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Abstract  

The focus of this doctoral thesis was the development and optimization 

of electrochemical processes with a focus on process engineering and the 

goal of technical implementation. One part was the electrochemical 

hydrogenation of carbonyl compounds. Water was utilized as the ideal 

hydrogen source, and commercially available materials, particularly 

electrodes, were employed. Economic considerations were addressed 

through the use of high current densities and chemicals that are available 

on a large scale. Furthermore, the electrochemical wastewater treatment 

was advanced through the implementation of a so-called quasi-division 

using a newly developed spacer. This innovative reactor design enabled 

the otherwise challenging oxidative degradation of tetrabutylammonium 

to levels as low as a few ppm. Moreover, the biological degradability of 

three different industrial wastewaters containing hard-to-oxidize 

contaminants were improved through the reduction of the total organic 

content. These developments contribute to the enhancement and 

simplification of electrochemical processes and bridging the gap between 

academic research and technical implementation. 

 

 

Figure 1: Bridge between the academic research and technical implementation of electrochemical 

processes. 
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Kurzzusammenfassung  

Im Rahmen dieser Doktorarbeit wurde die Entwicklung und Optimierung 

elektrochemischer Prozesse mit einem verfahrenstechnischen 

Schwerpunkt und dem Ziel der technischen Implementierung angestrebt. 

Ein Teil beinhaltet die elektroorganische Hydrierung von 

Carbonylverbindungen. Dabei wurde Wasser als ideale Wasserstoffquelle 

eingesetzt und kommerziell erhältliche Materialien insbesondere 

Elektroden verwendet. Die Berücksichtigung wirtschaftlicher Aspekte 

erfolgte durch den Einsatz hoher Stromdichten und großmaßstäblich 

verfügbarer Chemikalien. Im zweiten Teil wurde die elektrochemische 

Abwasserbehandlung durch den Einsatz der sogenannten quasi-Teilung 

durch einen neu konstruierten Abstandshalter weiterentwickelt. Das 

innovative Reaktordesign ermöglichte den sonst anspruchsvollen 

oxidativen Abbau von Tetrabutylammonium auf wenige ppm. Darüber 

hinaus wurde die biologische Abbaubarkeit drei verschiedener 

industrieller Abwässer mit schwer oxidierbaren Kontaminationen durch 

den Abbau der Gesamtorganik verbessert. Diese Entwicklungen tragen 

zur Effizienzsteigerung und Vereinfachung elektrochemischer Prozesse 

und schlagen somit die Brücke von akademischer Forschung zur 

technischen Implementierung. 

 

Figure 2: Brücke zwischen der ansteigenden akademischen Forschung und der Implementierung 

elektrochemischer Prozesse. 
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1. Motivation  

One of the most frequently discussed challenges in modern chemical 

industry is the transformation of traditional processes to long-term 

sustainability while retaining economic competitiveness.[1-6] This target 

can only be achieved by employing disruptive technologies that provide 

a new approach to chemical processes while simultaneously enhancing 

resource efficiency.[7-8] Electrification of processes is one of the most 

promising technologies for managing the ambitious goal of a disruptive 

change in chemical industry.[7, 9-13] Electrochemistry can be applied 

throughout the entire value chain, from manufacturing to waste 

management.[14-17] Simplified, electrochemistry allows the replacement 

of chemical reagents by electrons.[18] The sustainability of 

electrochemical methodology is promoted by a tremendous 

transformation of the energy sector towards renewable energies.[4, 14, 19]  

By employing electrosynthesis, the use of highly reactive chemicals can 

be avoided, and more moderate reaction conditions can commonly be 

established.[4, 20] These two key factors result in a decrease of the material 

consumption and the product-associated carbon footprint, thereby 

providing access to greener products.[4, 11, 21-23] 

The establishment of a genuine sustainable process in the chemical 

industry not only centers on the chemical synthesis itself.[24] The 

purification, processing and waste generating streams of a production 

process contribute to the overall carbon footprint. The last step in a 

conventional chemical process chain is usually the waste water 

management. Even this environmentally important topic can be 

addressed by means of electrification as a resource friendly option.[11, 25-

27] Considering the broad spectrum of possible applications for 

electrochemical process alternatives, this technology is expected to play 

an essential role in the disruptive transformation of the chemical industry. 
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Figure 3: How to transform chemical industry towards sustainability with the combination of 

renewable energy, circular economy, and disruptive technology. 

 

  



 

 
3 

2. Introduction 

2.1. Basic electrochemistry 

In recent decades, there has been a significant push towards a more 

sustainable chemical industry. One of the most promising strategies to 

accomplish this goal is the utilization of renewable energy sources, which 

has led to a surge of interest in electrochemical methods.[28-31] 

Electrochemical processes offer the advantage of using electrons to 

induce redox reactions instead of traditional chemicals, resulting in a less 

resource-intensive approach.[32-33] Additionally, these processes enable 

the in-situ production of highly reactive species, thereby eliminating the 

need for the handling of hazardous reagents. Additionally, reaction 

pathways can be achieved, which would otherwise be impossible.[28, 33] 

The integration of electrochemistry into organic synthesis and chemical 

processes in general presents a promising avenue for fostering a greener 

chemical industry.[28, 32]  

A typical galvanostatic electrochemical setup consists of two electrodes, 

an anode and a cathode, which are connected to a power supply. Under 

galvanostatic conditions, a constant current is applied by a power 

supply.[34] If a constant potential is required, a third electrode, known as 

a reference electrode, must be employed. The electrode where the 

desired reaction takes place is referred to as the working electrode, while 

the other electrode is called the counter electrode.[34] These electrodes 

are immersed in a conductive electrolyte that contains either inorganic or 

organic conductivity enhancers, precisely charged molecules. These ions 

facilitate the flow of negative charges from the cathode to the anode.  

The most common electrochemical setups are divided and undivided cells. 

An undivided cell is the simplest configuration, as both electrodes are 

placed within a single compartment. In contrast, a divided setup is 

physically separated into an anode and cathode compartment by a 

membrane or similar component.[34] This arrangement allows for the 

physical separation of reduction and oxidation processes and can 

enhance the selectivity of the reaction.  
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Figure 4: Galvanostatic setup of a electrochemical cell with a power supply, counter and working 

electrode.  

