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Abstract 

The electrolytic in situ generation of oxidants is an increasingly widespread technique for 

producing sanitized and thus safe process water in ultrapure water distribution systems. In 

particular, the anodic production of ozone on functionalized electrodes is a commercially 

available option for providing pharmaceutical-grade water. The present work therefore 

investigates the use of a newly developed electrolyzer with a polymer electrolyte membrane 

(PEM) and lead dioxide (PbO2) electrodes for drinking and ultrapure water treatment. 

The selective analysis of electrolytically generated oxidizing agents or reactive oxygen species 

such as ozone (O3), hydrogen peroxide (H2O2) and hydroxyl radicals (·OH) is often impeded 

by cross-sensitivities of commonly used photometric assays. To account for these 

imperfections, a step-by-step procedure to consolidate different analytical methods was 

developed. Depending on the applied current density, different electrolytically generated 

species can be detected selectively and enable the observation that the electrolytic generation 

of ozone only increases significantly for current densities above 0.5 A cm-2. In addition, the 

evolution of H2O2 only occurs in significant amounts in the presence of an organic impurity. 

The resulting, rapid decomposition of ozone via the peroxone process requires several 

equivalents of H2O2, depending on the present amount of dissolved O3. 

In order to provide a sensitive in- or on-line detection for ozone in ultrapure water, electrode 

materials based on Pt-functionalized ionomers were developed using a modified impregnation-

reduction process. The metal loading on the sensor material was determined satisfactorily 

using a non-destructive approach by means of computed tomography (CT). Different synthesis 

conditions led to different sensor properties in terms of sensitivity and applicable concentration 

range. After evaluation of different models by an objective information criterion, the 

potentiometric sensor behavior is best described by a Langmuir pseudo-isotherm. On average, 

2.9 µg L-1 of dissolved ozone was found as the detection limit for all sensor materials produced, 

which is comparable to complex reference analysis. 

Extending the application range for PEM electrolysis to the drinking water sector was evaluated 

by exposing the analytic feed to different water hardness levels. The electroosmosis of water 

is a direct function of the current density and can be estimated at 95 ± 2 mmol A-1 h-1. The 

transport rates of sodium, potassium, calcium and magnesium ions were modeled as a function 

of the current density and water hardness and were directly related to the ion mobility, 

independent of the water quality. Permeation leads to higher pH values of the catholyte within 

a few minutes and consequently to insoluble hydroxides and carbonates of the formerly 



dissolved hardeners. The introduction of an auxiliary cathode in the anode compartment was 

able to reduce tap water cation permeation indiscriminately by 18 ± 4 %.  

The results show that the selected methods are suitable and directly applicable for the sensitive 

and selective detection of in situ produced disinfectants, in particular electrolytically generated 

ozone in the aqueous phase. An initial transfer of this PEM electrolyzer into the tap and drinking 

water environment is showcased the example of temporarily stagnant water with a constructive 

solution for suppressing unwanted ion crossover. 

  



Zusammenfassung 

Die in situ Erzeugung von Oxidationsmitteln durch Elektrolyseure ist eine zunehmend 

verbreitete Technik, um keimfreie und damit sichere Prozesswässer im Reinstwasserbereich 

herzustellen und energieeffizient zu lagern. Insbesondere die anodische Herstellung von Ozon 

an funktionalisierten Elektroden stellt dabei eine kommerziell verfügbare Option dar, um 

Wasser von pharmazeutischer Qualität bereitzustellen. In der vorliegenden Arbeit wird daher 

die Anwendung eines neu entwickelten Elektrolyseurs mit Feststoffelektrolyt (PEM) und 

Bleidioxid (PbO2) Elektroden für die Bereiche der Trink- und Reinstwasseraufbereitung 

untersucht. 

Die selektive Analytik von elektrolytisch erzeugten Oxidationsmitteln bzw. reaktiven 

Sauerstoffspezies wie Ozon (O3), Wasserstoffperoxid (H2O2) und Hydroxylradikalen (·OH) ist 

oft von Querempfindlichkeiten erschwert und wurde in ein schrittweises Verfahren überführt, 

welches die Querempfindlichkeiten zwischen den analytischen Verfahren berücksichtigt. 

Daraus können abhängig von der applizierten Stromdichte die elektrolytisch entstehenden 

Spezies gezielt erfasst werden, was die Beobachtung erlaubt, dass erst ab einer Stromdichte 

über 0.5 A cm-2 die elektrolytische Erzeugung von Ozon signifikant ansteigt. Zudem kann 

gezeigt werden, dass H2O2 im Reinstwasser erst in Gegenwart von organischen 

Verunreinigungen entsteht und der dadurch induzierte, schnelle Zerfall von Ozon 

konzentrationsabhängig unterschiedliche Äquivalente H2O2 erfordert. 

Um eine empfindliche in- oder on-line Sensorik für Ozon im Reinstwasser darzustellen, wurden 

Elektrodenmaterialien auf Basis von Pt-funktionalisierten Ionomeren über ein modifiziertes 

impregnation-reduction-Verfahren entwickelt. Die Metallbeladung auf dem Sensormaterial 

kann hierbei zufriedenstellend über einen zerstörungsfreien Ansatz aus der 

Computertomographie (CT) ermittelt werden. Durch verschiedene Synthesebedingungen 

können verschiedene Sensoreigenschaften hinsichtlich Empfindlichkeit und nutzbarem 

Konzentrationsbereich erreicht werden. Das Sensorverhalten wird nach Evaluation 

verschiedener Modelle und einem objektiven Informationskriterium am ehesten gemäß einer 

Langmuir-Pseudoisotherme beschrieben. Die Nachweisgrenze für Ozon liegt im Mittel über 

alle hergestellten Sensormaterialien bei 2.9 µg L-1, was in der Größenordnung von aufwändiger 

Referenzanalytik liegt. 

