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Summary 
 

 

 

 

The chlor-alkali process is one of the major industrial electrochemical processes, which 
produces roughly 60 million tonnes of chlorine per year, in addition to sodium 
hydroxide and hydrogen. These products are important chemicals and building blocks 
for many organic and inorganic substances.  In general chlorine is transported from 
the chlor-alkali plant to the customer through a pipeline. However, small scale chlorine 
consumers that are not located in chlorine clusters typically still rely on chlorine 
supply by rail. In these cases, small scale chlorine production units at the customer’s 
location could offer an alternative to the less desired rail transport. Modular plants of 
the size of standard shipping containers that offer flexible and on-demand production 
are ideal for this purpose. This type of “plug and produce” modular plants require 
intensified technologies in order to achieve high productivity in small equipment 
volumes. In order to achieve the intensification of the chlor-alkali process it is 
necessary to design an electrochemical reactor that allows operating at higher current 
densities while dealing with its associated challenges: 1) increased bubble generation 
causing larger ohmic drops and increased power consumption, 2) more pronounced 
concentration gradients in the boundary layers leading to undesired side-reactions 
and current efficiency losses, and 3) increased membrane voltage drop and the 
possibility of lowered membrane permselectivity.  

In this thesis we propose the use of the spinning disc reactor (SDR) technology for the 
process intensification of the chlor-alkali process. The rotor-stator spinning disc 
reactor (RS-SDR) configuration which is investigated in this work consists of a rotating 
disc in a cylindrical housing, with a small gap distance between the rotor and the 
stator, typically in the order of 1-5 mm. The high velocity gradient between the rotor 
and the stator and the high shear forces cause high turbulence that intensify the liquid-
solid mass transfer and decrease the concentration gradients. Furthermore, the high 
shear and high centrifugal forces of the rotor-stator spinning disc reactor promote the 
efficient disengagement of gas bubbles even at high gas production.  
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Three main subjects are covered in this thesis: 1) the bubble behavior in gas evolving 
electrodes, 2) the mass transfer characteristics of the rotor-stator spinning disc reactor, 
and 3) the application of the SDR for the chlor-alkali process, including experimental 
and modeling work.  

Chapter 2 presents the results of the experimental investigation of the behavior of 
electrolytic gas bubbles. The analysis of the growth of electrolytic oxygen and 
hydrogen bubbles allows the characterization of bubble types and nucleation sites 
classes. The growth curves of these bubbles are obtained and used in Chapter 3 to 
formulate a force balance model that allows to understand and predict their 
detachment. From a thorough analysis of the forces interacting with the bubbles 
during their growth, it is concluded that a simple balance between the buoyancy and 
the capillary force is sufficient to describe electrolytic bubbles. Based on the resulting 
force balance and the experimental observations, a detachment criterion is proposed.  

Chapter 4 presents the results of the measurements of the mass transfer characteristics 
of a rotating mesh electrode in a rotor-stator configuration. The measured volumetric 
mass transfer coefficient of the mesh electrode is a factor 5 higher compared to that of 
the flat disc electrode at virtually equal energy dissipation rates. A Sherwood 
correlation that predicts mass transfer rates of rotating meshes in rotor-stator spinning 
disc reactor configurations was obtained.  

Chapter 5 describes the SDR electrochemical reactor designed in this thesis. This 
Chapter is the result of the joint work of the author of this thesis and S. Moshtarikhah 
within the framework of the SPINCHAL project. A zero gap spinning disc membrane 
electrochemical reactor (SDMER) is designed for the intensification of the chlor-alkali 
process. Current densities up to 20 kA/m2 are investigated experimentally. These 
current densities are significantly higher than the typical conditions used in industry 
nowadays (5-7 kA/m2). For the range of current densities investigated, lower cell 
voltages were achieved in the SDMER compared to a parallel plate cell. The increase 
in potential with increasing current density was approximately 0.14 V per kA/m2 for 
the SDMER. This value was approximately 3 times higher for the parallel plate cell. 
Additionally, the SDMER allowed stable operation at high current densities (20 
kA/m2). Results obtained here indicate that the spinning disc reactor is a suitable 
technology for the intensification of the chlor-alkali process, although significant 
further developments are still required. The use of activated cathodes and improved 
membranes will help achieve lower cell voltages in the SDMER, comparable to the 
state-of-the-art technology commercially available. 
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Chapters 6 and 7 concern the modeling of the chlor-alkali process, particularly in the 
SDMER. In Chapter 6, the Pitzer thermodynamic model is used to estimate the activity 
coefficients and calculate the thermodynamic potentials at the chlor-alkali industrial 
operating conditions. At conditions of industrial chlor-alkali electrolysis, the reversible 
potential is 40 mV higher considering the activity model compared to the ideal case. 
In Chapter 7, a mathematical description of the chlor-alkali process in the SDMER is 
presented. The model allows the prediction the cell performance as a function of 
measurable and controllable operating parameters such as temperature, pressure, inlet 
concentrations, flow rates, rotational speed and applied current density. The current 
efficiency, the cell voltage and its components are evaluated as a function of these 
operating conditions. The model predicts a decrease of 200 mV at 20 kA/m2 when 
increasing the rotational speed from 1 to 100 rad/s at the typical concentrations and 
temperatures used in the industrial process. 

Finally Chapter 8 summarizes the main conclusions of the work presented in the above 
mentioned chapters and recommendations are given for further research. 
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Introduction 
 

1.1. The chlor-alkali process 

Electrochemical processes allow the conversion of electrical energy into chemical 
energy (and viceversa) in an energy-efficient and environmentally friendly way [1]. 
One of the major industrial electrochemical processes is the chlor-alkali process, which 
produces roughly 60 million tonnes of chlorine per year, in addition to sodium 
hydroxide and hydrogen. These products are important chemicals and building blocks 
for many organic and inorganic substances and approximately 55% of all the specialty 
chemical products require one of the chlor-alkali products as a precursor [2]. Chlorine 
is used for a wide variety of products and processes, the most important ones being 
the production of polymers (mainly PVC), resins, elastomers, solvents, pesticides, 
paints and disinfectants [3,4]. Sodium hydroxide is used in the manufacture of pulp 
for paper, soaps, detergents, glass, textiles, aluminum and metals among others [4,5]. 
Hydrogen is mainly used as a fuel source, in applications such as hydrogenations, 
hydrogen peroxide and ammonia production, and is sometimes it is used in fuel cells 
for electricity recovery in chlor-alkali plants [4].  

There are three main technologies available for the chlor-alkali process: mercury, 
diaphragm and membrane cell electrolysis [6]. The majority of chlorine is currently 
produced in membrane plants which correspond to 61% of the European capacity [4]. 
In 2014 diaphragm chlor-alkali plants accounted for less than 14% of the total installed 
chlorine production capacity in Europe and mercury plants accounted for 
approximately 23% [4]. The mercury technology is currently being phased out and 
replaced by the membrane technology which is the most energy efficient and most 
environmentally friendly compared to the other technologies [6]. 
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The chlor-alkali industry is an energy intensive industry where the average energy 
consumption per ton of chlorine produced (~3.4 MWh) represents up to 50% of the 
operating costs [7].  The power consumption per ton of product is determined by the 
cell voltage and the current efficiency. The cell voltage is the addition of the 
thermodynamic decomposition voltage, the overpotentials and the ohmic drops of the 
anolyte, catholyte and membrane. The main sources of current inefficiencies are the 
anodic side reaction of oxygen evolution and the undesired migration of OH- ions from 
the catholyte to the anolyte. Due to the energy-intensive nature of this process, 
industrial and academic research efforts have been focused on decreasing its energy 
consumption. In the last decades, the development of novel electrode materials 
contributed to a decrease in the anode and cathode overpotentials [6,8–10]. Moreover 
development of improved membranes nowadays allow membrane efficiencies of 95-
97% [11], and attempts have been made to develop membranes capable to efficiently 
produce 50 wt% caustic directly in the cell, eliminating the need for the evaporation 
step [6]. 

Although the chlor-alkali process itself can be considered as a clean technology with 
no direct CO2 emissions, indirect emissions are associated with this process due to the 
usage of electricity as raw material [12]. Usually fossil fuels are the source of electricity 
in this industry. Renewable energy sources are becoming important contributors to the 
energy market, and present an alternative electricity source for the chlor-alkali 
industry [13]. Due to the hazards associated with the chlor-alkali products, particularly 
chlorine, transportation regulations are very strict. Example of this is the ban of 
chlorine transportation in the Netherlands which has been in practice since 2006 [14]. 
In general chlorine is mostly produced at the customer’s location [4]. However, small 
scale chlorine consumers typically rely on chlorine transportation from large 
production sites. In these cases, small scale chlorine production units at the customer’s 
location would offer an alternative for the undesired chlorine transport [15]. Modular 
plants of the size of standard shipping containers that offer flexible and on-demand 
production are ideal for this purpose [16]. Furthermore these skid-mounted modular 
plants require minimum installation at the user’s location, where they simply need to 
be connected to the utilities and pipelines. This type of “plug and produce” modular 
plants require intensified technologies in order to achieve high productivity in small 
equipment volumes. 

1.2. The SPINCHAL project 

The research presented in this thesis was carried out within the SPINCHAL (SPINning 
disc technology for the CHlor-ALkali process) project. This project was funded by the 
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Action Plan Process Intensification of the Dutch Ministry of Economic Affairs (project 
PI-00-04) and is a joint collaboration between the Technical University of Eindhoven, 
AkzoNobel Industrial Chemicals, Alfa Laval and the Institute for Sustainable Process 
Technology. The SPINCHAL project aimed to develop the next generation of small-
scale chlorine “plug and produce” units, based on the spinning disc technology. Such 
chlorine production units include a process-intensified electrochemical membrane 
cell, a compact evaporator that concentrates the caustic, and a chlorine gas drying unit 
(see Figure 1.1). In order to achieve the intensification of these process steps, spinning 
disc technology is applied. Main focus within the SPINCHAL project was on the rotor-
stator spinning disc reactor (RS-SDR) configuration consisting of a rotating disc in a 
cylindrical housing, with a typical gap distance between the rotor and the stator in the 
order of 1-5 mm. This technology uses high shear forces that promote a rapid mixing 
of fluids and a high surface renewal rate [17]. The high velocity gradient between the 
rotor and the stator and the high shear forces cause high turbulence that intensify the 
gas-liquid [18–20], liquid-liquid [21] and liquid-solid [22,23] mass transfer, as well as 
heat transfer [24,25]. The small reactor volume contributes to a safer processing of 
hazardous materials. Moreover, the RS-SDR offers fast start-up and shut down which 
is beneficial when on-demand production is required.  

1.3. Intensification of the electrochemical cell 

A typical membrane cell for chlor-alkali is represented in Figure 1.2. Chlorine gas is 
produced at the anode, which usually consists of a dimensionally stable anodes (DSA) 
coated with RuO2. Hydrogen gas and caustic are produced at the cathode, typically 
made of nickel. The anolyte and catholyte are separated by a cation exchange 
membrane. This membrane inhibits the passage of negative chloride and hydroxyl 
ions, but allows positive sodium ions to move through freely. The electrochemical 
reactions that occur are: 

Anode:          

 
  2

0
2( ) 298

1                                           1.3604
2 g

g Cl Cl K
Cl Cl e E V

                                     (1.1) 

Cathode:     

 
  2 2 ( )

0
2 2( ) 298,

1                       0.8280
2 gliq

g H O H OH
H O e OH H e E V

              (1.2) 
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Figure 1.1. The chlor-alkali process with the electrolysis section highlighted. Chlorine, sodium hydroxide 
and hydrogen are produced by means of electrolysis of brine (salt + water). Typically a brine purification 
circuit precedes the electrolysis step in order to remove undesired impurities. After the electrolysis, 
hydrogen and chlorine gases are processed for further use. In the case of chlorine, the gas is dried to meet 
requirements. Sodium hydroxide of about 32 wt% exits the electrolyzer and is further processed by 
evaporation to obtain 50 wt% grade.  

 

Figure 1.2. Membrane cell for the chlor-alkali process. An ion-exchange membrane separates the anode 
and cathode compartments. The saturated brine is fed to the anolyte compartment where chlorine is 
liberated at the anode (according to equation (1.1)). Sodium ions migrate to the cathode compartment 
through the membrane and combine with hydroxyl ions produced from the decomposition of water. 
Hydrogen is also formed at the cathode (equation (1.2). Unreacted NaCl and chlorine gas leave the 
anolyte compartment and sodium hydroxide together with hydrogen gas leave the catholyte 
compartment. These products are further processed as described in Figure 1.1.  
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There are two types of electrode-membrane configurations in the chlor-alkali 
membrane process: narrow/finite gap and zero-gap (see Figure 1.3). In the narrow gap 
cell, the electrodes are placed at finite distance (in the order of mm or cm) from the 
membrane. This cell construction represents challenges for the mechanical stability of 
the membrane and often spacers have to be placed to preserve its integrity. This, in 
combination with the ohmic drop of the electrolytes due to the electrode-membrane 
gap represents an undesired increase in the cell potential. In the zero-gap type of cell, 
the electrodes are located back to back with the membrane in between. The zero-gap 
cell concept almost completely eliminates the gap between the membrane and the 
electrodes therefore decreasing the energy consumption compared to the narrow gap 
cell. The electrodes used in the zero-gap cell are made of metal meshes that allow the 
contact of the electrolyte and the membrane as depicted in Figure 1.3. Currently most 
of the new cell designs and industrial applications utilize the zero-gap concept [26,27]. 
In view of these advantages, the reactor design proposed in this work utilizes the zero-
gap concept.  

Nowadays industrial chlor-alkali production is carried out at current densities 
between 5 and 7 kA/m2 [6]. Working at higher current densities inherently decreases 
the electrode area needed to achieve a given production capacity. This means that a 
smaller reactor volume would be needed to achieve a given production capacity. The 
enhanced liquid-solid mass transfer in the RS-SDR allows the operation at significantly 
higher current densities. There are however some challenges associated with working 
at high current densities which are discussed below.  

a)     b)    

Figure 1.3. Two types of membrane cells. In both cases, half of the cell is depicted, showing the 
membrane, the electrode and the electrolyte containing gas bubbles formed during the electrolysis. a) 
narrow/finite gap cell, b) zero-gap cell.    

Electrode Membrane Gap Electrode Membrane 
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1.3.1. Bubble removal 

Associated with the generation of gaseous products (Cl2 and H2) there are some 
practical challenges in the removal of gas bubbles from the electrolysis cells. Bubbles 
generated on the electrode surface adhere to it and grow until they break-off. Whilst 
attached they partially block the electrode surface increasing the ohmic resistance and 
reducing the area available for current and mass transport. Thus, it is important to 
ensure efficient gas disengagement from the electrodes and membrane. Typically 
bubbles are removed by the aid of the buoyancy and/or by the flow past the electrode, 
however at high current densities the bubble coverage can be up to 80% or higher (see 
Figure 1.4) [28,29].  

a)         b)    

Figure 1.4. Bubbles forming at the electrodes. At low current densities (left, 0.03 kA/m2) only few 
bubbles are formed, however at increased current density (right, 1.4 kA/m2) the bubble coverage is much 
higher leading to higher ohmic drop. H2 evolution on a nickel electrode from a  1M KOH electrolyte. 

Furthermore, in the case of the zero-gap cell, due to the close contact of the electrodes 
and the membranes and due to the hydrophobic character of the membranes, bubbles 
tend to adhere to the membrane surface [30,31] decreasing the active area and 
contributing to non-uniform current distributions. To counteract the bubble effect 
special hydrophilic coatings (such as TiO2, ZrO2, etc) are typically applied to the 
membranes [31]. The hydrophilic coatings efficiently prevent the bubble effect at low 
or moderate current densities (lower than 5 kA/m2) [31]. At higher current densities, 
the detachment of bubbles becomes a limitation of the process [29], and a point may 
be reached when the surface becomes greatly or totally covered with gas bubbles. This 
causes a sharp increase in the cell voltage and if the surface is totally blocked the 
process may halt, leading to unstable cell operation and higher power consumption.   

Therefore at high current densities efficient bubble removal must be ensured. Rotating 
equipment can be used for this purpose. The centrifugal accelerations of this type of 
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equipment promote bubble disengagement. Cheng et al. reported a decrease in the cell 
voltage due to a reduction in ohmic resistance by the removal of gas bubbles in brine 
and water electrolysis in the presence of a centrifugal field [32,33]. The rotor-stator 
spinning disc reactor used in the present work uses high shear and high centrifugal 
forces that promote the efficient disengagement of gas bubbles even at high gas 
production. Once the bubbles are detached from the electrode they move towards the 
center outlet of the reactor allowing stable operation at high current densities. 

1.3.2. Limiting current density and concentration 
polarization 

For electrochemical reactions like those expressed in (1.1) and (1.2), the rate of mass 
transfer is equal to the rate of reaction at the electrode and can be expressed by: 

 * ei D C CnF 
    (1.3) 

Where i is the current density, n is the number of electrons transferred, F is the Faraday 
constant, D is the diffusion coefficient, δ is the thickness of the diffusion layer, C* and 
Ce are the concentration of the electroactive species at the bulk and at the electrode 
respectively. The thickness of the diffusion layer is related to the hydrodynamic 
conditions present in the reactor and the ratio D/δ is generally expressed as a mass 
transfer coefficient kLS.  

One of the challenges of operating at high current densities is that the rate at which 
reactants and/or products are transported to/from the electrode becomes the limiting 
step. From equation (1.3) it can be seen that the concentration gradients in the 
boundary layers increase when the flux or the current density increases. At some point, 
the concentration at the electrode reaches zero and the limiting current density is the 
maximum possible [34]. When the limiting current density is reached, the rate of 
reaction can no longer be compensated with the rate of mass transport to/from the 
electrode and the process becomes mass transfer controlled. A further increase in the 
current density leads to undesired reactions at the electrodes and higher power 
consumption due to a steep increase in the cell potential. It is therefore desired to 
increase the mass transfer rate in electrochemical reactors. Higher values of kLS allow 
the operation at higher current densities without reaching the limiting current density. 
Enhancement of the mass transfer is typically done by force convection of the 
electrolyte. Additionally and/or alternatively the mass transfer can be improved 
further by the motion of the electrodes, for instance by using the rotor of a rotor-stator 
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spinning disc reactor as the electrode. Due to the high rotational speeds of the rotor 
and the small gap distance to the stator, high shear and high gravity forces develop 
that enhance the mass transfer [17]. 

Furthermore, good mass transfer must be ensured for the reason that the concentration 
gradients in the solution adjacent to the electrode have additional effects in the cell 
performance. First, a concentration overpotential occurs due to the variation of the 
concentration of the electrochemical species at the electrode [35]. At high current 
densities where the concentration differences are greater, the electrode potential can 
vary significantly from the equilibrium potential generally resulting in an increase in 
the cell voltage. Moreover, the pH increase in the boundary layer results in undesired 
oxygen and chlorate formation at the anode [36]. Additionally, higher OH- 
concentration at the boundary layer of the catholyte side of the membrane results in 
higher back-transport of OH- and consequently higher current inefficiencies. For all 
these reasons it is of utmost importance to maintain excellent mass transfer when 
operating at high current densities.  

 

Figure 1.5. Development of concentration profiles (equation (1.3)) near the electrode. 
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1.4. Scope and outline of the thesis 

The objective of this thesis is to develop an intensified electrochemical reactor suitable 
for the chlor-alkali process using the rotor-stator spinning disc technology. The scope 
of this thesis ranges from the fundamental study of the hydrodynamics of gas evolving 
electrodes and the mass transfer of rotating electrodes, to the design and construction 
of the electrochemical reactor and a chlor-alkali setup, including the mathematical 
modeling of the chlor-alkali process.  

Chapter 2 presents the results of the experimental investigation of the behavior of 
electrolytic gas bubbles. The analysis of the growth of electrolytic oxygen and 
hydrogen bubbles allows the characterization of bubble types and nucleation sites 
classes. The growth curves of these bubbles are obtained and used in Chapter 3 to 
formulate a force balance model that allows to understand and predict their 
detachment. Chapter 4 presents the results of the measurements of the mass transfer 
characteristics of a rotating mesh electrode in a rotor-stator configuration. Sherwood 
correlations for rotating discs and rotating mesh electrodes are given and compared to 
the available reported literature.  

Chapter 5 describes the spinning disc membrane electrolysis reactor designed in this 
thesis and presents the experimental results obtained for the chlor-alkali electrolysis 
for current densities up to 20 kA/m2. Chapter 5 is the result of the joint work of the 
author of this thesis and S. Moshtarikhah within the framework of the SPINCHAL 
project.  Chapter 6 applies a thermodynamic model to estimate the activity coefficients 
and calculate the thermodynamic potentials at the chlor-alkali industrial operating 
conditions. Chapters 7 presents a mathematical description of the chlor-alkali process 
that allows the prediction of the cell performance as a function of measurable and 
controllable operating parameters such as temperature, pressure, inlet concentrations, 
flow rates, rotational speed and applied current density. Finally Chapter 8 summarizes 
the main conclusions of the work presented in the above mentioned chapters and 
recommendations are given for further research.  
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Abstract 

Electrolytic gas evolution is characteristic of many industrially relevant 
electrochemical processes. Modelling of the gas bubble growth curves and prediction 
of gas bubble detachment remains a challenge due to the complexity of the chemical 
and physical phenomena involved. Here we present oxygen and hydrogen evolution 
on a smooth Pt electrode, at current densities ranging from 3.5 to 17.7 mA/cm2. The 
main observations are: 1) there are two types of bubbles, slowly growing bubbles and 
“rapid-fire” bubbles; 2) certain nucleation sites are active towards producing both 
hydrogen and oxygen, whereas others are active for only hydrogen or oxygen; 3) 
certain nucleation sites switch from producing slow-growth bubbles to “rapid-fire” 
bubbles in an alternate random fashion; 4) pH affects the number of nucleation sites 
per unit area, having opposite effects for H2 compared to O2; 5) the bubble detachment 
diameter is virtually independent of the current density. Additionally, growth kinetics 
for a wide range of operating conditions including type of gas evolved, electrolyte pH 
and current density were measured. All growth curves were adequately fitted to a 
square-root proportionality with time. The supersaturation concentration was 
estimated from the growth kinetics, but showed large variations. This suggests that 
local variations in the concentration near the electrode occur.   
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2.1. Introduction 

Within the changing energy market, renewable energy sources are becoming 
competitive contributors to the electricity supply [1]. Due to the intrinsic fluctuation 
of these energy sources, it is of great importance to accommodate the electricity supply 
peaks. One way of doing so is by converting the electricity into fuels [2] or products 
[3–5] by means of electrolysis. The majority of electrochemical processes involves the 
production of gas, either as the main product (e.g. in chlor-alkali electrolysis, water 
electrolysis, etc.) or as side product (e.g. in aluminium production, metal 
electrodeposition, chlorate production, etc). Typically the gas evolution process affects 
the mass transfer to and from the bulk due to a series of micro- and macroprocesses. 
The microprocesses are associated with the induced liquid radial velocity due to the 
bubble growth and local agitation of the electrolyte after bubble detachment [6]. 
Macroconvection is a result of the bubbles rising or moving in the electrolyte bulk [7]. 
In contrast with the positive effects of micro- and macroconvection on the mass 
transfer of gas evolving electrodes, the partial shielding of the electrodes with the gas 
bubbles diminishes the available electrode area and increases the ohmic drop, and 
therefore the local current density [8,9].  

Since controlled and uniform bubble formation is highly desired, it is critical to 
understand the mechanisms of electrolytic gas evolution. Observation of bubble 
formation during electrolysis has shown anomalies, summarized by Lubetkin [10], 
including bubble “jump-off and return”, oscillating motion of attached bubbles, 
“rapid-fire” bubble emission and inexplicably large bubbles with close-to-zero contact 
angles. These peculiarities of the behavior of electrolytic gas bubbles increase the 
complexity of the modeling and theoretical predictions.  

Attempts have been made in order to model growth rates and departure sizes of 
electrolytic bubbles. Van Damme et al. [11] simulated the growth curves of gas 
evolving electrodes using a nucleation algorithm coupling a Lagrangian bubble 
tracker with the multi-ion transport. For their simulations, the authors assumed a 
constant detachment diameter of 100 µm and their obtained departure times are a 
function of the computational mesh size. Contrary to the assumption taken by van 
Damme et al. [13], the detachment size is not constant but variable, making its 
prediction a complex problem. Several authors [12–14] have reported that 
experimentally determined bubble size distributions show a wide variation of the 
detachment diameter for the same operating conditions. For example, Janssen et al. 
[12] reported bubble radii ranging from <5 µm to 90 µm for hydrogen evolution on Pt 
electrodes at constant current densities of up to 0.5 A/cm2. Similarly, Sillen et al. [15] 
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reported two kinds of bubbles: relatively large bubbles (140-300 µm of radius) that 
remain attached to the electrode for a long time and very small bubbles (10-30 µm of 
radius) with a short departure time. Additionally, Glas and Westwater [16] reported a 
so-called “rapid-fire” emission of H2 bubbles on Pt, which consisted of ejection of 
streams of very small bubbles with high formation frequencies from certain nucleation 
sites. Brandon et al. [17] observed an influence of the electrolyte pH and attributed it 
to electrostatic interactions of charged bubbles and the electrode. Brandon and 
collaborators also investigated the interfacial electrical properties of electrolytic 
bubbles [18] and reported a point of zero charge of pH 2-3 for the gas bubbles. 
According to this, the bubbles are positively charged at pH<2 and negatively charged 
at pH>3. The resulting effect of the interaction between the positively or negatively 
charged bubbles is a repulsive or attractive electrostatic force influencing the 
detachment size. Vogt and Balzer [8] summarized the available experimental data for 
gas evolving electrodes in stagnant electrolytes and found that the departure diameter 
decreases with increasing current density. These authors attributed this behavior to an 
electrocapillary effect although no distinction was made between acid or alkaline 
electrolysis. Compiling the available data, Vogt and Balzer [8] proposed an empirical 
correlation between the bubble coverage Θ (i.e. the fractional area of the electrode 
covered by bubbles) and the current density i: 

0.30.023 i   (2.1) 

with the current density in A/m2. The bubble coverage is intrinsically related to the 
density of nucleation sites, DNS and can be expressed as: 

2
avz R

A


   (2.2) 

where z is the number of active nucleation sites, Rav is the average bubble detachment 
radius, A is the electrode area, and z/A corresponds to the density of nucleation sites. 
The DNS is a function of the current density. The higher the current density the more 
nucleation sites become active due to the increase in the concentration of the gas.  

The processes of bubble nucleation, growth and detachment are intimately related to 
the mass transfer, ohmic drop and current density, parameters that determine the 
performance of a given electrochemical reactor. Understanding the effect of specific 
operating conditions such as current density, electrolyte velocity, nature of gas 
evolved, pH, electrode type and orientation can help untangling the intricate 
phenomena involved in the electrolytic gas evolution. This paper presents an overview 
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of the peculiarities observed in the behavior of bubble formation at hydrogen and 
oxygen evolving electrodes, especially focusing on detachment size. We begin with 
identifying the bubble types and present a classification of the behavior of nucleation 
sites. We analyze the influence of diverse parameters such as type of gas evolved, 
electrolyte pH and current density on the growth curves and bubble detachment. We 
present experimental growth kinetics, average departure sizes, bubble size 
distribution, density of active nucleation sites and bubble coverages obtained from 
image analysis of gas evolving electrodes.   

2.2. Experimental  

Hydrogen and oxygen evolution were investigated for acid, neutral and alkaline 
solutions on a horizontal Platinum electrode facing upwards.  A stock solution of 1 M 
Na2SO4 was prepared using reagent grade Na2SO4 (Sigma Aldrich) and demineralized 
water. For each set of experiments, the pH was adjusted by adding NaOH (50 wt%) 
and H2SO4 (95%) accordingly. For this purpose a pH meter (PHM210 Radiometer 
Copenhagen) in combination with a glass reference electrode was used. The 
temperature was kept constant at 293(±1)K. The electrolyte was deaerated prior to the 
experiments with Argon flushing for one hour. Before each set of experiments, the 
solution was saturated with the gas to be studied by evolving it at the working 
electrode at 1 kA/m2 for 10 minutes. During the experiments, an inert gas layer of 
Argon was kept above the electrolyte.  

Galvanostatic experiments were performed using a potentiostat (Autolab PGSTAT30). 
Current densities from 3.5 mA/cm2 up to 17.7 mA/cm2 were applied. The working 
electrode (WE) consisted of a Pt disc of 6 mm diameter embedded in an insulating 
housing. The WE was polished with alumina slurries of decreasing particle sizes from 
5 µm up to 0.05 µm. After the polishing procedure the WE was rinsed thoroughly with 
demineralized water and sonicated to remove the rest of the alumina slurry.  The 
counter electrode (CE) was a Pt mesh placed in a separate glass tube immersed in the 
electrolyte with a glass frit on the bottom end to prevent mixture of the gases. The 
reference electrode (RE) was a Pt wire that was placed in contact with a Pt ring that 
surrounded the insulating housing of the WE.  

For each experimental condition, pictures were taken every second during 5-10 
minutes using a digital microscope (Dino-Lite-AD7013MTL) using a lamp (Dedocool) 
for illumination.  The rectangular cell allowed to take pictures from the top and from 
the side of the electrode. Top view pictures were analyzed to obtain the growth curves, 
whereas side view pictures were studied to analyze the shape of the bubbles.  The 
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images were analyzed using an in-house Matlab® script to determine the size of the 
gas bubbles that are attached to the electrode. Analysis of consecutive images was used 
to determine the growth curves of various nucleation sites at each operating condition. 
Finally, from single pictures the instantaneous bubble size distribution, the density of 
active nucleation sites, and the resulting bubble coverage were determined.  

2.3. Theory 

2.3.1. Growth kinetics and supersaturation concentration 

The development of the concentration profile of the gas near the electrode is given by 
Fick’s second law: 

 C CDt x x
  
  

  (2.3) 

x represents the coordinate normal to the electrode, t the time, D is the diffusion 
coefficient of the gas in the liquid and C is the concentration of the gas. At low values 
of the current density, and for the case of a stagnant electrolyte, equation (2.3)  gives a 
sufficient description of the mass transfer processes occurring at the electrode. At 
higher current densities, where the bubble coverage of the electrode is significant, 
other types of mass transport mechanisms play a role [6]. Equation (2.3) is solved with 
the following boundary and initial conditions: 

- At the electrode, where the reaction occurs, the flux of the gas is equal to the 
rate of production of the gas which is given by the current density: 

0; C ix D x nF
  
  

- In the bulk, far away from the electrode, the concentration of the gas is equal to 
the saturation concentration, csat: 

;C satx C   

- Here we assume that electrolyte with the bulk concentration is refreshed near 
the electrode due to the wake flow of the previous bubble as it detaches. Thus, 
the initial concentration of the gas is equal to the saturation concentration: 

0;C satt C   

In fact, part of the flux of the gas produced at the electrode is transported to the bubble, 
and part is transported to the bulk. The concentration profile around the bubble can 
be obtained by coupling the diffusion equation corresponding to the electrode (see 
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equation (2.3)) and the convection-diffusion equation in spherical coordinates giving 
the mass transfer to the gas bubble: 

  2C C Cu D rt r r r
    
   

 (2.4) 

u is the liquid velocity originated from the bubble growth and r is the radial coordinate 
with the bubble center as reference. Solving this coupled system is a complex problem. 
Attempts have been made in the past to obtain solutions that resemble the situation of 
gas evolving electrodes. For instance, Scriven [19] obtained predictions for the growth 
of bubbles formed on a wall from a liquid initially uniformly supersaturated. By 
solving the equations of diffusion and continuity and assuming an initially uniform 
concentration field, Scriven [19] derived a growth rate of the form: 

2R Dt   (2.5) 

where β is a dimensionless growth coefficient which is characteristic of the degree of 
supersaturation. The supersaturation is expressed in terms of a dimensionless driving 
force Φ, which is defined by: 

 
 

L ssat s

G L s

C C
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   (2.6) 

Buehl et al. [20] extended the work of Scriven and considered the case of a bubble 
tangent to a wall and found the following relationship of the dimensionless growth 
coefficient and driving force: 
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16 30.693 392 0.693 2
0.693 2


 



        
  

   

  (2.7) 

Given that the real initial concentration field is non-uniform, Cheh et al. [21] obtained 
growth rates for a spherical symmetric concentration field and for an axisymmetric 
profile. For these cases the growth rate no longer follows equation (2.5) [21]. Moreover, 
when other modes of transport are predominant, the t1/2 proportionalilty is no longer 
valid. For example, recently Yang et al. [22] reported growth kinetics of single H2 
bubbles formed on a Pt microelectrode and showed that for their experimental 
conditions, the mass transfer mechanism corresponds to a direct transport from the 
electrode to the gas bubble through the wedge of liquid formed at the three-phase 
contact point and found a t1/3 proportionality in the growth kinetics. However, as it 
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will be shown in the Results section, the experimental growth curves obtained for this 
work fit well with the growth rate given in equation (2.5). Other authors have reported 
similar behaviour [16,23]. Thus, the supersaturation concentration can then be 
determined from the growth coefficients using the relation obtained by Buehl et al. 
[20] (equations (2.6) and (2.7)). The diffusion coefficients were obtained from the data 
reported by Verhallen et al. [24] for diffusion of gases in water at 20oC: 
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  (2.8) 

2.4. Results and discussion 

2.4.1. Heterogeneity of nucleation sites 

Our experiments show that two types of bubbles are generated on the electrode: 
“slowly growing” large bubbles henceforth referred to as Type I (T-I) and “rapid-fire” 
bubbles here referred to as Type II (T-II). An example of a side view picture for H2 
evolution is shown in Figure 2.1-a where several nucleation sites can be discerned. It 
can be observed that T-I corresponds to bubbles that remain attached to the electrode 
for much longer periods with typical detachment radii of more than 50 μm and up to 
200 μm. The time of detachment of T-I bubbles is generally larger than 10 seconds and 
can be as large as 100 seconds. Type II corresponds to bubbles that rapidly detach from 
the electrode where a subsequent bubble rapidly forms, i.e. a high frequency of bubble 
formation. Since in this work pictures were taken only every second it was not possible 
to determine the detachment time of T-II bubbles, yet it can be observed that several 
bubbles are formed per second. Typically these bubbles detach with radii <10 µm and 
grow while they rise through the electrolyte.  