 

In addition to the primary setup conditions, electrochemical reactions can 

be influenced by various other parameters. One significant factor is the 

electrode material itself. Beyond the electrocatalytic activity of the 

material and the hydrogen overpotential, the structure of the electrode 

also plays a crucial role.[34-35] For instance, while traditional plate 

electrodes can be used, alternative structures such as cylindrical, rod-

shaped, foam, or mesh electrodes can significantly improve even the 

chemical feasibility of the desired reaction.[34-35] Another important 

parameter involving the electrode surface and the applied current is the 

current density in galvanostatic reactions, which is defined as the current 

divided by the surface area of the electrode.[34] Besides the electrodes and 

the applied current, other critical factors include the choice of solvent 

and the supporting electrolyte used.[34] It is essential that the solvent 

remains stable under the applied conditions, as do the utilized salts.[34] 

Moreover, the solubility of the reactant is a vital consideration when 

selecting a solvent. 
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Besides chemical and material parameters, the reactor design can 

influence the outcome of an electrochemical reaction. The design of the 

reactor is often more complex than simply having two electrodes in a cell. 

Various operational modes exist, such as batch and flow modes. In a 

batch-type cell, the electrodes are typically housed in a beaker cell or, if 

divided, in a classical H-cell configuration.[34] In this setup, the distance 

between the electrodes is a crucial factor, as it influences the resistance 

and, consequently, the resulting terminal voltage. Conversely, flow 

systems present a more sophisticated design. In these systems, the 

electrodes are situated within a reactor that can operate continuously or 

in a batch-type mode.[31] The electrolyte is pumped through the reactor, 

either cycling through in a semi-batch process or passing through the 

reactor just once. In this context, not only the reactor design is important, 

but also the flow rate and flow dynamics.[31] 

 

 

Figure 5: Three different operation modes from electrochemical reactors. 

 

2.1.1. Quasi-division  

The selectivity of an electro organic synthesis can be enhanced by 

utilizing a divided cell setup.[36] A physical separator is employed to 

separate the compartments and therefore eliminate undesirable side or 

back reactions at the counter electrode.[37-39] Thus, the oxidation and 

reduction are spatially separated, leading to a decrease of interfering side 

reactions.[38-39] Various materials are known, working simultaneously as 
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a physical separator and guaranteeing the current flow by the exchange 

of charged species between anode and cathode compartment.[38] Two 

major types are anion and cation exchange membranes, which selectively 

allow for the passage of anions or cations in the direction of the cathode 

and anode, respectively.  

 

 

Figure 6: Possible movements of anions and cations in a divided setup through an Anion exchange 

membrane (A) and cation exchange membrane (B).  

 

Regardless of the often significant benefits of a divided system, the 

required membranes are associated with several disadvantages.[36] 

Besides being cost intensive and sensitive to a broad range of chemicals, 

the employment of membranes is resulting in a more complicated reactor 

and plant design.[36] Compared to an undivided cell, a divided setup 

consequently needs two circulation loops with the corresponding 

peripheral equipment. Furthermore, a higher resistance due to the 

diffusion through the separator is expected, thus yielding a higher 

voltage. Since the voltage has a linear impact on the energy costs of a 

reaction, a divided setup results in overall higher energy expenses. 

A compromise between both systems, is provided by a design called 

“quasi–division”.[37, 40] This technique immensely lowers the surface area 

of the counter electrode compared to the surface of the working 

electrode.[37, 40-42] The smaller electrode surface kinetically inhibits 

reactions occurring at the counter electrode.[40-41, 43] Likewise this design 
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inhibits the undesired side reactions without the described disadvantages 

of a physical separation.[37, 41, 43] 

 

 

Figure 7: Schematic illustration of an undivided (A), divided (B), and quasi-divided cell (C). 

 

 

2.1.2. BDD Electrodes  

In addition to traditional metallic electrodes, another significant category 

of electrodes frequently employed in electrochemistry are carbon-based 

electrodes.[44] Examples of carbon-based electrodes include various 

types of graphite, glassy carbon, and boron-doped diamond 

electrodes.[44] BDD electrodes are often referred to as next-generation 

electrodes due to the associated versatility in various applications, 

including electro organic synthesis, analytical methods, and wastewater 

treatment.[44-48] 

A BDD electrode is a type of coated electrode, meaning it consists of a 

support material, such as niobium, tungsten, titanium, or silicon, onto 

which the BDD coating is applied using chemical vapor 

deposition (CVD).[44, 49] For manufacturing two main methods are known, 

the microwave plasma-assisted CVD and the hot filament CVD.[44] For 

larger electrodes, hot filament CVD is required due to the size limitations 

of microwave plasma-assisted CVD systems.[44] As a carbon source 

methane is utilized and as a boron source diborane.[44]  
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One of the remarkable parameters of BDDs is the wide potential window 

in aqueous media.[48, 50] Due to this characteristic, BDD is well-known for 

the effectiveness in carbon dioxide reduction in cathodic applications.[44] 

The overpotential in aqueous media is -1.1 V for HER and 2.3 V for OER.[44] 

This results in a suppressed oxygen evolution at the anode, and 

suppressed hydrogen evolution at the cathode. Due to the high 

overpotential for oxygen evolution, hydroxyl radicals are generated at 

BDD electrodes when set as the anode. The production of hydroxyl 

radicals is an advantage in anodic applications for BDD electrodes, 

particularly in the treatment of wastewaters through the mineralization 

of organic contaminants.[44] Additionally, BDD electrodes have several 

anodic applications in electrosynthesis, such as the production of peroxo 

compounds like peroxodisulfate.[44] Another notable parameter is the 

inertness to surface absorption and chemical corrosion, which enhances 

the resistance of BDD electrodes to fouling, making them a durable and 

long-lasting material.[48-50]  

 

 

Figure 8: Hydroxyl radical generation at BDD anodes in aqueous media. 

