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II 

 
Abstract 
 

Diffusion is the concentration balancing motion of particles along a concentration gradient, 

even beyond phase boundaries. The determination of diffusion coefficients as a measure of 

particle mobility is of great scientific interest. This applies for intentional diffusion as for 

example in fuel cell- and dialysis membranes, as well as to unwanted diffusion (impurities in 

the previously mentioned membranes or penetration of protective barriers). In any case, 

diffusion is a measure of performance. Especially when considering ions resulting from 

dissociated salts, the permeability of the solvent required for dissociation must also be taken 

into account. To determine the parameters in the different materials, different measurement 

methods are required. 

This thesis describes the development of a combined measurement method for the 

determination of coupled ion diffusion and water permeability in polymer membranes. For this 

purpose, measurement methods for the determination of concentration-, volume- and 

membrane-potential changes are integrated into a miniaturized concentration cell. The actual 

determination of the transport parameters is then done by fitting appropriate models to the 

measurements. For the general description of the coupled transport processes, a system of 

ordinary differential equations is developed. Furthermore, a FEM model is developed in 

COMSOL Multiphysics®, which specifically simulates the ion distribution within the 

membrane and the resulting electrical fields. A freestanding ion exchange membrane with 

largely known properties is then used to evaluate the new combined measurement setup.  

It is then shown, that the values for the transport properties determined with the new developed, 

combined method for the general description agree with literature values. The FEM model 

further helps to understand the transport mechanisms inside the membrane, especially the 

correlation between ion distribution and membrane potential.



 

   

 

III 

 

    Kurzfassung 
 

Diffusion ist die konzentrationsausgleichende Bewegung von Teilchen entlang eines 

Konzentrationsgradienten, auch über Phasengrenzen hinaus. Die Bestimmung von 

Diffusionskoeffizienten als Maß für die Beweglichkeit der Teilchen ist von großem 

wissenschaftlichem Interesse. Das gilt für gewollte Diffusion wie beispielsweise im Falle von 

Trennmembranen in Brennstoffzellen oder bei der Dialyse, als auch für ungewollte Diffusion 

(Verunreinigungen mit Fremd-Ionen der eben genannten Membranen oder Penetration von 

Schutzbarrieren). In jedem Fall ist die Diffusion ein Maß für die Performance. Speziell bei der 

Betrachtung von Ionen, welche aus dissoziierten Salzen entstehen, ist des Weiteren die 

Permeabilität des für die Dissoziation benötigtem Lösungsmittel mit einzubeziehen. Zur 

Bestimmung der Parameter in verschiedenen Materialien bedarf es unterschiedlicher 

Messmethoden. 

Diese Arbeit beschreibt die Entwicklung einer kombinierten Messmethode zur Bestimmung 

von gekoppelter Ionendiffusion und Wasserpermeabilität in Polymermembranen. Dazu werden 

Messmethoden zur Bestimmung von Konzentrations-, Volumens- und 

Membranpotentialänderung in einer miniaturisierten Konzentrationszelle integriert. Die 

eigentliche Bestimmung der Transportparameter erfolgt dann durch die Anpassung geeigneter 

Modelle an die Messungen. 

Zur allgemeinen Beschreibung der gekoppelten Transportvorgänge wird dafür ein System 

gewöhnlicher Differentialgleichung entwickelt. Des Weiteren wird ein FEM Model in 

COMSOL Multiphysics® entwickelt, das speziell die Ionenverteilung innerhalb der Membran 

simuliert. Zur Evaluierung der Messmethode wird eine freistehende Ionenaustauscher 

Membran mit weitestgehend bekannten Eigenschaften verwendet. 

Ein Vergleich der Ergebnisse des allgemeinen Models mit anderen Ergebnissen aus der 

Literatur zeigt eine hohe Übereinstimmung. Die Ergebnisse des FEM Models geben tiefere 

Einblicke in die Zusammenhänge zwischen der Ionenverteilung in der Membran und dem von 

außen messbaren Membranpotential und helfen diese besser zu verstehen. 
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1 Introduction 
 

The aim of this work is the development of a method for determining the main transport 

coefficients of aqueous electrolyte in thin film polymers.  

It is based on a previous work that qualitatively showed ion diffusion in protective polymer 

layers used in microelectronic environment [1].  Figure 1 shows a TEM-EDX picture from this 

work in which the pathway of sodium chloride ions through the polymer can be seen. The 

results stem from a stress test performed on a test structure consisting of interdigitated copper 

combs (Cu) covered with polyimide (PI). The stress test was performed cyclical with 

alternating phases of electrolyte soaking and expositions to climate chamber at increased 

temperature and humidity. Additionally, a migration voltage was applied. 

 

 
Figure 1: (a) TEM-EDX picture of a cross section from a test structure after stress testing 

[1]. In the PI, covering the copper-combs, traces of different elements could be found. (b) 

Detailed section, showing a pathway, that mainly consists of NaCl, (c) indicated by the 

element analysis. 

The previously observed ion diffusion is assumed to increase the conductivity of the polymer 

[2],[3],[4] and therewith make it an electrolytic conductor between the electrodes sufficient 

enough to induce electrochemical processes. Together with the potential differences of the 

electrical connected electrodes, this can lead to galvanic contact corrosion  [5]. 

For lifetime predictions to determine the suitability of a new material or to compare the 

performance of different materials, a method is needed to quantify these mass transport 
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phenomena. The diffusion determining parameters are the ion diffusion coefficient and the 

associated transport numbers, as well as the water permeability coefficient. 

For this reason, a measuring setup is presented, that is based on a concentration cell, in which 

simultaneously the concentration change, the volume change and the potential difference over 

the dividing membrane are measured. After the measurement, the named coefficients are 

determined by fitting a specifically developed model to the measured data. For a fast evaluation 

of the method with mostly predictable outcome, an ion exchange membrane (IEM) is used 

instead of the actual high performance polymers. An additional finite element method 

simulation, executed in COMSOL Multiphysics®, should help to determine the ion distribution 

inside the membrane. 

The work starts with an examination of the theoretical fundamentals of the relevant transport 

phenomena (chapter 2 - Theory) and an overview of the established measurement methods 

(chapter 3 - Experimental and Simulation Methods). The novel measurement setup developed 

in course of this work is then presented in chapter 4 - A Novel Setup for the Simultaneous 

Measurement of Diffusion Processes. The evaluation of the method is done in chapter 5 - 

Verification Measurements and Parameter Determination. The following section then presents 

the additional experimental FEM simulation (chapter 6 - FEM Simulation) and the last chapter 

concludes the work with a summary (chapter 7 - Summary). 
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2 Theory 
 

In this section, the theoretical basics of the transport phenomena that will occur in the context 

of this work are described. The focus of this work lays on the passive transport phenomena, 

ion diffusion, migration and osmosis, and their relations. Therefore, transport processes 

induced by applying an additional external energy (pressure gradient or voltage) will not be 

considered. Additionally, membrane selectivity will be explained on the basis of ion exchange 

membranes. Figure 2 shows an overview of the transport phenomena occurring in context of 

this work. 

 

 

        

 
Figure 2: Transport processes that are investigated in the context of this work. With an ion 

exchange membrane as model membrane the rate determining coefficients for the diffusive 

solute flux (red arrows) and the contrarian solvent flux (blue arrow) are quantified. 

Additionally, the ion specific selectivity and the relating membrane potential is investigated. 
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2.1 Ion Diffusion 
 

• Diffusion (Fick’s first and second law) 

 

Diffusion is the spread of particles from a higher to a lower chemical potential. The driving 

force of this physical process is the gradient of the chemical potential. This leads to the mixing 

of different liquid phases, of gas phases as well as well as solid materials. Diffusion does not 

just occur inside the same states of matter but does also occur over the phase boundaries of 

different matters. In the context of this work, this leads to a transport of ionic molecules and 

water from an aqueous electrolyte solution into a polymer layer.  

The diffusive flux, which is proportional to the gradient of the chemical potential, can be 

described for a one-dimensional geometry as: 

 

 𝑱 =  −𝑲 È𝒅µ𝒅𝒙Ê𝒑,𝑻 
(1) 

 

With 𝐽 being the particle flux density in [ 𝑚𝑜𝑙/(𝑚ë ∙ 𝑠)], 𝐾 being a proportionality coefficient 

in [𝑚𝑜𝑙ë ∙ 𝑠/(𝑘𝑔 ∙ 𝑚ì)] and 𝑑µ/𝑑𝑥 being the one-dimensional gradient of the chemical 

potential in [𝐽/(𝑚𝑜𝑙 ∙ 𝑚)]. Additionally, specific and constant values for the pressure 𝑝 and 

the temperature 𝑇 are assumed. 

Under the assumption of an ideal solution, the diffusing species with concentration 𝑐 have no 

interactions with the surrounding species and the chemical potential µ can be written as: 

 

 𝝁 = 𝝁𝟎 +  𝑹𝑻 ∙ 𝒍𝒏 (𝒄) (2) 

 

With  𝜇é being the chemical standard potential of the diffusing species in [𝐽/𝑚𝑜𝑙], 𝑅 being the 

gas constant in [𝐽/(𝐾 ∙ 𝑚𝑜𝑙)]  and 𝑇 being the temperature in 𝐾𝑒𝑙𝑣𝑖𝑛, and with: 

   

 𝒅𝝁𝒅𝒙 = 𝒅𝝁𝟎𝒅𝒙 + 𝑹𝑻 ∙ 𝒅 𝐥𝐧(𝒄)𝒅𝒙 = 𝑹𝑻 ∙ 𝒅 𝐥𝐧(𝒄)𝒅𝒙 = 𝑹𝑻𝒄 𝒅𝒄𝒅𝒙 

 

(3) 
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Inserted into equation 1: 

 

 𝑱 =  −𝑲 𝑹𝑻𝒄 𝒅𝒄𝒅𝒙 = −𝑫 𝒅𝒄𝒅𝒙 (4) 

 

with  

 𝑲 =  𝑫𝒄𝑹𝑻 (5) 

 

The diffusive flux yet only depends on the concentration gradient. This relation was already 

described in 1855 by Adolf Fick [6] and is called Fick’s first law of diffusion: 

 

 𝑱 =  −𝑫 𝒅𝒄𝒅𝒙 (6) 

 

Where 𝐽 is the diffusive flux in [𝑚𝑜𝑙/(𝑚ë ∙ 𝑠)] against the concentration gradient 𝑑𝑐/𝑑𝑥 in 

[𝑚𝑜𝑙/𝑚í] and 𝐷 is the diffusion coefficient in [𝑚ë/𝑠]. The diffusion coefficient is a 

proportionality constant and can be seen as a measure of mobility for the diffusing species. 

 

 
Figure 3: Simplified sketch of diffusion from the higher to the lower concentrated side. 

 

 

If the actual change of a starting concentration due to diffusion should be described, it has to 

be considered that a change of the concentration 𝑐 will also change the diffusive flux 𝐽. 
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This relation between temporal and spatial concentration differences is therefore described by 

Fick’s second law of diffusion [7]. 

Unlike Fick’s first law, which describes the diffusive flux alone, Fick’s second law describes 

the actual change of spatial concentration distribution over time in dependence of the local 

concentration gradient: 

 

 𝒅𝒄𝒅𝒕 =  𝑫 𝒅𝟐𝒄𝒅𝒙𝟐 (7) 

 

• Ion diffusion (Nernst-Planck equation) 

 

Diffusion as described by Fick is solely dependent on the concentration gradient and does not 

take into account the charge of the diffusing species. 

But, if the diffusing species carry a charge, as ions would do, the transport is no longer 

determined just by diffusion, and therefore has to be extended by a migration term that takes 

into account the influence of an electric field on the charged species. The Nernst-Planck 

equation extends Fick’s diffusion equation (equation 6) by a migration term [8]. With this 

extension, an ion flux 𝐽 under the influence of an electric field can be described as: 

 

 𝑱 =  −𝑫 È𝒅𝒄𝒅𝒙 − 𝒄𝒛𝒆𝑬𝒌𝑻 Ê = −𝑫 È𝒅𝒄𝒅𝒙 − 𝒛𝑭𝑹𝑻 𝒄 𝒅𝝓𝒅𝒙Ê  (8) 

 

Where the electrical field 𝐸 in [𝑉 𝑚⁄ ] takes effect as an additional driving force to the 

concentration gradient 𝑑𝑐/𝑑𝑥, with the electric field 𝐸 being the gradient of the electrical 

potential 𝑑𝜙/𝑑𝑥. The charge of the ionic species is described by the valence number 𝑧 and the 

elementary charge 𝑒. 𝐹 is the Faraday constant in [𝐴 ∙ 𝑠/𝑚𝑜𝑙] and 𝑘 is the Boltzman constant 

in [𝐽/𝐾].  

 

• Multi component ion diffusion with different transference numbers (Nernst-Planck-

Poisson equation) 

 

Ions that emerge from dissociated chemical compounds are called electrolytes. The chemical 

compound dissociates in positive and negative charged ions called cations (+) and anions (-). 
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The cations lack an integer value of one electron 𝑒ñ that the anions carry as additional charge. 

The integer value is the valence number 𝑧 and the elementary charge corresponds to the charge 

of one electron. 

A common example is the dissociation of salts like sodium chloride (KCl) or potassium chloride 

(NaCl) in water. The KCl dissociates in sodium cations (Kð) and chlorine anions Clñ. 

Thereby the electrostatic force in the lattice structure of the salt is reduced by the increase of 

the dielectric constant from 𝜀é = 8.85 ⋅ 10-12 As (Vm)⁄  (dielectric constant of vacuum) to 𝜀 =𝜀é ∙ 𝜀ĕ with 𝜀ĕ = 𝜀þĦă = 78,3 (dielectric constant of water at 25°C). Further does the hydration 

of the ions promote the dissociation. 

 

 
Figure 4: Individual diffusive fluxes of anions and cations due to different molecular 

diameters, different hydration numbers or surrounding conditions. In case of an IEM this 

can be electrostatic influences from the fixed charge carriers.  

 

Due to different molecular diameters and different hydration numbers, the ions differentiate in 

their mobilities. In short, the ions can have different velocities when they enter a phase 

boundary, as depicted in Figure 4. 

Therefore, the ion fluxes have to be regarded separately and even without an external electric 

field the migration term has to be involved: 

 

 𝑱𝒊 = −𝑫𝒊 È𝒅𝒄𝒊𝒅𝒙 − 𝒛𝒊𝑭𝑹𝑻 𝒄𝒊 𝒅𝝓𝒅𝒙Ê  (9) 
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If one of the ionic species hurries ahead of its counter ions an electric field will build up. This 

field pulls back the faster ionic species proportional to the distance to its counter ions and 

likewise drags the slower ions toward the faster ones. In the steady state the electric field has a 

defined value that results in equal transport velocities for the ionic species 𝑐ď.  
With the Poisson equation the electric potential is calculated from the charge density 𝜌 that 

results from the movement of the ionic species [9] :  

 

 𝒅𝑬𝒅𝒙 =  𝝆𝜺 , 𝝆 = 𝑭 Ï 𝒛𝒊𝒄𝒊𝒊  (10) 

 

The resulting local electrical field 𝐸 = 𝑑𝜙/𝑑𝑥 does reciprocally influence the movement of 

the ions. 

The resulting potential difference, which is measurable over the membrane is called the 

diffusion potential, which further can be derived from a more thermodynamically point of view 

and can be written according to [10],[8] as: 

 

 ∆𝝋𝒅𝒊𝒇𝒇 =  − 𝑹𝑻𝑭 Ú𝒕ð𝒛ð − 𝐭ñ𝒛ñÛ 𝒍𝒏 È𝒄𝟏𝒄𝟐Ê (11) 

 

Where 𝑅, 𝑇 and 𝐹 have the usual physical meanings, 𝑧ð and 𝑧ñ are the valence numbers of the 

cations (+) and the anions (-) and 𝑐ê and 𝑐ë are the electrolyte concentrations accountable for 

the transport. 

The dimensionless coefficients 𝑡ð and 𝑡ñ are the transport numbers of the cations and the 

anions [10]. They display the fraction of the particular ionic species of the total charge transport 

and therefore are related as: 

 

 𝒕ð + 𝒕ñ = 𝟏  (12) 

 

With both species having the same transport numbers (𝑡ð = 𝑡ñ = 0.5) the diffusion potential 

becomes: 
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 ∆𝝋𝒅𝒊𝒇𝒇 =  − 𝑹𝑻𝑭 È𝟎. 𝟓𝒛ð − 𝟎. 𝟓𝒛ñ Ê 𝒍𝒏 È𝒄𝟏𝒄𝟐Ê = 𝟎𝑽 (13) 

 

In the case that the charge transport is carried out by just one ionic species, what would be the 

situation if the counter ions would be immobile, the transference number becomes 𝑡 = 1 for 

the charge carrying ions and the transference number for the immobile species becomes 𝑡 = 0. 

In this case the diffusion potential reaches the maximum value: 

 

 ∆𝝋𝒅𝒊𝒇𝒇 =  − 𝑹𝑻𝑭 ∙ (±𝟏) ∙ 𝒍𝒏 È𝒄𝟏𝒄𝟐Ê (14) 

 

This on the other hand means that in the steady state there is no ion transport at all, and the 

diffusion potential remains the same.  
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2.2 Osmosis 
 

The water transport into or through the membrane is another essential membrane transport 

phenomenon. The water transport mechanism related to this work is osmosis, as there is no 

external mechanical pressure field that works as a driving force for the water transport. 

For the osmotic water transport the driving force is the osmotic pressure difference ∆Π which 

depends on the chemical potentials or in simplified terms the molecular concentration 

difference of the dissolved species in the water [11].  

 

 ∆𝚷 =  𝒊 ∙ 𝑹 ∙ 𝑻 ∙ (𝒄𝟏 − 𝒄𝟐) 

 
(15) 

 

Where 𝑅 and 𝑇 have the usual physical meaning, 𝑐ê and 𝑐ë are the concentrations of the 

dissolved species, and 𝑖 is the van‘t Hoff factor. The dimensionless factor is an integer value 

that displays the number of ions in which a electrolyte dissociates. For binary electrolytes such 

as potassium chloride (𝐾𝐶𝑙) or sodium chloride (𝑁𝑎𝐶𝑙) the factor becomes 𝑖 = 2 and for 

sodium sulfate (𝑁𝑎ë𝑆𝑂í), which is a 1:2-electrolyte, the factor becomes 𝑖 = 3.  

 

 
Figure 5: Osmotic flux as the concentration difference compensating water flux through a 

semipermeable membrane that is only permeable for the solvent but not for the solute. 

 

An important boundary condition for the osmotic water transport is that the water molecules 

have a higher mobility than the dissolved species, as it is the case in a (selective) semipermeable 
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membrane. Exemplary is the case of two aqueous electrolyte solutions with different 

concentrations separated by a semipermeable membrane, which is only permeable for the water 

(see Figure 5). In this arrangement a water flux 𝑄 arises from the lower concentrated side to 

the higher concentrated one until the concentrations on both sides of the membrane are equal 

or an external counter pressure 𝑝Čěė counteracts the osmotic pressure: 

 

 𝑸 =  𝑷 ∙ (𝚫𝚷 − 𝒑𝒆𝒙𝒕) (16) 

 

With 𝑃 being the flux limiting mechanical permeability. 
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2.3 Onsager Reciprocal Relations 
 

The Poisson-Nernst-Planck equations already showed that ion transport processes can not be 

regarded independently. The concentration dependent ion diffusion is inducing an electric field, 

which on the other hand influences the ion transport itself. Lars Onsager described such 

interferences of irreversible transport processes in a thermodynamical system on the example 

of heat conduction, electrical conduction and diffusion [12]. Thereby he showed the universal 

validity of the reciprocal relations between the involved processes. 