Eine Erweiterung der Anwendung PEM-Elektrolyse für den Trinkwasserbereich wurde unter 

Verwendung verschiedener Wasserhärten im anolytischen Zufluss realisiert. Die für die 

Anwendung relevante Elektroosmose von Wasser stellt eine direkte Funktion der Stromdichte 

dar und kann auf 95 ± 2 mmol A−1 h−1 beziffert werden. Die Transportraten von Natrium-, 

Kalium-, Calcium- und Magnesiumionen wurden in Abhängigkeit der Stromdichte und 

Wasserhärte modelliert und konnten dabei unabhängig von der Wasserqualität in einen 



direkten Zusammenhang mit der Ionenbeweglichkeit gebracht werden. Durch Permeation 

entstehen kathodenseitig innerhalb weniger Minuten höhere pH-Werte und in dessen Folge 

unlösliche Hydroxide und Carbonate von Härtebildnern. Die Einführung einer zusätzlichen 

Kathode im Anodenraum konnte die Permeation von wassertypischen Kationen um 18 ± 4 % 

verringern.  

Die Ergebnisse zeigen, dass die gewählten Methoden unmittelbar geeignet sind, um in situ 

hergestellte Desinfektionsmittel, insbesondere elektrolytisch entstehendes Ozon in der 

wässrigen Phase empfindlich und selektiv zu erfassen. Ein erster Transfer dieses PEM-

Elektrolyseurs von der Reinstwasser- in die Leitungs- und Trinkwasserumgebung ist am 

Beispiel von zeitweilig stehenden Wässern präsentiert und zeigt eine konstruktive Lösung auf, 

die unerwünschte Ladungsträger aus Trinkwasser zurückhält.  
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Chapter 1: Introduction 

Each chapter and published paper that is part of this work provides an individual introduction 

and discussion section that puts the results reported in the respective paper in context with the 

literature. Therefore, no exhaustive literature survey is given in this section of the thesis to 

avoid redundancies.  

At this point of the thesis, it is useful to put the present work into its application-related context 

of ultrapure water production and storage. 

 

1.1 Hygienic preparation of drinking and ultrapure water 

 

‘Trinkwasser ist das wichtigste Lebensmittel, es kann nicht ersetzt werden.’ 

Translation: ‘Drinking water is the most important foodstuff, it cannot be replaced.’ 

With these words the German standard for centralized drinking water supply introduces its 

guiding principles for the requirements for water supply systems [1]. Although the supply of 

potable water is almost as old as mankind, a conscious hygienic treatment of water does not 

have such a long history. It is documented that sand filtration of water and subsequent 

treatment with charcoal led to a significant improvement in water quality and was therefore 

applied from 500 BC until at least 1500 AD as the main treatment [2,3]. Other practices to 

achieve acceptable water quality was exposure to sunlight or boiling and subsequently storing 

the water in pots made of metals such as copper, iron and silver with an antimicrobial effect 

[4,5]. And yet it was not until the 19th century that biological substances in water were observed 

and linked to negative effects on physical health [6]. Later on, this led to purification and 

drinking water treatment plants which can produce tap water in our present understanding of 

tap water quality [7]. It was only comparatively late that the specific physical, chemical and 

biological requirements for drinking water quality were laid down in a binding form, e.g. in the 

Drinking Water Ordinance (German: Trinkwasserverordnung, TrinkwV) in 1975 as an example 

of a national standard [8]. 

Although drinking water provided today is of absolutely safe quality for human consumption, 

due to technological development increasing quality requirements for industrial have emerged 

over the years in which the quality of ordinary drinking or tap water is insufficient in terms of 

purity, and therefore require ultrapure water (UPW) [9]. 

A prominent application for UPW can be found in the pharmaceutical industry, where a special 

water quality and constitution is demanded compared to tap water [10]. In order to manufacture 
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medical products of a reliable quality, strict limits apply for chemical and biological substances 

in the used water. In addition to international standards, there are also various pharmacopoeias 

worldwide, depending on the area of responsibility and market, which determine and define 

the specific limit values for critical water quality parameters. In the Pharmacopoeia Europaea 

(Ph. Eur.), the pharmacopoeia that is binding for Europe, the highest water qualities are purified 

water denoted aqua purificata (AP) and water for injection (WFI) denoted aqua ad injectabilia 

[11]. In the United States, the qualities in their pharmacopoeia are defined by the associated 

standard test method (ASTM) for purified water ASTM D1193. A supra-regional ISO standard 

sets similar limit values [12–14] (see Table 1-1). 

Table 1-1. Critical water parameters of internationally differing definitions for ultrapure water qualities. The two 

highest ultrapure water qualities of each UPW definition are compared to the tap water quality provided by the 

German Drinking Water Ordinance (TrinkwV). Empty cells refer to non-listed parameters, a dash (-) represents a 

listed, unspecified parameter. 

 

Regulation TrinkwV Ph. Eur. ASTM D1193 ISO 3696 

Water type Drinking water WFI AP Type I Type II Grade 1 Grade 2 

pH 6.5 – 9.5 -  - - - - - 

Conductivity  
/ µS cm-1 

2,790  1.1 4.3 0.056 1.0 0.1 1.0 

HTC  
/ CFU mL-1 

100 0.1 100 0.01 0.1    

Absorbance at 
254 nm (1 cm optical 
path length)  
/ a.u. 

     0.001 0.01 

Endotoxins 
/ E.U. mL-1 

  0.25    0.03 0.25   

TOC 
/ µg L-1 

‘without 
abnormal 

change’ 
500  500 10 50   

Oxidizable matter 
/ mg L-1  

      0.08 

Heavy metals  
(e.g. Pb) 
/ mg L-1 

0.01    0.1     

Silicon (SiO2) 
/ mg L-1 

1  
  
  

0.003 0.003 0.01 0.02 

Residue after 
evaporation  
/ mg kg-1 

     - 1 
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In this context, several ordinances refer to similar water quality criteria, but are described with 

different approaches using varying physico-chemical parameters. For instance, the TrinkwV, 

Ph. Eur. and ASTM require a heterotrophic cell count (HTC), quantified in colony forming units 

(CFU) for microbial pollution and partially even a distinct endotoxin analysis, numbered as 

endotoxin units (E.U.). In contrast to that, the ISO standard uses a spectroscopic value that 

non-specifically detects organic and potentially viable impurities. For the highest water 

qualities, the individual pollution with heavy metals is not resolved to actual concentrations but 

condensed to non-specific sum parameters such as conductivity or the evaporation residue. 