  



 

 
9 

2.2. Electrochemical hydrogenation  

 

The hydrogenation is one of the simplest ways of modifying an organic 

functional group in a broad variety of synthesis applications and 

structural motives.[51-52] Examples include the hydrogenation of alkenes 

to alkanes, ketones to alcohols or nitriles to amines illustrating the broad 

range of possible transformations.[51-53] The classic approach of a 

hydrogenation is the utilization of gaseous hydrogen, a precious metal 

catalyst and high pressures/temperatures, resulting complex setups.[51-

53] 

 

 

Figure 9:  Classical hydrogenation vs. electrochemical hydrogenation. 

 

As stated, traditional hydrogenation processes present numerous 

opportunities from reaction parameters to needed chemicals and 

materials for optimization in terms of sustainability. To achieve more 

environmentally sustainable hydrogenation processes, an alternative 

approach is to generate the hydrogen in-situ via electrolysis using 

renewable electricity. The so called electrochemical hydrogenation, 

follows the splitting of water or other hydrogen donors at the cathode 

into activated hydrogen, which in turn can be directly used to 

hydrogenate the organic molecule.[52, 54] This presents an opportunity for 



 

 

 
10 

the development of more simply constructed plants, as the hydrogen 

source is in a non-gaseous state and does not require overcoming a high 

activation energy, given that the hydrogen is already activated.[55-56] 

Besides the construction of the reactor also the reaction parameters of 

an electrochemical hydrogenation have a significant contribution towards 

a resource-efficient and less energy-intensive methodology.[52]  

Despite the pointed advantages of electrochemical hydrogenation, 

several challenges remain in developing a competitive process for the 

chemical industry. A specific class of substrates, which point out the 

potential and the challenges of the electrochemical hydrogenation, are 

carbonyl compounds. One of the ongoing challenges is the hydrogen 

donor as such. The subsequent step towards a truly sustainable process 

involves the direct utilization of water as a sustainable, simple and safe 

hydrogen source.[52]  However, other hydrogen donors, such as phenol or 

ammonia, are also employed to hydrogenate carbonyl compounds into 

the corresponding alcohols. By employing ammonia as the hydrogen 

donor and using carbon based electrodes, it is possible to achieve a 

hydrogenation of carbonyl compounds to the secondary alcohols. For the 

hydrogenation of aldehydes a study with phenol as the hydrogen source 

and a manganese complex as a catalyst in the electrolyte achieved the 

electrochemical hydrogen to the corresponding alcohol.[57] This also 

indicates that, similar to classic hydrogenation, catalysts are frequently 

needed in electrochemical hydrogenation as additives in the electrolyte 

or as an electrode coating. Examples for electrode coatings are Pt/Ru-, 

Raney Nickel catalysts or other activated nickel electrodes.[58-64] As an 

example for the utilization of nickel as an electrocatalyst, the 

hydrogenation of cyclohexanone derivates was published on activated 

nickel electrodes.[62, 65] One study illustrated selective hydrogenation of 

the double bond in cyclic enones by employing self-made fractal-powder 

nickel or nickel boride cathodes in a divided cell setup.[62] Other groups 

utilized a sacrificial nickel-rod and in-situ coating of the cathode whilst 

using NH4Cl as supporting electrolyte in an undivided setting.[65] Besides 

the use of catalysts, halogen based additives or electrochemical 

conditions, like the mentioned use of a sacrificial anode or the 
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incorporation of a reference electrode, render the electrochemical 

method less appealing for industrial applications. Recently, a 

potentiostatic method was published, in which commercial nickel foams 

were utilized in which sulfuric acid was used as the electrolyte to convert 

enones to ketones.[66] 

 

 

Figure 10: Overview of several publications and their published electrochemical hydrogenation 

methods for enones and other carbonyl substances.[57-59, 61-67] 

 

Based on the potential of electrochemistry as a tool towards sustainable 

hydrogenation processes, electrochemical hydrogenation methods are 

heavily sought after. Nevertheless, the referred studies indicate  

remaining challenges in developing an all over appealing method for 

industrial applications.  
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2.3. Industrial wastewater treatment 

 

In nearly every chemical process and synthesis the underlying process 

chain ends with at least one wastewater stream.[68-70] The contaminants 

in those waste streams are produced during chemical manufacturing and 

exhibit a diverse array of chemical compounds, concentrations, and 

varying effects on both human health and the environment.[68, 71-73] Based 

on the improvement of analytical methods and an increase in research 

towards the environmental impact of industrial wastewaters, the urgency 

for waste stream treatment before environmental release is gradually 

gaining attention.[74-75] The increasing urge to treat an expanding 

number and amount of waste streams prior to their release is essential 

for maintaining the environmental safety.[68, 76-77] However, this leads to 

the challenge of addressing contaminations that are difficult to manage 

using conventional wastewater treatment methods.[68] Most treatment 

processes involving an oxidative treatment step of organic residues 

include either energy demanding incineration or the use of hazardous 

oxidants. The most basic method for treating wastewater containing 

organic contaminants is the resource demanding incineration. In this 

process, aqueous solutions are typically subjected to combustion, 

resulting in the degradation of organic residues into carbon dioxide or 

carbon monoxide. This can be coupled with separation techniques such 

as membranes to improve the efficiency of the combustion.[78-79] A waste 

stream is separated to permeate and concentrate.[78] Whereas the 

permeate can be released, the concentrate needs further treatment, 

usually given by a conventional incineration.[80] This technology is often 

limited by the stability of the membranes in the presence of certain 

contaminants.[79] An additional class of treatment processes is the 

oxidative decomposition of organic molecules yielding partially oxidized 

organic species or complete mineralization to carbon dioxide and other 

gaseous byproducts.[81] This is accomplished through the addition of 

highly reactive chemical oxidation agents such as ozone in ozonolysis or 

hydrogen peroxide.[82-85] A method involving hydrogen peroxide is the 

Fenton process, which is the most common treatment option for 
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organically contaminated wastewaters due to the broad range of 

applicability.[68] The process involves the addition of iron salts, sulfuric 

acid, and hydrogen peroxide, which generate hydroxyl radicals that 

subsequently oxidatively decompose the organic contaminants.[81, 86-88] 

Both processes ozonolysis and the Fenton process involve the use of 

highly reactive and resource-intensive mediators, which necessitate a 

complex safety infrastructure.[68] 

 

 

Figure 11: Four different wastewater treatment options for industrial wastewater: incineration, 

membrane technology, the Fenton process and the electrochemical method. 