Exchanging the heat conduction with the volume change according to Werkhoven et.al. [13], 

the transport processes and their reciprocal relations can be written as: 

 

 É𝑸𝑰𝑱 Ë = 𝑮 ∗ É∆𝒑∆𝝓∆µË (17) 

 

where 𝑄 is the volume flow, 𝐼 is the electrical current, 𝐽 is the ion flux and ∆𝑝, ∆𝜙 𝑎𝑛𝑑 ∆µ are 

the corresponding driving forces, from which ∆𝑝 and ∆𝜇 were already described elsewhere 

(chapter 2.1 - Ion Diffusion, chapter 2.2 - Osmosis). 𝐺 represents the Onsager matrix containing 

the phenomenological coefficients, which are the direct coefficients 𝐺ĄĄ, 𝐺ÿÿ, 𝐺ĀĀ and the 

reciprocal relations 𝐺Ąÿ = 𝐺ÿĄ, 𝐺ĄĀ = 𝐺ĀĄ and 𝐺Āÿ = 𝐺ÿĀ. 

 

 𝑮 = Þ𝑮𝑸𝑸 𝑮𝑸𝑰 𝑮𝑸𝑱𝑮𝑰𝑸 𝑮𝑰𝑰 𝑮𝑰𝑱𝑮𝑱𝑸 𝑮𝑱𝑰 𝑮𝑱𝑱 ß (18) 

 

The physical meanings of most of the direct coefficients are already known from the previous 

chapters:  

 

• 𝑮𝑸𝑸 corresponds to the mechanical permeability 𝑃 (Chapter 2.2 - Osmosis).  

• 𝑮𝑰𝑰 corresponds to the electrical conductance of the membrane 1/𝑅 and is subjected to 

Ohm’s law. 

• 𝑮𝑱𝑱 corresponds to the ion permeability or diffusion coefficient 𝐷 (Chapter 2.1 - Ion 

Diffusion). 

The physical meanings of the coupling coefficients are explained below:  
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• 𝑮𝑸𝑰/𝑮𝑰𝑸  are the cross effects between the volume flow 𝑄 and the electrical current 𝐼.  

 

The volume flow driven by the electric potential is the electroosmotic flow. It results from the 

development of an electrical double layer between the electrolyte ions and charges from the 

surrounding phase (i.e. pore walls or capillary walls). While the surrounding charges are in a 

fixed position the adsorbed ions migrate along the electric field and induce a plug flow to the 

electrolyte by transporting the water molecules bound in the hydration shells of the ions in the 

solution [10]. 

 

 𝑸∆𝒑ò∆÷ò𝟎 = 𝑮𝑸𝑱∆𝝓  (19) 

 

The reverse effect is the streaming current, an electrical current induced by a pressure field 

[14]. The charge separation due to the electrical double layer and the laminar flow characteristic 

of the pressure driven flow, lead to a net charge transport, which is the streaming current. 

 

 𝑰∆𝑽ò∆÷ò𝟎 = 𝑮𝑱𝑸∆𝑷 (20) 

 

• 𝑮𝑸𝑱 𝑮𝑱𝑸⁄  are the cross correlations between the volume flow 𝑄 and the ion flux 𝐽. 

 

Kedem and Kachalsky used the reflection coefficient 𝜎 introduced by Staverman to describe 

the cross correlations between volume flow and ion flux [15]. Following the example of a 

concentration cell with both chambers separated by an ideal semipermeable membrane, for a 

reflection coefficient 𝜎 = 1 the membrane is impermeable for the solute. The opposite would 

be 𝜎 = 0 and describes is an ideal transparent membrane that would result in a straight Fickian 

flux. 

The correlating reflection coefficients are describing the deviations from these ideal cases and 

therewith the cross correlated fractions of the water and ion flow to the concentration and 

pressure gradient: 

 

 𝑸∆𝑽ò𝟎,∆𝒑ò𝟎 = 𝑮𝑸𝑱∆µ (21) 
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 𝑱∆𝑽ò𝟎,∆÷ò𝟎 = 𝑮𝑱𝑸∆𝒑 (22) 

 

with the correlation coefficients being proportional to the reflection coefficient: 

 

 𝑮𝑸𝑱 = 𝑮𝑱𝑸 ∝ (𝟏 − 𝝈) (23) 

 

An updated, detailed description of the diffusion-osmotic relations has been summarized by 

Marbach and Bocquet [14]. 

 

• 𝑮𝑰𝑱 𝑮𝑱𝑰⁄  are the cross correlations between the electrical current 𝐼 and the ion flux 𝐽. 

 

The Nernst Planck equation describes the ion transport as dependent on the concentration 

gradient and from the electrical field as described in chapter 2.1 - Ion Diffusion. With ∆µ = 0 

the ion transport is only dependent from the electrical field which is the potential difference ∆Φ and can be written as: 

 

 𝑱∆÷ò𝟎,∆𝒑ò𝟎 =  𝑮𝑱𝑰∆𝝓 (24) 

 

With the potential difference ∆Φ = 0V, the short-circuited electrical current between two 

concentration dependent electrodes is: 

 

 𝑰∆𝚽ò𝟎,∆𝒑ò𝟎 =  𝑮𝑰𝑱∆𝝁 (25) 

 

with the correlating coefficients: 

 

 𝑮𝑱𝑰 = 𝑮𝑰𝑱 =  𝐜𝑫 𝒛𝑭𝑹𝑻 (26) 

 

The diffusion potential as described in chapter 2.1 - Ion Diffusion can therefore be explained 

with the reciprocal relations [13] as following. 
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For the net currentless case (i.e. currentless potential measurement) 

 

 𝑰∆𝒑ò𝟎 =  𝑮𝑰𝑰∆𝚽 + 𝑮𝑰𝑱∆𝝁 = 𝟎 (27) 

 

a migrational partial current must exist that cancels out the diffusion-osmotic partial current 𝐼ûă = 𝐺ÿĀ∆µ. This current is the electroosmotic current 𝐼üă = 𝐺ÿÿ∆𝜙 which driving force ∆𝜙 

is the already described diffusion potential ∆𝜑ċďčč 

 

 ∆𝝓 = ∆𝝋𝒅𝒊𝒇𝒇 =  − 𝑮𝑰𝑱𝑮𝑰𝑰 ∆𝝁 (28) 

 

The combination of the illustrated transport processes together with their reciprocal relations 

makes it possible to describe a variety of electrokinetic systems.  Table 1 shows a collection of 

electrokinetic systems with the corresponding boundary conditions as proposed by Werkhoven 

and van Roij [13]. 

 
Table 1: Collection of electro-kinetic systems and the associated boundary conditions within 

heterogenous nano fluidic systems [13] 

Clearly not every transport mechanism or driving force is relevant for every system, what 

equally applies for the relating reciprocal relations. The electrokinetic system which is relevant 

for this work is described in the previous Table 1 as “Membranes/diffusio-osmosis”. 
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Nevertheless, the ionic flux 𝐽 is no longer described as a Fickian flow alone but is supplemented 

to: 

 

 𝑱 =  −𝑮𝑱𝑸∆𝚷 + 𝑮𝑱𝑰∆𝛟 + 𝑮𝑰𝑰∆µ (29) 

 

Looking back to the scope of this work, which is the determination of ion transport properties, 

it is therefore not sufficient to measure the diffusion alone. For a complete description of the 

ion transport the correlated transport processes have to be measured as well. 
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2.4 Ion Exchange Membranes – Membrane Potential and Selectivity 

 

In this work, ion exchange membranes (IEM) will be used as model membranes to develop a 

method for the holistic determination of membrane transport parameters. IEMs are used 

because all transport phenomena mentioned before can be conveniently observed on them. 

Furthermore, an additional property is well pronounced, which is the semi-permeability 

towards ions of a specific charge. In addition, the transport properties in particular have been 

described in many studies before.  

The ion exchange membranes are mainly based on a polymer matrix with ionic side groups. 

Dependent on the polarity of the side groups they are permeable for cations or anions.  

Membranes containing negative charged side groups, and therefore are permeable for cations 

and repellant for anions are called cation exchange membranes (CEM). Accordingly, anion 

permeable membranes with positive charged side groups are called anion exchange membranes 

(AEM). 

The usual applications for IEMs are membrane based separation processes and energy 

conversion and production. Common applications for IEM based separation processes are 

diffusion-dialysis and electrodialysis for waste water recovery  [17],  [18] and for the food 

industry [19] as well as drinking water treatments [20]. The reverse electrodialysis, on the other 

hand, can be used to generate electrical energy from the membrane potentials of cells with 

alternating AEMs and CEMs which are fed with solutions of different salinity grades, such as 

river and ocean water [21], or even the salinity provided by human urine [22]. 

IEMs are also used as polymer-electrolytes in redox flow batteries (RFB), even though they 

are not specifically designed for this application [23]. One disadvantage herby are self-

discharge processes. This occur, for instance, in the case of vanadium flow batteries 

constructed with Nafion as polymeric electrolyte, due to vanadium cation diffusion [24]. To 

minimize this disadvantage, a further development is the use of multiple AEMs, CEMs and 

PEMs in one RFB [25]. 

A proton exchange membrane (PEM) is a specific kind of IEM, which is essentially permeable 

for protons. The primary field of applications and research for PEM are fuel cells, which history 

dates to 1939, even though the first fuel cells were based on liquid electrolytes [26], [27], [28]. 
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A current overview over new developments and applications can also be found summarized in 

[29]. 

Figure 6 shows a schematic drawing of a CEM with negative charged ions fixated in the 

polymer matrix and the permeating cations called counter-ions. Practically an ideal perm 

selective membrane does not exist and therefore a small fraction of anions, called co-ions, can 

also permeate trough the membrane. In the ground state the charged sides are occupied by 

protons, which are then exchanged with the target species during the exchange process. The 

selectivity can be explained with the Donnan equilibrium theory [30]. It indicates that the 

products of the activity of mobile ions of two phases, separated by a semipermeable membrane, 

are equal. Under the assumption that the activity coefficients equals one, it can be written as: 

 

 𝒄𝒄𝒂𝒕𝒊𝒐𝒏𝒄𝒂𝒏𝒊𝒐𝒏 =  𝒄𝒄𝒂𝒕𝒊𝒐𝒏𝒄𝒂𝒏𝒊𝒐𝒏 (30) 

 

With 𝑐ĊĈėďēĒ and 𝑐ĈĒďēĒ being the cation and anion concentration in the outer (aqueous) 

electrolyte phase and 𝑐ĊĈėďēĒ and 𝑐ĈĒďēĒ  being the ions in the inner (solid) membrane phase. 

 

 
 

Figure 6: Schematic drawing of an cation exchange membrane [31]. 



 

 

 

 

 

 19 

 

If one side contains an additional immobile species, for example a fixed anion species 𝑐čďě, the 

cation concentration on that side has to be described as follows, due to the general electro 

neutrality requirement: 

 

 𝒄𝒄𝒂𝒕𝒊𝒐𝒏 =  𝒄𝒂𝒏𝒊𝒐𝒏 + 𝒄𝒇𝒊𝒙 (31) 

 

For a CEM immersed in a 𝐾𝐶𝑙 solution the ion concentrations can therefore be calculated as 

follows:  

 

 𝒄𝑲 =  𝟏𝟐 ÚÍ𝒄𝒇𝒊𝒙𝟐 + 𝟒𝒄𝑲𝒄𝑪𝒍 + 𝒄𝒇𝒊𝒙Û 

 𝒄𝑪𝒍 =  𝟏𝟐 ÚÍ𝒄𝒇𝒊𝒙𝟐 + 𝟒𝒄𝑲𝒄𝑪𝒍 − 𝒄𝒇𝒊𝒙Û 

(32) 

with 𝑐čďě being the already mentioned concentration of fixated anions in the membrane, 𝑐āand 𝑐úĐ being the potassium and chloride concentrations in the membrane, and 𝑐ā and 𝑐úĐ being the 

potassium and chloride concentration outside the membrane. Further, with the 𝐾𝐶𝑙 
concentration 𝑐 = 𝑐ā = 𝑐úĐ, the ratio of repelled ionic species to the permeating ionic species 

can be described as: 

 

 𝒄𝑪𝒍𝒄𝑲 = 𝟏𝟐 ÚÍ𝒄𝒇𝒊𝒙𝟐 + 𝟒𝒄𝑲𝒄𝑪𝒍 − 𝒄𝒇𝒊𝒙Û𝟏𝟐 ÚÍ𝒄𝒇𝒊𝒙𝟐 + 𝟒𝒄𝑲𝒄𝑪𝒍 + 𝒄𝒇𝒊𝒙Û 

 

(33) 

Consequently, the ratio of 𝑐úĐ 𝑐ā⁄ , and therewith the selectivity decreases with an increasing 

concentration of negative charged fixed ions. Conversely, 𝑐úĐ 𝑐ā⁄  becomes 1 for an infinitely 

small number of 𝑐čďě , which would be equivalent to no selectivity. Figure 7 shows the 
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dependence of the ratio of the inner ion concentrations, from the outer membrane concentration 

for two examples of fixed ion concentrations. 

 
Figure 7: Relation between NaCl concentration in a solution and the ion ratio Cl-/Na+ in a 

cation exchange membrane  [30]. It can be seen that the ratio decreases with the increase 

of the fixed negative charges, here labeled as 𝐶ą. 

In consequence of the different ion concentrations, resulting from the Donnan equilibrium, 

small layers of space charges develop at the phase boundaries. The resulting electrical potential 

is called the Donnan potential and is written as [10]: 

 

 𝚫𝝋𝒅𝒐𝒏 =  𝑹𝑻𝑭 𝒍𝒏 𝒄𝑲𝒄𝑲 = 𝑹𝑻𝑭 𝒍𝒏 𝒄𝑪𝒍𝒄𝑪𝒍 (34) 

 

Figure 8 shows the Donnan potential over an electrolyte CEM interface. In the exemplary case 

of a CEM separating two electrolyte solutions I and II, the Donnan potentials on both sides of 

the membrane sum up to the so-called dialysis potential: 
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 𝚫𝝋𝒅𝒊𝒂𝒍𝒚𝒔𝒊𝒔 = 𝚫𝝋𝒅𝒐𝒏 𝑰 − 𝚫𝝋𝒅𝒐𝒏 𝑰𝑰 
 

 

 𝚫𝝋𝒅𝒊𝒂𝒍𝒚𝒔𝒊𝒔 =  𝑹𝑻𝑭 𝒍𝒏 𝒄𝑲,𝑰𝑰𝒄𝑲 − 𝑹𝑻𝑭 𝒍𝒏 𝒄𝑲𝒄𝑲,𝑰 
 

(35) 

 𝚫𝝋𝒅𝒊𝒂𝒍𝒚𝒔𝒊𝒔 =  𝑹𝑻𝑭 𝒍𝒏 𝒄𝑲,𝑰𝑰𝒄𝑲,𝑰   

 

The Donnan potential is not to be confused with the already mentioned diffusion potential 

(chapter 2.1 - Ion Diffusion). The Donnan potential depends on the ion concentrations 

besides the interface in the equilibrium state, while the diffusion potential depends on the 

different transference numbers of the mobile ions. 

 

Figure 8: Schematic sketch of the Donnan potential formation at the surface of a cation 

exchange membrane (adapted from [10], chapter 3.3). 



 

 

 

 

 

 22 

According to the TMS theory (see [30], chapter three)  the membrane potential between a high 

concentrated side (𝑐ê) and a low concentrated side (𝑐ë) can be written as the sum of the Donnan 

potentials (dialysis potential) and the diffusion potential: 

 

 𝚫𝝍 = (−𝚫𝝋𝒅𝒐𝒏 𝑰 ± 𝚫𝝋𝒅𝒐𝒏 𝑰𝑰) + 𝚫𝝋𝒅𝒊𝒇𝒇    
𝚫𝝍 = − 𝑹𝑻𝑭 𝒍𝒏 𝒄𝟐𝒄𝟏

Í𝒄𝒇𝒊𝒙𝟐 + 𝟒𝒄𝟏𝟐 + 𝒄𝒇𝒊𝒙𝟐
Í𝒄𝒇𝒊𝒙𝟐 + 𝟒𝒄𝟐𝟐 + 𝒄𝒇𝒊𝒙𝟐 − 𝑹𝑻𝑭 𝒖 𝒍𝒏 Í𝒄𝒇𝒊𝒙𝟐 + 𝟒𝒄𝟐𝟐 + 𝒖𝒄𝒇𝒊𝒙𝟐

Í𝒄𝒇𝒊𝒙𝟐 + 𝟒𝒄𝟏𝟐 + 𝒖𝒄𝒇𝒊𝒙𝟐  

 

(36) 

where the first term describes the Donnan potential and the second term the diffusion potential 

and 𝑢 is the average ion mobility of cations (+) and anions (-): 

 

 𝒖 =  𝒖ð − 𝒖ñ𝒖ð + 𝒖ñ (37) 

 

Figure 9 shows the ionic concentrations and the relating electric potentials in an ion exchange 

membrane. 

The relation between membrane potential Δ𝜓 and the fixed ionic species 𝑐čďě in the membrane 

can be seen by looking at the extreme values for 𝑐čďě.  

With : 

 

 𝐥𝐢𝐦𝒄𝒇𝒊𝒙 𝑪𝟏⁄ →ø 𝚫𝝍 = − 𝑹𝑻𝑭 𝒍𝒏 𝒄𝟐𝒄𝟏 (38) 

and 

 𝐥𝐢𝐦𝒄𝒇𝒊𝒙 𝑪𝟏⁄ →𝟎 𝚫𝝍 = − 𝑹𝑻𝑭 𝒖 𝒍𝒏 𝒄𝟐𝒄𝟏 

 

(39) 
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it can be seen that the membrane potential with 𝑐čďě 𝑐ê⁄ → ∞ is dominated by the Donnan 

potential and with 𝑐čďě 𝑐ê⁄ → 1 the diffusion potential is outweighing. By converting the ion 

mobilities into the ion transference numbers with: 

 

 𝒕ð =  𝒖ð (𝒖ð + 𝒖ñ)⁄  (40) 

 𝒕ñ =  𝒖ñ (𝒖ð + 𝒖ñ)⁄  (41) 

the equation for the diffusion potential can be formulated in the already known form: 

 

 ∆𝝋𝒅𝒊𝒇𝒇 =  − 𝑹𝑻𝑭 ∙ (𝒕ð − 𝒕ñ) ∙ 𝒍𝒏 È𝒄𝟏𝒄𝟐Ê (42) 

 

 

Figure 9: Ionic concentration and electric potential in an ion exchange membrane (adapted 

from [30], chapter 4). 
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3 Experimental and Simulation Methods 
 

 

This chapter gives an overview of the most common measurement methods for the transport 

properties, which are theoretically described in the previous chapters. These are 

• Diffusion coefficients,  

• Transference numbers,  

• Water permeability/osmosis and  

• Membrane selectivity. 