H2 evolution generates T-I and T-II bubbles (Figure 2.1-c), whereas O2 evolution 
generally generates T-I bubbles (Figure 2.1-b). Numerous nucleation sites 
corresponding to T-II were observed for H2 evolution, in contrast to O2 evolution 
where T-II bubbles were scarce. T-I bubbles appeared in all conditions investigated 
here. Side view pictures of these bubbles show that the bubbles are spherical with a 
very small apparent contact angle as shown in Figure 2.2. As it can be observed in 
Figure A-1, T-I bubbles in H2 grow to bigger diameters compared to O2 bubbles. This 
will be further analyzed in our parallel paper studying the force balance of electrolytic 
bubbles [25]. 
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Figure 2.1. Heterogeneity of nucleation sites. a) Side view picture of H2 evolution on a horizontal Pt 
electrode at 3.5 mA/cm2, pH=5. Letters indicate nucleation sites: A & G correspond to “slowly 
growing” large bubbles; nucleation sites B to F correspond to “rapid-fire” bubbles. b) Side view picture 
of O2 evolution on a horizontal Pt electrode at 7.1 mA/cm2, pH=5. c) Side view picture of H2 evolution 
on a horizontal Pt electrode at 7.1 mA/cm2, pH=5.  

 

Figure 2.2. Typical side view pictures of Type I bubbles. Gas evolution at 7.1 mA/cm2 and pH 2. a) O2 
evolution, b) H2 evolution. The scale is the same for both pictures.  

2.4.2. Analysis of individual nucleation sites 

Reversing the polarity of the WE allowed to investigate both H2 and O2 evolution 
under the same conditions. It is particularly interesting to analyze the activity towards 
H2 or O2 evolution and the bubble behavior of a given nucleation site. For this purpose 
we performed experiments where top view pictures were taken while the electrode 
was switched from anode to cathode in cycles. Six cycles were performed where the 
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gas evolved was alternated between O2 and H2. Each cycle consisted of the following 
steps: 1) intense Ar flush of the electrolyte for 10 min, 2) electrode activation at 100 
mA/cm2 for 30 min, 3) gas evolution at 7.1 mA/cm2 for 5 min while recording pictures 
every 1 s. Analysis of the pictures taken during these cycles allowed to identify and 
classify the nucleation sites in 4 classes as described below and shown in Figure 2.3. 

 Class 1: Selective activity. The nucleation site is active for only one of the 
evolved gases. Figure 2.3a shows an example of a nucleation site that is active 
only for O2 evolution. In all H2 cycles this particular nucleation site remained 
inactive. In every O2 cycle this nucleation site generated O2 bubbles (T-I). This 
case indicates that there is heterogeneity in the catalytic activity of the surface 
of the electrode. Selective activity towards either T-I or T-II H2 bubbles can also 
occur. 

 Class 2: Same bubble type for both gases. The nucleation site is active for both 
gases, and produces T-I bubbles. However, the frequency of bubble production 
is higher for H2 than for O2. For this type of nucleation sites the detachment size 
is independent of the type of gas evolved, or at least its influence is not 
appreciable. In the example shown in Figure 2.3b it can be observed that the 
detachment size is approximately the same for both gases, however, the average 
detachment time for H2 (9 s) is half of that for O2 (18 s). This means that in the 
same time, the electrode formed twice as much volume of H2 as of O2, which 
can be explained from the stoichiometry of the water electrolysis reaction. This 
will be further discussed in section 2.4.5.  

 Class 3: Different bubble type for each gas. As in Class 2, the nucleation site is 
active for both gases, however, for O2 it produces T-I bubbles and for H2 it 
produces T-II bubbles in all cycles. In the example shown in Figure 2.3-c, in a 
period of 20 seconds only one O2 bubble is formed whereas 13 (appreciable) H2 
bubbles detach.   

 Class 4: Switching bubble type for the same gas. The nucleation site switches 
behavior between Type I and Type II bubbles. This case was only observed in 
O2 evolution. In the example shown in Figure 2.3-d in the first 4 seconds the 
nucleation site generates T-II bubbles, followed by generation of one T-I bubble. 
After the T-I bubble detaches the nucleation site generates several T-II bubbles, 
and eventually T-I bubbles are again formed. The appearance of T-I bubbles in 
this example does not follow any specific order or trend. In H2 evolution these 
nucleation sites only produce T-II bubbles. 
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Most of the nucleation sites analyzed correspond to class 3. Nucleation sites forming 
only T-II bubbles for both O2 and H2 were not observed in the images here analyzed. 
In fact, as mentioned before T-II O2 bubbles are scarce, and their appearance in the 
nucleation sites analyzed here corresponds to class 4, where their formation is 
switched between T-I and T-II bubbles.  

2.4.3. Density of active nucleation sites and bubble size 
distribution 

The density of nucleation sites (DNS) refers to the number of active nucleation sites 
present per unit area. An increase in the pH increased the DNS for H2 and decreased 
that of O2.  This observation was evident for H2 where the number of T-II bubbles 
increased with an increase of the pH from 2 to 5 as shown in Figure 2.4.  

a)    b)   

Figure 2.4. Side view pictures. Effect of pH on H2 evolution at 7.1 mA/cm2. a) pH=2 and b) pH=5 

The DNS can be obtained by identifying and counting the number of bubbles present 
in the picture. Due to the presence of T-II bubbles it was difficult to determine the exact 
DNS for H2. For the case of O2, the presence of mainly T-I bubbles allowed to have an 
accurate determination of the DNS and an example of this procedure is shown in 
Figure 2.5. The DNS for O2 is presented in Figure 2.6 together with the bubble coverage 
Θ. The experimentally obtained bubble coverage is in the range of the predictions 
using equation (2.1). Both DNS and Θ increase with increasing current density because 
the higher supersaturation generated at higher currents activates more nucleation sites 
to generate bubbles. 

This analysis also allowed the determination of the instantaneous average and 
maximum sizes of bubbles attached to the electrode, as well as the bubble size 
distribution. These results, shown in Figure 2.7, correspond to the sizes of bubbles still 
attached to the electrode at an instant during the electrolysis and should not be 
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confused with the conditions at detachment. The data presented in Figure 2.7 
correspond to the analysis of 6 pictures of the same area at each experimental condition 
(pH and current density), the pictures being taken with a 50 seconds interval. In Figure 
2.7-a&b we present the bubble size distribution for O2 evolution and it can be observed 
that the majority of the bubbles corresponds to bubbles of R<20 µm for both pH’s and 
all current densities investigated. The instantaneous average size and instantaneous 
maximum size in the case of O2 evolution decreased at increasing current density. It 
was observed that the instantaneous average size is larger for higher pH (Figure 2.7-
c), especially at low current densities, where its value (~30 µm) is double the value at 
the highest current density here studied. The instantaneous maximum size is relatively 
the same for both pH’s as presented in Figure 2.7d. 

a)   b)   

Figure 2.5. Top view pictures. Bubble identification from top-view pictures. O2 evolution at pH=2 and 
two current densities: a) i=3.5 mA/cm2; b) i=17.7 mA/cm2 

a) b)  

Figure 2.6. Density of T-I nucleation sites (a) and bubble coverage (b) for O2 evolution. Average values 
of 6 pictures taken with 50 seconds interval for every condition.  
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a)  c)  

b)  d) 
  

Figure 2.7. Bubble size distribution, average and maximum size for O2 evolution. a & b) bubble size 
distribution at pH=2 and pH=12 respectively. c) Instantaneous average size. d) Instantaneous 
maximum size. The results shown here correspond to a total area of 1.2 mm2 analyzed (i.e. six picture 
segments of 0.2 mm2 each).   

Brandon et al. [17] reported a strong dependence of the bubble detachment diameter 
on the pH. The authors attributed this effect to the electrostatic interactions between 
the charged bubbles and the electrode. In contrast, we did not find any particular trend 
regarding the pH and the bubble diameter and growth coefficient in the experimental 
results shown here. In a separate paper [25], we present a thorough analysis of the 
forces interacting with the electrolytic bubbles. Thus the analysis of the electrostatic 
force is not the main focus of this section.  

2.4.4. Growth curves  

The growth curves presented here correspond to T-I bubbles like the ones shown in 
Figure 2.8. Unless otherwise noted, the growth curves analyzed belong to bubbles that 
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detach without interaction with neighboring bubbles. For this purpose approximately 
50 nucleation sites were identified and analyzed for oxygen and hydrogen 
respectively. An example of the obtained growth curves is shown in Figure 2.9.  

 

Figure 2.8. Side view of the growth of an O2 bubble. Consecutive pictures taken every 1 s. 

 

Figure 2.9. Growth curve of a H2 bubble evolved at 7.1 mA/cm2 and pH=5. The line corresponds to 
equation (2.5), where the fitted growth coefficient is β=0.15 and the corresponding supersaturation is 
2.89 mol/m3. 

A compilation of the selected growth curves is shown in Figure A-1 of Appendix A. 
All growth curves analyzed follow the time dependence expressed in equation (2.5) as 
shown in Figure 2.9. More examples of the fitted growth curves are given in Figure A-
2 of Appendix A for oxygen and Figure A-3 for hydrogen. Details of the experimental 
conditions for each bubble are shown in Table A-1 of Appendix A together with the 
obtained growth coefficients and supersaturation values. These growth curves are 
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used in our parallel publication [25] to analyze the forces interacting with the gas 
bubble during its growth and to elucidate the detachment criteria.  

For bubbles detaching without interaction with neighboring bubbles, the detachment 
size is virtually independent of the current density. The presence of neighboring 
bubbles promotes an early detachment when they come in contact with each other, 
therefore decreasing the detachment size. This is shown in Figure 2.10 where a 
nucleation site corresponding to Oxygen evolution at pH=12 was analyzed at 
increasing current density. This figure shows typical pictures of bubbles prior to 
detachment for each condition. At higher current densities the bubbles come in contact 
with surrounding bubbles promoting an early detachment. The decrease in bubble size 
with respect to an increase in current density is therefore due to contact of neighboring 
bubbles, which in turn is due to an increase in the number of active nucleation sites 
(DNS) as seen in Figure 2.6-a.  

 

Figure 2.11-a shows the growth coefficient of the selected growth curves (see Table A-
1). There is no evident relation between the growth coefficient and the current density. 
The obtained growth coefficient exhibits a wide spread (0.1<β<0.3) even for the same 
current density. The growth of individual bubbles on a large electrode area is 
determined by the local instantaneous supersaturation near their nucleation sites. This 
local supersaturation is affected by the microconvection caused by the formation and 
detachment of neighbouring bubbles and the preceding bubble. Therefore the local 
supersaturation leading to the driving force for the growth of individual bubbles 
varies along the electrode surface. This can be observed in Figure 2.11-b where the 
supersaturation values obtained from the selected growth curves are shown. There is 
a wide spread in the supersaturation values, indicating that local variations in the 
supersaturation occur. The periodic detachment of bubbles stirs and refreshes the 
electrolyte at the electrode surface and as a consequence it is nearly impossible to 
determine the onset concentration for bubble growth. Average values of the gas 
supersaturation can be obtained by analyzing the data obtained and presented in Table 
A-1, where the average supersaturation for O2 was found to be 3.4 mol/m3 and that 
for H2 is 4.1 mol/m3.    
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Figure 2.10. Influence of current density. Oxygen evolution at different current densities. The pictures 
on the right shown typical pictures of bubbles prior detachment. 

2.4.5. Frequency of bubble formation of O2 compared to H2 

Comparison of nucleation sites for O2 and H2 evolution as described in section 2.4.2 
allows to compare the frequency of bubble formation. As shown in Figure 2.3b & c, the 
frequency of bubble formation is higher for H2 compared to O2 at the same current 
density. According to the stoichiometry of the water electrolysis reaction, the ratio 
between the volume of H2 and O2 produced is 2:1. Figure 2.12 shows the growth curves 
of 2 nucleation sites generating T-I bubbles of O2 and H2. As it can be observed, these 
nucleation sites correspond to the Class 2 explained in section 2.4.2, where the 
detachment sizes at O2 and H2 evolution are virtually the same per nucleation site. For 
the two examples shown in Figure 2.12, the ratios found were 1.7:1 and 1.9:1 
respectively, which is close to the theoretical ratio of 2:1. Furthermore, despite that the 
H2 bubbles grow faster than the O2 ones, for a particular nucleation site at the same 
conditions the growth coefficient β is virtually the same due to the higher diffusion 
coefficient for H2 compared to O2, see equation (8). Comparison of the nucleation sites 
presented in Figure 2.12 show that the growth coefficients corresponding to O2 and H2 
are very similar (β≈0.2 for all cases).  
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a) b)  

Figure 2.11. Growth coefficients β (a) and supersaturation concentration (b) as a function of the current 
density. Data obtained from the selected growth curves (Figure A-1). Further details are shown in Table 
A-1. 

a)  b)   

Figure 2.12. Growth curves for O2 and H2 evolution for 2 different nucleation sites with T-I bubble 
formation. Gas evolution at 7.1 mA/cm2 and pH = 5. 

  

0 2 4 6 8 10 12 14 160.0

0.1

0.2

0.3

0.4

0.5    Oxygen        Hydrogen
 pH=12  pH=12
 pH=5   pH=5
 pH=2   pH=2

G
ro

w
th

 c
oe

ffi
ci

en
t (

-)

Current density (mA/cm2)
0 2 4 6 8 10 12 14 160

2

4

6

8

10
   Oxygen        Hydrogen

 pH=12  pH=12
 pH=5   pH=5
 pH=2   pH=2

Su
pe

rs
at

ur
at

io
n 

(m
ol

/m
3 )

Current density (mA/cm2)

0 10 20 30 40 50 60
0

20

40

60

80

100  Anode
 Cathode

ra
di

us
 (

m
)

time (s)
0 10 20 30 40 50 60

0

20

40

60

80

100  Anode
 Cathode

ra
di

us
 (

m
)

time (s)



 
Bubble behavior at gas evolving electrodes 

 

30 

 

 

2.5. Conclusions 

We present evidence of two distinct bubble types: slowly growing bubbles (Type I) 
and “rapid-fire” type of bubbles (Type II), the latter mostly occurring in H2 evolution. 
The slowly growing bubbles were observed for both gases. Nucleation sites were 
classified into four classes, based on their behavior toward O2 or H2 production. Some 
nucleation sites are only active for one gas. Other nucleation sites are active for both 
gases, but can produce different types of bubbles (Type I or II) for each gas. Some 
nucleation sites alternate in random fashion from producing Type I and Type II 
bubbles. Higher current densities increase the density of active nucleation sites. For 
H2, a higher pH increased the density of nucleation sites, particularly those generating 
Type II bubbles. Higher pH for O2 evolution decreased the density of active nucleation 
sites. No strong or evident relation was found between the growth coefficient and the 
current density or pH. For all conditions measured the growth coefficient ranged 
between 0.1 and 0.3 independently of the gas, pH or current density. The local 
supersaturation concentration was found to vary per nucleation site between 2 and 7 
mol/m3. An average supersaturation concentration of 3.4 mol/m3 was calculated for 
O2 and is 4.1 mol/m3 for H2 based on the compilation of the data measured. The 
activation of neighboring nucleation sites at higher current densities decreases the gas 
local concentration therefore maintaining virtually the same average supersaturation 
at the electrode, independent of the current density. The frequency of bubble 
formation is always higher for H2 than for O2. Analysis of the behavior of a particular 
nucleation site towards O2 and H2 evolution indicated that the ratio between the 
volume of H2 and O2 produced is close to 2:1 as expected from the stoichiometry of the 
reaction. Comparison of the growth coefficient of a particular nucleation site 
producing either H2 or O2 exhibits similar growth coefficients owing to the higher 
diffusion coefficient of H2.  
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Appendix A: Selected growth curves and related growth 
data 
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Figure A-1. Selected growth curves. a-c) Oxygen evolution. d-f) Hydrogen evolution. Three electrolyte 
pH investigated: pH=2 (a & d), pH=5 (d & e) and pH=(c & f).  
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Figure A-2. Growth curves fitting examples. Oxygen evolution. Details of the experimental conditions 
of each bubble are shown in Table A-1. 
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Figure A-3. Growth curves fitting examples. Hydrogen evolution. Details of the experimental 
conditions of each bubble are shown in Table A-1.  
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Table A-1. Data of selected bubbles. t= detachment time (s), R=radius at detachment (µm), i=current 
density (mA/cm2), β= growth coefficient (-), Φ=dimensionless driving force (-), Css=supersaturation 
concentration (mol/m3), Δ=Css-Csat (mol/m3),Ψ=Css/Csat, (-). 

t R i β Φ Css Δ Ψ t R i β Φ Css Δ Ψ
AA1 45 82 3.5 0.152 0.048 3.43 2.16 2.70 CA1 54 146 3.5 0.165 0.056 3.26 2.50 4.28
AA2 40 79 3.5 0.160 0.053 3.63 2.36 2.86 CA2 21 135 7.1 0.281 0.132 6.71 5.95 8.81
AA3 38 68 3.5 0.124 0.034 2.79 1.52 2.19 CA3 53 207 7.1 0.235 0.100 5.24 4.48 6.88
AA4 33 77 3.5 0.155 0.050 3.51 2.24 2.76 CA4 19 138 7.1 0.217 0.088 4.72 3.95 6.19
AA5 21 48 3.5 0.131 0.037 2.94 1.67 2.31 CA5 22 148 7.1 0.216 0.087 4.68 3.92 6.14
AA6 43 64 3.5 0.112 0.028 2.54 1.27 2.00 CA6 43 181 7.1 0.200 0.077 4.21 3.45 5.52
AA7 38 58 3.5 0.106 0.026 2.41 1.14 1.90 CA7 30 167 7.1 0.202 0.078 4.27 3.51 5.60
AA8 54 70 3.5 0.104 0.025 2.38 1.11 1.87 CA8 45 174 7.1 0.190 0.071 3.94 3.18 5.17
AA9 27 47 3.5 0.115 0.030 2.61 1.34 2.05 CA9 36 146 7.1 0.166 0.056 3.29 2.53 4.32
AA10 26 52 3.5 0.120 0.032 2.70 1.43 2.12 CA10 31 138 7.1 0.222 0.091 4.86 4.10 6.37
AA11 45 78 3.5 0.136 0.040 3.06 1.79 2.41 CA11 42 152 7.1 0.159 0.052 3.12 2.35 4.09
AA12 16 36 3.5 0.093 0.021 2.19 0.92 1.72 CA12 19 138 7.1 0.218 0.088 4.73 3.97 6.21
AA13 28 59 3.5 0.130 0.037 2.92 1.65 2.30 CA13 15 130 7.1 0.261 0.118 6.06 5.30 7.95
AA14 17 43 7.1 0.110 0.027 2.49 1.22 1.96 CA14 14 105 7.1 0.204 0.079 4.33 3.57 5.69
AN1 12 71 3.5 0.284 0.134 7.26 5.99 5.72 CA15 15 128 7.1 0.287 0.137 6.90 6.14 9.05
AN2 17 45 3.5 0.123 0.033 2.76 1.49 2.17 CA16 13 110 7.1 0.254 0.113 5.82 5.06 7.64
AN3 11 47 3.5 0.149 0.047 3.36 2.09 2.65 CA17 11 108 7.1 0.259 0.117 6.01 5.25 7.89
AN4 15 69 3.5 0.191 0.071 4.43 3.16 3.49 CA18 19 135 7.1 0.240 0.103 5.40 4.64 7.08
AN5 18 53 3.5 0.143 0.044 3.21 1.94 2.53 CA19 21 111 10.6 0.171 0.059 3.42 2.66 4.49
AN6 24 56 3.5 0.121 0.033 2.73 1.46 2.15 CA20 38 137 10.6 0.176 0.062 3.56 2.80 4.67
AN7 41 63 3.5 0.112 0.028 2.53 1.26 1.99 CA21 12 97 10.6 0.174 0.061 3.49 2.73 4.59
AN8 23 79 3.5 0.191 0.071 4.45 3.18 3.50 CA22 16 94 10.6 0.181 0.065 3.68 2.91 4.82
AN9 11 33 3.5 0.134 0.039 3.02 1.75 2.38 CN1 9 84 3.5 0.265 0.121 6.20 5.44 8.14
AN10 34 84 3.5 0.162 0.054 3.69 2.42 2.90 CN2 15 124 3.5 0.247 0.108 5.63 4.86 7.38
AN11 42 74 3.5 0.126 0.035 2.84 1.57 2.23 CN3 8 57 3.5 0.150 0.047 2.88 2.12 3.78
AN12 28 77 7.1 0.176 0.062 4.04 2.77 3.18 CN4 30 138 7.1 0.208 0.082 4.45 3.69 5.84
AN13 13 45 7.1 0.163 0.055 3.70 2.43 2.92 CN5 19 121 7.1 0.214 0.086 4.62 3.85 6.06
AN14 16 67 7.1 0.187 0.069 4.33 3.06 3.41 CN6 31 94 7.1 0.136 0.040 2.56 1.80 3.36
AN15 14 50 7.1 0.160 0.053 3.64 2.37 2.86 CN7 13 77 7.1 0.171 0.059 3.43 2.66 4.50
AN16 7 33 7.1 0.147 0.046 3.31 2.04 2.61 CN8 13 98 7.1 0.188 0.069 3.87 3.10 5.07
AN17 33 84 7.1 0.158 0.052 3.58 2.31 2.82 CN9 74 165 7.1 0.150 0.047 2.89 2.13 3.79
AN18 27 73 7.1 0.174 0.061 3.98 2.71 3.14 CN10 17 71 7.1 0.198 0.075 4.15 3.39 5.45
AN19 28 66 7.1 0.140 0.042 3.15 1.88 2.48 CN11 11 83 7.1 0.174 0.061 3.51 2.74 4.60
AB1 21 55 3.5 0.135 0.040 3.04 1.77 2.39 CN12 19 119 7.1 0.246 0.107 5.59 4.83 7.34
AB2 36 75 3.5 0.155 0.050 3.51 2.24 2.77 CN13 18 103 7.1 0.200 0.077 4.22 3.46 5.54
AB3 30 53 3.5 0.110 0.028 2.50 1.23 1.97 CN14 13 78 7.1 0.175 0.062 3.53 2.77 4.64
AB4 13 38 3.5 0.141 0.043 3.17 1.90 2.50 CN15 53 138 10.6 0.147 0.046 2.83 2.07 3.71
AB5 25 52 3.5 0.113 0.029 2.56 1.29 2.01 CN16 24 94 10.6 0.151 0.048 2.91 2.15 3.82
AB6 17 46 7.1 0.126 0.035 2.84 1.57 2.23 CB1 12 95 7.1 0.245 0.107 5.56 4.80 7.29
AB7 20 56 7.1 0.145 0.045 3.27 2.00 2.58 CB2 19 70 10.6 0.142 0.043 2.70 1.94 3.55
AB8 27 69 3.5 0.144 0.044 3.24 1.97 2.55 CB3 10 90 10.6 0.245 0.106 5.55 4.79 7.28
AB9 8 52 7.1 0.205 0.080 4.84 3.57 3.81 CB4 13 106 10.6 0.208 0.082 4.43 3.67 5.81
AB10 16 56 7.1 0.147 0.046 3.31 2.04 2.61 CB5 12 106 10.6 0.270 0.125 6.36 5.60 8.34
AB11 20 62 7.1 0.159 0.052 3.60 2.33 2.84 CB6 26 115 10.6 0.177 0.062 3.57 2.81 4.68
AB12 10 44 7.1 0.169 0.058 3.85 2.58 3.03 CB7 22 71 10.6 0.110 0.028 2.00 1.24 2.63
AB13 24 66 7.1 0.161 0.053 3.65 2.38 2.87 CB8 10 85 10.6 0.199 0.076 4.19 3.43 5.50
AB14 12 50 7.1 0.189 0.070 4.40 3.13 3.46 CB9 20 122 14.1 0.230 0.096 5.08 4.32 6.67
AB15 15 53 7.1 0.172 0.060 3.93 2.66 3.09 CB10 96 123 14.1 0.092 0.020 1.66 0.90 2.18
AB16 11 46 7.1 0.171 0.059 3.91 2.64 3.08 CB11 24 88 14.1 0.153 0.049 2.95 2.19 3.88
AB17 28 73 10.6 0.151 0.048 3.41 2.14 2.69 CB12 100 137 14.1 0.101 0.024 1.82 1.06 2.39
AB18 12 49 10.6 0.142 0.043 3.20 1.93 2.52 CB13 68 116 14.1 0.108 0.027 1.95 1.19 2.56

CB14 84 144 14.1 0.130 0.037 2.43 1.67 3.19
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Nomenclature 

Symbols  
A Electrode area, (m2) 
C Concentration of the gas, (mol/m3) 
D Diffusion coefficient, (m2/s) 
i Current density, (A/m2) 
r Radial coordinate, (m) 
R Detachment radius, (m) 
t Time, (s) 
u Liquid velocity, (m/s) 
x Coordinate normal to the electrode, (m) 
z Number of active nucleation sites, (#) 
Greek letters  
β Dimensionless growth coefficient, (-) 
Θ Bubble coverage, (-) 
Φ Dimensionless driving force, (-) 
Abbreviations  
CE Counter electrode 
WE Working  electrode 
RE Reference electrode 
DNS Density of nucleation sites, (z/A) 
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Abstract 

A detailed description and analysis of the forces interacting with electrolytic gas 
bubbles is presented. Expressions for the buoyancy, inertia, drag, electrostatic, 
Marangoni, surface tension and overpressure forces are given. Based on 
experimentally determined detachment sizes and growth curves for “slowly growing” 
bubbles, the order of magnitude of each force is estimated. Calculations show that due 
to the low radial velocities (1 m/s) drag and inertia forces are negligible as compared 
with the buoyancy force. The latter, having an order of magnitude of 10-2 μN is the 
dominant detaching force. Electrostatic forces are found to be negligible due to the low 
values of electric field applied. Marangoni forces arising from variations in 
temperature and electric field around the bubble are also quantified and found to be 
several orders of magnitude lower than the buoyancy force. Analysis of the forces 
showed that due to deformations of the bubble profile at the bubble foot, the surface 
tension and overpressure force do not need to cancel out, and in fact a combined 
capillary force (sum of surface tension and overpressure force) can be of the same order 
of magnitude as the buoyancy force. Thus a simple and complete force balance is 
presented from which a detachment criterion reported in literature can be used.  
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3.1. Introduction 

Electrochemical reactions are often characterized by the formation of gases on an 
electrode surface, including chlorine, oxygen and hydrogen. These gases supersaturate 
the surrounding liquid and activate the nucleation sites present on the electrode 
surface [1,2]. When this occurs gas bubbles start growing at the nucleation sites by the 
in-situ supply of dissolved gas from the supersaturated electrolyte due to the ongoing 
electrochemical reactions. Bubbles generated on the electrode surface adhere to it and 
grow until they break-off. Whilst attached they partially block the electrode surface 
increasing the Ohmic resistance and reducing the area available for current and mass 
transport. Because of the complexity of the phenomenon, it is of particular interest to 
model and predict gas disengagement for characterizing electrochemical reactors that 
involve such gas evolving electrodes. Analysis of the forces acting on the bubbles and 
observations of the bubble shape at detachment can be combined to formulate 
detachment criteria [3].  

The heterogeneity in bubble size distribution and unexpected behavior of the bubbles 
growing on gas evolving electrodes [4] complicate the modeling and prediction of their 
detachment diameters. Typically two types of bubbles are observed on gas evolving 
electrodes:  

 fast-growing small bubbles with high frequency of subsequent formation, also 
called and hereafter referred as “rapid fire” bubbles and  

 slowly-growing large bubbles with apparent close-to-zero contact angles, 
henceforth referred as “slow growth” bubbles.  

For the particular case of slowly-growing bubbles in stagnant media, where inertia and 
drag forces can be neglected, typically buoyancy, surface tension and overpressure 
force are dominating. The small values of contact angles observed in electrolytic 
bubbles have led to the interpretation that there is a mismatch on the force balance, 
where the buoyancy force is of several orders of magnitude larger than the surface 
tension and pressure force. From these experimental observations it has been 
suggested that additional forces are present [5,6]. Brandon et al. [5] proposed that 
electrostatic interactions between the bubble and the electrode influenced the 
detachment size of the bubbles. Furthermore the Marangoni force was accounted for 
in the force balance of electrolytic bubbles by Lubetkin [6,7]. This author proposed that 
gas concentration, temperature and potential gradients are present at the liquid/gas 
interface and give rise to surface tension differences. The resulting Marangoni force 
would be mainly due to the concentration gradient according to his estimations.  
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The purpose of this paper is to elucidate what are the relevant forces that should be 
included in the force balance of electrolytic bubbles. A detailed description and a 
quantitative analysis of the forces are given. Special attention is given to the relevance 
of the electrostatic and Marangoni forces. For the force estimates the growth curves 
and detachment diameters reported in our previous work shown in Chapter 2 [4] are 
used. A careful examination of the influence of the overpressure force, generally 
poorly addressed in electrochemical studies, is presented. The hypothesis that small 
deviations in the bubble profile especially near the contact area have a significant 
impact on the magnitude of the surface tension and overpressure force is tested. 
Finally, the influence of the forces in the detachment process is discussed and a 
detachment criterion is used for experimentally determined detachment radii.  

3.2. Experimental 

Alkaline and acidic water electrolysis from a 1 M Na2SO4 stagnant electrolyte was 
studied. Experimental growth curves were obtained for oxygen and hydrogen bubbles 
evolving from a horizontal facing upwards Pt electrode. Low current densities in the 
range of 3.5 and 17.7 mA/cm2 were studied. Details of the experimental procedure are 
given elsewhere [4]. The growth curves that are analyzed here correspond to bubbles 
that detach without interaction with neighboring bubbles. Top view pictures taken 
during bubble growth were analyzed to obtain the growth curves. Side view pictures 
were studied to analyze the shape of the bubbles. The properties of the electrolytes and 
products are summarized in Table 3.1. 

 

Table 3.1. Electrolyte properties and experimental conditions. 

Electrolyte composition 1 M Na2SO4 
pH range 2-12 (adjusted with H2SO4 or NaOH) 
Temperature, T 25 C 
Mass density [8], ρL 1136 kg/m3  
Dynamic viscosity [8], µ 1.39x10-3 Pa s 
Surface tension coefficient [9], γ 74.9x10-3 N/m 
Gas mass density, ρG O2: 1.33 kg/m3, H2: 0.082 kg/m3 
Diffusion coefficient, D [10] O2: 2.3x10-9 m2/s, H2: 4.25x10-9 m2/s 
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3.3. Theory 

The experiments show [4] that in first approach the slowly growing bubble attached 
to the flat electrode can be regarded as a spherical cap with radius R and with a circular 
contact area with a radius given by Rs; see Figure 3.1. An otherwise quiescent liquid of 
constant mass density, ρ, and dynamic viscosity, μ, surrounds the bubble.  

