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III  Summary 

Summary 

Electrolyzers are used in a variety of processes, such as the production of chlorine and caustic soda, the 

refining of aluminum ore and the electrolysis of water. Due to an increasing demand for many of these 

processes, it is necessary to design cost-effective reactors. One of the challenges with current 

electrolyzer technology is related to mass transfer, which dictates the rate of replenishment of reactants 

at the electrode. If mass transfer is limiting, undesired side reactions and selectivity losses will occur. As 

a result it is important to investigate the different parameters that affect the mass transfer performance.  

The parallel plate electrolyzer is a commonly used electrochemical reactor. For this type of reactor, mass 

transfer is often difficult to predict. The cause for this difficulty is related to entry effects and the 

complicated flow patterns arising from the use of turbulence promoters or 3D electrodes. In this thesis 

the mass transfer performance of the parallel plate electrolyzers was examined. The goal was to describe 

the various design parameters that are important to achieve optimal mass transfer performance. 

The hexachloroiridate(III)/hexachloroiridate(IV) redox couple was examined as a test species for 

electrochemical mass transfer measurements. The viability, stability and reversibility of this system were 

examined using the rotating disc electrode. Additionally, its performance was compared to that of the 

traditionally used hexacyanoferrate system. It was shown was shown that the system is suitable for 

electrochemical mass transfer measurements. Using the Levich equation, the diffusion coefficient was 

determined to be                 . The reversibility of the hexachloroiridate system was also 

investigated. There the oxidation of hexachloroiridate(III) was found to compete with the oxidation of 

water. However, no electrode poisoning occurred during the experiments. On the subject of stability, it 

was noted that the hexachloroiridate(IV) reduces spontaneously in water. However, at a pH of 4.45 the 

effect was slow and could be ignored. In neutral or alkaline media on the other hand, the effect was 

faster. Moreover, hydrolysis of the iridium complex could have occurred in basic media.  Compared to 

the hexacyanoferrate system, the hexachloroiridate system is preferred as it did not poison the 

electrodes. 

The mass transfer performance of the parallel plate electrolyzer was also investigated. During this 

investigation, literature correlations were compared to experimental work using the Electrocell 

Microflow cell. It was noted that entry effects are of significant importance to the mass transfer 

performance of laboratory-scale mass transfer. However, the Electrocell Microflow cell did not suffer as 

badly from these effects as other reactors in literature. Chapter 3 also investigated the effect of inert 

turbulence promoters. In that regard, it was found that the turbulence promoter enhances mass transfer 

by a factor of about 1.5. It was also shown that the use of mesh electrodes could enhance mass transfer 

by a factor up to ~2.8. In terms of the volumetric mass transfer the best enhancements were seen for 

wire meshes (up to a factor ~7), followed by the expanded meshes (up to a factor ~3). Sherwood 

correlations for all reactor configurations of the Electrocell Microflow cell were established.   
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1. Introduction 

1.1. Electrochemical reactor engineering 
Electrochemical reactors have been an important part of the chemical industry since the development of 

the first electrolytic cells in the late 19th century.  Applications include the refining of aluminum ore, the 

production of chemicals such as chlorine, caustic soda, hydrogen and more [1-3]. For most of these 

products the demand is increasing. Additionally, a driving force exists to electrify the chemical industry 

and expand the number of applications of electrochemical manufacturing [4]. 

In order to fulfill the increasing demand for the aforementioned applications, it is necessary to design 

electrochemical reactors that can operate in a cost-effective manner. An additional consideration is that 

the design should adhere to the ideal of sustainability in order to comply with increasingly strict 

environmental regulations. Currently, electrochemical reactors rely on base load power since they are 

too inflexible to adapt to large fluctuations in power supply. The issue here is that base load power 

plants usually evoke environmental concerns due to the use of non-renewable fossil fuels or nuclear 

power. Improvements are therefore possible if the electrochemical reactor were to be designed to use 

the variable power output from wind or solar farms. Such a reactor would produce at high rate on for 

instance sunny days and at decreased rate on overcast days.  

Developing sustainable, cost-effective reactors may be achieved by alleviating the limitations of currently 

existing electrolyzers. One such limitation is mass transfer, which dictates the rate at which electrolyte is 

replenished at the electrode. When mass transfer is limiting, the electrolyte will deplete at the electrode 

leading to undesirable side reactions and selectivity losses. Therefore it is important to investigate how 

certain design parameters affect mass transfer. 

One example of an existing electrochemical reactor is the parallel plate electrolyzer. Mass transfer 

correlations have been established for a number of these electrolyzers [5]. However, it remains difficult 

to predict the mass transfer performance of an unknown parallel plate cell using existing correlations. 

This issue is exacerbated by the complicated flow patterns that arise due to inlet effects, turbulence 

promoters or three dimensional electrodes which may be used. Furthermore, results from experiments 

using laboratory-scale electrolyzers may not translate easily their industrial counterparts due to scaling 

effects. Inlet effects for instance generate significant turbulence in laboratory scale cells, whereas in 

industrial cells the inlets have little influence. Such differences imply that laboratory scale reactors are 

not always directly representative of industrial scale reactors. For an adequate description of mass 

transfer in parallel plate electrolyzers it is therefore necessary to properly investigate such scaling 

effects. Moreover, it is important to investigate the mass transfer enhancement due to turbulence 

promoters and 3D-electrodes as they are commonly used in parallel plate electrolyzers. 
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1.2. Mass transfer in electrochemical reactors 
The theory behind mass transfer in electrochemical reactors is explained here. During electrochemical 

reactions a concentration difference is formed in the liquid, as reactant ions near the respective 

electrode deplete due to their transformation into product. Meanwhile, more reactant is carried from 

the bulk towards the electrode surface due to three major effects. Firstly, reactant ions are drawn 

towards the electrode by electrostatic forces.  Secondly, the concentration difference results in diffusion, 

and thirdly, a possible bulk flow of species due to convection. The influence of these three effects on the 

rate of transfer of species is expressed in Eq. 1.1 [6-7]. 
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The left hand side of Eq. 1.1 indicates the rate of transfer     , and the three terms on the right hand side 

correspond to respectively migration, diffusion and convection. Simplification is possible by recognizing 

the magnitude of the different terms. If a sufficiently large concentration of supporting electrolyte is 

added, then the effect migration can be neglected. The reason is that most of the charge will travel 

through the supporting electrolyte rather than the investigated species. In the thin boundary layer next 

to the electrode, the convection term can also be assumed zero. This is because usually there is no bulk 

flow towards the electrode from the edge of the boundary layer. The exception is when 

electrodeposition occurs, though even in such case the bulk flow will be small compared to the diffusion 

term [8]. 

As a result the rate of transfer is only dependent on the diffusion term, as shown in Eq.1.2. This equation 

can then be integrated to give Eq.1.3, which relates the current density to the mass transfer coefficient. 

Note: for the integration a linear concentration profile is assumed. In reality, the change in concentration 

from bulk to electrode interface will be more gradual.  
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A special case exists if the intrinsic kinetics of the electrode reaction becomes magnitudes faster than the 

rate of diffusion. In this mass transfer limited regime, the result is that the concentration of reactant ions 

at the electrode surface is negligibly small, further simplifying Eq. 1.3 into Eq. 1.4. The current density 

which then appears is said to be the limiting current density. Figure 1.1 shows the linearized 

concentration profile of a reducing species in an electrochemical cell. 
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Figure 1.1: Linearized concentration profiles in an electrolyzer.  

Here        denotes the concentration profile under limiting current conditions. 

 
Fast intrinsic kinetics can often be achieved by increasing the overpotential. The overpotential is the 

applied potential above the thermodynamic equilibrium. Usually only a slight increase is required, since 

the intrinsic reaction rate varies as an exponential function of the overpotential. The intrinsic kinetics are 

described by the Buttler-Volmer equation (Eq. 1.5) [9]. 

         *   (
    

  
 )     ( 

    

  
 )+ (1.5) 

Figure 1.2 shows the current density as a function of the overpotential   [8]. Four distinct regions are 

visible. In the first region (I), the overpotential is small leading to slow intrinsic kinetics. The reaction is 

kinetically controlled. The second region (II) is the mixed control region in which both intrinsic kinetics 

and mass transfer are of the same order of magnitude. In the third region (III), the magnitude of intrinsic 

kinetics has completely eclipsed the rate of mass transfer. The current density observed here is equal to 

the limiting current density. The last region (IV) is where a secondary reaction is occurring such as the 

evolution of hydrogen or oxygen from the solution. 

In region (II) the mass transfer coefficient is directly related to the measured current. Therefore it is 

possible to measure the mass transfer performance of an electrolyzer using the limiting current density.  
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Figure 1.2: The limiting current density. 

Region I: kinetic control, region II: mixed control, region III: mass transfer control, region IV: side reaction. The 
current density found in the plateau in region III is known as the limiting current density IA,lim. This quantity is 
dependent on the rate of mass transfer. Faster mass transfer (MT) leads to a higher limiting current. 