 

A modern approach to wastewater treatment is the electrochemical 

oxidation.[68, 89] Even though this technology is based on an oxidative 

mineralization similar to conventional processes, the oxidation mediators 

are generated in-situ, thereby circumventing the handling of reactive and 

hazardous chemical reagents.[90-92] Typically, BDD-electrodes are 

employed, which leads to the generation of highly reactive hydroxyl 

radicals from water. The highly reactive intermediates are capable of 

oxidizing a wide range of organic contaminants.[89-90, 93-95] Furthermore. 

reactive sulfur- and chlorine-based mediators like peroxo-species and 

radicals are generated from sulfate and chloride residues in waste 

streams enhancing the oxidative processes.[68, 89-90, 96] Based on the 

minimization of handling highly reactive chemical reagents, 

electrochemical wastewater treatment is considered a process alternative 
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with enhanced safety.[97] Additionally, the method benefits from the 

commonly straightforward operation of an electrochemical process, 

which allows for a simple start-stop system.[89, 98] The reaction can be 

shut down directly by cutting the electricity, thus stopping any further 

reactions. The applicability of electrochemical wastewater treatment 

processes in chemical industry is primarily limited by the capability of 

decomposing organic contaminants, which are highly stable towards 

oxidation, e.g. alkylammonium salts.[98] Alkylammonium salts are often 

employed as electrolytes in electrosynthesis and cannot be simply 

discharged in the environment due to their harmful impact on the 

environment.[99-102] Such upcoming topics underline the importance of 

new approaches in  wastewater management. 

 

 

Figure 12: Electrochemical wastewater treatment for the purification of industrial wastewater. 
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2.4. Electrochemical process technology  

 

 

A direct comparison of electrochemical processes to conventional 

chemical processes shows a broad range of advantages.[103-105] The most 

important aspect of a chemical process in the context of chemical 

industry is safety. [106-107] In this critical topic electrochemical process 

engineering has a decisive benefit compared to the majority of classical 

processes. Since electricity induces the desired chemical reaction, the 

processes can be shut down by removing the power source, known as 

on-off functionality.[106] If a reaction was to diverge from the planned 

course, an emergency shutdown can be induced directly by switching off 

the applied current. Additionally, the often milder conditions are 

contributing to an enhanced safety.[28] Generally, highly reactive species 

like radicals are generated in an electrochemical cell in-situ, leading to a 

simpler infrastructure compared to the employment of highly reactive 

chemicals themselves. Moreover, this direct generation of active species 

circumvents the otherwise required harsh process conditions, leading to 

a simpler reactor design and improved safety. [106, 108-109] 
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Figure 13: (A) a classic chemical reaction; (B) a electrochemical process. 

 

For the purpose of utilizing conventional electrochemical methods in an 

industrial context, the gap from academic research to technical 

implementation must be bridged.[106-107, 110] Since electrochemical 

methods are becoming more prominent due to the search of 

environmentally benign industrial processes, a substantial amount of 

fundamental research is currently being conducted. As the focus is 

usually related to laboratory associated problems, technical issues 

regarding pilot plant construction, safe handling, practical technical 

implementation and engineering is scarcely reported. [107, 110] Therefore, 

a major challenge in electrochemical process development is the initial 

phase of the transition of electrochemical methods from lab to an 

industrially relevant scale.[107-108, 110] In the event that an electrochemical 

reaction is feasible on laboratory scale, a one-to-one transfer to 

industrial scales is not straightforward to accomplish.[110] A crucial 

development step is the reactor design, specifically the operation mode, 

electrode stability and availability of materials and suppliers as well as 

fluid mechanics in the cell.[15, 108, 110-112]  
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Figure 14: Difficulties in transferring electrochemical processes from a 1 cm2 to 1 m2 scale. 

 

One advantage of electrochemical processes is the modular nature 

allowing scale-up via  numbering up. This characteristic ensures a more 

convenient expansion of production capacities without the need for  a 

complete redesign and reconstruction of the entire plant. Besides easy 

adaption to production expansions, the modular system allows for a 

simple maintenance without the necessity of regular production 

shutdowns. However, fluid dynamics and mechanical issues in technical 

flow-cells need to be included in the optimization of an electrochemical 

process.[110, 113]  

 

 

Figure 15: The modular characteristics of an electrochemical plant. 
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However, the optimization of an electrochemical process does not end 

within a laboratory. Usually the implementation of a feasible lab scale 

electrochemical reaction is initiated with a pilot plant in a technical center, 

to prove the scalability of the process. When the pilot phase is initiated a 

determining factor for the feasibility is the availability of materials and 

their suppliers.[114] On small scales, manufactured or even self-made 

electrodes are available or can be produced in house. Since custom made 

electrodes are often not reproducible in quality or available in larger 

amounts, the electrodes are not suitable for industrial applications. Thus, 

a scaled technical system requires the immediate availability of electrode 

material in bulk, preferably providing a buy off-the-shelf option.[106] In 

conclusion, the limited selection of electrode suppliers and the 

companies who construct of pilot systems slow down a straightforward 

implementation.[114]  

 

 

Figure 16: The transition from academic laboratory research to an industrially applicable process. 

 

While technological considerations are crucial, they are not the sole 

factors influencing the scaling or implementation of new processes in 

chemical production. From an economic perspective, certain 

electrochemical parameters can significantly impact cost-effectiveness. 

When evaluating total expenses, it is essential to monitor not only 

chemical and electricity costs but also the initial capital expenditures 
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associated with the project. Traditional operational costs are just one 

aspect of economic efficiency, the infrastructure of the plant itself must 

be established prior to operations. In this context, optimizing parameters 

such as current densities and substrate concentrations become critical. 