 
Figure 3.1. Representation of a bubble of radius R attached to the electrode. The contact area between 
the bubble and the electrode has a radius RS and the contact angle is denoted by α. The height h is the 
distance to the electrode of the center of the polar coordinate system, (r, 휃, 휑), at the axis of symmetry, 
on which the Cartesian coordinate z is also shown. The solid line depicts the gas-liquid interface that 
has area S1; area S2 = Rs2.  

Let the z-axis go through the bubble center and be normal to the wall (Figure 3.1). A 
general force balance acting in the z-direction on the gas volume bounded by the gas-
liquid and gas-solid interfaces with areas S1 and S2, see Figure 3.1, is given by: 

∫∫ rr z.r dS1 + ∫∫ r z. dS1 + ∫∫ PG nz dS2 + FG + FS + FE = Mb dvb,z/dt,  (3.1) 

where both z and  are unit vectors, the outward normal to the volume is given by n 
and its component in z-direction by nz. At S1, n is equal to the unit vector r and at S2 n 
= – z, making nz equal to –1 there. Both the mass of the bubble, Mb, and the acceleration 
of its center of mass in z-direction, dvb,z/dt, will be shown to be negligible as compared 
to the body force for the slowly growing electrolysis bubbles at hand. Other definitions 
in (3.1) are the following. 
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πrr  =  Liquid stress acting normal to the bubble surface 
πrθ  =  Liquid stress acting tangentially to the bubble surface 
pG  =  Pressure inside the gas bubble 
FG =  Body force due to the weight of the bubble 
FS =  Component of the surface tension force, acting on the three phase contact 

line, in z-direction  
FE  =  Electrostatic force due to interactions between a charged bubble and the 

electrode. 

Note that the Marangoni force originating from surface tension gradients at the gas-
liquid interface, FM, manifests itself via fluid stresses exerted by the fluid on the bubble. 
This means that FM is part of the second term on the LHS of equation (3.1). With the 
dynamic stress condition it is possible to move from the liquid stresses to those in the 
bubble [11], which gives an integral over S1 of the surface tension coefficient. This 
integral yields FM in terms of gradients of the surface tension coefficient [12]. 

The first two terms of equation (3.1), i.e. the normal and shear stress integrals, can for 
a Newtonian fluid be expressed in terms of viscous stress tensor in the fluid, :  

 
1 1

cos( ) cos( )rr rrr R
S S

dA p dA   


     (3.2) 

1 1

sin( ) sin( )r rr R r R
S S

dA dA    
 

   (3.3) 

The pressure in the liquid, p, and the stress components τrr and τrθ [13] require 
knowledge of the velocity field. This field is determined by the Navier-Stokes 
equations, the continuity equation and the initial and boundary conditions. To 
determine the above force components we assume the velocity to be zero far away 
from the bubble and axisymmetric flow around the z-axis. The slow growth that is 
typical for electrolysis and the high value of the surface tension explain the observation 
[4] that the shape of the bubble stays that of a truncated sphere at all times. The velocity 
field will be assessed in two ways. One way yields an approximate velocity field on 
the wall-electrode but is simple to be computed and yields an estimate of the viscous 
stresses. The other way uses potential flow theory and neglects the creation of 
vorticity.  

For the first approximation, consider first the case without the plane wall. If the radial 
expansion rate is given by R=dR/dt, the continuity equation is satisfied by the velocity 
field (f()R2 r–2 R , 0, 0), where the subsequent entries are the radial, polar and azimuthal 
velocity components and f() is an arbitrary function of polar angle  (Figure 3.1). 
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Motion of the bubble as a whole is described by the above velocity field if f() = cos(); 
other shape preserving fields are obviously given by constant functions f. With h 
denoting the square root of (R2 – Rs2), see Figure 3.1, a velocity field satisfying the 
continuity equation and corresponding to the bubble foot area fixed at Rs2 has the 
radial velocity  

vr(r,,t) = (R/r)2 R (1 + R cos())/h), (3.4) 

while the other two components are zero. This velocity field is used to estimate various 
force components in the later stage of bubble growth when nonrealistic velocities at 
the wall have little impact on most of the gas-liquid interface. 

As a second approximation, the full potential flow solution of the flow of an expanding 
truncated sphere at a plane wall will be considered. As compared to (4), the radial 
velocity component corresponding to bubble motion as a whole is in the potential flow 
case given by a dipole that yields cos()R4 r–3h–1 R  for the radial velocity and nonzero 
tangential velocities. Reflection multipoles make the velocity normal to the wall equal 
to zero [11,12]. One of the advantages of the potential flow solution is that the inertia 
forces obtained retain their value also in flows where viscosity plays a significant role 
[11]. The inertia force computations that will be made are therefore accurate and hold 
under all circumstances; there is no approximation involved in the assessment of the 
inertia forces involved. Additionally, the drag will be estimated from the potential 
flow solution with the Levich approach, which in the present case is known to yield 
overestimations [12]. 

The radius of the bubble as a function of time, t, is given by [4,14]: 

2R t  (3.5) 

where β is a growth coefficient proportional to D1/2, with D the diffusion coefficient 
[10]. Thus, the bubble growth rate is 

R=/√t (3.6) 

Let {σn} denote a set of polynomial function in the growth coefficient β. In approach 1, 
(3.4) yields the following pressure distribution around the sphere: 

     2
1 2 3 4 0cos cos cos cos  ,  p gr p r R                  (3.7) 

while the stress tensor components are given by 
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 13 141 cosrr      (3.8) 

 r rR
 

t1/2h
sin . (3.9) 

Details of the derivations of the velocity, pressure and stress tensor are given in 
Appendix. Substitution of equations (3.7) and (3.8) into equation (3.2) gives the normal 
force exerted by the liquid on the bubble. Combination of equation (3.3) and (3.9) gives 
the tangential force. Thus, the first two terms of equation (3.1) are: 

 

    
1

1

2
1 2 3 13 4 13 14 0

cos( )

cos cos ( )cos cos cos( )

rr
S

S

p dA

p gR dA

 

              

  

        
 (3.10) 

 r rR
dA

S1

    xx sin2 dA
S1

 ,  (3.11) 

with xx = R /h. Equations (3.10) and (3.11) will produce expressions for drag, buoyancy 
and overpressure forces, in a way explained in the sections below. Expressions are also 
given for the remaining forces, viz. surface tension, electrostatic and Marangoni forces. 

In the second approach, the velocity field is made to satisfy the kinematic boundary 
condition at the liquid-gas interface, which is described by the two parameters (h, R). 
The resulting velocity field was shown to be dependent of the ratio h/R [11,12]. The 

constancy of Rs and differentiation with respect to time of (h2 + Rs2 = R2) yields h.U = 

R. R , with U= =dh/dt. The two generalized velocities, and R , of [11,12] are therefore 
dependent, which reduces the expressions for the inertial forces and drag forces 

given for the potential flow case in these references. The results will be given below.

 

Figure 3.2.  Values of added mass coefficients  and their derivatives with respect to shape 
parameter   = R/(2h). 

h h
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3.3.1. Inertia force 

The inertia force originates from the motion of the liquid caused by the growth of the 
bubble. It represents the well-known tendency of mass to continue its motion. Let V0 
= 3

4  R3. It was shown [12] that for a bubble with the shape of a truncated sphere, 

characterized by shape parameter  = R/(2h), the kinetic energy in the fluid is given by 
the product of ½L V0 and 

 U2 + R 2+  R U.    

Here,  are the so-called added mass coefficients that retain their value in any 
kind of flow field around the symmetric truncated sphere [11]; they are quantified in 
Figure 3.2. The inertia force component in z-direction is given by 

2   ½  ( )IF h R M       (3.12) 

The inertia lift, M2, can in the present case, where U = 2  R , be written as 

     2 2
2 / /  4  / /  2  1 2 / /  6 /  { / 2( )}3M R d d h d d h d d h R R                  (3.13) 

This equation makes clear that also the derivatives of the added mass coefficients with 
respect to the shape parameter are needed for quantification; they are also given in 
Figure 3.2. During the final stage of the growth process, the radius of the contact area 
is observed [4] to be significantly smaller than the radius of the bubble, i.e. sR R . This 
means that  = ½, which gives 

FI =  3
4  R3  (¼ R  + 2

3 R 2/R), (3.14) 

where the last term is reminiscent of the Rayleigh-Plesset equation [11] and the factor 
¼ stems from the combined and synchronized accelerations of growth and motion. 
Equation (3.14) is an exact result for the case of a truncated sphere with fixed foot at 
the wall and with center distance h practically the same as radius R. 

Also the term Mb dvb,z/dt on the RHS of (3.1) is an inertia force. Because Mb = GVb < 
GV0 and G << , while dvb,z/dt = h ≈ R  for  = ½, this term is negligible as compared 
to the inertia force of (3.14). 

3.3.2. Drag force 

The total drag force is divided into two components: 1) the pressure drag, also called 
form drag and 2) the frictional or viscous drag. The form drag is obtained from the 
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second term of the RHS of equation (3.10). This results in a polynomial function of the 
growth coefficient. Truncation of this polynomial function under the assumption that 

sR R  leads to: 

,
56
9D form

dRF R dt   (3.15) 

The frictional drag is simply the integration of the shear stress denoted in equation 
(3.11). Using again the assumption that for most of the bubble growth sR R , the 
frictional drag is: 

,
4
3D friction

dRF R dt   (3.16) 

Adding equations (3.15) and (3.16) gives an expression of the total drag force: 

, , 4.88D D form D friction
dRF F F R dt     (3.17) 

Which resembles the Stokes drag [13]: 

,Stokes 6D
dRF R dt  (3.18)  

For  = 0.51, the potential flow solution of a truncated sphere yields [12] for the Levich 
drag two contributions: 

6 4D
dRF RU R dt     

It is noted that for lower values of  no precise values of the drag coefficients are 
available. Since U = 2  R , the resulting drag would be about − 10 R R  for the 
potential flow, which is known to possess high velocity gradients and hence a large 
energy dissipation rate. This result must therefore be seen as an overestimation. The 
actual drag force is − CD R R  with CD in the range 5 - 10.  

3.3.3. Gravitational-buoyancy force and buoyancy correction 
term 

To obtain generalized expressions for the gravitational and buoyancy forces, the 
gravity force must be evaluated both in the liquid and in the gas. The gravity force on 
the bubble is acting downwards due to the weight of the gas bubble and is given by: 
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 3
34 1 3 1cos cos3 2 4 4G G b G

RF V g g        (3.19) 

The last two terms of the integral in equation (3.10) correspond to the liquid pressure 
pL. This integral is taken in the liquid over the gas-liquid interface. In order to put this 
integral in the form (3.19), it is rewritten as follows: 

pL dA
S1

  pL dA
S12

  pL dA
S2

  4R3

3
Lg 1

2
3

4
cos1

4
cos3

æ
è
ç

ö
ø
÷ pLRS

2   (3.20) 

The first term of the RHS of equation (3.20) combined with equation (3.19) gives the 
generalized form of the gravitational-buoyancy force: 

  3
34 1 3 1cos cos3 2 4 4B L G

RF g         (3.21) 

The second term of the RHS of equation (3.20) leads to the buoyancy correction term. 
Combining this term with the pressure force of the gas (third term in equation (3.1)), 
and using Young-Laplace equation we obtain: 
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 (3.22) 

where R1 and R2 are the principal radii of curvature at the bubble foot.  

3.3.4. Electrostatic force 

Brandon et al.[5] proposed that electrostatic interactions between the bubble and the 
electrode double layer influenced the detachment size of the bubbles. These authors 
stated that bubbles are negatively charged at pH > 3 and positively charged at pH < 3. 
Therefore electrostatic interaction between the either positively or negatively charged 
electrode and the adhering bubble will occur as shown in Figure 3.3. The electrostatic 
force can be estimated following Coulomb’s law: 

24E qF R E   (3.23) 

Where q  is the surface charge density of the bubble and E is the electric field.  
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Figure 3.3. Electrostatic interaction between charged gas bubbles and the electrodes. At pH<3 the 
bubbles are positively charged, and at pH>3 they are negatively charged. This results in attaching and 
detaching electrostatic force depending on the interaction of the charged bubble and the anode (positive 
electrode) or cathode (negative electrode). 

The nature of the surface charge density is still unclear. Kelsall et al. [15] stated that its 
origin is due to preferential adsorption of OH- ions. Winter et al. [16] investigated the 
behavior of the OH- ion at water/vapor interface by photoelectron spectroscopy and 
molecular dynamics simulations. In contradiction with the theory of the interfacial 
accumulation of OH-, the authors found that the hydroxide ion is only weakly 
attracted to the surface. Their measurements and simulations showed that the surface 
charge density is lower than the reported from electrophoretic mobility experiments 
such as those performed by Kelsall [15] or Tang [17]. Winter et al. suggested that either 
the charge is then carried by other species, or it accumulates in a depth much deeper 
than originally considered [16]. Although the origin of the surface charge density is 
not fully understood, for our purposes the data reported from electrophoretic mobility 
measurements are sufficient to assess the magnitude of this force. The surface charge 
density will be estimated from measurements of the electrophoretic mobility. 

3.3.5. Marangoni force 

The Marangoni force was first accounted for in the force balance of electrolytic bubbles 
by Lubetkin [6,7]. This force is caused by concentration, temperature or electric charge 
gradients at the liquid/gas interface, which give rise to surface tension gradients and 
viscous stresses in the liquid. This stress is the driving force of Marangoni flow and 
given by: 
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 (3.24)  

In general, the surface tension gradient can be expressed as a function of the gradient 
of  along the sphere 

   
  
  
     (3.25) 

where   is any parameter that can produce surface tension gradients, i.e. 
concentration, temperature or electric potential. We assume that the bubble is present 
in a uniform gradient of , as depicted in Figure 3.1 and approximately correct for the 
electric field. The surface tension gradient is taken as constant and in the following 
analysis will be represented by G. Thus, equation (3.25) becomes: 

0 0 0cos sinG h R G RR h R h R h
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 (3.26) 

where the term in parenthesis is parameter  as a function of the coordinate θ. After 
substitution of Eq. (3.26) in (3.25), integration of the z-component of the surface-
tension-induced stress over the surface of the bubble gives the corresponding 
Marangoni force as: 

  2 2 3 2 40 0
0 0

8sin cos cos 23 2MF G R d d G RR h R h
        

            
 

      
 (3.27) 

With sR R , (3.27) yields  

2 204 42 23 3MF R G RR h z
  

    


 
   
  

  (3.28) 

Equation (3.28) is similar to the one given by Lubetkin to estimate the effect of this 
force in the motion of electrolytic bubbles [6]. Notice that in (3.28) the relevant distance 
where the Marangoni force is effective is the total height of the bubble. Thus 

z z
  
 

 where ;
z R z h

z R h   
 

       (3.29) 

The total Marangoni force, accounting for the different contributions due to 
temperature, concentration and electric field is given by 
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In the results section these contributions will be evaluated, and a distinction is made 
to determine their relevance in the force balance. 

3.3.6. Capillary force: overpressure and surface tension force 

The surface tension force component perpendicular to the wall is an attaching force 
that acts on the contact line and is given by [11]  

2 sinS sF R   (3.31) 

The minus sign in (3.31) indicates that the z-component is negative, which makes the 
force attaching. The surface tension and overpressure force can be conveniently 
combined as a capillary force Fc: 

2

1 2
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  (3.32) 

It is important to note that in the cases where the bubble has the shape of a perfect 
spherical cap, R1=R2=R, and equation (3.22) leads to: 
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  (3.33) 

Note that here we adopt the convention that R1 and R2 are positive if they lie inside the 
sphere. Thus, for a spherical cap the overpressure force is exactly the same as the 
surface tension force, but with opposite signs and the capillary force equals to zero. 
The overpressure and surface tension forces are each huge as compared to buoyancy, 
but are counteracting such that only a slight bubble shape modification may 
accommodate for, and compensate, other forces exerted on the bubble. This was 
shown to be true for boiling bubbles in [12] but will in the following sections, and in 
particular in section 4.1.4, be shown to be true also for electrolysis bubbles.  

Note that the other forces components, viz. buoyancy, inertia, drag, electrostatic and 
Marangoni forces, are not particularly affected by these deformations. If the bubble 
shape near the bubble foot is deformed, either by elongation of the bubble or by the 
presence of a meniscus, the radii R1 and R2 are no longer equal and the resulting 
nonzero capillary force may compensate buoyancy or any other force component 
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normal to the electrode. Figure 3.4 details the interface near the bubble foot and 
suggests the presence of a neck. The deformation of the bubble near the electrode has 
implications for the calculation of the capillary force that will be addressed in section 
3.4.2.4.  

 
Figure 3.4. Side view of an O2 bubble showing a close-up of the bubble foot. Gas evolution at 7.1 mA/cm2 
and pH 2. 

For estimating the maximum value of the capillary force (3.32) for given contact radius, 
the bubble profile corresponds to a sphere attached to the electrode with a neck as 
depicted in Figure 3.5-c is assumed. A detailed schematic is shown in Figure 3.6. For 
this case, α = 90o and the surface tension becomes: 

2S SF R   (3.34) 

 

 
Figure 3.5. Possible shapes of bubbles. From left to right, with increasing contact angle at the bubble 
foot, the following shapes occur: a) perfect spherical cap, b) slightly deformed (elongated) spherical cap, 
c) sphere with attaching neck perpendicular to the electrode wall and d) sphere with attaching neck and 
a meniscus at the electrode. 
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Figure 3.6. Detailed close-up, a schematic, of the shape of the neck assumed in the estimation of the 
(maximum) capillary force; the contact angle is 90o. The radius RN is related to the curvature of the neck 
in the way shown on the right. 

In this situation, the principal radii of the curvature of the neck are the radius of the 
contact area, Rs, and the RN defined in Figure 3.5. The overpressure force is: 

2 1 1
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F R R R
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è ø

  (3.35) 

The curvature corresponding to RN is clearly negative with the sign convention used. 
Thus, for a bubble with a neck the capillary force is 
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  (3.36) 

With the expressions given above it is possible to quantify all forces acting on a 
growing electrolysis bubble near detachment. This is done in the next section for our 
data of [1]. 

3.4. Results and discussion 

3.4.1. Summary of main experimental findings 

Experimental data on the growth rate were obtained by analyzing consecutive pictures 
of the bubbles during electrolysis. Pictures were taken from the top of a “large” 
electrode (6 mm diameter); therefore several nucleation sites were captured at the 
same time. In our previous work shown in Chapter 2 [4] two types of bubbles were 
found to nucleate from an electrode; see Figure 3.7-a.  
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a)    b)  

Figure 3.7. Heterogeneity of nucleation, (a), and typical growth curve, (b). a) Side view picture of H2 
evolution on a horizontal Pt electrode at 3.5 mA/cm2, pH=5. Letters indicate nucleation sites: A & G 
correspond to “slowly growing” large bubbles henceforth referred to as Type I (T-I); nucleation sites B 
to F correspond to “rapid-fire” bubbles here referred to as Type II (T-II), b) Growth curve of a H2 bubble 
evolved at 7.1 mA/cm2 and pH=5. The line corresponds to equation (3.5), where the fitted growth 
coefficient is β=0.15 and the corresponding supersaturation is 2.89 mol/m3. 

Here we focus mainly in the “slow growth” large bubbles (Type I in Figure 3.7). For 
these bubbles it was possible to obtain growth curves, like the one shown in Figure 
3.7-b. For this analysis only bubbles that detach without the interaction of neighboring 
bubbles were selected. No significant disturbances occur during the growth and 
detachment. From Table 3.2 it can be observed that the growth coefficients for both O2 
and H2 are very similar. For estimating the magnitude of the forces we consider growth 
coefficients in the range of 0.1 < β < 0.3 which is in line with the experimental findings 
reported in [4] and summarized in Table 3.2. As it can be shown in the table, the 
detachment radii ranges between 30 and 200 µm. For the analysis of the magnitude of 
the forces a fixed detachment radius of 100 µm is used. This value is within the 
experimental observations [4]. Figure 3.8 presents the resulting growth curves for 
hydrogen and oxygen bubbles growing at 0.1 < β < 0.3. It can be observed that due to 
the higher diffusion coefficient for H2 (see Table 3.1), hydrogen bubbles reach R = 100 
µm in a shorter time compared to oxygen bubbles for the same growth coefficient, i.e. 
the bubble velocities of Eq. (3.6) are higher for H2 (c.f Fig 10 of [4]). This is shown in 
Figure 3.9 where the corresponding bubble velocities are presented; it can be observed 
that near detachment the order of magnitude of the bubble velocity is in the range of 
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10-6 m/s. Due to the square-root dependence of the radius with respect to time, the 
bubble velocity decreases at the beginning of the bubble growth. The bubble velocity 
has huge implications for the drag and inertia forces. 

 

Table 3.2. Ranges of detachment time and radius and growth coefficients for the bubbles investigated 
here. The ranges correspond to 51 O2 bubbles and 52 H2 bubbles detaching without interaction of 
neighboring bubbles. Current density range between 3.5-14.1 mA/cm2.  

Gas  Oxygen Hydrogen 

Time, t (s) 
average 24 28 
max 54 100 
min 7 8 

Detachment radius, Rd 
(µm) 

average 59 118 
max 84 207 
min 33 57 

Growth coefficient, β (-) 
average 0.15 0.194 
max 0.284 0.287 
min 0.093 0.092 

 

a) b)  

Figure 3.8. Growth curves of electrolytic gas bubbles growing to R=100 µm. The parameter β is the 
growth coefficient defined in equation (3.5). a) oxygen bubble, b) hydrogen bubble. Note that the growth 
curves at the same β differ from O2 to H2 due to the difference in diffusion coefficient for each respective 
gas (see Table 3.1).  
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a) b)  

Figure 3.9. Bubble velocity according to eq. (3.6) for the gas bubbles presented in Figure 3.8. The 
parameter β is the growth coefficient defined in equation (3.5). a) oxygen bubble (Figure 3.8-a), b) 
hydrogen bubble (Figure 3.8-b). Hydrogen bubbles attain slightly higher bubble velocities than oxygen 
bubbles at the same growth coefficient β.  

3.4.2. Evaluation of the magnitude of the forces 

3.4.2.1. Gravitational buoyancy, drag and inertia forces 

Figure 3.10 shows the calculated buoyancy force for 100 μm O2 and H2 bubbles with 
0.1 < β < 0.3 and the resulting order of magnitude of this force is 10-2 μN. The order of 
magnitude of the mass density difference is 103 kg/m3. Due to the R3-dependence, the 
order of magnitude of the buoyancy force at the moment of detachment is mainly 
given by the size of the detaching bubble. Opposite to the buoyancy force, the drag 
force acts as attaching force and results from the resistance opposed by the liquid to 
bubble movement, be it translation or expansion. For the detachment time range 
studied here (between 10 and 100 s, according to experimental results summarized in 
Table 3.2), the order of magnitude of the bubble velocity of 10-6 m/s as shown in Figure 
3.9. The resulting drag force at detachment lies in the range between 10-5 and 10-6 μN 
for β = 0.3 and 0.1, respectively, as seen in Figure 3.11. At detachment (R=100 μm) the 
drag force is several orders of magnitude smaller as compared to the buoyancy force. 
Only at the beginning of the bubble growth these two forces are of similar orders of 
magnitudes. However, due to the rapid initial growth of the bubble, the buoyancy 
force quickly overcomes the magnitude of the drag force. The inertia force calculated 
from equation (3.14) ranges between 10-9 and 10-11 μN for the bubble velocities shown 
in Figure 3.9 which correspond to the experimental findings. In the initial stage of the 
growth this force in fact is negative, due to the positive acceleration of the bubble from 
its nucleation to the initial growth. However, as the bubble grows the bubble 
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decelerates resulting in a positive inertia force, i.e. a detaching force. This trend is in 
full agreement with a recent study in which the inertia force was found to be dominant 
in boiling bubble detachment [18]. Based on these estimations presented here, both 
drag and inertia forces are found to be negligible at detachment. 

a) b)  

Figure 3.10. Buoyancy force according to eq. (3.21) for the gas bubbles presented in Figure 3.8. The 
parameter β is the growth coefficient defined in equation (3.5). a) oxygen bubble (Figure 3.8-a), b) 
hydrogen bubble (Figure 3.8-b). The maximum radius for all bubbles in this example R=100 µm 
therefore the buoyancy force at this point is equal for all bubbles presented here.  

a) b)  

Figure 3.11. Drag force according to eq. (3.17) for the gas bubbles presented in Figure 3.8. The parameter 
β is the growth coefficient defined in equation (3.5). a) oxygen bubble (Figure 3.8-a), b) hydrogen bubble 
(Figure 3.8-b). The maximum radius for all bubbles in this example R=100 µm. 
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3.4.2.2.  Electrostatic force 

In order to assess the magnitude of this force we take the data reported from 
electrophoretic mobility measurements from Kelsall et al. [15] to estimate the surface 
charge. As mentioned previously, depending on the pH and electrode in use, this force 
may be attaching or detaching as represented in Figure 3.3. Kelsall et al. [15] reported 
the electrophoretic behavior of bubbles in electrolytes for a wide range of conditions 
and showed that the electrophoretic mobility depends on the pH, bubble diameter, 
electric field strength, electrolyte type and ionic strength. The data reported by Kelsall 
et al. correspond mainly to the NaClO4 electrolyte, however a comparison with Na2SO4 
shows that although the values of electrophoretic mobility are lower, they are in the 
same order of magnitude [15]. Typically for the gas evolving experiments discussed 
here, the strength of the electric field is about 60 V/m. Extrapolating the data from 
Kelsall et al. [15] for pH 6.9, the surface charge density at 60 V/m for a bubble with is 
in the order of -1 μC/m2 for the typical detachment sizes shown here. From the data 
reported by Kelsall et al. [15], the surface charge density at higher pH becomes slightly 
more negative, but remains within the same order of magnitude. Therefore we can 
estimate that for pH > 2.4 the order of magnitude lies between 10-5 and 10-4 μN for 
bubbles with radius of 50 and 100 µm, respectively. At pH < 2.4 the surface charge 
density becomes positive and the order of magnitude exceeds 1 μC/m2. No data were 
reported by Kelsall et al. [15] for the electrophoretic mobilities of bubbles in pH<2.4. 
With a charge density of 0.1 μC/m2 for pH < 2.4, the magnitude of the electrostatic 
force would be 10-6 and 10-5 μN for bubbles with radius of 50 and 100 µm, respectively. 
It is important to note that the data reported by Kelsall correspond to significantly 
lower electrolyte concentrations (10-4 M) compared to 1 M Na2SO4 used in this study. 
This concentration difference must therefore lead to an overestimation of the 
magnitude of the electrostatic force. At the higher concentration used in electrolysis, 
the thickness of the double layer will be much smaller and consequently the 
electrostatic force will be smaller. The point of zero charge at pH 2.4 indicates a change 
in the sign of the force, from being attaching or detaching, depending on the electrode. 
This would result in an evident difference between the detachment points or the 
shapes of the bubbles at either electrode while varying the pH. However, this was not 
observed in the experimental data used for this analysis. For these reasons, and for the 
conditions investigated here, the electrostatic force is negligible as compared to 
buoyancy.  
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3.4.2.3. Marangoni forces 

It must be noted that this force can be attaching or detaching depending on the 
behavior of the surface tension with respect to the gradient of the variable , i.e. 
whether the surface tension increases or decreases with an increase of the variable . 
In the next sections the magnitude of this force is assessed by analyzing the gradients 
of surface tension caused by gradients in concentration of the gas, temperature or 
electric field; see Table 3.3 below. 

 

Table 3.3. Surface tension gradients with respect to χ (concentration, temperature and electric field). 

Gas pressure(a) 

2

1 130.0779 10
O

Nm barp
     

  2

1 130.025 10
H

Nm barp
     

  
Temperature(b) 3 1 10.15 10 Nm KT

     
  

 

Electric field(c) 1 1 105.1 10 Nm VV
   

   
 Notes:  
 (a) Data for the influence of the pressure on the surface tension of water with dissolved gases taken from 
Massoudi et al.[19]. 
(b) Data for the influence of the temperature on the surface tension of water taken from Vargaftik et 
al.[20].  
(c) Gradient of the surface tension with respect to the potential (V) is obtained from data reported by 
Bateni et al.[21–23] for water droplets in the presence of strong electric fields (~1000kV/m). 

3.4.2.3.1. Temperature Marangoni force 

Temperature gradients around the bubble can be caused due to the Joule heating and 
the heat of reaction. In the experiments presented in [4] the temperature rise in the 
bulk electrolyte is no higher than 1 K (from an initial 293 K) during an experimental 
run. However a temperature gradient may develop around the bubbles due to the 
higher electric currents locally at the bubble surface which develop from the variation 
in distance of the equipotential lines on the bubble surface. Since measurements of the 
temperature around the bubble were not taken during the experiments, the magnitude 
of the temperature Marangoni force is estimated by computing the temperature 
increase due to Joule heating of the liquid near the electrode. By solving the primary 
current distribution coupled with Fourier’s law (details shown in the Appendix), the 
magnitude of the temperature gradient caused by the resistive Joule’s heating around 
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the bubble is obtained. Results of the calculations performed using COMSOL 
Multiphysics® are shown in Figure 3.12.  

a)  b)  
  

Figure 3.12. Computation of the potential gradients around a bubble and of Joule’s heating of the liquid. 
a) Isopotential lines (in V) and values of |E|; yellow is 60 V/m, the electric field applied, red is 90 V/m, 
dark blue <10 V/m. Due to the curvature of the bubble, the equipotential lines deviate near the center of 
the sphere, where higher current densities are achieved. b) Temperature along the bubble (arc length or 
half circumference), where 0 in the x-axis corresponds to the top of the bubble, and 300 corresponds to 
the bubble foot.  

In the experiments [4], the electrodes were separated at a distance of approximately 5 
cm, and the cell potential was in the order of 3 V. This leads to a magnitude of the 
electric field of 60 V/m. Figure 3.12-a shows the equipotential lines near the bubble 
and the electric field. It can be observed that the deformation of these equipotential 
lines due to the presence of the spherical insulating bubble lead to a local increase in 
the electric field. When the resulting resistive heat is calculated, the magnitude of the 
maximum temperature gradient is ~1 K/m. The Marangoni flow resulting from the 
temperature gradient at the top half of the bubble acts as an attaching force due to the 
increase of the surface tension with a decrease of temperature in the z-direction. The 
induced Marangoni flow is from the electrode away. The estimated the order of 
magnitude of the temperature Marangoni force is 1 x10-5 μN, which is 3 orders of 
magnitude lower than the buoyancy force.  

3.4.2.3.2. Concentration Marangoni force 

Lubetkin [6] stated that the concentration gradients caused by the dissolved gas near 
the electrode will cause a significant Marangoni force. However, there is a point that 
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needs careful reconsideration in the arguments proposed by Lubetkin. The author 
assumed that the concentration gradient near the electrode is also present at the gas-
liquid interface, where the force balance is taken. This means that the concentration of 
the gas at the interface is not constant. This is in fact incorrect since the vapor-liquid 
equilibrium at the interface is reached very fast and since the gas concentration and 
the pressure in the gas bubble are constant. Hence, also the gas concentration at the 
gas-liquid interface is constant, if temperature gradients are negligible (see above). Our 
estimate of the Marangoni force originating from gas concentration gradients is 
therefore zero. 

3.4.2.3.3. Electric field induced Marangoni force 

The presence of an electric field has influence in the wetting of bubbles and drops. 
Vancauwenberghe et al. demonstrated that the effects in wetting of sessile drops occurs 
for electric fields in the range of kV/cm [24]. Bateni et al. [21–23] reported the 
elongation of a sessile drop of water in the presence of a strong electric field. In their 
experiments, the authors placed the droplet on a Teflon-coated silicon wafer located 
on the lower disk of a parallel plate capacitor. They found that irrespective of capacitor 
charge (either positive- or negative) the droplet is also charged and therefore it is 
elongated towards the opposite plate. Therefore, irrespective of the electrode polarity 
the electric field induced Marangoni force acting on the bubble will be attaching. It is 
important to note that the experimental conditions reported by Bateni et al. [21–23] are 
essentially different from those occurring in an electrolysis cell. In the latter, charge is 
flowing between the plates (electrodes) and the bubble is filled with gas and hence 
insulating.  Nevertheless the results of the surface tension of water as function of the 
electric field reported by Bateni et al. [21–23] (see Table 3.3) allow to estimate the 
magnitude of the electric field Marangoni force in the present analysis. As mentioned 
before typical values of the electric field in the experiments presented in our previous 
work [4] are ~60V/m. The magnitude of the resulting Marangoni force is estimated to 
be 10-9 μN. Our estimate of the effect of the electric field induced Marangoni shows 
that it is negligible as compared to the buoyancy force.  