Dissolved and charged particles contribute to the measurable conductance by their individual 

concentration, charge and ion mobility in the water, and thus form a macroscopically 

measurable sum parameter for the mineral content. The ‘evaporation residue’ can be 

understood as a conceptually related parameter for the mineral content of pharmaceutical 

water of the respective quality, which (here deliberately neglecting many other constituents 

such as dissolved organic compounds) already hints at the conventional treatment method for 

this type of water. 

Historically, the thermal treatment of water by (sometimes multiple) distillation was the favored 

method of simultaneous purification and water disinfection. However, due to the high heat 

capacity of water, distillation is an energy- and cost-intensive form of hygienic treatment, 

especially on an industrial scale. As a result, alternative preparation processes for ultrapure 

water were developed and have proven effective, involving cold-acting, mostly oxidative 

disinfectants [15–17]. Such cold-produced and stored ultrapure water has to be adequately 

protected against contamination to counteract the formation and growth of bacteria and 

biofilms. The latter impurity poses a particular risk to the water quality as it consists of a 

resistant form of accumulated microorganisms and their metabolites [18–21]. 

A distinction is often made between passive and active measures to protect such UPW storage 

systems against contamination, with the passive one being taken as a discontinuous measure 

[10]. After the use of suitable disinfectant chemicals, residuals are rinsed out before the 

production of ultrapure water can be resumed. As an alternative, active measures protect 

against microbial contamination and are installed and planned as a routine measure. The aim 

is to achieve a permanent and reliable reduction in microbial growth and the removal of other 

organic impurities.  
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Potential oxidants that may serve as cleaning agents are listed in Table 1-2 below. 

Table 1-2. Commonly used oxidants and their respective standard electrode potentials in aqueous medium. Values 

taken from [22,23]. The figure to the right visualizes the potentials of all reactions. Suitable oxidants for the UPW 

preparation are only comprised of hydrogen and oxygen and are highlighted in red.  

Oxidizer Reduction reaction E0 / V 

 

Fluorine 𝐹2(𝑔) + 2𝐻
+ + 2𝑒− → 2𝐻𝐹 

𝐹2(𝑔) + 2𝑒
− → 2𝐹− 

3.05 

Hydroxyl radical · 𝑂𝐻 + 𝐻+ + 𝑒− → 𝐻2𝑂 2.73 

Sulfate radical anion 𝑆𝑂4
•− + 𝑒− → 𝑆𝑂4

2− 2.60 

Ferrate 𝐹𝑒𝑂4
2− + 8𝐻+ + 3𝑒− →  𝐹𝑒3+ + 4𝐻2𝑂 2.20 

Ozone 𝑂3(𝑔) + 2𝐻
+ + 𝑒− → 𝑂2(𝑔) + 𝐻2𝑂 2.08 

Peroxodisulfate 𝑆2𝑂8
2− + 2𝐻+ → 2𝑆𝑂4

2− 2.01 

Hydrogen peroxide 𝐻2𝑂2 + 2𝐻
+ + 2𝑒− → 2𝐻2𝑂 1.76 

Permanganate (a) 𝑀𝑛𝑂4
− + 4𝐻+ + 3𝑒− → 𝑀𝑛𝑂2(𝑠) + 2𝐻2𝑂 1.67 

Hydroperoxyl radical (a) 𝐻𝑂2
• + 3𝐻+ + 3𝑒− → 2𝐻2𝑂 1.65 

Permanganate (b) 𝑀𝑛𝑂4
− + 8𝐻+ + 5𝑒− → 𝑀𝑛2+ + 4𝐻2𝑂 1.51 

Hydroperoxyl radical (b) 𝐻𝑂2
• + 𝐻+ + 𝑒− → 𝐻2𝑂2 1.44 

Dichromate 𝐶𝑟2𝑂7
2− + 14𝐻+ + 6𝑒− → 2𝐶𝑟3 + 7𝐻2𝑂 1.36 

Chlorine 𝐶𝑙2(𝑔) + 2𝑒
− → 2𝐶𝑙− 1.36 

Manganese dioxide 𝑀𝑛𝑂2 + 4𝐻
+ + 4𝑒− → 𝑀𝑛2+ + 2𝐻2𝑂 1.23 

Oxygen 𝑂2(𝑔) + 4𝐻
+ + 4𝑒− → 2𝐻2𝑂 1.23 

Bromine 𝐵𝑟2(𝑙) + 2𝑒
− → 2𝐵𝑟− 1.07 

 

Oxidative processes are often used to reduce a possible organic or microbial pollution by an 

attempted mineralization. Consequently, remaining hydrocarbons are anticipated to be fully 

converted to water and carbon dioxide molecules.  

By means of ozonation, unsaturated compounds react with the ozone molecule (Criegee’s 

reaction) and form a molozonide (primary ozonide) intermediate, leading to a carbonyl and 

carbonyl oxide [24,25], as indicated in Fig. 1-1.  

 

Fig. 1-1. Reaction pathway of unsaturated compounds with ozone. In a 1+3 cycloaddition, the intermediate 

molozonide is formed. The subsequent retro 1+3 cycloaddition leads to carbonyl and the carbonyl oxide 

molecules (Criegee intermediates). Own drawing, adapted from [24]. 
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The carbonyl oxide molecule can subsequently undergo reactions in a broad variety of different 

reaction pathways [26]. 

The oxidation potential is often used to characterize the oxidative capability of these partially 

radical and short-lived compounds. The selection in Table 1-2 shows that many of the oxidative 

compounds with a high reduction potential (= high oxidation potential towards other 

compounds) are either not intended for use in the treatment of ultrapure or drinking water – 

due to the presence of heavy metals and other heteroatoms besides oxygen – or are of little 

technical use due to their short-lived nature. For instance, hydroxyl radicals (·OH) show a 

lifespan in the range of nanoseconds [27] which makes it necessary to locally produce them 

in situ by means of e.g. Fenton’s reaction [28,29] (Eq. 1). 