With these properties it is possible to describe the membrane transport performances and make 

them comparable. Furthermore, the measurement of such properties makes it possible to 

investigate the influence of specific structural changes or to verify numerical models. 

 

The chapter is split into two subchapters. First, an overview of the characterization of 

membranes with no additional immobile charged groups is given. There, the main focus lies 

on the determination of the diffusion coefficient and the ion/water uptake of the membrane. 

Second, the main measuring methods especially for IEMs are presented, which also includes 

the determination of water transport in terms of osmosis, determination of transference 

numbers and membrane selectivity. 
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3.1 Transport Property Measurements in Neutral/Uncharged Membranes 
 

The most common way to determine the diffusion coefficient across a membrane is by 

measuring the concentration gradient-driven change of the concentration around the membrane 

and then calculating the diffusion coefficient. 

 

3.1.1 Steady State Diffusion Measurement 

 

There are basically two kinds of diffusion measurements, measurements in the steady state and 

measurements in the unsteady state [32]. In the steady state, the membrane facing 

concentrations of the diffusing media are kept constant and the diffusive flux J is measured 

when it is in an equilibrium state and therewith constant over time.  

This case is described by Fick’s first law and is often used in standardized permeation test, 

especially in gas permeation test like the oxygen transmission rate (OTR), the water vapor 

transference rate (WVTR) and the CO2 transference rate (CO2 TR) test standards. Especially 

the gas vapor tests are commonly used in the food industry [33]. Some of the most important 

international test standards are shown in Table 2.  

In the majority of these standards the membrane of investigation is clamped between two 

chambers, which are flushed with gases. One side is flushed by a gas containing the diffusive 

species and the other side is flushed with a carrier gas, that simply transports the permeate to a 

sensor that quantifies the permeate over the time. Alternatively, the quantity of the diffusing 

species is also determined gravimetrically or via the pressure differences. 

However, most of the test standard results do not determine the diffusion coefficient but the 

permeability coefficient, according to the solution-diffusion model. Even though the diffusion 

coefficient is theoretical included in the permeability coefficient, it needs additional 

measurements for its determination, as it will be discussed later in chapter 3.2.1 - Salt 

Permeability Measurement. 
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Table 2: Often used international test standards for the determination of the oxygen 

transference rate (OTR), the water vapor transference rate (WVTR) and the CO2 

transference rate (CO2 TR). 

 

3.1.2 Unsteady State Diffusion Measurement - Time Lag Method 

 

During the unsteady diffusion process, the permeant flux J  is still changing with respect to 

time before the diffusive process reaches the equilibrium [32]. This case is described by Fick’s 

second law (eq. 7). Solving Fick’s second law with certain requirements to initial and boundary 

conditions, can be done by the time lag method as proposed by Crank [34]. This method is 

useful if a high diffusive resistivity retards the adjustment of a steady state. 

Therefore, the membrane under investigation on one side is initially in contact with a medium 

containing the diffusive species with a concentration 𝑐ê > 0. On the other side there is a 

solution containing no diffusive species, therefore 𝑐ë = 0. Initially, the concentration in the 

membrane is also zero, 𝑐đČđ = 0, and the thickness of the membrane is given by 𝑙. Further, 

the concentrations 𝑐ê and 𝑐ë are maintained effectively at constant concentration. With this 

most common experimental permeation setup, the total amount of permeate per time 𝑄ė can be 

expressed by the following equation [35]: 

 

 𝑸𝒕 =  𝑫𝒄𝟏 𝒕𝒍 𝟐𝒍𝝅𝟐 Ï 𝒄𝟏 𝐜𝐨𝐬 𝒏𝝅𝒏𝟐ø
𝒏ò𝟏 {𝟏 − 𝐞𝐱𝐩 (−𝑫𝒏𝟐𝝅𝟐 𝒕 𝒍𝟐⁄ )} (43) 

 

Then, with 𝑡 → ∞, the asymptotic form of equation 43 can be written as a linear function of 

time: 
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 𝑸𝒕→ø =  𝑫𝒄𝟏𝒍 Ú𝒕 − 𝒍𝟐𝟔𝑫Û (44) 

 

and the intercept on the t-axis takes the form: 

 

 

 𝑳 =  𝒍𝟐 𝟔𝑫⁄  (45) 

 

from which the diffusion coefficient can easily be taken. Figure 10 shows an example graph of 

the total amount of diffusing species versus time and the asymptote, from which intercept with 

the time-axis the time-lag 𝐿 is determined. 

 

 
Figure 10: Exemplary graph for the time lag approach to determine steady-state flow 

through a plane sheet [34]. The red mark shows the intercept of the asymptote with the x-

axis, which is the time-lag 𝐿 from which the diffusion coefficient can be calculated. 

 

𝑳 =  𝒍𝟐 𝟔𝑫⁄  
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To measure the amount of permeate 𝑄ê basically every quantification method can be used, that 

fits the experimental context. Fraga et al. used a setup with a quadrupole mass spectrometer for 

the determination of the gas diffusion coefficients of polymer membranes [36]. With this setup 

they were able to determine the diffusion coefficients of multiple substances simultaneously. 

The permeate can also simply be received and frozen in a cold trap condenser unit as it was 

done in the setup used by Dudek et al., which they used for their pervaporation-based 

purification experiments [35], while Lashkari et al. discussed the configuration of a pressure 

sensor, which were used to quantify the permeating gas [37]. 

Another way to measure the diffusive properties of materials with high diffusive resistivity, is 

to measure the diffusion profiles in the membrane.  

According to the book Physical Chemistry by Daniels and Alberty [7], with reference to 

Longworth, one of the most generally useful methods for determining the diffuseness of the 

boundary depends on measuring the deflection of light by the refractive index gradient 

associated with the concentration gradient. The curve resulting from such a schlieren optical 

recording then has the shape of a Gaussian curve, from which standard deviation the diffusion 

coefficient can be calculated. 

Even though the methods for detecting the diffusion boundary (diffusion front) have developed 

since the mentioning in Physical Chemistry 1975, non-destructive investigation via imaging 

and spectrometric methods are still common.  

Examples are the use of surface-plasmon leaky mode spectroscopy to determine benzene and 

toluene vapor diffusion in Teflon membranes [38] and the use of confocal Raman spectroscopy 

to determine the solvent diffusion in polymer solutions during fabrication [39]. 

 

3.1.3 Electrochemical Impedance Spectroscopy – Ion Diffusion and Water Uptake 

 

Electrochemical Impedance Spectroscopy (EIS) is another established method for the 

examination of coatings and membranes. It obtains a deep insight into the inner membrane 

processes and structural changes. Impedance spectroscopy measures the alternating current 

(AC) response of a system to the frequency varying spectrum of an applied AC signal. Changes 

in amplitude and phase can then give conclusion to reaction sequences, mass transfer or other 

physical phenomena [40]. Practically, the electrophysical models underlying the response are 

expressed in form of electrical equivalent circuits (EEC).  
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Figure 11 shows a general measurement setup with the corresponding EEC and impedance plot 

in the complex plane, where 𝐶𝑏 is the bulk capacitance of the cell,  𝜀0 is the permittivity of the 

vacuum, 𝐴 is the area of the cross section, 𝑑 is the distance of the electrodes and 𝜀 is the 

permittivity of the material. Here, 𝜀 changes with the ion and water uptake of the material. The 

permittivity of polymers and protective coating is usually in the regime of approximately 𝜀 =3. The permittivity of water is 𝜀 ≈ 80, dependent on the temperature. Therewith the bulk 

capacitance increases with increasing water or electrolyte uptake. 

 

 𝑪𝒃 =  𝜺𝜺𝟎𝑨𝒅  (46) 

 𝑅𝑏 is the bulk resistance which is given by 

 

 𝑹𝒃 =  𝒅𝑨𝝈 (47) 

 

where 𝜎 is the (ion dependent) conductivity. For example, in porous bulk medium the 

conductivity can be related to the number of pores percolating the substrate, with 𝜆 being the 

conductivity of the electrolyte and 𝐴𝑝 being the average cross sectional area of the pores [41]: 

 

 𝝈 = 𝝀𝑵𝑨𝒑𝑨  (48) 

 

Therefore, EIS is often used to measure the performance of corrosion protection coatings. The 

basic principle is the in-situ determination of 𝑅𝑏 and 𝐶𝑏 during stress tests. The quality feature 

of the coatings are the height and constancy of the resistance that correlates with the mobility 

of ions between cathodic and anodic areas. The capacitance 𝐶𝑏 increases with the water and 

ion uptake and therefore should remain low valued. 

A common way of stress testing is the immersion of the coated metal in electrolyte (e.g. NaCl) 
accompanied by EIS measurement at different times. For this purpose, the metal substrate acts 

as one of the electrodes, the polymer coating on the metal represents the dielectric and the 

electrolyte solution with a counter electrode serves as the second electrode. 
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                        (c)  

Figure 11: (a) An electrolyte sandwiched between two non-blocking electrodes and (b) the 

corresponding equivalent circuit, where Rb is the bulk resistance of the sample and Cb is the 

bulk capacitance of the sample. (c) shows the expected impedance plot  [42] 

 

This procedure is applied in various scales from construction steel coatings [43], [44], over 

marine coatings [45],[46] and automotive coatings [47] to protective coatings of micro-

electronics [48].  

Another stress test, often used in the automotive industry, is the salt spray test which exist in 

many formats. Basically, the electrolyte surrounds the object of investigation in form of a salt 

spray fog. The most common spray test is the ASTM B117, where a 5% 𝑁𝑎𝐶𝑙 solution with a 

pH value between 6.8 and 7.2 is sprayed on the test object at 35°C. 

In contrasts to the previously mentioned immersion tests, the spray test should simulate 

conditions, which are closer to actual environmental conditions [49]. 

While the basic method of impedance spectroscopy seems to be rather uncomplicated a closer 

look reveals the actual challenges of this method. In the idealized EEC the water uptake and 

ion mobility of the coating is described with 𝑅𝑏 and 𝐶𝑏. But in most cases this description is 

not sufficient. According to [41] ,[44] and [48] the 𝐸𝐸𝐶 is extended by an additional resistor 
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which takes into account the solution resistance. Additional 𝑅||𝐶 elements represent the charge 

transfer resistance and the double layer capacitance of the electrode and possible Faraday 

reactions (Figure 12 (b)). Further, additional elements can develop over time after the corrosive 

medium has reached the metal surface (Figure 12). Assigning the measured values to the 

correct 𝐸𝐸𝐶 element is therefore a challenging task. 

 

 
Figure 12: (a) EEC of a protective coating in contact with a solution (b) the same coating in 

contact with a solution with an additional R||C element that represents the charge transfer 

resistance and the double layer capacitance at the coating/substrate interface after the 

permeate reached there  [44]. 

 

The more detailed the model becomes, the more adaptions of the EEC are required and while 

finding a random fitting EEC can be easy, finding an EEC that is also physical plausible is an 

additional challenge. As an example, Fletcher et al. [50] formulated a table of degenerated 

networks, in which they showed how different networks lead to the same real impedance 

spectrum as response.  

Another example is the model proposed by Agarwal et al. [51] displayed in Figure 13. It 

consists of a network of 𝑛 𝑅||𝐶 elements that can be fitted to every measurement just by 

varying the number 𝑛 of the 𝑅||𝐶 elements. Even though it should just serve as a help to identify 

the number of time constants in the system under investigation, it shows the challenge of 

finding a plausible 𝐸𝐸𝐶 with so many possible combinations. 

In gernearl 𝐸𝐼𝑆 is a fast method for ranking polymers and coatings, but it is just suitable as a 

standalone technique under restrictions. Ideally it is accompanied by additional measuring 

methods and (previous) knowledge of the processes that occur [41]. 

 

 

(a) (b) 
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Figure 13:A network containing n 𝑹||𝑪 elements proposed by Agarwal et al., which can 

theoretically fitted to every measurement by varying the number of elements 𝒏 [51]. 

 

For more details about the development of EIS in organic coatings Margarit-Mattos‘ work [52] 

can be recommended. For a detailed look at all fundamentals the book Electrochemical 

Impedance Spectroscopy [40] is recommended, even though it is more focused on electrode 

processes.    
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3.2 Transport Property Measurement of Charged Membranes/IEMs in a Diffusion 

Cell 
 

Aside of EIS measurements, the use of so-called diffusion cells is a common method to 

investigate ion transport properties in membranes. These cells consist of two chambers which 

are separated by the membrane of interest. The chambers are filled with electrolytic solutions 

of different concentration. Due to the concentration gradient the ions diffuse from the higher 

concentrated, through the membrane, into the lower concentrated side. From measured 

concentration change over time, on the lower concentrated side, the diffusion coefficient can 

be calculated. This approach is similar to the ones described previously in chapter 3.1.1 and 

3.1.2. Additionally, the ion specific transport phenomena are considered, like the arise of a 

membrane potential, from which the transference numbers and selectivity can be determined. 

Since the transference numbers and selectivity are the main properties of an 𝐼𝐸𝑀, the diffusion 

cell is a frequently used method for 𝐼𝐸𝑀 characterization. 

 

3.2.1 Salt Permeability Measurement  

 

By measuring the diffusion induced concentration change in a diffusion cell on both sides of 

the membrane, the diffusion coefficient is not directly accessible. As already hinted in chapter 

3.1.1, the only directly accessible coefficient is the permeability.  

However, to determine the diffusion coefficient, the solute partition coefficient 𝐾Ć is 

introduced. It describes the ratio between the equilibrium ion concentration inside and outside 

the membrane. The product of the diffusion coefficient and the partition coefficient is defined 

as the permeability coefficient 𝑃Ć [53], [54], [55], [56]:  

 

 𝑷𝒔 =  𝑫𝑺𝑲𝑺 (49) 

using equation 49 Fick’s first law is extended to: 

 

 𝑱𝑺 = 𝑫𝑺𝑲𝑺 (𝒄𝟏 − 𝒄𝟐)𝒍  (50) 

 

With 𝐽Ć being the (average) salt flux, 𝑐êand 𝑐ë being the salt concentrations in the membrane 

facing electrolytes, and l standing for the membrane thickness.  
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Thus, it can be seen that with the measured concentration 𝑐ë, the known initial concentration 𝑐ê and the geometrical cell constants 𝑉, 𝑙 and 𝐴 the permeability coefficient can be determined. 

With additional knowledge of  𝐾Ć, either from literature or additional analytical measurements, 

the diffusion coefficient can be calculated. 

For IEMs not all ions inside the membrane are mobile. In case of a CEM a large number of 

anions is fixed to the polymer backbone and electrically compensated by dissociable counter-

ions. These cations are not fixed to the polymer matrix but bound inside the polymer by 

electrostatic interaction with the fixed anions. A smaller number of mobile anions (co-ions), 

which may exist inside the polymer such as chloride, is compensated by the same number of 

additional cations. Those excessing ions contribute to the salt permeability and are called 

mobile ions. 

Geise et al. used the extended version of Fick’s law, besides others, to investigate the water 

and salt transport properties in sulfonated pentablock copolymers to characterize their potential 

as chlorine tolerant desalination membrane material [54] or to investigate the 𝑁𝑎𝐶𝑙 diffusion 

in sulfonated polymers in dependence of water and ion uptake [57]. In both studies a 35 ml 

side-by-side diffusion cell is used in which the concentration change in the lower concentrated 

side is determined by conductivity measurements. Kamcev et al. studied the influence of COë 

dissolution on conductivity measurement in diffusion cell setups, where they also used the 

extended version Fick’s law, which they refer to as the solution diffusion model [58]. 

The most common way to determine the solute partition coefficient 𝐾Ć is by determining the 

co-ion concentration in the membrane (in the case of an CEM, the co-ions would be mobile 

anions, e.g. chloride). As mentioned before, the partition coefficient  𝐾Ć is the ratio of the 

mobile ion concentration inside the membrane to the outer ion concentration: 

 

 𝑲𝑺 =  𝒄𝟏𝒄𝒐𝒖𝒕 
 

(51) 

To discriminate the mobile (counter-)ion concentration from the bound (counter-)ion 

concentration in the membrane, the co-ion concentration in the membrane is measured. As the 

mobile ions can just diffuse through the membrane pairwise, the measured concentration equals 

the average mobile ion concentration [56], [59]. 
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In the already mentioned example of a cation exchange membrane in contact with a KCl solution (see chapter 2.4 - Ion Exchange Membranes), the average mobile salt 

concentration 𝑐Ć in the membrane would be: 

 

 𝒄𝑺 = 𝒄𝒎𝒆𝒎ñ =  𝒄𝒎𝒆𝒎ð − 𝒄𝒇𝒊𝒙ñ  (52) 

 

To further obtain the fixed ion concentration, a common way of measuring the fixed ion 

concentration in the membrane is by equilibrating the membrane in an electrolytic solution, 

then washing out the sorbed ions and determining the ionic species concentrations by titration 

[59], [57], [56]. 

 

3.2.2 Influence of Osmosis 

 

Kingsbury et al. upgraded the diffusion cell with two burets, to observe the volume change due 

to osmotic water transport [55], as shown in Figure 14. This can be necessary if the osmotic 

water flow in such a cell is fast and therefore dilutes the higher concentrated side while the 

lower concentrated is getting more concentrated.  

Concerning to the supporting information of the work by Kingsbury et al., the calculation of 

the average salt permeability coefficient 𝑃Ć = 𝐷Ć𝐾Ć, taking into account the osmosis, can be 

done by solving the following equations numerically: 

 

 𝒄𝟐 =  − 𝑷𝒔𝑨𝒄𝟏(𝒕ò𝟎)𝒖 Ü𝒆𝒙𝒑 (𝟐𝑷𝒔𝑨 − 𝑸𝒘𝒍 − 𝒖)𝒕𝟐𝐯𝒍 − 𝒆𝒙𝒑 (𝟐𝑷𝒔𝑨 − 𝑸𝒘𝒍 + 𝒖)𝒕𝟐𝐯𝒍 Ý 

 

(53) 

with 

 𝒖 =  Ì𝑲𝒔𝟐𝑨𝟐 + 𝑸𝒘𝟐 𝒍𝟐 (54) 

 

where 𝑐ë is the concentration of the permeate, 𝐴 is the membrane area, 𝑙 is the thickness of the 

membrane, 𝑉 is the volume of each compartment and 𝑄Ě is the osmotic water flux.  
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Figure 14: Schematic of a two-compartment cell used for permeability measurements [55]. 

The concentration change in the lower concentrated chamber is measured via conductivity 

measurement. Additionally, the osmosis induced volume change is determined by monitoring 

the electrolyte level in the two burets. 

 

Again, the solute partition coefficient 𝐾Ć has to be determined in an additional experiment. The 

theoretical verification of this equation can be done by setting 𝑄Ě = 0, which results in the 

equation 50 used by [53] and [57]. 

Craster et al. [60] also monitored the volume change (pressure difference) with an extended 

diffusion cell similar to Kingsbury et al. [55]. But, even though they noted a coupled osmotic 

flow, they missed to take it into consideration for the calculation of the permeability coefficient, 

as they used the equation proposed by Yasuda [53] and Geise [57]. 

