𝑏 ) and sodium ion-chloride ion (𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−
𝑏𝑏 ). Similarly for 

sodium hydroxide, the MS diffusivities of sodium-water (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏 ), hydroxide-water 

(𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 
𝑏𝑏 ), sodium ion-hydroxide ion (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑁𝑁𝑁𝑁−

𝑏𝑏 ) are calculated based on the hydroxide 

ion concentration at the catholyte-membrane interface (𝑐𝑐𝑁𝑁𝑁𝑁−
𝑚𝑚,𝐶𝐶 ) using Eq. (5.38).  

All equations employed to determine the bulk properties for sodium hydroxide, 
sodium chlorate, and sodium chlorate are listed in the Appendix (Table A5.7). The 
calculated value for NaOH in Chapter 3 and Chapter 4 is 3.93 Å  (𝑑𝑑0 > 𝑟𝑟0). For NaClO3, 
the fitted value of 𝑑𝑑0 < 𝑟𝑟0 = 2.41 Å from Chapter 4 is used in this work. We also use 
the fitted value of 𝑑𝑑0 > 𝑟𝑟0 = 4.14 Å reported by Kuznetsova [21] for NaCl. 
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5.3.3. Ideal vs. non-ideal system 
As briefly mentioned in the introduction, the chlor-alkali system involves highly 
concentrated electrolyte solutions, which deviate significantly from an ideal 
solution. Taking the non-ideality into account and neglecting the pressure gradient 
as for the driving force, Eq. (5.8) can be reduced to Eq. (5.9). The differences 
between an ideal and non-ideal system in terms of MS equation, Matrix formulation, 
Matlab solver, and boundary conditions are summarized in Table 5.2. For the non-
ideal system, Kuznetsova methods were also applied to calculate the values of  the 

activity gradient ( 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞), the activity coefficient (𝛾𝛾±), and water activity (𝑎𝑎𝑤𝑤) of 

sodium hydroxide, sodium chloride, and sodium chlorate. The correlations are listed 
in Table 5.3.  

 Γ dCi
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹

𝑅𝑅𝑅𝑅
d𝜑𝜑
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
 (𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)

𝑗𝑗
 

 

(5.9) 

The gamma factor [Γ] in Eq. (5.9) is defined in Eq. (5.7). The activity gradient of ions 

in molality scale ( 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞),) can be calculated using Eq. (A5.55) given in Table A5.7 in the 

Appendix. The correlations for the water activity gradient for sodium chloride and 
sodium hydroxide are given in Eq. (5.18) and Eq. (5.19), respectively. The molality scale 
is converted from the molarity using Eq. (5.20). The weight fraction in Eq. (5.20) is 
related to the concentration in molarity using Eq. (5.21) and Eq. (5.23) for sodium 
chloride and sodium hydroxide, respectively.   

One should mention that the individual ion activity coefficient can neither be 
experimentally measured nor be defined using thermodynamic terms. There is an 
ongoing discussion regarding its physical meaning [22]–[24]. In this work, the ion 
activity coefficient is assumed to be equal to the mean ionic activity coefficient of the 
electrolyte solution.  Also, the values of the activity coefficient of the sodium ion and 
the activity coefficient of water in the sodium hydroxide solution differ from their 
values in a sodium chloride solution. In our developed model, we use the values based 
on the properties of sodium hydroxide for the sodium ion and water activity 
coefficient inside the membrane. Only the activity coefficient of the chloride ion 
inside the membrane is based on the properties of sodium chloride.   

For the boundary conditions, the concentration is in molarity. The activity coefficient 
in molality differs from the activity coefficient in molarity [25]. The calculated activity 
coefficient in molality can be converted to molarity using Eq. (5.11). For the water 
activity coefficient (𝛾𝛾𝑤𝑤), at the left boundary with the anolyte solution, it is assumed 
that only the sodium chloride solution dominates and Eq. (5.16) is applicable.  For the 
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Table 5.1. Comparison of correlations in Chapter 2 and the correlations for improved Maxwell-Stefan (MS) 
diffusivities proposed in this work. 

Component 
pair 

Chapter 2 
𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 0.27 [−] 

This work 
𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 using Eq. (5.30) and Eq. (5.31) 
 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑏𝑏,𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  using 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

𝑏𝑏  𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  using 𝑐𝑐𝑁𝑁𝑁𝑁−
𝑚𝑚,𝐶𝐶  

𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 
𝑚𝑚   𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 

𝑏𝑏,𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  using 𝑐𝑐𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

𝑏𝑏  𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 
𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  using 𝑐𝑐𝑁𝑁𝑁𝑁−
𝑚𝑚,𝐶𝐶  

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑁𝑁𝑁𝑁−
𝑚𝑚   0.1 𝔇𝔇+,−𝑏𝑏    𝔇𝔇𝑁𝑁𝑎𝑎+,𝑁𝑁𝑁𝑁− 

𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  using 𝑐𝑐𝑁𝑁𝑁𝑁−

𝑚𝑚,𝐶𝐶  
𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑏𝑏,𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  using 𝑐𝑐𝑁𝑁𝑎𝑎𝐶𝐶𝑙𝑙
𝑏𝑏  𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 

𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  using 𝑐𝑐𝐶𝐶𝑙𝑙−

𝑚𝑚,𝐴𝐴 
𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−

𝑚𝑚   0.1 𝔇𝔇+,−𝑏𝑏   𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙− 
𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  using 𝑐𝑐𝐶𝐶𝑙𝑙−
𝑚𝑚,𝐴𝐴 

𝔇𝔇𝑚𝑚,𝑤𝑤 𝑚𝑚   𝔇𝔇𝑤𝑤𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5   𝔇𝔇𝐶𝐶𝑙𝑙𝑁𝑁3

−,𝑤𝑤 
𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

1.5  based on 𝑐𝑐𝑚𝑚 = 𝑐𝑐𝐶𝐶𝑙𝑙𝑁𝑁3
− 

𝔇𝔇𝑁𝑁𝑎𝑎+,𝑚𝑚
𝑚𝑚   0.1𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙𝑁𝑁3
− 

𝑏𝑏,𝐾𝐾𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾𝐾𝐾𝑣𝑣𝑣𝑣𝑎𝑎𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
1.5  based on 𝑐𝑐𝑚𝑚 = 𝑐𝑐𝐶𝐶𝑙𝑙𝑁𝑁3

− 
𝔇𝔇𝐶𝐶𝑙𝑙−,𝑚𝑚

𝑚𝑚   0.1𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 
𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝑚𝑚

𝑚𝑚   

𝔇𝔇𝑁𝑁𝑁𝑁−,𝑚𝑚 
𝑚𝑚   0.1𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 

𝑚𝑚   𝔇𝔇𝑁𝑁𝑎𝑎+,𝑚𝑚
𝑚𝑚   

𝔇𝔇𝑁𝑁𝑁𝑁−,𝐶𝐶𝑙𝑙−𝑚𝑚   1.0∙10-10 m2.s-1 * 𝔇𝔇𝑁𝑁𝑎𝑎+,𝑚𝑚
𝑚𝑚   

*base-case 

For the chlor-alkali system, both the type and the concentration of electrolytes are 
different on both sides, which can lead to non-linear concentration profiles inside the 
membrane (shown in Chapter 2). This effect is not included in defining the MS 
diffusivities to minimize the complexity of the model. Instead, the concentration-
dependent MS diffusivities are calculated based on the co-ion concentration at the 
membrane interface. For sodium chloride, the chloride ion concentration at the 
anolyte-membrane interface (𝑐𝑐𝐶𝐶𝑙𝑙−

𝑚𝑚,𝐴𝐴) in Eq. (5.41) is used to define the MS diffusivities 
of chloride ion-water (𝔇𝔇𝐶𝐶𝑙𝑙−,𝑤𝑤 

𝑏𝑏 ) and sodium ion-chloride ion (𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙−
𝑏𝑏 ). Similarly for 

sodium hydroxide, the MS diffusivities of sodium-water (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑤𝑤 
𝑏𝑏 ), hydroxide-water 

(𝔇𝔇𝑁𝑁𝑁𝑁−,𝑤𝑤 
𝑏𝑏 ), sodium ion-hydroxide ion (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑁𝑁𝑁𝑁−

𝑏𝑏 ) are calculated based on the hydroxide 

ion concentration at the catholyte-membrane interface (𝑐𝑐𝑁𝑁𝑁𝑁−
𝑚𝑚,𝐶𝐶 ) using Eq. (5.38).  

All equations employed to determine the bulk properties for sodium hydroxide, 
sodium chlorate, and sodium chlorate are listed in the Appendix (Table A5.7). The 
calculated value for NaOH in Chapter 3 and Chapter 4 is 3.93 Å  (𝑑𝑑0 > 𝑟𝑟0). For NaClO3, 
the fitted value of 𝑑𝑑0 < 𝑟𝑟0 = 2.41 Å from Chapter 4 is used in this work. We also use 
the fitted value of 𝑑𝑑0 > 𝑟𝑟0 = 4.14 Å reported by Kuznetsova [21] for NaCl. 
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5.3.3. Ideal vs. non-ideal system 
As briefly mentioned in the introduction, the chlor-alkali system involves highly 
concentrated electrolyte solutions, which deviate significantly from an ideal 
solution. Taking the non-ideality into account and neglecting the pressure gradient 
as for the driving force, Eq. (5.8) can be reduced to Eq. (5.9). The differences 
between an ideal and non-ideal system in terms of MS equation, Matrix formulation, 
Matlab solver, and boundary conditions are summarized in Table 5.2. For the non-
ideal system, Kuznetsova methods were also applied to calculate the values of  the 

activity gradient ( 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞), the activity coefficient (𝛾𝛾±), and water activity (𝑎𝑎𝑤𝑤) of 

sodium hydroxide, sodium chloride, and sodium chlorate. The correlations are listed 
in Table 5.3.  

 Γ dCi
𝑑𝑑𝑑𝑑 + 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹

𝑅𝑅𝑅𝑅
d𝜑𝜑
𝑑𝑑𝑑𝑑 = ∑ 1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
 (𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)

𝑗𝑗
 

 

(5.9) 

The gamma factor [Γ] in Eq. (5.9) is defined in Eq. (5.7). The activity gradient of ions 

in molality scale ( 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞),) can be calculated using Eq. (A5.55) given in Table A5.7 in the 

Appendix. The correlations for the water activity gradient for sodium chloride and 
sodium hydroxide are given in Eq. (5.18) and Eq. (5.19), respectively. The molality scale 
is converted from the molarity using Eq. (5.20). The weight fraction in Eq. (5.20) is 
related to the concentration in molarity using Eq. (5.21) and Eq. (5.23) for sodium 
chloride and sodium hydroxide, respectively.   

One should mention that the individual ion activity coefficient can neither be 
experimentally measured nor be defined using thermodynamic terms. There is an 
ongoing discussion regarding its physical meaning [22]–[24]. In this work, the ion 
activity coefficient is assumed to be equal to the mean ionic activity coefficient of the 
electrolyte solution.  Also, the values of the activity coefficient of the sodium ion and 
the activity coefficient of water in the sodium hydroxide solution differ from their 
values in a sodium chloride solution. In our developed model, we use the values based 
on the properties of sodium hydroxide for the sodium ion and water activity 
coefficient inside the membrane. Only the activity coefficient of the chloride ion 
inside the membrane is based on the properties of sodium chloride.   

For the boundary conditions, the concentration is in molarity. The activity coefficient 
in molality differs from the activity coefficient in molarity [25]. The calculated activity 
coefficient in molality can be converted to molarity using Eq. (5.11). For the water 
activity coefficient (𝛾𝛾𝑤𝑤), at the left boundary with the anolyte solution, it is assumed 
that only the sodium chloride solution dominates and Eq. (5.16) is applicable.  For the 
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right boundary with the catholyte solution, the correlation for sodium hydroxide can 
be applied. (Eq. (5.17)).   

Table 5.2. Comparison of the Maxwell-Stefan model formulation between an ideal system and a non-ideal 
system. 

 Ideal system [4] Non-ideal system 
Maxwell-
Stefan 
equation 

dCi
𝑑𝑑𝑑𝑑 = ∑

1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

(𝐶𝐶𝑖𝑖N𝑗𝑗 −𝑗𝑗

𝐶𝐶𝑗𝑗N𝑖𝑖) −
𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹
𝑅𝑅𝑅𝑅

d𝜑𝜑
𝑑𝑑𝑑𝑑   

Γ dCi𝑑𝑑𝑑𝑑 = ∑
1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)𝑗𝑗 −

𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹
𝑅𝑅𝑅𝑅

d𝜑𝜑
𝑑𝑑𝑑𝑑   

Γ = (1 + 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖
) ≈ (1 + 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾±𝑑𝑑𝑑𝑑𝑑𝑑𝕞𝕞) 

 

Matrix 
formulatio

n 
(

 
 
 
 
 
 
 
 
𝑑𝑑𝐶𝐶𝑁𝑁𝑎𝑎+
𝑑𝑑𝑑𝑑

𝑑𝑑𝐶𝐶𝑂𝑂𝐻𝐻−
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑤𝑤
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶−
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 
 
 

= [[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
]

(

 
 
 
𝑁𝑁𝑁𝑁𝑎𝑎+
𝑁𝑁𝑂𝑂𝐻𝐻−
𝑁𝑁𝑤𝑤
𝑁𝑁𝐶𝐶𝐶𝐶−
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 )

 
 
 

 

 

(

 
 
𝛤𝛤±(𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)
𝛤𝛤±(𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)
𝛤𝛤(𝑤𝑤) (𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)
𝛤𝛤±(𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶

1 )

 
 

(

 
 
 
 
 
 
 
 
𝑑𝑑𝐶𝐶𝑁𝑁𝑎𝑎+
𝑑𝑑𝑑𝑑

𝑑𝑑𝐶𝐶𝑂𝑂𝐻𝐻−
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑤𝑤
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶−
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 
 
 

= [[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
]

(

 
 
 
𝑁𝑁𝑁𝑁𝑎𝑎+
𝑁𝑁𝑂𝑂𝐻𝐻−
𝑁𝑁𝑤𝑤
𝑁𝑁𝐶𝐶𝐶𝐶−
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 )

 
 
 

 

 
(𝑏𝑏) = [𝐵𝐵](𝐽𝐽) 

 
Γ(𝑏𝑏) = [𝐵𝐵](𝐽𝐽) 

 
Matlab 
solver 

(𝐽𝐽) = −[𝐵𝐵]−(𝑏𝑏) 
 

(𝐽𝐽) = −[𝐵𝐵]−Γ(𝑏𝑏) 
 

Boundary 
conditions 

𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶

𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏,𝐴𝐴

= 𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶𝑚𝑚 1
𝐾𝐾𝐶𝐶

 

 

𝛾𝛾𝑐𝑐,±𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏,𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝛾𝛾𝑐𝑐,±𝑚𝑚,𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶𝑚𝑚 1

𝐾𝐾𝐶𝐶
 

 

𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝐶𝐶 = 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟

𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏,𝐶𝐶

= 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟𝑚𝑚 1
𝐾𝐾𝑟𝑟

 

 

𝛾𝛾𝑐𝑐,±𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏,𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝑐𝑐 = 𝛾𝛾𝑐𝑐,±𝑚𝑚,𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶𝑚𝑚 1

𝐾𝐾𝑟𝑟
 

 

𝐾𝐾𝐶𝐶 = √
∑ 𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝

𝑚𝑚,𝐶𝐶𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖
𝑖𝑖=1

∑ 𝐶𝐶𝑖𝑖,𝑖𝑖𝑛𝑛𝑛𝑛
𝑚𝑚,𝐶𝐶𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖

𝑖𝑖=1
 𝐾𝐾𝐶𝐶 = √

∑ 𝛾𝛾𝑐𝑐,±
𝑚𝑚,𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝

𝑚𝑚,𝐶𝐶𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖
𝑖𝑖=1

∑ 𝛾𝛾𝑐𝑐,±
𝑚𝑚,𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖,𝑖𝑖𝑛𝑛𝑛𝑛

𝑚𝑚,𝐶𝐶𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖
𝑖𝑖=1
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𝐾𝐾𝑟𝑟 = √
∑ 𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝

𝑚𝑚,𝑟𝑟𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖=1

∑ 𝐶𝐶𝑖𝑖,𝑛𝑛𝑛𝑛𝑛𝑛
𝑚𝑚,𝑟𝑟𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖=1
 

  

𝐾𝐾𝑟𝑟 = √
∑ 𝛾𝛾𝑐𝑐,±

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝
𝑚𝑚,𝑟𝑟𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖=1
∑ 𝛾𝛾𝑐𝑐,±

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝑖𝑖,𝑛𝑛𝑛𝑛𝑛𝑛
𝑚𝑚,𝑟𝑟𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖=1
 

𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙
𝑖𝑖𝑛𝑛𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙

𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐴𝐴

= 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙
𝑚𝑚 𝐾𝐾𝑙𝑙 

 

𝛾𝛾𝑐𝑐,±
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐴𝐴𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙

𝑖𝑖𝑛𝑛𝑖𝑖,𝐴𝐴

= 𝛾𝛾𝑐𝑐,±
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐴𝐴𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙

𝑚𝑚 𝐾𝐾𝑙𝑙  
 

𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟
𝑖𝑖𝑛𝑛𝑖𝑖,𝐶𝐶 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐶𝐶

= 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟
𝑚𝑚 𝐾𝐾𝑟𝑟  

 

𝛾𝛾𝑐𝑐,±
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑖𝑖𝑛𝑛𝑖𝑖,𝐶𝐶

= 𝛾𝛾𝑐𝑐,±
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑚𝑚 𝐾𝐾𝑟𝑟  
 

𝐶𝐶𝐶𝐶𝑙𝑙−,𝑙𝑙
𝑖𝑖𝑛𝑛𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝐶𝐶𝑙𝑙−,𝑙𝑙

𝑚𝑚

= − 1
𝑧𝑧𝑐𝑐𝑙𝑙−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑙𝑙
𝑚𝑚

𝑛𝑛

𝑖𝑖,𝑖𝑖≠𝐶𝐶𝑙𝑙−
) 

𝛾𝛾𝑐𝑐,±
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙,𝐴𝐴𝐶𝐶𝐶𝐶𝑙𝑙−,𝑙𝑙

𝑖𝑖𝑛𝑛𝑖𝑖,𝐴𝐴

= − 1
𝑧𝑧𝑐𝑐𝑙𝑙−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑙𝑙
𝑚𝑚

𝑛𝑛

𝑖𝑖,𝑖𝑖≠𝐶𝐶𝑙𝑙−
)𝛾𝛾𝑐𝑐,±

𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙,𝐴𝐴 

 
𝐶𝐶𝐶𝐶𝑙𝑙−,𝑟𝑟

𝑖𝑖𝑛𝑛𝑖𝑖,𝐶𝐶 = 𝐶𝐶𝐶𝐶𝑙𝑙−,𝑟𝑟
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐶𝐶

= − 1
𝑧𝑧𝑐𝑐𝑙𝑙−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑟𝑟
𝑚𝑚

𝑛𝑛

𝑖𝑖,𝑖𝑖≠𝐶𝐶𝑙𝑙−
)  

𝛾𝛾𝑐𝑐,±
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙,𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙−,𝑟𝑟

𝑖𝑖𝑛𝑛𝑖𝑖,𝐶𝐶

= − 1
𝑧𝑧𝑐𝑐𝑙𝑙−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑟𝑟
𝑚𝑚

𝑛𝑛

𝑖𝑖,𝑖𝑖≠𝐶𝐶𝑙𝑙−
) 𝛾𝛾𝑐𝑐,±

𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙,𝐶𝐶 

 
𝐶𝐶𝑤𝑤,𝑙𝑙

𝑚𝑚,𝐴𝐴

= (1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙
𝑚𝑚,𝐴𝐴 /100) ×  𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙

𝑚𝑚,𝐴𝐴

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙  

𝑎𝑎𝑤𝑤,𝑙𝑙
𝑚𝑚,𝐴𝐴

= 𝛾𝛾𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙( (1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙

𝑚𝑚,𝐴𝐴 /100) ×  𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙
𝑚𝑚,𝐴𝐴

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙 ) 

 
𝐶𝐶𝑤𝑤,𝑟𝑟

𝑚𝑚,𝐶𝐶

= (1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑚𝑚,𝐶𝐶 /100) ×  𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑚𝑚,𝐶𝐶

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  

𝑎𝑎𝑤𝑤,𝑟𝑟
𝑚𝑚,𝐶𝐶

= 𝛾𝛾𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁((1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑚𝑚,𝐶𝐶 /100) × 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑚𝑚,𝐶𝐶

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ) 
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right boundary with the catholyte solution, the correlation for sodium hydroxide can 
be applied. (Eq. (5.17)).   