3.4.2.4.  Capillary force 

With all the above results it is finally possible to give a rough estimate of the surface 
tension and overpressure forces, combined into the capillary force as shown in Eq. 
(3.36). Measurements of the precise dimensions of the neck at the bubble foot are 
nearly impossible to acquire. Therefore the magnitude of the term in brackets in Eq. 
(3.36) is estimated in an indirect manner. All the above estimates of force components 
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show that near detachment it is possible to neglect drag, inertia, electrostatic and 
Marangoni forces. The resulting force balance normal to the wall is therefore 
composed of only the buoyancy force and the capillary force. It reads 
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Figure 3.13 shows the history of the capillary term determined from (3.38) as the 
bubble grows to a radius of 100 μm at β = 0.1 (see Figure 3.8-a). Near detachment the 
capillary term at R = 100 μm is equal to about 0.2 μm. The order of magnitude of both 
RS and RM must therefore be about 0.1 μm. In view of the nearly spherical shape of the 
bubbles near detachment these are reasonable estimates. Once again, although the 
order of magnitude of RS and RM is within reasonable values, it was not possible to 
determine experimentally. The purpose of this analysis is mainly to point out that only 
small deformations of the bubble profile at the bubble foot are required to compensate 
the strongly detaching action of the buoyancy force. 

 
Figure 3.13. Capillary term according to equation (3.38) for an oxygen bubble presented as presented 
in Figure 3.8-a corresponding to a β=0.1. 

3.4.3. Bubble detachment 

The force balance of electrolyte bubbles presented in (3.37) is herewith complete and 
fairly simple. The simple detachment criterion of Blanchard et al. [25] is based on the 
same force balance and the same shape at detachment and is therefore expected to hold 
for electrolysis bubbles as well. It predicts a detachment radius Rd as: 
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  3 3 * /  2  d L GR R g     (3.39) 

with R* the radius of a typical cavity mouth, the value of which is unknown for 
electrolysis bubbles and must be considered as a fitting parameter. For instance, 
according to (3.39) a cavity size of R* 0.1 μm would correspond for the detachment 
of a bubble of radius Rd = 100 μm, consistent with the analysis presented in section 
3.4.2.4. It is important to note that equation (3.39) predicts virtually the same 
detachment radius for H2 and O2 bubbles when detaching from the same size of cavity. 
This is in line to the experimental findings [4] which showed that when a particular 
nucleation site forms Type I bubbles, the detachment size for H2 and O2 is the same. 
An example of this behavior is shown in Figure 3.14 where oxygen and hydrogen was 
alternatively formed at the same nucleation site and for both cases, the detachment 
size (Rd  80 μm) is reproducible for consecutive bubbles and has virtually the same 
value for both gases. For the example show in this figure, the cavity size as calculated 
from (3.39) is R* 0.05 μm which is a reasonable value. 

 
Figure 3.14. Growth curves for O2 (anode) and H2 (cathode) evolution from the same nucleation site. 
Experimental details are explained in [4]. Gas evolution on smooth Pt electrode at 7.1 mA/cm2 from 1 
M Na2SO4, pH = 5. 
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3.5. Conclusions 

Analysis of the experimental growth curves of “slowly-growing” electrolytic gas 
bubbles with the shape of a truncated sphere and radial velocities of about 1 m/s 
showed that the order of magnitude of the drag and inertia forces at detachment 
ranges 10-5-10-6 and 10-10-10-13 μN, respectively. As compared to the order of magnitude 
of the buoyancy force (10-2 μN), drag and inertia forces can clearly be neglected in the 
force balance. For the typical bubble sizes and electrolyte concentrations present in 
electrolysis, analysis shows that also the electrostatic force is negligible. Estimates of 
the electrostatic force from available data of electrophoretic mobilities resulted in 
values in the range 10-5-10-4 μN and probably lower at the typical conditions of the 
electrolysis. Gradients in temperature and electrostatic field resulted in Marangoni 
force contributions of about 10-9 μN and 10-5 μN respectively. Again, this is 
significantly lower than the buoyancy force near detachment. The concentration 
Marangoni force was even found to be lower. Because of the rapidity of attaining 
vapor-liquid equilibrium at the interface, the gas concentration at the bubble surface 
and the pressure in the gas bubble are practically homogeneous.  

Finally, it has been shown that due to deformations of the bubble profile at the bubble 
foot, the surface tension and overpressure force do not need to cancel out. These two 
forces are dominating all other forces and the resulting attaching force of their sum 
balances buoyancy. Due to the limitations of the measurements of the dimensions and 
shape of the bubble foot and the attaching neck it is at present not possible to precisely 
quantify the sum of the overpressure and surface tension forces directly.  

The detachment criterion proposed by Blanchard et al., which is based on the same 
force balance and the same shape at detachment as presented here, is used to 
determine the cavity size for given detachment radius. For the typical detachment sizes 
reported here, the corresponding cavity sizes are in the order of 0.01 to 0.1 μm.  

  



 
Chapter 3 

 

65 

 

Appendix A: Derivation of bubble radial velocity in 
approach I 

Although the liquid is stagnant, the growth of the bubble during electrolysis causes an 
axisymmetric flow in the liquid. Here the main contribution to the liquid velocity is 
presumably due to the radial velocity that develops due to the growth of the bubble. 
Thus, the θ- and φ-components of the velocity (Figure 3.1) are neglected. Since the 
bubble grows while attached to the wall, the radial bubble velocity is dependent on 
the angle θ. This can be seen in Figure A. 1 where the bubble grows from radius R to 
radius (R+ΔR). Near the contact area between the bubble and the electrode, i.e. at θ=π-
α, the radial velocity is near zero. The maximum radial bubble velocity is at the top of 
the bubble, i.e. at θ=0. Therefore the r-component of the velocity is dependent on both 
r and θ directions. Summarizing, the liquid velocity is given by:  

 
2

2, ,r R
Rv r t v
r

    (3.40) 

0; 0v v
    (3.41) 

To derive an expression of the radial bubble velocity vR as a function of r, θ and t the 
geometry of Figure A. 1 is used, as well as knowledge of the growth rate of electrolytic 
bubbles. It has been previously [4] shown that the growth of electrolytic bubbles 
studied here can be fitted to a square-root dependency on the time. If at t=0 the 
nucleation site has a hemispherical gas pocket with radius Rs, the radius history is 
given by 

2sR R t   (3.42) 

where β is a growth coefficient proportional to the diffusion coefficient, D, and t is the 
time. Thus, the bubble growth rate is 

dR
dt t

  (3.43) 

The radial bubble velocity as a function of the angle θ and the growth rate is given by: 
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Figure A. 1. Representation of the growth of the bubble from radius R to the radius (R+∆R) while 
attached to the electrode. The bubble center changes from h to (h+∆h). The arrows represent the radial 
bubble velocity vR as a function of the angle 휃. The maximum angle 휃 is that of 휋-훼, where the angle 훼 
is defined from: sin훼=Rs/R.  

Considering equation (3.4) the non-vanishing components are: 
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Substituting equations (3.40) and (3.44) in (3.45) and after integration and evaluation 
of 

r R
p


 we obtain the pressure distribution around the sphere: 

   2
0 1 2 3 4cos cos cos cos

r R
p p gR          


       (3.48) 

where n  are polynomial functions of the growth coefficient. The stress tensor τrr is 
obtained by substitution of (3.40) and (3.44) into (3.46); evaluation at r=R gives: 
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Appendix B: Normal stress 

The z-component of the normal force of the liquid over the bubble is obtained by 
integrating the z-component of the normal stress given in equation (3.2) over the 
surface of the bubble as follows: 

  2 2
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The above equations and (3.50) yield: 

     2 2 2
0 1 2 3 13 150 0 cos cos cos cos cos sinL

NF p gR R d d                            (3.53) 

Appendix C: Shear stress 

The stress tensor r  is obtained by substituting the radial bubble velocity into (3.3), 
and after evaluation at r=R gives: 

1/2 2 2
sinr r R

st R R


 




  (3.54) 

The z-component of the tangential force of the liquid over the bubble is obtained by 
integrating the z-component of the shear stress given in equation (3.54) over the surface 
of the bubble as follows: 
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With the assumption that for most of the bubble growth sR R  equation (3.55) van be 
simplified to the following expression of the friction drag: 

,
4
3D friction

dRF R dt   (3.56) 
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Appendix D: Primary current distribution and Joule heating 

Here the primary current distribution, see equation (3.57), near the electrode is solved 
for a bubble of radius R = 100 μm attached as depicted in the Figure 3.1 in presence of 
a 60 V/m electric field.  

2 0V    (3.57) 

It is important to note that for the case of gas evolving electrodes, the electrochemical 
reactions are dependent on both the charge transfer and mass transport and therefore 
it is necessary to solve the tertiary current distribution if a full solution is to be 
obtained. However, for the purposes of this analysis only the primary current 
distribution suffice; they will be solved in order to give an estimate of the temperature 
gradient relevant for the Marangoni force. Thus, the resistive heat production 
originating from the electric field E and the current density J is given by  

Q J E (3.58) 

To solve for diffusion of the heat produced, the thermal conductivity, , as reported 
by Garrett [26] for sodium sulfate is used; it has a heat conductivity of 0.5988 W/m K. 
The boundary conditions for the potential distribution of the electric field are the 
following: 

0V V    at the electrode (3.59) 

0V      at arbitrary, but large distance, L, from the electrode (3.60) 

In order to obtain an electric field with 60 V/m of magnitude L was taken to be 50 mm 
and the potential difference over this distance is taken as 3 V. The bulk temperature is 
taken as 293 K. All other boundaries are electrically insulated, which means that there 

0 n J  (3.61) 

In order to obtain the temperature distribution we impose the following condition in 
all boundaries:  

  0T    n   (3.62) 

The axisymmetric field model of equations (3.57) through to (3.61) is solved with 
COMSOL Multiphysics®.  
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Nomenclature 

Symbols  
D Diffusion coefficient 
E Electric field 
FC Capillary force  
FE  Electrostatic force 
FG  Gravity force 
FM  Marangoni force 
FP Overpressure force 
FS Surface tension force 
Mb, Bubble mass 
pL. Pressure in the liquid  
pG Pressure inside the gas bubble 
r, 휃, 휑 Spherical coordinates 
R Bubble radius 
R1 and R2 Principal radii of the curvature 
V Electric potential 
T Temperature 
t Time 
h Geometrical parameter 
vR Radial bubble velocity  
z Cartesian coordinate 
Greek letters  
 Contact angle 
β  Growth coefficient 
γ  Surface tension coefficient 
κ Thermal conductivity,  
μ,  Dynamic viscosity 
πrr πrθ  Liquid stress 
ρ Density 
, Added mass coefficient 
σn Coefficients of polynomial function 
σq Surface charge density  
 Viscous stress tensor in the fluid  
τrr and τrθ Stress components  
 Added mass coefficient 
 Parameter causing surface tension gradients 
, Added mass coefficient 
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Abstract 

Here we present the mass transfer coefficient for liquid-solid mass transfer to a 
rotating mesh electrode and a smooth flat disc electrode in a rotor-stator spinning disc 
reactor. The mass transfer coefficients are measured with the limiting current density 
technique. Additionally, the torque is measured and the energy dissipation rate in the 
system is calculated. The volumetric mass transfer coefficient of the mesh electrode 
increases a factor 5 compared to that of the flat disc electrode at virtually equal energy 
dissipation rates. Due to the characteristics of the mesh, the mesh electrode offers 2.77 
times higher electrode area than the flat disc. The mass transfer coefficients measured 
for the rotating mesh electrode are a factor 1.74 higher compared to the flat disc. 
Average Sherwood numbers are reported and a correlation is presented that predicts 
mass transfer rates of rotating meshes in rotor-stator spinning disc reactor 
configurations.  
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4.1. Introduction 

Electrochemical processes play an important role in the chemical industry, for instance 
in the production of important chemicals such as chlorine, sodium hydroxide, sodium 
chlorate, hydrogen, oxygen, and aluminum among others [1,2]. Due to the intrinsic 
characteristic of being an energy-intensive industry, there is a continuous drive for 
process improvement in order to increase the production rate with minimal power 
consumption. By increasing the current density of an electrochemical process, the rate 
of production proportionally increases. One of the challenges of operating at high 
current densities is that the rate at which reactants and/or products are transported 
to/from the electrode becomes the limiting step. When the limiting current density is 
reached, the rate of reaction can no longer be compensated with the rate of mass 
transport to/from the electrode and the process becomes mass transfer controlled. A 
further increase in the current density leads to undesired reactions at the electrodes 
and higher power consumption due to a steep increase in the cell potential. It is 
therefore desired to increase the mass transfer rate in electrochemical reactors. An 
option for this intensification is the use of high shear forces that promote a rapid 
mixing of fluids and a high surface renewal rate. A type of rotating equipment that 
uses these principles is the rotor-stator spinning disc reactor (RS-SDR) [3]. This reactor 
consists of a rotating disc in a cylindrical housing, with a typical gap distance between 
the rotor and the stator in the order of 1 mm. The high velocity gradient between the 
rotor and the stator and high shear forces cause high turbulence that intensify the gas-
liquid [4–6], liquid-liquid [7] and liquid-solid [8] mass transfer, as well as heat transfer 
[9,10]. Moreover, due to the small reactor volume, the RS-SDR offers a fast start-up 
and shut down which is beneficial when intermittent production is required, e.g. at 
peak electricity production by wind or solar energy. 

Mesh electrodes are used in industrial cells, for instance in zero gap cell configurations 
[11,12], where the electrode and membrane are in close contact and the mesh electrodes 
allow the contact with the electrolyte. Furthermore mesh electrodes offer the 
advantage of promoting turbulence, higher surface area and facilitating gas removal 
[13]. Rotating mesh electrodes have been previously studied by Sedahmed et al. [14]. 
These authors reported higher mass transfer coefficients for the rotating mesh than the 
predictions for the free disc in laminar regime. The flow pattern for the configuration 
used by Sedahmed et al. resembles that of a free disc, where the gap between the 
rotating disc and the bottom stator is very large. Alternatively, the reactor volume can 
be significantly reduced by using the RS-SDR configuration previously described, 
where the rotating disc electrode is placed at a small distance from the stator which is 
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then used as counter electrode. In practical applications the RS-SDR configuration 
exhibits a lower ohmic drop and therefore lower cell voltage due to the small gap 
distance between electrodes. This configuration resembles that of the pump cell 
electrolyzer that has been studied extensively by Jansson et al. for processes like metal 
deposition [15] and electroorganic synthesis [16]. However the use of mesh or other 
structured electrodes in the RS-SDR configuration has not been investigated yet.  

Therefore, this paper presents liquid-solid mass transfer coefficients (kLS) of a rotating 
mesh electrode in a RS-SDR configuration determined by measuring the limiting 
current density [17,18]. Furthermore, mass transfer coefficients for a flat smooth disc 
in the RS-SDR configuration are also reported. The values of mass transfer coefficients 
presented here correspond to the average values over the entire surface of the rotating 
mesh or rotating disc. The system investigated here corresponds to Schmidt numbers 
much larger than unity, for which several empirical and semi-empirical mass transfer 
equations have been reported. In Table 4.1 we present some examples of correlations 
reported in literature, though the list is not exhaustive. For free discs, an overview of 
the available equations can be found in [19].  

The results obtained in this study are also reported in the form of a Sherwood 
correlation as a function of the Reynolds number of the type: 

b 0.33Sh=aRe Sc   (4.1) 

where Sh=kLSR/D is the Sherwood number, Re=ωR2/ν is the rotational Reynolds 
number and Sc=ν/D is the Schmidt number with kLS being the mass transfer coefficient, 
R the disc radius, D the diffusion coefficient, ω the rotational speed, ν the kinematic 
viscosity, a and b are fitting parameters.  

4.2. Methodology 

4.2.1. Limiting current density method 

The mass transfer coefficient was measured using the limiting current density method. 
When the rate of reaction is so high that the concentration at the electrode becomes 
zero, the limiting current density iL is reached and the rate of reaction can be expressed 
by: 

* *L
LS

i D C k CnF 
    (4.2) 
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where iL is the limiting current density, n is the number of electrons transferred, F is 
the Faraday constant, D is the diffusion coefficient, δ is the thickness of the diffusion 
layer, C* is the concentration of the electroactive species at the bulk, and kLS is the mass 
transfer coefficient. In a current vs potential plot, the limiting current density results 
in a plateau of constant current for a certain potential range. Therefore a direct 
measurement of the mass transfer coefficient is possible by determining the limiting 
current density plateau from linear sweep voltammograms and knowing the bulk 
concentration. Further details of this method can be found elsewhere [17,18]. In the 
present study the limiting current density for the reduction of hexachloroiridate (IV) 
[20] is investigated: 

2- 3-
6 6IrCl IrCle   (4.3) 

4.2.2. Experimental setup 

Figure 4.1 shows a schematic representation of the experimental setup consisting of 
the rotor-stator spinning disc reactor (RS-SDR) connected to a PGSTAT30 potentiostat 
/ galvanostat (Autolab).  The RS-SDR consists of an acrylic (PMMA) housing with a 
disc of radius R=0.065 m mounted on a rotating shaft. The rotating disc was placed at 
a gap distance h=1 mm from the top and bottom stators forming a top and a bottom 
cavity. For this experimental setup the rotating disc was used as a working electrode 
(WE) which is the cathode in this case, and the stator as counter electrode (CE) that 
corresponds to the anode.  

 

Figure 4.1. Schematic representation of the experimental setup used in this study. It consists of a rotor-
stator spinning disc reactor with the rotor used as working electrode and the stator used as counter 
electrode. The electrodes are connected to a potentiostat/galvanostat. The working and counter electrodes 
are discs of radius R=0.065 m. The electrode gap distance h=1x10-3 m, resulting in a gap ratio 
G=h/R=0.015. A peristaltic pump is used to circulate the electrolyte radially inwards through the 
electrode gap.  
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Two WE configurations were used: a smooth flat disc and a woven mesh. For the flat 
disc, the WE was a nickel disc (99+% purity, Salomons Metalen) of radius R=0.065 m 
and 1 mm thickness which was casted on one side with epoxy resin to a final thickness 
of 3 mm. In this way only one side of the disc was electroactive. The 
potentiostat/galvanostat was connected to the WE via a slip ring and a Ni wire 
running through the hollow shaft and ending in a small Ni spring protruding 2 mm 
from the shaft where the rotating disc was mounted. A small incision of 2 mm was 
made on the center of the disc on the epoxy side to expose the nickel metal and allow 
the electrical connection to the Ni spring. For the mesh WE, a circular piece of a plain 
weaved nickel mesh (99+% purity, Alfa Aesar) of size nm=100, wire diameter dw=0.1 
mm and opening size do=0.15 mm was used (see Figure 4.2). This mesh was mounted 
on a PMMA disc of R=0.065 m and was secured using thin polyesther thread through 
small holes (0.2 mm) on the disc. After securing the mesh, the small holes on the disc 
were closed with epoxy resin to prevent liquid penetrating through them. In the center 
of the disc a small Ni insert was placed in order to allow the electrical connection 
between the Ni mesh and the connecting spring/wire in the same way as the disc. The 
disc and mesh-disc were mounted on the shaft using small insulating plastic screws. 
The CE consisted of a nickel disc of R=0.065 m and 2 mm thickness mounted flush on 
the bottom stator using epoxy resin to glue both parts. A Ni rod protruding to the 
exterior of the PMMA bottom stator and attached to the CE served for the connection 
to the potentiostat/galvanostat. The flat disc WE and CE were polished using a 
STRUERS grinding/polishing machine with alumina slurries down to 0.5 µm, rinsed 
with demineralized water and sonicated to remove alumina rests. To remove oxides 
H2 gas was evolved at 10 mA/cm2 for 15 minutes for both flat disc and mesh disc WE’s. 
No further pretreatment was performed for the mesh electrode.  

A peristaltic pump Masterflex-77201-60 was used to circulate the electrolyte through 
the reactor with flowrates up to 10 ml/s. The inlet of the liquid is from the top of the 
rotating cavity at the shaft as depicted in Figure 4.1. The liquid then flows radially 
outwards through the top cavity and then radially inwards through the bottom cavity. 
This bottom cavity corresponds to the WE-CE gap where the electrochemical processes 
occur. The liquid exits the reactor through a hole in the center of the stator. The exit 
line of the electrolyte serves also for connecting to a Ag/AgCl reference electrode. The 
electrolyte vessel allows for the recirculation of the liquid. Prior to the experiments the 
electrolyte was deaerated with argon flushing for 30 mins. During the measurements 
the Ar flow was kept above the liquid level to prevent oxygen from air entering the 
reactor.  
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Figure 4.2. Mesh characteristics and dimensions: nm is the number of mesh units per square inch, dw is 
the wire diameter and do is the size of the opening.   

Electrochemical measurements were performed using the AUTOLAB software 
NOVA. This software was additionally used to remotely control the RS-SDR rotational 
speed by connecting the reactor motor to the analog voltage input/output ports of the 
potentiostat/galvanostat. During the experiments the rotational speed ω was varied 
between 0 and 132 rad/s. Records of the torque of the RS-SDR were also taken in order 
to estimate the energy dissipation. All experiments were performed at room 
temperature of 20oC. 

Electrolytes were prepared in demineralized water and 0.5 M KNO3 (Sigma Aldrich) 
was used as supporting electrolyte. The concentration of the redox pair was 0.3 and 3 
mM of hexachloroiridate (IV) and (III) respectively (Alfa Aesar). Electrolytes were 
stored in brown bottles to prevent decomposition. Electrolyte concentrations were 
verified by UV-Vis spectroscopy. Calibration curves and details on the UV-Vis 
measurements are shown in the Appendix A.  

Electrolyte density and viscosity were obtained from reported literature [21]. The 
diffusion coefficient was obtained by measuring the limiting current density of 
hexachloroiridate (IV) over a small rotating disc electrode (RDE) of R=0.0025 m. 
Details on the methodology can be found elsewhere [22]. These measurements were 
carried out in a typical three-electrode cell. The WE was a nickel disc embedded in an 
insulating Teflon holder (Pine Instruments), the CE was a platinum wire and a 
Ag/AgCl electrode was used as RE. Electrode pretreatment and electrolyte 
concentration were the same as those described before.  
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4.3. Results and discussion 

4.3.1. Diffusion coefficient of hexachloroiridate 

According to the derivation of Levich [23] the diffusion coefficient can be 
experimentally obtained by determining the dependence of the limiting current 
density iL on the rotational speed of a rotating disc electrode in laminar regime and 
free disc configuration. The Levich equation [23] is an analytical equation that 
describes this relationship and for a one-electron transfer reaction like the one 
investigated here, it can be written as: 

1/6 2/3 1/2
* 0.620Li F D

C
    (4.4) 

At the small radius of the RDE used here and for a wide range of rotational speeds (0 
and 314 rad/s used in this case) the RDE is in the laminar regime where the Levich 
equation (4.4) is applicable [18] and the diffusion coefficient can be directly 
determined. Figure 4.3 shows the obtained experimental results for the reduction of 
hexachloroiridate (IV). The experimental data was fitted to equation (4.4) and the 
results are in good agreement with the theoretical predictions. The resulting diffusion 
coefficient is D=8.46x10-10 m2/s. Petrovic reported a diffusion coefficient of 8.93x10-10 
m2/s for the reduction of hexachloroiridate (IV) in 0.1 M KNO3. The corresponding 
Schmidt number is 1007, and therefore the Levich equation is applicable [19,24]. 
Results are in good agreement with the theoretical predictions of the Levich equation 
(4.4).  

 

Figure 4.3. Variation of the current density with ω0.5 for the reduction of hexachloroiridate 2-
6IrCl on a 

Nickel rotating disc electrode (RDE) in a free disc configuration. Data markers  correspond to 
experimental values and the solid line correspond to the results fitted to Levich equation (4.4). 
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4.3.2. Mass transfer coefficients of a flat disc and a mesh disc 
in RS-SDR configuration 

To determine mass transfer coefficients we need to know the current density, for which 
we need the electroactive area. Often a distinction is made between the geometrical 
area of the electrode and the real surface electroactive area [25]. The latter is related to 
the surface roughness typically in the order of nanometers due to imperfections on the 
electrode surface. The real surface electroactive area is relevant for the mass transfer 
coefficient determination when the surface roughness is of the same order of 
magnitude as the diffusion layer thickness. The measurements of the mass transfer 
coefficient presented here, which will be discussed in the following section, indicate 
that the diffusion layer thickness is between 10 and 100 m for the range of rotational 
speeds here investigated. Therefore the nanometer-scale surface roughness is not 
relevant, and for this reason the geometric area is considered for calculating the 
limiting current density. For the case of the flat disc, this simply corresponds to the 
geometrical area of the disc, i.e. Adisc= 0.01327 mE2. On the other hand, the area of the 
mesh is slightly more complicated to calculate. Considering the mesh design (i.e. a 
plain weaved mesh) a formula was derived to calculate the ratio of mesh surface area 
and the geometrical area of the disc: 

   2 220.31 0.5 2mesh
w m w o w

disc

A d n d d dA      (4.5) 

where A is the area, dw is the wire diameter, do is the opening size, nm is the mesh size 
in units per square inch.  Details on the derivation of equation (4.5) are shown in 
Appendix B. Substitution of the mesh characteristics used in this study into equation 
(4.5) gives a ratio of 2.77 for the area of the mesh compared to the flat geometric area, 
resulting in a mesh electroactive area of Amesh= 0.0367 mE2.  

The values of the mass transfer coefficients are obtained from the current plateaus of 
Linear Sweep Voltammograms as a function of the rotational speed as shown in Figure 
4.4. As shown in this figure, well-defined current plateaus were observed from which 
the limiting current can be determined. The measurements of the kLS presented 
hereafter correspond to the average of the current measured in the range of -0.2 and -
0.4 V.  

The obtained kLS values are shown in Figure 4.5 for both flat disc and mesh electrodes 
as a function of the rotational speed. For both cases an increase in the kLS with 
increasing ω is observed. An increase in the rotational speed from ω=0 to 132 rad/s 
results in an increase of kLS from 5.92x10-6 to 1.16x10-4  mL3 mE-2 s-1 for the flat disc.  For 
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all rotational speeds, higher values of kLS are obtained for the rotating mesh electrode 
compared to those obtained for flat disc. At the highest rotational speed measured in 
these experiments of ω=132 rad/s (corresponding to a Reynolds number of 
Re=6.72x105) the mass transfer coefficient for the rotating mesh electrode is 
kLS=2.02x10-4 mL3 mE-2 s-1 and for the rotating flat disc kLS =1.16x10-4 mL3 mE-2 s-1. The 
higher kLS values obtained for the rotating mesh electrode are attributed to a higher 
degree of turbulence and surface renewal compared to the flat disc. The mesh acts as 
a turbulence promoter distorting the fluid boundary layers and promoting the 
formation of eddies at the electrode surface. 

 The results obtained here can be compared to those obtained by Sedahmed et al. [14] 
for rotating meshes in free disc configuration. The mass transfer coefficients reported 
by Sedahmed et al. [14] at Re=3.4x105 range between kLS,Sedahmed=1.3x10-4 and 3.7x10-4 
mL3 mE-2 s-1 depending on the mesh type used. The woven meshes used by Sedahmed 
et al. ranged in wire diameter dw between 0.27 to 0.71 mm in contrast to 0.1 mm used 
here. The size of the opening is also significantly larger for Sedahmed’s work where do 
ranged between 0.59 to 1.86 mm compared to 0.15 mm used in the present work.  

The performance of the reactor is not only given by the mass transfer coefficient kLS 
but more importantly by the volumetric mass transfer coefficient represented by the 
product of the mass transfer coefficient kLS and the liquid solid interfacial area per unit 
volume of reactor aLS. The reactor volume in this case is 2.8x10-5 mR3 resulting in aLS,disc 
= 477 mE2 mR-3 and aLS,mesh = 1322 mE2 mR-3 for the flat disc and the mesh, respectively.  
The kLSaLS values are plotted as a function of Reynolds number in Figure 4.6 where it 
can be observed that for the highest rotational speed (ω=132 rad/s) the volumetric 
mass transfer coefficient for the mesh is ~5 times higher for the mesh than for the disc. 
This shows evidently one of the benefits of using a rotating mesh in RS-SDR 
configuration for the intensification of chemical and electrochemical processes. 
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Figure 4.4. Linear sweep voltammograms for the reduction of hexachloroiridate (IV) on a Ni rotating 
mesh electrode in RS-SDR configuration. The parameter in this figure is the rotational speed of the mesh 
electrode (ω in rad/s). For all rotational speeds, well-defined current plateaus are observed between -0.2 
and -0.4 V vs Ag/AgCl reference electrode. 

 

Figure 4.5. Mass transfer coefficient kLS as a function of the rotational speed ω based on measurements 
of the limiting current density according to equation (4.2)  for the reduction of 0.3 mM hexachloroiridate 
(IV) on a Ni mesh disc () and a Ni flat disc () in a RS-SDR configuration. Both electrodes have 
radius R=0.065 m. The electroactive area for each configuration is Amesh=0.0367 mE2 and Adisc=0.0132 
mE2 for the mesh and for the flat disc, respectively. 
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Figure 4.6. Volumetric mass transfer coefficient kLS aLS as a function of the rotational speed ω for a 
rotating mesh disc () and a rotating flat disc () in a RS-SDR configuration. The reactor volume is 
2.78x10-5 mR3 and both electrodes have radius R=0.065 m. The liquid-solid interfacial area per unit 
volume is aLS,disc = 477 mE2 mR-3 and aLS,mesh = 1322 mE2 mR-3 for the flat disc and the mesh, respectively. 

4.3.3. Mass transfer correlations 

From the measured mass transfer coefficients, the corresponding Sh numbers were 
calculated and the data was fitted to obtain correlations as a function of the Re number. 
Table 4.1 presents a summary of the available mass transfer correlations including 
those proposed here.  

Figure 4.7-a shows the results for the flat disc where two regions can be distinguished: 
1) a laminar region at Re<2.2x105 and 2) a transition to turbulent region at Re>2.2x105. 
A power law model of the form 0.33Sh Re Scba is used to fit the experimental Sh and to 
obtain the mass transfer correlations for these two regions: 

0.492 0.33 3 50.799Re Sc   5.89 10 <Re 2.24 10Sh for      (4.11) 

4 1.055 0.33 5 57.27 10 Re Sc   2.24 10 Re 6.72 10Sh for        (4.12) 

The experimental results and the fitted curves are shown in Figure 4.7-a. The laminar 
correlations of Levich [23] and the turbulent correlation of Daguenet [26] for free discs 

are also plotted in Figure 4.7-a. For Re<2.2x105 the proportionality of 0.492Sh Re  is in 

line with the predictions for rotating discs in the laminar regime with 0.5Sh Re  
according to Levich [23] for free discs and Cavalcanti et al. [27] for rotor-stator 
configurations (equations (4.6) and (4.9), respectively). The values of Sh obtained here 
are also close to the values predicted by the correlation of Levich (equation (4.6)). 