However, the basic principle of determining the average salt diffusion coefficient from the 

measured salt permeability, driven by a chemical potential gradient (simplified by using the 

concentration gradient) is a common method done in several other works [61], [62], [63].  

 

3.2.3 Membrane Potential and Permselectivity Measurement 

 

In most cases it is not sufficient to describe the transport properties of an ion exchange 

membrane just by the average salt and water permeability. Even though it contains the average 

diffusion coefficients and partition coefficient, it lacks the main feature of an IEM, namely the 

selectivity.  
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The (perm)selectivity describes the partition of an ionic species from the total ionic current. In 

terms of IEMs it is the partition of the counter-ions. As already shown in chapter 2.4 - Ion 

Exchange Membranes the selectivity can be described by the ratio of the different ion 

concentrations in the membrane, or it can be defined in terms of transport number as [64]: 

 

 𝜶 =  𝒕𝒎𝒆𝒎ð − 𝒕𝒔𝒐𝒍ð𝒕𝒔𝒐𝒍ñ  

 

(55) 

with 𝑡đČđð , 𝑡ĖēĐð  and 𝑡ĖēĐñ  being the transport numbers of the mobile cations in the membrane, 

and transport numbers of cation and anion in the solution. 

The transport numbers are associated with the membrane potential as shown in chapter 2.1 -  

Ion Diffusion, and rearranged to 𝑡ð, equation 11 can be written as: 

 

 𝒕𝒎𝒆𝒎ð =  Ø  𝑬𝒅𝒊𝒇𝒇 Ö𝑹𝑻𝑭 𝐥𝐧 Ö𝒄𝟏𝒄𝟐××Ç Ù + 𝟏𝟐  
(56) 

 

Where 𝐸ċďčč is the diffusion potential over the membrane, 𝑅, 𝑇 and 𝐹 have the usual physical 

meaning and 𝑐ê and 𝑐ë are the solute concentrations facing the membrane in the diffusion cell. 

Therefore, the transport number can be determined by measuring the membrane potential with 

known external concentration. 

A common way to measure the membrane potential is to use a concentration cell with different, 

constant concentrated electrolytic solutions on both side. A commonly used electrolyte for this 

experiment is 𝐾𝐶𝑙 solution, since both ions have almost similar transport numbers in neutral 

environments [65]. 

To maintain constant values, the electrolyte holding compartments are often supplied by an 

electrolyte stream ([64], [66]). Figure 15 shows such a setup, as proposed by Geise et al. [64]. 

The membrane potential is then determined by measuring the potential difference of two 

reference electrodes besides the membrane. By using the same type of junction reference 

electrodes filled with the same concentrated electrolyte solution, the concentration dependent 

electrode potentials cancel each other out. 



 

 

 

 

 

 38 

 
Figure 15: The membrane potential measurement apparatus was designed so that the 

electrolyte concentration on either side of the membrane remained constant throughout the 

measurement [64]. The membrane potential is determined by measuring the potential 

difference of reference electrodes across the membrane. 

If plain reversible electrodes are used, as it is done in the work of Izquierdo-Gil et al. [62] or 

Zlotorowicz et al. [67], the concentration dependence of the electrode potentials has to be taken 

into account as well. A detailed view on this measurement principle is given later in chapter 

4.3 -Membrane Potential Measurement to determine Transference Numbers and Selectivity. 
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3.3 Simulation and Modeling 
 

The measured courses of the concentration-, volume- and membrane potential change over 

time can be described mathematically. This is often done to determine the parameters of interest 

by fitting the mathematically model to the measurements. The concentration change, for 

example, can be described by Fick’s laws. In the following section a system of differential 

equations is presented, that models the concentration change, by coupling the diffusive ion- 

and osmotic water transport. Afterwards an FEM model, build in COMSOL Multiphysics®, is 

presented that models the membrane potential in dependence of the spatial ion distribution in 

the diffusion cell. 

 

3.3.1 Differential Equations Modeling 

 

The ion transport is driven by the concentration gradient (equation 6), the opposite water 

transport is driven by the osmotic pressure difference, that also depends on the concentrations 

(equation 16). The rate determining coefficients are the salt diffusion coefficient  𝐷Ć (coupled 

salt diffusion) and the solvent water permeability coefficient 𝑃Ě. Figure 16 illustrates this 

process. 

The diffusive concentration change can be described by a simplified version of Fick’s 2nd law 

(equation 7). The concentration change in both of the diffusion cell chambers, independent 

from an additional volume change, can therewith be described in form of a system of coupled 

differential equations:  

 

 

 

 𝒅𝒄𝟏𝒅𝒕 = −𝑷𝒔(𝒄𝟏 − 𝒄𝟐)    𝒅𝒄𝟐𝒅𝒕 =  𝑷𝒔 (𝒄𝟏 − 𝒄𝟐) 

(57) 
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Figure 16: Sketch of the transport processes taking place in parallel in the diffusion cell. 

The ion flux 𝐽Ė is directed from the higher concentrated to the lower concentrated side, while 

the solvent flux 𝑄ć is directed oppositely. Both fluxes depend on the concentration 

differences, which again depends on the fluxes. The rate determining coefficients are the salt 

and the permeability coefficients 𝑃Ć and 𝑃ć. 
By defining 𝑐êé and 𝑐ëé as the initial concentrations on the higher concentrated side and lower 

concentrated side of the diffusion cell, the coupled differential equations can be analytically 

solved. The resulting solutions can be written as follows: 

 

 𝒄𝟏(𝒕) = (𝒄𝟏𝟎 + 𝒄𝟐𝟎)𝟐 + (𝒄𝟏𝟎 − 𝒄𝟐𝟎)𝟐 𝐞𝐱 𝐩(𝟐𝑷𝒔𝒕)    𝒄𝟐(𝒕) = (𝒄𝟏𝟎 + 𝒄𝟐𝟎)𝟐 + (𝒄𝟐𝟎 − 𝒄𝟏𝟎)𝟐 𝐞𝐱 𝐩(𝟐𝑷𝒔𝒕) 

(58) 

 

The salt diffusion coefficient 𝐷Ė can now be determined by fitting the solution of the 

differential equations to the measurement by adapting it. 

The osmosis caused water transport 𝑄ć and the resulting volume change is described by 

equation 16. Following the solution diffusion model, according to [68],[69],[70] the effective 

membrane permeance to water 𝑃, is related to the actual water permeability 𝑃ć as follows: 
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 𝑷 =  𝑷𝑾𝒍 𝑽𝑾𝑹𝑻 (59) 

 

With 𝑉Ě in [𝑔 𝑚𝑜𝑙⁄ ] being the molecular weight of water, 𝑙 in [𝑚] being the membrane 

thickness and 𝑅 and 𝑇 having the usual physical meaning. By inserting equation 59 into 

equation 16, some rearrangement and adding an eventual evaporation loss 𝑟ČęĈĔ, the resulting 

volume changes can be expressed as: 

 

 𝒅𝒗𝟏𝒅𝒕 =  𝟐𝑷𝑾𝑽𝑾𝒍 (𝒄𝟏 − 𝒄𝟐) − 𝒓𝒆𝒗𝒂𝒑    𝒅𝒗𝟐𝒅𝒕 =  − 𝟐𝑷𝑾𝑽𝑾𝒍 (𝒄𝟏 − 𝒄𝟐) − 𝒓𝒆𝒗𝒂𝒑 

(60) 

 

Since these are partial differential equations (𝑃𝐷𝐸) with 𝑐ê and 𝑐ë being unknown 

multivariable functions, finding an analytical solution is not as easy as for the equations 

describing the concentration change exclusively by diffusion (equation 58). One way to 

simplify the solution finding is by describing the concentrations by the quotient of the (solute) 

amount of substance 𝑛ď and the solvent volume 𝑣ď. With this approach the two 𝑃𝐷𝐸 can be 

transformed in a system of ordinary differential equations (𝑂𝐷𝐸): 

 

 𝒅𝒗𝟏𝒅𝒕 =  𝟐𝑷𝑾𝑽𝑾𝒍 È𝒏𝟏𝒗𝟏 − 𝒏𝟐𝒗𝟐Ê − 𝒓𝒆𝒗𝒂𝒑    𝒅𝒗𝟐𝒅𝒕 =  − 𝟐𝑷𝑾𝑽𝑾𝒍 È𝒏𝟏𝒗𝟏 − 𝒏𝟐𝒗𝟐Ê − 𝒓𝒆𝒗𝒂𝒑 

(61) 

 

At this point, a solution can only be found numerically and under the assumption of constant 

amounts of substance 𝑛ê and 𝑛ë.  

However, since the concentration can be described by the quotient of the (solute) amount of 

substance 𝑛ď and the solvent volume 𝑣ď, the two previous presented systems of ODEs which 

describe the concentration change (equation 57) and the volume change (equation 60) can be 

described as one system of coupled ODE with four ODEs and four variables.  
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 𝒅𝒏𝟏𝒅𝒕 = − 𝑷𝒔𝒍 È𝒏𝟏𝒗𝟏 − 𝒏𝟐𝒗𝟐Ê 

 𝒅𝒏𝟐𝒅𝒕 = 𝑷𝒔𝒍 È𝒏𝟏𝑽𝟏 − 𝒏𝟐𝒗𝟐Ê  
 𝒅𝒗𝟏𝒅𝒕 =  𝟐𝑷𝒘𝑽𝒘𝒍  È𝒏𝟏𝒗𝟏 − 𝒏𝟐𝒗𝟐Ê − 𝒓𝒆𝒗𝒂𝒑         𝒅𝒗𝟐𝒅𝒕 =  − 𝟐𝑷𝒘𝑽𝒘𝒍  È𝒏𝟏𝒗𝟏 − 𝒏𝟐𝒗𝟐Ê − 𝒓𝒆𝒗𝒂𝒑 

(62) 

 

With the law of mass conservation: 

 

 𝒏𝟏(𝒕)𝒗𝟏(𝒕) + 𝒏𝟐(𝒕)𝒗𝟐(𝒕)  =  𝒏𝟏(𝟎)𝒗𝟏(𝟎) + 𝒏𝟐(𝟎)𝒗𝟐(𝟎)  (63) 

 

and 

 𝒗𝟏𝟐 =  𝒗𝟏(𝟎) + 𝒗𝟐(𝟎), 𝒏𝟏𝟐 =  𝒏𝟏(𝟎) + 𝒏𝟐(𝟎) (64) 

 

and the resulting substitutions 

 𝒏𝟏𝒗𝟏 =  𝒏𝟏𝟐 − 𝒏𝟐𝒗𝟏𝟐 − 𝒗𝟐     𝒏𝟐𝒗𝟐 =  𝒏𝟏𝟐 − 𝒏𝟏𝒗𝟏𝟐 − 𝒗𝟏  

(65) 

 

an individual system of coupled ODEs for the high concentrated side can then be written as: 

 

 𝒅𝒏𝟏𝒅𝒕 = − 𝑷𝒔𝒍 È𝒏𝟏𝒗𝟏 − 𝒏𝟏𝟐 − 𝒏𝟏𝒗𝟏𝟐 − 𝒗𝟏Ê    𝒅𝒗𝟏𝒅𝒕 =  𝟐𝑷𝒘𝑴𝒘𝒍  È𝒏𝟏𝒗𝟏 − 𝒏𝟏𝟐 − 𝒏𝟏𝒗𝟏𝟐 − 𝒗𝟏Ê − 𝒓𝒆𝒗𝒂𝒑 

(66) 
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And the system of the low concentrated side can be written as: 

 

 𝒅𝒏𝟐𝒅𝒕 = 𝑷𝒔𝒍 È𝒏𝟏𝟐 − 𝒏𝟐𝒗𝟏𝟐 − 𝒗𝟐 − 𝒏𝟐𝒗𝟐Ê    𝒅𝒗𝟐𝒅𝒕 =  − 𝟐𝑷𝒘𝑴𝒘𝒍  È𝒏𝟏𝟐 − 𝒏𝟐𝒗𝟏𝟐 − 𝒗𝟐 − 𝒏𝟐𝒗𝟐Ê − 𝒓𝒆𝒗𝒂𝒑 

 

(67) 

Again, there is no analytical solution for the coupled system of diffusion and osmosis. It is 

however possible to compute the numerical solutions with consideration of the suitable initial 

conditions. One condition is the already mentioned mass conservation and the others are the 

initial values of the concentrations by means of amount of substance and volume in each 

chamber at the time 𝑡 = 0 𝑠𝑒𝑐𝑜𝑛𝑑𝑠. The actual solving is then done in python with the 

scipy.integrate.odeint function that solves a system of ordinary differential equations using 

lsoda from the FORTRAN library odepack [71]. A section from the python script (see 

Appendix 2) is shown in 

Figure 17. 

 



 

 

 

 

 

 44 

 

Figure 17: Section from python script for calculating the coupled solute and solvent change, 

consisting of the system description and the actual solver. The pictured section shows the 

calculation of the changes in higher concentrated chamber 1. 
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3.3.2 Finite-Element-Method Simulation 

 

The finite element method is a method for the numerical solving of (partial) differential 

equations. It is originated in the field of structural mechanics and has extended to most fields 

in physics including fluid dynamics and substance transport. The main principle is to divide 

the system of investigation into a finite number of small pieces (discretize into the finite 

elements – FEs), to determine the number of independent variables (the degrees of freedom - 

DOFs), and then to determine the equations, which describe the behavior of the variables of 

each element and its interactions with the neighboring elements [72]. With regards to this work, 

it is therewith possible to simulate the ion distribution inside the membrane and model the 

resulting potentials which then again can be compared to the measured values. 

The software used for setting up the model and doing the calculations is COMSOL 

Multiphysics® [73]. As the name implies, it is possible to couple multiple physical models in 

one simulation. According to E.J.F. Dickinson et al. [74] “COMSOL Multiphysics is widely 

applied in electrochemistry, especially for non-standard theoretical analysis.”  The combined 

physical models used in this work are the Transport of Diluted Species (tds) model and the 

Electrostatics (es) model. With this combination, it is possible to describe the individual ion 

transport according to the Nernst-Planck-Poisson equations (see chapter 2.1 - Ion Diffusion). 

With the NPP equations, the individual ion fluxes are described in dependence of the 

concentration gradient and migration terms by the Nernst Planck equation. The electrostatic 

interactions of displaced ions, which result in an electric field, is calculated by solving the 

Poisson equation, which includes the individual ion distributions. The resulting electric field 

again acts as a migration force in the Nernst Planck equation. The diffusion potential, 

sometimes also referred to as liquid junction potential, again can be derived from the Nernst 

Planck Poisson equations [75],[9],[76], as well as the Donnan potential at the interfaces [77] 

[78]. 

The COMSOL Application Gallery already offers models, which explicitly simulate the ion 

diffusion in IEMs with the NPP equations. The available models simulate the ion diffusion and  

-distribution in an electrodialysis cell [79] and a in a redox flow battery [80]. Both models are 

describing cell setups similar to the here presented one, but instead of a constant total cell 

volume, the models are using electrolyte streams, by which osmotic effects are negligible. 

Furthermore, the cell dimensions and the IEM parameters of the available models differ from 

the here presented setup. Therefore, the existing models can only serve as a rough design.  
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To simulate the transport processes and relating electrical potentials, which occur in the context 

of the here presented work, a new model has to be developed. 

Figure 18 shows a detailed scheme of the model with all initial values. The model represents 

the diffusion cell, which is used in the practical part of this work. The one-dimensional model 

displays a vector that reaches orthogonally from the center of the outer cell wall, through the 

membrane, to the other cell wall.  

 

 

 

Figure 18: Sketch of the one-dimensional model used in COMSOL Multiphysics®. The 

sketch shows all initial values and adaptable coefficients. The underlying transport 

mechanisms are the Nernst-Planck-Poisson equations.  

 

The definition of the initial values is an important part of the model building, since it defines 

the boundary conditions for the underlying differential equations. Besides the individual ion 

concentrations 𝑐āĨ and  𝑐úĐĩ   in the electrolyte chambers next to the membrane, the initial ion 

concentrations inside the membrane have to be defined as well. These are the 𝐾ð and 𝐶𝑙ñ ion 

concentrations  𝑐āĨ and  𝑐úĐĩ that entered the membrane during the preconditioning (see 

chapter 5.1 - Materials and Experimental Procedure) and the fixated 𝑆𝑂ìñ ion concentration in 

the membrane 𝑐Ćăħĩ. Furthermore, the rate determining coefficients have to be defined. These 

are the permeability coefficients, respectively the diffusion coefficients and the partitioning 

coefficients.  

In the following section the determination of the initial values and the coefficients is explained. 
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The diffusion coefficient in the surrounding solution is the effective diffusion coefficient for 𝐾𝐶𝑙 in an aqueous solution, taken from the literature [81].The initial values for the 𝐾𝐶𝑙 
concentration 𝑐ê and 𝑐ë (consequently (𝑐āĨ,ê, 𝑐úĐĩ,ê and 𝑐āĨ,ë, 𝑐úĐĩ,ë) around the membrane are 

related to the start values of the practical experiment.  

The permeability coefficient for the 𝐾ð and 𝐶𝑙ñ ions in the membrane is, for the moment, the 

effective permeability coefficient 𝑃Ć, which was determined in the prior measurement, though, 

for the COMSOL® model, it has to be divided into the salt diffusion coefficient 𝐷Ć and the 

relating partitioning coefficient 𝐾Ć according to equation 49. The partitioning coefficient must 

then be included into the model in form of two Partitioning Condition boundaries (tds toolbox) 

around the membrane domain. This is essential, since without the partitioning the modelled 

membrane would have an infinite capacity for ion uptake. This is also a further opportunity to 

investigate the partitioning coefficient value. The 𝐾Ć values taken from the literature for 

orientation reasons ranging from 0.06 to 0.45 for different kinds of Nafion membranes 

([55],[63]). Since the partition coefficient describes the ratio between the outer- and the inner-

membrane ion concentration, the initial free electrolyte concentration in the membrane can 

theoretically be derived from the electrolyte concentration used during the preconditioning.  

The fixed 𝑆𝑂ìñ ion concentration inside the membrane determines how many counter ions can 

be taken up besides the free electrolyte concentration. The available fixed ion concentration 𝑐Ćăħĩ in the membrane, according to [82],[55], can be calculated from ion exchange capacity 

(IEC), given by the manufacturer: 

 

 𝒄𝑺𝑶𝟑ĩ ≈ 𝑰𝑬𝑪 ∗ 𝝆𝒘𝒘𝒖  (68) 

 

with 𝑤Ę being the water uptake in [gram of water per gram of dry polymer] and 𝜌Ě being the 

density of the solvent in [g L]⁄ . The water uptake, however, depends on the electrolyte 

concentration and on its kind [62],[83]. Experimental measured water uptake done by others 

[84], specifically performed on the Nafion™ NR211 membranes, yield to a value of 𝑤Ę ≈ 0.2. 

With this value, the IEC taken from the datasheet [85] and the well-known density of water 𝜌Ě, the fixed ion concentration in the membrane is estimated to 𝒄𝑺𝑶𝟑ĩ =4600 mol mì⁄ (of uptaken water). 