1.3. Aim and scope 
The current work focuses on further clarifying mass transfer in parallel plate reactors. The overall goal is 

to identify the different design parameters that are important to the mass transfer performance of a 

given parallel plate electrolyzer based on its geometrical parameters.  

In chapter 2 hexachloroiridate is investigated as a test species for electrochemical mass transfer 

measurements. Hexachloriridate is explored as an alternative to the traditionally used hexacyanoferrate. 

The viability of this system is confirmed using the rotating disc electrode. The stability and reversibility of 

the electrolyte is tested in order to prove its suitability. The advantages and disadvantages of the 

hexacyanoferrate and hexachloroiridate system are briefly compared. 

In chapter 3 the parallel plate electrolyzer is investigated. Literature on its operation and performance is 

reviewed and compared against experimental results. Sherwood versus Reynolds mass transfer 

correlations are established for the Electrocell Micro Flow Cell under varying reactor and electrode 

configurations. Among the parameters are the electrode spacing, the presence of inert turbulence 

promoters and the electrode geometry. In terms of the electrode geometry, six different mesh 

electrodes are investigated: two wire meshes and four expanded meshes. 

In chapter 4 the conclusions of this work are highlighted. The most important findings of chapter 2 and 

chapter 3 are summarized and recommendations are given for future work. 
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Nomenclature 

Latin symbols 

  
Concentration of the electroactive species. Subscript   
indicates the bulk concentration and subscript   indicates the 
concentration at the electrode surface 

        

  Diffusion coefficient       
  Applied potential   
   Formal reduction potential of the studied system   
  Faraday’s constant, 96485                 
   Thermodynamic exchange current density       
   Current density       
       Limiting current density       
    Liquid-solid mass transfer coefficient   

   
      

  Electrons exchanged per mole of electroactive species        
   

  Universal gas constant, 8.314                              
  Temperature   
  Distance from the electrode surface   
 

Greek Letters 

  Thermodynamic symmetry factor with the subscripts   for 
anodic and   for cathodic 

         

  Thickness of the boundary layer   
  Overpotential:          
  Kinematic viscosity       
  Electrostatic potential   
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2. The hexachloroiridate system 

2.1. Introduction 
In electrochemical engineering it is often necessary to know the mass transfer performance of a given 

electrolyzer. Electrochemical mass transfer measurements are usually performed using the ferri-

/ferrocyanide redox system [1]. In such case, the limiting current of the reduction of ferricyanide is 

measured. The electrode reactions are given in Eq. 2.1 and Eq. 2.2 and the standard reduction potential 

   is        vs. Ag/AgCl [2]. 

            (  ) 
     (  ) 

      (2.1) 

              (  ) 
        (  ) 

   (2.2) 

Over the years that the hexacyanoferrate system has been used, issues have been reported in terms of 

reversibility. Experimenters often found difficulties with electrode poisoning due to deposition of the 

product of a side reaction [3-4]. Impedance, Auger and infrared spectroscopy have suggested that 

ferricyanide decomposes into an insoluble species such as Fe(CN3) and Fe2O3 [4-7]. Many different 

supporting electrolytes have been examined in the past to alleviate this issue.  However, in each of the 

options the effect still occurred [8]. Elaborate pretreatment schemes have been established to minimize 

the effects, but may be too difficult to apply in some situations [9]. Abrasive polishing of electrodes for 

instance, cannot be used if mesh electrodes were to be used, as it would damage the structural integrity 

of the mesh.  

In the field of electro-analytical science, aqueous hexachloroiridate(IV)/hexachloroiridate(III)  has been 

proposed as an alternative to the hexacyanoferrate system by Petrovic [10]. Potassium nitrate was used 

as the supporting electrolyte. In the work of Petrovic, it is shown that hexachloroiridate is more stable 

than hexacyanoferrate. Additionally, no electrode poisoning was observed during the measurements. 

The electrode reactions are given in Eq. 2.3 and Eq. 2.4, and the standard reduction potential    is 

       vs. Ag/AgCl. 

               
        

      (2.3) 

                 
           

   (2.4) 

For limiting current density measurements, however, it remains unclear whether the hexachloroiridate 

system is truly viable. In order to measure the limiting current density experimentally the system should 

adhere to the following requirements: first and foremost, the system should produce a limiting current 

density plateau free from the interference of side reactions. Secondly, the system should be reversible so 

that the bulk concentration can remain stable without needing high concentrations. Thirdly, the system 

should be stable for an amount of time, so that the measurements aren’t affected by degradation 

effects. Ideally all these requirements are fulfilled, though in reality this may not be the case. 
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So far no data is available on the limiting current density plateau produced by hexachloroiridate. 

Therefore it is unknown whether the system is capable of producing a wide, flat current density plateau 

that is free from interference of side reactions. Additionally, it is unknown to what extent the electrolyte 

reacts reversibly or remains stable through experimentation.  

Therefore, the current work will focus on expanding the knowledge surrounding hexachloroiridate as 

test system for electrochemical measurements. The aim is to test the viability of this system, its 

reversibility and its stability. Finally, the diffusion coefficient is calculated using the Levich equation.  

2.2. Experimental section 

 
Figure 2.1: The Rotating Disc Electrode (RDE) setup 

A schematic representation of the rotating disc setup. Not shown: the Autolab PGSTAT30 potentiostat. 
 

Experiments are performed using a rotating disc electrode (RDE) in a standard three cell arrangement as 

shown in figure 2.1. For the working electrode a nickel RDE is used, for the counter electrode a platinum 

mesh.  An Ag/AgCl electrode is used as reference. Measurements are performed using the Autolab 

PGSTAT30 and the Autolab NOVA software. 

The electrochemical species consists of an aqueous solution of 0.5 mM of hexachloroiridate(III) and  

0.5 mM of hexachloroiridate(IV) . For the supporting electrolyte 0.5 M of KNO3 is used. The chemicals 

were ordered from Alfa Aesar in the form of powders.  

2.2.1. Cyclic voltammetry 

Cyclic voltammetry (CV) is performed at a scan rate of 10 mV/s. The potential ranges from slightly below 

the hydrogen evolution domain to slightly above the oxygen evolution domain, i.e. from -0.9 V to 1.05 V 

versus the Ag/AgCl reference electrode. The RDE remains stationary during CV experiments. 

2.2.2. Linear sweep voltammetry 

Linear sweep voltammetry (LSV) is performed for the reduction range of the hexachloroiridate(IV) 

species. The reduction current is scanned from 0.7 V to -0.4 V at a rate of 10 mV/s for varying rotation 

speeds of the RDE.  



12 The hexachloroiridate system 

2.2.3. Chronoamperometry 

Chronoamperometry (CA) is performed by measuring the current for ten seconds for each rotation 

speed. For the measurements a potential of 0.0 V vs. Ag/AgCl is used. For each change of rotation 

velocity, a wait time of minimum five seconds is employed to ensure the hydrodynamics have stabilized. 

2.2.4. UV-VIS Spectroscopy 

UV-VIS measurements are performed using a Shimadzu UV2501-PC spectrophotometer. The path length 

of the cell was 10 mm, the slit width was 1 nm. 

2.3. Theory 
A common tool in electrochemistry for limiting current density measurements is the rotating disc 

electrode (RDE). This tool can serve as a frame of reference due to the well-defined hydrodynamic 

boundary layer it produces (Figure 2.2).  

 
Figure 2.2: Schematic of The Rotating Disc Electrode. 

The RDE consists of a cylindrical electrode which is connected by an electric lead to the measuring equipment. The 
assembly is made to rotate, and as a result a highly regular flow pattern emerges. 

 
The rotating disc electrode consists of a cylindrical electrode embedded in a non-reactive housing. The 

electrode is then connected using by the central shaft to the measuring equipment. The entire assembly 

is then made to rotate about its longitudinal axis at a precise angular velocity. As a result of the rotating 

motion a highly regular flow pattern emerges, for which the convection-diffusion equation can be solved 

analytically for laminar flows (      ) [11]. From this solution, the Levich equation is obtained: 

  
      

 
           

 

   
 

    
 

   (2.5) 

The Levich equation relates the angular velocity of the rotating disc to the current density that is 

produced as a result of a mass transfer limited reaction occurring at the electrode.  In this work, this 

theoretical relation is compared to the actual experimental performance of the hexachloroiridate 

system. In other words, the RDE is used to investigate whether the system is performing according to 

expectation. If a mismatch between prediction and experiment occurs, then such an investigation may 

lead to the conclusion that the hexachloroiridate system is unsuitable for mass transfer measurements. 
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2.4. Results and discussion 

2.4.1. Viability of hexachloroiridate 

Cyclic voltammetry is used to explore the electrochemical behavior of the system. In figure 2.3, the 

oxidation peak of hexachloroiridate(III) and the reduction peak of hexachloroiridate(IV) are clearly visible. 