Table 5.2. Comparison of the Maxwell-Stefan model formulation between an ideal system and a non-ideal 
system. 

 Ideal system [4] Non-ideal system 
Maxwell-
Stefan 
equation 

dCi
𝑑𝑑𝑑𝑑 = ∑

1
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗

(𝐶𝐶𝑖𝑖N𝑗𝑗 −𝑗𝑗

𝐶𝐶𝑗𝑗N𝑖𝑖) −
𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹
𝑅𝑅𝑅𝑅

d𝜑𝜑
𝑑𝑑𝑑𝑑   

Γ dCi𝑑𝑑𝑑𝑑 = ∑
1

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝔇𝔇𝑖𝑖,𝑗𝑗
(𝐶𝐶𝑖𝑖N𝑗𝑗 − 𝐶𝐶𝑗𝑗N𝑖𝑖)𝑗𝑗 −

𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖𝐹𝐹
𝑅𝑅𝑅𝑅

d𝜑𝜑
𝑑𝑑𝑑𝑑   

Γ = (1 + 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖
) ≈ (1 + 𝑑𝑑𝑑𝑑𝑑𝑑𝛾𝛾±𝑑𝑑𝑑𝑑𝑑𝑑𝕞𝕞) 

 

Matrix 
formulatio

n 
(

 
 
 
 
 
 
 
 
𝑑𝑑𝐶𝐶𝑁𝑁𝑎𝑎+
𝑑𝑑𝑑𝑑

𝑑𝑑𝐶𝐶𝑂𝑂𝐻𝐻−
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑤𝑤
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶−
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 
 
 

= [[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
]

(

 
 
 
𝑁𝑁𝑁𝑁𝑎𝑎+
𝑁𝑁𝑂𝑂𝐻𝐻−
𝑁𝑁𝑤𝑤
𝑁𝑁𝐶𝐶𝐶𝐶−
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 )

 
 
 

 

 

(

 
 
𝛤𝛤±(𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)
𝛤𝛤±(𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)
𝛤𝛤(𝑤𝑤) (𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻)
𝛤𝛤±(𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶

1 )

 
 

(

 
 
 
 
 
 
 
 
𝑑𝑑𝐶𝐶𝑁𝑁𝑎𝑎+
𝑑𝑑𝑑𝑑

𝑑𝑑𝐶𝐶𝑂𝑂𝐻𝐻−
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑤𝑤
𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶−
𝑑𝑑𝑑𝑑
𝐼𝐼
ℱ )

 
 
 
 
 
 
 
 

= [[𝐴𝐴] 𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖 0
]

(

 
 
 
𝑁𝑁𝑁𝑁𝑎𝑎+
𝑁𝑁𝑂𝑂𝐻𝐻−
𝑁𝑁𝑤𝑤
𝑁𝑁𝐶𝐶𝐶𝐶−
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 )

 
 
 

 

 
(𝑏𝑏) = [𝐵𝐵](𝐽𝐽) 

 
Γ(𝑏𝑏) = [𝐵𝐵](𝐽𝐽) 

 
Matlab 
solver 

(𝐽𝐽) = −[𝐵𝐵]−(𝑏𝑏) 
 

(𝐽𝐽) = −[𝐵𝐵]−Γ(𝑏𝑏) 
 

Boundary 
conditions 

𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶

𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏,𝐴𝐴

= 𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶𝑚𝑚 1
𝐾𝐾𝐶𝐶

 

 

𝛾𝛾𝑐𝑐,±𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏,𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = 𝛾𝛾𝑐𝑐,±𝑚𝑚,𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶𝑚𝑚 1

𝐾𝐾𝐶𝐶
 

 

𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝐶𝐶 = 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟

𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏,𝐶𝐶

= 𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟𝑚𝑚 1
𝐾𝐾𝑟𝑟

 

 

𝛾𝛾𝑐𝑐,±𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏,𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻𝐶𝐶𝑁𝑁𝑎𝑎+,𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖,𝑐𝑐 = 𝛾𝛾𝑐𝑐,±𝑚𝑚,𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻𝐶𝐶𝑁𝑁𝑎𝑎+,𝐶𝐶𝑚𝑚 1

𝐾𝐾𝑟𝑟
 

 

𝐾𝐾𝐶𝐶 = √
∑ 𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝

𝑚𝑚,𝐶𝐶𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖
𝑖𝑖=1

∑ 𝐶𝐶𝑖𝑖,𝑖𝑖𝑛𝑛𝑛𝑛
𝑚𝑚,𝐶𝐶𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖

𝑖𝑖=1
 𝐾𝐾𝐶𝐶 = √

∑ 𝛾𝛾𝑐𝑐,±
𝑚𝑚,𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝

𝑚𝑚,𝐶𝐶𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖
𝑖𝑖=1

∑ 𝛾𝛾𝑐𝑐,±
𝑚𝑚,𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖,𝑖𝑖𝑛𝑛𝑛𝑛

𝑚𝑚,𝐶𝐶𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖
𝑖𝑖=1
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𝐾𝐾𝑟𝑟 = √
∑ 𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝

𝑚𝑚,𝑟𝑟𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖=1

∑ 𝐶𝐶𝑖𝑖,𝑛𝑛𝑛𝑛𝑛𝑛
𝑚𝑚,𝑟𝑟𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖=1
 

  

𝐾𝐾𝑟𝑟 = √
∑ 𝛾𝛾𝑐𝑐,±

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝
𝑚𝑚,𝑟𝑟𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖=1
∑ 𝛾𝛾𝑐𝑐,±

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝑖𝑖,𝑛𝑛𝑛𝑛𝑛𝑛
𝑚𝑚,𝑟𝑟𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖=1
 

𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙
𝑖𝑖𝑛𝑛𝑖𝑖,𝐴𝐴 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙

𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐴𝐴

= 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙
𝑚𝑚 𝐾𝐾𝑙𝑙 

 

𝛾𝛾𝑐𝑐,±
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐴𝐴𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙

𝑖𝑖𝑛𝑛𝑖𝑖,𝐴𝐴

= 𝛾𝛾𝑐𝑐,±
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐴𝐴𝐶𝐶𝑁𝑁𝑁𝑁−,𝑙𝑙

𝑚𝑚 𝐾𝐾𝑙𝑙  
 

𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟
𝑖𝑖𝑛𝑛𝑖𝑖,𝐶𝐶 = 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐶𝐶

= 𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟
𝑚𝑚 𝐾𝐾𝑟𝑟  

 

𝛾𝛾𝑐𝑐,±
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑖𝑖𝑛𝑛𝑖𝑖,𝐶𝐶

= 𝛾𝛾𝑐𝑐,±
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁−,𝑟𝑟

𝑚𝑚 𝐾𝐾𝑟𝑟  
 

𝐶𝐶𝐶𝐶𝑙𝑙−,𝑙𝑙
𝑖𝑖𝑛𝑛𝑖𝑖,𝐴𝐴 =  𝐶𝐶𝐶𝐶𝑙𝑙−,𝑙𝑙

𝑚𝑚

= − 1
𝑧𝑧𝑐𝑐𝑙𝑙−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑙𝑙
𝑚𝑚

𝑛𝑛

𝑖𝑖,𝑖𝑖≠𝐶𝐶𝑙𝑙−
) 

𝛾𝛾𝑐𝑐,±
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙,𝐴𝐴𝐶𝐶𝐶𝐶𝑙𝑙−,𝑙𝑙

𝑖𝑖𝑛𝑛𝑖𝑖,𝐴𝐴

= − 1
𝑧𝑧𝑐𝑐𝑙𝑙−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑙𝑙
𝑚𝑚

𝑛𝑛

𝑖𝑖,𝑖𝑖≠𝐶𝐶𝑙𝑙−
)𝛾𝛾𝑐𝑐,±

𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙,𝐴𝐴 

 
𝐶𝐶𝐶𝐶𝑙𝑙−,𝑟𝑟

𝑖𝑖𝑛𝑛𝑖𝑖,𝐶𝐶 = 𝐶𝐶𝐶𝐶𝑙𝑙−,𝑟𝑟
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝐶𝐶

= − 1
𝑧𝑧𝑐𝑐𝑙𝑙−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑟𝑟
𝑚𝑚

𝑛𝑛

𝑖𝑖,𝑖𝑖≠𝐶𝐶𝑙𝑙−
)  

𝛾𝛾𝑐𝑐,±
𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙,𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙−,𝑟𝑟

𝑖𝑖𝑛𝑛𝑖𝑖,𝐶𝐶

= − 1
𝑧𝑧𝑐𝑐𝑙𝑙−

( ∑ 𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖,𝑟𝑟
𝑚𝑚

𝑛𝑛

𝑖𝑖,𝑖𝑖≠𝐶𝐶𝑙𝑙−
) 𝛾𝛾𝑐𝑐,±

𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙,𝐶𝐶 

 
𝐶𝐶𝑤𝑤,𝑙𝑙

𝑚𝑚,𝐴𝐴

= (1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙
𝑚𝑚,𝐴𝐴 /100) ×  𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙

𝑚𝑚,𝐴𝐴

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙  

𝑎𝑎𝑤𝑤,𝑙𝑙
𝑚𝑚,𝐴𝐴

= 𝛾𝛾𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙( (1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙

𝑚𝑚,𝐴𝐴 /100) ×  𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙
𝑚𝑚,𝐴𝐴

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝐶𝐶𝑙𝑙 ) 

 
𝐶𝐶𝑤𝑤,𝑟𝑟

𝑚𝑚,𝐶𝐶

= (1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑚𝑚,𝐶𝐶 /100) ×  𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑚𝑚,𝐶𝐶

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  

𝑎𝑎𝑤𝑤,𝑟𝑟
𝑚𝑚,𝐶𝐶

= 𝛾𝛾𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁((1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑚𝑚,𝐶𝐶 /100) × 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑚𝑚,𝐶𝐶

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ) 
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Table 5.3. Correlations to calculate the mean ionic activity coefficient, the water activity, and the activity 
gradient of sodium chloride and sodium hydroxide solutions [21], [26]. 

Correlations 
Equation 
number 

𝑙𝑙𝑙𝑙 𝛾𝛾±
𝕞𝕞 = 𝛽𝛽 [−3 × 0.18807𝕞𝕞1/3 + 0.0095806 (𝑑𝑑0

2 − Φ
𝑑𝑑0

) 𝕞𝕞

+ (4/3) ×  0.001585𝕞𝕞4/3 ] 

(5.10) 
 
 
 
 

𝛾𝛾±
𝑐𝑐 = ((𝕞𝕞 × 𝜌𝜌𝑤𝑤)/𝑐𝑐)𝛾𝛾±

𝕞𝕞 (5.11) 
 

ln𝑎𝑎𝑤𝑤 = 1
55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2 −  0.0005394Φ𝜈𝜈

4
3𝕞𝕞

7
3]} 

(5.12) 
 
 
 
 

ln(𝛾𝛾𝑤𝑤) = ln𝑎𝑎𝑤𝑤 − ln(𝑋𝑋𝑤𝑤) (5.13) 
 

ln(𝑋𝑋𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  −0.0018 − 0.0328𝕞𝕞 (5.14) 
ln(𝑋𝑋𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  −0.00579 − 0.0303𝕞𝕞 (5.15) 

ln(𝛾𝛾𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  1
55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2 −  0.0005394Φ𝜈𝜈

4
3𝕞𝕞

7
3]}

+ 0.0018 + 0.0328𝕞𝕞 

(5.16) 

ln(𝛾𝛾𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  1
55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2 −  0.0005394Φ𝜈𝜈

4
3𝕞𝕞

7
3]}

+ 0.00579 + 0.0303 𝕞𝕞 

(5.17) 

dln(𝛾𝛾𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑙𝑙𝑙𝑙𝕞𝕞 =  1

55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [4
3 × 0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 2 × 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2

−  7
3 × 0.0005394Φ𝜈𝜈

4
3𝕞𝕞

7
3]} + 0.0328 𝕞𝕞 

(5.18) 

dln(𝛾𝛾𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑙𝑙𝑙𝑙𝕞𝕞 =  1

55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [4
3 × 0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 2 × 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2

−  73 × 0.0005394Φ𝜈𝜈
4
3𝕞𝕞

7
3]} + 0.0303 𝕞𝕞 

(5.19) 
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Table 5.4. The correlations required to convert the molarity scale [M] to the molality scale [mol/kg] for 
sodium chloride and sodium hydroxide solutions [27]. 

Correlations 
Equation 
number 

𝕞𝕞𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1000 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 /(𝑀𝑀𝑤𝑤,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(100 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) (5.20) 
 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (−1.094 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 − 1.22 ∙ 10−4 × 𝑇𝑇𝑐𝑐 − 0.01488 ) ×

(CNaCl ∙ 10−3)2 + (1.375 ∙ 10−5 × 𝑇𝑇𝑐𝑐
2 + 1.844 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 5.652) ×

CNaCl ∙ 10−3   

(5.21) 
 
 
 

𝕞𝕞𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1000 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 /(𝑀𝑀𝑤𝑤,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(100 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) (5.22) 
 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (−3.656 ∙ 10−7 × 𝑇𝑇𝑐𝑐
2 − 4.351 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 6.097 ∙ 10−2 ) ×

(CNaOH ∙ 10−3)2 + (7.937 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 + 1.083 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 3.631) ×

CNaOH ∙ 10−3  

(5.23) 
 
 
 

 
5.3.4. Monolayer vs. bilayer membrane 

In Table 5.5, the input parameters for monolayer and bilayer membranes are listed. 
Different equivalent weights (EW) or different types of membranes correspond to 
different correlations for water uptake (𝑊𝑊𝑤𝑤) [27], [28]. Nafion 117, a monolayer 
membrane with sulfonate groups, has an EW=1100. The 𝑊𝑊𝑤𝑤 for this membrane can be 
calculated using Eq. (5.24). Nafion 324 is a bilayer membrane with both layers 
containing sulfonate groups but having different EWs (EW1100 and EW1500 for the 
anolyte side facing layer and catholyte side facing layer, respectively). For the anolyte 
side facing layer (𝐴𝐴𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙), the same correlation (Eq. (5.24)) as Nafion 117 was used to 
describe 𝑊𝑊𝑤𝑤. Since there is no available correlation for the a membrane with EW1500, 
the 𝑊𝑊𝑤𝑤 of the catholyte side facing layer (𝐶𝐶𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙) was determined using the correlation 
for an EW1350 membrane (Eq. (5.26)). Since a higher EW leads to a lower 𝑊𝑊𝑤𝑤 [27], we 
expect that Nafion 324 has a lower 𝑊𝑊𝑤𝑤 than predicted in this work.  

At the same EW, the carboxylate layer has a significantly lower 𝑊𝑊𝑤𝑤 than the sulfonate 
layer, which leads to higher fixed charged groups’ concentration. The high fixed 
charged groups’ concentration is also attributed to the shorter side-chain length in 
this type of membrane in comparison to the sulfonate layer [27]. An example of a 
sulfonate/carboxylate bilayer membrane is Nafion 954. The sulfonate 𝐴𝐴𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙  has an 
EW1080 and the carboxylate 𝐶𝐶𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙  has an EW1050. The correlations for 𝑊𝑊𝑤𝑤 are not 
available for EW1080 and EW1050 layers. In this work, we used the correlation for 
EW1100 using Eq. (5.24) for the sulfonate 𝐴𝐴𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙 . For the carboxylate 𝐶𝐶𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙 , the 
correlation for carboxylate EW1100 using Eq. (5.27) is applied. In contrast to Nafion 
324, the calculated value of  𝑊𝑊𝑤𝑤 of Nafion  954 using the correlations with higher EW 
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Table 5.3. Correlations to calculate the mean ionic activity coefficient, the water activity, and the activity 
gradient of sodium chloride and sodium hydroxide solutions [21], [26]. 

Correlations 
Equation 
number 

𝑙𝑙𝑙𝑙 𝛾𝛾±
𝕞𝕞 = 𝛽𝛽 [−3 × 0.18807𝕞𝕞1/3 + 0.0095806 (𝑑𝑑0

2 − Φ
𝑑𝑑0

) 𝕞𝕞

+ (4/3) ×  0.001585𝕞𝕞4/3 ] 

(5.10) 
 
 
 
 

𝛾𝛾±
𝑐𝑐 = ((𝕞𝕞 × 𝜌𝜌𝑤𝑤)/𝑐𝑐)𝛾𝛾±

𝕞𝕞 (5.11) 
 

ln𝑎𝑎𝑤𝑤 = 1
55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2 −  0.0005394Φ𝜈𝜈

4
3𝕞𝕞

7
3]} 

(5.12) 
 
 
 
 

ln(𝛾𝛾𝑤𝑤) = ln𝑎𝑎𝑤𝑤 − ln(𝑋𝑋𝑤𝑤) (5.13) 
 

ln(𝑋𝑋𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  −0.0018 − 0.0328𝕞𝕞 (5.14) 
ln(𝑋𝑋𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  −0.00579 − 0.0303𝕞𝕞 (5.15) 

ln(𝛾𝛾𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  1
55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2 −  0.0005394Φ𝜈𝜈

4
3𝕞𝕞

7
3]}

+ 0.0018 + 0.0328𝕞𝕞 

(5.16) 

ln(𝛾𝛾𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  1
55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2 −  0.0005394Φ𝜈𝜈

4
3𝕞𝕞

7
3]}

+ 0.00579 + 0.0303 𝕞𝕞 

(5.17) 

dln(𝛾𝛾𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑙𝑙𝑙𝑙𝕞𝕞 =  1

55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [4
3 × 0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 2 × 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2

−  7
3 × 0.0005394Φ𝜈𝜈

4
3𝕞𝕞

7
3]} + 0.0328 𝕞𝕞 

(5.18) 

dln(𝛾𝛾𝑤𝑤)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑙𝑙𝑙𝑙𝕞𝕞 =  1

55.508 {−𝜈𝜈𝕞𝕞 +  𝑧𝑧+𝑧𝑧−𝑞𝑞 [4
3 × 0.2239 𝜈𝜈

1
3𝕞𝕞

4
3

− 2 × 0.00479 𝜈𝜈 (𝑑𝑑0
2 − Φ

𝑑𝑑0
) 𝕞𝕞2

−  73 × 0.0005394Φ𝜈𝜈
4
3𝕞𝕞

7
3]} + 0.0303 𝕞𝕞 

(5.19) 
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Table 5.4. The correlations required to convert the molarity scale [M] to the molality scale [mol/kg] for 
sodium chloride and sodium hydroxide solutions [27]. 