 
Liquid-solid mass transfer to a rotating mesh electrode in a RS-SDR

 

84 

 

Similar dependencies have been reported for the heat transfer coefficient for the fluid-
rotor heat transfer in a flow configuration similar to the one studied here [10]. The 
proportionality of 1.055Sh Re  for Re>2.2x105 can be interpreted as a transition region. 
The onset of transition from laminar to turbulent flow observed here is in accordance 
with the reported literature for rotor–stator systems where it at Re=2-3x105 [28,29]. The 
turbulent regime is fully developed at the rim of the disc, but at lower disc radii the 
regime is still in transition. This has been previously reported by Owen et al. [29] and 
Meeuwse et al. [8]. This explains the higher exponent of Re found here, i.e. 1.055 
compared to the expected exponent 0.9 typical for rotating discs in the turbulent 
regime at high Sc numbers [26]. Typically in the transition region, the Sh number 
grows faster than in fully developed turbulent flow [30,29]. It must be noted that for 
lower Sc numbers, for instance for mass transfer measurements using the naphthalene 
sublimation technique for which the Schmidt number is in the range of 2.28-2.5, the 
exponent of the Re number is 0.8 [24]. Similarly for heat transfer measurements in air, 
with Prandtl numbers close to unity, the exponent of the Re number is 0.8 [30,29]. The 
correlations (4.11) and (4.12) are applicable only for the range of Re numbers indicated. 
At higher Re numbers it is expected that the Sh number for a flat disc will approach 
the predictions of Daguenet [26] for a free disc in turbulent regime.  

a) b)  

Figure 4.7. Sherwood number as a function of the Reynolds number for a) a flat disc and b) a mesh disc, 
both in a RS-SDR configuration. The data markers correspond to obtained experimental data. The lines 
correspond to the power law fitting shown in equations (4.11) to (4.14).  

For the case of the rotating mesh electrode a power law model is also used to obtain a 
mass transfer correlation. In this case, no transition between laminar and turbulent 
was observed as in the case of the flat disc. The higher level of turbulence promoted 
by the rotating mesh is likely to shift the transition to the turbulent regime to much 
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lower Re numbers. This is the case for instance for very rough rotating discs [31]. This 
transition was not perceivable in the obtained measurements as shown in Figure 4.7-
b. The obtained correlation for the mesh electrode is: 

0.57 0.33 3 50.892Re Sc   5.89 10 <Re 6.72 10Sh for      (4.14) 

Figure 4.7-b shows a comparison of the experimental results obtained with the mesh 
in the RS-SDR and the correlation of Daguenet [26] for free discs in the turbulent 
regime. It can be observed that significantly higher Sh numbers are obtained with the 
mesh in the RS-SDR compared to the free disc. This is the case even for low rotations, 
where for instance at Re=1.5 x105 (ω=32 rad/s) the Sh number is increased from Shfree-

disc=0.35x104 for a free disc in the turbulent regime to Shmesh-RS-SDR=0.95x104 for the 
rotating mesh in the RS-SDR. For the case of a rotating mesh in a free disc 

configuration, Sedahmed et al. [14] found a proportionality of 0.5Sh Re for Re between 

5.25x104 and 3.40x105 similar to the proportionality 0.57Sh Re found here. The 
proportionality of Re0.5 found by Sedahmed and Re0.57 found here for the rotating mesh 
resembles the proportionality Re0.5 found for flat discs in laminar regime, suggesting 
that a similar mass transport mechanism occurs. For the case of a flat disc in laminar 
regime the convective flow towards the disc increases the radial outflow that increases 
with radius, consequently there is a convective azimuthal flow towards the disc. This 
flow significantly increases the mass transfer towards the disc and leads to the Re0.5 
proportionality. In the case of the rotating mesh, the open structure of increases the 
convective flow even more, leading to higher mass transfer and maintaining the 
proportionality of Re0.5.  

The correlation presented by Sedahmed et al. [14] is also a function of the ratio between 
the mesh radius R and the wire diameter dw (R/dw), as seen in equation (4.13). In the 
present study only one mesh type is used and therefore correlations as a function of 
the wire diameter are not attempted. The range of ratio of mesh radius and wire 
diameter used by Sedahmed et al. is 35.7<R/dw<92.6 whereas for the present work this 
results in R/dw=650 which is significantly different. Calculating using Sedahmed’s 
correlation (equation (4.13)) for Re=6.72x105 and the mesh characteristics of this study 
(R/dw=650), the Sherwood number predicted is Sh=5.92x104 compared to Sh=1.99x104 
obtained experimentally (Figure 4.7-b). Using Sedahmed’s correlation for Re=6.72x105 
and a maximum R/dw ratio used by the authors (R/dw=92.6) [14], a Sherwood number 
of Sh=2.23x104 is obtained, which is closer to the experimental value obtained here (see 
Figure 4.7-b).  



 
Liquid-solid mass transfer to a rotating mesh electrode in a RS-SDR

 

86 

 

Table 4.1. Compilation of previously reported mass transfer data in the form of Sherwood correlations 
as functions of Reynolds and Schmidt for free discs and rotor-stator configurations and the correlations 
proposed in the present study. 

Correlation and range of validity Authors Notes 
Free disc in infinite liquid  

0.5 0.33Sh=0.62Re Sc   (4.6) 
5Re<2.7×10  

Levich [23] a, d 

 5 -0.5 -15 3 0.33Sh= 0.89×10 Re +9.7×10 Re Sc   (4.7) 
5 52×10 <Re<4×10  

Mohr et al. [28] a, d 

0.9 0.33Sh=0.007Re Sc   (4.8) 
5Re>2.7×10  

Daguenet [26] b, d 

Disc in rotor-stator configuration  
0.5 0.33Sh=0.85Re Sc   (4.9) 

 , 387<Re<9.7×10 0.1<G<2.26  
Cavalcanti et al. [27] a, d 

  -8 2 2Sh=2×10 Re +9×10   (4.10) 
5 51×10 <Re<7×10  

Meeuwse et al. [8] c, e 

0.492 0.330.799Re ScSh   (4.11) 
3 55.89 10 <Re 2.24 10    

4 1.055 0.337.27 10 Re ScSh     (4.12) 
5 52.24 10 Re 6.72 10     

Present work  

Rotating mesh in free disc configuration  

 0.50.5 0.33
wSh=0.26Re Sc R d   (4.13) 

 , 4 5
w5.2×10 <Re<3.4×10 35.7<R / d <92.6  

Sedahmed et al. [14] a, f 

Rotating mesh in rotor-stator configuration  
0.57 0.330.892Re ScSh  (4.14) 

3 55.89 10 <Re 6.72 10    
Present work  

Notes: 
a) Empirical correlation based on measurements of limiting current density of the reduction of 
ferricyanide 
b) Empirical correlation based on measurements of limiting current density of the reduction of triiodide 
c) Empirical correlation based on mass transfer measurements of heterogeneously catalyzed glucose 
oxidation  
d) Without superposed flow 
e) With radially inwards superposed flow 
f) The electrode gap although not specified it was estimated to be large and therefore it was considered 
to be a free disc configuration with electrolyte recirculation, i.e. superposed axial flow 
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4.3.4. Energy dissipation 

The rotational energy dissipation rate Edr of the RS-SDR is calculated from the torque 
τ exerted on the rotor which is directly measured by the control interface of the RS-
SDR and is given by: 

 0drE       (4.15) 

where τ is the torque measured while the reactor is in operation, i.e. with the electrolyte 
flowing through, and τ0 is the torque of the reactor while running idle, i.e. without 
fluid. Results are shown in Figure 4.8 where it can be observed that the energy 
dissipation rate for the flat disc and the mesh disc are in the same order of magnitude 
and practically the same for Re<6x105. At higher Reynolds numbers, Edr for the mesh 
disc is slightly higher compared to the flat disc, being Edr,mesh-disc=18.8 W for the mesh 
disc compared to Edr,flat-disc=16.4 W for the flat disc at the highest Re measured 
(Re=7.8x105) corresponding to a rotational speed of ω=157 rad/s. These results show 
that the increase in energy dissipation rate by using a rotating mesh in a RS-SDR is not 
significant compared to the energy dissipation rate for a rotating flat disc. This means 
that by using a rotating mesh in a RS-SDR one can obtain significantly higher kLSaLS 
(Figure 4.6) than the flat disc at virtually the same energy dissipation rate (Figure 4.8).  

The obtained results of the energy dissipation rate are fitted to a power law model as 
a function of the Reynolds number and the results are given by the following equations 
for the mesh disc and for the flat disc respectively: 

19 3.35
, 3.83 10 Redr mesh discE 

     (4.16) 

17 2.97
,flat 5.52 10 Redr discE 

     (4.17) 

Similar dependence of the energy dissipation rate and the Reynolds number have been 
reported for rotor-stator spinning disc reactors, where De Beer et al. [9] reported a 
proportionality of 2.12RedrE   for their measurements of single phase heat transfer in a 
rotor-stator spinning disc reactor.  
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Figure 4.8. Energy dissipation rate Edr as a function of the Reynolds for a rotating mesh disc () and a 
rotating flat disc (), both in a RS-SDR configuration. The data markers correspond to experimental 
data obtained by measurements of the torque τ according to equation (4.15). The lines correspond to the 
power law fitting shown in equations (4.16) and (4.17). 
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4.4. Conclusions 

The limiting current density for the reduction of hexachloroiridate (IV) has been used 
to determine liquid solid mass transfer to a rotating mesh electrode and a flat disc 
electrode in a rotor-stator spinning disc configurations. The kLS values for both flat disc 
and mesh electrodes increase with increasing rotational speed. Higher kLS values were 
obtained for the rotating mesh electrode in comparison to a flat disc, being kLS=2.02x10-

4 mL3 mE-2 s-1 for the mesh electrode which is a factor 1.74 higher than the flat disc at 
the highest rotational speed measured (ω=132 rad/s). The volumetric mass transfer 
coefficient kLSaLS is found to be ~5 times higher for the mesh than for the disc. This is 
the result of an increase of a factor 2.77 of the mesh area compared to the disc area. For 
the case of the flat disc, two Sherwood correlations are presented corresponding to the 
laminar (equation (4.11)) and turbulent regime (equation (4.12)). The proportionalities 
of Sh with respect to Re agree with previously reported literature on rotating discs. For 
the rotating mesh electrode no transition region was perceived from the experimental 
measurements. Thus a single correlation is presented for the range of Re numbers 
investigated here (equation (4.14)) for the case of the rotating mesh. A proportionality 
of  0.57Sh Re  is found for the rotating mesh which is similar to the proportionality of 
Re0.5 found in flat discs in laminar regime. The increase in mass transfer for the rotating 
mesh can be attributed to an increase in the convective azimuthal flow towards the 
electrode caused by the open structure of the mesh. Measurements of the torque of the 
RS-SDR with the flat disc and the mesh disc showed that both configurations exhibit 
virtually the same energy dissipation rate. Therefore we conclude that the increase in 
mass transfer rates by using the rotating mesh disc in RS-SDR does not occur at the 
expense of an increase in the power consumption of the reactor compared to a flat disc. 
Moreover, for electrochemical processes the rotor stator configuration is of particular 
interest due to the very small interelectrode gap (in the order of 1 mm) which leads to 
lower ohmic drop compared to free discs where the distance between electrodes is 
significantly larger. These results show the potential of the RS-SDR configuration for 
the intensification of chemical and electrochemical processes.  
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Appendix A. Concentration determination via UV-Vis 
spectrophotometry 

Figure A.1 shows the UV-VIS spectrum of hexachloroiridate (III) and (IV) in the 
concentration range used in this study. For the redox species of interest, i.e. the 
hexachloroiridate (IV), peaks are observed at 415 and 486 nm. A calibration curve was 
made for each species from which the concentrations could be obtained.  

 

Figure A.1. UV-Vis spectrum for aqueous solutions 0.5 M KNO3 and hexachloroiridate (IV) (dashed 
lines) and hexachloroiridate (III)(solid lines) in the range of concentrations used in this study.  

Appendix B. Calculation of the mesh electrode area 

A formula is derived to calculate the area of the mesh electrode based on its geometry 
and dimensions. The mesh used in this study is a plain weaved mesh as depicted in 
Figure 4.2. We assume that the wires are cylinders of diameter dw. The mesh design 
consists of woven wires that cause a curvature of the cylinders as they are woven over 
and under the other cylinders. This woven curvature is approximated by a triangular 
wave as shown in Figure 4.2. To correct for the overlap between mesh wires in the 
junctions, 0.5xdw is subtracted from the horizontal length dw+do. The area of one mesh 
unit can then be calculated and multiplied by the number of units in the mesh nm. The 
mesh area is then related to the geometrical area and this ratio becomes: 

   2 220.0031 0.5 2mesh
w m w o w

disc

A d n d d dA      (4.18) 

The value of nm is also known as the mesh size and conventionally it is given by the 
supplier in units/in2. The numerical factor in equation (4.18) accounts for the 
conversion of nm to SI units, thus the mesh size in units/in2 should be used directly for 
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calculations in equation (4.18). Note that dw and do are given in millimeters in the above 
formula. For this study, the mesh type used is a woven mesh of nm=100 units/in2 with 
wire diameter dw=0.1 mm and opening area do=0.1524 mm. The resulting ratio is 
calculated as:  

   2 220.0031 0.1 100 0.5 0.1 0.1524 2 0.1 2.77mesh

disc

A
A         

 

Thus, for any given geometric area, the area of the mesh electrode is 2.77 times larger.  

Nomenclature 

Symbols  
a Fitting parameter, (-) 
A Area, (m2) 
aLS Liquid-solid interfacial area, (mi2 / mR3 s) 
b Fitting parameter, (-) 
C* Concentration of the electroactive species at the bulk, (mol/m3) 
D Diffusion coefficient, (m2/s) 
do Opening size of the mesh, (mm) 
dw Wire diameter, (mm) 
Edr Rotational energy dissipation rate, (W) 
F Faraday constant, (s A/mol) 
iL Limiting current density, (A/m2) 
kLS Liquid-solid mass transfer coefficient, (mL3 / mi2 s) 
kLS aLS Volumetric liquid-solid mass transfer coefficient, (mL3 / mR3 s) 
n Number of electrons transferred, (-) 
nm Mesh size, (mesh units/in2) 
R Radius, (m) 
Re Reynolds number, (Re=ωR2/ν) 
Sc Schmidt number, (Sc=ν/D) 
Sh Sherwood number, Sh=kLSR/D 
Greek letters 
δ Thickness of the diffusion layer, (m) 
ω Rotational speed, (rad/s) 
ν Kinematic viscosity, (m2/s) 

τ Torque, (Nm) 
Abbreviations 
CE Counter electrode 
WE Working  electrode 
RDE Rotating disc electrode 
RS-SDR Rotor-stator spinning disc reactor 
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Intensification of the chlor-
alkali process by using a 
spinning disc membrane 
electrolyzer 
 

Abstract 

A zero gap spinning disc membrane electrochemical reactor (SDMER) is presented for 
the intensification of the chlor-alkali process. The SDMER is especially designed for 
chlor-alkali production at high current densities. Two configurations of the SDMER, 
namely the rotor-stator (RS) and the thin-film (TF) configuration, are presented and 
compared with a conventional parallel plate cell. The cell voltage as a function of 
current density is virtually identical for the RS-SDMER and the TF-SDMER. The cell 
voltage is lower when compared to parallel plate cell. The effect of the rotational speed 
on the cell voltage shows that a decrease of 0.9 V in the cell voltage is achieved at 6 
kA/m2 when the rotational speed is increased from 40 to 60 rad/s in the RS-SDMER. 
Additionally, the SDMER allowed stable operation at high current densities (20 
kA/m2) by ensuring efficient bubble removal. Moreover, results of the cell voltage as 
a function of other operating conditions, such as temperature and electrolyte 
concentrations are shown. Finally, the membrane permselectivity is estimated from 
measurements of the acid addition. The permselectivity increases with increasing 
current density to values between 0.95 and 0.98. The intensification of the chlor-alkali 
process was successful with the spinning disc membrane electrochemical reactor by 
obtaining an approximately three times higher production compared to the parallel 
plate cell when increasing the current density from 6 kA/m2 to 20 kA/m2.  

 
NOTE: This chapter is the joint work of P. Granados Mendoza and S. Moshtarikhah within the 
framework of the SPINCHAL project. Both authors contributed to the design of the reactor and carried 
out jointly the experimental work here described. Sections noted with (1) are primarily authored by 
Granados Mendoza. Sections noted with (2) are primarily authored by Moshtarikhah. The sections 
marked with (3) are the result of joint authorship. 
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5.1. Introduction (1) 

The chemical industry is continuously striving for the development of substantially 
smaller, cleaner, and more energy efficient technologies, in other words: process 
intensification [1,2]. For energy-intensive industries it is highly desired to decrease the 
energy consumption of the processes. The chlor-alkali is an example of an energy 
intensive industry [3] with an average energy consumption per tonne of chlorine 
produced of ~3.4 MWh  [4]. The chlor-alkali process is the electrolysis of aqueous 
sodium chloride (brine) to yield chlorine, sodium hydroxide and hydrogen. This 
process is one of the major electrochemical processes rendering an annual chlorine 
production of 9612 ktonnes in Europe in 2014 [5] that supports the production of about 
55% of the chemicals and pharmaceuticals [6]. A schematic chlor-alkali cell is depicted 
in Figure 5.1 where the following electrochemical reactions occur: 

Anode: 2( )
1
2 gCl Cl e    (5.1) 

Cathode: 2 2( )
1
2 gH O e OH H e       (5.2) 

 

Figure 5.1. A typical membrane cell for chlor-alkali process. 

In the past years industrial and academic chlor-alkali research has focused on 
decreasing the cell voltage (Ecell) and increasing the current efficiency (ηeff) in order to 
decrease the power consumption (PCl2) per tonne of chlorine produced. These 
quantities are related by: 

 
2

-1756.1 kW h tonnecell
Cl

eff

EP


  (5.3) 
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The development of novel electrode materials [7–10], the design of more efficient and 
durable membranes [7,11] and the implementation of zero-gap cells [12,13] have been 
the major breakthroughs of the chlor-alkali process in the last decades contributing to 
significant decreases in the power consumption. Typical current densities are now  in 
the range of 5-7 kA/m2 [7,12].  

Working at higher current densities inherently decreases the electrode area, and 
therefore reactor volume, needed to achieve a given production capacity. Thus, ideally 
the power consumption in (5.3) can be lowered if the cell voltage is decreased. 
However operation at higher current densities is associated with several challenges, 
for instance: 1) increased bubble generation causing larger ohmic drops and increased 
power consumption (bubble effect), 2) more pronounced concentration gradients in 
the boundary layer leading to undesired side-reactions and current efficiency losses 
and 3) an increase in membrane voltage drop and the possibility of loss in 
permselectivity of the membrane. 

In order to achieve the intensification of the chlor-alkali process it is necessary to 
design an electrochemical reactor that allows operating at high current densities while 
dealing with the above-mentioned challenges. The spinning disc reactor (SDR) is a 
type of rotating equipment that is suitable for this purpose. Essentially there are two 
types of SDR [14] namely the rotor-stator spinning disc reactor (RS-SDR) [15,16] and 
the thin-film spinning disc reactor (TF-SDR) [17]: 

 (1) The RS-SDR consists of a rotating disc in a cylindrical housing, with a typical 
gap distance between the rotor and the stator in the order of 1-5 mm [14]. The 
high velocity gradient between the rotor and the stator and the high shear forces 
cause high turbulence that intensifies the liquid-solid mass transport and 
therefore decrease the concentration gradients in the boundary layer. Our 
previous research regarding the liquid-solid mass transfer to a rotating mesh 
electrode [16] indicates that the liquid solid mass transfer coefficient can be one 
order of magnitude higher than non-rotating configurations. Furthermore, the 
centrifugal forces generated from the rotation of the disc facilitate the bubble 
disengagement resulting in a decrease of the bubble effect. For these reasons, 
the RS-SDR is a promising process intensification technology for the brine 
electrolysis. 

 (2) The TF-SDR consists of a rotating disc in a cylindrical housing in which the 
two fluids are mixed due to centrifugal acceleration of the liquid film. At first, 
the film tangentially accelerates due to formation of shear stresses at the disc-
liquid interface. When reaching the local angular velocity the liquid moves 
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outward forming a film with a typical thickness of 50 microns for liquids with 
similar properties as water [17]. The very thin film provides a very high mass, 
heat and momentum transfer between the gas and liquid and also between the 
mesh electrode surface and the electrolyte. The supersaturation is kept low by 
this high mass transfer, which suppresses the formation of gas bubbles. 

In this work we present the experimental results of a zero-gap spinning disc membrane 
electrolyzer suitable for the chlor-alkali process that allows both rotor-stator and thin-
film configurations [18]. Results of the cell voltage for current densities up to 20 kA/m2 
are presented as a function of rotational speed, electrolyte concentrations and 
temperatures. Experimental results are compared to a laboratory scale parallel plate 
cell with a finite gap. Finally, the membrane selectivity is also reported and compared 
to previous literature [19].   

5.2. Experimental (1) 

5.2.1. Spinning disc membrane electrochemical reactor 
(SDMER) 

The proposed spinning disc membrane electrochemical reactor (SDMER) is depicted 
in Figure 5.2 and consists of two compartments mounted on a common horizontal 
rotation axis and placed back to back where the rotor of each compartment is the 
respective electrode. The cation exchange membrane is placed between the 
compartments, forming a rotating stack of anode-membrane-cathode. In this way a 
zero-gap configuration is obtained. A stator is placed inside each rotating cavity. Each 
stator consists of a flat disc that is connected at its center to a double concentric cylinder 
that serves as axis of the reactor. Current is fed to the electrodes through slip rings 
(type SRH038-2, Gileon B.V.) located at the edges of the rotating axis. The rotating 
housing is connected to a motor (SEW-Eurodrive) by means of a timing belt. Rotational 
speeds up to 1000 RPM’s were investigated.  

The anode compartment’s body material is stainless steel with an inner thin jacket of 
titanium (grade 2, 99+% purity, Salomons Metalen). All metal parts in contact with the 
electrolyte are made of titanium. The anode consists of a titanium (grade 1, 99+% 
purity, UNIQUE Wire Weaving Co., Inc.) plain weaved mesh of 80 wires/inch woven 
from 0.13 mm wires and a width opening of 0.2 mm. A triangular area of 10 cm2 of the 
mesh was coated with a Ru/Ir/Ti- mixed metal oxide (MMO) catalyst (coating by 
MAGNETO Special Anodes B.V.). The cathode compartment’s body material is 
stainless steel with an inner thin jacket of nickel (99+% purity, Salomon’s Metalen). All 
metal parts in contact with the catholyte are made of nickel. The cathode is a nickel 
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(purity 99+%, Alfa Aesar) plain weaved gauze of 100 wires/inch woven from 0.1 mm 
wires and a width opening of 0.15 mm. The cation exchange membrane is Nafion NX-
982 (Dupont). Two reactor configurations of the SDMER are possible and are explained 
below. For clarity, the description below corresponds to one compartment of the 
reactor, but applies to both compartments as they are symmetrical.  

5.2.1.1. Rotor-stator SDMER 

The rotor-stator configuration is depicted in Figure 5.3-a. The electrolyte enters the 
reactor through the outermost concentric cylindrical cavity of the stator axis. The flow 
path of the electrolyte in each compartment is such that it flows past the rotating 
electrode in a radially inwards manner. During the electrolysis, a dispersion of bubbles 
from the gas produced at the electrode is formed in the electrolyte that fills the cavity 
between the rotating electrode and the stator. This electrolyte mixture exits the reactor 
through the innermost cylindrical cavity of the stator axis. 

5.2.1.2. Thin film SDMER 

The thin-film configuration is depicted in Figure 5.3-b. The electrolytes enter the 
reactor through the innermost concentric cylindrical cavity of the stator axis forming 
a jet of liquid on the rotating electrode. Due to its rotation, a thin film of liquid flowing 
radially outwards is formed on the rotating electrode. The gas produced at the rotating 
electrode is collected in the gas pocket formed between the stator and the electrolyte 
thin film. The liquid and the gas collected at the rim of the rotating electrode exit the 
reactor by flowing radially inwards past the counter side of the stator and through the 
outermost concentric cylindrical cavity of the stator axis.  

5.2.2. Experimental setup 

The experimental set-up is depicted in Figure 5.4 and consists of three parts: the 
electrochemical reactor, the anolyte circuit and the catholyte circuit. Three reactor 
configurations are used in this study: 1) the rotor-stator SDMER described in 5.2.1.1, 
2) the thin-film SDMER described in 5.2.1.2 and 3) a parallel plate cell (PP cell). The 
later was used as comparison of the performance of the SDMER and consisted of an 
Electrocell® Micro Flow Cell [20] with Ir/Ru-MMO on the Ti anode and a nickel 
cathode, both of 10 cm2 of electrode area, an electrode membrane gap of 4 mm and 
fitted with the same membrane as described in 5.2.1. For all cases the electrochemical 
reactor is connected to a power supply (TDK-Lamba Gen 30-50).  
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Figure 5.2. Spinning disc membrane electrochemical reactor for chlor-alkali process. 

a)     b)  

Figure 5.3. Comparison of the flow paths in the Rotor-Stator (a) and Thin-Film configurations (b).  
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Each electrolyte (anolyte and catholyte) circuit consists of feed, water and waste 
vessels, a gas cooler and its respective pumps, flow controllers and other sensors. 
Additionally, the anolyte circuit includes a chlorine removal section and an acid unit. 
The entire setup is placed in a closed Item® rack which for safety reasons remained 
closed during operation. An in-house-designed Labview® interface allowed the 
remote control and operation of the experimental setup via a programmable logic 
computer (PLC). All sensors, instruments and equipment in the setup are connected 
to the PLC. For additional safety, the Item® rack is connected to two ventilation points 
with gas detection sensors.  

All vessels are made of insulated glass and are designed to be leak tight. Both feed 
vessels are stirred and heated by a tracing cable. Prior to the experiments the anolyte 
and catholyte feed tanks are filled with aqueous NaCl (VWR Chemicals) and aqueous 
NaOH (Sigma Aldrich) solutions respectively at the desired experimental condition. 
Anolyte pH is controlled by addition of 1 M HCl (VWR Chemicals) based on the 
measurement of the pH; when necessary additional acid solution is fed with the aid of 
a micropump dosing unit. The anolyte and catholyte are circulated to the respective 
compartments of the electrochemical reactor in separate hydraulic circuits by two gear 
pumps regulated with their respective mass flow controllers. Unless otherwise noted 
the electrolyte flowrates were 7 ml/s. Three-way solenoid valves connected to the PLC 
are used to control the direction of the flow during the experiments and during the 
rinsing procedure. Pressure sensors and temperature sensors are located at the inlet of 
the reactor, at the exit of the reactor and after the gas coolers.  

The outflows of the electrolysis reactor consist of mixtures of electrolyte-gas and they 
can be re-circulated to the respective feed tanks for further re-use or the waste tanks 
for their disposal. The produced gases (Cl2 and H2) are separated from the top of their 
respective tanks. Before the gases are further processed or vented they are cooled in 
their respective gas coolers. The Cl2 gas is absorbed by contact with NaOH solution 
using washing bottles to form NaOCl+NaCl. For safety reasons and to minimize 
corrosion issues, at the end of each experimental procedure the reactor and all lines 
are flushed with nitrogen and water. Due to this rinsing procedure, a small, but 
unknown amount of water remains present in the lines, which for practical reasons is 
not removed in between experiments. Therefore some variations in the concentrations 
occured between experiments. To make sure that the concentrations of the electrolytes 
during the experimental procedure are known, sampling valves are located at the 
outlets of the reactor. Samples of the anolyte and catholyte were taken during the 
experimental procedure and analyzed offline as explained in section 5.2.3.   
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Figure 5.4. Schematic drawing of the experimental set-up. In the center the electrochemical reactor is 
shown; the anolyte circuit is on the left and the catholyte circuit is on the right. The electrolyte from the 
eletrolyte vessels enters the electrochemical reactor through a pump. The temperature and pressure are 
monitored before and after the reactor. The outlet leaves the reactor back to the electrolyte vessels during 
operation and it goes to the waste vessel during the rinsing procedure with water. The outlet chlorine 
and oxygen gas pass through the cooler and enters the bleach bottles to absorbed the chlorine. The oxygen 
and hydrogen leave through the ventilation. 

5.2.3. Analytical techniques 

The experimental procedures for the quantification of the concentrations of the 
electrolytes and the active chlorine content in the brine is explained below. For all 
cases, each titration was repeated three times and the average concentration is 
determined. 

5.2.3.1. Determination of the brine concentration 

The chloride (Cl-) concentration was determined via the Volhard Method [21] which 
consists of back titration of silver nitrate with potassium thiocyanate. The end point of 
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the titration is determined by using Fe(NO3)3 as indicator in an acidic environment as 
proposed by Swift et al. [22]. 

Samples of 100 µl of the anolyte were added to 5 ml 4 M HNO3 (Sigma Aldrich) and 
allowed to stir while 5 ml of 0.1 M AgNO3 (VWR Chemicals) and 5 ml of 2.2 M 
Fe(NO3)3 (VWR Chemicals) were added. Back titration of the mixture with 0.1 M 
KSCN (VWR Chemicals) was performed until the solution turned red.  

5.2.3.2. Determination of the active chlorine content 

The active chlorine content in the brine was determined by its reaction with iodide in 
acid solution forming an equivalent quantity of iodine [21]. The liberated iodine was 
titrated with thiosulphate and the end point was determined with the aid of starch as 
indicator.  

A brine sample of approximately 20-30 ml was added to a flask containing 5 ml 1M 
HCl (VWR Chemicals) and 5 ml 1.2 M KI (Sigma Aldrich) and allowed to react while 
stirring for two minutes. Then the sample volume was determined in a graduated 
cylinder and transferred to a beaker. The titration with 0.1 M Na2S2O3 (Merck) was 
performed adding 5 ml of 0.2% starch solution (VWR Chemicals) near the end point.  

5.2.3.3. Determination of the caustic concentration 

The caustic concentration was determined by titration with HCl. A sample of 200 µl 
from the catholyte was titrated with 0.1 M HCl (VWR Chemicals) using phenol red as 
indicator of the equivalence point.  

5.3. Results and discussion 

5.3.1. Rotor-stator spinning disc membrane electrolyzer  

5.3.1.1. Effect of the rotational speed (1) 

Results presented in this section correspond to the rotor-stator configuration as 
described above in section 5.2.1.1. The effect of the rotational speed in the cell voltage 
is shown in Figure 5.5 for two cases: 1) Figure 5.5-a shows measurements at a constant 
rotational speed while the current density is increased stepwise from 2 to 20 kA/m2 
and 2) Figure 5.5-b shows measurements at constant current density while the 
rotational speed was increased stepwise from 400 to 1000 RPM. For both cases, 
measurements of the cell voltage during each current density step are taken every 1 
second for a period of 180 seconds. The standard deviation of the cell voltage σEcell is 
defined as:  
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 2
1Ecell x x N   

  

where x is the measured cell voltage data at every second, x  is the averaged cell 
voltage, and N is the number of measurements. The standard deviation of the average 
cell voltage (σEcell) is presented in Figure 5.5 as error bars.  

A decrease in the cell voltage is observed when increasing the rotational speed, 
particularly at current densities higher than 6 kA/m2). The effect is less pronounced at 
lower current densities, for instance at 2 kA/m2 the cell voltage decreased 0.2 V when 
increasing the rotational speed from 40 to 60 rad/s (Figure 5.5-b). At the current 
density typically used in the chlor-alkali industry (i.e. 6 kA/m2) the cell voltage 
decreased 0.9 V when increasing the rotational speed from 40 to 60 rad/s (Figure 5.5-
b).  These results can be compared to the work presented by Cheng et al. [23] who 
reported the intensification of the chlor-alkali process  in a centrifugal field. The 
authors reported a decrease of 0.6 V in the cell voltage at 6 kA/m2 in their rotary cell 
at 190 g of relative acceleration. 

At low current densities, both bubble generation and concentration gradients have a 
relatively small impact on the cell voltage. It is at higher current densities when these 
become of importance. The higher standard deviation shown in Figure 5.5 at low 
rotational speeds, particularly for current densities higher than 6 kA/m2, can be 
attributed to the bubble effect. When the gas formed is not efficiently removed from 
the reactor, bubbles remain attached to the electrode decreasing its available area and 
increasing the cell voltage. In practice this was identified by unstable readings of the 
cell voltage, leading to larger standard deviations. 