The reduction peak is centered close to the reduction potential of 0.76 V. Furthermore, the potential 

range between 0.7 V and -0.4 V adjacent to the reduction peak appears to be free from any peaks, 

indicating that no side reactions are occurring in this region. Therefore it seems that the reduction of 

hexachloroiridate(IV) is viable for limiting current density plateau measurements. The oxidation of 

hexachloroiridate(III) on the other hand seems to be less useful as the oxygen evolution reaction starts 

almost immediately after the oxidation peak. 

 

Figure 2.3: Cyclic voltammogram of hexachloroiridate. 
The potential region next to the reduction peak appears to be flat, indicating that no side reactions are occurring. 

 

Figure 2.4: Linear sweep voltammogram of hexachloroiridate. 
The limiting current density plateau found at the potential range between -0.4 V and 0.45 V appears to be fairly flat. 

The hexachloroiridate system is therefore viable for limiting current density measurements. 
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The current density was measured using linear sweep voltammetry (figure 2.4). A wide limiting current 

density plateau is found for the potential range of -0.4 V to 0.45 V versus an Ag/AgCl reference electrode. 

Furthermore, the experimental results are in accordance to the theory shown in section 1.2. This 

suggests that the system is viable for mass transfer measurements. Nevertheless, a slight sloping of the 

plateau is found. Two likely reasons exist for this slope [12]: 

The first reason is that in linear sweep voltammetry experiments a dielectric effect is present due to the 

constantly changing potential. Since ions aim for equilibrium in accordance with the potential field, they 

will adjust themselves to each potential change. These constantly reorienting ions will cause a small but 

non-negligible current. Lowering the scan rate will reduce the severity of this effect. In a chrono-

amperometry experiment the dielectric effect will not appear since the potential is constant [13]. 

The second reason is that kinetically controlled surface reactions may be occurring due to the use of 

nickel as an electrode material. In aqueous solution, the nickel surface will cycle through various 

oxide/hydroxide forms due to the changing potential. These nickel reactions produce another small yet 

non-negligible current. At a lower scan rate the current due to shifting from one oxide/hydroxide layer to 

another will be reduced. At constant potentials a small current remains present, most likely due to the 

continuous reforming of the oxide/hydroxide layer as a part of it dissolves into the solution. Correcting 

for this behavior is possible by scanning a solution containing only the supporting electrolyte and using it 

as a baseline measurement [13]. 

The sloping effect is particularly visible due to the relatively low electrolyte concentration (0.5 mM) 

compared to typical concentrations used in hexacyanoferrate experiments (~0.1 M). Increasing the 

concentration would make the plateau more flat. Therefore, the concentration of hexachloroiridate(IV) 

should be as high as possible to measure the limiting current. However, this may not be possible as 

during experiments it was found to be difficult to dissolve concentrations higher than 0.5mM. This 

limitation is not found for ferricyanide, whose solubility is 1.0 M (328 g/L solution at 25°C) in water [14]. 
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2.4.2. Reversibility and stability of hexachloroiridate 

An important aspect in limiting current densities experiments is the degree to which the test system is 

reversible throughout the measurement.  In the ideal case, the reactant species does not undergo side 

reactions that can interfere with the measurement. For the hexacyanoferrate system the reality is 

different: the working electrode becomes poisoned due to an electrochemical deposition of an insoluble 

iron species [3-7]. In case of the hexachloroiridate, it is necessary to confirm that such side reactions are 

not present. 

A chronoamperometry experiment at constant potential of 0.0 V vs. Ag/AgCl was performed and the 

limiting current was tracked for two hours. Figure 2.5 shows that a small but significant decrease in the 

current is seen, suggesting that some degradation occurred during the measurement. After two hours, 

the electrode was removed from the solution and left to evolve hydrogen for 30 minutes in 0.5 M KNO3 

at -1.3 V versus Ag/AgCl. The purpose of this step was to remove any oxide layers that may have formed 

on the nickel surface. After this hydrogen reactivation process, the chronoamperometry experiment was 

resumed in the original electrolyte solution for another hour. From figure 2.5 it becomes apparent that 

the procedure did not affect the results in any meaningful way: the decrease simply resumed where it 

ended. After another hour of measurement, the electrolyte was refreshed. As a result, the limiting 

current density appears to have returned to its original value. 

 

Figure 2.5: The decreasing current during chronoamperometry. 
A decrease in current can be seen as time progresses. This current is restored upon refreshing the electrolyte. 

Furthermore, the effect is independent of the electrode material. 

 



16 The hexachloroiridate system 

Therefore it seems that the decrease in current of the hexachloroiridate(IV) reduction is a result of a 

decrease in solution concentration. The hydrogen activation step did not influence the measurement, 

suggesting that the nickel electrode did not oxidize in a manner that affected the results. Additionally, a 

passivating layer similar to the one typically formed during ferricyanide experiments did not seem to 

form, as a refreshing of the electrolyte restored the current. Finally, the effect is observed independently 

of electrode material as the same decrease in current is seen for the glassy carbon electrode. As a result 

it is not likely that the effect is occurring as a response to metallic nickel. 

Since hexachloroiridate(IV) and hexachloroiridate(III) are distinctly colored substances (respectively 

golden brown and chartreuse-yellow), it is possible to track the decrease in concentration using UV-VIS 

spectroscopy [15]. Figure 2.6 shows the spectrum before and after a two hour chronoamperometry 

experiment at 0.0 V versus Ag/AgCl. From the graph, it is clear that the electrolyte concentration 

decreases during the experiment. Matching the drop in the spectrum with a concentration difference 

can be achieved using Beer-Lamberts law. The peak at 487 nm is used since the peaks at 414 and 428 nm 

are fainter and overlap with the spectrum of hexachloroiridate(III) (figure 2.7).  Molar absorption 

coefficients are given in table 2.1. The measured drop in hexachloroiridate(IV) after two hours according 

to UV-VIS measurements is determined to be 0.019 mM.  

 
Figure 2.6: Loss of concentration. 

A decrease of 0.019mM of hexachloroiridate(IV) is 
observed as a result of the chronoamperometry 

experiment. 

Figure 2.7: The hexachloroiridate spectra. 
The peak at 487nm is ideal for determining the 

hexachloroiridate(IV) concentration due to its sharpness 
and lack of overlap with the hexachloroiridate(III) 

spectrum. 
 

Table 2.1: Molar absorption coefficients of hexachloroiridate. 

                             

Hexachloroiridate(III) 8.73 6.77 1.59 

Hexachloroiridate(IV) 287 297 374 
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At this point, it is unclear whether hexachloroiridate(IV) concentration decreases due to degradation in 

the aqueous solution or if it is due to the applied current. For this purpose, a UV-VIS spectrum is 

recorded of the electrolyte after resting in ambient conditions for a period of 2 hours. According to 

figure 2.8, only a minimal amount of concentration loss is observed. Therefore it seems as if the loss of 

concentration is due to the applied current. In other words, the hexachloroiridate(IV) concentration is 

affected by an electrochemical side reaction. 

In order to determine the magnitude of this irreversibility, the number of consumed electrons is 

calculated by integrating the current over time and dividing by Faradays constant (cf.: Eq.2.6). Assuming 

that hexachloroiridate(IV) is the only consumer of electrons, then the number of molecules of 

hexachloroiridate(IV) undergoing reduction is equal to the number of consumed electrons. Expressed in 

terms of a concentration, it is determined that 0.08 mM of hexachloroiridate(IV) underwent reduction 

during the chronoamperometry experiment. However, according to the UV-VIS experiment only  

0.02 mM of hexachloroiridate(IV) has disappeared during this time. Although the reaction is not 

completely reversible, it still appears that only about 25% of the hexachloroiridate(IV) is not replenished 

by oxidation of hexachloroiridate(III). 

      (  )  
   

   
     

 

  
∫     
 

  
  (2.6) 

In addition to the aforementioned results, a pH drop was observed during the experiment: At time t=0, 

the pH of the solution was measured to be 4.43. At time t=120 min the pH dropped to 4.26. According to 

these values, the change in concentration of protons in solution was also found to be 0.02 mM. The 

decrease in concentration therefore coincides with a release of protons, or a consumption of hydroxide 

ions.  

A possible explanation for this behavior might be that the oxidation of hexachloroiridate(III) is competing 

with the oxidation of water (cf.: Eq. 2.7a-c) . In such case, one mole of protons will be released for every 

mole of hexachloroiridate(IV) that reacts with water. However, no gas bubbles were observed during the 

experiment. Presumably, the quantity of oxygen formed is sufficiently small to either remain dissolved or 

escape unnoticed. 

              
            

   (2.7a) 

            
         

       (2.7b) 

          
          (2.7c) 

                              
                 

            (2.7d) 

Even though the hexachloroiridate(IV) reduction is irreversible to a certain degree, it should not affect its 

viability for mass transfer measurements as long as the concentration is tracked using UV-VIS. The 

reason is that – contrary to the hexacyanoferrate system – the electrode surface remains unaffected by 

the irreversible behavior. 
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Figure 2.8: Hexachloroiridate(IV) degradation in a 

unbuffered solution of pH 4.4. 
Figure 2.9: Hexachloroiridate(IV) degradation in a 

buffered solution of pH 7. 
 