Correlations 
Equation 
number 

𝕞𝕞𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1000 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 /(𝑀𝑀𝑤𝑤,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(100 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) (5.20) 
 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (−1.094 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 − 1.22 ∙ 10−4 × 𝑇𝑇𝑐𝑐 − 0.01488 ) ×

(CNaCl ∙ 10−3)2 + (1.375 ∙ 10−5 × 𝑇𝑇𝑐𝑐
2 + 1.844 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 5.652) ×

CNaCl ∙ 10−3   

(5.21) 
 
 
 

𝕞𝕞𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1000 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 /(𝑀𝑀𝑤𝑤,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(100 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) (5.22) 
 

𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (−3.656 ∙ 10−7 × 𝑇𝑇𝑐𝑐
2 − 4.351 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 6.097 ∙ 10−2 ) ×

(CNaOH ∙ 10−3)2 + (7.937 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 + 1.083 ∙ 10−3 × 𝑇𝑇𝑐𝑐 + 3.631) ×

CNaOH ∙ 10−3  

(5.23) 
 
 
 

 
5.3.4. Monolayer vs. bilayer membrane 

In Table 5.5, the input parameters for monolayer and bilayer membranes are listed. 
Different equivalent weights (EW) or different types of membranes correspond to 
different correlations for water uptake (𝑊𝑊𝑤𝑤) [27], [28]. Nafion 117, a monolayer 
membrane with sulfonate groups, has an EW=1100. The 𝑊𝑊𝑤𝑤 for this membrane can be 
calculated using Eq. (5.24). Nafion 324 is a bilayer membrane with both layers 
containing sulfonate groups but having different EWs (EW1100 and EW1500 for the 
anolyte side facing layer and catholyte side facing layer, respectively). For the anolyte 
side facing layer (𝐴𝐴𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙), the same correlation (Eq. (5.24)) as Nafion 117 was used to 
describe 𝑊𝑊𝑤𝑤. Since there is no available correlation for the a membrane with EW1500, 
the 𝑊𝑊𝑤𝑤 of the catholyte side facing layer (𝐶𝐶𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙) was determined using the correlation 
for an EW1350 membrane (Eq. (5.26)). Since a higher EW leads to a lower 𝑊𝑊𝑤𝑤 [27], we 
expect that Nafion 324 has a lower 𝑊𝑊𝑤𝑤 than predicted in this work.  

At the same EW, the carboxylate layer has a significantly lower 𝑊𝑊𝑤𝑤 than the sulfonate 
layer, which leads to higher fixed charged groups’ concentration. The high fixed 
charged groups’ concentration is also attributed to the shorter side-chain length in 
this type of membrane in comparison to the sulfonate layer [27]. An example of a 
sulfonate/carboxylate bilayer membrane is Nafion 954. The sulfonate 𝐴𝐴𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙  has an 
EW1080 and the carboxylate 𝐶𝐶𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙  has an EW1050. The correlations for 𝑊𝑊𝑤𝑤 are not 
available for EW1080 and EW1050 layers. In this work, we used the correlation for 
EW1100 using Eq. (5.24) for the sulfonate 𝐴𝐴𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙 . For the carboxylate 𝐶𝐶𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙 , the 
correlation for carboxylate EW1100 using Eq. (5.27) is applied. In contrast to Nafion 
324, the calculated value of  𝑊𝑊𝑤𝑤 of Nafion  954 using the correlations with higher EW 
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wil be higher than expected. It is noteworthy to mention that Nafion 982 
(sulfonate/carboxylate) has become the industry standard for the chlor-alkali 
production, but the membrane properties are not publicly known.    

Table 5.5. Input parameters for monolayer and bilayer membranes [27], [28]. 

Membrane 
properties 

Monolayer 
Nafion 117 
(Sulfonate 

layer) 

Bilayer 
Nafion 324  

Bilayer  
Nafion 954  

Sulfonate 
layer 

Sulfonate 
layer 

Sulfonate 
layer 

Carboxylate 
layer 

EW [-] 1100 1100 1500 1080 1050 
𝑊𝑊𝑤𝑤 [wt% dry 
polymer] at 
25 oC 

Eq. (5.24) Eq. (5.24) Eq. (5.26)** Eq. (5.24)*** Eq. (5.27)**** 

Thickness of 
layers [µm] 

190* 130 25 125 38 

*measured with digital caliper; **Sulfonate EW1350; ***Sulfonate EW1100; ****Carboxylate EW1100 

Table 5.6. Correlations for membrane properties for different types of membranes and different equivalent 
weights [12], [20], [27], [29]. 

Correlations Equation 
number 

𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝐸𝐸 1100 𝑎𝑎𝑎𝑎  250𝐶𝐶 
=  36.682 − 2.7085 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)
+ 0.1655 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)2 − 0.0052 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)3 

(5.24) 
 
 
 

𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝐸𝐸 1200 𝑎𝑎𝑎𝑎 250𝐶𝐶
= 27.165 − 1.975 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)
+ 0.1212 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)2 − 0.0022 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)3 

(5.25) 
 
 
 

𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝐸𝐸 1350 𝑎𝑎𝑎𝑎 250𝐶𝐶
= 18.67 − 1.2009 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)
+ 0.0417 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)2 

(5.26) 
 
 
 

𝑊𝑊𝑤𝑤,𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝐸𝐸 1100 𝑎𝑎𝑎𝑎 250𝐶𝐶
= 18.76 − 0.0031 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)3

+ 0.1129 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)2 − 1.7872 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)  

(5.27) 
 
 
 

𝐶𝐶𝑚𝑚 = 1000 × 𝜌𝜌𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁
𝐸𝐸𝑊𝑊 × 𝑊𝑊𝑤𝑤

(𝑓𝑓𝑚𝑚
𝑓𝑓𝑠𝑠

) 
(5.28) 
 
 

𝑓𝑓𝑚𝑚/𝑓𝑓𝑠𝑠 = 1  
 

𝜌𝜌𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁
𝑐𝑐,𝐶𝐶 = 𝑄𝑄𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁

𝑐𝑐,𝐶𝐶 + 𝑆𝑆𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁 × (𝑊𝑊𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁
𝑐𝑐,𝐶𝐶 )2

+ 𝑇𝑇𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁 × (𝑊𝑊𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁
𝑐𝑐,𝐶𝐶 )3   

(5.29) 
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2 
 

𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 0.01149 − 0.3198 ∙ 10−4 × 𝑇𝑇𝑐𝑐 + 0.2151 ∙ 10−6 × 𝑇𝑇𝑐𝑐
2 
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2 
 

𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = −0.337 ∙ 10−6 + 0.7553 ∙ 10−8 × 𝑇𝑇𝑐𝑐 + 0.6616 ∙ 10−10 × 𝑇𝑇𝑐𝑐
2 

 

𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = ∆𝑉𝑉
1 +  ∆𝑉𝑉 

(5.30) 
 
 

∆𝑉𝑉 = 𝑊𝑊𝑤𝑤
𝜌𝜌𝑚𝑚,𝑣𝑣𝑑𝑑𝑑𝑑

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑏𝑏,𝐶𝐶  

(5.31) 
 
 

𝑐𝑐𝐶𝐶𝐶𝐶𝑁𝑁3
− = 𝑐𝑐𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3 = 𝑐𝑐𝑚𝑚 = 𝑐𝑐𝑆𝑆𝑁𝑁3

− 𝑜𝑜𝑜𝑜 𝑐𝑐𝐶𝐶𝑁𝑁𝑁𝑁−   (5.32) 
 

𝑐𝑐𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3 =

(1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3
𝑚𝑚 /100) × (𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3

𝑚𝑚 × 1000) 
𝑀𝑀𝑤𝑤

𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3
 

(5.33) 
 
 

𝑐𝑐𝑡𝑡𝑣𝑣𝑡𝑡
𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3 = 𝑐𝑐𝑁𝑁𝑁𝑁+

𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3 + 𝑐𝑐𝐶𝐶𝐶𝐶𝑁𝑁3
− + 𝑐𝑐𝑤𝑤

𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3  
(5.34) 
 

𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3
𝑚𝑚 = 1.0936 + 0.000619 𝑐𝑐𝑔𝑔𝑔𝑔𝐶𝐶 − 0.0041𝑇𝑇𝐶𝐶  (5.35) 

 

𝑊𝑊𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3
𝑚𝑚 = 100 × 𝑐𝑐𝑔𝑔𝑔𝑔𝐶𝐶/(𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3

𝑚𝑚 × 1000) (5.36) 
 

𝑐𝑐𝑔𝑔𝑔𝑔𝐶𝐶 = 𝑐𝑐𝑆𝑆𝑁𝑁3
− × 𝑀𝑀𝑤𝑤

𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3  
(5.37) 
 

𝑐𝑐𝑁𝑁𝑁𝑁−
𝑚𝑚,𝐶𝐶 = 𝑐𝑐𝑁𝑁𝑁𝑁+

𝑚𝑚 (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶) − 𝑐𝑐𝑚𝑚 
(5.38) 
 

𝑐𝑐𝑁𝑁𝑁𝑁+
𝑚𝑚(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶) =

𝑐𝑐𝑚𝑚 + √𝑐𝑐𝑚𝑚2 + 4 (𝑐𝑐𝑁𝑁𝑁𝑁+
𝑏𝑏(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶))2

2  

(5.39) 
 
 
 
 

𝑐𝑐𝑁𝑁𝑁𝑁+
𝑏𝑏(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶) = (1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑏𝑏,𝐶𝐶 /100) × 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑏𝑏,𝐶𝐶  

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  
(5.40) 
 
 

𝑐𝑐𝐶𝐶𝐶𝐶−
𝑚𝑚,𝐴𝐴 = 𝑐𝑐𝑁𝑁𝑁𝑁+

𝑚𝑚 (𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶,𝐴𝐴) − 𝑐𝑐𝑚𝑚 
(5.41) 
 

𝑐𝑐𝑁𝑁𝑁𝑁+
𝑚𝑚(𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶,𝐴𝐴) =

𝑐𝑐𝑚𝑚 + √𝑐𝑐𝑚𝑚2 + 4 (𝑐𝑐𝑁𝑁𝑁𝑁+
𝑏𝑏(𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶,𝐴𝐴))2

2  

(5.42) 
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wil be higher than expected. It is noteworthy to mention that Nafion 982 
(sulfonate/carboxylate) has become the industry standard for the chlor-alkali 
production, but the membrane properties are not publicly known.    

Table 5.5. Input parameters for monolayer and bilayer membranes [27], [28]. 

Membrane 
properties 

Monolayer 
Nafion 117 
(Sulfonate 

layer) 

Bilayer 
Nafion 324  

Bilayer  
Nafion 954  

Sulfonate 
layer 

Sulfonate 
layer 

Sulfonate 
layer 

Carboxylate 
layer 

EW [-] 1100 1100 1500 1080 1050 
𝑊𝑊𝑤𝑤 [wt% dry 
polymer] at 
25 oC 

Eq. (5.24) Eq. (5.24) Eq. (5.26)** Eq. (5.24)*** Eq. (5.27)**** 

Thickness of 
layers [µm] 

190* 130 25 125 38 

*measured with digital caliper; **Sulfonate EW1350; ***Sulfonate EW1100; ****Carboxylate EW1100 

Table 5.6. Correlations for membrane properties for different types of membranes and different equivalent 
weights [12], [20], [27], [29]. 

Correlations Equation 
number 

𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝐸𝐸 1100 𝑎𝑎𝑎𝑎  250𝐶𝐶 
=  36.682 − 2.7085 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)
+ 0.1655 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)2 − 0.0052 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)3 

(5.24) 
 
 
 

𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝐸𝐸 1200 𝑎𝑎𝑎𝑎 250𝐶𝐶
= 27.165 − 1.975 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)
+ 0.1212 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)2 − 0.0022 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)3 

(5.25) 
 
 
 

𝑊𝑊𝑤𝑤,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝐸𝐸 1350 𝑎𝑎𝑎𝑎 250𝐶𝐶
= 18.67 − 1.2009 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)
+ 0.0417 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)2 

(5.26) 
 
 
 

𝑊𝑊𝑤𝑤,𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐸𝐸𝐸𝐸 1100 𝑎𝑎𝑎𝑎 250𝐶𝐶
= 18.76 − 0.0031 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)3

+ 0.1129 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)2 − 1.7872 × (0.001𝐶𝐶𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁)  

(5.27) 
 
 
 

𝐶𝐶𝑚𝑚 = 1000 × 𝜌𝜌𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁
𝐸𝐸𝑊𝑊 × 𝑊𝑊𝑤𝑤

(𝑓𝑓𝑚𝑚
𝑓𝑓𝑠𝑠

) 
(5.28) 
 
 

𝑓𝑓𝑚𝑚/𝑓𝑓𝑠𝑠 = 1  
 

𝜌𝜌𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁
𝑐𝑐,𝐶𝐶 = 𝑄𝑄𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁

𝑐𝑐,𝐶𝐶 + 𝑆𝑆𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁 × (𝑊𝑊𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁
𝑐𝑐,𝐶𝐶 )2

+ 𝑇𝑇𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁 × (𝑊𝑊𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁
𝑐𝑐,𝐶𝐶 )3   

(5.29) 
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2 

 

𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = ∆𝑉𝑉
1 +  ∆𝑉𝑉 

(5.30) 
 
 

∆𝑉𝑉 = 𝑊𝑊𝑤𝑤
𝜌𝜌𝑚𝑚,𝑣𝑣𝑑𝑑𝑑𝑑

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑏𝑏,𝐶𝐶  

(5.31) 
 
 

𝑐𝑐𝐶𝐶𝐶𝐶𝑁𝑁3
− = 𝑐𝑐𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3 = 𝑐𝑐𝑚𝑚 = 𝑐𝑐𝑆𝑆𝑁𝑁3

− 𝑜𝑜𝑜𝑜 𝑐𝑐𝐶𝐶𝑁𝑁𝑁𝑁−   (5.32) 
 

𝑐𝑐𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3 =

(1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3
𝑚𝑚 /100) × (𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3

𝑚𝑚 × 1000) 
𝑀𝑀𝑤𝑤

𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3
 

(5.33) 
 
 

𝑐𝑐𝑡𝑡𝑣𝑣𝑡𝑡
𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3 = 𝑐𝑐𝑁𝑁𝑁𝑁+

𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3 + 𝑐𝑐𝐶𝐶𝐶𝐶𝑁𝑁3
− + 𝑐𝑐𝑤𝑤

𝑚𝑚,𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3  
(5.34) 
 

𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3
𝑚𝑚 = 1.0936 + 0.000619 𝑐𝑐𝑔𝑔𝑔𝑔𝐶𝐶 − 0.0041𝑇𝑇𝐶𝐶  (5.35) 

 

𝑊𝑊𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3
𝑚𝑚 = 100 × 𝑐𝑐𝑔𝑔𝑔𝑔𝐶𝐶/(𝜌𝜌𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3

𝑚𝑚 × 1000) (5.36) 
 

𝑐𝑐𝑔𝑔𝑔𝑔𝐶𝐶 = 𝑐𝑐𝑆𝑆𝑁𝑁3
− × 𝑀𝑀𝑤𝑤

𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁3  
(5.37) 
 

𝑐𝑐𝑁𝑁𝑁𝑁−
𝑚𝑚,𝐶𝐶 = 𝑐𝑐𝑁𝑁𝑁𝑁+

𝑚𝑚 (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶) − 𝑐𝑐𝑚𝑚 
(5.38) 
 

𝑐𝑐𝑁𝑁𝑁𝑁+
𝑚𝑚(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶) =

𝑐𝑐𝑚𝑚 + √𝑐𝑐𝑚𝑚2 + 4 (𝑐𝑐𝑁𝑁𝑁𝑁+
𝑏𝑏(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶))2

2  

(5.39) 
 
 
 
 

𝑐𝑐𝑁𝑁𝑁𝑁+
𝑏𝑏(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶) = (1 − 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑏𝑏,𝐶𝐶 /100) × 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑏𝑏,𝐶𝐶  

𝑀𝑀𝑤𝑤𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  
(5.40) 
 
 

𝑐𝑐𝐶𝐶𝐶𝐶−
𝑚𝑚,𝐴𝐴 = 𝑐𝑐𝑁𝑁𝑁𝑁+

𝑚𝑚 (𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶,𝐴𝐴) − 𝑐𝑐𝑚𝑚 
(5.41) 
 

𝑐𝑐𝑁𝑁𝑁𝑁+
𝑚𝑚(𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶,𝐴𝐴) =

𝑐𝑐𝑚𝑚 + √𝑐𝑐𝑚𝑚2 + 4 (𝑐𝑐𝑁𝑁𝑁𝑁+
𝑏𝑏(𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶,𝐴𝐴))2

2  

(5.42) 
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𝑐𝑐𝑁𝑁𝑎𝑎+
𝑏𝑏(𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁,𝐴𝐴) = (1 − 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

𝑏𝑏,𝐴𝐴 /100) × 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
𝑏𝑏,𝐴𝐴  

𝑀𝑀𝑤𝑤𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁  
(5.43) 
 
 

𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
𝑏𝑏,𝐴𝐴 = 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

𝑏𝑏,𝐴𝐴 + 𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × (𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
𝑏𝑏,𝐴𝐴 )2 

 
(5.44) 

𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 1.0004075 − 0.71687895 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 0.51792075 ∙
10−5 × 𝑇𝑇𝑐𝑐

2 + 0.1054032 ∙ 10−7 × 𝑇𝑇𝑐𝑐
3  

 
𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 0.0074569085 − 0.2960572 ∙ 10−4 × 𝑇𝑇𝑐𝑐 + 0.30564225

∙ 10−6 × 𝑇𝑇𝑐𝑐
2 − 0.934493315 ∙ 10−9 × 𝑇𝑇𝑐𝑐

3 
 

𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 0.18372605 ∙ 10−4 + 0.42360185 ∙ 10−6 × 𝑇𝑇𝑐𝑐 − 0.51483125
∙ 10−8 × 𝑇𝑇𝑐𝑐

2 + 0.1794537 ∙ 10−10 × 𝑇𝑇𝑐𝑐
3 

 
 

Both 𝑊𝑊𝑤𝑤 and 𝐸𝐸𝑊𝑊 influence the values of the fixed charged groups’ concentration (𝐶𝐶𝑚𝑚), 
as shown in Eq. (5.28). The value of 𝐶𝐶𝑚𝑚 increases at higher EW because the 𝑊𝑊𝑤𝑤 
decreases more significantly than expected decrease from a higher EW [27]. The void 
fraction (𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣), given in Eq. (5.30) and Eq. (5.31),  is also a function of the value 𝑊𝑊𝑤𝑤 
and the density of the dry membrane (𝜌𝜌𝑚𝑚,𝑣𝑣𝑑𝑑𝑑𝑑). The values for 𝜌𝜌𝑚𝑚,𝑣𝑣𝑑𝑑𝑑𝑑 for both bilayer 
membranes in Table 5.5 are not known. Therefore, the dry density of Nafion 117 was 
used to calculate the void fraction for both layers. The void fraction, in this case, is 
therefore only different per layer due to different 𝑊𝑊𝑤𝑤.  