It is also possible to estimate the theoretical value of the co-ion concentration 𝑐úĐĩ in the 

membrane. The used equation reads as follows ([62],[82]): 
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 𝒄𝑪𝒍ĩ =  − 𝒄𝑺𝑶𝟑ĩ𝟐 + ÎÚ𝒄𝑺𝑶𝟑ĩ𝟐 Û𝟐 + (𝒄𝑺)𝟐  
 

(69) 

The initial values of the ion concentration after the pretreatment in a KCl solution with 𝑐Ć =0.5 M  (for more details see chapter 5.1 - Materials and Experimental Procedure) can be 

estimated to be 𝑐úĐĩ = 54 mol mì⁄  . The partitioning coefficient would therewith be 𝐾Ė =𝑐úĐĩ 𝑐úĐĩ⁄ = 0.108 and lays in the previously mentioned range between 0.06 and 0.45. 

The counter-ion concentration 𝑐āĨ can then be calculated, considering the electroneutrality, 

with 

  

 𝒄𝑲Ĩ  =  𝒄𝑺𝑶𝟑ĩ + 𝒄𝑪𝒍ĩ   
 

(70) 

Resulting in 𝑐āĨ = 4654 𝑚𝑜𝑙 𝑚ì⁄ . For this formulation, however, it is assumed that the 𝐻ð 

ions, which are initially attached to the 𝑆𝑂ìñ − groups, are completely replaced by the 𝐾ð ions 

during the preconditioning.  

The simulated potential difference over the membrane is calculated according to the already 

mentioned Nernst equation: 

 

 ∆𝑬𝒔𝒊𝒎 =  −𝟎. 𝟎𝟓𝟗 𝒍𝒐𝒈 Ú𝒄𝟏,𝒔𝒊𝒎𝒄𝟐,𝒔𝒊𝒎Û + 𝝍𝒔𝒊𝒎 (71) 

 

The values of the electrolyte concentrations in the chamber 𝑐ê,Ėďđ and 𝑐ë,Ėďđ  are taken from 

the model in a distance of 500 µ𝑚 from the membrane on each side. This distance corresponds 

to the distance of the 𝐴𝑔/𝐴𝑔𝐶𝑙 electrodes and the µEC-cells to the membrane in the actual 

diffusion cell and where, in order to that, the practical concentration determination takes place. 

The membrane potential is single sided extracted from the model, also in a distance of 500µ𝑚. 

The reference point for the potential calculation is the electrical ground, taken from the 

electrostatics toolbox, which is set to the outer boundary of the model. 

The discretization of the model, in COMSOL Multiphysics® called meshing, is made in 

variable distances. The electrolyte chamber representing sections have an element distance of 137 µ𝑚. Around the boundaries which define the outer borders of the membrane, the distance 
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is 0.005 µ𝑚. The finer resolution near the membrane is necessary to calculate the diffusion 

boundary layers and the resulting ion distributions. 

Concerning the influence of the osmotic water transfer, unfortunately, it was not possible to 

find a way to couple the ion diffusion and the osmosis, since the solute and the solvent could 

not be modelled separately as it is done in chapter 5.2.3 - Coupled Diffusion and Osmosis 

Modeling. 

Therefore, a work-around is established that models the concentration increase and decrease 

due to volume changes by adding or respectively subtracting a concentration value depending 

on the actual concentration gradient. This is implemented by using the Reactions domain from 

the tds toolbox in which individual reaction rates can be determined. 

An additional concentration changes due to evaporative losses can also be included by this 

approach and instead of a reaction rate, the concentration change can be formulated as follows: 

 

 𝒄𝒂𝒅𝒅 = ±𝑲(𝒄𝟏 − 𝒄𝟐) + 𝒄𝒆𝒗𝒂𝒑 (72) 

 

With 𝑐Ĉċċ  in [mol mì⁄ ] being the overall electrolyte concentration change induced by volume 

change, 𝐾 𝑖𝑛 [𝑚ë 𝑠⁄ ] being a rate determing coefficient, 𝑐ê and 𝑐ë 𝑖𝑛 [𝑚𝑜𝑙 𝑚ì]⁄   being the 

electrolyte concentrations in the chambers and 𝑐ČęĈĔ in [𝑚𝑜𝑙 𝑚ì]⁄  being the evaporation 

induced concentration increase. With this approach the concentration dependent osmotic effect 

can be modelled, even though the coefficient 𝐾 can not be related directly to the water 

permeability coefficient 𝑃Ě. Therewith 𝐾 is yet another value that must be adapted to fit the 

simulation to the measurement. However, 𝑐ČęĈĔ can be directly derived from the measured 

evaporative volume loss determined in chapter 5.2.2 - Volume Change Measurement: 

 

 𝒄𝒆𝒗𝒂𝒑 = 𝒄𝟏 𝟐⁄ 𝒗𝟏/𝟐𝒗𝒆𝒗𝒂𝒑 − 𝒄𝟏 𝟐⁄  (73) 

 

With 𝑐ê ë⁄ , 𝑣ê ë⁄  and 𝑣ČęĈĔ being the values determined during the practical measurement. 
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4 A Novel Setup for the Simultaneous Measurement of Diffusion 

Processes 
 

The membrane properties salt diffusion, transference numbers and water permeability can all 

be measured in a diffusion cell as it is shown in chapter 3.2 - Transport Property Measurement 

of Charged Membranes/IEMs in a Diffusion Cell. In the reviewed studies, separate setups are 

used for the determination of the diffusion coefficients and for the measurement of the 

transference numbers. The water permeability is either determined by an additional setup via 

external applied pressure or it is investigated with osmosis as driving force in parallel to the 

ion diffusion in a concentration cell as shown by Kingsbury et al. [55] (Figure 14). The method 

presented here combines the measurement of all named properties in one single setup. 

  

The used methods are: 

• Electrical conductivity measurement to monitor the change of concentration. 

• Membrane potential measurement to determine the transference numbers and the 

selectivity.  
• Optical filling level measurement to observe the osmosis driven water permeability. 

  

The cell in which all methods are included works with two chambers of 1 ml each, while 

the   reviewed cells have volumes between 16 ml and 220 ml per chamber [55],[63]. The 

miniaturization should assure an even intermixture of the electrolyte without additional stirring. 

The simplified design of the chambers in form of basic cylinder enables a direct and 

uncomplicated transfer into a 1-, 2- or 3-dimensional model for FEM simulation. Concerning 

future regards, the compact design should further make it possible to operate several of these 

cells in parallel for a higher operational measurement capacitance.  

In the following chapters the used cell and the single measurement methods are presented, 

before the combining of the methods into one setup is shown. 
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4.1 Diffusion Cell - Base Construction 
  

The presented cell consists of two individual cylindrical chambers with a cross-sectional area 

of  100 mm2 which are milled into polycarbonate (PC) blocks with a size of 50 x 50 mm and a 

thickness of 10 mm, which leads to a total volume of 1 ml per chamber. Additionally, each 

block has three openings from the sides. Two of them with screw threads, allowing the filling 

of the cell and the closing with the suitable nylon screws and enables the application of the 

measurement electrodes. The third opening has a wider, cylindrical shape and is used for the 

filling level measurement. 

The assembling of the whole cell is done by stacking the two structured blocks and clamping 

the membrane of interest in between. Two additional, unstructured PC blocks are used to close 

the cell. Figure 19 shows the cell parts and the stacking order. A detailed draft of the structured 𝑃𝐶 blocks can be found in the appendix (see Appendix 1). 

 

 
Figure 19: Main components of the diffusion cell used in this work. (1) main elements made 

of polycarbonate, containing the electrolyte reservoirs and three openings for filling, and 

applying devices. (2) Membrane under investigation which is clamped between two main 

elements. (3) Cover plates made of polycarbonate to close the cell. (4) O-rings to seal the 

cell. The cell parts are held together by four bolts and appropriate nuts through the four 

holes located in the corner of each block. 
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4.2 Electrical Conductivity Measurement for Concentration Monitoring 
 

The diffusion coefficients for electrolytes in a membrane can be determined from the measured 

quantity of permeated electrolyte as shown in chapter 3.2.1 - Salt Permeability Measurement. 

A common way is to use a diffusion cell and to monitor the electrical conductivity change of 

the electrolyte solution. The electrical conductivity correlates with the change of concentration. 

 

  

4.2.1 Theory 

 

The electrolyte concentration is determined by electrical conductivity measurements. 

Therefore, the conductivity of the electrolyte is calculated from an applied AC voltage and the 

measured resulting current. For strong electrolytic solutions the concentration dependent 

current can be written as [10]: 

 

 𝑰 =  𝑨𝒆𝟎𝑵𝑨(𝒛ð𝒗ð𝟏𝒄ð + 𝒛ñ𝒗ñ𝟏𝒄ñ) (74) 

 

With A being the cross area through which the ion current passes, 𝑁ù being the Avogadro 

constant, 𝑣ð ñ⁄ and 𝑐ð ñ⁄  being velocity and concentration of the cations, respectively the 

anions. 𝑒é and 𝑧ð ñ⁄ are the elementary charge and the ionic valence. 

Thus, the specific conductivity 𝜅 is measured between two parallel platinated platinum 

electrodes with an area of 100 mm2 and a distance of exactly 10 mm at 25°𝐶 and can be 

calculated with: 

 

 𝜿 =  𝑰𝑼 (75) 

 

With 𝑈 being the applied voltage and 𝐼 being the before mentioned, measured current. 

However, Figure 20 shows the measured values of the conductivity plotted against the 

concentration for different electrolytes and it can be seen, that the linear relation between the 

concentration and the conductivity as shown in equation 74 and 75 is just valid for low 

concentrations. At higher concentrations the linear relation is not valid anymore. The 

conductivity increases up to a certain concentration, and later decreases with increasing 
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concentration. This is due to electrostatic interactions between the ions and ion pairing, which 

increase with decreasing distance between the ions [10].  

 

 
Figure 20:Conductivities of different electrolyte solutions as functions of the concentration 

at 18°C  [10] 

Therefore, in praxis the most common way of concentration determination is by comparing the 

measured value with a calibration curve. Further it is necessary to determine the cell constant 

K of the used EC-cell, if conductivity values used for the calibration are taken from literature. 

The cell constant is a geometrical factor, that takes into account the primary current density 

and potential distribution from an EC-cell with arbitrary geometry for specific conductivity 

measurements: 

 

 𝑲 =  𝜿𝑳 (76) 

 

Where 𝐿 is the measured conductance and 𝐾 has the unit [cmñê] as it implies the electrode 

distance and area in the form of 𝑙/𝐴. 

The aforementioned platinization is done to minimize the influence of the polarization at the 

electrolyte/electrode interface on the EC measurement. This guarantees keeping the primary 

current density distribution over a wide range of conductivity and frequency values. Looking 
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at the equivalent circuit diagram for an 𝐸𝐶 measurement cell (see Figure 21), a double layer 

capacity is depicted with 𝐶ûñ for the anode, respectively 𝐶ûð for the cathode. In parallel to each 

capacitance there is a nonlinear resistor, which is associated with the charge transfer reaction 

over the phase boundary, and which influence on the measurement has to be minimized. 

 
Figure 21: Scheme of an electrolysis cell and the corresponding equivalent circuit where 𝑅ü 

is the electrolyte resistance, and 𝑅ñ and 𝐶ûñ are the electrode resistance and the double layer 

capacity of the cathode, respectively 𝑅ð and 𝐶ûð are the electrode resistance and the double 

layer capacity of the anode  [10]. 

By platinizing the electrodes, the surface increases and therewith the capacity 𝐶û of the 

electrolytic double layer. In addition, the charge transfer resistance is decreased. This leads to 

an overall decrease of the impedance of the electrode with increasing frequency, since it is 

given by: 

 

 𝒁𝒆𝒍 =  𝟏𝟏𝑹 + 𝟏𝒋𝝎𝑪𝑫 (77) 

 

With 𝑍ČĐ being electrode impedance, 𝐶û the capacity of the double layer, 𝜔 the angular 

frequency of the 𝐴𝐶 signal and 𝑅 the charge transfer resistance. Thus, with the increase of the 

of the surface area and the choice of a sufficient high 𝐴𝐶 frequency, 𝑍ČĐ becomes effectually 

small, so that the measured conductivity depends only/mainly on the electrolyte resistivity 

1/RE.  
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4.2.2 µEC-Cell Fabrication 

 

The following chapter shows the fabrication and characterization of the µEC electrode, used in 

this work. Due to the size of the used diffusion cell, the dimension of the EC measurement cell 

has to be adapted. Therefore, two 250 µm Pt wires are melted in a borosilicate glass double 

chamber capillary with a diameter of 2 mm and a length of  75 mm. Figure 22 (a) shows such 

a capillary with a Pt-wire melted in each chamber. 

 

 
(a)  

 
(b) 

 
(c) 

Figure 22: (a) µEC-cell build of two Pt wires melted into a borosilicate glass double 

chamber capillary. (b) detailed picture of the plain Pt electrodes, sticking out the capillary 

and (c) the same electrodes with platinized surface. 

Afterwards the freestanding Pt electrodes are platinized by applying an AC voltage of 

approximately 2.5 V between both electrodes of the cell and immerging it into a solution of 

chloroplatinic acid (H2PtCl6). The alternating voltage of 10 Hz leads to an equally platinum 

black deposition on both electrodes. Since the polarity of the voltage changes, the role of both 

electrodes as anode and cathode also changes constantly. According to Feltham and Spiro [86] 

the electrodeposition of platinum from chloroplatinic acid solution involves three couples. 

 

 𝑷𝒕𝑰𝑽𝑪𝒍𝟔𝟐ñ + 𝟐𝒆ñ ⇋  𝑷𝒕𝑰𝑰𝑪𝒍𝟒𝟐ñ + 𝟐𝑪𝒍ñ 

 
(78) 

 𝑷𝒕𝑰𝑰𝑪𝒍𝟒𝟐ñ + 𝟐𝒆ñ ⇋  𝑷𝒕 + 𝟒𝑪𝒍ñ 

 

(79) 

 𝑷𝒕𝑰𝑽𝑪𝒍𝟔𝟐ñ + 4𝒆ñ ⇋  𝑷𝒕 + 𝟔𝑪𝒍ñ (80) 
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The recommendations for the deposition processes, also reviewed by Feltham and Spiro in 

[86], vary in duration and applied current density. The durations vary from a “couple minutes” 

up to 10 minutes and the applied current densities vary from 30 mA cm-1 up to 200 mA cm-1.  

Therefore, the duration for the deposition is chosen until the electrodes are showing a “sooty 

black” and the applied potential was chosen to be 2.5 V, or until a gaseous chlorine 

development in the solution can be seen. Figure 22 (b) shows the plain platinum wires melted 

into the double chamber capillary and Figure 22 (c) shows the same cell after the platinum 

black deposition. Figure 23 shows the impedance spectra of a platinized µEC-electrode in 

comparison to a plain platinum µEC-electrode. It can be seen that the increase of the impedance 

towards low frequencies is clearly reduced by platinizing the electrodes. The accompanied shift 

of the phase angle qualitatively confirms the increase of the capacitance. 

To determine a suitable AC frequency for the µEC measurement cells, impedance spectra are 

recorded in differently concentrated 𝐾𝐶𝑙 solutions. The electrolyte concentrations are covering 

the concentrations of the later working area. The frequencies range from 100 Hz up to 100 kHz. 

Above 50 kHz the measurements can be influenced by inductance in the measuring line [10]. 

The impedance spectra are recorded with a Metrohm Autloab FRA32M modul. 

 

 
Figure 23: Impedance spectrum of a µEC-cell with plain Pt electrodes in comparison with 

the same cell with platinized Pt electrodes as depicted in Figure 22. The spectrum is 

measured from 100 Hz to 100 kHz with an amplitude of 50mVrms in a 0.5M KCl solution. 
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Figure 24:Impedance spectra measured with a platinized µEC-cell in different concentrated 

KCl solutions. The spectra are measured with a Metrohm Autolab FRA32M modul  from 100 

Hz to 100 kHz with an amplitude of 50 mVrms in  0.5 M, 0.75 M and 1 M KCl solutions. 

The measurement results show an increasing influence of the electrode impedance below 10 

kHz, identified by the increasing phase shift theta towards lower frequencies. Furthermore, the 

cell constant is calculated according to equation 76 and displayed in Table 4.  

 

4.2.3 Measurement Circuit  

 

For the actual conductivity measurement, a tailored instrumentation setup is presented in the 

following section. Figure 25 shows a basic scheme of the setup with all included components. 

An Agilent 33120A function generator applies a sinusoidal AC voltage to the µEC cell. The 

frequencies of the signal are chosen according to the measurements made during the 

characterization of the cell. The resulting current is then amplified and converted into a voltage 

by the 𝐼/𝑈 converter (or transimpedance amplifier) and this voltage can be written as: 

 

 𝑼𝑰 =  −𝑹𝑭 𝑰 

 
(81) 
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With 𝑈ÿ  being the resulting voltage, 𝐼 being the incoming current and 𝑅ý being a resistivity 

which value equals the amplification factor. 

 
Figure 25: Wiring scheme of the EC measurement setup with an Agilent 33120A function 

generator giving the input signal to the µEC-cell, an I/U converter as part of a zero 

resistance amperemeter (ZRA) converting the resulting current and an Agilent 34970A 

multichannel multimeter recording the true rms converted voltages. 

 

With the true rms-converter the AC signals are preprocessed for the DC voltmeter of the Agilent 

34970A data logger. From the logged rms values the conductivity 𝐺 can then be calculated as 

following: 

 

 𝑮 =  𝑼𝑰,𝒓𝒎𝒔𝑼𝒓𝒎𝒔𝑹𝑭 (82) 

 

with 𝑈ÿ,ĕđĖ being the rms value of the (current controlled) output voltage and 𝑈ĕđĖ being the 

rms value of the AC voltage applied by the function generator. 

 

To verify the setup, a series of reference measurements with standard ohmic resistors are made. 

The values are chosen according to the 𝑅ü values, determined during the EIS 
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measurement/characterization of the µEC-electrodes. Table 3 shows the used ohmic resistors 

in comparison with the values effectively measured with the presented setup. 

 

 
Table 3: Test measurement results of the setup presented in Figure 25. Selected standard 

ohmic resistors are used instead of an µEC cell. The reference resistance correspond to the 

values measured with EIS at different electrolyte concentrations, covering the working area 

(Table 4). 

 

In this table, an increasing deviation between actual values and measured values can be 

observed with frequencies exceeding 1 kHz. This increase can be explained by the already 

mentioned influence of the inductance of the measurement line. 

To verify the complete setup, consisting of the µEC-cell and the presented measurement circuit, 

a series of reference measurements is made, again, with the µEC-cell in different concentrated 𝐾𝐶𝑙 solutions, which cover the concentrations of the later working area. Table 4 shows the 

resulting measurements from the actual setup including the cell constant determined during the 

characterization, in comparison to the equivalent literature values. 

 

 
Table 4: Specific conductivity 𝜅Ăďė of KCl solutions with different concentrations taken from 

literature ([87],[10]) and the corresponding conductivities 𝐿 and cell constants 𝐾 measured 

with the setup presented in Figure 25 and the EIS measurements presented in Figure 24.   
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It can be seen that the cell constant 𝐾 at measurements with an AC frequency of 1 kHz increases 

with the concentration. This conductive effect is just rarely visible at 10 kHz. However, 

increasing the frequency over 1 kHz is distorting the measurement by the inductive influences 

of the measuring circuit, as shown in Table 3. Thus, supplementary to the cell constant an 

additional concentration dependent correction term for the µEC-cell is needed. This can be 

determined with help of the already known equivalent circuit in Figure 20 and additional EIS 

measurements.  