These parameters can lead to a minimization of the required electrode 

surface area, which in turn addresses the need to lower capital 

expenditure.[115] A smaller electrode surface results in a more compact 

reactor, which is often the most expensive component in the plant. This 

offers a huge impact on reducing investment costs, and therefore being 

cost competitive with classic methods. Despite all the benefits of an 

electrochemical cell on paper, the key point relates to the economic 

feasibility of a process.   

 

 

 

Figure 17: (A) a lower current density relates to a higher electrode surface thus increasing the 

capex; (B) Increase in the current density result in lower electrode surfaces thus decreasing the 

capex.  
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3. Objectives  

With the growing demand for greener products and safer processes in 

the chemical industry, electrochemical methods have emerged as one of 

the most promising enabling technologies. However, the challenge in 

realizing industrial uses of electrochemistry lies in bridging the gap 

between this promising technology, the industrial environment and the 

specific needs of an industrially suitable method. While electrifying 

processes offers a tool for disruptive change across various sectors of the 

chemical industry, the industrial implementation remains complex. 

 

 

Figure 18: Implementing electrochemical research in the industrial environment. 

 

This work focuses on designing an industrially applicable process rather 

than merely conducting a chemical feasibility study of an electrochemical 

method. A scalable hydrogenation process was conceived in the field of 

organic electrochemical synthesis successfully, alongside the 

development of a new reactor design for two different wastewater 

management applications. This work demonstrates the possibility of 

providing new methods in various fields of electrochemical processes and 

of developing innovative approaches in a practical manner directly from 

the initial idea. 
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Based on the increasing importance of environmental research on the 

effluent of chemical products, especially their impact on human health 

and nature, wastewater treatment has become a prominent topic to 

ensure the sustainability of chemical processes.[68, 71, 116] The 

biodegradability of chemical contaminants is one of the key parameters 

of industrial wastewater.[116-118] A sewage treatment plant is the critical 

connection between the production site and the environment.[116, 119] If a 

molecule is not removed during the process in the sewage plant via 

bacterial degradation, it will be emitted and may accumulate in 

nature.[116-119] Therefore, improving the biodegradability of an effluent 

stream from a production site is essential to circumvent the accumulation 

of potentially harmful chemicals in the environment.  

The project aimed for enhancing the biodegradability of three 

wastewaters accruing at an Evonik site including a proof of concept for 

electrochemical methods as a treatment option. The objective not only 

focused on the  improvement of the biodegradability through TOC (total 

of carbon) reduction, but also in the elimination of the free cyanide 

concentration. Additionally, the treatment process was reviewed 

regarding the economic feasibility compared to conventional methods, 

such as the Fenton process, whilst being resource-efficient and safe.   

 

 

Figure 19: Lifecycle of an industrial wastewater stream, from production plant to environment. 
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The development of the electrochemical treatment process was initiated 

using a conventional flow apparatus (see Figure 20). The implementation 

of a membrane led to a two-chamber system, requiring a more complex 

infrastructure including two separate systems, such as dual pumps. 

Therefore, the undivided system was selected as the preferred option. 

The experimental setup incorporated a boron-doped diamond (BDD) 

anode, as supported by existing literature on electrochemical wastewater 

treatment methodologies.[120-121]  

The chosen approach was based on the hypothesis of in-situ generation 

of oxidation mediators, primarily hydroxyl radicals. The utilized counter 

electrode was a custom-fabricated tantalum sheet with platinum strips 

welded on the surface. Following several experimental trials, it became 

apparent that the contaminants present in the wastewater were not easily 

oxidizable. Thus, the subsequent objective focused on the enhancement 

of system efficiency while maintaining its simplicity. 

 A quasi-divided design was evaluated to mitigate reductive back- or 

side-reactions within the cell, while retaining the simplicity of the 

undivided system. This was accomplished by significantly altering the 

surface area of the electrodes. The original size of the working electrode 

was maintained, whereas the area of the counter electrode was 

substantially reduced. This configuration resulted in the suppression of 

reactions occurring directly at the counter electrode, thereby confining 

undesired processes to the bulk solution. The goal was to enhance 

oxidation reactions, while suppressing reductive reactions within the 

reactor. To ensure an easy scalability in the system, a novel spacer (see 

Figure 20) was designed to leverage a two-plate electrode configuration. 
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A  B  C  

Figure 20: A The flow apparatus utilized in first experimental trails with the glass vessel, the 

circular pump and the reactor,  B the designed slit spacer for quasi-divided electrochemical 

wastewater treatment, and C a schematic representation of the designed slit spacer.  

 

This reactor design enabled a significant increase in total organic carbon 

(TOC) elimination. However, the required rates could still not be achieved. 

To enhance the oxidative degradation of organic contaminants further, 

the influence of lowering the pH was investigated. The results showed a 

substantial improvement, with high elimination rates exceeding 95% for 

all wastewater samples when the pH was adjusted from a caustic level to 

neutral via the addition of sulfuric acid. The choice of acid not only 

avoided the potential chlorine gas evolution, associated with the cost-

effective option of hydrochloric acid, but additionally introduced an 

oxidation mediator into the cell.   

Sulfate ions are known to be oxidized at BDD anodes to peroxosulfate 

radicals, which subsequently act as in-situ generated oxidation agents 

(see Figure 21).[68, 90] In order to delineate the influence of the pH-

adjustment and the addition of oxidizable ions on the elimination rate 

enhancement, further experiments were conducted. A comparative 

analysis of sodium sulfate and sulfuric acid as additives were performed. 

The addition of sodium sulfate did not alter the initial basic pH. However, 

the elimination performance was found to be comparable to sulfuric acid 

as an additive. This observation confirms that sulfate additives, 
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contribute to the enhancement of the system efficiency and a lowering of 

the pH is not essential. 

To confirm the hypothesis that sulfur-based oxidation mediators can 

oxidize the investigated contaminants, the classic oxidizing agent 

peroxodisulfate was added to the wastewater and stirred for 8 hours 

without the application of electricity. The results of a TOC reduction of 

over 25% confirmed the underlying, providing a qualitative insight in 

which sulfur-based oxidative agents are effective in eliminating this 

specific class of organic contaminants. Nevertheless, it could be observed 

that the electrochemical system not only reduces the contaminants to 

lower levels but also generates oxidation mediators in-situ including 

regeneration after conversion of the organic contaminants. Consequently, 

the electrochemical process is more resource-efficient than conventional 

chemical treatment processes involving stoichiometric addition of 

oxidants. 