Results shown in Figure 5.5 indicate that at high gas production rates, i.e. high current 
densities, there is a minimum rotational speed that is required to allow a stable 
operation of the reactor. In other words, a minimum rotational speed is required to 
efficiently release the gas produced at the electrode, leading to a small variation in the 
measured cell voltage as reflected in the standard deviation. This is explained in Figure 
5.6-a where the standard deviation of the cell voltage data presented in Figure 5.5-b is 
plotted as a function of the rotational speed. From Figure 5.6-a it can be observed that 
the standard deviation of the measured cell voltage decreases as a function of the 
rotational speeds for all current densities investigated. An arbitrary threshold of 
σEcell<0.1 V is defined as the limit for the stable operation. Measurements with σEcell>0.1 
are considered as unstable operation. The data presented in Figure 5.5-b are analyzed 
accordingly and the results are shown in Figure 5.6-b where the flow map of the stable 
operation of the reactor is presented. 
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a) b)  

Figure 5.5. Effect of rotational speed (ω) on the cell voltage (ECell) of a rotor-stator spinning disc 
membrane electrolyzer for chlor-alkali. a) Cell voltage as a function of the current density (i) for various 
rotational speeds. Measurements taken at constant rotational speed and stepwise increase of current 
density. Operating conditions: T=24±3C, Anolyte: 3.5±0.1 M NaCl pH=2.5±0.2, Catholyte 4.0±0.1 
M NaOH. b) Cell voltage as a function of the rotational speed for various current densities. 
Measurements taken at constant current density and stepwise increase of the rotational speed. 
Operating conditions: T=40±2C, Anolyte: 2.4±0.1 M NaCl pH=2.5±0.2, Catholyte 3.4±0.1 M NaOH.  

a) b)  

Figure 5.6. Stable operation of the rotor-stator spinning disc membrane electrochemical reactor (RS-
SDMER) as a function of the rotational speed and current density. a) Standard deviation (σEcell) of the 
cell voltage data presented in Figure 5.5-b as a function of the rotational speed for various current 
densities. Operating conditions: T=40±2C, Anolyte: 2.4±0.1 M NaCl pH=2.5±0.2, Catholyte 3.4±0.1 
M NaOH. The dashed area marks the limits of stable operation according to the definition of σEcell <0.1 
V. b) Flow map of the stable operation of the RS-SDMER. The line denotes the minimum rotational 
speed needed to achieve stable operation (σEcell <0.1 V) as a function of the applied current density 
according to a).  
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5.3.1.2. Comparison with the parallel plate cell and literature 
data (3) 

The cell voltage obtained from the rotor-stator spinning disc membrane 
electrochemical reactor (RS-SDMER) is compared in Figure 5.7 with the results of a 
conventional parallel plate cell (PP cell) described in section 5.2.2. As expected, the cell 
voltage increases as a function of current density in all cases, however the slope at 
which this increase occurs is different for each case. Results obtained in this work are 
comparable to those reported by Chandran et al. [24] for a similar PP cell but with a 
higher electroactive area (34.3 cm2). It is worth mentioning that the material of the 
electrodes and the cation-exchange membrane used by Chandran et al. [24] are 
different from the ones used in this work (see details in Figure 5.7). However, results 
for both PP cells are virtually the same. The RS-SDMER shows a comparably lower cell 
voltage especially at currrent densities above 2 kA/m2. This difference increases at 
higher current densities and it is mainly attributed to a decrease in the bubble effect 
due to the rotational speed (ω=84 rad/s) and the zero-gap configuration of the RS-
SDMER. The error bars in Figure 5.7 correspond to the standard deviation of the 
experiments as explained in the previous section. It can be observed that for the case 
of the PP cell studied here at current densities higher than 6 kA/m2 the standard 
deviation is larger than that of the RS-SDMER. This result indicates that using the RS-
SDMER allows a more stable operation at higher current densities. 

O’Brien et al. [7] reported a cell potential of 3.5 V for the electrolysis at 3.5 kA/m2 for 
similar operating conditions and electrodes as used here. This is in line with our 
measured value of 3.4 V at 3.5 kA/m2 (see line RS-SDMER – 80C in Figure 5.7). Newer 
industrial cell designs with activated cathodes and improved membranes achieve 
lower cell voltages. For instance, an industrial manufacturer reports a cell voltage of 
3.1 V for electrolysis at 7 kA/m2 [25], which is 0.15 V lower than the voltage measured 
for the RS-SDMER. It is expected that with these new materials a significant 
improvement in cell potential can be obtained. 
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Figure 5.7. Comparison of the experimental cell voltage as a function of current density for the rotor-
stator spinning disc membrane electrochemical reactor (RS-SDMER), the parallel plate cell (PP cell) 
studied here, and a PP cell reported in the literature. Operating conditions:  = PP cell (reported by 
Chandran et al. [24]),  T=90C, saturated NaCl, 10  M NaOH, RuO2-TiO2  anode, steel cathode, 
membrane: Nafion 901, 34.3 m2 electroactive area.   = PP cell (this work), T=53±2C, Anolyte: 
5.0±0.1 M NaCl pH=2.5±0.2, Catholyte 10.0±0.1 M NaOH, 10 m2 electroactive area.  = RS-SDMER 
(this work), T=42±2C, Anolyte: 3.0±0.1 M NaCl pH=2.5±0.2, Catholyte 10.4±0.1 M NaOH, ω=84 
rad/s.  = RS-SDMER (this work), T=80±2C, Anolyte: 5.0±0.1 M NaCl pH=2.5±0.2, Catholyte 
10.4±0.1 M NaOH, ω=84 rad/s. 

 

Figure 5.8. Effect of temperature on the cell voltage of the rotor-stator spinning disc electrochemical 
reactor for chlor-alkali. Cell voltage (ECell) as a function of the temperature (T) for various current 
densities. Operating conditions: T=40±2C, Anolyte: 4.0±0.5 M NaCl pH=2.5±0.2, Catholyte 10.4±0.5 
M NaOH, ω=84 rad/s. 
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5.3.1.3. Temperature and concentration effect (1) 

In addition to the effect of the rotational speed on the cell voltage, the effects of 
temperature and concentration have also been investigated. Results of the temperature 
effect are shown in Figure 5.8 for various current densities at 80 rad/s. It can be 
observed that lower cell voltages are obtained at the highest temperature of 80C as 
expected from the Nernst equation [26]. At 20 kA/m2 the cell voltage decreased from 
6.5 V at 42C to 5.5 V at 81C. This can be explained by the increase in the conductivity 
of the membrane and the decrease of the thermodynamic potential at higher 
temperatures. The effect of the NaCl concentration is shown in Figure 5.9 where it is 
observed that increasing NaCl leads to lower cell voltages. Figure 5.9-a shows the cell 
voltage as a function of the NaCl concentration at 80 rad/s for three current densities. 
At the highest current density (20 kA/m2) the cell voltage decreased from 7.2 V at 1.6 
M NaCl to 6.3 V at 3.5 M NaCl. The NaCl has an effect on various components of the 
cell voltage. Primarily on the thermodynamic potential, which increases with 
decreasing NaCl concentration. Also the chlorine current efficiency is linked to the 
NaCl concentration [27] which in turn has an effect on the overpotential.  

Results in Figure 5.9-b show the effect of the rotational speed at various NaCl 
concentrations at 20 kA/m2. At lower concentrations the mass transfer effects play a 
more significant role, and therefore it is expected that the rotational speed has a higher 
impact than at high concentrations. However only a slightly more pronounced effect 
of the rotational speed is observed at the lowest concentration, hence no strong mass 
transfer dependency. For instance, at the lowest concentration studied here of 1.6 M 
NaCl, the cell voltage decreased 0.3 V from 0.73 rad/s to 105 rad/s, whereas a decrease 
of 0.2 v from 0.73 rad/s to 105 rad/s was observed at 3.5 M NaCl. The effect of the 
NaOH concentration is shown in Figure 5.10 for experiments at 84 rad/s and at three 
current densities.  A slight increase in the cell voltage at the highest NaOH 
concentration of 10.4 M for all current densities can be observed. The cell voltage is 
virtually the same for 3.1 and 4.5 M NaOH for all current densities, and an average 
increase of 0.35 v is observed from 4.5 M to 10.4 M. The increase in the cell voltage at 
highest concentration of sodium hydroxide is similar to the trend of sodium hydroxide 
and cation-exchange membrane conductivity as reported in the literature [7]. 
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a) b)  

Figure 5.9. Effect of NaCl concentration on the cell voltage of the rotor-stator spinning disc 
electrochemical reactor for chlor-alkali. a) Cell voltage (ECell) as a function of the anolyte (NaCl) 
concentration (CNaCl) for various current densities at 84 rad/s. Operating conditions: T=24±3C, 
Anolyte: 1.6, 2.4 and 3.5 M NaCl pH=2.5±0.2, Catholyte 4.0±0.1 M NaOH, ω=84 rad/s. b) Cell voltage 
(ECell) as a function of the rotational speed (ω) for various anolyte concentrations at 20 kA/m2. Operating 
conditions: T=24±3C, Anolyte: 1.6, 2.4 and 3.5 M NaCl pH=2.5±0.2, Catholyte 4.0±0.1 M NaOH. 

 

Figure 5.10. Effect of NaOH concentration on the cell voltage of the rotor-stator spinning disc 
electrochemical reactor for chlor-alkali. a) Cell voltage (ECell) as a function of the catholyte (NaOH) 
concentration (CNaOH) for various current densities at 84 rad/s. Operating conditions: T=41±3C, 
Anolyte: 3.5±0.2 M NaCl pH=2.5±0.2, Catholyte 3.1, 4.5 and 10.4 M NaOH, ω=84 rad/s. 

5.3.1.4. Membrane permselectivity (2) 

The membrane permselectivity is an important factor in the efficiency of the chlor-
alkali process. This is why the membrane permselectivity has also been investigated 
in the RS-SDMER. The membrane permselectivity  (SNa+) is defined as: 
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Na Na
n F

S
i A t

  


   

Where Na
n   is the number of moles of sodium, F  is the Faraday constant, i  is the 

current density, A  is the surface area and t  is the time. 

The total amount of moles of sodium transferred is calculated from: 

Na OHi A t n n      

In which nOH- is determined from the acid addition to the anolyte and the oxygen 
production. The amount of acid needed to keep the pH stable was used to calculate 
the consumed number of proton moles. The measurements were corrected with the 
pH change and from the the oxygen production. The change in the pH during 
operation is caused by the side reaction of oxygen evolution. The current efficiency 
due to oxygen evolution is assumed 95% which is typically reported in literature [27] 
for this type of anodes. Figure 5.11-a-b show the trend of the estimated proton moles 
from oxygen production and the number of proton moles based on the added acid to 
keep the pH stable for two different anolyte concentrations as a function of current 
density respectively.  

The change in the sodium selectivity of the membrane is shown in Figure 5.12 as a 
function of current density. A general increasing trend is observed as the current 
density increases which is in line with the estimated increasing trend of number of 
proton moles produced due to oxygen production as presented in Figure 5.11-a. 
Generally a steep increase of sodium transport number from 0.90 at 2 kA/m2 to 0.95 at 
8 kA/m2 is observed. The permselectivity increases up to 0.95 and 0.98 at higher 
current densities. Sodium permselectivity values between 0.9 and 1 are in line with the 
values of membrane permselectivity reported in literature [7,28]. On the other hand, a 
decrease in membrane permselectivity at high current densities was observed in the 
system of sodium hydroxide electrolyte as both anolyte and catholyte [19] for which 
we do not have a concrete explanation.    

Figure 5.12-a presents the sodium selectivity as a function of current density for three 
different concentrations of anolyte. It is observed that at the lowest concentration of 
anolyte, the sodium selectivity is the highest measured. This result is contradictory to 
the expectations and we attribute this to the overestimation of the chlorine current 
efficiency at this low NaCl concentration. Hine et al. [27] showed that significantly 
lower chlorine current efficiencies are achieved at low NaCl concentration. This 
particular aspect was not considered in the selectivity measurements reported here.  
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Figure 5.11. Number of H+ moles in the anolyte solution from the (a) oxygen production (b) the amount 
of acid needed to keep the pH stable as a function of current density. Operating conditions: T=24±3C, 
Anolyte: 1.6 and 3.5 M NaCl pH=2.5±0.2, Catholyte 4.0±0.1 M NaOH, ω=84 rad/s. 

a) b)  

Figure 5.12. Membrane selectivity towards Na+ ion (SNa+) as a function of the current density for the 
chlor-alkali electrolysis in a rotor-stator spinning disc electrochemical reactor. a) Effect of anolyte 
concentration (NaCl) on membrane selectivity. Operating conditions: T=24±3C, Anolyte: 1.6, 2.4 and 
3.5 M NaCl pH=2.5±0.2, Catholyte 4.0±0.1 M NaOH, ω=84 rad/s. b) Effect of catholyte concentration 
(NaOH) on membrane selectivity. Operating conditions: T=41±3C, Anolyte: 3.5±0.2 M NaCl 
pH=2.5±0.2, Catholyte 3.1, 4.5 and 10.4 M NaOH, ω=105 rad/s. 

Figure 5.12-b shows the effect of NaOH concentration on the permselectivity of the 
membrane. It can be observed that the highest concentration of NaOH (10.4M) has the 
lowest selectivity, ranging from 0.92 at 6 kA/m2 to 0.97 at 20 kA/m2. This is attributed 
to the higher chance of back transport of hydroxide ions in more concentrated NaOH 
environment compared to lower NaOH concentrations.  
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5.3.2. Thin-film spinning disc membrane electrolyzer (2) 

Besides the rotor-stator configuration of the SDMER the thin film configuration has 
been investigated as well. The cell voltage results are presented in Figure 5.13 and 
compared to the rotor-stator configuration for two rotation speeds. The cell voltage in 
the rotor-stator configuration is comparable with the results of the thin film 
configuration. It has been shown by other people that the thin film spinning disc 
reactor has a high mass transfer rate [14,29,30]. Additionally, efficient removal of the 
produced gas from a gauze surface with increase in rotation speed has been 
demonstrated [31]. Due to the high mass transfer and the efficient gas removal in the 
thin-film SDMER, this configuration has similar performance regarding the cell 
voltage compared to the RS-SDMER. Therefore, these results suggest that both 
configurations achieve the desired lower cell voltage compared to a conventional 
parallel plate cell. 

 

Figure 5.13. Comparison of thin film (TF) and rotor-stator (RS) configurations of the spinning disc 
membrane electrochemical reactor (SDMER). Cell voltage as a function of the current density (i) for 
two rotational speeds (84 and 105 rad/s) for two reactor configurations (TF-SDMER and RS-SDMER). 
Measurements taken at constant rotational speed and stepwise increase of current density. Operating 
conditions: T=25±5C, Anolyte: 4.5±0.2 M NaCl pH=2.5±0.2, Catholyte 6.3±0.2 M NaOH, ω= 85 and 
105 rad/s. 

5.4. Conclusions (3) 

The spinning disc membrane electrochemical reactor is a suitable technology for the 
intensification of the chlor-alkali process allowing stable operation at high current 
densities. Two configurations (rotor-stator (RS) and thin film (TF)) are reported and 
compared with a conventional parallel plate cell. Similar voltage vs current density 
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curves are obtained for both RS and TF configurations. A decrease of 0.9 V in the cell 
voltage is observed at 6 kA/m2 when increasing the rotational speed from 40 to 60 
rad/s in the RS-SDMER. Results show that the effect of the rotational speed is more 
pronounced at high current densities, where the gas production is higher. Lower cell 
voltages are reported for both RS and TF-SDMER compared to the parallel plate cell. 
Therefore the SDMER is likely to allow an increase of the production capacity while 
maintaining a low cell voltage. The measured values of cell voltage for the RS and TF-
SDMER are slightly higher than those typically reported in industry. Further 
optimization of the SDMER, including the use of activated cathodes and improved 
membranes, is likely to offer even lower cell voltage at high current densities in the 
future.  

Additionally, the effect of operating conditions such as temperature and concentration 
is reported for the RS-SDMER. Results show that increasing the temperature from 40 
ºC to 80 C at 20 kA/m2 causes the cell voltage to decrease from 6.5 V to 5.5 V. At low 
sodium chloride concentrations, at which the mass transfer is important, it is shown 
that increasing the rotation speed decreases the cell voltage. Increasing the sodium 
chloride concentration and decreasing the sodium hydroxide concentration decreases 
the cell voltage. The membrane permselectivity in the RS-SDMER is estimated from 
the measurements of the acid addition and it is shown that it increases with increasing 
current density to values between 0.95 and 0.98 at current densities of 20 kA/m2.  
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Nomenclature 

Symbols  
A Area, (m2) 
C* Concentration of the electroactive species at the bulk, (mol/m3) 
D Diffusion coefficient, (m2/s) 
Ecell Cell potential, (V) 
F Faraday constant, (s A/mol) 
i Current density, (A/m2) 
nNa+ Number of Na+ ions transferred through the membrane (-) 
nm Mesh size, (mesh units/in2) 
SNa+ Membrane selectivity towards Na+ transport, (Sc=ν/D) 
Greek letters  
ω Rotational speed, (rad/s) 
σEcell Standard deviation of the cell voltage, (V) 
eff Current efficiency, (-) 
Abbreviations  
CE Counter electrode 
WE Working  electrode 
RS Rotor-stator  
SDMER Spinning disc membrane electrochemical reactor 
TF Thin-film  
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Activity model for concentrated 
brine and caustic and the 
influence on the 
thermodynamic potential of 
chlor-alkali electrolysis 
 

 

 

 

Abstract 

The influence of the deviations from ideality on the calculation of the thermodynamic 
potentials of the chlor-alkali reactions is evaluated. The Pitzer thermodynamic model 
is applied for calculating the activity and osmotic coefficients of the chlor-alkali 
electrolytes (aqueous NaCl and aqueous NaOH) for the concentration and 
temperature range typically used in industrial applications. Temperature dependent 
interaction parameters are used to calculate the activity and osmotic coefficients of the 
species of interest (NaCl, NaOH and H2O). With the calculated activities, the 
thermodynamic and reversible potentials of the chlor-alkali reactions are calculated 
and compared to the ideal behavior. At conditions of industrial chlor-alkali electrolysis 
(i.e. 24.3 wt% NaCl (5.5 mol/kg), 31.5 wt% NaOH (11.5 mol/kg) at 80-90C), the 
reversible potential is 40 mV higher for the activity model when compared to the ideal 
case. 
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6.1. Introduction 

The chlor-alkali process is the electrolysis of aqueous sodium chloride (brine) to yield 
chlorine, sodium hydroxide and hydrogen and is one of the largest industrial 
electrochemical processes [1–3]. The main electrochemical reactions that occur are: 

Anode:        2( )2 2gCl Cl e                                
  2

0
298 1.3604 

gCl Cl
E V   (6.1) 

Cathode:     2 2( )2 2 2 gH O e OH H               
  2 2( )

0
298,

0.8280 
gliqH O H OH

E V      (6.2) 

where the terms E0j are the standard electrode potentials versus the standard hydrogen 
electrode (SHE) at the standard state (298 K, 1 atm fugacity) and with the chemical 
species at unit activity [4]. 

Table 6.1. Typical industrial operating conditions for the chlor-alkali process [5] 

Anolyte composition Saturated NaCl (~5 M NaCl) acidified to pH=2-3 

Catholyte composition 32 wt% NaOH (~10.4 M NaOH) 

Temperature, T 80-90 C 

Current density 5-7 kA/m2  

Typical industrial conditions (see Table 6.1) for this process involve high 
concentrations and high temperatures to improve the conductivity of the electrolytes 
and the membrane and to prevent mass transport limitations or depletion of reactants 
in the cell. As a consequence of the deviation of the standard conditions, the 
thermodynamic potentials for the reactions occurring in the cell are also shifted as 
described by the Nernst equation: 

0
0, , ln OX

T j T
RED

aRTE E
nF a

 
   

 
  (6.3) 

where the term Eoj,T correspond to the standard electrode potential at the operating 
temperature T and the term in the logarithm corresponds to the activities (a) of the 
respective species. In general the activity is expressed in terms of the activity 
coefficient γx and the mole fraction x.  

xa c   (6.4) 
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Often the electrolyte solutions are considered ideal solutions and the activity 
coefficient γ is taken as unity in the calculation of the thermodynamic potential (6.3) 
[5]. However at the typical conditions of chlor-alkali electrolysis, the electrolytes 
deviate from the ideal behavior and an activity model is necessary. Chandran et al. [6] 
presented a reactor model for the chlor-alkali process where the authors considered 
the activity coefficients for NaCl and NaOH in their calculations. The authors 
presented polynomial functions of the logarithm of the activity coefficients a function 
of the concentrations based on data reported by Akerlof et al. [7] for NaOH and data 
reported by Conway for [8] NaCl. For NaOH, the polynomial coefficients were fitted 
to temperature dependent polynomial functions. For the case of NaCl only the effect 
of the concentration was taken into account by Chandran et al. [6]. 

Rather than polynomial fits of activity coefficient data it is desired to use activity 
models that account for the interactions amongst ions and solvent. For this purpose, 
different thermodynamic models have been proposed in the literature for aqueous 
electrolytes. Li [9] presented a review on the thermodynamic models used for 
electrolyte systems. Among the most used models are the electrolye-NRTL model 
proposed by Chen et al. [10] and the Pitzer model [11,12]. In this work we applied the 
activity coefficient model based the Pitzer model in order to calculate the activities of 
the species involved in the chlor-alkali reactions at the conditions typically used in 
industry. With the calculated activities, the thermodynamic potentials are calculated 
and compared to the values typically used that consider an ideal behavior of the 
electrolytes, i.e. activity coefficients equal to unity. The approach here described is also 
relevant for the alkaline water electrolysis where reaction (6.2) also takes place. 

6.2. Theory 

For the reactions (6.1) and (6.2) the thermodynamic potentials are given by: 

        22 2

20
0 ,,

2.302 log
2g g

T T Cl ACl ACl Cl Cl Cl

RTE E a a
F  

    
 

  (6.5) 
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0 , ,,, ,

2.302 log
2g gliq liq

T T H C H O COH CH O H OH H O H OH

RTE E a a a
F  

    
 

  (6.6) 

The values of the standard electrode potentials and their temperature dependence are 
taken from the data compiled by Bratsch [4] and are shown in the appendix.  

Here we assume that the gases (Cl2 and H2) have ideal behavior, and therefore their 
activities are defined in terms of their partial pressure Pj: 
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Gases (ideal): j ja P   (6.7) 

The gas phase is saturated with water, therefore the partial pressure for chlorine and 
hydrogen is given by: 

2 2

A
Cl tot H OP P P   (6.8) 

2 2

C
H tot H OP P P   (6.9) 

The partial pressure of the water (PH2OA and PH2OC in the anolyte and catholyte 
respectively) can be calculated from the relations proposed by MacMullin [13], which 
take into account the pressure reduction effect caused by the solutes: 

 
2 2

A, 0 1
760

NaCl NaClsat
H O H O

r m
P P
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with 
3 5(m 3) (1.9772 10 1.193 10 ( 273.15)) 0.035NaCl NaClr T          
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For the case of the ionic species, the activities are defined in terms of the molality (mj 

in mol/kgsolution) and the activity coefficient in molality basis (γm,j). Conversion of the 
activity coefficient γm,j to the molar fraction basis (γx) can be found elsewhere [14]. 

Ionic species: ,j m j ja m   (6.12) 

There is an ongoing debate in the scientific literature regarding the meaning and 
measurability of the activity coefficients of single-ions [15–18]. Here we assume that 
the activity coefficients of the ions in each ion pair have identical values. This implies 
that the activity coefficients of Na+ and Cl- ions are both equal to the value of the mean 
ionic activity coefficient of NaCl at each molality. Similarly, the activity coefficients of 
Na+ and OH- are both equal to the mean activity coefficient for NaOH.  

The mean activity coefficients are calculated using Pitzer’s model [11,12]. According 
to this model, the activity coefficient of the aqueous electrolyte in molality basis γ±MX 
is defined as: 
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23ln
2MX MX MX MX MXf B m c m       (6.13) 

with mMX being the molality of the electrolyte MX (i.e. NaCl or NaOH) and fγ and BMX 
are defined as: 
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  (6.15) 

with b=1.2 and α=2.0 [12], and cMX, β0 and β1 the interaction parameters. AΦ is the 
Debye-Hückel coefficient for the osmotic function given as: 

   3/21/2 2
0

1 2 /1000 /
3 w w BA N e k T      (6.16) 

where N0 is the Avogadro’s number, ρw is the density of the solvent, w is the dielectric 
constant of pure water, kB is the Boltzman constant and e is the absolute electronic 
charge.  

The activity of the solvent, in this case water (aw), can be defined as: 

2
ln 2w MX H Oa m M    (6.17) 

where MH2O is the molecular weight of water (in kg/mol), and Φ is the osmotic 
coefficient defined as: 
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  (6.18) 

According to Chen et al. [10] the Debye-Hückel coefficient for water can be expressed 
as a correlation as a function of the temperature and a reference temperature Tref of the 
form: 
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For NaCl and NaOH solutions the interaction parameters cMX, β0 and β1 have been 
reported by Pitzer [12] for 25C. However for this analysis we require the interaction 
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parameters as a function of the temperature. Silvester and Pitzer [19,20] reported 
activity coefficients and osmotic coefficients for aqueous solutions of NaCl up to 300oC. 
Based on Pitzer’s model, the authors reported temperature dependent cMX, β0 and β1 
interaction parameters of the form: 

   

0

6 2 2

1 10.0765 777.03 4.4706ln
298.15 298.15

          0.008946 298.15 3.3158 10 298.15

NaCl
T
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T T





         
   

    
  (6.19) 

   1 5 6 2 20.2664 6.1608 10 298.15 1.0715 10 298.15NaCl T T           (6.20) 
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1 10.00127 33.317 0.09421ln
298.15 298.15

              4.655 10 298.15

MX NaCl
Tc

T
T

         
   

  
  (6.21) 

For the case of NaOH solutions at high temperatures (>150 oC) and high concentrations 
(>10 mol/kg), the partial dissociation of NaOH must be considered. For these 
conditions, an approach like the one proposed by Lach et al. [21] can be used, which 
considers the equilibrium constant of formation of the undissociated aqueous complex 
NaOH0(aq), and includes extra parameters to account for the binary and ternary 
interactions of that complex with the ionic species. However, for the chlor-alkali 
conditions (10 mol/kg range and close to 100 oC) the fraction of undissociated NaOH 
is very low (i.e. ~2%, see Fig. 3 of reference [21]) and the partial dissociation of NaOH 
can be neglected. In this work, we take the activity coefficients of NaOH reported by 
Petrenko and Pitzer [22]. Their analysis was performed on molar fraction basis, re-
writing equation (6.13) into molar fraction base and reporting the corresponding 
temperature dependent interaction parameters on molar fraction base as well. 
Additionally, the authors converted and reported the activity coefficients to molality 
base, however no molality based interaction parameters are reported. Therefore in 
order to use the same approach for NaOH as for NaCl, the tabulated values of Petrenko 
et al. [22] on molality base are used to obtain the interaction parameters cMX, β0 and β1 
as a function of the temperature for NaOH. Their reported molality based activity 
coefficients were fitted to equation (6.13) for the temperature range between 273.15 
and 373.15 K, and the resulting interaction parameters were fitted to the following 
temperature dependence: 

0 6 20.6625 0.0023 2.144 10NaOH T T       (6.22) 
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1 2 4 216.03 8.303 10 1.061 10NaOH T T          (6.23) 

5 8 2
, 0.00991 2.393 10 1.169 10MX NaOHc T T         (6.24) 

It is important to note that in this analysis we have excluded the effects of the dissolved 
gases in the calculation of the activity coefficients of the electrolytes and their osmotic 
coefficients. The Pitzer model can be extended to take into account such interactions 
[23], however the application of such model requires accurate data on the solubility of 
the gases in the electrolytes for the range of operating conditions investigated here. On 
one hand, solubility data of hydrogen in NaOH electrolytes is scarce, and typically is 
only reported in the form of Setschenow coefficients [24]. Due to its low solubility it is 
not expected to affect significantly the activity of NaOH. On the other hand, the 
calculation of the solubility of chlorine in brine involves the consideration of the 
hydrolysis of the chlorine, and the subsequent reversible and irreversible reactions that 
occur [5]. Solubility of acidic brines, where the hydrolysis of chlorine is hindered, has 
been reported by Yokota [25] in the form of a Henry coefficient correlation as a function 
of the NaCl and temperature. However careful examination of the original data is 
necessary in order to present meaningful values of the interaction parameters of Cl2 in 
NaCl. Therefore, as a first approximation we do not account for the interaction of the 
gases in the electrolytes. 

6.3. Discussion 

6.3.1. Activity of aqueous NaCl and NaOH solutions 

The activity coefficients as well as the osmotic coefficients for the NaCl and NaOH 
systems are calculated using the above equations and are shown in the Appendix. In 
Figure 6.1 we present the calculated values of the activity of NaCl and NaOH solutions 
and the activity of water in the respective solutions as a function of the concentration 
(molality) for temperatures from 25 to 80 C.  This results are in line with the reported 
literature [19–22] 

For the case of NaCl solutions, concentrations up to 6 mol/kg are studied. For this 
range of concentrations, the activities of NaCl are lower than the molality. The highest 
deviations are observed in the concentration around 4 mol/kg, where the activity is 
25% lower than the molality value. The activity of water in the NaCl system is close to 
unity at very low concentrations (infinite dilution), and decreases to ~0.76 at 6 mol/kg 
NaCl. The activities of NaCl and water in the NaCl system are not strongly dependent 
on temperature. Figure 6.2 shows the calculated activities of NaCl and water for 
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electrolyte concentrations close to those used in the chlor-alkali cell as a function of 
temperature, i.e. 24.3 wt% NaCl (5.5 mol/kg). The activity of NaCl at 24.3 wt% remains 
close to 5 for temperatures up to 50C and decreases at higher temperatures reaching 
a value of 4.6 at 90C. The activity of water in 24.3 wt% NaCl remains close to 0.79 for 
all temperatures.  

 

 
Figure 6.1. Activity of NaCl and NaOH electrolytes as a function of the molality for temperatures in 
the range of 25 to 80C. Activity calculated using the Pitzer model [11] with temperature dependent 
interaction parameters [20,22]. Top-left: activity of aqueous NaCl. Top-right: activity of aqueous 
NaOH. Bottom: activity of water in the electrolytes (left in NaCl and right in NaOH). 

For NaOH, concentrations higher up to 15 mol/kg are investigated to cover the 
concentration range used in the chlor-alkali process.  At concentrations below 4 
mol/kg, the activity of NaOH is lower than the molality values. At higher 
concentrations, the activity coefficients strongly deviate from unity, leading to 
significantly higher activity values. The activity of NaOH are up to 3.5 times higher 
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than the molality at the highest concentrations here investigated. The activity of water 
in NaOH solutions is close to unity at low concentrations, and decreases to a value of 
0.39 at 11.5 mol/kg NaOH at 25C. Temperature has a significant effect in the activity 
of NaOH solutions. Figure 6.2 shows the calculated activities of NaOH and water for 
electrolyte concentrations close to those used in the chlor-alkali cell as a function of 
temperature, i.e. 31.5 wt% NaOH (11.5 mol/kg). At 25C, the activity of NaOH  at 11.5 
mol/kg is 26.3 whereas the value decreases to 17.2 at 80C. The activity of water in 31.5 
wt% NaOH increases steadily from ~0.4 at 25C to ~0.5 at 90C.  

 

 
Figure 6.2. Activity of NaCl and NaOH electrolytes as a function of the temperature for concentrations 
typical for a chlor-alkali cell. Activity calculated using the Pitzer model [11] with temperature 
dependent interaction parameters [20,22]. Top-left: activity of aqueous 24.3 wt% NaCl (5.5 mol/kg). 
Top-right: activity of aqueous 31.5 wt% NaOH (11.5 mol/kg). Bottom: activity of water in the above 
mentioned electrolytes. 
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6.3.2. Thermodynamic potentials 

The effect of accounting for the activity in the calculation of the thermodynamic 
potential is shown in Figure 6.3 where the thermodynamic potentials for chlorine and 
hydrogen evolution (equations (6.5) and (6.6)) are shown as a function of the 
electrolyte concentrations and for temperatures between 25 and 80C. For comparison, 
the thermodynamic potentials for ideal behavior are also plotted in Figure 6.3 for both 
reactions.  

For the case of the Cl2 evolution, the thermodynamic potential approaches the ideal 
behavior near 5 mol/kg (which is close to the concentration used in the chlor-alkali) 
for all temperatures. Deviations of the thermodynamic potential of Cl2 evolution from 
the ideal case at low concentrations are in the order of 20 mV. This is due to the 
deviation from ideal behavior at low NaCl concentrations as shown in Figure 6.1. At 
higher concentrations both ideal and activity calculated thermodynamic potentials are 
virtually the same.  

At low concentrations the thermodynamic potential for hydrogen evolution calculated 
using the activity model practically coincides with the ideal case, and deviations are 
observed for concentrations larger than 2 mol/kg. The thermodynamic potential as a 
function of the concentration changes at a rate of approximately -1.9 mV per mol/kg 
for all temperatures for the ideal case. However, when including the activity model, 
thermodynamic potential rate of change per mol/kg is -7.6 mV. The resulting 
differences are up to 70 mV in the calculation of the thermodynamic potential.  