However, instead of adjusting the results for every measurement via excessively detailed 

correction routines it is a common practice to use reference measurements for the EC-cell to 

measure with and compare the actual measurement results. The frequency is chosen to be 1 

kHz, since the previous analysis are showing a lower impact of the electrode influence on the 

measurement at this frequency then the inductive influence does at 10 kHz. Figure 26 shows 

the reference values for the used µEC-cell. The values between the reference measurements 

(o) are interpolated by a second order polynomial (-) with: 

 

 𝐲 =  𝟎. 𝟎𝟎𝟎𝟑𝟓𝟓𝟐𝟒 + 𝟎. 𝟎𝟒𝟒𝟔𝟔𝟔𝟔𝟐 ∙ 𝐱 − 𝟎. 𝟎𝟎𝟗𝟐𝟎𝟗𝟐𝟓 ∙ 𝒙𝟐 (83) 

 
Figure 26: Conductivity reference values for the concentration determination. The line is 

interpolated by a second-order polynomial from the measurement values marked with dots. 

The stars indicate test measurements with two different concentrations. 
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The measured conductivity values are compared to the reference values by using a 

python/numpy script (see Appendix 3). Test measurement with a 0.4 M 𝐾𝐶𝑙 solution and 0.8 

M 𝐾𝐶𝑙 solution could successfully be assigned to the reference function. 
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4.3 Membrane Potential Measurement to determine Transference Numbers and 

Selectivity 
 

The transference numbers can be derived from the membrane potential as shown in chapter 

3.2.3 - Membrane Potential and Permselectivity Measurement. This chapter describes how the 

membrane potential can practically be determined by measuring the potential difference 

between two 𝐴𝑔/𝐴𝑔𝐶𝑙 electrodes in a concentration cell.   

 

4.3.1 Theory 

 

The equilibrium potential of a metal ion electrode can be described with the Nernst equation. 

The Nernst equation for a silver-ion electrode with 𝐴𝑔 ⇌ 𝐴𝑔ð + 𝑒ñ, can be written as: 

 

 𝝋𝟎𝑨𝒈/𝑨𝒈Ĩ = 𝝋𝟎𝟎𝑨𝒈/𝑨𝒈Ĩ + 𝑹𝑻𝒛𝑭 𝐥𝐧 𝒂𝑨𝒈Ĩ (84) 

 

With 𝜑ééùĎ/ùĎĨ
 being the standard potential, 𝑎ùĎĨ being the activity of the silver ions. 𝑅, 𝑇, 𝑧 

and 𝐹 have the usual physical meanings. The adding of an 𝐴𝑔𝐶𝑙 precipitate to the Ag electrode 

by electro deposition (see chapter 4.3.2 - Electrode Preparation) and immersion of the 

electrode in a chloride containing solution (e.g. 𝐾𝐶𝑙) results in an 𝐴𝑔/𝐴𝑔𝐶𝑙 electrode, which 

equilibrium potential can be described by the following equation: 

 

 𝝋𝟎𝑨𝒈/𝑨𝒈𝑪𝒍 = 𝝋𝟎𝟎𝑨𝒈/𝑨𝒈Ĩ + 𝑹𝑻𝒛𝑭 𝐥𝐧 𝑲𝒂𝑨𝒈𝑪𝒍 − 𝑹𝑻𝒛𝑭 𝐥𝐧 𝒂𝑪𝒍ĩ (85) 

 

with 𝐾ĈùĎúĐ = 𝑎ùĎĨ  𝑎úĐĩ being the solubility coefficient of the silver chloride. After some 

rearrangement by incorporation of the constant term into the standard potential of the 𝐴𝑔/𝐴𝑔𝐶𝑙 
electrode, the equilibrium potential of the 𝐴𝑔/𝐴𝑔𝐶𝑙 electrode can be summarized to: 

 

 𝝋𝟎𝑨𝒈/𝑨𝒈𝑪𝒍 = 𝝋𝟎𝟎𝑨𝒈/𝑨𝒈𝑪𝒍 − 𝑹𝑻𝒛𝑭 𝐥𝐧 𝒂𝑪𝒍ĩ 

 

(86) 
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If the potential difference between two of such electrodes is measured, as it is done in this 

work, the standard potential 𝜑ééùĎ/ùĎúĐ cancels out and the measured potentials difference only 

depends on the surrounding Cl- concentrations: 

 

 ∆𝑬 =  𝝋𝟎,𝟏𝑨𝒈/𝑨𝒈𝑪𝒍 − 𝝋𝟎,𝟐𝑨𝒈/𝑨𝒈𝑪𝒍 = − 𝑹𝑻𝒛𝑭 𝐥𝐧 𝒂𝟏,𝑪𝒍ĩ𝒂𝟐,𝑪𝒍ĩ (87) 

 

However, if the potential difference is measured over an ion permeable membrane, an 

additional voltage to the concentration dependent potential difference can be measured. This 

additional potential is the diffusion potential and is owed to different shares on the conductivity 

of the ions (see chapter 1 -  Ion Diffusion). Therefore, equation 87 is expanded by equation 11 

and the potential difference can be written as: 

 

 ∆𝑬 = − 𝑹𝑻𝒛𝑭 𝐥𝐧 𝒂𝟏,𝑪𝒍ĩ𝒂𝟐,𝑪𝒍ĩ + 𝑹𝑻𝒛𝑭 (𝒕ð − 𝒕ñ) 𝐥𝐧 𝒂𝟏,𝑪𝒍ĩ𝒂𝟐,𝑪𝒍ĩ (88) 

 

Rearranging formula 88 finally leads to the transference numbers 𝑡ð and 𝑡ñ, respectively. This 

is a common approach to determine the permselectivity of a membrane, as previously 

mentioned in chapter 3.2.3 - Membrane Potential and Permselectivity Measurement. 

 

4.3.2 Electrode Preparation 

 

The used 𝐴𝑔/𝐴𝑔𝐶𝑙 electrodes are in-house made by galvanostatically anodizing two 250 

µm diameter 𝐴𝑔 wires in a 𝐻𝐶𝑙 solution with an 𝑃𝑡 wire working as the cathode. The process 

parameters were adapted from [88],[89],[90]. The basic reaction steps on the anode for this 

procedure according to [90] are: 

 

 𝑨𝒈 ⇋ 𝑨𝒈ð + 𝒆ñ 𝑨𝒈ð + 𝑪𝒍ñ ⇋ 𝑨𝒈𝑪𝒍(𝒔) 𝑨𝒈(𝒔) + 𝑪𝒍ñ ⇋ 𝑨𝒈𝑪𝒍 + 𝒆ñ 

(89) 
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The reaction on the cathode depends on the counter ion of the chloride ions. Basically, all 

chloride containing electrolytes can be used (for example Mechaour et al. [90] used a NaCl solution), even though the most common one is HCl. 
 

4.3.3 Measurement Circuit 

 

The concentration dependent potential difference between the before described Ag/AgCl electrodes leads to an electrical current flow when galvanically connected. Thus, the 

concentration dependent equilibrium potentials of the single electrodes are not able to adjust.  

Therefore, a currentless potential measurement is an important aspect of the concentration 

dependent potential measurement between two redox electrodes. To achieve this, an additional 

instrumentation amplifier is integrated into the measuring chain between the electrodes and the 

multimeter/voltmeter. This is necessary due to the fact, that real voltmeter do not have ideal 

infinite internal resistances but commonly have resistances in the range of 1 − 20 MΩ. In case 

of the used Agilent 34970A a 10 GΩ input resistance is available for the lower voltage ranges. 

However, even this value allows the unwanted electrical current flow between the electrodes. 

Figure 27 (a) shows the measuring setup used in this work with the used TI INA116 

instrumentation amplifier.  

(a)  

 

 

 

 

 

 

 

 

[91] (b)  

Figure 27: Basic setup for measuring the potential difference of two Ag/AgCl electrodes. (a) 
The electrodes are connected to an INA116 instrumentation amplifier according to the 
datasheet [91]. (b)The potential defining electrolyte solutions are connected by a salt bridge 
(KCl sat.) and the Ag/AgC electrodes are dipped into the electrolytes. 
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The INA116 delivers an input resistance of 10êî Ω and is wired as proposed in the datasheet, 

but with no additional amplification. 

For the verification of the measuring circuit and the 𝐴𝑔/𝐴𝑔𝐶𝑙 electrodes a series of test 

measurements is made. The test setup consists of two 20 ml beaker connected by an 𝐾𝐶𝑙 salt 

bridge, two Ag/AgCl electrodes, prepared as described previously, and the measurement circuit 

consisting of the mentioned instrumentation amplifier plus an Agilent 34970A multimeter. The 

setup is shown in  Figure 27 (b). The test measurements are performed with different 

concentrated 𝐾𝐶𝑙 electrolytes according to values declared in Figure 28. The theoretical values, 

calculated according to equation  87 and the measured values are listed in and plotted in Figure 

28. A diffusion/membrane potential as mentioned in equation 88 is not measured, due to the 

simplified assumption of identical transport numbers for the potassium and chloride ions in the 

salt bridge.  

 

 
 

 
Figure 28: Potential difference of two Ag/AgCl electrodes with different surrounding KCl 

concentrations, calculated according to equation 87 and measured with the setup depicted 

in Figure 27. Each of the depicted mean values are calculated from 30 measurements within 

a period of 300 seconds. 
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However, there are some deviations of the measured values from the calculated ones. The 

deviations range from -1.1 to -3.73 mV.  The deviations could be explained by the response 

time of the electrodes which is needed to reach a stable equilibrium state after getting in contact 

with a new electrolytic surrounding. According to Brewer and Brown [92] “An explanation for 

the comparatively poor long term stability of the electrolytic type electrodes can be offered by 

considering the low geometric surface area and the exchange current density […]“. Therefore, 

the deviation is mainly caused by the miniaturization of the cell and is knowingly accepted. 
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4.4 Optical filling level measurement to Observe Osmosis 
 

Osmosis is the concentration equalization over a semipermeable membrane only by water 

exchange. That means in a concentration cell the water permeates from a lower concentrated 

side to a higher concentrated side and therewith lead to a volume change on both sides. The 

volume on the higher concentrated side increases while it decreases on the lower. In the 

following chapter a method to measure the osmosis effect is presented. 

 

4.4.1 Theory 

 

The volume change induced by osmosis is determined visually by monitoring the filling levels 

of both diffusion cell chambers with a camera. Instead of using two burets from which the 

filling level is read as proposed by Kingsbury et al. [55], two float gauges are used to avoid an 

additional increase of the starting volumes and to retain a fast dispersion of the electrolyte 

within the individual chambers. To prevent the single sided draining of the membrane due to 

the osmosis the appropriate displacement volume of the floaters is determined experimentally. 

In the case of a concentration difference of 1 M to 0.5 M electrolyte solution, the mean 

concentration and therewith the concentration in both chambers after equilibration would be: 

 

 (𝟏𝑴 ∗ 𝟏𝒄𝒄𝒎 + 𝟎. 𝟓𝑴 ∗ 𝟏𝒄𝒄𝒎)/𝟐𝒄𝒄𝒎 =  𝟎. 𝟕𝟓𝑴 

 
(90) 

Under the assumption that osmosis is the only transport phenomenon responsible for the 

equilibration, the total volume of the low concentrated side of the cell would become: 

 

 𝟎. 𝟓𝑴𝟎. 𝟕𝟓𝑴 ∗ 𝟏𝒄𝒄𝒎 = 𝟎. 𝟔𝟔𝟕𝒄𝒄𝒎 

 

(91) 

 and the total volume of the high concentrated side would become: 

 

 𝟏𝑴𝟎. 𝟕𝟓𝑴 ∗ 𝟏𝒄𝒄𝒎 = 𝟏. 𝟑𝟑𝟑𝒄𝒄𝒎 (92) 

 

Therefore, the floaters should have a displacement volume of at least one third of the starting 

volume.  
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4.4.2 Measurement Setup 

 

The floaters are made from polycarbonate tubes with a diameter of 7 mm and the volume is 

experimentally determined by adapting the length and therewith, the weight of the floater. The 

cylindrical opening in each chamber functions as a guidance for them. Figure 29 (a) shows a 

scheme of this setup and Figure 29 (b) shows the actual cell used in this setup. The quantitative 

level change is calculated from the heights of the floater via digital image processing. Basically, 

the image processing script is calculating the reference values by masking the floater and 

counting the pixel rows from the top down until the first pixel of the mask is found. The amount 

of pixel rows is then assigned to the corresponding reference value in ml, as shown in Figure 

30. On basis of these reference measurements the volume change can be determined during the 

experiments.  

 

(a)  

 

 

(b)  

 

Figure 29: (a) Schematic of a concentration cell, expanded by two additional openings 

giving entry to two floaters. From the recorded floater-heights the corresponding volume 

change is determined. (b) picture of the cell used in this work. 
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Figure 30: Reference measurements that assign the floater height, expressed in a quantity 

of pixels to a volume. The upper blue line corresponds to the chamber with the increasing 

volume and the lower red line corresponds to the chamber with the decreasing volume. The 

star (*) and the triangle (v) corresponding to validation measurements made with ±175 µ𝑙 
and ±350 µ𝑙. 

 

The software which is used for recording is the free to use webcam software YAWCAM [93]. 

With this software the frequency in which the pictures are taken can be chosen individually. 

To verify the setup and the data processing script, two test measurements are made. Therefore, 175 µl are taken from one chamber with an Eppendorf® pipette and poured into the other one. 

Then a picture is made, and the procedure is repeated, resulting in a second picture with 350 µl 
taken from the one and poured to the other side. The pictures are then processed with the 

mentioned script and plotted to the reference measurement in Figure 30. It can be seen that all 

values correlate with the reference height. 
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4.5 Parallel Measuring Setup 
 

The aim is to combine all previous presented methods in one setup. Therewith, the main 

characteristic membrane transport properties:  

• Ion diffusion 

• Water permeability 

• Selectivity/transference numbers 

should be measurable in one experiment at the same time. This makes it possible to investigate 

the direct relations between the transport phenomena and to reduce the measuring work. The 

measurements are made in a pseudo parallel manner, to prevent interferences between the 

different electrodes (Ag/AgCl reference electrodes, EC measurement cells) and to minimize the 

amount of external measurement hardware (multimeter, amplifier). That means that in fact all 

measuring methods are installed in one single setup, but the actual recordings are made serial 

with short temporal distances.  

 

4.5.1 Parallel Measuring Circuit 

 

The serialization of the measurement is realized by the use of a corresponding amount of reed 

switches which sequentially connect and isolate the electrodes to be measured from the 

measuring circuits. The isolation is done galvanically and therefore prevents possible 

interferences between the different electrodes. The osmosis measurement is only made visually 

and is decoupled anyway. Figure 31 shows the scheme of the complete parallel measurement 

setup. The scheme represents a concentration cell with two Ag/AgCl electrodes, each connected 

over a reed switch to the potential difference measurement circuit, presented in chapter 4.3. 

Further the two µEC measurement cells presented in chapter 4.2 can be seen (EC1 and EC2). 

These are also connected over two switch pairs, one for each cell, to the EC measurement circuit 

presented in chapter 4.2.3. It is sufficient to use one circuit for both cells, since they are 

measured sequentially. The reed contacts are switched by a 5 V voltage source which is applied 

by a programmable multiplexer. The used multiplexer is an Agilent 34901A – 20 Channel 

Multiplexer which is controlled by an Agilent 34970A - Data Acquisition/Switch Unit. An 

additional multiplexer card serves as a data logger, that routes the inputs over the internal 

multimeter to a PC. The Agilent 34970A is controlled by the in house software C_measure. 
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Figure 31: Schematic of the complete measurement setup consisting of a concentration cell 

build from two chambers separated by the membrane of interest, two µEC-cells for 

measuring the concentrations in each chamber, two Ag/AgCl electrodes for potential 

difference measurments over the membrane and two floaters which position is recorede via 

camera for volume change determination. The electrodes are connected to the corresponding 

measuring circuits over remote controlled reed switches to enable serial, pseudo parallel 

measurements. A PC is controlling the setup and records all data. 

Figure 32 shows the scheme of the switching setup. The data logger uses three inputs. These 

are the potential difference ∆𝐸ùĎ/ùĎúĐ of the Ag/AgCl electrodes (channel 101) and the two 

output voltages from the EC circuit 𝑈üúê and 𝑈üúë (channel 102). Channel 102 alternately 

depends on just one of the two µEC-cells. The input voltage of the EC circuit 𝑈üú_ďĒ (channel 

103) is also logged, since it changes with the load (conductivity/resistivity of the electrolyte) 

and is needed for the later data processing. All inputs are measured three times per 

measurement cycle, each time with another switch configuration, with 2 seconds between each 

configuration. With this configuration, finally all values are measured pseudo parallel with no 

interferences. Table 5 shows the resulting values with the corresponding switch positions. The 

actual data is stored in a .txt file and is later evaluated with an appropriated data processing 

script (see  Appendix 3). The camera control for the osmosis measurement is made in parallel 

as explained in detail in the previous chapter. Figure 33 shows the final assembled setup. 

Ag/AgCl 
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Figure 32: Detailed switching setup for the serial, pseudo parallel measurements. The six 
reed switches are switched pairwise in an exclusive-OR manner, controlled by one Agilent 
34970A multiplexer (ch. 201-203) that applies a control voltage of 5V. The measurment 
values are routed over another multiplexer to the internal multimeter (ch. 101-103). The 
µEC-cells 1 and 2 are switched separately (ch. 201 or ch. 202) but using the same 
measurement circuit alternatingly. The logged data from the EC measurement circuit 
therefore includes alternating the output signals of the two µEC-cells (ch. 102) and the 
corresponding input signal (ch. 101). The potential difference of the Ag/AgCl electrodes is 
switched by ch. 203 to the instrumentation amplifier and is recorded by ch. 103. 

 

 

Table 5: Switch positions (ch. 201-203) and resulting measurements reaching the input 
channels (ch. 101-103), which are logged per measurement cycle. Per measurement cycle 
the measurement value of each electrode pair (𝑈üúê, 𝑈üúë and ∆𝐸ùĎ/ùĎúĐ) is measured 
separately with a temporal distance of 2 second. 
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Figure 33: Final setup including the two µEC-cells for the concentration determination (1), 

the Ag/AgCl electrodes for the potential difference measurement over the membrane (2) and 

the floater and camera for the volume change measurement (3). The EC measurement circuit 

can be seen on the side (4) on top of the corresponding Agilent 33120A function generator 

(5) and the Agilent 34970A multichannel multiplexer/multimeter (6), that controls the reed 

switches (7) and is connected to the PC (8). The instrumentation amplifier is cased in a 

separate housing (9).  
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5 Verification Measurements and Parameter Determination 
 

This chapter describes the application of the previously developed measurement setup and the 

physio-chemical and mathematical model for the determination of the transport coefficients Dó, Pö and tð ñ⁄ . The membrane under investigation is an ion exchange membrane. It serves 

as a model membrane with good assessable behavior. Further, the determined parameters are 

compared to values found in literature.   