 

Figure 21: Proposed mechanism of the direct anodic mineralization at a BDD electrode with direct 

oxidation of the organic contaminant is at the electrode surface vs. mediated mineralization via 

generation of persistent oxidants. [68, 90] 

 

The newly developed reactor design with the quasi-divided system not 

only meets the established objectives, but also retains the simplicity 

required for an industrial application. In addition to demonstrating 
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chemical feasibility, the process technology's applicability at a technical 

scale was demonstrated. The initial pilot experiment, conducted with a 

scale-up factor of 10, validated the potential for scaling the system 

yielding promising results in contaminant elimination. Thus, a 

sustainable wastewater treatment option was established utilizing only 

sulfuric acid as an additive to generate and regenerate oxidation 

mediators in-situ using electricity as the primary reactant. The necessary 

elimination of the total organic carbon (TOC) could be achieved, along 

with improved biodegradability and cyanide removal. 
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The emerging field of organic electrochemical synthesis is increasingly 

associated with the use of alkylammonium salts as supporting 

electrolytes. These compounds play a significant role not only this sector, 

but also as a phase-transfer catalysts.[122] Despite their widespread 

application, recent studies have indicated that these substances may have 

detrimental effects on both human health and the environment. 

Consequently, it is imperative to develop effective solutions for the 

disposal of waste streams associated with contaminated alkylammonium 

salts.[123] 

This investigation sought to develop a practical solution for the treatment 

of alkylammonium salt containing waste streams by employing an 

electrochemical method. A real industrial effluent contaminated with 

tetrabutylammonium bromide (TBABr) was utilized for the development 

of this study, In addition to TBABr the effluent contained sodium sulfide 

and sodium chloride. Given that the target substance, 

tetrabutylammonium is a cationic species, the initial approach involved a 

divided cell setup. This configuration was envisioned to prevent the 

attraction of cations to the cathode, thereby promoting the oxidative 

degradation of the organic cation in the anolyte. The use of a cation 

exchange membrane, specifically Nafion 424, allowed the cationic 

species tetrabutylammonium to pass through the membrane and 

accumulate in the cathode chamber, hindering the oxidative 

decomposition. Conversely, employing an anion exchange membrane 

suppressed degradation due to the accumulation of hydroxide ions in the 

anode chamber, which led to an increase in pH. Additionally, issues with 

residues on the anode arising from sulfur species further complicated the 

process, prompting the need to address both challenges effectively. 
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A   B  

Figure 22: Observed issues with the treatment of tetraalkylammonium cation electrochemically.  

A) TBA+ can pass through the CEM from the anolyte to the catholyte.  B) TBA+ accumulation in the 

catholyte, preventing the hydroxyl radicals produced at the anode from mineralizing the organic 

compound. 

 

In our experiments, we successfully addressed the coating issues and the 

accumulation of tetrabutylammonium in the cathode compartment. 

Hydrochloric acid was added to facilitate the release of sulfide in the form 

of hydrogen sulfide (H₂S). This step was introduced to prevent the coating 

of the boron-doped diamond electrode with sulfur-based byproducts, 

thereby enhancing the efficiency of the overall electrochemical process. 

The next phase of the investigation related to a solution for the TBA 

movement within a divided cell setup. The quasi-divided cell 

configuration was envisioned to mitigate the tendency of cationic 

tetrabutylammonium ions to accumulate at the cathode, based on 

significant decrease in cathode surface compared to the surface area of 

the anode. Additionally, using this approach undesired reductive 

processes were primarily confined to the bulk solution. Nevertheless, the 

efficiency of the destruction of the organic load did not meet the desired 

expectations. It was hypothesized that further reduction of the cathode 

area would enhance the desired efficiency. This hypothesis proved 

correct with a decreased cathode surface area facilitating the 

reproducible elimination of the tetrabutylammonium compound. 
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Figure 23: Treatment of tetrabutylammonium cations with a quasi-divided cell setup. The CEM is 

absent, allowing for the accumulation of TBA+ in the catholyte.  

 

To allow for an industrial implementation of the quasi-divided approach 

to wastewater treatment, a comprehensive process solution was 

developed. Based on the obtained experimental results, pre-treatment of 

the wastewater with hydrochloric acid was selected to allow for the 

removal of sulfides from the contaminated wastewater in form of H2S, 

which can be absorbed in a sodium hydroxide solution for further 

application in chemical manufacturing. Following acidification, the 

wastewater electrolysis in a quasi-divided cell yields material, which can 

be discharged into the sewage treatment system. The gases emitted 

during the treatment process are in a first step treated with a sodium 

hydroxide scrubber to neutralize chlorine gases, while other insoluble 

gases are incinerated in a conventional thermal oxidizer. The resulting 

sodium chloride solution can be recycled via electrodialysis to regenerate 

sodium hydroxide and hydrochloric acid, effectively closing the material 

loop of the treatment process. Additionally, the gases emitted from the 

electrodialysis process, namely hydrogen and oxygen, are incinerated in 

a thermal oxidizer to recover a fraction of the energy input during the 

electrochemical treatment. 

Ultimately, this development task not only demonstrated the suitability 

of electrochemistry for treating tetrabutyl-contaminated wastewaters, 

but additionally provided a practical process solution. 

 



 

 
35 

 

 

Figure 24: The combined process solution for the treatment of tetra-alkylammonium salt-

containing wastewater. 



 

 

 
36 

  



 

 
37 

 

4.3. Electrochemical hydrogenation of Carbonyl 

Compounds  

  

L. Lennartz, V. Beier, J. B. Metternich, P. Stenner, S. R. Waldvogel  

DOI: https://doi.org/10.1016/j.electacta.2025.147542 

Explanation of my contribution 

The experimental execution was done by V. Beier and me. The optimization 

of the reaction was designed by V. Beier and me. The analysis was executed 

by V. Beier and me. The concept of the manuscript and supporting 

information was done by me and finalized in collaboration with J. 