Please be informed that the value of 𝑊𝑊𝑤𝑤 depends strongly on the temperature but the 
correlations in Eqs. (5.24 - 5.27) are available only at 25 oC. The chlor-alkali process is 
typically operated at 80 oC and therefore a higher  𝑊𝑊𝑤𝑤  should be expected in the real 
production. This effect was not included in this work. 

Similar to the idea of representing the sulfonate ion ((−𝑆𝑆𝑆𝑆3
−) with the chlorate ion 

((𝐶𝐶𝐶𝐶𝑆𝑆3
−), ideally, the fixed charged groups in the carboxylate layer should also be 

represented by an ion similar to the carboxylate anion (−𝐶𝐶𝑆𝑆𝑆𝑆− ). Here, for simplicity, 
the chlorate ion represents the fixed charged groups in both sulfonate and the 
carboxylate layer. The MS diffusivity values for ion-membrane and water-membrane 
based on the sodium chlorate were extrapolated outside of the range of available bulk 
properties of sodium chlorate for the catholyte facing layer of the membrane (𝐶𝐶𝑁𝑁𝑎𝑎𝑑𝑑𝑙𝑙𝑑𝑑).   

A logistic (sigmoid) function is introduced for the bilayer membrane to enable a 
smooth transition of different properties between two different layers [30]. A general 
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form of a logistic function is shown in Eq. (5.45). The logistic function has a lower 
asymptote to the left (L) and an upper asymptote to the right (U), and a smooth 
(exponential) function between the two asymptotes. For a bilayer membrane, the 
value at the anolyte side layer (𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) represents L and the catholyte side layer (𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) 
has the U value. The slope of the curve (𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙) defines how fast the slope rises. In this 
work, the value of 120 was used as a starting point [30]. The value of 𝑧𝑧0 is the transition 
point of the curve between the anolyte side layer and the catholyte side layer.  

𝑓𝑓(𝑧𝑧) = 𝐿𝐿 +  𝐿𝐿 − 𝑈𝑈
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑧𝑧−𝑧𝑧0))

 
(5.45) 

Five different properties between monolayer and bilayer membranes are defined by a 
logistic function in Table A5.9 in Appendix: the fixed charged groups’ concentration 
(𝐶𝐶𝑚𝑚), membrane MS diffusivities (𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚 ), the gamma factors for sodium chloride 

(Γ𝑁𝑁𝑙𝑙𝑁𝑁𝑙𝑙
m ), sodium hydroxide (Γ𝑁𝑁𝑙𝑙𝑁𝑁𝑁𝑁

m ) and water (Γ𝑤𝑤
𝑚𝑚,𝑁𝑁𝑙𝑙𝑁𝑁𝑁𝑁) at the membrane interface. 

5.4. Results and discussion 
5.4.1. Kuznetsova methods validation 

The Kuznetsova methods were applied to predict the bulk properties such as 
measured diffusion coefficient (𝐷𝐷𝑀𝑀), ion transport number in bulk (𝑡𝑡𝑁𝑁𝑙𝑙+

𝑏𝑏 ), activity 

gradient ( 𝑑𝑑𝑙𝑙𝑑𝑑 𝛾𝛾
𝑑𝑑𝑙𝑙𝑑𝑑 𝕞𝕞), the mean ionic activity coefficient (γ±),  the specific conductance (κ), 

and water activity (𝑎𝑎𝑤𝑤) for sodium chloride, sodium hydroxide, and sodium chlorate.  

The bulk properties of sodium hydroxide and sodium chlorate solutions predicted by 

Kuznetsova methods have been validated in Chapter 4 for  𝐷𝐷𝑀𝑀, 𝑡𝑡𝑁𝑁𝑙𝑙+
𝑏𝑏 , 𝑑𝑑𝑙𝑙𝑑𝑑 𝛾𝛾

𝑑𝑑𝑙𝑙𝑑𝑑 𝕞𝕞,  γ±, and κ. 

In this work, the bulk properties were validated again with the experimental data to 
include experimental data for the activity coefficient. For sodium chlorate, the model 
prediction matches the experimental data reasonably well. The results are shown in 
Figure A5.12 in the Appendix.  For sodium hydroxide,  the results in Figure 5.2 show 
that the value of 𝑑𝑑0 > 𝑟𝑟0 = 3.93 Å using Eq. (A5.57) in Table A5.7 in  the Appendix from 
the Chapter 3 and Chapter 4 failed to match the experimental data on the activity 
coefficient at a higher concentration than 2 M. When the value was increased to 4.79 
Å, the model prediction improved except for the value of 𝐷𝐷𝑀𝑀, which as discussed 
before is less important. Since the concentration of sodium hydroxide in the chlor-
alkali system is around 10 M, the fitted value of  𝑑𝑑0 > 𝑟𝑟0 = 4.79 Å is used this work.  
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𝑐𝑐𝑁𝑁𝑎𝑎+
𝑏𝑏(𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁,𝐴𝐴) = (1 − 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

𝑏𝑏,𝐴𝐴 /100) × 𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
𝑏𝑏,𝐴𝐴  

𝑀𝑀𝑤𝑤𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁  
(5.43) 
 
 

𝜌𝜌𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
𝑏𝑏,𝐴𝐴 = 𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × 𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁

𝑏𝑏,𝐴𝐴 + 𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 × (𝑊𝑊𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁
𝑏𝑏,𝐴𝐴 )2 

 
(5.44) 

𝑄𝑄𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 1.0004075 − 0.71687895 ∙ 10−5 × 𝑇𝑇𝑐𝑐 − 0.51792075 ∙
10−5 × 𝑇𝑇𝑐𝑐

2 + 0.1054032 ∙ 10−7 × 𝑇𝑇𝑐𝑐
3  

 
𝑅𝑅𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 0.0074569085 − 0.2960572 ∙ 10−4 × 𝑇𝑇𝑐𝑐 + 0.30564225

∙ 10−6 × 𝑇𝑇𝑐𝑐
2 − 0.934493315 ∙ 10−9 × 𝑇𝑇𝑐𝑐

3 
 

𝑆𝑆𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁 = 0.18372605 ∙ 10−4 + 0.42360185 ∙ 10−6 × 𝑇𝑇𝑐𝑐 − 0.51483125
∙ 10−8 × 𝑇𝑇𝑐𝑐

2 + 0.1794537 ∙ 10−10 × 𝑇𝑇𝑐𝑐
3 

 
 

Both 𝑊𝑊𝑤𝑤 and 𝐸𝐸𝑊𝑊 influence the values of the fixed charged groups’ concentration (𝐶𝐶𝑚𝑚), 
as shown in Eq. (5.28). The value of 𝐶𝐶𝑚𝑚 increases at higher EW because the 𝑊𝑊𝑤𝑤 
decreases more significantly than expected decrease from a higher EW [27]. The void 
fraction (𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣), given in Eq. (5.30) and Eq. (5.31),  is also a function of the value 𝑊𝑊𝑤𝑤 
and the density of the dry membrane (𝜌𝜌𝑚𝑚,𝑣𝑣𝑑𝑑𝑑𝑑). The values for 𝜌𝜌𝑚𝑚,𝑣𝑣𝑑𝑑𝑑𝑑 for both bilayer 
membranes in Table 5.5 are not known. Therefore, the dry density of Nafion 117 was 
used to calculate the void fraction for both layers. The void fraction, in this case, is 
therefore only different per layer due to different 𝑊𝑊𝑤𝑤.  

Please be informed that the value of 𝑊𝑊𝑤𝑤 depends strongly on the temperature but the 
correlations in Eqs. (5.24 - 5.27) are available only at 25 oC. The chlor-alkali process is 
typically operated at 80 oC and therefore a higher  𝑊𝑊𝑤𝑤  should be expected in the real 
production. This effect was not included in this work. 

Similar to the idea of representing the sulfonate ion ((−𝑆𝑆𝑆𝑆3
−) with the chlorate ion 

((𝐶𝐶𝐶𝐶𝑆𝑆3
−), ideally, the fixed charged groups in the carboxylate layer should also be 

represented by an ion similar to the carboxylate anion (−𝐶𝐶𝑆𝑆𝑆𝑆− ). Here, for simplicity, 
the chlorate ion represents the fixed charged groups in both sulfonate and the 
carboxylate layer. The MS diffusivity values for ion-membrane and water-membrane 
based on the sodium chlorate were extrapolated outside of the range of available bulk 
properties of sodium chlorate for the catholyte facing layer of the membrane (𝐶𝐶𝑁𝑁𝑎𝑎𝑑𝑑𝑙𝑙𝑑𝑑).   

A logistic (sigmoid) function is introduced for the bilayer membrane to enable a 
smooth transition of different properties between two different layers [30]. A general 

 Maxwell-Stefan Model for Monolayer and Bilayer Cation-Exchange Membranes  

137 
 

form of a logistic function is shown in Eq. (5.45). The logistic function has a lower 
asymptote to the left (L) and an upper asymptote to the right (U), and a smooth 
(exponential) function between the two asymptotes. For a bilayer membrane, the 
value at the anolyte side layer (𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) represents L and the catholyte side layer (𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) 
has the U value. The slope of the curve (𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙) defines how fast the slope rises. In this 
work, the value of 120 was used as a starting point [30]. The value of 𝑧𝑧0 is the transition 
point of the curve between the anolyte side layer and the catholyte side layer.  

𝑓𝑓(𝑧𝑧) = 𝐿𝐿 +  𝐿𝐿 − 𝑈𝑈
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑧𝑧−𝑧𝑧0))

 
(5.45) 

Five different properties between monolayer and bilayer membranes are defined by a 
logistic function in Table A5.9 in Appendix: the fixed charged groups’ concentration 
(𝐶𝐶𝑚𝑚), membrane MS diffusivities (𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚 ), the gamma factors for sodium chloride 

(Γ𝑁𝑁𝑙𝑙𝑁𝑁𝑙𝑙
m ), sodium hydroxide (Γ𝑁𝑁𝑙𝑙𝑁𝑁𝑁𝑁

m ) and water (Γ𝑤𝑤
𝑚𝑚,𝑁𝑁𝑙𝑙𝑁𝑁𝑁𝑁) at the membrane interface. 

5.4. Results and discussion 
5.4.1. Kuznetsova methods validation 

The Kuznetsova methods were applied to predict the bulk properties such as 
measured diffusion coefficient (𝐷𝐷𝑀𝑀), ion transport number in bulk (𝑡𝑡𝑁𝑁𝑙𝑙+

𝑏𝑏 ), activity 

gradient ( 𝑑𝑑𝑙𝑙𝑑𝑑 𝛾𝛾
𝑑𝑑𝑙𝑙𝑑𝑑 𝕞𝕞), the mean ionic activity coefficient (γ±),  the specific conductance (κ), 

and water activity (𝑎𝑎𝑤𝑤) for sodium chloride, sodium hydroxide, and sodium chlorate.  

The bulk properties of sodium hydroxide and sodium chlorate solutions predicted by 

Kuznetsova methods have been validated in Chapter 4 for  𝐷𝐷𝑀𝑀, 𝑡𝑡𝑁𝑁𝑙𝑙+
𝑏𝑏 , 𝑑𝑑𝑙𝑙𝑑𝑑 𝛾𝛾

𝑑𝑑𝑙𝑙𝑑𝑑 𝕞𝕞,  γ±, and κ. 

In this work, the bulk properties were validated again with the experimental data to 
include experimental data for the activity coefficient. For sodium chlorate, the model 
prediction matches the experimental data reasonably well. The results are shown in 
Figure A5.12 in the Appendix.  For sodium hydroxide,  the results in Figure 5.2 show 
that the value of 𝑑𝑑0 > 𝑟𝑟0 = 3.93 Å using Eq. (A5.57) in Table A5.7 in  the Appendix from 
the Chapter 3 and Chapter 4 failed to match the experimental data on the activity 
coefficient at a higher concentration than 2 M. When the value was increased to 4.79 
Å, the model prediction improved except for the value of 𝐷𝐷𝑀𝑀, which as discussed 
before is less important. Since the concentration of sodium hydroxide in the chlor-
alkali system is around 10 M, the fitted value of  𝑑𝑑0 > 𝑟𝑟0 = 4.79 Å is used this work.  
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Figure 5.2. Profiles of the predicted values of bulk properties (Maxwell-Stefan coefficient (𝕯𝕯), measured 
diffusion coefficient (𝑫𝑫𝑴𝑴), mean ionic activity gradient ( 𝒅𝒅𝒅𝒅𝒅𝒅 𝜸𝜸

𝒅𝒅𝒅𝒅𝒅𝒅 𝕞𝕞),  sodium ion transport number in bulk (𝒕𝒕𝑵𝑵𝒂𝒂+
𝒃𝒃 ), 

specific conductance (𝜿𝜿), activity coefficient (𝛄𝛄𝑵𝑵𝒂𝒂𝑵𝑵𝑵𝑵), log activity coefficient (𝒅𝒅𝒍𝒍𝒍𝒍(𝛄𝛄)), water activity 
(𝒂𝒂𝒘𝒘,

𝒃𝒃,𝑪𝑪(𝑵𝑵𝒂𝒂𝑵𝑵𝑵𝑵)), and water activity gradient 𝒅𝒅𝒅𝒅𝒅𝒅 𝜸𝜸𝒘𝒘
𝒅𝒅𝒅𝒅𝒅𝒅 𝕞𝕞  of sodium hydroxide at 25 oC based on the Kuznetsova 

methods. The calculated values of 𝑫𝑫𝑴𝑴, 𝒅𝒅𝒅𝒅𝒅𝒅 𝜸𝜸
𝒅𝒅𝒅𝒅𝒅𝒅 𝕞𝕞,  𝒕𝒕𝑵𝑵𝒂𝒂+

𝒃𝒃 , 𝜿𝜿, 𝛄𝛄𝑵𝑵𝒂𝒂𝑵𝑵𝑵𝑵, and 𝒅𝒅𝒍𝒍𝒍𝒍(𝛄𝛄) are compared to the available 
experimental data [18], [31], [32].Two different values for 𝒅𝒅𝟎𝟎 (see legends): the value of 𝒅𝒅𝟎𝟎 = 𝟑𝟑. 𝟗𝟗𝟑𝟑 Å was 
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work, the values depend on the membrane types and the sodium hydroxide 
concentrations using Eq. (5.30) and Eq. (5.31). The profile of void fraction for a 
monolayer sulfonate type of membrane with EW1150 at 80 oC is shown in Figure 5.4 
(top) as a function of the sodium hydroxide concentration in the catholyte. The Figure 
shows that a higher sodium hydroxide concentration leads to a lower void fraction.    

 

Figure 5.4. The profiles of the void fraction (top left),  the ion concentration inside the membrane at the 
anolyte interface (bottom left), and the ion concentration inside the membrane at the catholyte interface 
(bottom right) as a function of sodium hydroxide (catholyte) concentration in bulk at 80 oC. EW = 1150. 
The concentration of sodium chloride (anolyte) in bulk is 4.94 M (25 wt % NaCl). Water uptake was 
calculated using Eq. (5.25) for EW=1200 (sulfonate layer).  

In Figure 5.4 (bottom left), the profiles of the sodium ion (𝑐𝑐𝑁𝑁𝑎𝑎+
𝑚𝑚,𝐴𝐴 ), chloride ion (𝑐𝑐𝐶𝐶𝑙𝑙−𝑚𝑚,𝐴𝐴), 

and the fixed charged group’s concentrations (𝑐𝑐𝑚𝑚 = 𝑐𝑐𝑁𝑁𝑎𝑎𝐶𝐶𝑙𝑙𝑁𝑁3) at the anolyte membrane 
interfaces at 80 oC for the same membrane properties described above are shown as a 
function of the sodium hydroxide concentration in the catholyte bulk. The fixed 
charged group’s concentrations (𝑐𝑐𝑚𝑚) was calculated using Eq. (5.28) and the its values 
increase at higher NaOH concentration due to lower water uptake and higher density 
of NaOH. It is interesting to see that the chloride ion concentration at the anolyte-
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membrane interface (𝑐𝑐𝐶𝐶𝑙𝑙−
𝑚𝑚,𝐴𝐴) decreases at higher sodium hydroxide concentration even 

though the sodium chloride concentration in anolyte bulk is constant. This occurs to 
maintain the electroneutrality condition due to an increase in 𝑐𝑐𝑚𝑚 at higher sodium 
hydroxide bulk concentration.  

In Figure 5.4 (bottom right), the profiles of the sodium ion (𝑐𝑐𝑁𝑁𝑎𝑎+
𝑚𝑚,𝐶𝐶 ), hydroxide ion 

(𝑐𝑐𝑂𝑂𝑂𝑂−
𝑚𝑚,𝐶𝐶 ), and the fixed charged group’s concentrations (𝑐𝑐𝑚𝑚 = 𝑐𝑐𝑁𝑁𝑎𝑎𝐶𝐶𝑙𝑙𝑂𝑂3) at the catholyte 

membrane interfaces at 80 oC are shown as a function of the sodium hydroxide 
concentration in the catholyte bulk. The value of 𝑐𝑐𝑚𝑚 at both membrane interfaces are 
equal to each other because the correlations to define membrane properties are only 
based on the properties of sodium hydroxide. In reality, one should expect that both 
sodium chloride and sodium hydroxide influence the membrane properties. It is 
observed that the hydroxide ion concentration at the catholyte-membrane interface 
(𝑐𝑐𝑂𝑂𝑂𝑂−

𝑚𝑚,𝐶𝐶 ) increases at higher sodium hydroxide concentration and even exceeds the 
concentration of the fixed charged groups.  

The profiles of calculated membrane MS diffusivities at 80 oC for the same membrane 
properties described above are compared to the membrane MS diffusivities values 
from Chapter 2 in Figure 5.5. We chose 1.5 M as the lowest NaOH concentration in 
this work as input for the Maxwell-Stefan model because the calculated MS 
diffusivities in Chapter 2 were based on 1.5 M NaOH.  

Except for the MS diffusivity value of sodium ion-hydroxide ion (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝑂𝑂−
𝑚𝑚 ), all values 

of diffusivities in this work are lower than the values from Chapter 2. Several factors 
that cause the lower values can be outlined: First,  the void fraction was kept constant 
(𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 0.27) in Chapter 2. In contrast, in this work, the void fraction decreases at 
higher sodium hydroxide concentration (see Figure 5.4). Secondly, the concentration 
of NaOH in Chapter 2 was limited to 1.5 M. In contrast, the range of NaOH 
concentration investigated in this work is up to 11 M. Thirdly,  we replaced the 
empirical correlations in Chapter 2 with the chlorate ion properties. As shown in 
Figure A5.13 in the Appendix, the bulk MS diffusivities of chlorate ion-water 
(𝔇𝔇 𝐶𝐶𝑙𝑙𝑂𝑂3−,𝑤𝑤 

𝑏𝑏 ) and sodium ion-chlorate ion (𝔇𝔇𝑁𝑁𝑎𝑎+,𝐶𝐶𝑙𝑙𝑂𝑂3− 
𝑏𝑏 )  are lower  than the bulk MS 

diffusivities of hydroxide ion (𝔇𝔇 𝑂𝑂𝑂𝑂−,𝑤𝑤 
𝑏𝑏,𝐶𝐶 ) and sodium ion-hydroxide ion (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝑂𝑂− 

𝑏𝑏,𝐶𝐶 ).  