According to previous work by Petrovic [10] the reduction of hexachloroiridate(IV) also occurs 

spontaneously, i.e. absent of an applied potential. On the other hand, figure 2.8 does not show a 

significant change in concentration as the result of two hours of ambient storage. The reason is that the 

spontaneous reduction of hexachloroiridate is slow, taking several days to be noticeable.  However, It is 

important to note the existence of such behavior as in more alkaline solutions the process is much faster. 

In a phosphate buffered solution of pH 7, a noticeable concentration loss is found after only two hours of 

ambient storage (figure 2.9). In a 0.5 M potassium hydroxide solution of pH 13.7, the solution will not 

show the golden brown color of hexachloroiridate(IV) at all. Though, at a strongly alkaline pH it is likely 

that the complex hydrolyzed instead. Nevertheless it appears that the pH affects the spontaneous 

reduction significantly. This dependency on pH may be explained by reactions Eq.2.7d: A higher 

background concentration of hydroxide ions will drive the complex to release protons through the 

oxidation of water. This behavior can also be understood from the CV in figure 2.3, since at higher pH the 

oxygen evolution will shift to lower potentials vs. Ag/AgCl. 

2.4.3. Diffusion coefficient 

An important quantity for mass transfer measurements is the diffusion coefficient. The Levich equation 

(Eq. 2.5) is used in order to determine the diffusion coefficient. This equation is the mathematical 

description of the hydrodynamic boundary layer produced by an RDE. A chronoamperometry experiment 

is performed in which the limiting current      is determined for increasing rotational velocities   of the 

RDE. By means of linear regression, the diffusion coefficient can be found from the relation between the 

limiting current and the square root of rotational velocity (Eq.2.8). The Schmidt number of the solution is 

1011 and the Reynolds number remains far below 107. Therefore the Levich equation is applicable [16]. 

 
      

 
                          (2.5) 

   [
     

         
 
 
 

]
   

   (2.8) 
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Figure 2.10 shows that the experimental results follow the Levich equation quite well. The diffusion 

coefficient was determined to be                . In table 2.2 this value is listed alongside diffusion 

coefficients found in literature. This value is slightly higher, but still comparable to the values found in 

literature. 

 

Diffusion 
Coefficient 
D, (m2/s) 

Reference 
Supporting 
Electrolyte 

           Petrovic[10] 0.1 M KNO3 

            
Granados 

Mendoza [15] 
0.5 M KNO3 

           Present work 0.5 M KNO3 
 

Figure 2.10: Levich plot of hexachloroiridate(IV) 
Dotted lines represent the diffusion coefficient 

from literature as shown in table 2.2. The y-axis 
shows the concentration normalized current 

density. 

Table 2.2: Diffusion coefficients of 
hexachloroiridate(IV) 

2.5. Conclusion 
So far it has been shown that the hexachloroiridate complex is suitable for limiting current density 

measurements, as it produces a wide, fairly flat limiting current density plateau. Using a rotating disc 

electrode, this plateau is determined to exist from -0.4 V to 0.45 V versus Ag/AgCl. The plateau is not 

entirely flat when measured using linear sweep voltammetry due to both a dielectric effect and nickel 

surface reduction/oxidation.  

Additionally it has been demonstrated that the hexachloroiridate redox couple is not entirely reversible. 

The cause for this pseudo-reversible behavior is suggested to be that water is oxidized instead of 

hexachloroiridate(III). This is logical as the hexachloroiridate(III) oxidation peak is close to the oxygen 

evolution region. About 25% of the hexachloroiridate(IV) that reacted during a two hour 

chronoamperometry experiment was not replenished due to water oxidation. The decrease in 

concentration of hexachloroiridate(IV) can be tracked and corrected for using UV-VIS spectroscopy. Since 

the oxidation of water occurs more slowly at a lower pH, it is hypothesized that the hexachloroiridate(IV) 

concentration will decrease more slowly in a more acidic medium. 

In terms of stability it is important to note that hexachloroiridate(IV) reduces spontaneously in neutral 

and alkaline solutions due to the oxidation of water. In an unbuffered pH 4.45 solution, little loss of 

concentration is observed after two hours in ambient conditions. In a phosphate buffered pH 7 solution a 

significant concentration loss is observed after this time. In 0.5 M potassium hydroxide at pH 13.7 the 

characteristic color of hexachloroiridate(IV) disappears immediately.  
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The diffusion coefficient of hexachloroiridate(IV) was determined to be                  using the 

Levich equation. This value is slightly higher, but still comparable to the values found in literature. 

Table 2.3: Comparison of hexachloroiridate and hexacyanoferrate 
 Hexachloroiridate Hexacyanoferrate 

Reduction reaction      
           

     (  ) 
     (  ) 

   

Reduction potential 0.76 V [10] 0.46 V [12] 

Mass transfer plateau -0.4 to 0.45 V -0.7 to 0.05 V [12] 

Typical concentration in solution 0.1 to 0.5 mM >0.1 M 

Reversibility: 
Water oxidation: 

Requires fresh solution 

Electrode poisoning: 

Requires abrasive polishing 

Stability Sensitive to alkalinity Sensitive to light 

Usable pH range pH < 5 Forms HCN in strong acids. 

Diffusion coefficient                                [1] 

 

Table 2.3 summarizes the core differences between the hexachloroiridate system and the 

hexacyanoferrate system. It has been discovered that hexachloroiridate has a wider limiting current 

density plateau, is more stable, but suffers significantly from the influence of the water oxidation. 

However, no electrode poisoning effects were observed. The major advantage of hexachloroiridate is 

therefore that it can be used without periodic abrasive polishing. As such, the hexachloroiridate system 

is preferred for use with three-dimensional electrodes that cannot be polished. 
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Nomenclature 

Latin symbols 

  Concentration of the electroactive species in the bulk          
    (  ) Concentration drop of hexachloroiridate(IV)          
  Diffusion coefficient       
   Formal reduction potential of the studied system   
  Faraday’s constant, 96485                 
  Time since start of experiment   
  Measured current   
       Limiting current density       
  Electrons exchanged per mole of electroactive species      
    Number of consumed electrons        

   
  Reactor volume (          )    
  Absorbance          
  Length of UV-VIS cuvette (Path length)   
 

Greek Letters 

  Rotation velocity         
  Extinction coefficient          
  Kinematic viscosity       
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3. Liquid-solid mass transfer in parallel 
plate electrolyzers 

3.1. Introduction 
Parallel plate electrolyzers are often used in industry for a variety of processes. The chlor-alkali process, 

perchlorate production and water splitting are some of the examples.  It is often the case that the mass 

transfer properties of the parallel plate electrolyzer are crucial for good reactor performance (low cell 

potential, high current efficiency).  

In laboratory-scale cells, entrance effects usually offer a significant contribution to the mass transfer 

performance. However, on the industrial scale it is often impossible to rely on such effects as the entry 

region is comparatively small to the rest of the electrolyzer. As a result, it is necessary to investigate the 

magnitude of the entrance effects for a particular laboratory scale cell before conclusions can be made 

concerning the performance of its industrial-scale counterpart. Though extensive literature work 

surrounding the topic exists, no definitive model is available to predict the magnitude of the entrance 

effects. Therefore, experimental work will have to be performed in order to discover the extent to which 

such effects are important. 

A common method to improve mass transfer in laboratory cells is to introduce turbulence promoters 

into the electrolyzer channel. These inert obstructions within the channel are designed to cause a 

disruption of the flow, which then causes better mixing. The performance of such promoters has been 

extensively discussed in literature [1-4]. However, because of entrance effects it is difficult to predict 

their effectiveness beforehand. As a result more experimental work is needed. 

Conceivably a more preferred way of enhancing mass transfer is to use three dimensional electrodes  

[5-7]. This is especially the case for industry applications where the cost-effectiveness of the reactor is 

decisive for its usability. The main advantage of using three dimensional electrodes compared to the 

turbulence promoter is that as a greater surface area is introduced in addition to the mass transfer 

enhancement.  For mesh electrodes in particular only a limited amount of information is available in 

literature, despite their common use for industrial applications such as the zero gap electrolyzer [8]. 

Therefore in this work, the aim is to describe the effect of using mesh electrodes on the mass transfer 

performance of parallel plate electrolyzers. For this purpose the Electrocell Microflow cell is used. The 

investigation is started with the flat plate, empty channel configuration of the Electrocell in order to 

determine the extent to which entrance effects may be important. Continuing from that point onwards, 

the effect on mass transfer of an inert turbulence promoter is determined. Finally, it is demonstrated to 

which degree the mesh electrodes are preferential to the inert turbulence promoter, and by extension 

the empty channel. To that end, two wire meshes and four expanded meshes of a varying geometry are 

investigated.   
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3.2. Experimental section 

 
Figure 3.1: The parallel plate electrolyzer setup 

Not shown: the Autolab PGSTAT30 Potentiostat. 