𝐹𝑒2+ +𝐻2𝑂2 → Fe
3+ + 𝑂𝐻− + · 𝑂𝐻 Eq. 1  

 

The high standard potential for ·OH (E0 = 2.73 V) is due to the way standard potentials are 

obtained, i.e. a concentration of 1 mol/L, a temperature of 298.15 K and 1013.25 mbar 

pressure [30] and allows for a relative comparison. However, on boron-doped diamond 

electrodes at high current densities, the steady-state concentration for electro-generated ·OH 

is only in the range of 10-5 mol / L [31]. With this adjustment, the Nernst equation yields a 

potential of 2.4 V, which is similar to the standard potential obtained from thermodynamic data 

for ·OH formation of 2.38 V [32]. 

In the application of ultrapure water treatment and storage, some of the stable chemical 

compounds are often not compatible with the requirements specified in the pharmacopoeias. 

The most obvious reason is using unsuitable compounds that would be detected via the 

resulting conductivity of the water. Consequently, oxidizing agents purely based on hydrogen 

and oxygen are favored. Ozone (O3) is an effective disinfectant of increasing importance, as it 

combines a high oxidizing power with a technical feasibility. 
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1.2 Ozone in ultrapure water production 

Dissolved ozone is particularly suitable and interesting as an oxidizing agent as it is an unstable 

compound despite mesomeric stabilization. Depending on the conditions, ozone as the 

triatomic allotrope of oxygen can decompose into the diatomic molecule. While a half-life of 

72 h is found for gaseous ozone, the half-lives in the aqueous phase at pH of approx. 7 are 

reported to be in a range of 10 to 60 minutes [33]. This pH range is of particular relevance for 

ultrapure water treatment, as the absence of impeding impurities is required in this 

environment. 

In contrast to neutral media, a significant extension of the half-life up to 8 hours can be 

achieved in acidic media at pH 2 [34]. On the other hand, an alkaline environment leads to a 

significant reduction in the half-life (100 ms at pH 12 [35]), which provides an indication of the 

reaction mechanism underlying ozone decomposition and – in a subsequent approach – can 

be well described via the peroxone process [36–38]: 

𝐻2𝑂 ⇌ 𝐻
+ + 𝑂𝐻− Eq. 2  

𝐻2𝑂2 ⇌ 𝐻
+ +𝐻𝑂2

− Eq. 3  

𝑂3 + 𝑂𝐻
− → 𝑂2 +𝐻𝑂2

− Eq. 4 Chain initiation 

𝑂3 +𝐻𝑂2
− → 𝑂3

•− +𝐻𝑂2
•− Eq. 5 

𝐻𝑂2
• ⇌ 𝑂2

•− +𝐻+ Eq. 6 Chain reaction 

𝑂2
•− + 𝑂3 → 𝑂3

•− +𝑂2 Eq. 7 

𝑂3
•− + 𝐻+ ⇌ 𝐻𝑂3

• Eq. 8 

𝐻𝑂3
• → · 𝑂𝐻 + 𝑂2 Eq. 9 

𝑂3
•− + · 𝑂𝐻 → 𝑂3 + 𝑂𝐻

− Eq. 10 

 

It has to be noted that the initiation reaction of ozone with 𝑂𝐻− (Eq. 2) obscures that other 

adducts known from the literature may occur [37,39–41]: 

𝑂3 +𝑂𝐻
− → 𝐻𝑂4

− Eq. 11  

𝑂3 +· 𝑂𝐻 → 𝐻𝑂4
• Eq. 12 

𝐻𝑂4
− ⇌ 𝐻𝑂2

• + 𝑂2
•− Eq. 13  

𝐻𝑂4
− → 𝐻𝑂2

• + O2 Eq. 14  

 𝐻𝑂2
• +𝑂2

•− ⇌ 𝐻𝑂2
− +𝑂2 Eq. 15  

𝑂𝐻• +· 𝑂𝐻 → 𝐻2𝑂2 Eq. 16  

𝐻𝑂4
• +𝐻𝑂4

• → 2 𝑂3 +𝐻2𝑂2 Eq. 17  

 

From Eq. 2 it can be easily seen that the pH value and thus the concentration of hydroxide 

ions is the main cause for the decomposition reaction of ozone and thus also for the observed 
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periods of stability in aqueous phase. In an ideal ultrapure water (and therefore the absence 

of impurities) the concentration of hydroxide ions is limited to autoprotolysis.  

By adding hydrogen peroxide, its subsequent deprotonation (Eq. 3) can also specifically initiate 

the chain reaction by means of the well-known peroxone process (Fig. 1-2). 

 

Fig. 1-2. Non-exhaustive scheme of ozone decay caused by hydroxide ions (𝑂𝐻−) and hydroperoxide ions (𝐻𝑂2
−) 

according to [36,42–45]. Diatomic oxygen and hydrogen peroxide can be identified as the main degradation by-

products resulting from ozone decay.  

As a result of the chain reaction, a large number of radical intermediates is formed, which 

eventually react to diatomic oxygen. ·OH is also formed as an intermediate, which can interact 

as a potent reactive oxygen species (ROS) with organic pollutants itself or – during the reaction 

termination (Eq. 16) – take part in reactions forming hydrogen peroxide. 

With 70 M-1 s-1, the rate constant of the reaction of 𝑂3 with 𝑂𝐻− (Eq. 2) is considerably lower 

than for the reaction with 𝐻𝑂2
− (Eq. 3, k = 2.8 106 M-1 s-1) [45], which is why the reaction with 

hydrogen peroxide is primarily used as a deliberate in situ generation of hydroxyl radicals and 

therefore ozone is not necessarily used as the intended oxidant, but rather as a reactant. When 

not ozone itself acts as the oxidizing molecule (direct ozonation), but a decomposition product 

of ozone, this is referred to as indirect ozonation. 
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1.3 Ozone production for ultrapure water production and storage 

Two different methods have been established for the production of ozone as an oxidizing and 

disinfecting agent, particularly for ultrapure water applications. One well-known method is 

silent electrical discharge. In this process, oxygen or an oxygen-containing gas such as air is 

passed between two electrodes, with at least one of the electrodes being covered by a 

dielectric [46,47] (Fig. 1-3). 

 

Fig. 1-3. Schematic structure and function of an ozone generator based on the principle of silent electrical 

discharge (own drawing, adapted from [48]). 