As seen in Figure 5.5, the MS diffusivity of sodium ion-hydroxide ion  (𝔇𝔇𝑁𝑁𝑎𝑎+,𝑂𝑂𝑂𝑂− 
𝑏𝑏,𝐶𝐶 ) is 

higher than the value used in Chapter 2 because the ion-ion interaction is related to 
the conductivity based on Eq. (A5.48) in Table A5.7 in the Appendix. The conductivity 
of sodium hydroxide is a strong function of concentration. For sodium hydroxide, the 
conductivity first increases when the concentration increases until it reaches a 
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maximum of around 4 M. Then, the conductivity decreases again at higher sodium 
hydroxide concentration(see Figure 5.2). This effect is not observed in Chapter 2 
because the concentration correction for Chapman polynomial for sodium hydroxide 
is valid only up to 1.5 M.   

 

Figure 5.5. Comparison of calculated membrane Maxwell-Stefan (MS) diffusivities in 10-10 [m2.s-1] at 80 oC as 
a function of sodium hydroxide concentration between Chapter 2 and this work based on the correlations 
listed in Table 5.1. The value of 𝒅𝒅𝟎𝟎 >  𝒓𝒓𝟎𝟎 = 𝟒𝟒. 𝟕𝟕𝟕𝟕 Å was used for sodium hydroxide. In the Chapter 2, the void 
fraction was constant (𝜺𝜺𝒗𝒗𝒗𝒗𝒗𝒗𝒅𝒅 = 𝟎𝟎. 𝟐𝟐𝟕𝟕 [−]), while in this work, the void fraction is a function of sodium 
hydroxide using Eq. (5.30) and Eq. (5.31).  EW=1150. Water uptake was calculated using Eq. (5.25) for 
EW=1200 (sulfonate layer). 
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5.4.3. Model validation for monolayer membrane 
To validate the MS model, the model was run using the input parameters based on the 
experimental conditions reported by Yeager et al. [33], [34], in which the catholyte 
concentration was varied from 10 wt% to 34 wt% (≈ 1.5 – 11 M). The applied current 
density was 2 kA/m2 using a monolayer sulfonate membrane with EW=1150, 
membrane thickness = 0.25 mm, and temperature = 80 oC. The membrane water 
uptake (𝑊𝑊𝑤𝑤) was calculated using EW1200 given in Eq. (5.25). Experimental relative 
water transport was determined from the Yeager et al. results by dividing their 
reported water transport number by the sodium transport number.  

Concentration profiles of sodium, hydroxide, chloride, water, and the profiles of the 
potential gradient as a function of the dimensionless position are shown in the 
Appendix in Figure A5.14.  

Figure 5.6 shows model predictions of membrane perm-selectivity (𝑡𝑡𝑁𝑁𝑎𝑎+),  hydroxide 
ion transport number (𝑡𝑡𝑂𝑂𝐻𝐻−), chloride ion transport number (𝑡𝑡𝐶𝐶𝑙𝑙−), relative water 
transport number ( 𝑇𝑇𝐻𝐻2𝑂𝑂 ),  and the membrane potential (𝐸𝐸𝑚𝑚) as a function of sodium 
hydroxide concentration using two sets of  Maxwell-Stefan (MS) diffusivities as listed 
in Table 5.1. The results show that both sets of diffusivities predict both the membrane 
perm-selectivity (𝑡𝑡𝑁𝑁𝑎𝑎+) and the relative water transport number (𝑇𝑇𝐻𝐻2𝑂𝑂) reasonably 
well, but predict an opposite trend for the membrane potential (𝐸𝐸𝑚𝑚) as a function of 
the sodium hydroxide concentration in the catholyte bulk. A higher membrane 
potential is expected for higher sodium hydroxide concentration based on the 
experimental data for the alkaline water electrolysis system in Chapter 3. Therefore, 
the updated correlations for MS diffusivities result in a more realistic membrane 
perm-selectivity and membrane potential prediction. These improved correlations are 
used for further simulation.  

Next, in the same Figure 5.6, updated correlations for MS diffusivities, the non-ideality 
was taken into account in the MS model. In comparison to the ideal system,  
significantly higher values are observed for 𝑡𝑡𝑁𝑁𝑎𝑎+, 𝑇𝑇𝐻𝐻2𝑂𝑂, and especially 𝐸𝐸𝑚𝑚.  The non-
idealy system seems to improve both 𝑡𝑡𝑁𝑁𝑎𝑎+ and 𝑇𝑇𝐻𝐻2𝑂𝑂. A higher 𝑡𝑡𝑁𝑁𝑎𝑎+ is expected in 
comparison to the experimental data of Yeager et al. because we used a higher 
EW=1200 instead EW=1150 to determine 𝑊𝑊𝑤𝑤. It should be recalled the correlation for 
sodium hydroxide was chosen to define the activity gradient of water and sodium in 
the membrane. Ideally, it should be a combination of sodium chloride, sodium 
hydroxide, and sodium chlorate as a mixture, but the information is not available.  The 
results show that non-ideal behavior affects transport properties and membrane 
potential, and non-ideal behavior is therefore included for further simulations.  
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5.4.3. Model validation for monolayer membrane 
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sodium hydroxide was chosen to define the activity gradient of water and sodium in 
the membrane. Ideally, it should be a combination of sodium chloride, sodium 
hydroxide, and sodium chlorate as a mixture, but the information is not available.  The 
results show that non-ideal behavior affects transport properties and membrane 
potential, and non-ideal behavior is therefore included for further simulations.  
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Figure 5.6. Model predictions of membrane perm-selectivity (𝒕𝒕𝑵𝑵𝒂𝒂+),  hydroxide ion transport number (𝒕𝒕𝑶𝑶𝑯𝑯−), 
chloride ion transport number (𝒕𝒕𝑪𝑪𝒍𝒍−), relative water transport number ( 𝑻𝑻𝑯𝑯𝟐𝟐𝑶𝑶 ),  and the membrane potential 
(𝑬𝑬𝒎𝒎) as a function of sodium hydroxide concentration using two sets of  Maxwell-Stefan (MS) diffusivities 
as listed in Table 5.1 (Chapter 2 and this work) at 2 kA.m-2. For this work, the ideal system was also compared 
to the non-ideal system, given in Table 5.2. EW=1150, membrane thickness = 0.25 mm, temperature = 80 oC 
and 25 wt% NaCl. Membrane water uptake (𝑾𝑾𝒘𝒘) was calculated using EW1200 given in Eq. (5.25). 
Experimental data (Yeager et al. [33], [34]) has a type of membrane with EW 1150. Experimental relative 
water transport was determined from the Yeager et al. results by dividing their reported water transport 
number by the sodium transport number.   

5.4.4. Monolayer vs. bilayer 
Figure 5.7 shows the profiles of five different properties that have been defined by a 
logistic function (the void fraction (𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣), fixed charged groups’ concentration (𝐶𝐶𝑚𝑚), 
gamma factor for NaOH (Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁), NaCl (Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁), and water in NaOH solution (Γ𝑤𝑤NaOH)) 
at 80 oC as a function of position in the membrane for monolayer and bilayer 
membranes as listed in Table 5.5. The logistic function for the 𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 was applied to 
calculate MS diffusivity (tortuosity correction). For the boundary condition, the value 
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of  𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

 is used at the left boundary (anolyte side layer) and the right boundary 

layer uses the valued of  𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

. When the logistic function for  𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  was included 
in the constitutive equation for the current-flux relation (Eq. (5.4)), the model did not 

converge. The value of  𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

 was then used. Also the value of  kslope = 40 was 
chosen for a smoother transition between the layers (see Figure A5.12).  

 

Figure 5.7. Comparison of the profiles of the void fraction (𝛆𝛆𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯), fixed charged groups’ concentration (𝐂𝐂𝐦𝐦), 
gamma factor for NaOH (𝚪𝚪𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍), NaCl (𝚪𝚪𝐍𝐍𝐍𝐍𝐂𝐂𝐍𝐍), and water in NaOH solution (𝚪𝚪𝐰𝐰

𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍) at 80 oC as a function of 
position in the membrane between monolayer membrane and bilayer membranes as listed in Table 5.5 (see 
legends). The anolyte concentration is 25 wt% NaCl, and the catholyte concentration is 32 wt% NaOH. *for 
the water uptake for sulfonate layer EW1500, the value of EW1350 was used. **Ww EW1100 was used for 
both sulfonate and carboxylate layer. Ww was available at 25 oC. For the logistic function, kslope = 40.The 
anolyte solution is at the left side of the membrane, and the catholyte solution is at the right side of the 
membrane.   
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Figure 5.7. Comparison of the profiles of the void fraction (𝛆𝛆𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯), fixed charged groups’ concentration (𝐂𝐂𝐦𝐦), 
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𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍) at 80 oC as a function of 
position in the membrane between monolayer membrane and bilayer membranes as listed in Table 5.5 (see 
legends). The anolyte concentration is 25 wt% NaCl, and the catholyte concentration is 32 wt% NaOH. *for 
the water uptake for sulfonate layer EW1500, the value of EW1350 was used. **Ww EW1100 was used for 
both sulfonate and carboxylate layer. Ww was available at 25 oC. For the logistic function, kslope = 40.The 
anolyte solution is at the left side of the membrane, and the catholyte solution is at the right side of the 
membrane.   
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As shown in Figure 5.7, the sulfonate layer with higher EW has a slightly higher 𝐶𝐶𝑚𝑚 
than the monolayer, whereas the carboxylate layer has a significantly higher 𝐶𝐶𝑚𝑚. This 
is due to the lower degree of swelling for the less hydrophilic carboxylate groups, as 
indicated by the lower void fraction of the carboxylate group containing layer (see 
Figure 5.7 top left).  

The values of membrane MS diffusivities as a function of position are depicted in 
Figure 5.8. For the bilayer membrane, the values are lower at the catholyte layer. As 
shown in Figure 5.7 top left, the void fraction decreases significantly for the 
carboxylate layer due to a very low membrane water uptake. Also, a higher  𝐶𝐶𝑚𝑚 leads 
to a lower ion-membrane diffusivities.   

 

Figure 5.8. Comparison of calculated membrane Maxwell-Stefan (MS) diffusivities in 10-10 [m2.s-1] at 90 oC as 
a function of position in the monolayer membrane and bilayer membrane as listed in Table 5.5 (see legends). 
The anolyte concentration is 25 wt% NaCl, and the catholyte concentration is 32 wt% NaOH. *for the water 
uptake for sulfonate layer EW1500, the value of EW1350 was used. **Ww EW1100 was used for both sulfonate 
and carboxylate layer. Ww was available at 25 oC. For the logistic function, kslope = 40. The anolyte solution 
is at the left side of the membrane, and the catholyte solution is at the right side of the membrane. The 
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anolyte solution is at the left side of the membrane, and the catholyte solution is at the right side of the 
membrane.   

Figure 5.9 presents the concentration profiles of ions and water and the profiles of 
potential gradient as a function of position in the membrane using the current density 
of 2 kA/m2 at 90 oC. The results show that the co-ion concentrations (hydroxide ion 
and chloride ion) become extremely low for the bilayer (sulfonate EW1080-
carboxylate EW1050). One possible explanation is due to an extremely high 
concentration of the fixed-charged groups (𝐶𝐶𝑚𝑚) as shown in Figure 5.9 (top right). A 
high 𝐶𝐶𝑚𝑚 enhances the co-ion exclusion from the membrane and leads to a high 
membrane perm-selectivity.  

 

Figure 5.9.  Concentration profiles of ions, water, and the profiles potential gradient as a function of position 
in the membrane using a monolayer membrane and two different types of bilayer membranes as listed in 
Table 5.5 (see legends). The current density is 2 kA/m2. The anolyte concentration is 25 wt% NaCl, and the 
catholyte concentration is 32 wt% NaOH. The temperature is 90 oC. *the water uptake for sulfonate layer 
EW1500, the value of EW1350 was used. **Ww EW1100 was used for both sulfonate and carboxylate layer. 
Ww was available at 25 oC. For the logistic function, kslope = 40. The anolyte solution is at the left side of the 
membrane, and the catholyte solution is at the right side of the membrane.   
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Furthermore, a significantly higher electrical potential gradient is observed at the 
catholyte side layer for the sulfonate EW1080-carboxylate EW1050 membrane, 
explaining the increased membrane potential. It also shows a peak in water 
concentration for the bilayer membranes. This suggests that local water accumulation 
might indeed occur, which could be the origin of blister formation. A local maximum 
and minimum for the potential gradient profiles, observed at the transition layer, 
depends on the kslope of the logistic function and the applied current density. As seen 
in Figure A5.12, a higher kslope seems to affect the calculated membrane potential. 

It should be recalled that we used the extrapolation of chlorate ion properties to 
represent the carboxylate anion. In this case, the predicted properties of the 
carboxylate layer of the membrane might not be well represented. However, we are 
merely interested in the qualitative trend of the model prediction at this stage of the 
model development. 

The MS model was run to predict the membrane perm-selectivity (𝑡𝑡𝑡𝑡𝑎𝑎+), relative 
water transport number (𝑇𝑇𝐻𝐻2𝑂𝑂) and the membrane potential as a function of current 
density, and the results are shown in Figure 5.10. The results of the model indicate that 
the membrane perm-selectivity of a monolayer Nafion 117 (sulfonate EW1100) 
increases as a function of current density for a low current density region and reaches 
the plateau around 0.8  at  6 kA/m2.   

For the bilayer membrane (sulfonate EW1100-sulfonate EW1500), the membrane 
perm-selectivity increases from  0.82 at 2 kA/m2 to 0.9 at  10 kA/m2. It is important to 
mention that the water uptake was based on a lower EW1350 because the correlation 
for EW1500 was not available. A higher value is expected when the right correlation 
for EW1500 because higher EW has a lower water uptake, which increases the fixed 
charged groups’ concentration leading to a higher membrane perm-selectivity. For the 
bilayer membrane using a carboxylate layer, a high membrane selectivity above 0.98 
[-] is reached even for a lower current density (< 2 kA/m2).  

The results of the model prediction are also compared to the available experimental 
data at low current densities in Figure 5.10 and Figure 5.11. Please be informed that the 
available experimental data are based on other types of membranes. Therefore only 
the qualitative trend can be concluded. The results of the MS model show the expected 
trend of the membrane perm-selectivity. A monolayer sulfonate type has a lower 
perm-selectivity, and the so-called “super perm-selectivity” for the bilayer (perfluoro 
carboxylate) membrane is confirmed.  
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For the relative water transport number, a lower value is observed for the bilayer 
(sulfonate-carboxylate) membrane than the sulfonate types. Regarding the membrane 
potential, the MS model predictions show a significantly higher membrane potential 
for the carboxylate layer in comparison to the sulfonate layers. Reported membrane 
potentials for the chlor-alkali system are comparable to the predicted value of the 
monolayer membrane. It should be emphasized that the membrane potential in the 
chlor-alkali system cannot be directly measured using the method described in 
Chapter 3. The reported membrane potential was generally the value calculated based 
on the measured cell potential [27], [35]–[37]. More experimental data are clearly 
needed to validate the model.  

 

Figure 5.10. Model prediction of membrane perm-selectivity (𝒕𝒕𝒕𝒕𝒂𝒂+), relative water transport number 
(𝑻𝑻𝑯𝑯𝟐𝟐𝑶𝑶), and membrane potential (𝑬𝑬𝒎𝒎) as a function of current density using a monolayer membrane and 
two different types of bilayer membranes as listed in Table 5.5 (see legends). The anolyte concentration is 
25 wt% NaCl, and the catholyte concentration is 32 wt% NaOH. The temperature is 90 oC. *the water uptake 
for sulfonate layer EW1500, the value of EW1350 was used. **Ww EW1100 was used for both sulfonate and 
carboxylate layer. Ww was available at 25 oC.  ***The value of 𝑬𝑬𝒎𝒎 is based on the correlation proposed by 
Bergner [35] from the measured cell potential. ****Expected value or typical values for the value of 𝑬𝑬𝒎𝒎 for 
chlor-alkali system [27], [37]. Experimental relative water transport number was determined from the 
Yeager et al. results by dividing their reported water transport number by the sodium transport number 
[34], [38], [39]. 
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the qualitative trend can be concluded. The results of the MS model show the expected 
trend of the membrane perm-selectivity. A monolayer sulfonate type has a lower 
perm-selectivity, and the so-called “super perm-selectivity” for the bilayer (perfluoro 
carboxylate) membrane is confirmed.  
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For the relative water transport number, a lower value is observed for the bilayer 
(sulfonate-carboxylate) membrane than the sulfonate types. Regarding the membrane 
potential, the MS model predictions show a significantly higher membrane potential 
for the carboxylate layer in comparison to the sulfonate layers. Reported membrane 
potentials for the chlor-alkali system are comparable to the predicted value of the 
monolayer membrane. It should be emphasized that the membrane potential in the 
chlor-alkali system cannot be directly measured using the method described in 
Chapter 3. The reported membrane potential was generally the value calculated based 
on the measured cell potential [27], [35]–[37]. More experimental data are clearly 
needed to validate the model.  

 

Figure 5.10. Model prediction of membrane perm-selectivity (𝒕𝒕𝒕𝒕𝒂𝒂+), relative water transport number 
(𝑻𝑻𝑯𝑯𝟐𝟐𝑶𝑶), and membrane potential (𝑬𝑬𝒎𝒎) as a function of current density using a monolayer membrane and 
two different types of bilayer membranes as listed in Table 5.5 (see legends). The anolyte concentration is 
25 wt% NaCl, and the catholyte concentration is 32 wt% NaOH. The temperature is 90 oC. *the water uptake 
for sulfonate layer EW1500, the value of EW1350 was used. **Ww EW1100 was used for both sulfonate and 
carboxylate layer. Ww was available at 25 oC.  ***The value of 𝑬𝑬𝒎𝒎 is based on the correlation proposed by 
Bergner [35] from the measured cell potential. ****Expected value or typical values for the value of 𝑬𝑬𝒎𝒎 for 
chlor-alkali system [27], [37]. Experimental relative water transport number was determined from the 
Yeager et al. results by dividing their reported water transport number by the sodium transport number 
[34], [38], [39]. 
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Figure 5.11. Model prediction of membrane perm-selectivity (𝒕𝒕𝒕𝒕𝒂𝒂+), relative water transport number 
(𝑻𝑻𝑯𝑯𝟐𝟐𝑶𝑶), and membrane potential (𝑬𝑬𝒎𝒎) as a function of sodium hydroxide concentration using a monolayer 
membrane and two different types of bilayer membranes as listed in Table 5.5 (see legends). The anolyte 
concentration is 25 wt% NaCl, and the current density is 2 kA/m2. The temperature is 90 oC. *the water 
uptake for sulfonate layer EW1500, the value of EW1350 was used. **Ww EW1100 was used for both sulfonate 
and carboxylate layer. Ww was available at 25 oC. The experimental relative water transport number was 
determined by Yeager et al. results by dividing their reported water transport number by the sodium 
transport number [34], [38], [39]. 