 
An Electrocell® micro flow cell parallel plate electrolyzer is used for the experiments, with its dimensions 

of listed in table 3.1. Figure 3.1 schematically shows the setup. The electrolyte is stored in a 250 ml 

vessel, from which it is pumped using to the electrolyzer using a gear pump. The fluid inside the vessel is 

stored in ambient conditions. The electrolyte consists of 0.5 mM of hexachloroiridate(IV), 3 mM of 

hexachloroiridate(III) in an aqueous solution of 0.5 M potassium nitrate. A list of the electrolyte 

properties is available in table 3.2. The flow rate is determined using a volumetric flow meter. The 

pressure drop is measured using a pressure gauge placed before the electrolyzer.   

Table 3.1: Experimental details of the Electrocell® Micro Flow Cell 

  Electrode length        
  Electrode width (breadth)        
  Electrode spacing                         
  Electrode area          
  Inlet spacing                         
   Reactor volume        
   Hydraulic diameter                          
   Fluid velocity                           
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Table 3.2: Physical properties of the electrolyte, relevant constants 

  Faradays Number                
  Number of electrons transferred per ion   
  Density of the electrolyte              [9-10] 

  Kinematic viscosity                [10] 
  Temperature       
 (   ) Concentration of hexachloroiridate(III)      
 (  ) Concentration of hexachloroiridate(IV)        
      Concentration of potassium nitrate       

  Diffusion coefficient of hexachloroiridate(IV)                 (cf.: section 2.4) 
   Schmidt number of the electrolyte      

 

An Autolab PGSTAT30 was used to perform measurements on the electrolyzer. The anode consisted of a 

flat nickel plate and the cathode was a flat nickel plate, a nickel wire mesh or a stainless steel expanded 

mesh.  For the experiments using meshes, the mesh was placed on top of a nickel plate and held in place 

using the pressure from the screws of the Electrocell Microflow cell. The plate underneath the mesh was 

covered using insulating tape in order to prevent it from participating as an electrode. Electrical contact 

was ensured at the sides of the mesh, underneath the gaskets. There it was possible to press the mesh 

against the supporting nickel plate without being in contact with the reactor fluid. 

Before experimentation, the cathode was submerged in 0.5 M potassium nitrate and left to evolve 

hydrogen for 30 minutes at -1.30 V versus Ag-AgCl. This was done to ensure no oxidation was present on 

the electrode surface. For each set of experiments, fresh electrolyte solution was used in order to 

prevent influence from degradation effects. 

Chronoamperometry experiments were performed in order to determine the limiting current density. 

The procedure was as follows: First, A cell potential of -0.8 V was applied and the current is allowed to 

stabilize. Then the gear pump was set in motion to produce the desired flow rate. For each flow rate that 

was measured, a wait time of 5 seconds was implemented in order to reach a steady state situation. The 

limiting current was determined from the average of 10 data points measured over a period of 10 

seconds.  
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3.3. Theoretical background 
The mass transfer properties of electrolyzers are described using Sherwood correlations (Eq. 3.1a-e). The 

parameters       and   are determined experimentally.  An important quantity for Sherwood 

correlations is the hydrodynamic diameter   . It is defined as four times the cross-sectional area         

divided by the wetted perimeter     . For an empty channel, such as the parallel plate electrolyzer 

(figure 3.2) it is given by Eq.3.2. For reasons of simplicity, it is assumed that the same definition can be 

applied when three dimensional electrodes are used. The mass transfer coefficient     is determined 

using the limiting current density, where            (   ). 

                                 (3.1a) 

     
              

          
 
      
 

 (3.1b)    
               

              
 
    
 

 (3.1c) 

   
                 

                   
 
 

 
 (3.1d)                         

 

  
 (3.1d) 

 
Figure 3.2: The hydraulic diameter in a parallel plate electrolyzer. 

 
In literature, the mass transfer performance of electrolyzers is usually compared to the correlations for 

fully developed laminar and turbulent flows by D.J.Pickett and K.L.Ong [11]. For laminar flows an 

equation is found which bears resemblance to the Leveque equation for convective heat transfer in a 

fully developed laminar flow. For turbulent flows a distinction is made between long and short 

electrodes. For the long electrodes, a Chilton-Colburn analogy describes the mass transfer behavior. For 

short electrodes, a Deissler-type equation exists [11].  A dependence on the electrode length is found 

only for the short electrodes. Table 3.3 summarizes the equations. 
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Table 3.3: Correlations for electrolyzers with fully developed flow [11]. 

Laminar         (          )    
           
             
              

Turbulent 

                    
              

      

                           
              

      

3.4. Results and discussion 

3.4.1. Empty channels 

The empty channel configuration of the Electrocell Microflow cell was investigated.  Using additional 

spacers and gaskets, the electrode spacing could be increased from 4mm to 7mm and 10mm. For each of 

the distances, mass transfer was measured using the limiting current density method.  

Figure 3.2 displays the Sherwood vs. Reynolds performance for a selection of literature electrolyzers as 

well as the expiremental results for the Electrocell Microflow cell. Here it is shown that the three 

configurations of the Electrocell Microflow cell perform more or less similarly to the electrolyzers in 

literature.  The Sherwood correlations for the cells shown in figure 3.2 are listed in table 3.4. 

 

Figure 3.3: Literature correlations and the empty channel performance of the Electrocell Microflow cell. 
Similar performance is obtained compared to literature for the Electrocell Microflow cell (EC:MFC). The performance of 

literature cells varies greatly due to entrance effects. 
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One observation is that nearly all cells produce higher mass transfer than the equations of D.J. Pickett 

and K.L. Ong [11]. This is because the inlet manifolds of the electrolyzers shown here are placed directly 

over the electrode channel.  Therefore the flow will not be developed as it enters the space between the 

electrodes. Moreover, additional turbulence is generated as a result of the sudden expansion between 

the inlet and the channel [12-14]. At the outlet a similar effect occurs when the flow suddenly contracts 

(cf.: figure 3.4). These entry and exit effect are extremely important for understanding mass transfer in 

laboratory-scale parallel plate electrolyzers. In fact, figure 3.4 shows that in some cases they can 

enhance mass transfer by almost an order of magnitude. Additionally, they can result in a premature 

transition to the turbulent regime. This is evidenced by the steep slopes found for most of the 

electrolyzers. The FM01-LC for instance follows a Reynolds power of ~0.7, whereas laminar conditions 

would dictate a power of 0.3. The 4mm configuration of the Microflow cell on the other hand seems to 

have a much smaller power of 0.44, which suggests that it is not suffering from entry effects as strongly 

as the cells from literature. Additionally it can be seen that for an electrode spacing of 7mm and 10mm 

the slope seems to decrease at around Reynolds = 300. This may signify the start of a fully laminar 

regime, though it is difficult to say as only a few data points are available.  

 
Figure 3.4: Estimated flow patterns in the Electrocell Microflow cell 

As the flow enters from the inlet channel to the space between electrodes a sudden expansion occurs. As the flow 
exits the channel a sudden contraction occurs. The result of this is additional turbulence. 

 

Table 3.4: Selected mass transport correlations for empty channel parallel plate reactors 

                     Reynolds Range    
   
(  ) 

  
(  ) 

  
(  ) 

  
(  ) 

Electrocell MFC 4mm 1.05 0.44 0.33 86 < Re < 1717 4.78 0.71 0.4 3.3 3.4 

Electrocell MFC 7mm 0.44 0.52 0.33 316 < Re < 1578 2.94 1.2 0.7 3.3 3.4 

Electrocell MFC 10mm 0.23 0.60 0.33 292 < Re < 1459 2.22 1.5 1.0 3.3 3.4 

[5] FM01-LC (Brown) 0.22 0.71 0.33 200 < Re < 1000 16.6 0.97 0.55 4.0 16.0 

[2] FM01-LC (Griffiths) 0.18 0.73 0.33 500 < Re < 2200 16.6 0.97 0.55 4.0 16.0 

[4] ElectroSyn (Carlsson) 0.39 0.63 0.33 70 < Re < 800 17.5 1.7 0.90 14.8 29.7 

[1] Filterpress (Ralph) 0.28 0.7 0.33 148 < Re < 6109 3.0 3.3 2.00 10.0 10.0 

[15] DiaCell (Santos) 0.141 0.7 0.33 100 < Re < 2500 8.66† 1.5† 0.70 9.0† 13.0† 

[16] Unnamed (Wragg) 0.19 0.81 0.33 1250 < Re < 6900 5.50 2.7 1.50 0.15 0.15 

[17] Unnamed (Oudoza) 0.49 0.7 0.33 900 < Re < 10000 5.50 2.7 1.50 0.15 0.15 

[3] UA200.08 (González) 0.35 0.70 0.33 94 < Re < 804 7.83 1.5 0.80 18.0 12.0 

[18] UA16.15 (Frías) 1.08 0.61 0.33 272 < Re < 2571 1.83 2.2 1.5 4.0 4.0 

[18] UA63.15 (Frías) 0.84 0.63 0.33 170 < Re < 1664 3.64 2.5 1.5 7.0 9.0 

† The DiaCell electrodes are not rectangular; therefore a different definition is used. cf.: [15] 
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Another observation is that larger electrode spacing results in decreased mass transfer. This is related to 

the construction of the cell. The reason is that each added gasket and spacer increases both the 

electrode spacing as well as the width of the inlet. This means that the expansion from the inlet to the 

channel is milder as gaskets and spacers are added. As a result less turbulence is introduced and lower 

mass transfer is observed. 