 

Applying a high-frequency voltage source enables charge exchange by means of 

microdischarge channels. In a simplified model, the temporarily high density of electrons in the 

discharge gap between the electrodes ensures the initial reaction with oxygen, which 

subsequently leads to the formation of ozone [49–51]: 

𝑂2 + 𝑒
− → 2𝑂 + 𝑒− Eq. 18 

𝑂 + 𝑂2 +𝑀 → 𝑂3
∗ +𝑀 → 𝑂3 +𝑀 Eq. 19 

𝑂3
∗ + 𝑂 → 2𝑂2 Eq. 20 

2𝑂 +𝑀 → 𝑂2 +𝑀 Eq. 21 

𝑂3 + 𝑂 → 2𝑂2 Eq. 22 

𝑀 = assisting collision partner: 𝑂, 𝑂2, 𝑂3, electrode walls  

 

In the high-frequency field, molecular oxygen dissociates into oxygen atoms (Eq. 18), which 

can subsequently react with another oxygen molecule and a suitable impact partner to form 

ozone (Eq. 19), which is the actual formation reaction of ozone. In this part of the reaction the 

generated and excited 𝑂3
∗ molecule is subjected to energetic stabilization. This energy is 

absorbed by the 𝑀 molecule and releases heat into the system which is the main cause for 

the introduction of a cooling system. However, atomic oxygen is also able to decompose 

existing ozone molecules into diatomic oxygen molecules (Eq. 20) without the assistance of 
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another collision partner, consequently reducing the ozone yield. Single oxygen atoms can 

react with a collision partner to eventually form diatomic oxygen (Eq. 21) and may not proceed 

to any further reactions with diatomic oxygen to form ozone. Hence, when operating the ozone 

generator, excessive formation of dissociated oxygen molecules needs to be avoided in order 

to reach a satisfactory ozone yield (Eq. 22). 

In the presence of other gas molecules apart from oxygen, decomposition reactions occur in a 

similar way, especially when using pressurized, ambient air containing only 21% oxygen and 

78% nitrogen. The reaction sequence leads to the formation of nitrogenous by-products such 

as nitrous oxide (𝑁2𝑂) and nitrogen monoxide (𝑁𝑂), where the latter can be oxidized to even 

higher oxidation levels in the presence of ozone and oxygen atoms [49,52].  

Ozone production by means of silent electrical discharge is the most common method for 

synthesizing sufficient quantities of ozone with relatively low energy input (9 – 20 kWh kg-1 O3 

[53], compared to 40 – 80 kWh kg-1 electrolytically produced O3 [54]). Depending on the type 

of supplied gas flow, weight percentages between 3 % (based on conventional compressed 

air) and 18% (based on pure oxygen) can be achieved in the exhaust air flow [46]. 

In the presence of air humidity or by introducing the exhaust gases containing ozone and 

nitrous compounds into water, acidic compounds such as nitrous and nitric acid are formed. 

To avoid these acidic compounds, ozone generation for ultrapure water disinfection by means 

of silent electrical discharge should only be considered, when an oxygen generator (i.e. based 

on pressure swing adsorption [55]) is implemented as part of the system. 
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1.4 Electrolytic ozone production for ultrapure water production and storage 

The second method to produce ozone as an oxidizing and disinfecting agent is the electrolytic 

ozone generation, which can be adopted to provide ozone in situ from the process water itself. 

In this application of water electrolysis, the anodic oxygen evolution reaction (OER) (Eq. 23) is 

accompanied by the electrochemical ozone production (EOP), which occurs in considerable 

quantities (Eq. 24)  [42,56,57]. 

2𝐻2𝑂 → 𝑂2 + 4𝐻
+ + 4𝑒− 𝐸0 = + 1.23 𝑉 Eq. 23 

3𝐻2𝑂 → 𝑂3 + 6𝐻
+ + 6𝑒− 𝐸0 = +1.51 𝑉 Eq. 24 

2𝐻+ + 𝑒− → 𝐻2 𝐸0 = 0.0 𝑉 Eq. 25 

 

The formation of diatomic oxygen is favored over the formation of ozone at the anode. Using 

a catalytic material that provides a sufficient overvoltage for oxygen generation therefore has 

an essential effect on ozone generation [58]. Another advantageous property of a suitable 

anode material providing a high electrical conductivity is chemical resistance to the in situ 

generated oxidizers and the resulting 𝐻+ concentration (locally acting as acid). This can be 

achieved by the production of thin catalytic layers where an anode material is applied onto a 

suitable and partially porous carrier material as a dimensionally stable anode (DSA) in order 

to create a large electrochemical active surface. In this setup the electrode material will not be 

consumed as a bulk material. (Fig. 1-4). 

 

Fig. 1-4. (a) Computed tomography of a dimensionally stable anode (DSA) intended for ozone evolution (diameter 

approx. 5.2 mm) with a porous structure, isometric view. (b) Computed tomography of the DSA assembled to a 

functional with a porous cathode, cross section. 
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Suitable and widely discussed anode materials that were identified in the literature are platinum 

[58–60], PbO2 ([9,16,68,58,61–67], boron-doped diamond electrodes (BDD) [31,69–74] and 

modified SnO2 [58,75,76]. Platinum was primarily used as an ozone-evolving anode material 

due to its high overvoltage for oxygen until the early 1980s, when significantly higher current 

efficiencies of BDD and modified SnO2 were documented [54]. The current efficiency (Faradaic 

efficiency) describes the yield of the electrochemically formed target compound. For 

electrolysis with the intention of ozone production, this equals the ratio of all charges that have 

contributed to the formation of ozone molecules 𝑄𝑡𝑎𝑟𝑔𝑒𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 in relation to the total charge 

that has passed (Eq. 26).  

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑄𝑡𝑎𝑟𝑔𝑒𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

𝑄𝑡𝑜𝑡𝑎𝑙
 

Eq. 26 

 

Since the amount of flowed charge is proportional to the amount of substance produced 

(Faraday’s Law Eq. 27, with 𝐹 =  96485 𝑚𝑜𝑙/𝐶, C = Coulomb), the current efficiency for the 

electrolytic production of ozone from the 𝑧 = 6 electron process (Eq. 24) can also be described 

directly by the current I and experimental time (Eq. 28 and 29). 