Metternich with the support of V. Beier under the supervision of S.R. 

Waldvogel. The manuscript was written by me, finalized with J. Metternich 

under the supervision of S. R. Waldvogel. The supporting information was 

written by V. Beier and me under the supervision of S. R. Waldvogel. 

The contents of this chapter were patented by Evonik. 



 

 

 
38 

As with many synthetic approaches, there is a significant demand for 

methods in the field of hydrogenation that are less resource-intensive 

and safer than their conventional routines.[57, 124-125] Traditional 

hydrogenation relies on the use of hydrogen gas, along with elevated 

pressures and temperatures.[57, 124-126] Additionally, complex and 

expensive transition metal catalysts are often employed. This 

combination of parameters demands complex safety infrastructures and 

results in high energy consumption.[124] In contrast, electrochemical 

hydrogenation which does not require hydrogen gas, represents a milder 

alternative to classical methods.[57, 125] The most efficient  and safest 

hydrogen source is water, from which hydrogen can be generated in-situ. 

This can typically be achieved at room temperature, allowing for direct 

hydrogenation of the molecule in solution without the need for a gas 

infrastructure.[54, 57, 125] Additionally, this approach requires less energy 

due to the operation at room temperature and atmospheric pressure.[57] 

However, a challenge within this electrochemical process relates to many 

existing methods being primarily academic and not easily scalable. 

Additionally, most reported examples are prohibitively expensive making 

the technology not competitive with highly optimized conventional 

methods.[54, 57] Therefore, the objective of the research presented in this 

chapter targets  the development of an electrochemical hydrogenation 

process that harnesses its advantages while also addressing industrial 

requirements. 

The general goal aimed at the investigation of  a hydrogenation method 

for various carbonyl compounds, feasible for industrial use. As a  model 

substance the enone isophorone was chosen due to its relevance to 

industrial applications. Due to the high relevance for conventional system, 

a literature research provided the starting point for the underlying 

method development. The study by Mahdavi et al. was adapted to create 

a scalable system, especially considering electrolyte and the used self-

made electrodes.[62] The electrolyte composition was modified, replacing 

the electrolyte and additive combination of sodium chloride, boric acid, 

and sulfuric acid with sodium sulfate and sulfuric acid.[62] Sodium chloride 

was removed to mitigate the risk of chlorine gas emission, and boric acid 
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was excluded due to the high associated toxicity. Additionally, the self-

made electrode was changed to commercially available nickel foam. 

Nickel was chosen for its catalytic activity and the increased surface area 

provided by the nickel foam was expected to be advantageous.[62] Besides 

the changes in electrolyte and electrode materials,  the current density 

previously reported in the literature was increased as well. This higher 

current density was selected, because it allows for a smaller and more 

efficient reactor design, thereby potentially reducing capital expenditures 

(capex) for a technical plant. 

The study commenced with an electrolyte mixture comprising sodium 

sulfate (0.1 M) and sulfuric acid (0.3 M) in a 1:1 methanol-water solution, 

along with an isophorone concentration of 0.05 M. Current densities were 

evaluated from 30 mA/cm² up to 90 mA/cm². After the reaction, the 

catholyte solution changed to a caustic pH. Therefore  in the next step in 

the optimization trial  the sulfuric acid concentration was changed to 

0.5 M. This adjustment allowed for the testing of higher current densities. 

Notably, the optimal current density for achieving a yield of 68% was 

identified as 90 mA/cm², facilitated by the elevated proton concentration 

and promoted conductivity. With these initial parameters established, the 

influence of additional variables was subsequently investigated to 

optimize the yield and gain a better knowledge on the influences of the 

reaction. 

 

 

Figure 25: The Comparison of established electrochemical hydrogenation methods from the 

literature with a newly developed approach.  
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Initially, it was established that electricity is essential for the 

hydrogenation process, followed by a thorough investigation of the 

electrolyte solution. It was demonstrated that sodium sulfate was not 

required, with a yield of 72% in the absence of sodium sulfate. Other co-

solvents, including THF, ethanol, and acetonitrile, were found to be less 

effective in terms of yield and in minimizing side reactions. Furthermore, 

the 1:1 methanol-water mixture was confirmed to be the most effective 

ratio. An increase in the methanol concentration resulted in an 

insufficient supply of water and therefore a lack in hydrogen supply, 

leading to a decrease in yield. Conversely, increasing the water content 

reduced the solubility of isophorone resulting in poor reproducibility of 

the obtained conversion. 

The final step involved investigating the impact of the cathode material. 

When carbon-based materials or lead were utilized, a coating of the 

electrode surface was observed after the reaction, which was associated 

with suppressed yields and recovery of starting materials. This 

observation is consistent with polymerization and other side reactions. 

Subsequently other metals known for their catalytic activity in 

hydrogenation were tested. Copper foam and mesh exhibited decreased 

yields, in addition to differences based on the specific electrode structure. 

Cobalt foam was also tested due to its high redox activity, comparable to 

nickel. Additionally, a cobalt-nickel foam was examined. Results 

indicated that nickel was a superior choice compared to cobalt and an 

increased nickel content in cobalt-nickel electrodes correlated with 

improving yields. This finding suggests that nickel provides favorable 

catalytic properties for this type of hydrogenation. To further 

demonstrate the significance of the electrode structure, different types 

of nickel foams were tested, and scanning electron microscopy images 

were obtained to illustrate the surface properties of the different 

electrodes. It was found that within a single class of metal foam the yield 

was influenced by the electrode structure itself. 
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Figure 26: Process parameter impacting the electrochemical hydrogenation. 