3.4.2. Inert turbulence promoters 

The influence of a turbulence promoter on mass transfer was investigated using the 4 mm configuration 

of the Electrocell Microflow cell. The turbulence promoter most closely resembles the type D shown in 

the work of Brown et al. [19].  

Figure 3.5 compares the mass transfer performance of the empty channel to the promoted cell, as well 

as several turbulence promoted electrolyzers in literature. Here mass transfer is enhanced by a factor 

~1.5 at Reynolds = 1030.  Additionally, an increase in slope is observed, indicating that a more turbulent 

regime is present. In figure 3.5 it can also be seen that the mass transfer performance of the promoted 

Electrocell MFC is similar to that of the FM01-LC with D-type promoters. However, in the FM01-LC the D-

type seems to enhance mass transfer far less compared to other geometries. It is prohibitively difficult to 

predict whether this is also the case for the Electrocell Microflow cell, as there are too many factors 

involved. Especially since the performance of turbulence promoters is understood to be specific to a 

particular reactor geometry [19].  

Nevertheless, it appears that turbulence promoters can significantly enhance mass transfer. This effect is 

observed for both larger reactors such as the UA208.08 and smaller reactors such as the Electrocell MFC 

or the FM01-LC. Even more reactors exist in literature for which this is true [1, 3-4]. However, one 

notable exception is the UA16.15. For this particular reactor, the empty channel configuration is highly 

turbulent due to large entry effects.  When the turbulence promoter is added, a decrease in mixing is 

observed. The most likely reason is that the addition of the turbulence promoter forces the fluid flow 

along a certain path, which results in a calming of the flow [18]. Table 3.5 lists the mass transport 

correlations shown in figure 3.5 alongside the correlation that was established for the turbulence 

promoted Electrocell Microflow cell.  

The mechanism by which turbulence promoters enhance turbulence is due to flow separation near the 

edges of the promoter. As a sufficiently high velocity flow travels over one gap of the promoter, the flow 

will separate into a bulk flow and a recirculating flow [20]. This recirculating flow is characterized by high 

mass transfer [21]. Additionally, an early transition to the turbulent regime will occur as the shear layer 

between the bulk and the recirculation destabilizes laminar flows [20]. Another effect is the increase of 

linear flow velocity due to a local decrease of the cross-sectional area. However, this effect is proposed 

to be negligible compared to the mass transfer enhancement from the recirculating flows and the early 

turbulent transition [19]. 
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Figure 3.5: Sherwood vs. Reynolds correlations of turbulence promoted parallel plate electrolyzers. 
A significant enhancement of mass transfer can be seen for most cells. The exception is the UA16.15, where use  
of the promoter results in a calming effect on the flow. In the Electrocell Microflow cell, the turbulence promoter  

(EC:MFC Prom.) enhances mass transfer by a factor ~1.5 compared to the empty channel (EC:MFC 4mm).  

 

 

 

Table 3.5: Selected mass transport correlations for turbulence promoted parallel plate cells 

                     Reynolds Range    
   
(  ) 

  
(  ) 

  
(  ) 

  
(  ) 

Electrocell MFC Prom. 0.59 0.58 0.33 172 < Re < 1717 4.78 0.71 0.4 3.3 3.4 

[2] FM01-LC D (Szánto) 0.56 0.62 0.33 200 < Re < 1000 16.6 0.97 0.55 4.0 16.0 

[2] FM01-LC D (Griffiths) 0.71 0.55 0.33 500 < Re < 2200 16.6 0.97 0.55 4.0 16.0 

[7] FM01-LC Netlon 0.9 0.59 0.356 200 < Re < 1000 16.6 0.97 0.55 4.0 16.0 

[7] FM01-LC Poly. Mesh 1.2 0.63 0.356 200 < Re < 1000 16.6 0.97 0.55 4.0 16.0 

[4] UA200.08 A 5.57 0.4 0.33 94 < Re < 804 7.83 1.5 0.80 18.0 12.0 

[4] UA200.08 B 0.38 0.71 0.33 94 < Re < 804 7.83 1.5 0.80 18.0 12.0 

[18] UA16.15 A 1.11 0.53 0.33 272 < Re < 2571 1.83 2.2 1.5 4.0 4.0 

 

  



3.4.3. Woven wire and expanded mesh electrodes 
In order to accurately determine the mass transfer performance of a 3D electrode, it is necessary to 
account for the different surface areas the electrodes introduce. A useful concept here is the ratio of the 
surface area of the mesh  and the area of an equivalently sized flat plate . As long as this 
ratio is known, the surface area of any mesh sheet can be determined using the area of a flat plate of the 
same length and width. For instance, if the  flat plate in the Electrocell Microflow cell is 
replaced by a mesh with a ratio  then the new electrode area becomes: . In 
order to calculate the area ratio, it is necessary to investigate the different structural parameters that 
define the shape of a given mesh. In this work two nickel wire meshes and four stainless steel expanded 
meshes have been investigated using the Electrocell Microflow cell (figure 3.6).  

 
Figure 3.6: Photograph of the meshes used in this study. 

The dimensions of the expanded meshes are given in table 3.6, those of the wire meshes are listed in table 3.7. 
 

Wire meshes are defined by their mesh number , wire diameter , length of the opening  and the 
fraction (or percentage) of open area . These parameters are shown alongside the structure of a 
wire mesh in figure 3.7. A formula for the area ratio of wire meshes has been derived by Granados-
Mendoza et al. and is shown in Eq. 3.1 [22]. The dimensions of the two nickel wire meshes used in the 
current work are listed in table 3.6. 

   (3.1) 

For the expanded meshes, the defining dimensions are the long width of the diagonal , the short 
width of the diagonal , the strand width , the strand depth  and the fraction of open area . 
Figure 3.8 schematically shows the structure of an expanded mesh alongside these dimensions. The area 
ratio can then be determined by Eq.3.2. The derivation for this formula is given in Appendix A. The 
dimensions of the expanded meshes used in this study are given in table 3.7.  

   (3.2) 
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Figure 3.7: Structure of a wire mesh. 

 

Table 3.6: Dimensions of the wire meshes used in this study. 

 
   

 
   
(  ) 

   
(  ) 

             
  

(   ) 
Mesh 60 60 0.18 0.22 0.30 3.00 30.6 
Mesh 100 100 0.1 0.15 0.36 2.77 28.3 

 

 
Figure 3.8: Structure of an expanded mesh. 

 

Table 3.7: Dimensions of the expanded meshes used in this study. 
     

(  ) 
    
(  ) 

  
(  ) 

  
(  ) 

             
  

(   ) 
228 SF 5.90 2.00 1.22 0.50 0.29 1.09 11.08 
227 S 5.84 3.39 0.81 0.46 0.52 0.93 9.53 
926 S 3.18 1.95 0.79 0.46 0.19 1.39 14.19 
707 S 4.75 2.38 0.56 0.46 0.53 1.11 11.29 
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The limiting current density method is then used to investigate the six mesh electrodes. In figure 3.9 the 

results are shown for the wire mesh electrodes. Indeed it is shown that the mass transfer performance is 

significantly enhanced by using wire meshes as the electrode. At a Reynolds number of 1030, the 

Sherwood numbers for the 100 mesh and 60 mesh are respectively a factor 2.8 and a factor 2.5 higher 

than the flat plate configuration. Figure 3.10 shows the results for the expanded mesh electrode. Here it 

is shown that a similar effect occurs for the stainless steel expanded meshes. At the Reynolds number of 

1030, a Sherwood number is found that is between a factor 1.8 and 2.6 higher than the flat plate 

configuration. The Sherwood vs. Reynolds correlations for the mesh electrodes are listed in table 3.8. 

An additional observation in both figures is that all mesh electrodes appear to enhance mass transfer 

stronger than the type D turbulence promoter. Though, one caveat is that stronger promoters may still 

outperform the 3D electrodes studied here.  

Sorted by their Sherwood number at Reynolds = 1030 the meshes follow the order:            

                          . Strangely, there does not seem to be an easy method to predict 

this order beforehand. For instance, one could suggest that the fraction of open area is determining the 

order. However, this does not seem to be the case as the 707S, the 228SF and 100mesh each perform 

quite similarly, while having far differing fractions of open areas (respectively 0.53, 0.29 and 0.36). 

Additionally, it is not likely that this order will apply for other reactors as reactor geometry may play a 

significant role in the performance of each individual mesh. The reasoning her is that the mechanism of 

mass transfer enhancement is similar to that of the turbulence promoters, where a significant 

dependence on reactor geometry was found [19]. 

 

Table 3.8: Selected mass transport correlations for the EC:MFC with mesh electrodes. 