𝑄𝑡𝑎𝑟𝑔𝑒𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = 𝑛 ∗ 𝑧 ∗ 𝐹 Eq. 27 

𝑄𝑡𝑜𝑡𝑎𝑙 = 𝐼 ∗ 𝑡 Eq. 28 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑛(𝑂3) ∗ 6 ∗ 𝐹

𝐼 ∗ 𝑡
 

Eq. 29 

 

Whereas only current efficiencies of 0.5 % were observed for platinum [58] at room 

temperature, significantly higher values of up to 21 % were observed for PbO2 [61,62] and 

even up to 30 % for BDD electrodes [77]. The degree of doping with boron during production 

plays a particularly important role, as this can reduce the resistance of the usually insulating 

substrate from 1014 Ω 𝑐𝑚  down to 10-3 Ω cm (1020 B cm-3 = molar ratio boron to carbon 

0.1 - 5.0 %) [77–80]. However, the high boron content is known to result in high mechanical 

stresses in the diamond matrix, which can lead to weakening on the electrode substrate and 

significantly reduce lifetime due to spalling. Similar to the other materials, SnO2 as an anode 

material also shows high current yields in mineral acids, which can be increased to up to 36% 

by doping with antimony and cobalt [58,76,81]. However, as the materials were not stable over 

time and disintegrated, their use in ultrapure water is not considered. 

Currently, PbO2 is the favored anode material in electrochemical ozone generators. In addition 

to its comparatively simple production and high chemical stability, this material provides both 

a high electrical conductivity and overvoltage for oxygen, making it suitable as a catalyst 
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[82,83]. A distinction is made between the orthorhombic α-PbO2 and the tetragonal β-PbO2 

(Fig. 1-5). 

In the α-phase, PbO2 crystallizes in an orthorhombic structure and has a significantly lower 

current yield for ozone production than the β-phase with its rutile structure [58]. Subsequently, 

in order to obtain the preferred β-PbO2, synthesis parameters are specifically varied during 

electrochemical deposition from acidic solution [83,84]. To optimize adhesion to an electrode 

substrate and thus ensure long-term ozone production, certain dopants such as fluoride anions 

or Fe3+ can be used during synthesis of the lead dioxide layer [85].  

 

Fig. 1-5. Crystal structures of the ozone-generating PbO2 phases visualized with VESTA [86]. (a) The α-phase of 

PbO2 (Scrutinyit, COD 9009091 [87]) crystallizes in the orthorhombic system (space group Pbcn) with the lattice 

parameters a = 4.97 Å, b = 5.95 Å, c = 5.50 Å, Z = 4. (b) β-PbO2 (Plattnerite, COD 9014175 [88]) crystallizes in the 

tetragonal lattice (space group P42/mnm) with the lattice parameters a = 4.91 Å, c = 3.38 Å, Z = 2. 

Electrochemical ozone production on PbO2 surface takes place according to the following, 

reaction scheme [43,63,64,89] (Eq. 30 - 38). 

𝑂2 +𝑂 → 𝑂3 Eq. 30 

(𝐻2𝑂)𝑎𝑑𝑠 → (· 𝑂𝐻)𝑎𝑑𝑠 +𝐻
+ + 𝑒− Eq. 31 

(· 𝑂𝐻)𝑎𝑑𝑠 → (𝑂)𝑎𝑑𝑠 + 𝐻
+ + 𝑒− Eq. 32 

(𝑂)𝑎𝑑𝑠 → [1 − 𝜃](𝑂)𝑎𝑑𝑠 + 𝜃(𝑂)𝑎𝑑𝑠
∗ , (0 < θ < 1) Eq. 33 

[1 − 𝜃](2𝑂)𝑎𝑑𝑠 → [1 − 𝜃](𝑂2)𝑎𝑑𝑠 Eq. 34 

[1 − 𝜃](𝑂2)𝑎𝑑𝑠 → [1 − 𝛽][1 − 𝜃](𝑂2)𝑎𝑑𝑠 + 𝛽[1 − 𝜃](𝑂2)𝑎𝑑𝑠
∗ , (0 < β < 1) Eq. 35 

[1 − 𝛽][1 − 𝜃](𝑂2)𝑎𝑑𝑠 → 𝑂2 Eq. 36 

𝜃(𝑂)𝑎𝑑𝑠
∗ + 𝛽[1 − 𝜃](𝑂2)𝑎𝑑𝑠

∗ → [𝜃 + 𝛽(1 − 𝜃)](𝑂3)𝑎𝑑𝑠 Eq. 37 

[𝜃 + 𝛽(1 − 𝜃)](𝑂3)𝑎𝑑𝑠 → 𝑂3 Eq. 38 
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In a first, rate-determining step, water adsorption occurs on the surface of the catalytic β-PbO2 

layer and leads to the subsequent formation of adsorbed hydroxyl radicals (Eq. 31), which are 

further oxidized to adsorbed oxygen atoms (Eq. 32). A certain proportion θ of these 

intermediately adsorbed oxygen atoms participate in the reaction to form ozone (Eq. 33), while 

the remaining proportion (1 - θ) initially reacts further to form diatomic oxygen (Eq. 34). Again, 

a proportion β (Eq. 35) is involved in the ozone formation reaction (Eq. 30), while the remaining 

proportion (1 – β) desorbs from the surface as O2, being an electrochemical by-product (Eq. 

36). Sequentially, θ and β represent the proportions of the reactants from Eq. 30 to Eq. 37 and 

can desorb from the electrode surface as O3 molecule (Eq. 38) in order to act as the intended 

disinfectant in water. 

As the cathodic reaction (Eq. 25) occurs equivalently during EOP, hydrogen is formed in 

addition to the anodic formation of oxygen or ozone. However, potentially pressurized mixtures 

of oxygen and hydrogen may pose a massive safety risk as oxyhydrogen gas in piping 

systems, the use of undivided electrolysis cells for the purpose of ultrapure water disinfection 

by means of ozone should be suspended. A constructive approach is to use electrolysis cells 

with a spatial, gas-tight separation of the anolytic and catholytic compartments by introducing 

a solid electrolyte [90]. For this, a stack of an anode, polymer electrolyte membrane (PEM) and 

a cathode in a zero-gap arrangement, also known as a membrane electrode assembly (MEA), 

is particularly efficient (Fig. 1-6). 