 

 

5.1 Materials and Experimental Procedure 
 

The chosen IEM is a Nafion™ NR211 membrane. The basic characteristics of IEMs are already 

described in chapter 2.4 - Ion Exchange Membranes – Membrane Potential and Selectivity. 

The specific properties, according to the data sheet [85], are a thickness of 25.4 µm, a (dry) 

basis weight of 50 g më⁄ , water uptake of 50.0 ± 3.0 % and an available acid capacity of min. 0.92 meq/g also referenced as ion exchange capacity (IEC).  

This membrane is preferred because it has the smallest thickness of all Nafion membranes. This 

should reduce the measurement duration since the permeability depends also on the thickness. 

Most of the research data concerning Nafion and especially the transport coefficients, however, 

are available for thicker types (N117, N112, N1110). Nevertheless, the values are taken for 

comparison and evaluation because the different thicknesses have just a scaling effect on the 

measurements.  

Prior to the measurement, the membrane undergoes a preconditioning. During the 

preconditioning, the initially dry membrane is immersed in an electrolyte solution and thereby 

is hydrated and takes up ions according to its partitioning coefficient. Usually the 

preconditioning is made with a solution similar to the measurement solution 

[55],[62],[64],[63]. This is primarily done to define a stable start condition. This is also helpful 

with regards to a simulation of the system since it saves the effort of modelling the complex 

uptake and swelling processes. According to Kingsbury et al. [55], an extensive 

preconditioning, with several renewals of the equilibration solution, leads to a complete 

conversion of the functional groups to the corresponding anion or cation form. In case of the 
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used Nafion membrane immersed in a KCl solution, the Hð ions, initially bonded to the SOìñ 

ions in the membrane, are replaced with the Kð ions. 

Following the prior mentioned works, the membrane is preconditioned in a 0.5 M KCl solution  

for 3 hours at 80°C, then rinsed with DI water and stored in a 0.5 M KCl solution at room 

temperature until usage.  

The modified concentration cell with the combined methods for the determination of salt 

diffusion coefficient Dõ, the water permeability coefficient Pö and the transport numbers tð ñ⁄  

were previously explained in detail in chapter 4.3 - Membrane Potential Measurement to 

determine Transference Numbers and Selectivity. The electrolyte solution used in the cell is a KCl solution. The initial concentrations are 1 M on the high concentrated side and 0.5M on the 

lower concentrated side. 

The measurement interval of the electric conductivity measurements in the cell chambers and 

the membrane potential measurement is set to 20 seconds and for recording the filling level, a 

picture is taken every 10 minutes. 
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5.2 Measurements and comparison with the ODE model simulation 
 

The resulting measurements can be seen in Figure 34 and  Figure 35. Figure 34 shows the 

measured potential difference between the two Ag/AgCl electrodes. The potential consists of 

the concentration dependent electrode potentials and the membrane potential (see chapter 4.3 

- Membrane Potential Measurement to determine Transference Numbers and Selectivity). 

Figure 35 (a) displays the change of concentration in both chambers, determined by EC 

measurements (see chapter 4.2 - Electrical Conductivity Measurement for Concentration 

Monitoring) and Figure 35 (b) presents the osmosis driven volume change in the chambers of 

the diffusion cell (see chapter 4.4 - Optical filling level measurement to Observe Osmosis). 

From these basis measurements the transport properties Dõ, Pö and tð ñ⁄  are derived. The 

individual measurements and the coefficient determination are discussed in more detail in the 

following sub sections. 

 

 
Figure 34: Potential difference of two Ag/AgCl electrodes over the membrane. The measured 

potential consists of the concentration dependent electrode potentials and the membrane 

potential. 
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Figure 35: (a) concentration changes in the high concentrated cell chamber 1 (blue) and in 

the low concentrated chamber 2 (red). The concentrations are determined by EC 

measurements. (b) shows the volume change in chamber 1 and chamber 2, determined by 

optical filling level observation. 

 

 

a) 

b) 
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5.2.1 Concentration Change Measurement 

 

The concentration measurement results in Figure 36 display the change of concentration in 

both diffusion cell chambers. The blue line represents the decreasing concentration in the 

chamber with the higher starting concentration (chamber 1) and the red represents the 

increasing electrolyte concentration in the chamber with the lower starting concentration 

(chamber 2). 

 

 
Figure 36: Concentration change measurement results in comparison to theoretical 

concentration courses. The theoretical model describes the concentration change exclusively 

by diffusion. 

 

The course of concentration change that can be expected theoretically for an exclusively 

diffusion driven process is also depicted in Figure 36 (dashed lines). The theoretical course 

computed according to chapter 3.3.1-Differential Equations Modeling. 

The analytical solution shows that with starting concentrations of 0.5 M and 1 M the terminal 

values in both chambers must be 0.75 M. However, the recorded curves of the concentration 

change do not show the expected adjustment on 0.75 M but show a steady increase of the 

concentration in chamber 2 and a slight increase of the concentration in chamber 1. Further a 
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crossover can be seen after 40 hours that indicates that the concentration gradient in the 

chambers is inverting. 

The reason for the unexpected increase partly results from evaporation, as it will be shown in 

the next section. But the evaporation alone cannot lead to the crossover since it increases the 

concentration on both sides evenly. It turned out that the increase, that cannot be explained by 

evaporation, is owed to longtime instabilities of the µEC-electrodes. Further investigations 

yield to the conclusion that the electrodes drag water, which over time leads to deviant values 

in comparison to the reference values. Figure 37 shows a microscope picture of a µEC-

electrode. The water can clearly be seen, presumable it is picked up by capillary drag in hair 

cracks between the Pt wire and the surrounding glass. 

 

 
Figure 37: µEC-measurement electrodes that dragged water. The red marker indicating the 

water level in the double chamber capillaries. The water absorption lead to a shift of the cell 

constant, which influences the concentration measurement. 

 

5.2.2 Volume Change Measurement 

 

The courses of the volume change measurements, depicted in Figure 35 (c) are showing the 

expected behaviors. The volume of the lower concentrated side (red line) decreases in the same 

degree as the volume of higher concentrated side (blue line) increases. Besides this, unexpected 

irregularities in both chambers can be observed. Usually, the volumes should both reach a 
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constant level, depending on the equalizing concentrations. But while the volume on the low 

concentrated side decreases, the volume on the high concentrated side starts decreasing as well, 

visibly starting after 30 hours. This volume decrease on both sides means that the solvent does 

no longer just transfers from the lower concentrated side to the higher concentrated side  under 

compliance of the mass conservation, but that there must be an additional solvent loss. This 

loss is assumed to be caused by evaporation, since there is an area around the floaters that 

exposes the electrolyte to the room atmosphere. Therewith, the evaporation has to be 

considered as well for modelling the volume change.  This can be done by applying a tangent 

to the mentioned area of the curves. The evaporation rate can be estimated from the tangents 

slopes, resulting in an evaporation rate 𝑟ČęĈĔ of approximately 2.8 µl/h, which sums up to a 

total of 0.1875 ml over the measuring time of 67 hours.  

Besides the evaporation, the volume change is caused by osmosis (chapter 2.2 - Osmosis). 

Figure 38 (b) shows the numerical solution of the volume change plotted against the measured 

volume change. The water permeability coefficient Pö was adapted in the way, that the 

concentration change due to osmosis fits the measured concentration change (Figure 38 (a)). 

 

    
Figure 38: (a) The measured volume change in comparison to the modeled volume change, 

which is needed to fit the concentration change to the measurement. The modeled volume 

change (dashed lines) is much higher than the measured volume change. (b) Concentration 

change measurement results in comparison to theoretical concentration courses, modeled 

exclusively by dilution and concentration due to the theoretical volume change depicted in 

(a). 

 

a) b) 
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Figure 38 (b) shows that it is possible to model the concentration change solely by diluting and 

concentrating the solution in the chambers due to osmosis. The discrepancies between the 

modeled and the measured volume change, however, are showing that the volume changes, 

which would be necessary for that (Figure 38 (a), dashed line) are much higher than the 

measured one.  

In conclusion, an osmosis driven water transport trough the membrane can be measured, but 

the transferred solvent volume is not sufficient to equalize the concentrations.  

Consequently, the concentration change must be influenced by ion diffusion as well as by the 

volume change and both mechanisms must be considered for modeling the concentration 

changes. The coupling of the mechanisms is addressed in the following chapter 5.2.3 - Coupled 

Diffusion and Osmosis Modeling. 

 

5.2.3 Coupled Diffusion and Osmosis Modeling 

 

The previous chapters showed that the equalization of the concentrations must be a parallel 

process of ion diffusion and osmosis since an osmosis driven volume change is detectable, but 

this volume change is not sufficient, to lead to an equilibration of the concentration as it is 

measured. That means, while the ions diffuse from the higher to the lower concentrated 

solution, simultaneously the opposite directed water transport accelerates the equalization as 

well by diluting the higher concentrated side and likewise concentrates the lower concentrated 

side. Since both mechanisms depend on the concentration gradient, they also have to be 

modeled interdependently, as it is shown in chapter 3.3.1 - Differential Equations Modeling. 

The presented model allows the determination of the membrane transport coefficients  Pó and Pö under consideration of the coupled dependency of the concentration change from the 

diffusive solute transport and the osmotic solvent transport. The determination of the 

coefficients is done by adapting them and by this, fitting the modeled curves to the 

measurements. Figure 39 shows concentration- and volume change measurement in 

comparison to the results, calculated with the diffusion and osmosis coupled model. The 

resulting values 𝑃Ć = 2 ∙ 10ñêë 𝑚ë 𝑠⁄  and 𝑃ć = 6 ∙ 10ñêê 𝑚ë 𝑠⁄  are in agreement with values 

from the literature (see Table 6). The diffusion coefficients can only be estimated, since the 

actual partitioning coefficients are unknown. 
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Figure 39: (a) Concentration change measurement results in comparison to theoretical 

concentration courses and (b) the coupled volume change model in comparison to the 

measured volume change. The modeled courses (dashed lines) are calculated by solving 

system of coupled ODEs which includes the solute transport (diffusion) as well as the solvent 

transport (osmosis). 
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According to the comparison of different IEMs made by Kingsbury et al. [69] the salt 

partitioning coefficient 𝐾Ć is in a range between 0.05 − 0.24 and the water partitioning 

coefficient 𝐾ć is in a range between 0.1 − 0.33. With equation 49 following the solution 

diffusion theory the diffusion coefficient can be calculated as the quotient of the permeability 

coefficient and the partitioning coefficient. This results in a salt diffusion coefficient 𝐷Ć =8.3 ∙ 10ñêë − 4 ∙ 10ñêê 𝑚ë 𝑠⁄  and a water diffusion coefficient 𝐷ć = 1.8 ∙ 10ñêé − 6 ∙10ñêé 𝑚ë 𝑠⁄ .   

The ion diffusion coefficient and the water permeability coefficient for the exclusively by ion 

diffusion and osmosis driven concentration changes are higher than for the coupled transport 

description. Consequently, the rate determining coefficients will be overestimated if they are 

investigated separately. 

 

5.2.4 Membrane Potential Measurement 

 

The measured potential over the membrane can be described by equation 88. The potential 

includes the concentration dependent Ag/AgCl electrode potential difference as well as the 

membrane potential. The measured potential difference over the membrane is shown in Figure 

35 (a). From the measured value and with the knowledge of the actual concentrations, the 

transference numbers can be determined by using equation 56 and equation 12 as it was shown 

before (chapter 2.1 - Ion Diffusion and 3.2.3 - Membrane Potential and Permselectivity 

Measurement). The calculated values can be seen in Table 6 in comparison to some literature 

values. 

With the previously determined transference numbers and the knowledge of the concentration 

propagation over time it is further possible to model the complete course of the potential 

differences over time by using equation 11 as it is shown in Figure 40. The figure shows the 

measured potential difference in comparison to the modeled potential differences, which are 

calculated by using the different previously created descriptions of the concentration change. 

Hence, the analytical solution which solely describes the change by ion diffusion, the system 

of ODEs which describes the change solely by osmosis driven volume change and the system 

of ODEs which couples the ion diffusion a volume change. Since in every case the transference 

number and the initial concentrations are the same, consequently the starting values also must 

be the same. The further progresses mainly differ in the steepness, whereas the analytical 

solution is less steep, the solution which is the solely described osmosis is the steepest and the 
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coupled solution is just in between. However, in every case a deviation between the measured 

values and the calculation in form of a positive offset can be seen beginning at 20 hours. 

Phenomenologically this can have two reasons. For one, the concentrations do not fully 

equalize, that means that the concentration in the initially higher concentrated side will always 

stay higher. For the other, the membrane potential maintains on a residual value, which again 

would result from a higher concentrated electrolyte solution on the initial higher side. Though, 

it would be sufficient for the arise of a membrane potential if solely the electrolyte 

concentrations directly at the membrane surface are differing from the residual concentration. 

 

 
Figure 40:Potential difference of the two Ag/AgCl electrodes measures over the membrane 

in comparison with the calculated potential difference (dashed line).  

Looking at the concentration courses from the measurement and the calculation (Figure 39(a)), 

it can be seen that the concentrations do equalize (or even cross, what theoretically would lead 

to an negative offset). Therefore, the discrepancy between the measured and the calculated 

potential differences ought to be caused by the membrane potential.  

Another, explanation could be the poor long term stability of the Ag/AgCl electrodes potential 

equilibrium, which was already mentioned in the end of chapter 4.3 - Membrane Potential 

Measurement to determine Transference Numbers and Selectivity.  
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5.3 Results and Discussion 
 

The combined measurements setup presented in chapter 4 - A Novel Setup for the Simultaneous 

Measurement of Diffusion Processes in combination with the reaction models presented in 

chapter 5.2.3 - Coupled Diffusion and Osmosis Modeling and 5.2.4 - Membrane Potential 

Measurement enables the simultaneous determination of the main membrane transport 

coefficients of electrolytes, which are the salt diffusion coefficient Dõ, the water permeability Pö and the transference numbers tð ñ⁄ . 

The coefficients determined with the approach presented in this work are in agreements with 

the values determined in other works (see Table 6). In difference to these works, the main 

coefficients are all determined simultaneously in one setup. Additionally, special attention is 

put on the coupling of diffusive ion transport and osmotic water transfer. Even though it was 

practically investigated by others in a similar approach, their theoretical basis were just 

simplifications for one specific case that assumed a constant volume over time [83], or the 

measurements were not automated and required a high effort of individual manual 

measurements [94]. 

This work combines the mentioned simultaneous measurements in an automated setup also 

including the membrane potential measurement. The worked-out mathematical description of 

coupled and dependent transport phenomena enables a determination of the coefficients by 

fitting the models to the measurements. The fitting, however, is very time consuming since it 

is made manually. An alternative to this would be an automated fitting. An automated 

parameter-sweep in combination with a least square analysis could be a suitable tool for this 

task and will be implemented prospectively. The membrane potential, which model will be 

discussed in the following section, could also be integrated into the automated fitting script, 

since it also depends on the concentration change. 

The slight differences between the measurements and the fitted courses might be due to some 

inaccuracies during the measurements. First, the unexpected evaporation could not be 

determined properly and had to be estimated. Second the shift of the µEC-cell constant could 

not be corrected yet, and finally, the optical filling height recording turned out to be too 

sensitive to light influences from the surrounding. 

For future measurements the setup has to be improved just slightly. Therefore, the production 

of the µEC-electrodes must be revised, especially in respect to the melting process. The 

evaporation has to be minimized, either by minimizing the open area of the openings for the 
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floaters, or by adjusting the humidity around the cell. The light conditions must be stabilized, 

for example by placing the setup in an inner lightened box. 

However, the determined coefficients are just the “external” accessible parameters of the 

membrane. That means, the membrane under investigation is a black box and no details of the 

inside can be explored to learn more about the internal processes of the membrane. Finite 

element modeling (FEM) will therefore be used for further investigations.  
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5.4 Outlook 
 

For the future the here developed measurement setup should be used for the investigation of 

aqueous ion solutions in polymeric barrier materials, as it was initially planned. Intentionally, 

these materials should prevent the permeation of any kind to protect underlying structures. 

Therefore, the barrier materials have much higher permeation resistivity than the materials, 

which were used for the development and verification of the setup.  

First trials on such materials already showed, that the presented measurement method works in 

general, but needs some improvements in terms of acceleration of the measurements. Figure 

41 (a) shows the membrane potential courses of three PI layers, measured in the diffusion cell 

with electrolyte concentrations of 1 M to 0.1 M KCl. Theoretically this concentration 

difference leads to a potential difference of ∆E ≈ 59mV (see equation 87). Considering the 

membrane potential, the theoretically measurable value becomes ∆E ≈  0 … 118mV (see 

equation 88). All practically measured courses deviate from these theoretical values and further 

do not follow any compensatory trend, as it is seen in the Nafion measurements. Presumably, 

the unstable measured signals are due to low ionic conductivity of the used PI membrane.  The 

low conductivity restrains the charge exchange in such degree that the two half-cells appear to 

be isolated from each other. 

 

 
 

Figure 41: (a) PI membrane in the concentration cell burst under osmotic pressure. (b) 

Potential difference measurements in a concentration cell separated by PI membranes. 

However, while the ion transport through the membrane seems to be unmeasurable, osmosis 

can be observed. In case of a sealed cell, without the openings for the swimmers, the osmotic 

effect appears in the form of a distortion of the membrane towards the lower concentrated side. 

(a) (b) 
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This can even result in a bursting of the membrane as shown in Figure 41 (a), though it was a 

slow process that took over a month (see timeline Figure 41 (b)). 

As a result, the ion transport must be accelerated, and the osmosis must be minimized during 

the measurement. For future works, the focus will therefore lie on the improvement of the 

measurement method in terms of accelerating the measurement for the actual characterization 

of high-performance polymers (e.g. polyimides). This can be done by extending the setup by 

an external migration voltage. Likewise, to an electrolytic cell, a voltage is applied over the 

membrane to the 𝐴𝑔/𝐴𝑔𝐶𝑙 electrodes. The migration voltage is then alternately switched on 

and off. While the voltage is applied, the concentrations change due to the reactions taking 

place at the electrode surfaces. At the anode, the chloride concentration decreases due to AgCl 
deposition: 

 

 𝑨𝒈 → 𝑨𝒈ð + 𝒆ñ 𝑨𝒈ð + 𝑪𝒍ñ → 𝑨𝒈𝑪𝒍 
(93) 

 

And at the cathode the concentration increases due to the 𝐴𝑔𝐶𝑙 dissolution: 

 

 𝑨𝒈𝑪𝒍 → 𝑨𝒈ð + 𝑪𝒍ñ 𝑨𝒈ð + 𝒆ñ → 𝑨𝒈 
(94) 

 

The free charge (eñ) that emerges at the anode and reduces Agð to Ag at the cathode, can be 

measured in form of an electric current. By measuring this electric current, which corresponds 

to the electrolytic current, the amount of chloride ions that developed or deposited at the 

electrodes can be quantified and therewith the concentration change. According to Faraday’s 

laws of electrolysis [10] this change is described by: 

 

 𝒄𝒕𝒓𝒂𝒏𝒔 = 𝑸 ∙ 𝑴𝒛 ∙ 𝑭 ∙ 𝑴 ∙ 𝐯 = � 𝑰 𝒅𝒕 𝑴𝒛 ∙ 𝑭 ∙ 𝑴 ∙ 𝐯𝒙
𝟎  (95) 

 

with F = 96485 C/mol is the Faraday constant and Q is the number of transferred charges. 