                     Reynolds Range    
   
(  ) 

  
(  ) 

  
(  ) 

  
(  ) 

EC:MFC 60 mesh 0.43 0.67 0.33 171 < Re < 1717 4.78 0.71 0.4 3.3 3.4 

EC:MFC 100 mesh 0.49 0.68 0.33 171 < Re < 1717 4.78 0.71 0.4 3.3 3.4 

EC:MFC 228 SF 0.61 0.65 0.33 171 < Re < 1717 4.78 0.71 0.4 3.3 3.4 

EC:MFC 707 S 0.52 0.67 0.33 171 < Re < 1717 4.78 0.71 0.4 3.3 3.4 

EC:MFC 926 S 0.28 0.74 0.33 171 < Re < 1717 4.78 0.71 0.4 3.3 3.4 

EC:MFC 227 S 1.75 0.45 0.33 171 < Re < 1717 4.78 0.71 0.4 3.3 3.4 
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Figure 3.9: Mass transfer performance of wire mesh electrodes. 

The 100 mesh and 60 mesh perform respectively a factor 2.8 and 2.5 higher than the flat plate (EC:MFC 4mm) at Re=1030. 
 

 
 

 
Figure 3.10: Mass transfer performance of expanded mesh electrodes. 

The expanded meshes perform between a factor 1.8 and 2.6 higher than the flat plate (EC:MFC 4mm) at Re=1030. 
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In the overall performance of the reactor, the surface area is often as important as the raw mass transfer 

performance. Therefore the volumetric mass transfer coefficient        of the meshes is compared 

here. The volumetric mass transfer coefficient is determined from the product of the mass transfer 

coefficient     and the electrode area   divided by the reactor volume   .  Additionally, the Reynolds 

number is defined as a function of the interstitial velocity      instead of the mean velocity   . The 

interstitial velocity can be calculated from the mean velocity by the relation           , where     is 

the porosity of the channel. For the meshes used in this study the porosity    is assumed unity, since the 

meshes only occupy a minor part of the channel. Though it may seem futile, this is done so that the 

results may easily be compared with future work in which the porosity of the channel might not be unity. 

Additionally, the hydraulic diameter is taken to be the hydraulic diameter of the empty channel. For each 

of the meshes, correlations of the form               
 

 are then established (table 3.9). 

From figure 3.11 it is apparent that the meshes significantly enhance the volumetric mass transfer 

coefficient of the electrolyzer cell. Additionally, the enhancement is significantly stronger than for the 

configuration with the inert turbulence promoter, with the exception of the 227S. Presumable this is 

because the configuration with the 227S has the least surface area available, even less than the 

configuration with the flat plates and the turbulence promoter.  

A surprising observation is that all expanded meshes, save for the 227S, perform at almost exactly the 

same levels. Therefore the exact shape of the expanded mesh does not seem to matter much for their 

performance. However, one must keep in mind that there is a limit to this statement, as the 227S does 

not conform to this behavior. The reason for this deviation cannot be determined as there is no 

indication as to which particular structural abnormality is causing the difference.  

Nevertheless, use of the 228SF, the 926S and the 707S results in a factor ~3 enhancement in volumetric 

mass transfer compared to the empty channel with flat plates at Re = 1030. Though, far greater 

enhancements are seen for the wire meshes. There a factor ~7 difference is found compared to the 

empty channel with flat plates. The reason for this large enhancement is that the wire meshes introduce 

on average ~2.9 times more surface area in addition to the factor ~2.7 mass transfer enhancement. 

While the mass transfer enhancement is similar for the 228SF, the 926S and the 707S, only a factor ~1.2 

increase in area is available, resulting in a lower volumetric mass transfer coefficient. 

Comparing these results with other reactors may be difficult as the magnitude of the enhancement is 

most likely dependent on the reactor geometry [19].  However, it is generally seen that 3D electrodes 

can greatly enhance reactor performance in parallel plate electrolyzers [5-7]. Furthermore, the effect is 

not unique to parallel plate electrolyzers, as the inclusion of a mesh electrode in the rotor-stator 

spinning disc electrolyzer enhanced volumetric mass transfer by a factor ~5 [22]. 

Table  3.9: Volumetric mass transfer coefficient correlations for 171 < Re < 1717 

           
    (    )      (    )   

EC:MFC 4mm 0.3 0.44 EC:MFC Prom. 0.2 0.58 

EC:MFC 60 mesh 0.4 0.68 EC:MFC 926S 0.1 0.74 
EC:MFC 100 mesh 0.3 0.70 EC:MFC 707S 0.2 0.67 
EC:MFC 227S 0.5 0.45 EC:MFC 228SF 0.2 0.65 
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Figure 3.11: Volumetric mass transfer coefficients of the EC:MFC mesh electrodes. 
A significant enhancement is seen for the mesh electrodes. At Re=1030, the 60 mesh enhances volumetric mass 

transfer by a factor ~7.6,and the 100 mesh by a factor ~6.3. The expanded meshes enhance volumetric mass 
transfer by a factor ~3, except for the 227S where a factor ~1.7 is observed. 

 

3.4.4. Pressure drop 

Pressure drop measurements were performed using the pressure gauge mounted near the reactor entry. 

However, inconsistent data readings were obtained from this device. This is most likely caused by a 

misalignment of the inlet or outlet structure. In the Electrocell Microflow cell the fluid has to travel 

through a reactor entry composed of a series of holes in the electrode plate, the gasket, and the spacer. 

If any of these holes is misaligned, then an obstruction will protrude into the reactor entry causing 

pressure losses. The same is true for the outlet. Since the Electrocell required repeated disassembly and 

reassembly to change the configuration, it is expected that such misalignments occurred during the 

experiments. Fortunately, due to the relative distance between the reactor entry end the electrode 

channel, the misalignment did not affect the mass transfer measurements. 
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3.5. Conclusion 
In this work the mass transfer performance of the Electrocell Microflow cell has been investigated. The 

results were compared to the performance of other cells in literature and the correlations mass transfer 

in developed flow from the work of D.J. Picket and K.L. Ong [11]. Several important observations were 

made: 

Most electrolyzers in literature produce higher mass transfer than would be expected from the 

equations for developed flow by D.J.Picket and K.L.Ong. This discrepancy is the result of entry effects 

since the reactors from literature do not employ calming sections. Additionally, the entry effects cause a 

premature shift to the turbulent regime, which results in Reynolds powers closer to 0.8 in the 

correlations of the from               . The exception is the Electrocell Microflow cell, which did not 

suffer as strongly from entry effects as the other reactors described in literature. This is evidenced by a 

relatively low Reynolds power of 0.44, compared to the powers of 0.7 commonly found for literature 

reactors.  

Enlarging the electrode spacing of the Electrocell Microflow cell through the addition of extra gaskets 

and spacers resulted in a decrease in mass transfer performance. This is because additional spacers and 

gaskets also increased the inlet width, which meant that a calmer entrance of the flow into the reactor 

occurred. 

The D-type turbulence promoter enhanced the performance of the Electrocell Microflow cell by a factor 

~1.5, which is low compared to the enhancements commonly seen in literature. However, current 

theoretical insight does not allow for a prediction on how other geometries would fare, as too many 

geometrical variables are involved. Furthermore, the performance of turbulence promoters varies 

significantly between different reactor geometries. In some cases, a decrease in mass transfer may even 

be seen [18]. 

The use of mesh electrodes significantly enhanced the performance of the Electrocell Microflow cell. At a 

Reynolds number of 1030, mass transfer was enhanced by factors of 2.8 and 2.5 for the 100 mesh and 

the 60 mesh, while for the expanded meshes the factor ranged between ~1.8 and ~2.6. No single 

structural parameter was found to be dominating the magnitude of mass transfer enhancement. In 

terms of the volumetric mass transfer coefficient        all mesh electrodes except for the 227S 

performed better than the D-type turbulence promoter. This is because these meshes significantly 

increase the available surface area, whereas the 227S decreases it. The wire mesh electrodes performed 

the best, with an enhancement factor of ~7, followed by the expanded meshes which produced a factor 

~3 difference.  

Pressure drop readings were performed using a pressure gauge. The data was inconsistent however, and 

could not be used. The most likely reason is a flow obstruction due to a misalignment of the components 

in the reactor entry. 
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Appendix A: Surface area of an expanded mesh 
In order to establish Sherwood vs. Reynolds correlations for expanded mesh electrodes, it is necessary to 

know their exposed surface area. A formula is derived here for the exposed surface area of expanded 

mesh electrodes. The expanded mesh is divided into rhombus shaped units with an area:        

           . The exposed surface area of the mesh that is located within one rhombus unit is given 

as:                        . Here     if the back of the expanded mesh is covered and     if the 

mesh is exposed on all sides. The area of the front and back face can be easily calculated using the 

fraction of open area:                  (       ). 

 
Figure 3.12: Trigonometric relations of an expanded mesh. 