The thermodynamic potentials calculated using the activity model for electrolyte 
concentrations close to those used in the chlor-alkali cell are presented in Figure 6.4 as 
a function of temperature and are compared to the ideal case. Similar to the analysis 
presented above, we selected 24.3 wt% NaCl (5.5 mol/kg) and 31.5 wt% NaOH (11.5 
mol/kg) the calculation of the thermodynamic potentials. It can be observed that at 
these conditions the thermodynamic potential for chlorine evolution is virtually the 
same for the temperature range studied here. In contrast, the thermodynamic potential 
for hydrogen evolution differs approximately 35 mV from the ideal case. 
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Figure 6.3. Comparison of the thermodynamic potentials for chlorine (left) and hydrogen (right) 
evolution calculated using the Pitzer activity model (lines) to those considering ideal behavior (lines 
with markers) as a function of the electrolyte concentration for temperatures: 25, 40, 60 and 80C. 
Activity calculated using the Pitzer model [11] with temperature dependent interaction parameters 
[20,22].  

 
Figure 6.4. Comparison of the thermodynamic potentials for chlorine (left) and hydrogen (right) 
evolution calculated using the Pitzer activity model to those considering ideal behavior as a function of 
temperature at a fixed concentration. Left: aqueous electrolyte of 24.3 wt% NaCl (5.5 mol/kg). Right: 
aqueous electrolyte of 31.5 wt% NaOH (11.5 mol/kg). Activity calculated using the Pitzer model [11] 
with temperature dependent interaction parameters [20,22]. 

In order to assess the impact on the calculation of the total cell potential, the reversible 
potential (Erev) is calculated which can be defined as: 

     2 2( )2
0 0 ,gg liq

rev T TCl Cl H O H OH
E E E     (6.25) 
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The obtained values of the reversible potential are shown in Figure 6.5 for 24.3 wt% 
NaCl (5.5 mol/kg) and 31.5 wt% NaOH (11.5 mol/kg) as a function of the temperature. 
At the chlor-alkali electrolysis temperature (80-90 C), the difference between the ideal 
case and the activity is approximately 40 mV.  

 
Figure 6.5. Comparison of the reversible potential for the chlor-alkali process calculated using the Pitzer 
activity model to those considering ideal behavior as a function of temperature at fixed electrolyte 
concentrations. Anolyte 24.3 wt% NaCl (5.5 mol/kg). Catholyte 31.5 wt% NaOH (11.5 mol/kg). 
Activity calculated using the Pitzer model [11] with temperature dependent interaction parameters 
[20,22]. 
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6.4. Conclusions 

At the conditions typical for chlor-alkali electrolysis it is important to account for 
deviations from ideality in the electrolyte behavior. The calculation of the 
thermodynamic potential for chlorine evolution using the activity model at the typical 
chlor-alkali conditions does not deviate significantly from the calculations considering 
an ideal behavior of the electrolyte. However, the activity of NaOH and H2O in the 
catholyte strongly deviate from ideality leading to significantly lower thermodynamic 
potentials for hydrogen evolution compared to the ideal model. At conditions close to 
the chlor-alkali industrial operating conditions (i.e. 24.3 wt% NaCl (5.5 mol/kg), 31.5 
wt% NaOH (11.5 mol/kg) at 80-90C), the reversible potential is 40 mV higher in case 
of the activity model compared to the ideal case. 

For cases where the current density is high or the mass transport is poor and 
concentration gradients near the electrode appear, the activity model must be 
implemented. At these conditions the activities of the species at the electrodes must be 
considered in the calculation of the thermodynamic potentials. Depending on the 
applied current density and the mass transfer characteristics of the cell, the 
concentrations of the electrolytes at the electrode surface can be significantly different 
leading to deviations of the activity coefficients from the unity value. 
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Appendix A: Standard electrode potentials 

The values of the standard electrode potentials and their temperature coefficients are 
taken from the data compiled by Bratsch [4]. The temperature coefficients are valid for 
the temperature range of liquid water.  

Chlorine evolution: 
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Hydrogen evolution: 
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Appendix B: Activity and osmotic coefficients for NaCl 
and NaOH solutions 

 
Figure 6.6. Activity coefficients of NaCl and NaOH electrolytes as a function of the molality for 
temperatures in the range of 25 to 80C. Activity coefficients calculated using the Pitzer model [11] 
with temperature dependent interaction parameters [20,22]. Left: activity coefficient of aqueous NaCl. 
Right: activity coefficient of aqueous NaOH.  

 
Figure 6.7. Osmotic coefficients of NaCl and NaOH electrolytes as a function of the molality for 
temperatures in the range of 25 to 80C. Osmotic coefficients calculated using the Pitzer model [11] 
with temperature dependent interaction parameters [20,22]. Left: osmotic coefficient of aqueous NaCl. 
Right: osmotic coefficient of aqueous NaOH. 
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Nomenclature 

Symbols  

a activity 
AΦ Debye-Hückel coefficient for the osmotic function 
cMX,  interaction parameter 
e absolute electronic charge 
E0j  electrode potential at the standard conditions 
Eoj,T  electrode potential at the temperature T 
Erev reversible potential  
kB Boltzman constant 
M molecular weight 
mj molality of species j 
N0  is the Avogadro’s number 
Pj partial pressure 
T temperature 

x mole fraction 
Greek letters 
β0  interaction parameter 
β1 interaction parameter 
γ±MX mean activity coefficients in molality basis 

γm,j activity coefficient in molality basis 
γx activity coefficient in molar fraction basis 
w dielectric constant of pure water 
ρw  is the density of the solvent 
Φ osmotic coefficient 
Sub and superscripts 
j species 
A,C anolyte and catholyte respectively 
w water 
MX electrolyte pair, either NaCl or NaOH 
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Abstract 

A mathematical model for a chlor-alkali spinning disc electrolyzer is presented. The 
model is based on material and voltage balances, and considers the effects of the mass 
transfer enhancement due to the rotation of the electrodes in the spinning disc reactor 
configuration. Material balances per compartment are solved in combination with the 
electrochemical relations, such as electrode kinetics and electrode potentials, 
considering the effect of the non-ideality of the electrolytes and the dependence of the 
physical properties on concentrations and temperatures.  A wide range of operating 
conditions is investigated: temperatures between 25-80°C, current densities up to 20 
kA/m2, electrolyte flow rates between 1-10 ml/s, rotational speeds between 1-100 
rad/s, NaCl concentration between 15 and 25 wt%, brine pH from 1.5 to 2.5, NaOH 
inlet concentration 10-32 wt% and membrane permselectivity between 0.7 and 1. The 
current efficiency, the cell voltage and the cell voltage components are evaluated as a 
function of these operating conditions. The model predicts a decrease of 200 mV at 20 
kA/m2 when increasing the rotational speed from 1 to 100 rad/s at the typical 
concentrations and temperatures used in the industrial process. The modeling 
approach was applied to an industrial electrolyzer showing good predictions.  
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7.1. Introduction 

The chlor-alkali process is the electrolysis of aqueous sodium chloride (brine) that 
yields chlorine, sodium hydroxide and hydrogen as products. It is one of the largest 
industrial electrochemical processes with a total chlorine production in Europe of 9612 
ktons  in 2014 [1]. This process uses electricity as raw material with an average energy 
consumption of approximately 3.4 MWh per ton of chlorine. Therefore, the chlor-alkali 
process is an energy intensive industry with a power consumption typically 
accounting for more than 50% of the operating costs. Process improvements leading to 
a reduced energy consumption are therefore highly desired. In our previous work [2] 
we propose the use of a rotor-stator spinning disc membrane electrochemical reactor 
(RS-SDMER) for the intensification of the chlor-alkali process. Typically this reactor 
consists of a rotating disc in a cylindrical housing, with a typical gap distance between 
the rotor and the stator in the order of 1-5 mm [3] (see Figure 7.1).  

 
Figure 7.1. Spinning Disc Membrane Electrochemical Reactor for the chlor-alkali process  

The high velocity gradient between the rotor and the stator and the high shear forces 
cause high turbulence that enhances the liquid-solid mass transfer to the rotating mesh 
electrodes [4] and allows the operation at significantly higher current densities, 
compared to the typical values used nowadays in the chlor-alkali industry (between 
5-7 kA/m2 [5]). Working at higher current densities enables decreasing the electrode 
area needed to achieve a given production capacity. Moreover, the high centrifugal 
force of the RS-SDMER facilitates the removal of gas bubbles from the electrodes which 
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would otherwise become insulated by a gas layer under gravitational conditions. This 
leads to a decrease in the cell potential and, consequently, the power consumption. 
Furthermore, the RS-SDMER that we proposed  for the chlor-alkali process [2] uses the 
zero-gap concept [6] where the electrodes are located back to back with the membrane 
in between as shown in the detail of Figure 7.1. By largely eliminating the electrolyte 
gap between the electrodes and the membrane, the corresponding ohmic drop is 
minimized resulting in lower energy consumption. The enhanced mass transfer of the 
RS-SDR also helps in decreasing the thickness of the boundary layers of the electrodes 
and membrane which, in the case of zero-gap cell, are very close to each other [7].  

The cell voltage and the current efficiency are two important parameters determining 
the power consumption of the process. In order to predict the cell performance it is 
necessary to adequately model these parameters as a function of measurable and 
controllable operating variables such as temperature, pressure, inlet concentrations, 
flow rates, applied current density, electrode material and type of membrane and, in 
the case of the spinning disc reactor, rotational speed. There are a number of models 
that describe the cell voltage and the current efficiency ranging from statistical models 
to numerical ones. Typically, statistical models are developed from a regression 
analysis of experimental measurements, ranging from simple linear regressions 
(Bergner et al. [8]), to more complex modeling involving analysis of variance (Jalali et 
al. [9], Rabbani et al. [10,11]) or non-parameter regression methods such as those 
proposed by Shojaikaveh et al. [12].  

Numerical models solve the governing process equations, which in this case 
correspond to material, voltage and energy balances in combination with 
thermodynamic and kinetic relations. Examples of simple numerical models of chlor-
alkali cells are the CSTR reactor analysis performed by Chandran et al. [13] and the 
material balances and current efficiency expressions developed by Chen et al. [14]. 
More detailed description of the concentration profiles and the current distribution in 
the cell involves a complex set of coupled partial differential equations and non-linear 
algebraic equations, which in turn requires the use of numerical methods. Examples 
of such models are the application of Nernst-Planck modeling for the concentration 
profiles in the electrolytes (Leah et al. [15]), the solution of the current distribution in 
the cell (Chikhi, et al [16], Byrne et al. [17]), the modeling of ion-transport inside the 
membrane by either the Nernst-Planck approach (Bouzek, et al. [18,19]) or the 
Maxwell-Stefan approach (van der Stegen, et al. [20]). However none of these models 
have been directly developed for the high current densities that are achievable in the 
rotor-stator spinning disc reactor. When modeling the cell performance at high current 
densities it is of particular importance to consider the development of concentration 
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gradients in the boundary layers near the electrodes and the membrane. Some of the 
effects caused by these concentration gradients are: 

- A lower NaCl concentration and a higher NaOH concentration in the boundary 
layers of the anode and cathode, respectively, reduce the conductivity leading 
to higher cell potential 

- Concentration polarization changes the thermodynamic electrode potentials 

- Increased pH in the boundary layer at the anode or in the anolyte compartment 
results in undesired oxygen formation leading to current inefficiencies 

- A higher OH- concentration at the boundary layer of the catholyte side results 
in higher back-transport of OH- to the anolyte and consequently higher current 
inefficiencies 

In this paper we develop a model of the anolyte and catholyte chambers of the RS-
SDMER for chlor-alkali based on material and voltage balances, with a particular 
emphasis on the effect of various operating conditions on the current efficiency and 
the components of the cell voltage. Particularly the effect of the concentration gradients 
near the electrodes and membranes on the cell voltage components is emphasized, in 
contrast with other models [9-20] where it is generally overlooked. 

Although the model here used is focused on chlor-alkali electrolysis in spinning disc 
reactors, the approach can be used for any cell configuration if the appropriate mass 
transfer correlations for the specific configuration are used. Moreover, the approach 
can be also used to model other processes such as water electrolysis by simply 
replacing the kinetic parameters and the physical properties accordingly. 
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7.2. Model 

7.2.1. Cell description and modeling approach 

The RS-SDMER studied here has been described in detail in our previous work [2] as 
depicted in Figure 7.1. It consists of two co-rotating compartments mounted on a 
common horizontal rotation axis and placed back to back where the rotor of each 
compartment is the respective electrode. A cation exchange membrane is placed 
between the compartments, forming a rotating stack of anode-membrane-cathode of 
zero-gap type. The rotating electrodes and the membrane are of circular shape with 
radius RD=0.065 m.  Thus, the electroactive area is AD= 0.0133 m2. A stator disc of 
RS=0.06 m is placed inside each rotating cavity at 2 mm distance from the rotor and it 
is mounted on a double concentric shaft that allows the inlet and outlet of the 
electrolytes. The anode consists of a titanium mesh coated with Ru/Ir/Ti MMO 
catalyst and the cathode is a bare nickel mesh, unless otherwise noted. The cation 
exchange membrane considered here is a Nafion NX-982. 

 
Figure 7.2. Approach for modeling the electrochemical cell for the chlor-alkali process. The input of the 
model consists of the operating conditions (current density, concentrations, flow rates, temperature, 
pressure, rotational speed) and gives as output the cell potential and its components, the current 
efficiency, power consumption and the outlet concentrations. The model is divided in 6 sub-models, each 
one describing a particular aspect of the process.  

The modeling approach is described in Figure 7.2. The input of the model consists of 
the operating conditions: current density (i=1-20 kA/m2), NaCl inlet concentration (15-
25 wt% at pH=1.5-2.5), NaOH inlet concentration (10-32 wt%), volumetric flow rates 
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(1x10-6-10x10-6 m3/s, i.e. 1-10 ml/s), temperature (25-80C), pressure (1 bar) and 
rotational speed (ω=1-100 rad/s). The output of the model is the cell potential and its 
components, the current efficiency, power consumption and outlet and electrode 
concentrations. The model is divided in six sub-models that are interconnected. Each 
sub-model is described in more detail in the sections below. 

7.2.2. Reactor model 

This sub-model solves the material balances for every species in the cell. Each 
compartment is described as an ideally mixed liquid volume, due to the internal 
recycle of liquid that is present in this rotor-stator system. Steady-state material 
balances are written for each species according to the relevant phenomena in which 
they are involved. In general, the steady balance for species j per compartment can be 
written as: 

OUT,L OUT,G0 IN M
j j j j jF F F F R       (7.1) 

where FjIN and FjOUT,L are the inlet and outlet molar flow rates in the liquid phase, 
FjOUT,G is the molar outlet flow rate of the gas, FjM is the molar flow through the 
membrane (only Na+, OH- and H2O are considered and details are given in 7.2.5) and 
Rj is the rate of generation or loss due to the electrochemical reactions. Individual 
material balances are shown in the appendix. The main electrochemical reactions that 
occur are: 

Anode: 2( )2 2gCl Cl e    (7.2) 

Cathode: 2 2( )2 2 2 gH O e OH H     (7.3) 

The chlorine generated from (7.2) is slightly soluble in the brine according to (7.4). 
Aqueous chlorine undergoes partial hydrolysis to hypochlorous acid (see equation 
(7.5)). Dissociation of the hypochlorous acid (equation (7.6)) leads to the formation of 
chlorate according to equation (7.7).  

   2 , 2 ,g aqCl Cl   (7.4)

  22, aqCl H O HOCl H Cl       (7.5) 

HOCl H OCl     (7.6) 

32 2 2HOCl OCl ClO H Cl         (7.7) 
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Reaction (7.7) contributes to current inefficiencies for chlorine production. In order to 
prevent this, the bulk pH of the anolyte is typically acidic in order to shift the equilibria  
(7.5) and (7.6) to the left and preventing (7.7). Typically for pH<3.5 the chlorate 
formation is almost negligible [21]. In this work we consider a constant outlet bulk pH 
in the ranges of 1.5 to 2.5, therefore we neglect reactions (7.5) to (7.7). It is important to 
mention that these reactions could occur in the boundary layers, where the pH can be 
significantly higher, however for simplicity in this work we neglect these reactions. 

The rate of generation of loss due to the electrochemical reactions (Rj) is defined as:  

j
j

j

i A
R n F   (7.8) 

The current density ij is the partial current density for generation or reaction of species 
j. This is related to the current efficiency ηeff,j and the total (applied) current density itot 
as: 

,j tot eff ji i    (7.9) 

The cathode efficiency is considered as 1. At the anode oxygen evolution takes place 
that lowers the current efficiency for chlorine production. At the pH of the anolyte 
compartment, the oxygen evolution arises from the electrochemical reaction of water: 

2 2( )2 4 4gH O O H e      (7.10) 

Although O2 evolution is thermodynamically favored, its kinetic rate is significantly 
slower than that of chlorine for the anodes used in chlor-alkali. The rates at which Cl2 
evolution and O2 evolution occur, and hence the chlorine current efficiency, depend 
on the electrode composition, local chloride ion concentration, current density and 
temperature. Kinetics and other electrochemical relations are given in the 
electrochemical model (section 7.2.4). 

A mixture of gas and electrolyte leaves each compartment of the reactor. Both gaseous 
mixtures (anolyte and catholyte) are saturated with water vapour. Thus, the anolyte-
side gas consists of a mixture of Cl2, O2 and H2O, and the catholyte-side gas consists of 
H2 and H2O.  

For the gas phase, the sum of the partial pressures of the gases is equal to the total 
pressure:  
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2 2 2

A A A A
tot Cl O H OP P P P    (7.11) 

2 2

C C C
tot H H OP P P   (7.12) 

The material balances of the gas phase of each compartment are given by: 

2 2

, ,A A A G A G
H O tot H O totP P F F   (7.13) 

2 2

C, C,C C G G
H O tot H O totP P F F   (7.14) 

Lastly, to calculate the inlet and outlet molar flow rates in the liquid phase (FjIN and 
FjOUT,L) knowledge of the volumetric flow rates of the electrolytes at the inlet and outlet 
(QIN and QOUT) is needed. The inlet volumetric flow rate is given as input. For the outlet 
volumetric flow rates we assume that the main contribution to the disparity in the 
volumetric flow rates between the inlet and outlet is given by the amount of water 
transported through the membrane.  

7.2.3. Mass transfer model 

Near the electrode, the electroactive species are transported by migration and 
diffusion. The general flux equation for species j considering linear mass transfer 
caused by migration and diffusion can be expressed as [22]: 

   1
1

j b e
j j

j

i D C CnF t 
 


  (7.15) 

where tj is the transport number, i.e. the fraction of the current carried by species j, D 
is the diffusion coefficient,  is the thickness of the diffusion layer, Cj is the 
concentration of species j, with the superscripts b and e correspond to the bulk and 
electrode surface. Here we assume that the transport numbers are essentially the same 
in the bulk and in the diffusion later near the electrode. Moreover we assume that the 
transport numbers for anions and cations are equal, i.e. tj=0.5 for Na+ and Cl- in the 
anolyte and for Na+ and OH- in the catholyte. The migration currents for other ionic 
species are neglected due to their lower concentration in comparison with NaCl and 
NaOH. For non-ionic species, the transport number is equal to zero, therefore equation 
(7.15) simplifies to diffusion transport only.  

The thickness of the diffusion layer is estimated from mass transport correlations. 
Reported values of the liquid-solid mass transfer coefficient are used to estimate the 
diffusion layer thickness according to: kLS=D/.  
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For the RS-SDMER, the mass transfer coefficient is obtained from the correlation 
reported in our previous work for rotating mesh electrodes in a rotor-stator spinning 
disc reactor configuration [4]: 

0.57 0.33 3 50.892Re Sc   5.89 10 < Re 6.72 10D D DSh for     (7.16) 

where Sh=kLSRD/D is the Sherwood number, ReD=ωRD2/ν is the rotational Reynolds 
number and Sc=ν/D is the Schmidt number with kLS being the mass transfer coefficient, 
RD the disc radius, D the diffusion coefficient, ω the rotational speed, ν the kinematic 
viscosity. 

7.2.4. Electrochemical model 

The voltage balance considering the anode and cathode overpotentials, the 
thermodynamic decomposition potential and the ohmic drops gives the total cell 
potential: 

     Cell rev C A A C M
E E IR IR IR         (7.17) 

The first term of the right-hand side of equation (7.17) is the reversible potential (Erev) 
which is given by the difference between the thermodynamic potential E0,T of the 
anode and the cathode: 

0, 0,
A C

rev T TE E E    (7.18) 

 These potentials are described by the Nernst equation as follows: 

     
 

2 2
2

2

,0
0, 0

,

2.302 log
2g g

S
Cl AA

T T T SCl Cl Cl Cl
Cl A

aRTE E E
F a



 

 
     
 
 

  (7.19) 

       22 2( ) 2 2( )

20
0, 0 , ,, ,

2.302 log
2g gliq liq

C S S
T T T H C OH CH O H OH H O H OH

RTE E E a a
F  

     
 

  (7.20) 

where Eoj,T corresponds to the standard electrode potential at the operating 
temperature T, and the terms in the logarithms correspond to the activities of the 
respective species at the electrode (refer to section 7.2.6). Values of Eoj,T are taken from 
the literature [23] and are summarized in the appendix. 

The anodic and cathodic overpotentials (ηA and ηC respectively) are defined as the 
difference between the electrode potentials (EA, EC) and the thermodynamic or 
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equilibrium potentials (E0,TA, E0,TC). The overpotentials are generally described by the 
Tafel equation, with the kinetic parameters k and io being the Tafel slope and the 
exchange current density respectively. These parameters depend on the type of 
electrode used and can be obtained from the literature. A summary of the kinetic data 
used in this model is given in the appendix. 

    
  2 2 22 2

0
0,log /

g g
A Cl Cl Cl A TCl Cl Cl Cl

k i i E E         (7.21) 

    
  2 22 2( ) 2 2( )

0, 0, ,
log /

g gliq liq
C H H C TH O H OH H O H OH

k i i E E         (7.22) 

The last three terms of the right-hand side of equation (7.17) correspond to the ohmic 
drops of anolyte, catholyte and membrane. Typically the ohmic drop is given by: 

  iIR 

   (7.23)

where λ and κ are the length of the resistance and the conductivity respectively. For 
the of the ohmic drops in the electrolytes, the conductivity corresponds to the 
electrolyte conductivity corrected for the presence of the gas [24] and the length 
corresponds to the distance between the electrode and the membrane. For a zero-gap 
cell the distance between anode-membrane and membrane-cathode is close to zero 
and the expected ohmic drop in the electrolyte is very small or close to zero.  

The membrane resistance can be calculated from its conductivity and its thickness.  
Moshtarikhah et al. [25] studied the membraned considered in this worked and 
showed that the membrane conductivity is a function not only of the temperature and 
electrolyte concentration but also of the current density. Correlating the data of 
Moshtarikhah et al. was not attempted in this paper.  Instead, their reported data at 
given conditions of temperature, concentration and current density are taken. The 
results are compared to other reported membrane conductivity data [5,13,26]. 

7.2.5. Membrane model 

In an ideal permselective membrane, only sodium ions Na+ will be transported 
through the membrane. However, in practice some amount of OH- is permeated from 
the catholyte to the anolyte. The permeation of OH- increases the pH of the anolyte 
compartment, leading to current inefficiencies such as oxygen and chlorate formation 
as described in section 7.2.2. In order to neutralize the OH- and maintain the desired 
pH, additional H+ ions need to be added to the inlet brine flow. In practice this is 
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performed by addition of HCl to the brine [5]. Thus, here we consider the effect of the 
backmigration of the OH- in the mole balance of the H+.  

Detailed modeling of the ion-transport through the membrane is not in the scope of 
this paper. Here we consider a fixed membrane efficiency ranging from 0.8 to 1, which 
is typical for industrially employed membranes and in line with our experimental 
findings [2]. The membrane efficiency is described in terms of the transport numbers 
(tj), which correspond to the fraction of the current carried by a certain ion. Thus the 
molar flow through the membrane (FjM in equation (7.1)) is defined as: 

jM
j

it A
F

F
   (7.24) 

Furthermore, in addition to the Na+ and backmigration of OH- ions, water is also 
transported through the membrane from the anolyte to the catholyte side. Here we 
considered a water transport number of 4 moles of H2O per mole of Na+ [5], i.e. tH2O=4. 
This water transport contributes to a change of volumetric flow rates in both 
compartments as shown in the reactor model in section 7.2.2. Coupling the model 
presented in this paper with a detailed Nernst-Planck model of the ion-transport 
through the membrane is subject of future work. 

7.2.6. Activity model 

The activity model has been described in detail in our previous work [27]. The activity 
of species j is defined: 

Gases: j ja P   (7.25) 

Ionic species: j j ja m   (7.26) 

Water: 2
2

ln 1000
j H O

w j

m Mw
a    (7.27) 

In order to calculate the activity coefficients γj  and the osmotic coefficients Φj we use 
the Pitzer model [28,29]. According to this model, the activity coefficient of the 
aqueous electrolyte in molal base γ*±MX (corresponding to γj in equation (7.26)) is 
defined as: 

 
1/2

* 1/2 2
1/2

2ln ln 1
1

MX
MX M X MX MX MX MX MX

MX

mz z A bm B m c m
bm b 

 
       

 (7.28) 
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with 
 

1
0 1/2 1/2 2

2
2 12 1 exp 1

2MX MX MX MX
MX

B m m m
m
   


         

    

where AΦ is the Debye-Hückel coefficient for the osmotic function which can be 
expressed as a temperature correlation [30] (see appendix),  b=1.2 and α=2.0 [29], cMX, 
β0 and β1 are temperature dependent interaction parameters [31,32] and are given in 
the appendix for each electrolyte (aqueous NaCl and aqueous NaOH). The osmotic 
coefficient Φj is defined as: 

 
1/2 1

0 1/2 2
1/2 21 exp

1
MX

j MX MX MX MX
MXMX

mA m m c m
bm m


  


   

            
  (7.29) 

7.2.7. Physical properties model 

In order to have a robust model applicable for a wide range of operating conditions it 
is necessary to have data or correlations for the physical properties as functions of 
temperatures and concentrations. The correlations and data used in this model for the 
calculation of densities, viscosities, solubilities, water vapor pressure and 
conductivities are summarized in the appendix. 
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7.3. Results and discussion 

The effects of the various operating conditions studied here on the current efficiency 
and on the components of the cell voltage are presented in the following sections. 

7.3.1. Rotational speed effect 

The mass transfer to and from the electrodes and membrane is affected by the 
rotational speed and consequently the concentration of the electrolytes at the 
respective electrodes is a function of the rotational speed as seen in Figure 7.3. This 
figure shows the concentration of NaCl at the anode and the concentration of NaOH 
at the cathode for two current densities (10 and 20 kA/m2). It can be observed that at 
20 kA/m2 the concentration of NaCl drops from the bulk concentration of 4.5x103 
mol/m3 to 2.8x103 mol/m3 at the electrode for the lowest rotational speed, i.e. 1 rad/s. 
The concentration of NaOH at the cathode increases from the bulk value of 11.3 x103 
mol/m3 to 15.5x103 mol/m3 at the cathode for the lowest rotational speed, i.e. 1 rad/s 
and 20 kA/m2. It is important to note that similar concentration gradients develop at 
the membrane on each compartment side. Particularly important is to note that if the 
mass transfer is poor, i.e. at low rotational speed, the concentration of NaOH at the 
membrane would be significantly higher meaning that the water content near the 
membrane is low. This leads to drying of the membrane and an increased ohmic drop.  
From Figure 7.3 it can be observed that for the current densities investigated here, 
rotational speeds of 20 rad/s or higher are sufficient to maintain considerably low 
concentration gradients near electrodes and membranes. It is important to mention 
that in this work we have neglected the effect of gas evolution in the development of 
the concentration gradients. Typically the formation of gas bubbles affects the mass 
transfer to and from the bulk due to a series of complex micro- and macroprocesses 
[33]. However for simplicity this is not taken into account in this model. 

The thermodynamic potentials are functions of the concentrations (activities) of the 
species at the electrode (see equations (7.19) and (7.20)). Due to the effect of the current 
density and rotational speed on the concentrations at the electrode (Figure 7.3), the 
thermodynamic potentials show a dependence on the current density and rotational 
speed as shown in Figure 7.4. At the highest current density evaluated here (20 
kA/m2), the chlorine thermodynamic potential decreases 60 mV when the rotational 
speed is increased from 1 to 100 rad/s. For the case of the hydrogen thermodynamic 
potential, a decrease of 90 mV is observed when the rotational speed is increased from 
1 to 100 rad/s. Consequently, the reversible potential decreases 140 mV when the 
rotational speed is increased from 1 to 100 rad/s at 20 kA/m2. The reversible potential 
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at 20 kA/m2 as a function of the rotational speed is shown in Figure 7.4. It can be 
observed a sharp decrease of >100 mV for rotational speeds up to 20 rad/s. This is in 
line with the dependence of the concentrations at the electrode with respect to the 
rotational speed as described above. 

The cell potential and the current efficiency as a function of the rotational speed are 
shown in Figure 7.5 for 20 kA/m2. It can be observed that the trend of the cell potential 
as a function of the rotational speed is similar to that of the reversible potential shown 
in Figure 7.4. Therefore, according to the model presented here, the main contribution 
to a decrease in the cell potential as a function of the rotational speed is due to the 
decrease in the concentration gradient near the electrode.  

Finally, it is observed that the model predicts a small effect of the rotational speed on 
the chlorine current efficiency. Similar results are obtained for other current densities. 
According to the model predictions, there is only a slight increase from 0.975 to 0.984 
when increasing rotational speed from 1 to 4 rad/s at 20 kA/m2. At higher rotational 
speeds the current efficiency remains virtually constant.  

 
Figure 7.3. Effect of the rotational speed on the concentrations of the electrolytes at the electrode. Left: 
anolyte concentration. Right: catholyte concentration. Operating conditions: T=80C, Anolyte: 25wt% 
NaCl with pHout=2, Catholyte 32wt% NaOH, tNa+=0.95, QIN=10x10-6 m3/s. 
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Figure 7.4. Effect of the rotational speed on the thermodynamic potentials and on the reversible potential. 
Top-left: chlorine evolution thermodynamic potential. Top-right: hydrogen evolution thermodynamic 
potential. Bottom-left: reversible potential as a function of the current density with the rotational speed 
as parameter. Bottom-right: reversible potential as a function of the rotational speed for 20 kA/m2. 
Operating conditions: T=80C, Anolyte: 25wt% NaCl with pHout=2, Catholyte 32wt% NaOH, 
tNa+=0.95, QIN=10x10-6 m3/s. 
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Figure 7.5. Effect of the rotational speed on the current efficiency. Left: cell potential. Right: current 
efficiency. Operating conditions: T=80C, Anolyte: 25wt% NaCl with pHout=2, Catholyte 32wt% 
NaOH, tNa+=0.95, QIN=10x10-6 m3/s. 

7.3.1.1. Comparison with literature values and other cell 
configurations 

A comparison between the cell potential predicted by this model and the 
experimentally measured values [2] is shown in Figure 7.6. It is observed that the 
model predicts higher cell voltages for current densities lower than 8 kA/m2. But the 
opposite occurs at current densities larger than 8 kA/m2 where the model 
underpredicts the cell potential.   In [2], a cell potential of 5.5 V was measured at 20 
kA/m2 and 80 rad/s for the electrolysis at 80C, 25wt% NaCl and 32wt% NaOH. The 
model predicts a voltage of 4.6 V for the same conditions. In our previous work, no 
measurements of the individual cell voltage contributions were taken and therefore it 
is difficult to make an assessment of the origin of such discrepancy. It is important to 
note that the effect of the bubble coverage of the electrode is unaccounted for in this 
model, which becomes important especially at high current densities. For the case of 
the spinning disc reactor, the fraction of the electrode surface covered by gas bubbles, 
i.e. the so-called bubble coverage, is a function not only of the current density but also 
it is related to the rotational speed. This effect is not taken into account in this model.  

For comparison and further model validation, the model was used to estimate the cell 
potential reported by one of the state-of-the-art electrolyzers used commercially [34]. 
This electrolyzer is a zero-gap cell, with electrolyte through-flow and non-rotating 
electrodes, typically used in industrial applications. For this purpose, kinetic data of 
activated cathodes [5] (see appendix) and reported data of ohmic drop of state-of-the-
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art membranes [5,26] are taken. The model predictions are very close to the reported 
values. 