 

Fig. 1-6. Schematic diagram of a PEM water electrolyzer for ozone production. The polymer electrolyte membrane 

(PEM) separates the anodic compartment from the cathodic compartment but allows protons to pass as charge 

carriers. EOP and OER occur on the anode during water electrolysis, while hydrogen is produced on the cathode. 

Water reaches the catalytic PbO2 surface through the porous DSA structure and gaseous products are reliably 

removed. 



14 

 

A PEM can be interpreted as a polymer electrolyte membrane, indicating its structural 

composition, or as a proton exchange membrane, which emphasizes its function as a cation 

exchanger. Usually, the components of a PEM are based on materials such as 

polytetrafluoroethylene (PTFE) or polyether ether ketone (PEEK), which are modified to cation 

exchangers by a targeted functionalization with sulfonic acid groups (e.g. sulfonated PEEK = 

SPEEK) [91–93]. Widespread, and to some extend used as a reference PEM in this study, 

perfluorinated and sulfonic acid derivatized compounds are available under the trade name 

Nafion™. The products differ in terms of varying material thicknesses and equivalence 

weights, which is the molar mass per functional sulphonic acid group. Low equivalent weights 

are therefore associated with a higher density of functional groups and result in a more efficient 

ion exchanger (Fig 1-7). 

 

 

Fig. 1-7. Chemical structure of Nafion™ for equivalent weight of 1100 g/mol, as used in Nafion™ 117  [93–95]. 

 

Nafion™ forms a characteristic channel-pore structure that serves as ion channels through 

which protons as charge carriers can be transported by various mechanisms. These 

mechanisms strongly depend on the degree of hydration of the ionomer [96,97]. This allows 

for the construction of spatially separated electrolysis cells [98] that use functionalized anodes 

while the hydrogen is safely produced in a spatially separated compartment.  
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Therefore, this design has become established as the favored technology for the in situ 

production of disinfectants and is nowadays available as standard for cold-stored ultrapure 

water in commercially products (Fig. 1-8). 

 

Fig. 1-8. Schematic example of a production plant for ultrapure water production with cold storage of the process 

water according to the specifications of the International Society for Pharmaceutical Engineering (ISPE) [99].  

In the UPW production plant, the feed water for ozone production is obtained from treatment 

and ‘polishing’ methods such as reverse osmosis, ion exchangers and electro-deionization 

[16,100,101], before reaching the ozone generator. The freshly ozonized water is subsequently 

fed into a storage tank and stored with a desirably constant concentration of dissolved ozone. 

A catalytic ozone destructor [102] is usually mounted on top of the water storage tank to 

prevent leakage of gaseous ozone arising from the non-sealed system due to rising and falling 

tank filling levels and thus varying gas volumes above the water surface. When a batch of 

water is needed for a subsequent process, the stored water is run through a UV reactor and 

dissolved ozone is removed photolytically (Eq. 39 and 40), eventually participating in the ozone 

decay circle (Fig. 1-2) [103,104]. 

𝑂3
ℎ∙𝜈
→ 𝑂2 + 𝑂 Eq. 39 

𝑂 + 𝑂3 → 2𝑂2 Eq. 40 

 

Surplus de-ozonized process water, which is not used up by subsequent users in the process, 

is re-routed to the feed water loop and re-supplied into the ozonation process. 
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1.5 Ozone detection in the context of process analysis 

During cold ultrapure water storage, a permanently low but constant ozone concentration of 

20 to 50 µg L-1 is aimed for to ensure sterility in the process water shortly before use [10,15]. 

Therefore, accurate information about the amount of dissolved ozone or other reactive oxygen 

species in the process water is needed. The ultrapure water loop is ideally located in a closed 

circuit for safe storage, which provides several options for determining the actual analyte 

concentrations in the context of process analytical chemistry [105] (Fig. 1-9). In-line 

measurement allows for the determination of the ozone concentration directly from the main 

flow of the process. On-line measurements are often applied when e.g. flow velocities influence 

the analysis method/technology. Is a detection reagent used to determine the ozone 

concentration, a certain amount of water has to be collected from the tank and analyzed 

outside the plant to prevent contamination of the process medium. Depending on the scope 

and duration of the analysis or the stability of the sample, the analysis can then be carried out 

directly at the plant (at-line) or taken to another analysis site (off-line), i.e. for analyses requiring 

special equipment. Usually, in-line or on-line analyses are preferred as they allow a real-time 

integration into the control technology. 

 

Fig. 1-9: Schematic representation of different forms of process analysis using the example of the determination of 

ozone for cold ultrapure water storage. 

 

In the field of in- or on-line process analysis for ozone detection, commercial amperometric 

detectors are available. There, detectors register the electric current during the electrochemical 

reduction of ozone (Eq. 41) under mass transfer [106–108]. 

𝑂3 + 2𝐻
+ + 2𝑒− → 𝑂3 +𝐻2𝑂 Eq. 41 
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This technique usually works with a 3-electrode setup (Fig. 1-10 (a)), in which the working and 

counter electrodes are made of gold or platinum as the active surface and are measured 

against a suitable Ag/AgCl or Hg2Cl2 (calomel) electrode as a reference electrode. 

  

Fig. 1-10. (a) Schematic drawing of an electrochemical three-electrode setup consisting of a working electrode, 

counter electrode and a reference immersed in an electrolyte. (b) Schematic drawing of a simplified setup for 

potentiometric measurements, consisting of a reference and indicator electrode immersed in the analyte-

containing solution. 

At a fixed potential between the working and counter electrode, the current is measured and 

is correlated with the reduction of the ozone concentration in the process water. Masking the 

gold surface with a thin layer of a polymer electrolyte such as Nafion™ leads to a low detection 

limit of ozone in the range below 1 µg L-1, which is also relevant for the intended application 

with expected concentrations of up to 50 µg L-1 [108–110]. A sensitive sensor response for 

ozone is achieved, while only a low cross-sensitivity with oxygen and other oxidizers such as 

hypochlorous acid (HClO) or hydrogen peroxide is observed. However, high costs are 

associated with such systems and are a disadvantage for their widespread use at strategically 

favorable measuring points in the ultrapure water production cycle. As a result, only a single 

measuring point is typically provided in complex systems to record and utilize the ozone 

concentration for the control technology. 