5.5.  Conclusions  
Maxwell-Stefan diffusivities play a significant role in the Maxwell-Stefan model. The 
use of improved Maxwell-Stefan diffusivities in our updated model resulted in a more 
realistic membrane performance and have more physical meaning than those based 
on previous models. The obtained results support the idea that more realistic 
correlations can replace the semi-empirical correlations in the previous models.  

The updated model has been extended to account for the non-ideality. The results 
showed a higher membrane perm-selectivity, relative water transport number, and 
membrane potential in comparison to the case where the system is considered to be 
ideal. The model prediction for both membrane perm-selectivity and the relative 
water transport number has been improved when the non-ideality is taken into 
account.  
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Furthermore, the MS model was made suitable for use with bilayer membranes. The 
results of the model show that the bilayer membrane has a higher membrane perm-
selectivity than the monolayer membrane, which is expected. Also, the bilayer 
membrane with the carboxylate layer has an extremely higher membrane perm-
selectivity in comparison to the sulfonate layer. Although we observed a better sodium 
hydroxide dependence for the membrane conductivity, the membrane potential for 
the bilayer membrane is now overpredicted. Further improvements to the model are 
required, and more experimental data are clearly needed for the input of the model.   

For the bilayer membrane using the carboxylate layer, the membrane properties based 
on the chlorate ion were extrapolated. A more suitable ion should be investigated for 
a better representation of the carboxylate anion.  
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selectivity than the monolayer membrane, which is expected. Also, the bilayer 
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hydroxide dependence for the membrane conductivity, the membrane potential for 
the bilayer membrane is now overpredicted. Further improvements to the model are 
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Appendix  
Table A5.7. The expressions to calculate Maxwell-Stefan diffusivities in the bulk solution for concentrated 
solutions [8], [12], [18], [25], [26], [40]–[42]. 

Correlations 
Equation 
number 

𝔇𝔇−,𝑤𝑤 
𝑏𝑏 = 𝑧𝑧+

𝑧𝑧+ − 𝑧𝑧−

1
𝑡𝑡+

𝔇𝔇 
(A5.46) 

𝔇𝔇+,𝑤𝑤 
𝑏𝑏 =  −𝑧𝑧−

𝑧𝑧+ − 𝑧𝑧−

1
1 − 𝑡𝑡+

𝔇𝔇 
(A5.47) 

 
 

𝔇𝔇+,−
𝑏𝑏 =  −z+𝑅𝑅𝑅𝑅c+𝔇𝔇 κ

( 𝑧𝑧+
2𝑧𝑧−𝐹𝐹2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐+𝔇𝔇 + (𝑧𝑧+ − 𝑧𝑧−)𝑅𝑅𝑅𝑅𝑐𝑐𝑤𝑤(1 − 𝑡𝑡+)𝑡𝑡+κ ) 

(A5.48) 
 
 

𝔇𝔇 = 𝐷𝐷𝑀𝑀
𝑐𝑐𝑤𝑤

𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡

1
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞)
 

(A5.49) 
 
 
 

𝐷𝐷𝑀𝑀 = 𝐷𝐷𝑀𝑀,𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑡𝑡𝐾𝐾𝑡𝑡𝐾𝐾𝐾𝐾 =
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 )
𝜂𝜂𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟

(𝐷𝐷0 + 𝐷𝐷𝑤𝑤 𝜈𝜈 𝕞𝕞
𝕞𝕞𝑤𝑤

) 

(A5.50) 
 
 
 

𝜂𝜂𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟 =  𝜂𝜂𝐾𝐾𝑒𝑒𝐾𝐾𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝐾𝐾/𝜂𝜂𝑤𝑤 (A5.51) 
 

𝜂𝜂𝑤𝑤 = 𝑅𝑅𝑟𝑟 + 246
(0.05594𝑅𝑅𝑟𝑟 + 5.2842)𝑅𝑅𝑟𝑟 + 137.37 

(A5.52) 
 
 
 
 

𝜂𝜂𝐾𝐾𝑒𝑒𝐾𝐾𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑡𝑡𝐾𝐾 = 𝜂𝜂𝐾𝐾𝑡𝑡𝑒𝑒𝐾𝐾𝑡𝑡𝐾𝐾
(1−𝑤𝑤𝑤𝑤)𝜂𝜂𝑤𝑤

𝑤𝑤𝑤𝑤  
(A5.53) 

 

𝜂𝜂𝐾𝐾𝑡𝑡𝑒𝑒𝐾𝐾𝑡𝑡𝐾𝐾 = 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝕒𝕒1(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒2 + 𝕒𝕒3
(𝕒𝕒4𝑅𝑅𝐶𝐶 + 1) (𝕒𝕒5(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒6 + 1) 

(A5.54) 

𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 = 𝛽𝛽 [−0.18807𝕞𝕞1/3 + 0.0095806 (𝑑𝑑0

2 − Φ
𝑑𝑑0

) 𝕞𝕞

+ 0.001585𝕞𝕞4/3 ] 

(A5.55) 
 
 
 
 

𝛽𝛽 = 78.15 ∗ 298.15
𝜀𝜀𝑤𝑤𝑅𝑅  

(A5.56) 
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𝑑𝑑0
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (𝑟𝑟+ + 𝑟𝑟−) (1 + 1.5 𝑟𝑟−

𝑟𝑟+
𝑙𝑙𝑙𝑙 1.327 

𝑟𝑟+
) = 3.93 Å 

(A5.57) 
 
 

𝑑𝑑0
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 = 2.41 Å 

(A5.58) 
 

𝑑𝑑0
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 4.41 Å 

(A5.59) 
 

Φ = 1.3 𝜀𝜀𝑤𝑤 − 1
2𝜀𝜀𝑤𝑤 + 1

𝑑𝑑0
3

4  
(A5.60) 

 
 

𝐷𝐷0 = 𝑅𝑅𝑅𝑅
𝐹𝐹2

𝑧𝑧+ + |𝑧𝑧−|
𝑧𝑧+|𝑧𝑧−|

𝑙𝑙+
0 𝑙𝑙−

0

𝑙𝑙+
0 + 𝑙𝑙−0

 
(A5.61) 

 
 

𝑙𝑙𝑁𝑁𝑁𝑁+
0 = 25.665 + 0.889𝑅𝑅𝑐𝑐 + 0.0033𝑅𝑅𝑐𝑐

2 (A5.62) 
 

𝑙𝑙𝑁𝑁𝑁𝑁−0 = 105.32 + 3.8031𝑅𝑅𝑐𝑐 − 0.0037𝑅𝑅𝑐𝑐
2 (A5.63) 

 

𝑙𝑙𝑁𝑁𝑁𝑁−0 = 41.348 + 1.3099𝑅𝑅𝑐𝑐 + 0.0041𝑅𝑅𝑐𝑐
2 

(A5.64) 
 

𝑙𝑙𝑁𝑁𝑁𝑁𝑁𝑁3
−0 = 35.865 + 1.0914𝑅𝑅𝑐𝑐 + 0.0027𝑅𝑅𝑐𝑐

2 (A5.65) 
 

𝑡𝑡+ = 𝑙𝑙+
(𝑙𝑙+ +  𝑙𝑙−) 

(A5.66) 
 
 

𝑙𝑙+ = 1
𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟

[𝑙𝑙+
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑙𝑙+

0

𝜀𝜀𝑤𝑤𝑅𝑅 ) 𝑐𝑐+
1/3] (1 + (1 − 𝑡𝑡+

0) 𝑑𝑑𝑙𝑙𝑙𝑙 𝛾𝛾
𝑑𝑑𝑙𝑙𝑙𝑙 𝕞𝕞) 

(A5.67) 
 
 

𝑙𝑙− = 1
𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟

[𝑙𝑙−
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑙𝑙−

0

𝜀𝜀𝑤𝑤𝑅𝑅 ) 𝑐𝑐+
1/3] (1 + 𝑡𝑡+

0 𝑑𝑑𝑙𝑙𝑙𝑙 𝛾𝛾
𝑑𝑑𝑙𝑙𝑙𝑙 𝕞𝕞) 

(A5.68) 
 
 

𝔸𝔸1 = 𝑒𝑒𝑜𝑜𝐹𝐹
6𝜋𝜋

1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 

(A5.69) 
 
 
 

𝔸𝔸2 = 𝑒𝑒0
2

3√3𝜀𝜀06𝜋𝜋𝜋𝜋
1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 

(A5.70) 
 
 
 

κ =  Λc+ (A5.71) 
Λ = 𝑙𝑙+ + 𝑙𝑙− (A5.72) 

𝜀𝜀𝑤𝑤 = 87.740 − 0.40008𝑅𝑅𝑐𝑐 + 9.398 ∙ 10−4𝑅𝑅𝑐𝑐
2 − 1.410 ∙ 10−6𝑅𝑅𝑐𝑐

3 (A5.73) 

𝐷𝐷𝑤𝑤 =  𝐷𝐷𝑤𝑤
0 ( 𝑅𝑅

𝑅𝑅𝑆𝑆
− 1)

2.063
; 𝐷𝐷𝑤𝑤

0 = 16.35 ∙ 10−5 𝑐𝑐𝑐𝑐2. 𝑠𝑠−1;  𝑅𝑅𝑠𝑠 = 215.05 K; 
(A5.74) 
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Appendix  
Table A5.7. The expressions to calculate Maxwell-Stefan diffusivities in the bulk solution for concentrated 
solutions [8], [12], [18], [25], [26], [40]–[42]. 

Correlations 
Equation 
number 

𝔇𝔇−,𝑤𝑤 
𝑏𝑏 = 𝑧𝑧+

𝑧𝑧+ − 𝑧𝑧−

1
𝑡𝑡+

𝔇𝔇 
(A5.46) 

𝔇𝔇+,𝑤𝑤 
𝑏𝑏 =  −𝑧𝑧−

𝑧𝑧+ − 𝑧𝑧−

1
1 − 𝑡𝑡+

𝔇𝔇 
(A5.47) 

 
 

𝔇𝔇+,−
𝑏𝑏 =  −z+𝑅𝑅𝑅𝑅c+𝔇𝔇 κ

( 𝑧𝑧+
2𝑧𝑧−𝐹𝐹2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐+𝔇𝔇 + (𝑧𝑧+ − 𝑧𝑧−)𝑅𝑅𝑅𝑅𝑐𝑐𝑤𝑤(1 − 𝑡𝑡+)𝑡𝑡+κ ) 

(A5.48) 
 
 

𝔇𝔇 = 𝐷𝐷𝑀𝑀
𝑐𝑐𝑤𝑤

𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡

1
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞)
 

(A5.49) 
 
 
 

𝐷𝐷𝑀𝑀 = 𝐷𝐷𝑀𝑀,𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑡𝑡𝐾𝐾𝑡𝑡𝐾𝐾𝐾𝐾 =
(1 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾

𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 )
𝜂𝜂𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟

(𝐷𝐷0 + 𝐷𝐷𝑤𝑤 𝜈𝜈 𝕞𝕞
𝕞𝕞𝑤𝑤

) 

(A5.50) 
 
 
 

𝜂𝜂𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟𝐾𝐾𝑟𝑟 =  𝜂𝜂𝐾𝐾𝑒𝑒𝐾𝐾𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝐾𝐾/𝜂𝜂𝑤𝑤 (A5.51) 
 

𝜂𝜂𝑤𝑤 = 𝑅𝑅𝑟𝑟 + 246
(0.05594𝑅𝑅𝑟𝑟 + 5.2842)𝑅𝑅𝑟𝑟 + 137.37 

(A5.52) 
 
 
 
 

𝜂𝜂𝐾𝐾𝑒𝑒𝐾𝐾𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑡𝑡𝐾𝐾 = 𝜂𝜂𝐾𝐾𝑡𝑡𝑒𝑒𝐾𝐾𝑡𝑡𝐾𝐾
(1−𝑤𝑤𝑤𝑤)𝜂𝜂𝑤𝑤

𝑤𝑤𝑤𝑤  
(A5.53) 

 

𝜂𝜂𝐾𝐾𝑡𝑡𝑒𝑒𝐾𝐾𝑡𝑡𝐾𝐾 = 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝕒𝕒1(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒2 + 𝕒𝕒3
(𝕒𝕒4𝑅𝑅𝐶𝐶 + 1) (𝕒𝕒5(1 − 𝑤𝑤𝑤𝑤)𝕒𝕒6 + 1) 

(A5.54) 

𝑑𝑑𝑑𝑑𝑑𝑑 𝛾𝛾
𝑑𝑑𝑑𝑑𝑑𝑑 𝕞𝕞 = 𝛽𝛽 [−0.18807𝕞𝕞1/3 + 0.0095806 (𝑑𝑑0

2 − Φ
𝑑𝑑0

) 𝕞𝕞

+ 0.001585𝕞𝕞4/3 ] 

(A5.55) 
 
 
 
 

𝛽𝛽 = 78.15 ∗ 298.15
𝜀𝜀𝑤𝑤𝑅𝑅  

(A5.56) 
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𝑑𝑑0
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (𝑟𝑟+ + 𝑟𝑟−) (1 + 1.5 𝑟𝑟−

𝑟𝑟+
𝑙𝑙𝑙𝑙 1.327 

𝑟𝑟+
) = 3.93 Å 

(A5.57) 
 
 

𝑑𝑑0
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 = 2.41 Å 

(A5.58) 
 

𝑑𝑑0
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 4.41 Å 

(A5.59) 
 

Φ = 1.3 𝜀𝜀𝑤𝑤 − 1
2𝜀𝜀𝑤𝑤 + 1

𝑑𝑑0
3

4  
(A5.60) 

 
 

𝐷𝐷0 = 𝑅𝑅𝑅𝑅
𝐹𝐹2

𝑧𝑧+ + |𝑧𝑧−|
𝑧𝑧+|𝑧𝑧−|

𝑙𝑙+
0 𝑙𝑙−

0

𝑙𝑙+
0 + 𝑙𝑙−0

 
(A5.61) 

 
 

𝑙𝑙𝑁𝑁𝑁𝑁+
0 = 25.665 + 0.889𝑅𝑅𝑐𝑐 + 0.0033𝑅𝑅𝑐𝑐

2 (A5.62) 
 

𝑙𝑙𝑁𝑁𝑁𝑁−0 = 105.32 + 3.8031𝑅𝑅𝑐𝑐 − 0.0037𝑅𝑅𝑐𝑐
2 (A5.63) 

 

𝑙𝑙𝑁𝑁𝑁𝑁−0 = 41.348 + 1.3099𝑅𝑅𝑐𝑐 + 0.0041𝑅𝑅𝑐𝑐
2 

(A5.64) 
 

𝑙𝑙𝑁𝑁𝑁𝑁𝑁𝑁3
−0 = 35.865 + 1.0914𝑅𝑅𝑐𝑐 + 0.0027𝑅𝑅𝑐𝑐

2 (A5.65) 
 

𝑡𝑡+ = 𝑙𝑙+
(𝑙𝑙+ +  𝑙𝑙−) 

(A5.66) 
 
 

𝑙𝑙+ = 1
𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟

[𝑙𝑙+
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑙𝑙+

0

𝜀𝜀𝑤𝑤𝑅𝑅 ) 𝑐𝑐+
1/3] (1 + (1 − 𝑡𝑡+

0) 𝑑𝑑𝑙𝑙𝑙𝑙 𝛾𝛾
𝑑𝑑𝑙𝑙𝑙𝑙 𝕞𝕞) 

(A5.67) 
 
 

𝑙𝑙− = 1
𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟

[𝑙𝑙−
0 − (𝔸𝔸1

𝜂𝜂𝑤𝑤
+ 𝔸𝔸2𝑙𝑙−

0

𝜀𝜀𝑤𝑤𝑅𝑅 ) 𝑐𝑐+
1/3] (1 + 𝑡𝑡+

0 𝑑𝑑𝑙𝑙𝑙𝑙 𝛾𝛾
𝑑𝑑𝑙𝑙𝑙𝑙 𝕞𝕞) 

(A5.68) 
 
 

𝔸𝔸1 = 𝑒𝑒𝑜𝑜𝐹𝐹
6𝜋𝜋

1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 

(A5.69) 
 
 
 

𝔸𝔸2 = 𝑒𝑒0
2

3√3𝜀𝜀06𝜋𝜋𝜋𝜋
1

(1000
𝜈𝜈 𝑁𝑁𝐴𝐴

)
1/3 

(A5.70) 
 
 
 

κ =  Λc+ (A5.71) 
Λ = 𝑙𝑙+ + 𝑙𝑙− (A5.72) 

𝜀𝜀𝑤𝑤 = 87.740 − 0.40008𝑅𝑅𝑐𝑐 + 9.398 ∙ 10−4𝑅𝑅𝑐𝑐
2 − 1.410 ∙ 10−6𝑅𝑅𝑐𝑐

3 (A5.73) 

𝐷𝐷𝑤𝑤 =  𝐷𝐷𝑤𝑤
0 ( 𝑅𝑅

𝑅𝑅𝑆𝑆
− 1)

2.063
; 𝐷𝐷𝑤𝑤

0 = 16.35 ∙ 10−5 𝑐𝑐𝑐𝑐2. 𝑠𝑠−1;  𝑅𝑅𝑠𝑠 = 215.05 K; 
(A5.74) 
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Table A5.8. Constant parameters 𝕒𝕒𝟏𝟏 to 𝕒𝕒𝟔𝟔 for calculating solute viscosity (𝜼𝜼𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔) of  NaOH and NaCl in 
Table A5.7 [42]. 

Parameter NaOH NaClO3 NaCl 
𝕒𝕒1  440.2 13.697 16.222 
𝕒𝕒2  0.00898 0.37882 1.3229 
𝕒𝕒3   -423.67 -1.1782 1.4849 
𝕒𝕒4  0.01595 0.0015768 0.0074691 
𝕒𝕒5  107.6 4065.9 30.78 
𝕒𝕒6  4.6489 2.1278 2.0583 

 

Table A5.9. A logistic function used for the bilayer membrane to enable a smooth transition of different 
properties between two different layers. 