This principle allows the adjustment of low defined concentration differences and the 

determination of the membrane resistance by calculating the resistance from the applied 

voltage and the measured current. However, not only the electrode reactions are of interest but 
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also the resulting electric field between the electrodes, or more precisely the potential that is 

applied to the membrane. It should work as an additional driving force to the ions according to 

the Nernst Planck equation.  

When the voltage is switched off, the concentration, the membrane potential and the volume 

can be measured as it is done in the regular diffusion cell. The measured concentration should 

then correlate with the concentrations transferred while the migration voltage was switched on.  

Figure 42 shows the basic scheme of this process.  The graphics also depicted in  

Figure 42 are showing the results for test measurements on a Nafion™ 211 membrane. The 

currents measured while the voltage is switched on can be seen as well as the measured 

potential differences recorded after the voltage is switched off. The potential curves are 

resulting in values close to the theoretically calculated ones. Residual polarization effects of 

the electrodes presumably cause the initial high values.  

However, the outcomes in general are in agreement with the theoretical expectations (see 

detailed view of the potential difference measurements in comparison to the calculated values 

in  

Figure 42 (c)). 

In addition to the Nafion experiments, first trials with an additional migration voltage were also 

made with PI. The used material is an in-house synthesize polyimide. In contrast to the trials 

made with Nafion, the test was performed with higher voltages. The first migration cycle was 

performed at 1000 V while the following cycles were performed with 40 V. The migration 

voltage was applied over a time span of 1062 seconds. The following passive measurements 

have a duration of 14800 seconds. The resulting measurement courses can be seen in Figure 

43. The values of the measured potential differences are showing differences to the calculated 

ones (see comparison calculated values in Figure 43). The deviations are presumably caused 

by membrane potentials, which origins have to be investigated later in more detail.  

An analytical determination of the ion concentration in the membrane would again be of great 

value to verify this assumption. 

However, both measurements showed that the advanced measurement setup is working in 

general and inspire confidence, that, it will be possible to simultaneously determine the ion- 

and water transport properties also in PI, with the here presented setup. 
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                               ∆𝐸 = −0.059 ∙ log ī𝑐Ĥĥġģĥ + 𝑐ĥģġĢĤ𝑐Ĥĥġģĥ − 𝑐ĥģġĢĤĬ − 0.059 ∙ (𝑡Ĝ − 𝑡ĝ) ∙ log ī𝑐Ĥĥġģĥ + 𝑐ĥģġĢĤ𝑐Ĥĥġģĥ − 𝑐ĥģġĢĤĬ 

 

Figure 42: Scheme of the extended setup (a) in the active state a voltage is applied over the 
membrane (Nafion), which functions as a migration voltage and leads to the deposition and 
dissolution of AgCl and therewith leads to a concentration change. (b) A potential difference 
due to the concentration change can be measured together with the diffusion driven 
equalization. (c) The concentration change during the active state can be calculated from 
the measured current. The measured potential difference corresponds to the concentration 
difference. 

 

Theoretical values for ∆E are depending 

on the Cl
-
 concentration. The amount of 

Cl
-
 produced/liberated at the electrodes 

is calculated from the amount of 
charges transported over the 
membrane with Faraday’s laws of 
electrolysis. 
 𝑐!��� = 𝑄 ∙ 𝑀𝑧 ∙ 𝐹 ∙ 𝑀 ∙ 𝑉 = � 𝐼 𝑑𝑡 𝑀𝑧 ∙ 𝐹 ∙ 𝑀 ∙ 𝑉"

�  
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Figure 43: (a) Measured potential difference of the Ag/AgCl electrodes over a PI membrane 

after application of a migration voltage (b) detail from the measurement in comparison with 

the theoretical calculated values. 
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6 FEM Simulation 
 

In this chapter, the ion distribution inside the membrane is computed with finite element 

modeling (FEM) simulations. The model should help to understand the correlation between the 

membrane properties and the measurable parameters. In case of the Nafion membrane 

especially the influence of the ion distribution in the membrane to the membrane potential is 

under investigation.   

 

 

6.1 Simulation and Results 
 

The COMSOL Multiphysics®  model and the initial values presented in section 3.3.2 - Finite-

Element-Method Simulation serve as starting point for the simulation. Initially the 

concentration change and the membrane potential are simulated without considering the 

membrane potential. Thereby, the general validity of the model can be tested. The effective salt 

diffusion coefficient Dó and the substitute coefficient K, which determines the osmotic water 

exchange (detailed explanation see section 3.3.2), are adapted to fit the simulations to the 

measurement. The partitioning coefficient 𝐾Ć is chosen to be 1 and therewith neglected for the 

moment. Based on the position of the measurement electrodes in measurement setup, the 

concentration probes for the calculation of the electrode potentials are taken in a distance of ±500 µm beside the membrane.  

The resulting concentration courses are showing a similar good fit to the measured values as 

the fit from the numerical solution of the ODE model made in the previous chapter. Figure 44 

shows the ion distribution inside the membrane, simulated in a logarithmic time span from 1 ∙10ñï seconds to 3 ∙ 10îseconds with 10 steps per decade in comparison to the measured 

concentration changes and the modeled values, which are calculated with the ODE model. 

However, the diffusion coefficient Dó = 0.975 ∙ 10ñêë më s⁄  used in the FEM model is smaller 

than the one determined in the previous experiment (8.3 ∙ 10ñêë − 4.0 ∙ 10ñêê më s⁄ ). To some 

extent, these deviations can be explained by the lack of completeness of the model. For one, 

the partitioning coefficient is not considered and for another the swelling of the membrane is 

not implemented yet. 
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Besides the simulation of the concentration changes around the membrane, the here presented 

FEM model is also capable of modelling the concentration changes inside the membrane.  

 

 
Figure 44: Concentration change over a Nafion membrane simulated with COMSOL 

Multiphysics®. The actual measurement values and the values calculated in the previous 

chapter are plotted for comparison. 

A detailed look at the counter- and co-ion concentration in Figure 45 shows a concentration 

difference of 4.6 𝑚𝑜𝑙/𝑙 between the co-ion and the counter-ion concentration. The value equals 

the fixed ion concentration (anions) according to equation 31 and represent the counter-ion 

concentration (cations) which compensates the fixed ion charges after the ion exchange during 

the preconditioning (see chapter 5.1 - Materials and Experimental Procedure). 

Considering all ionic species, the sum of the cations in the membrane predominantly equals 

the sum of the anions in the membrane as shown in Figure 46. The equality is the requirement 

for the mentioned electroneutrality in the membrane. Otherwise, the membrane would be 

charged.  

However, the simulation results (and also the measurements) are indicating a membrane 

potential. A more detailed view on the interfaces reveals a local imbalance of the positively 

and negatively charged ions, which leads to the formations of space charge densities around 

the interfaces (see Figure 46 green line). The sum of the Donnan potentials resulting from these 



 

 

 

 

 

 95 

space charges is then the dialysis potential, which is measurable over the membrane (see 

chapter 2.4 - Ion Exchange Membranes – Membrane Potential and Selectivity).  

This means that there is no diffusion potential, which contributes to the membrane potential. 

The choice of the same diffusion coefficient for both ionic species already indicated this 

behavior. 

 

 

 

 
Figure 45: Ion distribution inside the membrane (10-35µm) and close ups on the counter ion 

concentration (blue) and the co-ion concentration (red) 

An additional look at the space charge densities confirms that assumption since none can be 

seen inside the membrane, which could lead to a diffusion potential (see section  2.1 - Ion 

Diffusion). Therewith, the membrane potential is induced solely of the Donnan Potentials 

which arise at the interfaces. The potentials are increasing and decreasing depending on the 

ratio of inner and outer ion concentration at the interfaces (see eq. 34). In the beginning not just 

the outer concentrations differ from each other (Figure 44), but also the ion concentrations 

inside the membrane are unevenly distributed (Figure 45). With equilibrated concentrations on 

both side and evenly distributed ion concentrations in the membrane, the absolute values of the 

electrical fields are converging. This results in decrease and at last an extinction of the 

membrane potential. Figure 46 also shows the courses of the electric potentials of the model. 

The left side is defined as ground and therefore shows 0V. 

 

3 ∙ 10Ğ𝑠 

3 ∙ 10Ğ𝑠 

1 ∙ 10Ġğ𝑠 
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Figure 46: Ion distributions inside the membrane and at the solution interface together 

with the corresponding electrical fields with the resulting potentials from 1 ∙ 10ñï𝑡𝑜 3 ∙10î 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 

The temporal evolvement of this electric potential is then used for the comparison with the 

measured potential difference. The chloride concentration dependent potential difference of the 

Ag/AgCl electrodes, which is included in the measurement, is also added, by calculating the 

potential difference from simulated concentrations around the membrane according to the 

Nernst equation (see eq. 88). The results are shown in Figure 47. The actual simulation (dashed 

line) shows a deviation from the measurements. An offset towards the end of the measurement 

can be seen. This offset is assumed to be caused by instabilities of the Ag/AgCl electrodes 

during the measurement, and was already discussed previously (see chapter  4.3 - Membrane 

Potential Measurement to determine Transference Numbers and Selectivity). 

1 ∙ 10Ġğ𝑠 

3 ∙ 10Ğ𝑠 
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Further, the simulation starts with a higher potential difference of 34.4 mV in comparison to 

the measured and averaged potentials difference, which starts at 28.8 mV. The increased 

potential difference might be caused by varying start concentrations, which do not have an 

exact ratio of 1: 0.5 mol l⁄  but a smaller one.  

Another cause for the deviation can be the choice of the fixed ion concentration. Although, it 

directly influences the total ion concentration in the membrane and therewith the Donnan 

potential, it is just chosen theoretically according to the Nafion datasheet, since the practical 

determination has yet to be made. 

A further reason might be the delay between the assembling and filling of the cell and the actual 

start of the measurement. By shifting the start by 1.4 hours the deviations are considerably 

reduced. The time span complies with the time that passes between the filling and the actual 

start of the measurement. This shows how fast the initial membrane potential formats. In case 

of the here presented measurement of a Nafion membrane, the initial formation is hardly 

measurable even though the delay between filling and measuring start could be decreased.  

 

 
Figure 47: Time course of the simulated membrane potential in addition with the simulated 

electrode potential difference in comparison to the measured Ag/AgCl potential difference 

measured over the membrane. 
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6.2 Conclusion 
 

A FEM model is implemented in COMSOL Mulitphysics®, which simulates the ion and water 

transport trough a Nafion membrane in a concentration cell. By fitting the resulting 

concentration changes beside the membrane to the measurements presented previously, it is 

possible to determine the corresponding transport parameters similar to the model in the chapter 

before. In contrast to that, the here presented model does further enable the simulation of the 

ion distribution inside the membrane as well as the corresponding electrostatic phenomena. 

The model demonstrates that the measured membrane potential consists solely of the Donnan 

potentials, which form at the interfaces of the membrane and the surrounding solution. A 

diffusion potential, due to an electric field caused by a space-charge region, arising from 

different velocities of the ions did not occur. Further does the model enable the study of initial 

processes which proceedings are too fast to measure.  

However, a final validation of the model has yet to be made. This can be done by analytically 

determining the ion concentrations inside the membrane. Besides the already mentioned 

titration experiments, another possibility would be the use of more advanced methods like LA-

ICP-MS [98]. LA-ICP-MS is an ablating analytical process, which enables the creation of depth 

profiles. The ion distribution profiles shown in Figure 45 could therewith be verified. Even 

though the ion profiles in the Nafion membrane might not be stable enough for this attempt, it 

is of high interest for future projects, since it also enables the element analysis in high resistivity 

materials like polyimides. 

Another, theoretical approach to investigate the ion distribution might be the use of Molecular 

Dynamics Simulations (MDS). MDS dynamically computes interactions in systems of atomic 

or molecular scale, based on interatomic potentials and molecular force fields. Gosh and 

Chakrabarti [99], for instance used MDS to investigate the different binding interactions of 

small alkali ions and large molecular ions in a Nafion structure, and Balahkeh et al. [100] used 

MDS to compute the diffusion coefficients of different ions in a newly fabricated PEM and 

Nafion. 

Besides these uncertainties, the simulation with COMSOL Multipysics® is a simple and 

efficient possibility to investigate complex correlations and models due to the predefined 

mathematical framework. 
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Due to the one-dimensional structure of the model, it would also be a reasonable effort to model 

the new findings stepwise in python. The framework already presented in 5.2.3 Coupled 

Diffusion and Osmosis Modeling can serve as a starting point for the implementation in python. 
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7 Summary 
 

In the course of this work, a method for the simultaneous determination of transport coefficients 

of aqueous electrolyte solution in polymers was successfully developed. These coefficients are 

the salt diffusion coefficient Dó, the water permeability coefficient Pô and the transport 

numbers tð and tñ. 

The method is a combination of an in-house developed measurement setup and a theoretical  

framework to model the transport processes. The measurement setup consists of a diffusion 

cell with the possibility for parallel measurements of the concentration change, the volume 

change and the membrane potential. The transport coefficients of the theoretical framework are 

adapted and therewith the model is fitted to the measurements, whereby the transport 

coefficients are determined. The theoretical model consists of a system of coupled ODEs, 

which is solved numerically. The method was validated by determining the transport properties 

of a Nafion™ NR211 ion exchange membrane.   

All the individual measuring methods employed in this work have been used before in similar 

double chamber setups [53],[54],[55],[56],[57],[58],[61],[62],[63],[64]. 

However, in the previously mentioned works only one method is used at a time. Either they are 

just interested in one specific phenomena ([53],[56],[57], [58],[64]) or they used different 

setups for the individual measurements ([54],[61],[62]). 

The few works, which measure osmotic volume change additional to ion transport, providing 

just fragmentary mathematical descriptions, since they assume a single sided constant 

concentration ([55]) or neglect it all ([60]).  

Works, which offer detailed mathematical models, on the other hand, again used non 

simultaneous methods for the ion diffusion and osmosis measurement ([63]) or they are solely 

theoretical works. The Onsager reciprocal relations of membrane transport phenomena are 

often explained on the example of such diffusion or migration cells ([10]), whereas the 

combination of the related driving forces then again depend on the application (see Table 1 and 

its original work [13]). 

The here presented work, in contrast, explicitly allows the (practical) simultaneous 

measurement of all phenomena in one single setup and delivers a mathematical model that also 

includes the dependent concentration changes in both chambers. 
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The simultaneous measurement therewith contributes to the field of characterization and 

comparison of different materials, in the way that it enables a more holistic view of the transport 

phenomena and further enables the identification of the dominant phenomena.  

Additionally, a FEM model was created to investigate the influence of the ion distribution 

inside the membrane on the permeability and the resulting membrane potential. The model 

shows that the membrane potential is strongly influenced by the Donnan potentials at the 

interfaces. The model also includes the concentration changes in the concentration cell 

chambers induced by the ion diffusion as well as the related osmosis, which is not considered 

in the already available COMSOL® models. The existing COMSOL® models stem from the 

field of electrodialysis [79] or redox flow batteries [80] and therefore using streams of 

electrolytic solutions. The permanent flow of the solutions in such models makes the inclusion 

of osmosis obsolete. 

The here presented model, however, includes the osmosis driven concentration change, since 

it is mandatory for the here presented application. The model can therewith serve as a starting 

point for further concentration cell like membrane exchange models, although, an analytical 

verification of the result is still pending. Besides an analytical analysis, the use of molecular 

dynamic simulations might also be a helpful tool to verify the model and to support the 

development of the further models.  

For the future the combined measuring method and FEM simulation developed in the course 

of this work should be used for the initially planned, quantitative determination of the ion- and 

water transport coefficients Pö, Dó and tð ñ⁄  in polymeric barrier materials used in electronic 

components. First trials with an extended setup, that uses an additional migration voltage to 

accelerate the ion permeability, already showed promising results.  

Another approach for increasing the mobility and therewith accelerate the permeation in 

polymeric barrier materials, is to utilize the temperature dependence of the diffusion, as the 

diffusion increases with an increasing temperature. Since the actual cell, fabricated from PC, 

practically cannot be operated at elevated temperatures, the measurements and consequently 

the simulations are all made at room temperature (295K). A cell constructed from 

polytetrafluoroethylene (PTFE) would be one possibility to operate the here presented cell also 

with higher temperatures. With two individual heatable chambers, the cell would further give 

the opportunity to investigate the influence of thermal diffusion [101] 

Concerning the theoretical framework, with regards to the barrier materials, the assumption of 

an ideal solution, that is made during this work, has to be adapted. Especially in polymeric 
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barrier materials the solvent and solute mobility is not just driven by diffusion. The slow 

polymer chain rearrangement (relaxation) interferes with the diffusion [102]. With regards to 

the resulting interaction of the molecules with the polymer chains, the activity coefficient can 

no longer be neglected, and the idealized concentrations must therefore be replaced by their 

activities.  
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Directory of Frequently used Indices and Symbols 
 

Indices 

+,- Referred to cations and anions, or more general to positive and negative charged 

species 

1,2 Referred to the low and high concentrated chambers of the concentration cell 

 

Symbols 𝐴  Cross Sectional Area 𝑐  Concentration 𝐶ĉ  Bulk Capacitance 𝐷  Diffusion Coefficient 𝐸  Electric Field ∆𝐸   Potential Difference 𝑒  Elementary Charge 𝐹  Faraday constant 𝐺  Phenomenological Coeffcients 𝐼  Electrical Current 𝑖  Electrolytical Current 𝐽  Particle Flux Density 𝐾  Proportional Coefficient 𝐿  (Measured) Electrical Conductivity 𝑙  Length 𝑀  Molecular Weight 𝑁ù  Avogadro Constant 𝑃  Permeability Coefficient 𝑝  Pressure 𝑝  Effective Membrane Permeance to Water  𝑄  Volume Flow 𝑅  Universal Gas Constant 𝑅ĉ  Bulk Resistance 𝑟ČęĈĔ  Evaporation Rate 
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𝑇  Temperature 𝑡  Transport Number 𝑈  Voltage 𝑢  Ion Mobility 𝑉Ě   Molecular Weight of Water 𝑣  Volume 𝑤Ę   Water Uptake 𝑋ú   Electrical Reactance of a Capacity 

 𝑧  Valence Number 𝛼   Permselectivity 𝜀é  Dielectric Constant of Vacuum 𝜀  Specific Dielectric Constant 𝜅   Specific Conductivity 𝜇  Chemical Potential 𝜇é  Chemical Standard Potential 𝜌   Charge Density 𝜌Ě  Solvent Density ∆Π   Osmotic Pressure Difference 𝜎   Ion Dependent Conductivity 𝜙  Electrical Potential ∆𝜑ċďčč  Diffusion Potential Δ𝜑ċēĒ  Donnan Potential Δ𝜓   Membrane Potential 
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Appendix 
1. Constructional Drawing of the Center Part from the Diffusion Cell  
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2. Python Script for the Numerical Solving of the System of ODEs 
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3. Python Script for the Processing of the Raw Measurement Data 
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