 

In order to determine       is required to know the length  , which can be calculated using 

trigonometric relations (figure 3.12).  
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The expression can be simplified and rewritten by recognizing that    (    ( ))      √     and 

   (    ( ))   √    .  The expression for       then becomes: 
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The ratio of exposed surface area of the mesh to the geometric area of the rhombus unit is then found to 

be: 
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The 228SF mesh for instance has a SWD of 5.9mm, LWD of 2.0mm, w of 1.2mm, d of 0.5mm and popen is 

0.29. Using Eq.3.2 it can be calculated that the area ratio is 1.09. In other words, the area of this mesh is 

1.09 times larger than that of a flat plate with the same length and breadth. 
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Nomenclature 

Latin symbols 

  Electrode area   
       Cross-sectional area    
      Surface area of the mesh     
       Surface area of a plate of the same size as the mesh    
  Fitting parameter in                           
    Specific surface area   

   
   

  Electrode width (breadth)   
  Fitting parameter in                           
  Concentration: Subscripts indicate the component.         
  Fitting parameter in                            
  Diffusion coefficient       
  Fitting parameter in                           
  Depth of expanded mesh   
   Hydraulic diameter   
   Width of opening   
   Wire diameter   
  Faraday’s constant, 96485                 
       Limiting current density       
    Liquid-solid mass transfer coefficient   

   
      

  Electrode length   
   Length number               
    Long way of the diagonal   
  Electrons exchanged per mole of electroactive species        

   
   Mesh number              
     Wetted perimeter   
      Fraction of open area      

       
   

   Reynolds number               
  Electrode spacing   
   Schmidt number               
   Sherwood number               
    Short way of the diagonal   
  Temperature   
   Reactor volume    
   Fluid velocity       
  Width of mesh   

  
Parameter for expanded meshes:     if backside is covered, 
    if the backside is exposed          
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Greek Letters 

  Fitting parameter in                 
   

      
  Fitting parameter in                        
  Density        
  Kinematic viscosity       
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4. Conclusions and recommendations 

In this work the mass transfer of parallel plate electrolyzers has been investigated.  The goal of this work 

was to identify the design parameters that influence the mass transfer performance. In this section, the 

conclusions and recommendations for are given. 

4.1. The hexachloroiridate system 
In chapter 2 hexachloroiridate was investigated as a test species for electrochemical mass transfer 

measurements. This species was investigated as an alternative to the traditionally used 

hexacyanoferrate system, as the hexacyanoferrate system is known to cause electrode poisoning. For 

the hexachloroiridate system, it was important to determine whether it could be used for mass transfer 

measurements, whether it was stable and whether it could react reversibly. The rotating disc was used 

for these investigations due to its well defined hydrodynamics.  

It was discovered that the hexachloroiridate produces a limiting current density plateau that extends 

from -0.4V to 0.45V versus Ag/AgCl. This limiting current density plateau was found to be free of 

interfering side reactions, therefore confirming that hexachloroiridate can be used for mass transfer 

measurements.  

In terms of reversibility, it was found that a concentration loss occurred as a result of the applied 

current. This concentration loss can be tracked and corrected for using UV-VIS spectroscopy. The 

concentration loss was said to be the result of the competition between the oxidation of water and the 

oxidation of hexachloroiridate(III). A lowering of pH was suggested to increase the reversibility of the 

hexachloroiridate system by reducing the rate of reaction of the water oxidation. However, no electrode 

poisoning effects were observed. Future work in this area should focus on decreasing the prominence of 

the water oxidation. Preparing and measuring solutions of a more acidic pH could provide the answer. In 

such case it may be interesting to test different, more acidic supporting electrolyte species. 

In terms of stability, it was observed that the concentration of hexachloroiridate(IV) also decreased in 

the absence of an applied current. This effect was ascribed to a spontaneous aqueous reduction due to 

the oxidation of water. For this spontaneous reduction, it was observed that the pH is determining the 

rate of reaction. At a pH 4.45 little concentration loss was observed after a period of two hours. At a pH 

7 on the other hand, the loss was significant after those two hours. Worse still, was the solution of pH 

13.7 in which all hexachloroiridate(IV) was reduced almost immediately.  Here it would be interesting to 

see whether it is possible to regenerate the initial hexachloroiridate(IV) concentration by oxidizing the 

hexachloroiridate(III) species. One way of achieving this might be to bubble the solution with oxygen. 

The diffusion coefficient of hexachloroiridate(IV) was determined to be                . This value is 

slightly higher, but nevertheless comparable to the values reported in literature. 
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Compared to the hexacyanoferrate system, the most important advantage of the hexachloroiridate 

system was found to be the lack of electrode poisoning effects. Additionally, the limiting current density 

plateau of hexachloroiridate was found to be significantly wider than that of hexacyanoferrate. Another 

advantage is that the hexachloriridate system was observed to be more stable. However, one important 

drawback was found in terms of reversibility because of the competition of the water oxidation with the 

hexachloroiridate(III) oxidation. Nonetheless, the hexachloroiridate system was suggested to be more 

preferable compared to the hexacyanoferrate system for use with 3D electrodes. The predominant 

reason behind this suggestion was that hexachloroiridate does not poison the electrodes irreversibly, 

unlike the hexacyanoferrate system. For future work, it is advised to perform a more expansive study 

that compares both systems. For such as study, one should focus on comparing the limiting current 

density plateau, the stability, and the reversibility of both the hexachloroiridate and the 

hexacyanoferrate system. 

4.2. Liquid-solid mass transfer in parallel plate electrolyzers 
In chapter 3 the parallel plate electrolyzer was investigated in order to determine the specific design 

parameters that influence its mass transfer performance. To that end, the literature surrounding the 

topic was compared and against experimental work performed using the Electrocell Micro Flow cell. 

Parameters such as the electrode spacing, the presence of turbulence promoters and the electrode 

geometry were investigated.  

It was found that most literature electrolyzers are severely affected by entrance effects as they do not 

incorporate inlet calming sections into their design. As a result of this effect, it was observed that the 

reactors would shift to a more turbulent regime prematurely. The Electrocell Microflow cell did not 

suffer as strongly from these entrance effects compared to the literature electrolyzers. Because of these 

entry effects, it is difficult to extrapolate data from laboratory-scale reactors to the industrial scale. 

Therefore, the aim of future work should be either to understand and model the entry effects or to 

minimize their influence. Furthermore it would be interesting to measure the entry effects in larger 

scale reactors in order to determine the extent to which they are influential. 

In terms of the electrode spacing, it was found that a wider gap decreased the mass transfer 

performance of the cell. However, this was said to be the result of the construction of the Electrocell 

Microflow cell, where an increase in electrode spacing coincided with an increased inlet width. 

Therefore, the lowering of mass transfer was ascribed to a calmer entry of the flow for greater electrode 

gaps. This calmer entry was the result of a milder inlet to channel flow expansion. 

The turbulence promoter used in chapter 3 enhanced mass transfer by a factor of about ~1.5. This 

improvement was found to be relatively low compared to other promoters and their typical 

enhancements shown in literature. However, current theoretical insight was found to be inadequate for 

a prediction on how other turbulence promoters would fare in the Electrocell Microflow cell. The reason 

that was cited is that too many geometrical parameters as well as different reactor designs influence 

performance. Therefore more experimental work is required if more information surrounding the effect 

of turbulence promoter geometries is desired.  
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The use of mesh electrodes was found to significantly increase the rate of mass transfer. For the wire 

meshes a factor ~2.8 enhancement was found for the 100 mesh and a factor ~2.5 enhancement for the 

60 mesh. For the expanded meshes the factor ranged between ~1.8 and ~2.6. However, no single 

structural parameter was found to be dominating the magnitude of mass transfer enhancements. The 

volumetric mass transfer coefficient was then calculated for all the meshes. In terms of this quantity, the 

meshes performed significantly better than the turbulence promoter used in earlier experiments. One 

exception however, was the 227S. The reason was suggested to be to the surface area: All meshes 

increased the surface area by some factor, whereas the 227S decreased it. Furthermore, all expanded 

meshes except the 227S seemed to perform equally, despite their geometric differences. Compared to 

the empty channel the best enhancement was found for the wire meshes, which on average produced 

~7 times higher performance. All expanded meshes - except the 227S - produced a factor ~3 difference. 

For future work it is advised to expand the selection of meshes to discover more about the effect of the 

different geometries. One interesting experiment here could be to mount the mesh on an active flat 

plate electrode. In such an experiment the idea is to determine to which extent the flat plate will be 

accessible to the bulk electrolyte. Additionally, one could opt to stack several expanded mesh plates to 

further enhance the available surface area and possibly mass transfer. 

Furthermore, it is important to include pressure drop readings into future experiments as they are an 

indication of the energy dissipation in the reactor. The energy dissipation is useful for calculating the 

pumping costs. For the Electrocell Microflow cell such readings are difficult to obtain, as the gaskets, 

spacers and electrode plate have to be perfectly aligned. Moreover, the alignment will have to remain 

intact through the various stages of disassembly and reassembly when the configuration of the reactor 

is adjusted. Therefore, one recommendation is to redesign the reactor entry of the Elecrocell Microflow 

cell, so that proper alignment can be maintained more easily, 
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