Membrane 
properties Monolayer  Bilayer 

𝐶𝐶𝑚𝑚 𝐶𝐶𝑚𝑚
𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  𝐶𝐶𝑚𝑚

𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + (𝐶𝐶𝑚𝑚
𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐶𝐶𝑚𝑚

𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))

 

𝔇𝔇𝑖𝑖,𝑗𝑗 
𝑚𝑚  𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
 

𝔇𝔇𝑖𝑖,𝑗𝑗 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) +

(𝔇𝔇𝑖𝑖,𝑗𝑗 
𝑚𝑚(𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) − 𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙))
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))

 

𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

 
𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) +
(𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 

𝑚𝑚(𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) − 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙))

(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))
 

Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
m  Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
 

Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) +

(Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 
𝑚𝑚(𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) − Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙))
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))

 

Γ𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁
m  Γ𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
 

Γ𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) +

(Γ𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁 
𝑚𝑚(𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) − Γ𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙))
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))

 

Γ𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  Γ𝑤𝑤

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
 Γ𝑤𝑤

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

+ (Γ𝑤𝑤
𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) − Γ𝑤𝑤

𝑚𝑚,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙))
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))
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Figure A5.12. Profiles of the predicted values of bulk properties (measured diffusion coefficient (𝑫𝑫𝑴𝑴), 
Maxwell-Stefan coefficient (𝕯𝕯), activity gradient ( 𝒅𝒅𝒅𝒅𝒅𝒅 𝜸𝜸

𝒅𝒅𝒅𝒅𝒅𝒅 𝕞𝕞), sodium ion transport number in bulk (𝒕𝒕𝑵𝑵𝒂𝒂+
𝒃𝒃 ), 

activity coefficient (𝛄𝛄𝑵𝑵𝒂𝒂𝑵𝑵𝒅𝒅𝑵𝑵𝑵𝑵), and water activity (𝒂𝒂𝒘𝒘
𝑵𝑵𝒂𝒂𝑵𝑵𝒅𝒅𝑵𝑵𝑵𝑵))of sodium chlorate at 25 oC based on the 

Kuznetsova methods. The calculated values of 𝑫𝑫𝑴𝑴, 𝒅𝒅𝒅𝒅𝒅𝒅 𝜸𝜸
𝒅𝒅𝒅𝒅𝒅𝒅 𝕞𝕞 , 𝛋𝛋, and 𝛄𝛄𝑵𝑵𝒂𝒂𝑵𝑵𝒅𝒅𝑵𝑵𝑵𝑵 are compared to the available 

experimental data [32], [43], [44].   
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Table A5.8. Constant parameters 𝕒𝕒𝟏𝟏 to 𝕒𝕒𝟔𝟔 for calculating solute viscosity (𝜼𝜼𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔) of  NaOH and NaCl in 
Table A5.7 [42]. 

Parameter NaOH NaClO3 NaCl 
𝕒𝕒1  440.2 13.697 16.222 
𝕒𝕒2  0.00898 0.37882 1.3229 
𝕒𝕒3   -423.67 -1.1782 1.4849 
𝕒𝕒4  0.01595 0.0015768 0.0074691 
𝕒𝕒5  107.6 4065.9 30.78 
𝕒𝕒6  4.6489 2.1278 2.0583 

 

Table A5.9. A logistic function used for the bilayer membrane to enable a smooth transition of different 
properties between two different layers. 

Membrane 
properties Monolayer  Bilayer 

𝐶𝐶𝑚𝑚 𝐶𝐶𝑚𝑚
𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  𝐶𝐶𝑚𝑚

𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + (𝐶𝐶𝑚𝑚
𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐶𝐶𝑚𝑚

𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))

 

𝔇𝔇𝑖𝑖,𝑗𝑗 
𝑚𝑚  𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
 

𝔇𝔇𝑖𝑖,𝑗𝑗 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) +

(𝔇𝔇𝑖𝑖,𝑗𝑗 
𝑚𝑚(𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) − 𝔇𝔇𝑖𝑖,𝑗𝑗 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙))
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))

 

𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

 
𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) +
(𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 

𝑚𝑚(𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) − 𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙))

(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))
 

Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
m  Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
 

Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 
𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) +

(Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 
𝑚𝑚(𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) − Γ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙))
(1 + 𝑒𝑒−𝑘𝑘𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙(𝑧𝑧−𝑧𝑧0))

 

Γ𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁
m  Γ𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁 

𝑚𝑚(𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
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Figure A5.12. Profiles of the predicted values of bulk properties (measured diffusion coefficient (𝑫𝑫𝑴𝑴), 
Maxwell-Stefan coefficient (𝕯𝕯), activity gradient ( 𝒅𝒅𝒅𝒅𝒅𝒅 𝜸𝜸

𝒅𝒅𝒅𝒅𝒅𝒅 𝕞𝕞), sodium ion transport number in bulk (𝒕𝒕𝑵𝑵𝒂𝒂+
𝒃𝒃 ), 

activity coefficient (𝛄𝛄𝑵𝑵𝒂𝒂𝑵𝑵𝒅𝒅𝑵𝑵𝑵𝑵), and water activity (𝒂𝒂𝒘𝒘
𝑵𝑵𝒂𝒂𝑵𝑵𝒅𝒅𝑵𝑵𝑵𝑵))of sodium chlorate at 25 oC based on the 

Kuznetsova methods. The calculated values of 𝑫𝑫𝑴𝑴, 𝒅𝒅𝒅𝒅𝒅𝒅 𝜸𝜸
𝒅𝒅𝒅𝒅𝒅𝒅 𝕞𝕞 , 𝛋𝛋, and 𝛄𝛄𝑵𝑵𝒂𝒂𝑵𝑵𝒅𝒅𝑵𝑵𝑵𝑵 are compared to the available 

experimental data [32], [43], [44].   
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Figure A5.13. Comparison of calculated bulk Maxwell-Stefan (MS) diffusivities in 10-10 [m2.s-1] using 
Newman/Chapman correlations based on the bulk properties predicted by the Kuznetsova methods to the 
values listed by Chapman [18] and the values for infinite dilution at 25 oC. 
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Figure A5.14. Concentration profiles of sodium, hydroxide, chloride, water, and the profiles of potential 
gradient as a function of dimensionless position. For the ideal system, two different sets of Maxwell-Stefan 
diffusivities listed in Table 5.1 are used to compare the model prediction between Chapter 2 and this work. 
With the improved Maxwell-Stefan diffusivities, the model predictions are compared between the ideal and 
non-ideal systems. Current density = 2 kA/m2. EW = 1150, membrane thickness = 0.25 mm, temperature = 
80 oC, 25 wt% NaCl, and 32 wt% NaOH. Membrane water uptake was calculated using EW1200 given in Eq. 
(5.25).   
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Figure A5.15. Profiles of the potential gradient and sodium concentration profiles of monolayer Nafion 117 
(left), Nafion 324 (middle), and Nafion 954 (right) as a function of position inside the membrane using three 
different values of kslope in the logistic function (see legends). The current density is 2 kA/m2. The anolyte 
concentration is 25 wt% NaCl, and the catholyte concentration is 32 wt% NaOH. The temperature is 80 oC. 
*the water uptake for sulfonate layer EW1500, the value of EW1350 was used. **Ww EW1100 was used for 
both sulfonate and carboxylate layer. Ww was available at 25 oC. The anolyte solution is at the left side of 
the membrane, and the catholyte solution is at the right side of the membrane.   
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Nomenclature 

Latin symbols 

𝔸𝔸1 Constant for the electrophoretic effect  
𝔸𝔸2 Constant for the relaxation effect  
Å Angstrom [10-10 m] 

𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  Anolyte side layer of the bilayer membrane 
𝑎𝑎𝑖𝑖 Activity of ion [-] 
𝐶𝐶 Concentration used in the Maxwell-Stefan model [mol.m-3] 
𝐶𝐶𝑖𝑖𝑚𝑚 Concentration used in the Maxwell-Stefan model inside the 

membrane [mol.m-3void] 
𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  Catholyte side layer of the bilayer membrane 
𝐶𝐶𝑚𝑚 Fixed ionic groups concentration [mol.m-3void] 
c Concentration used to define Maxwell-Stefan diffusivities in bulk 

solution [mol.L-1] 
𝐷𝐷0 Diffusion coefficient at infinite dilution [cm2.s-1] 
𝐷𝐷𝑀𝑀 Measured diffusion coefficient [cm2.s-1] 
𝐷𝐷𝑤𝑤 Water self-diffusion coefficient [m2.s-1] 
𝔇𝔇 Thermodynamic diffusion coefficient [cm2.s-1] 
𝔇𝔇𝑖𝑖,𝑗𝑗
𝑏𝑏  Maxwell-Stefan diffusivities in the bulk solution [m2.s-1] 

𝔇𝔇𝑖𝑖,𝑗𝑗
𝑚𝑚  Maxwell-Stefan diffusivities inside the membrane [m2.s-1] 
𝑑𝑑0 Effective distance of the closest approach of ions [Å] 
𝐸𝐸𝐸𝐸 Equivalent weight [g.mol-1] 
𝑒𝑒𝑜𝑜 Electron charge [1.60217662 × 10-19 C] 
F Faraday constant [96485 C.mol-1] 
𝑓𝑓𝑙𝑙 Fraction of the electrolyte solution in the ion clusters [-] 
𝑓𝑓𝑚𝑚 Fraction of the ionic groups in the ion clusters [-] 
𝐼𝐼 Current density [A.m-2] 
𝐾𝐾 Donnan equilibrium constant [-] 
K Kelvin 
𝑘𝑘 Boltzmann constant [1.38064852 × 10-23 m2 kg s-2 K-1] 

𝑘𝑘𝑠𝑠𝑙𝑙𝑜𝑜𝑠𝑠𝑙𝑙  The slove of the curve in the logistic function [-] 
L Lower asymptote of the logistic function in Eq. (5.45) 
𝑙𝑙𝑖𝑖0 Equivalent conductivity at infinite dilution [cm2.ohm-1.mol-1] 
𝑙𝑙+ Equivalent conductivity of cation [cm2.ohm-1.mol-1] 
M Molarity [mol.L-1] 
𝑀𝑀𝑤𝑤 Molecular mass [g.mol-1] 
𝕞𝕞 Molality [mol. kg-1] 
𝕞𝕞𝑤𝑤 Molality of pure water (55.508 [molw. kgw-1]) 
𝑁𝑁𝑖𝑖 Molar flux [mol.m-2.s-1] 
𝑁𝑁𝐴𝐴 Avogadro number [6.02214076×1023 mol-1] 
𝑃𝑃 Pressure [Pa] 

𝑃𝑃𝑜𝑜𝑠𝑠𝑚𝑚 Osmotic pressure [Pa] 
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R Gas constant [8.314 J.mol-1.K-1] 
𝑅𝑅𝑚𝑚 Membrane resistance [ohm] 
𝑟𝑟 Crystallochemical radius of ion [Å] 
𝑇𝑇 The temperature in Kelvin [K] 
𝑇𝑇𝑐𝑐 The temperature in degree Celcius [oC] 

 𝑇𝑇𝐻𝐻2𝑂𝑂 The relative transport number of water [-] 
𝑡𝑡 Time [s] 
𝑡𝑡𝑖𝑖 Transport number [-] 
U Upper asymptote of the logistic function in Eq. (5.45) 
�̅�𝑉𝑖𝑖 Partial molar volume of ion [m3.mol-1] 
�̅�𝑉𝑤𝑤 Partial molar volume of water [m3.mol-1] 
𝑊𝑊 Weight percentage [wt%] 
𝑊𝑊𝑤𝑤 Membrane water uptake [wt%] 
𝑤𝑤𝑤𝑤 The weight fraction of water [-] 
𝑋𝑋𝑤𝑤 Mole fraction of water [-] 
𝑧𝑧 Dimensionless length [-] 
𝑧𝑧0 Midpoint of the curve between the anolyte side layer and the catholyte 

side layer of the membrane in the logistic function [-] 
𝑧𝑧𝑖𝑖 Charge of ion i [-] 
𝑧𝑧+ Charge of positive ion [-] 
𝑧𝑧− Charge of negative ion (e.g., a negative value) [-] 

  

 Greek symbols 

𝛽𝛽 Correction coefficient for temperatures that differs from 298.15 
K [-] 

Γ Gamma factor for a non-ideal system [-] 
𝛾𝛾 Activity coefficient [-] 

∆𝑉𝑉 Volume increase of the membrane upon absorption of 
electrolyte solution [-] 

𝛿𝛿𝑚𝑚 Membrane thickness [m] 
𝜀𝜀0 Dielectric permittivity of a vacuum [8.85×10−12 F⋅m−1] 

𝜀𝜀𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 Void fraction [-] 
𝜀𝜀𝑤𝑤 The dielectric constant of water/Relative permittivity of water 

[-] 
𝜂𝜂𝑖𝑖 Electrochemical potential [J.mol-1] 

𝜂𝜂𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  Sodium chloride solution viscosity [mPa.s] 
𝜂𝜂𝑁𝑁𝑁𝑁𝑐𝑐𝑁𝑁𝑂𝑂3 Sodium chlorate solution viscosity [mPa.s] 
𝜂𝜂𝑁𝑁𝑁𝑁𝑂𝑂𝐻𝐻  Sodium hydroxide solution viscosity [mPa.s] 

𝜂𝜂𝑟𝑟𝑟𝑟𝑣𝑣𝑟𝑟𝑐𝑐𝑟𝑟𝑣𝑣 Reduced viscosity [-] 
𝜂𝜂𝑠𝑠𝑣𝑣𝑁𝑁𝑟𝑟𝑠𝑠𝑟𝑟 Solute viscosity [-] 

𝜂𝜂𝑤𝑤 Solvent viscosity [mPa.s] 
𝜅𝜅 Specific conductance [ohm-1.cm-1] 
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Λ Equivalent conductivity of electrolyte [cm2.ohm-1.mol-1] 
𝜈𝜈 Valence number (the number of ions in the formula of the 

electrolyte (𝜈𝜈+ + 𝑣𝑣−) [-] 
𝜈𝜈+ Valence number of the positive ion [-] 
𝜈𝜈− Valence number of the negative ion [-] 
𝜋𝜋 Mathematical constant (3.14159 [-]) 

𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 Density of NaClO3 solution [g.cm-3] 
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 Density of NaOH solution [g.cm-3] 
𝜏𝜏 Tortuosity [-] 
Φ Effective polarizabilities of electrolytes [Å3] 
𝜑𝜑 Electrical potential [V] 

 

Superscript and subscript  

𝐴𝐴 Anolyte 
𝐶𝐶 Catholyte 
𝑏𝑏 Bulk electrolyte  
𝑐𝑐 Centigrade 
𝑖𝑖 Species 
𝑖𝑖𝑖𝑖𝑖𝑖 Interface 
𝑙𝑙 Left 
𝑚𝑚 Membrane  
𝑟𝑟 right 
𝑖𝑖𝑡𝑡𝑖𝑖 Total 
𝑤𝑤 Water 
+ Positive ion 
− Negative ion 
0 Infinite dilution 
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𝜏𝜏 Tortuosity [-] 
Φ Effective polarizabilities of electrolytes [Å3] 
𝜑𝜑 Electrical potential [V] 

 

Superscript and subscript  
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𝑐𝑐 Centigrade 
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𝑟𝑟 right 
𝑖𝑖𝑡𝑡𝑖𝑖 Total 
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+ Positive ion 
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0 Infinite dilution 
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This final chapter summarizes the findings and discusses the implication of these 
findings to future research on this topic. 

6.1. Conclusions 
The goal of this PhD research was to investigate the membrane performance in a 
membrane electrolysis process in terms of membrane resistance (potential) and 
membrane perm-selectivity at high current densities by combining both 
mathematical modeling and experimental studies. This thesis covers four main topics 
that are closely linked. The heart of the thesis is a better understanding of Maxwell-
Stefan (MS) diffusivities.  

Chapter 1 described the reasons why the Maxwell-Stefan (MS) approach should be 
used instead of a simpler Nernst-Planck (NP) model for predicting the membrane 
performance in a chlor-alkali system.  

In Chapter 2, an MS model has been developed to describe ion and water transport 
behavior inside a monolayer cation-exchange membrane for the chlor-alkali system. 
One main improvement of this MS model compared to the previously developed 
models was its ability to couple both the electrical potential gradient and the 
concentration gradient as driving forces by applying the augmented matrix method.  

Considering the very limited availability of data for MS diffusivities, we tested four 
sets of reported values in the literature. The MS model results show that all sets of MS 
diffusivities generate non-linear concentration profiles, but the profiles are clearly 
different for each set. The combined semi-empirical correlations proposed by 
Wesselingh et al., Kraaijeveld et al., and Chapman et al. showed a better agreement 
with the available experimental data than the fitted values reported by other authors. 
One main advantage of the semi-empirical correlations, proposed by Wesselingh et 
al. and Kraaijeveld et al., is that the MS diffusivities inside the membrane can be 
related to the binary diffusivities in the bulk solution using the tortuosity correction. 
The binary diffusivity of a single electrolyte can be determined using the method 
proposed by Chapman et al. Thus, we considered using these combined semi-
empirical correlations for further simulations.   

Conclusions and Outlook 
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To reduce complexity, the developed Maxwell-Stefan model using two different 
electrolytes (NaCl-NaOH) in Chapter 2  was reduced to a one type electrolyte (NaOH-
NaOH) alkaline water electrolysis system in  Chapter 3. To validate the model, we 
measured the membrane resistance of Nafion 117 using equal NaOH concentration at 
both compartments for 15 wt% and 32 wt% NaOH, temperatures up to 90 oC, and 
different current densities up to 25 kA/m2. One finding in this chapter was that the 
results of both the MS model and the measured membrane resistance indicate ohmic 
behavior of the ionic resistance of the membrane. The apparent non-ohmic behavior 
reported in previous studies is very likely related to inaccurate temperature 
measurements, especially at high current densities. 

The MS model was further validated using the measured experimental data for 
membrane resistance as a function of concentration and temperature. Here we faced 
a challenge to use the Chapman polynomial to define binary diffusivities for 
concentrated sodium hydroxide (5 M and 10 M) as a function of temperature because 
this polynomial correlation is only valid over a limited concentration domain up to 1.5 
M and at a temperature of 25 oC. Therefore, we investigated the Newman/Chapman 
method to deduce three binary MS diffusivities in bulk (positive ion-solvent (𝔇𝔇+,𝑤𝑤 

𝑏𝑏 ), 
negative ion-solvent (𝔇𝔇−,𝑤𝑤 

𝑏𝑏 ), positive ion-negative ion (𝔇𝔇+,− 
𝑏𝑏 )) from three independent 

transport properties of the bulk (the Maxwell-Stefan coefficient (𝔇𝔇), positive ion 
transference number (𝑡𝑡+

𝑏𝑏), and the specific conductance (κ)). However, the Maxwell-
Stefan coefficient (𝔇𝔇) needs to be related to the measured diffusion coefficient (𝐷𝐷𝑀𝑀), 
and this is unfortunately only available up to 1.5 M and 25 oC.  

According to Kuznetsova et al., the value of 𝐷𝐷𝑀𝑀 can be correlated to the diffusion 
coefficient at infinite dilution (𝐷𝐷0), the reduced viscosity (𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟), the mean ionic 
activity gradient ( 𝑟𝑟𝑑𝑑𝑑𝑑 𝛾𝛾

𝑟𝑟𝑑𝑑𝑑𝑑 𝕞𝕞), the valence number (𝜈𝜈), and the self-diffusion coefficient of 
water (𝐷𝐷𝑤𝑤). They have tested and validated the correlations for a significant amount 
of electrolytes, in a total of 22 types. They also proposed correlations to determine the 
𝑟𝑟𝑑𝑑𝑑𝑑 𝛾𝛾
𝑟𝑟𝑑𝑑𝑑𝑑 𝕞𝕞  and the equivalent conductivity of ion (𝑙𝑙𝑖𝑖) as a function of composition and 
temperature. The required bulk properties, in addition to the properties mentioned 
above, are water dielectric permittivity (𝜀𝜀𝑤𝑤), limiting ionic conductivity of ion (𝑙𝑙𝑖𝑖

0), and 
the effective distance between ions (𝑑𝑑0).  