 
Figure 7.6. Model comparison with experimental and reported data. Left: Spinning disc electrolyzer at 
80 rad/s. Right: State-of-the-art electrolyzer [34] with activated cathode. Operating conditions: T=80C, 
Anolyte: 25wt% NaCl, Catholyte 32wt% NaOH. 

7.3.2. Effect of other operating conditions 

7.3.2.1. Flow rate 

The flow rate has an effect on the exit concentrations of the electrolytes as shown in 
Figure 7.7. Each graph on Figure 7.7 show the exit concentrations of the anolyte and 
catholyte respectively, as a function of the current density at different flow rates. It can 
be observed that the NaCl concentration of the anolyte decreases with increasing 
current density. This is due to the depletion of the chloride ions due to the 
electrochemical reaction (7.2) and the transport of Na+ ions through the membrane. 
The catholyte concentration increases due to the production of OH- ions according to 
reaction (7.3). However, the increase in the catholyte exit concentration as a function 
of current density is less pronounced than the decrease in the anolyte exit 
concentration due to the fact that water is transported to the catholyte compartment 
therefore decreasing its concentration. It can be observed that the effect of flow rate is 
more pronounced on the anolyte exit concentration. For instance, for the lowest flow 
rate of 1x10-6 m3/s the anolyte exit concentration drops to 15 wt% at 20 kA/m2 from 
an inlet value of 25 wt% NaCl. For the case of the catholyte the exit concentration 
increases from 32 wt% to only 33.2 wt% at 20 kA/m2 and 1x10-6 m3/s. 
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Figure 7.7. Effect of the flow rate on the outlet concentrations of the electrolytes. Left: anolyte 
concentration. Right: catholyte concentration. Operating conditions: T=80C, Anolyte: 25wt% NaCl 
with pHout=2, Catholyte 32wt% NaOH, tNa+=0.95, ω=100 rad/s. 

The change in the outlet concentration, particularly the decrease of the anolyte 
concentration, has an effect on the current efficiency. At lower flow rates, the current 
efficiency decreases due to the fact that the outlet concentration of the anolyte in the 
reactor is lower resulting in more O2 formation. This effect can be observed in Figure 
7.8 where the current efficiency is shown as a function of the current density for two 
of the flow rates investigated here. For both flowrates, the current efficiency increases 
as a function of the current density as expected. A difference of 0.01 in the value of the 
current efficiency at 20 kA/m2 is observed between 1x10-6 m3/s and 10x10-6 m3/s.  
Moreover, it is noticeable that for the low flowrate, the current efficiency starts 
declining at higher current densities due to the lower NaCl outlet concentration which 
promotes the oxygen evolution. Figure 7.8 also shows the current efficiency as a 
function of the flow rate and it can be observed that the current efficiency remains 
practically constant for flow rates higher than 4x10-6 m3/s for all current densities. For 
flowrates higher than 4x10-6 m3/s the outlet NaCl concentration is practically constant, 
and therefore the current efficiency toward Cl2 evolution remains constant as well.  
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Figure 7.8. Effect of the flow rate on the current efficiency. Left: current efficiency as a function of the 
current density with the electrolyte flowrate as parameter. Right: current efficiency as a function of the 
electrolyte flowrate with the current density as parameter. Operating conditions: T=80C, Anolyte: 
25wt% NaCl with pHout=2, Catholyte 32wt% NaOH, tNa+=0.95, ω=100 rad/s.  

7.3.2.2. Electrolyte concentration 

The thermodynamic potentials and consequently the reversible potential, are function 
of the electrolyte concentration as shown in Figure 7.9. The effect of the electrolyte 
concentration (and its activity) is discussed in detail in our previous work [27]. In the 
results presented here, the reversible potential is also a function of the current density 
due to the relation between the outlet concentrations and the current density as shown 
previously in Figure 7.4 and Figure 7.7.  

The chlorine current efficiency as a function of the current density with the brine 
concentration as parameter is shown in Figure 7.9. The model predicts lower current 
efficiencies for lower brine concentrations, which are expected considering that lower 
Cl- concentration promotes the side reaction of oxygen evolution [35].  
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Figure 7.9. Concentration effect on the reversible potential, membrane voltage drop and current 
efficiency Top-left: reversible potential as a function of the current density with the anolyte 
concentration as parameter and 32 wt% NaOH. Top-right: reversible potential as a function of the 
current density with the catholyte concentration as parameter and 25 wt% NaCl.  Bottom: current 
efficiency as a function of the current density with the anolyte concentration as parameter and 32 wt% 
NaOH. Operating conditions: T=80C, Anolyte: pHout=2, tNa+=0.95, QIN=10x10-6 m3/s, ω=100 rad/s. 

7.3.2.3. Brine pH 

In the calculations performed here, we consider a constant pH. The effect of this 
parameter on the current efficiency is shown in Figure 7.10, where it is observed that 
a higher outlet brine pH decreases the current efficiency as expected. The inlet brine 
pH required to maintain the desired outlet pH was calculated and is shown in Figure 
7.10 as a function of the current density for three outlet pH values. It can be observed 
that for the highest pH value of 2.5 studied here, the inlet brine pH is even higher than 
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the outlet value at low current densities. Lower current efficiencies are achieved at low 
current densities (see Figure 7.8) and consequently more H+ is produced (see reaction 
(7.10)).   

7.3.2.4. Membrane selectivity 

To further clarify the effect of the membrane selectivity (i.e. OH- back migration effect) 
the inlet brine pH as a function of the current density is plotted in Figure 7.11 for 
various Na+ transport numbers and for a fixed outlet pH of 2. At a Na+ transport 
number of 1, i.e. perfect permselectivity, the inlet pH increases with increasing current 
density, meaning that only H+ is produced by the side reaction and no OH- migrates 
back to neutralize it. In contrast, for a lower permselectivity, for instance at a Na+ 
transport number of 0.7, the OH- back migration is significantly higher and 
consequently the inlet brine needs to be further acidified. It is important to note that if 
the membrane is poorly selective, the inlet brine pH at higher current densities is 
particularly low and possibly unpractical to reach. It must be emphasized that these 
calculations consider constant membrane selectivity, independent of the current 
density. Experimental results however show that the membrane selectivity is a 
function of the current density  [2], and this aspect will be evaluated in our future 
work.  

7.3.2.5. Temperature effect 

The effect of temperature on the reversible potentials has been discussed in detail in 
our previous work [27]. The effect of the temperature on the membrane conductivity 
and its corresponding ohmic drop has been illustrated by Moshtarikhah et al. in [25].  

The temperature effect on the current efficiency is shown in Figure 7.12 where, 
similarly than the concentration effect, the current efficiency decreases with decreasing 
temperature. It can be observed that the model predicts a decrease from 0.984 at 80oC 
to 0.969 at 25C for a current density of 20 kA/m2.  
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Figure 7.10. Effect of the outlet brine pH on the initial brine pH and the current efficiency. Left: current 
efficiency as a function of the current density with the anolyte outlet pH as parameter. Right: brine inlet 
pH as a function of the current density with the anolyte outlet pH as parameter. Operating conditions: 
T=80C, Anolyte: 25wt% NaCl, Catholyte 32wt% NaOH, tNa+=0.95, QIN=10x10-6 m3/s, ω=100 rad/s. 

 
Figure 7.11. Effect of the membrane efficiency on the inlet brine acidity. Operating conditions: T=80C, 
Anolyte: 25wt% NaCl with pHout=2, Catholyte 32wt% NaOH, QIN=10x10-6 m3/s, ω=100 rad/s. 
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Figure 7.12. Temperature effect on the current efficiency. Left: current efficiency as a function of the 
current density with the temperature as parameter. Right: current efficiency as a function of the 
temperature with the current density as parameter. Operating conditions: Anolyte: 25wt% NaCl with 
pHout=2, Catholyte 32wt% NaOH, tNa+=0.95, QIN=10x10-6 m3/s, ω=100 rad/s. 

7.4. Conclusions 

The chlor-alkali electrolysis on a spinning disc reactor is modeled by solving the 
material and voltage balance, together with the pertinent electrochemical and 
thermodynamic relations. The effects of operating conditions, such as brine pH, 
electrolytes’ inlet concentrations and flowrates, temperatures, rotational speed and 
current density, are investigated. The current efficiency and the cell potential and its 
various contributions are evaluated as a function of the operating parameters. The 
effect of the rotational speed is of particularly interest to evaluate the performance of 
the spinning disc reactor. The model shows that good mass transfer is important at 
high current densities in order to lower the concentration gradients that develop at the 
electrodes and membrane. Results obtained indicate that, for the current densities 
evaluated here, rotational speeds of at least 20 rad/s are needed in order to 
significantly decrease the effects of this concentration polarization. At the typical 
concentrations and temperature used in the industrial chlor-alkali electrolysis, the 
model predicts a decrease of 200 mV at 20 kA/m2 when increasing the rotational speed 
from 1 to 100 rad/s. At 20 kA/m2, 80 rad/s the model predicts a cell potential of 4.6 V, 
which is approximately 1 V lower than the measured value. Further model 
improvement should account for the gas bubble effects. A comparison of the model 
with a start-of-the-art electrolyzer shows good predictions.  
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Appendix A: Material balances 

Anolyte compartment: 
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Catholyte compartment 
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Appendix B: Standard electrode potentials 

The values of the standard electrode potentials and their temperature coefficients are 
taken from the data compiled by Bratsch [23].  

Chlorine evolution: 
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Oxygen evolution: 
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Hydrogen evolution: 
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Appendix C: Kinetic parameters 

At the anode, chlorine and oxygen evolution occur simultaneously. However, 
simultaneous determination of the kinetics of both reactions has not been thoroughly 
investigated and still remains a challenge [5]. The Tafel slope and exchange current 
density for chlorine are taken from the data presented by Evdokimov [36] for DSA 
which are reported for a wide range of concentrations and temperatures. A Tafel slope 
of kCl2=0.04 V is taken for Cl2 evolution. The exchange current density for chlorine as a 
function of concentration and temperature is given by an Arrhenius-type equation: 

   2 0 20, ,
1 1ln 7615.2 360.15Cl i Cli BT     (7.43) 

with  
0 2, 2.584ln 0.2873i Cl NaClB M  , T the temperature in K and MNaCl the molarity of 

NaCl. 

The kinetic data for oxygen and hydrogen evolution are taken from the data presented 
in [5]. A Tafel slope of kO2=0.128 V and an exchange current density of i0,O2=1 A/m2 
are taken for O2 evolution on DSA. For H2 evolution on bare Ni, a Tafel slope of 
kH2=0.115 V and an exchange current density of i0,H2=0.075 A/m2 are taken. 
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Additionally kinetic parameters for activated cathodes were used, in this case for a Ni 
coated with Ni-Al, and a Tafel slope of kH2=0.05 V and an exchange current density of 
i0,H2=30 A/m2 are taken for this case. 

Appendix D: Activity coefficient 

The Debye-Hückel coefficient for the osmotic function AΦ is defined as: 

   3/21/2 2
0

1 2 /1000 /
3 w w BA N e D k T  

  

where N0 is the Avogadro’s number, ρw is the density of the solvent, Dw is the dielectric 
constant of pure water, kB is the Boltzman constant and e is the absolute electronic 
charge.  

According to Chen et al. [30] the Debye-Hückel coefficient for water can be expressed 
as a correlation as a function of the temperature of the form: 
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The interaction parameters cMX, β0 and β1 are obtained from the following temperature 
correlations: 

Aqueous NaCl (anolyte) [32,37]: 
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  (7.44) 

   1 5 6 2 20.2664 6.1608 10 298.15 1.0715 10 298.15NaCl T T           (7.45) 
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  (7.46) 

Aqueous NaOH (catholyte) [31]: 

0 6 20.6625 0.0023 2.144 10NaOH T T       (7.47) 

1 2 4 216.03 8.303 10 1.061 10NaOH T T          (7.48) 
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5 8 2
, 0.00991 2.393 10 1.169 10MX NaOHc T T         (7.49) 

Appendix E: Physical properties 

 Densities and viscosities of electrolytes.  

The correlations and data presented by O’Brien et al. [5] are used for the calculation of 
the densities and viscosities of the electrolytes as a function of concentration and 
temperature.  

 Solubilities of gases in the electrolytes. 

The Henry constant for chlorine in acidic brine (HCl2 in mol/L atm) is calculated from 
the correlation reported by Yokota [38]: 

  5 10002.21 0.00398[ ] 10 10 T
CH NaCl       with [NaCl] in g/l and T in K. (7.50) 

The solubility of oxygen in brine was reported by Cramer et al. [39] and the Henry 
constant (kH,O2 in MPa) is given by: 
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and MNaCl the molarity of NaCl. 

No data of solubility of hydrogen in NaOH solution was found, therefore the Henry 
constant (kH,H2 in mol/kg atm) in water was used instead [40]: 

 2

4
,

1 1  exp 500  298.17.8 1 50H Hk T
    

 
   (7.52) 

 Water vapor pressure 
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The vapor pressure of water PH2O is given by the saturation vapor pressure of pure 
water (PH2O0) minus a lowering factor r due to the presence of the solute (NaCl or 
NaOH). The reduction factor according to MacMullin  [41] is given by: 
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Nomenclature 

Symbols  

a activity 
A Area 
AΦ Debye-Hückel coefficient for the osmotic function 
C Concentration 
cMX,  interaction parameter 
D Diffusion coefficient 
e absolute electronic charge 
E0j  electrode potential at the standard conditions 
Eoj,T  electrode potential at the temperature T 
Ecell Cell potential 
Erev reversible potential  
F Faraday constant 
Fj Molar flow rate 
i Current density 
IR Ohmic drop 
kLS Liquid-solid mass transfer coefficient, (mL3 / mi2 s) 
kB Boltzman constant 
M molecular weight 
mj molality of species j 
n Number of electrons transferred, (-) 
N0  is the Avogadro’s number 
Pj partial pressure 
R Radius, (m) 
Re Reynolds number, (Re=ωR2/ν) 
Sc Schmidt number, (Sc=ν/D) 
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Sh Sherwood number, Sh=kLSR/D 
tj transport number of species j 
T temperature 

Greek letters 
β0, β1 interaction parameters 
γ±MX mean activity coefficients in molality basis 
w dielectric constant of pure water 

ρw  is the density of the solvent 
Φ osmotic coefficient 
ω Rotational speed 
Cl2 Chlorine current efficiency 
A Anode overpotential 
C Cathode overpotential 
δ Thickness of the diffusion layer 
ν Kinematic viscosity 
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Conclusions and outlook 
 
 

The goal of this research was to develop an intensified electrochemical reactor suitable 
for the chlor-alkali process using the rotor-stator spinning disc technology. Four main 
topics are covered in this thesis: 1) the fundamental study of the hydrodynamics of gas 
evolving electrodes, 2) the investigation of the mass transfer characteristics of rotating 
electrodes, 3) the experimental study of the chlor-alkali electrolysis in a spinning disc 
reactor and 4) the mathematical modeling of the chlor-alkali process. In this section the 
main conclusions are summarized and an outlook for future research is given.  

8.1. Gas evolving electrodes 

The first part of this thesis concerns the study of gas evolving electrodes. The bubble 
behavior of O2 and H2 evolution was examined and growth curves for a wide range of 
operating conditions are provided. The experimental findings presented here showed 
several intriguing peculiarities of the bubble behavior. For instance, the manifestation 
of two bubble types (namely slowly growing and “rapid-fire” bubbles) and the almost 
impeccable reproducibility of certain nucleation sites in contrast with the random 
fashion of others as shown in Chapter 2.  

A thorough analysis of the forces interacting with the bubbles during their growth is 
performed and a detachment condition is proposed in Chapter 3. Based on this 
experimental and theoretical analysis we concluded that a simple balance between the 
buoyancy and the capillary force is sufficient to describe electrolytic bubbles. We 
concluded that small variations in the bubble profile near its contact point with the 
electrode can cause significant differences in the overpressure term, leading to a 
capillary force that compensates the detaching buoyancy force. We proposed that the 
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detachment criterion of Blanchard et al. [1] can be used to describe the detachment of 
electrolytic bubbles. This detachment criterion requires the knowledge of the cavity 
size, which remains a challenge to measure experimentally. Nevertheless, estimations 
of the cavity size based on the experimentally determined detachment radii showed 
reasonable values. 

The research of gas evolving electrodes performed within this thesis focuses on static 
electrodes, i.e. non-rotating electrodes. The recommended future work relevant to the 
process intensification of the chlor-alkali process with spinning disc reactor (SDR) 
technology should be focused on extending the force balance presented here to 
account for the centrifugal buoyancy force present in the SDR. The modeling work 
performed by Van Eeten et al. [2] can serve as a guideline for modeling the electrolytic 
gas evolution in rotor-stator SDR. The very small bubble size expected in the SDR 
(comparable to the “rapid-fire” bubbles) and the high rotational speed of the electrode 
make it difficult to visualize experimentally the bubble behavior in the SDR. Typically 
for electrolytic gas evolution, simultaneous H2 and O2 evolution occur at the cathode 
and anode respectively, undesired H2/O2 mixing can occur if no membrane or 
separator is used. The use of such separators complicates the reactor design for bubble 
visualization. For this reason a non-electrochemical gas evolution system is proposed: 
O2 evolution from H2O2 decomposition on a metallic surface. With this system, the 
issue of the H2/O2 gas mixture in the case of the electrolytic gas evolution is avoided. 
Preliminary work performed during this research showed that, with the appropriate 
conditions of temperature, pH and concentration, the H2O2 decomposition can mimic 
the electrolytic gas evolution. This system can be used to further understand the 
electrolytic bubble behavior in SDR configurations and aid to determine for instance 
the optimum electrode configurations (mesh type) for the chlor-alkali process. 

8.2. Mass transfer in a rotor-stator spinning disc reactor 

In Chapter 3 we studied the liquid-solid mass transfer to a rotating mesh electrode and 
a smooth flat disc electrode in a rotor-stator spinning disc reactor (RS-SDR). We 
showed that the volumetric mass transfer coefficient of the mesh electrode increases a 
factor 5 compared to that of the flat disc electrode at virtually equal energy dissipation 
rates.  A Sherwood correlation that predicts mass transfer rates of rotating meshes in 
rotor-stator spinning disc reactor configurations was obtained. This correlation can be 
used to predict the limiting current density of the chlor-alkali process in the spinning 
disc reactor. Calculations for typical chlor-alkali conditions showed that current 
densities of more than 100 kA/m2 are achievable in the RS-SDR based on its mass 
transfer characteristics.  
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The mass transfer characterization performed in this thesis does not involve the effect 
of gas evolution. The effect of the gas evolution on the mass transfer coefficient can be 
studied experimentally by simultaneously evolving gas together with the 
reduction/oxidation of a tracer ion. By carrying out the electrolysis for a defined 
known time, and by measuring the concentration of the tracer ion before and after the 
electrolysis, the limiting current in the presence of gas evolution can be estimated. 
Typically ferricyanide or ferrocyanide are used as tracer ions [3]. However, during this 
research we showed that more reproducible results are obtained with the 
hexachloroiridate system. Therefore we suggest the use of the hexachloroiridate 
system to determine the effect of gas evolution in the mass transfer of rotating meshes 
in RS-SDR. Additionally, the effect of the mesh characteristics (e.g. wire diameter, 
opening size and weave pattern) needs to be investigated. This, together with the 
analysis of bubble release from different mesh configurations as suggested in the 
previous section, will contribute to the selection of the optimal mesh type for the chlor-
alkali process in the SDR.  

8.3. Chlor-alkali process in a rotor-stator spinning disc 
reactor 

In Chapter 4 of this thesis we presented a zero gap spinning disc membrane 
electrochemical reactor (SDMER) designed for the intensification of the chlor-alkali 
process. For the range of current densities investigated, lower cell voltages were 
achieved in the SDMER compared to a parallel plate cell. The increase in potential with 
increasing current density was approximately 0.14 V per kA/m2 for the SDMER. This 
value was approximately 3 times higher for the parallel plate cell. Additionally, the 
SDMER allowed stable operation at high current densities (20 kA/m2).  

Results obtained here indicated that the spinning disc reactor is a suitable technology 
for the intensification of the chlor-alkali process, although significant further 
developments are still required. The cell voltage measured for the SDMER is still 
higher than the state-of-the-art electrolysers currently in the market. For instance, an 
industrial manufacturer reports a cell voltage of 3.1 V for electrolysis at 7 kA/m2 [4], 
which is 0.15 V lower than the voltage measured for the RS-SDMER. The use of 
activated cathodes and improved membranes will help achieve lower cell voltages in 
the SDMER. Furthermore tests must be performed in the SDMER to determine any 
possible hardware current losses.  

The feasibility of using the SDMER in industrial applications relies on, among other 
things, the capability of working at high and even extreme current densities while 
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maintaining a low power consumption. The power consumption of the SDMER is not 
only that required for the electrolysis (equation (8.1)) , but also the energy required for 
the rotation of the cell.  The energy dissipated by the rotation of the disc can be 
estimated from the correlation proposed by de Beer et al. [5] for rotor-stator cavities 
(equation (8.2)). 

 
2

-1756.1 kW h tonnecell
Cl

eff

EP


  (8.1) 

12 0.14 2.125.73 10 RedrE G     (8.2) 

At the maximum current density investigated here, i.e. 20 kA/m2 and for a rotational 
speed of 84 rad/s, the measured cell potential was 5.6 V for the typical chlor-alkali 
concentrations and temperature. Considering a current efficiency of 0.95, in 
accordance with the modeling results shown in Chapter 6, the power consumption 
(equation (8.1) [6]) for the electrolysis is approximately 4500 kW h per tonne of Cl2 for 
these conditions. The dimensions of the SDMER studied here are: disc radius 0f 6.5 cm 
and rotor-stator gap of 2 mm, leading to a gap ratio G of 0.03 and a rotor area of 0.013 
m2. If we consider that the total rotor area is electroactive, the SDMER described here 
can produce 0.34 kg of Cl2 per hour. For these conditions, the power consumption for 
the rotation of the disc is approximately 63 kW h per tonne of Cl2 which represents 
only 1.4% of the total power consumption (electrolysis + rotation). Evidently this value 
would change if different SDMER dimensions are used. For instance, increasing the 
disc radius a two-fold value, i.e. to 0.13 m, would increase the power consumption due 
to rotation (at 84 rad/s) to a value of 330 kW h per tonne of Cl2 representing 7% of the 
total power consumption (based on the above-mentioned cell potential and current 
efficiency). However, for this reactor size the rotational speed could be significantly 
lower and still achieve the same benefits of mass transfer and bubble release. For 
example, a rotational speed of 25 rad/s and a disc radius of 0.13 m would achieve a 
similar Reynolds number as for the disc radius of 0.065 m at 84 rad/s. For a rotational 
speed of 25 rad/s and a disc radius of 0.13 m, the power consumption due to rotation 
decreases to 25 kW h per tonne of Cl2 representing less than 1% of the total power 
consumption. For scale-up and implementation of the SDMER in industrial 
applications, the optimum reactor size should be obtained from these type of power 
consumption calculations, also taking into account the efficiency of bubble removal 
and the mass transfer characteristics. 

As mentioned before, the SDMER can achieve current densities up to 100 kA/m2 based 
on its mass transfer characteristics. However, the resulting large gas volumetric flow 
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may impose operating limitations. In our experiments with the SDMER we observed 
that there is a minimum rotational speed that allows the gas to be released efficiently 
and continuously from the reactor, allowing for a stable operation. Below this 
minimum rotation speed, large oscillations in the electrode potential were observed at 
high current densities. The minimum rotational speed is very likely a function of the 
current density and reactor dimensions and this must be further investigated.  

Additionally, operation at higher pressure can help in decreasing the gas volumetric 
flow. Some of the advantages () and disadvantages () [6,7] of high pressure 
operation are listed below: 

 The volume of the gas in the cell decreases, enabling stable operation at high or 
extreme current densities. 

 The water content of the evolved gases decreases, favoring the processing of the 
products. 

 High temperature operation is possible improving the conductivity of 
membrane and electrolytes and consequently decreasing the cell voltage. 

 Operation at high temperature decreases the electrode potentials. It must be 
noted that the electrodes potentials increase at high pressure, and therefore a 
compromise exists between operation at high pressure and high temperature 
regarding the electrode potentials. 

 At high temperatures the corrosivity of the electrolytes increases and possible 
material issues may arise. 

 More mechanical stress on the membranes, seals and gaskets.  

 The performance of the membrane under these conditions is unknown. 

Based on the above, we suggest that the combination of high current density operation 
in the SDMER, together with high pressure and high temperature, would allow a true 
process intensification of the chlor-alkali electrolysis. The effects of high pressure 
operation on the performance of the SDMER should be subject of future work. 

8.4. Modeling of the chlor-alkali process in a rotor-stator 
spinning disc reactor 

Chapters 6 and 7 concern the mathematical modeling of the chlor-alkali process 
applied to the case of a rotor-stator spinning disc reactor. The influence of the 
deviations from ideality on the calculation of the reversible potential was evaluated by 
using the Pitzer thermodynamic model.  At conditions of industrial chlor-alkali 
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electrolysis, the reversible potential is 40 mV higher considering the activity model 
compared to the ideal case. In the calculations presented in this thesis we assume that 
the gas phase is ideal and that the effect of non-ionic species on the activities of the 
electrolytes is negligible. For the conditions studied here this may be a suitable 
approach. However, if operation at higher pressures and temperatures is envisaged, a 
suitable equation of state should be used. Moreover, the solubility of chlorine in brine 
at these conditions (higher pressure / temperature) should be revised, as well as its 
effect in the activities of the electrolytes. 

In this thesis we present a robust model of the chlor-alkali electrolysis that is able to 
estimate the effect of a wide range of operating conditions on the cell potential and 
current efficiency of the cell. The effect of the rotational speed is of particular interest 
to evaluate the performance of the spinning disc reactor. At the typical concentrations 
and temperature used in the industrial chlor-alkali electrolysis, the model predicts a 
decrease of 200 mV at 20 kA/m2 when increasing the rotational speed from 1 to 100 
rad/s. We concluded that the available literature correlations for calculating the 
membrane voltage drop are not able to predict reasonable values for high current 
densities. The ohmic drop of the membrane as predicted in this model is too high due 
to a poor membrane conductivity correlation that does not take into account the effect 
of the current density. In order to solve this issue, a combined reactor model and 
membrane model is proposed as described in section 8.4.1. 

8.4.1. Combined reactor and membrane model for chlor-alkali 
process in the spinning disc membrane electrolyzer 

NOTE: This section derives from the joint work of P. Granados Mendoza and S. 
Moshtarikhah within the framework of the SPINCHAL project. Moshtarikhah 
contributed with the ion-transport model through the membrane as presented in [8]. 
Granados Mendoza contributed with the reactor model as presented in [9] and the 
implementation of Moshtrarikhah’s membrane model in the reactor model.  

In our previous work (Chapter 7, [9]) we have presented the approach for modeling 
the chlor-alkali spinning disc reactor including material and voltage balances, and 
considering the effects of the mass transfer enhancement due to the rotation of the 
electrodes in the spinning disc reactor configuration. By solving material balances per 
compartment in combination with the electrochemical relations, such as electrode 
kinetics and electrode potentials, and considering the effect of the non-ideality of the 
electrolytes and the dependence of the physical properties on concentrations and 
temperatures, the spinning disc membrane electrolyzer performance has been 
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modeled for a wide range of operating conditions. However, the previous model 
(Chapter 7, [9]) does not include a detailed modeling of the ion-transport inside the 
membrane and the resulting effect of the operating conditions on the membrane 
permselectivity. Especially, the convective transport in the membrane was neglected 
which is an important transport term. 

Separately, we have also proposed the modeling of the multicomponent ion-transport 
through a bi-layer cation-exchange membrane based on the Nernst-Planck equation 
[8]. The material balance over the membrane is described by a set of partial differential 
equations describing the flux of ionic species. The flux of species is described with the 
Nernst-Planck equation. The convective velocity inside the membrane, which is 
position dependent, is calculated based on the Schlögl equation and the continuity 
equation. At first, the convective velocity at the anolyte side is calculated based on the 
total potential gradient. Thereafter, the local convective velocity is calculated based on 
the equation of continuity and the local density inside the membrane. The boundary 
condition is presented based on the Donnan equilibrium phenomena at the membrane-
solution interface. By solving this system of equations the membrane voltage drop and 
the membrane permselectivity are calculated as an output [8].  

Here, we propose an approach for the mathematical modeling of the chlor-alkali 
process by combining the reactor model described in [9]  and the membrane model 
elaborated in [8] in order to predict the effect of the various process conditions on the 
performance of a zero-gap spinning disc electrolyzer with a bilayer membrane. The 
analysis of the reactor cell voltage, chlorine current efficiency and membrane efficiency 
can be achieved by combining the material and voltage balances of the anolyte and 
catholyte compartments, and coupling the concentrations at the membrane with a 
mass and voltage balance in the bilayer membrane.  

The combined model of reactor and membrane is implemented and solved using 
MATLAB. The algorithm that is used to solve the model is shown in Figure 8.1. First, 
the initial parameters are loaded and an initial guess of the membrane selectivity and 
voltage drop is made. Then, the reactor model is solved together with the mass 
transfer, electrochemical, activity and physical property sub-models. Next, the 
concentrations at the membrane surface calculated and are used as input for solving 
the membrane model. The ionic transport numbers are re-calculated from the Nernst-
Planck equation and are compared with the initial guesses. The iteration continues 
until the difference between the transport numbers obtained from the current and 
previous iteration is smaller than the tolerance. At this point the model terminates and 
the output is recorded.  
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Figure 8.1. The flowchart of the solution strategy of the combined reactor and membrane model in the 
zero-gap spinning disc membrane electrolyzer.  

The preliminary results are presented in Figure 8.2. In this figure we present the 
concentration profile of sodium ions inside the membrane and the adjacent anolyte 
and catholyte solutions. Regions I and IV represent the anolyte and catholyte solutions, 
respectively and regions II and III represent the sulfonate and the carboxylate layers 
of the bilayer membrane. Figure 8.2-a shows the effect of current density on the profile 
of the sodium ion for two different current densities of 1 kA/m2 and 20 kA/m2. It is 
observed that the concentration profile inside both the sulfonate and carboxylate 
layers is linear at 1 kA/m2. At 20 kA/m2 the concentration gradient in the carboxylate 
layer becomes steeper and the concentration in the sulfonate layer decreases and 
reaches the fixed ionic group concentration. Figure 8.2-b presents the effect of rotation 
speed of the spinning disc membrane electrolyzer on the concentration profiles in the 
membrane and the boundary layers of the membrane. It was expected that by 
increasing the rotation speed, i.e. higher mass transfer rate, the Na+ concentration at 
the membrane interface of the catholyte side decreases. However, surprisingly the 
results showed an opposite trend. For all cases, the Na+ concentration at the membrane 
interface was lower than the bulk concentration. In fact, similar results were found in 
our previous work with respect to the current density: at increasing current density 
the Na+ concentration at the membrane interface decreases on the catholyte side and 
increases on the anolyte side. As it was explained in our previous work this could be 
caused by the convective flux in the boundary layers. Having a stronger convective 
flow in the anolyte results in build-up of ion concentration higher than what can be 
transferred through the membrane. The counter effect occurs at the catholyte side. 

We observe that high values for the transport number of both anions (OH- and Cl-) are 
obtained especially at low rotational speeds. It must be noted that the convective 
velocity is iterated during the solution of the membrane module. This iteration 
procedure should be examined. A thorough analysis of the model predictions of the 
different transport contributions in the Nernst-Planck equation is necessary, 
unfortunately it is out of the scope of this work. For future work it is also suggested to 
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model both the electrolyte solution and membrane using the Nernst-Planck approach. 
In this way we expect to have a more reasonable account of the transport contributions 
inside the membrane. 

a)      
b)  

Figure 8.2. Sodium ion concentration profile over the dimensionless position. Regions: I = Anolyte, II 
= Sulfonate layer, III = Carboxylate layer and IV = Catholyte. Left: Concentration profiles for 1 and 20 
kA/m2 at ω=100 rad/s.  Right: Concentration profiles for 1, 10 and 100 rad/s at 20 kA/m2.   Operating 
conditions: T=80oC, Anolyte: 25wt% NaCl with pH=2, Catholyte 32wt% NaOH, QIN=10x10-6 m3/s.  
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