 

In the final phase of this investigation, additional potential structural 

motifs were screened. Alongside other enones, specific methacrylates, as 

well as aldehydes and ketones were evaluated using the developed 

electrochemical hydrogenation method. It was demonstrated that the 

limitations of the optimized conditions were primarily influenced by the 

solubility of the organic compound in the methanol-water mixture. The 

hydrogenation of the double bond in methacrylates yielded 58% 

conversion for butyl methacrylate, while only 9% conversion was observed 

for the benzyl derivative. This highlights the constraints of the method 

when applied to more lipophilic structures. The hydrogenation of the 

aromatic compound benzaldehyde resulted in better yields, achieving 

50%, compared to the non-aromatic derivative 

cyclohexanecarboxaldehyde, which yielded only 28% of the hydrogenated 

product. This phenomenon is further supported by the results obtained 
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with the evaluated ketones. The highest yield was achieved with 

acetophenone, reaching a 56% yield, in contrast to cyclohexanone with 

21% yield and trimethylcyclohexanone, for which only 5% were achieved. 

 

 

Figure 27: Evaluated structural motifs in the developed electrochemical hydrogenation.  

 

  



 

 
43 

5. Conclusions 

In the demonstrated research projects, two industrially relevant topics 

were explored via electrochemical methods. The emphasis was not 

merely placed on assessing feasibility but on the comprehensive design 

of an industrially viable process. This work demonstrates that 

electrochemistry can be applied in diverse ways, ranging from organic 

synthesis to wastewater treatment, and can be effectively tailored for 

industrial applications. 

A novel and simplified method for the hydrogenation of carbonyl 

compounds was developed. Throughout the optimization process, not 

only a deeper understanding of the reaction could be achieved, but the 

development also resulted in a scalable method for the hydrogenation of 

enones, ketones, aldehydes and acrylates. The approach utilized only 

three cost-effective and readily available chemicals in the electrolyte 

solution: a) methanol, which functions as an co-solvent b) water, as an 

inherently safe hydrogen source  c) sulfuric acid, as a electrolyte and pH 

mediator. Moreover, the equipment employed commercially available 

materials, such as nickel foam electrodes and DSA. The method's appeal 

lies not only in the use of attractive materials and chemicals suitable for 

industrial applications, but also in the high current density of 90 mA/cm². 

This combination of process parameters combined with the galvanostatic 

operation aligns with industrial requirements for compact reactors and 

straightforward setups. Additionally, the method's application to relevant 

industrial compounds, including isophorone, methacrylates, aldehydes, 

and ketones, highlights the versatility and practical applicability.  

 



 

 

 
44 

 

Figure 28: Summary of the newly developed electrochemical hydrogenation method.  

 

In the second research project, two wastewater-related topics were 

investigated. The first focused on the increasing challenge of poorly 

biodegradable wastewater, while the second addressed the removal of 

the common electrolyte class of tetrabutyl ammonium salts. In both 

scenarios, a quasi-divided cell setup was utilized to facilitate the 

oxidation of the organic contaminants, while maintaining an industrially 

suitable configuration. By utilizing a newly designed reactor system the 

TOC elimination goals were achieved. These two studies demonstrate 

that electrochemical methods are advantageous and more importantly, 

industrially feasible in organic synthesis and in the downstream 

processes of the chemical industry. 

 

Figure 29: Electrochemistry as a versatile toolbox for organic synthesis and downstream or 

recycling processes. 
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6. Outlook  

This work establishes a connection between academic laboratory studies 

in the fields of electrochemical synthesis and electrochemical wastewater 

treatment, thereby paving the way for practical process design. It 

represents a crucial initial step toward the technical implementation of 

electrochemical methods aimed at electrifying the chemical industry 

across all essential stages, from synthesis to downstream processing, e.g. 

waste management. The approach offers valuable insights that can 

translate into new electrochemical methods and potential technical 

applications, thus serving as a guide for developing electrochemical 

techniques for greener processes and ensuring practical applicability. 

The developed electrochemical hydrogenation process is ready for 

transition into the scale-up phase. The next step could involve the actual 

scaling of this method and validating the design through practical 

applications, such as a flow reactor and pilot plant. In addition to 

hydrogenation of the model substrate isophorone, the developed process 

method can be applied to other interesting substrate motifs, including 

enones, ketones, and aldehydes. The method offers a safe and mild 

alternative for conventional hydrogenation processes, allowing to bypass 

traditional hydrogen gas infrastructure and the conventional unit 

operation under high pressures and temperatures. Thus, it serves as a 

new electrochemical tool for the hydrogenation of various carbonyl 

compounds, while addressing industrial needs. 

The newly developed reactor for electrochemical wastewater treatment 

has the potential to harness the green properties of electrochemistry, 

while addressing the challenges posed by sometimes harmful substances. 

In addition to providing a solution for the emerging issue of 

alkylammonium salt emissions, it can also be utilized for traditional 

wastewater management by enhancing or completely eliminating the 

necessity for biological degradability. Evidence has shown that this new 

reactor design is not only feasible for achieving wastewater treatment 

goals but also offers advantages over other methods like circumventing 

the need of stoichiometric oxidation agents. With these results at hand, 
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it is essential to explore the electrification of waste management 

processes, particularly in the terms of complex waste issues. 

 

Figure 30: Next step for the implementation of new electrochemical methods, starting from 

laboratory studies to technical implementation. 
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7. Abbreviations  

A surface 

AEM  Anion exchange membrane  

Ar Aryl 

BDD Boron doped diamond 

c Concentration 

C Coulomb  

CAPEX Capital expenses  

CEM  Cation exchange membrane  

cm Centimeter 

COD Chemical oxygen demand  

DSA  Dimensional stable anodes 

eq.  Equivalents 

et al.  And other (lat. et alli) 

F Faraday 

GC Gas chromatography  

GC Glassy carbon  

GC-MS Gas chromatography coupled to a mass detector 

h Hour 

HPLC High pressure liquid chromatography  

HR-MS High resolution mass spectrometry 

I Electric current 

j Current density 

L Liter 

Lit Literature 

m mass 

m meter 

mA Milliampere 

mL Milliliter 

mm Millimeter 

MS Mass spectrometry 

n Amount of substance 

NMR Nuclear magnetic resonance  

OPEX Operational expenses  

p pressure 

Q Amount of applied charge 

R (organic) substituent  

RCS Reactive chlorine species  

Rf Retention factor 

RSS Reactive sulfur species  
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RT Room temperature  

s.a.  Surface area 

t tonne 

t time 

T Temperature 

TOC Total of carbon  

V Volt 

V Volume 

z Charge number 
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