In this chapter, a major finding is that the MS diffusivity correlations are significantly 
improved by applying the Kuznetsova methods. With these correlations, the MS 
prediction of the membrane resistance matched the measured membrane resistance 
reasonably well. Yet, the MS model predicted a very low membrane perm-selectivity 
(less than 0.5) for 32 wt% NaOH, which was not expected because Nafion 117 is a 
cation-selective membrane. This low perm-selectivity might be caused by the 
assumption that ion-fixed charged groups of the membrane interactions resemble ion-
solvent interactions.  
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In Chapter 4, we aimed to replace the empirical correlations in previous models with 
a more realistic correlation from a physical perspective to represent the binary 
diffusivities of ion-fixed charged groups of the membrane. An interesting finding was 
that the chlorate ion properties could be used to represent the fixed charged groups 
(sulfonate groups) of the membrane.  

In this chapter, we also considered using the ion concentration inside the membrane 
to determine the concentration-dependent MS diffusivities instead of the bulk 
external solution used in the previous models. Ideally, the concentration-dependent 
MS diffusivities should be evaluated based on the properties of the mixture (the 
density and the viscosity of the mixture of sodium hydroxide and sodium chlorate 
inside the membrane). However, the density and the viscosity of the mixture were not 
available. Thus, we needed to calculate the three binary MS diffusivities of sodium 
hydroxide using the bulk properties of sodium hydroxide instead of the properties of 
the mixture. Similarly, three binary MS diffusivities for sodium chlorate were 
calculated using the bulk properties of the sodium chlorate. The counter-ion 
concentration inside the membrane is higher than the co-ion concentration due to 
the presence of the fixed charged groups. We chose to use the co-ion concentration, 
assuming that the counter-ion that is absorbed to and desorbed from the fixed 
charged groups and is consequently less mobile.  

Even with the updated correlations, there was no correlation available to define a 
similarly charged ion binary diffusivity (co-ion-fixed charged groups of the 
membrane). The binary diffusivities calculated using the Newman/Chapman method 
are limited to a single electrolyte system. For the MS diffusivity of co-ion-fixed charged 
groups of the membrane, we assumed that the value is equal to the MS diffusivity of 
counter-ion-fixed charged groups of the membrane.  

The improved MS diffusivity correlations in the updated MS model seem to improve 
the model prediction for both membrane perm-selectivity and membrane resistance. 
However, it remains a challenge to draw a strong conclusion due to scarce 
experimental data to validate the model.  

The improved correlations for MS diffusivities developed in the fourth chapter were 
applied to the chlor-alkali electrolysis (NaCl-NaOH) system in Chapter 5. The results 
were compared to the results using the correlations based on Chapman polynomials 
in Chapter 2. The obtained results support the idea that more realistic correlations can 
replace the semi-empirical correlations in the previous models. The model was also 
extended to account for the non-ideality and bilayer membranes.  

When the non-ideality was taken into account, the model prediction for both 
membrane perm-selectivity and the relative water transport number has been 
improved. The so-called “super-selectivity” of the bilayer cation-exchange membranes 
was also observed. The sodium hydroxide dependence for the membrane conductivity 
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was better predicted, but the membrane potential for the bilayer membrane is now 
overpredicted. More experimental data are clearly needed for the input of the model.  

Summarizing, at the end of this PhD project, we have made an important step in 
understanding the fundamental properties of MS diffusivities. To conclude, we have 
shown that MS diffusivities inside the membrane can be related to binary MS 
diffusivities in bulk using tortuosity correction by improving the semi-empirical 
correlations proposed by Wesselingh/Kraaijeveld. The Newman/Chapman method 
calculated three binary MS diffusivities from a single electrolyte system using three 
independent transport properties of the electrolyte. The Kuznetsova methods make it 
possible to predict the three independent transport properties as a function of 
composition and temperature. Furthermore, the semi-empirical correlations can be 
replaced by representing the fixed-charged groups of the membrane (sulfonate 
groups) with the chlorate ion to define the binary MS diffusivities of ion-fixed charged 
groups and water-fixed charged groups. With this, we have solved the main bottleneck 
for the input for the MS model. In other words, MS diffusivities can now make the MS 
model!  

6.2. Outlook 
A more general application of the MS model requires more experimental 
investigations to validate and finetune the model. The simplifications of the 
generalized MS model in this thesis are listed in Table 6.1. There are still many factors 
that should be considered for predicting membrane performance, which can be 
further extended in future works.  

As briefly mentioned in the general introduction, the know-how of membrane 
technologies is retained by the membrane suppliers, and little is publicly known about 
membrane properties. Thorough experimental studies are essential in the 
quantification of membrane properties that are needed as the input parameters of the 
MS model. Here we list several items that we consider as a priority (also listed in Table 
6.1): 

1. More experimental data on physical properties of bulk electrolytes:  
 Measured diffusion coefficient (𝐷𝐷𝑀𝑀) 

o for sodium hydroxide for the concentration and temperature at 
least 12 M and 100 oC (available experimental data is only 
limited to 1.5 M and 25 oC). 

 
o for sodium chloride for a higher temperature as high as 100 oC 

(experimental data is available up to 5 M, but the temperature is 
limited to 50 oC). 
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o for sodium chlorate for a higher temperature as high as 100 oC 
(experimental data is available up to 6 M, but the temperature 
is limited to 25 oC). 

 Specific conductivity (κ):  
o for sodium chloride for a higher temperature as high as 100 oC 
o for sodium chlorate for a higher temperature as high as 100 oC  

 
2. Experimental data and the correlations for the multicomponent mixture 

properties for a broad range of composition and temperature: 
 Viscosity and density of the mixture of 

o sodium hydroxide and sodium chlorate. 
o sodium chloride and sodium chlorate. 
o sodium chloride, sodium hydroxide, and sodium chlorate. 

 
3. More experimental data and correlations for membrane properties: 

 Membrane water uptake (𝑊𝑊𝑤𝑤)  for a broad range of equivalent weight 
(EW) for different types of membranes, electrolytes, and the mixture of 
electrolytes as a function of both composition and temperature.   

 The density of dry membranes for different types of membranes. 
 

4. More experimental data to evaluate the membrane performance, such as 
membrane conductivity (membrane resistance), relative water transport 
number, and membrane perm-selectivity for different types of membranes 
as a function of composition, temperature, and current density.  
 

5. More experimental data and correlations for binary MS diffusivities of 
similarly charged ions in bulk. One possible method is using the tracer 
diffusivity (Eq. (6.1)) [1].  

 
𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ( 𝑥𝑥+

𝔇𝔇+,− 
𝑏𝑏 + 𝑥𝑥−

𝔇𝔇−,− 𝑏𝑏 + 𝑥𝑥𝑤𝑤
𝔇𝔇−,𝑤𝑤 

𝑏𝑏 )
−1

 
(6.1) 
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o for sodium chlorate for a higher temperature as high as 100 oC 
(experimental data is available up to 6 M, but the temperature 
is limited to 25 oC). 

 Specific conductivity (κ):  
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(EW) for different types of membranes, electrolytes, and the mixture of 
electrolytes as a function of both composition and temperature.   

 The density of dry membranes for different types of membranes. 
 

4. More experimental data to evaluate the membrane performance, such as 
membrane conductivity (membrane resistance), relative water transport 
number, and membrane perm-selectivity for different types of membranes 
as a function of composition, temperature, and current density.  
 

5. More experimental data and correlations for binary MS diffusivities of 
similarly charged ions in bulk. One possible method is using the tracer 
diffusivity (Eq. (6.1)) [1].  

 
𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ( 𝑥𝑥+
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𝑏𝑏 + 𝑥𝑥−
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Table 6.1. Simplifications of the generalized Maxwell-Stefan approach in this thesis. 

Factors Simplification 
 

Real condition 
 

Driving force 
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 [2]. 
 

Membrane 
properties 

Fixed charged groups concentration of the 
membrane (𝐶𝐶𝑚𝑚): 

𝐶𝐶𝑚𝑚 = 1000 × 𝜌𝜌𝑒𝑒
𝐸𝐸𝐸𝐸 ×𝐸𝐸𝑤𝑤

(𝑓𝑓𝑚𝑚𝑓𝑓𝑒𝑒
) 

 
• The fixed charged groups of the 

membrane are treated as one 
component. The membrane consists 
of a homogenous bulk phase. The 
ratio of 𝑓𝑓𝑚𝑚𝑓𝑓𝑒𝑒

 is assumed 1. 

 
 
 
 

• The electrolyte density (𝜌𝜌𝑒𝑒) inside the 
membrane is assumed to be equal to 
the density of sodium hydroxide. 

 
 
 

 

• The adsorption/desorption 
effects and double-layer 
formation may also play a 
role in the concentration of 
the membrane surface. 
 

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

 may vary between 0.4 and 
1.32 [3], [4]. 
 

• The electrolyte density (𝜌𝜌𝑒𝑒) 
inside the membrane should 
be the mixed density of 
sodium hydroxide, sodium 
chloride, and the fixed 
charged groups of the 
membrane. 
 

The available correlations for the 
membrane water uptake (𝐸𝐸𝑤𝑤) are limited 
to EW1100, EW1200, and EW1350 for the 
sulfonate layer as a function of sodium 
hydroxide concentration is limited to 25 
oC.  
 

Membrane water uptake depends 
on the type of membrane, 
equivalent weight (EW), type of 
electrolyte, temperature, and 
electrolyte concentration. At 
higher temperatures, the 
membrane is expected to have a 
higher water uptake [3]. 
 

Boundary 
condition 

No mass transfer limitation outside the 
membrane is assumed 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.  
 

Water concentration at the membrane 
interface is calculated using the density of 
the mixture of sodium hydroxide and 
sodium chloride.  

Donnan (osmotic) potential 
should be further investigated to 
define the water concentration 
inside the membrane.  
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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.  

The properties of chlorate ion are 
extrapolated for higher fixed charged 
groups’ concentration, and the properties 
of carboxylate anion are also assumed 
similar to the chlorate ion. 
 

More suitable ion than chlorate 
ion should be used to represent 
the carboxylate anion—for 
example, sodium formate or 
sodium acetate solutions.  

The binary MS diffusivity for similarly 
charged ions cannot be determined using 
the Newman/Chapman method. 
The values of 𝔇𝔇−,− 

𝑚𝑚 and 𝔇𝔇−,𝑚𝑚 
𝑚𝑚 are assumed 

equal to the 𝔇𝔇+,𝑚𝑚 
𝑚𝑚 value.  

 

Experimental data and 
correlations for binary MS 
diffusivities for similarly charged 
ions in bulk. One possible method 
is using the tracer diffusivity (Eq. 
(6.1)) [1].  
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My student, Mayank, I am glad you did your Capita Selecta on the membrane 
resistance measurement with me. As we both have more experience working on the 
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setup. Anke, it was nice to have someone around who was not one of the hardcore 
chemical engineering geeks. We sometimes need to ask more questions to get to the 
very obvious points. Thank you for being the initiator of having a regular PhD meeting 
with Jasper, which has become a focal point of our group. Rodrigo, we met the first 
time during the trip to Sweden for Frontiers in chlorate, chlor-alkali research and 
beyond in Sundsvall, Sweden. The next day, before heading back to the Netherlands, 
we explored Stockholm with a very interesting France volunteer tour guide. As we 



 
 

182 
 

started talking, it would be a real challenge to stop the conversation as we could talk 
on and on about any topic.  I can't stop smiling while writing this. No surprise that I 
entrusted you to be my paranymph.  

The HIGHSINC+ group: Pia, Maurillio, Anke, Jasper, Arnab, Arturo, Carola, Leander, 
Roy, Roel, Alexei, Vishnu, Alperen, Alejo, Vince, Yubin, Myrto, Amin, and Brandon. I 
love our PhD meetings and the group games, the publicake, the PhD group outings,  
the PhD of the week (I am still curious who is the initiator of this amazing price). At 
first, I thought it would be a punishment to bring a cake when you were selected to be 
the PhD of the week, but my turn was even sooner than I thought, and I had fun doing 
that. So, guys who are still skeptical about this, give it a try, and please pass it on to 
the next PhD generation. I love exploring the food for different cultures, and I truly 
appreciate all of you taking my food intolerance into account. I did not feel left behind 
in these activities. I love the movie nights both in (purple) Pathe and VUe. I also 
admire the group's spirit even during the Coronavirus lockdown, our video skype 
borrels. For Myrto, Maurillio, Alexei, Amin, Pia, Arturo, and Carola, I enjoyed your 
regular visit to my room to pick up some purple and rainbow M&M and other sweets. 
Leander and Pia, thank you for answering my questions regarding the PhD defense 
procedures.  

For my choir groups. First, CantaTU, thank you for the Monday lunch-break rehearsal 
and the mini-concerts.  As I mostly sing the choir songs in the church, joining 
CantaTU has broadened my music variations, which I didn't even know it ever existed 
before. I often found myself humming the lyric of the songs ☺. Being in the midst of 
a very broad age span, it also is proven that we never get too old to learn new things. 
Second, the Indonesian mass choir members of KKI Eindhoven. Being far away from 
my root and village, this has given me a feeling of home. Third, the Dutch mass choir 
"Matheuskoor" welcomed me as the youngest member of the group.  

For the members of the Expeditie Spinvis project, it was a bit daunting to apply for the 
Expedition in the last year of my PhD project. It has helped me a lot with my long life 
search for the beauty and the truth in Science. The journey to CERN has brought me 
back to the moment I left my village, feeling excited for the beauty of the unknown. It 
confirms the beauty of expecting the unexpected. The time and stories we shared have 
helped me to proceed with my journey in living the beauty of life ☺. For Saskia de 
Meurs from Euflex, thank you for guiding me in exploring my wishes and reflecting 
on the past to understand myself better.  

For my friends for life: Toji, Titik, Christian, Eric, and Marc. I feel so lucky to have met 
you at certain period of my life, but our friendship remains the same even though we 
now live in different cities, countries, and even continents.  
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Voor Michel, met jou voel ik me compleet. Hartelijk bedankt voor al je steun. Je bent 
er altijd voor mij door goede en minder goede momenten. Je hebt mij geholpen om af 
en toe te relativeren en door jou ken ik de wereld in een heel veel kanten. Ik durf meer 
en ik geniet ook het leven. Van samen wandelen in het park, fietsen langs het kanaal 
en de Maas, reizen, paramotor vliegen, tuinieren of gewoon vogels voeren. Je laat mij 
nooit alleen vooral als ik me soms alleen voelde, en daar ben ik heel dankbaar voor. 
Met jou kan ik van alles praten, en je bent echt handig en creatief in het zoeken van 
oplossingen. Je begeleid mij om mijzelf beter te leren kennen en ook af en toe durven 
de grenzen te stellen. Je moedigt mij om mijn droom waar te maken en je bent 
hulpzaam in elke stap. Ook Henny en Theo, met jullie voel ik me thuis.  

Tu inang, mauliate godang ma i inang alana tong do idukung inang au manurushon 
parsikkolaanku. Mauliate godang i akka poda na hu jalo salelengon jala dukungan mu 
tu au mamillit dalanku sandiri di luat nadao. Nang pe dao hita di pamatang ni daging, 
alai molo roha dohot tondi tong do jonok. Tu si Nia dohot Dopin, mauliate nga ibaen 
hanima foto ni jabutta i na gabe sampul ni buku Thesis on.  

 

 

 

 

 

To Michel & Inang, in memoriam Bapa & Henk.  



 
 

182 
 

started talking, it would be a real challenge to stop the conversation as we could talk 
on and on about any topic.  I can't stop smiling while writing this. No surprise that I 
entrusted you to be my paranymph.  

The HIGHSINC+ group: Pia, Maurillio, Anke, Jasper, Arnab, Arturo, Carola, Leander, 
Roy, Roel, Alexei, Vishnu, Alperen, Alejo, Vince, Yubin, Myrto, Amin, and Brandon. I 
love our PhD meetings and the group games, the publicake, the PhD group outings,  
the PhD of the week (I am still curious who is the initiator of this amazing price). At 
first, I thought it would be a punishment to bring a cake when you were selected to be 
the PhD of the week, but my turn was even sooner than I thought, and I had fun doing 
that. So, guys who are still skeptical about this, give it a try, and please pass it on to 
the next PhD generation. I love exploring the food for different cultures, and I truly 
appreciate all of you taking my food intolerance into account. I did not feel left behind 
in these activities. I love the movie nights both in (purple) Pathe and VUe. I also 
admire the group's spirit even during the Coronavirus lockdown, our video skype 
borrels. For Myrto, Maurillio, Alexei, Amin, Pia, Arturo, and Carola, I enjoyed your 
regular visit to my room to pick up some purple and rainbow M&M and other sweets. 
Leander and Pia, thank you for answering my questions regarding the PhD defense 
procedures.  

For my choir groups. First, CantaTU, thank you for the Monday lunch-break rehearsal 
and the mini-concerts.  As I mostly sing the choir songs in the church, joining 
CantaTU has broadened my music variations, which I didn't even know it ever existed 
before. I often found myself humming the lyric of the songs ☺. Being in the midst of 
a very broad age span, it also is proven that we never get too old to learn new things. 
Second, the Indonesian mass choir members of KKI Eindhoven. Being far away from 
my root and village, this has given me a feeling of home. Third, the Dutch mass choir 
"Matheuskoor" welcomed me as the youngest member of the group.  

For the members of the Expeditie Spinvis project, it was a bit daunting to apply for the 
Expedition in the last year of my PhD project. It has helped me a lot with my long life 
search for the beauty and the truth in Science. The journey to CERN has brought me 
back to the moment I left my village, feeling excited for the beauty of the unknown. It 
confirms the beauty of expecting the unexpected. The time and stories we shared have 
helped me to proceed with my journey in living the beauty of life ☺. For Saskia de 
Meurs from Euflex, thank you for guiding me in exploring my wishes and reflecting 
on the past to understand myself better.  

For my friends for life: Toji, Titik, Christian, Eric, and Marc. I feel so lucky to have met 
you at certain period of my life, but our friendship remains the same even though we 
now live in different cities, countries, and even continents.  

  

183 
 

Voor Michel, met jou voel ik me compleet. Hartelijk bedankt voor al je steun. Je bent 
er altijd voor mij door goede en minder goede momenten. Je hebt mij geholpen om af 
en toe te relativeren en door jou ken ik de wereld in een heel veel kanten. Ik durf meer 
en ik geniet ook het leven. Van samen wandelen in het park, fietsen langs het kanaal 
en de Maas, reizen, paramotor vliegen, tuinieren of gewoon vogels voeren. Je laat mij 
nooit alleen vooral als ik me soms alleen voelde, en daar ben ik heel dankbaar voor. 
Met jou kan ik van alles praten, en je bent echt handig en creatief in het zoeken van 
oplossingen. Je begeleid mij om mijzelf beter te leren kennen en ook af en toe durven 
de grenzen te stellen. Je moedigt mij om mijn droom waar te maken en je bent 
hulpzaam in elke stap. Ook Henny en Theo, met jullie voel ik me thuis.  

Tu inang, mauliate godang ma i inang alana tong do idukung inang au manurushon 
parsikkolaanku. Mauliate godang i akka poda na hu jalo salelengon jala dukungan mu 
tu au mamillit dalanku sandiri di luat nadao. Nang pe dao hita di pamatang ni daging, 
alai molo roha dohot tondi tong do jonok. Tu si Nia dohot Dopin, mauliate nga ibaen 
hanima foto ni jabutta i na gabe sampul ni buku Thesis on.  

 

 

 

 

 

To Michel & Inang, in memoriam Bapa & Henk.  