Potentiometric sensors are often more affordable alternatives which are based on a different 

measuring principle (Fig. 1-10 (b)). To determine the content of a dissolved analyte, the cell 

voltage is measured in equilibrium against a reference electrode whose potential must be 

sufficiently independent of the sample composition [111,112]. 
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A spatial separation using a solid electrolyte may allow the reference electrode to be separated 

from the analyte-containing solution and placed in a controlled environment. Most electrode 

materials have no inherent selectivity towards a particular reactant, which is why ion-selective 

electrodes feature a masked indicator electrode e.g. with a membrane that is permeable or at 

least interactable for the ion of interest [113]. With ozone as the only relevant analyte in 

ultrapure water systems, it is therefore not the reversible interaction of O3 molecules with the 

electrode surface that can be expected, but rather a reversible charge transfer by interaction 

with the electrode. This makes redox sensors in form of ORP (oxidation-reduction potential) 

electrodes particularly interesting for describing the dissolved ozone concentration present – 

provided that other reactive oxygen species or impurities (i.e. reductants) can be excluded that 

unfavorably influence the oxidative state of the water [114].  

 

Occasionally, UV photometric methods of the quantification of dissolved and gaseous ozone 

within the process water are applied and can be described by the Beer-Lambert law (Eq.42). 

𝐴 = log (
𝐼0
𝐼
) =  𝜀 ∙ 𝑙 ∙ 𝑐 

Eq. 42 

In this equation, A is the absorbance, ε  the molar attenuation coefficient or absorptivity of the 

attenuating species (e.g. ozone in the aqueous phase), 𝑙 is the optical path length and 𝑐 

the molar concentration of the attenuating species. 

The different absorptivities of ozone (𝜀𝑂3,𝑔𝑎𝑠𝑒𝑜𝑢𝑠 = 3024 𝑐𝑚
−1 𝑚𝑜𝑙−1𝐿 𝑎𝑡 253.7 𝑛𝑚 𝑣𝑠.   

𝜀𝑂3,𝑎𝑞𝑢𝑒𝑜𝑢𝑠 = 2900 𝑐𝑚
−1𝑚𝑜𝑙−1𝐿  𝑎𝑡 258 𝑛𝑚) allow for a simultaneous, differentiated and 

comprehensive assessment of the ozone concentration in both gaseous and aqueous state. 

This analysis can be performed by stripping the ozone out of the water into the gaseous phase 

[115], separating dissolved and gaseous ozone [61] or the application of high pressure [62] 

which assumes to quantitatively force gaseous ozone into the aqueous phase. Stripping 

approaches are not common as in- or on-line analysis methods in UPW production plants due 

to the potential danger of contamination and changes in pressure. When ozone bubbles are 

expected due to process control, a mixed signal composed of two different absorption 

measurements would be obtained and obscures the real ozone content. Systems that no 

longer measure the water within the main process but use water that is being discarded from 

the system can be considered integrated at-line analysis methods. These systems usually 

carry out known photometric detection methods by dosing suitable reagents in a partially or 

fully automated manner. 

  

https://en.wikipedia.org/wiki/Absorbance
https://en.wikipedia.org/wiki/Molar_attenuation_coefficient
https://en.wikipedia.org/wiki/Molar_absorptivity
https://en.wikipedia.org/wiki/Molar_concentration
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In reference analysis, a variety of detection methods have been developed for the 

determination of dissolved ozone and often incorporate a spectroscopically convenient 

reaction partner that is colored (Fig. 1-11 (a)) or decolored (Fig. 1-11 (b)) [116–118] over the 

analytical course. 

 

Fig. 1-11. (a) Reaction scheme of N,N-diethyl-p-phenylenediamine (DPD) in the presence of an oxidizing agent 

such as ozone. Following a one-electron oxidation, a DPD+ cation is formed which exhibits a characteristic 

magenta color. Eventually, this allows for a convenient photometric determination. (b) Reaction scheme of Indigo 

blue with ozone. Caused by the oxidation, a decolorization of the blue dye occurs. 

 

Well-known representatives of these are established staining assays such as the DPD (N,N-

diethyl-p-phenylenediamine) assay [118–123]. The methods allow for a sensitive detection of 

dissolved ozone and therefore have found their way into norms and standards for reference 

analyses [124]. However, these detection methods are not necessarily free of interference, as 

other oxidants such as chlorine species and other reactive oxygen species react in the same 

manner with these reagents and would therefore additionally be detected. Hence, other 

oxidants should be systematically excluded. Due to their limited time stability of only a few 

minutes, these detection methods for reactive oxygen species are more suitable in principle 

for at-line than off-line analysis. 
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1.6 Objectives 

The previous sections led from the question of the treatment of drinking and ultrapure water to 

the electrochemical production of reactive oxygen species, in particular ozone. Even though 

the in situ production of ozone is widespread in the application of ultrapure water production, 

a number of questions have arisen from the literature that need to be addressed in more detail. 

The focus of this work lies partially in the development of different analysis methods to 

determine reactive oxygen species (ROS). For this, firstly, the ROS evolving during electrolysis 

on PbO2 anodes need to be characterized more thoroughly, as many ROS are involved in the 

process of electrochemical ozone generation. Consequently, the production rates of hydroxyl 

radicals, ozone and hydrogen peroxide are acquired as a function of different current densities 

and even organic content of the process water. Common spectroscopic detection assays for 

different ROS are known to partially interfere with each other, yet a comprehensive 

assessment of cross-sensitivities is missing and needs to be resolved for the aforementioned 

species. Furthermore, the production of hydrogen peroxide as an ozone-decomposing 

compound in the context of the peroxone-process is evaluated as both oxidants contribute to 

a sanitization of ultrapure water. An evaluation is necessary as to how an ORP sensors may 

reliably serve as a monitoring device for the sanitization status of the water. 

A further aim of this study is to develop a potentiometric sensor for ozone quantification, in 

order to move from reliable but laborious at/off-line analyses to a more real-time on/in-line 

analysis, Low-cost potentiometric sensors for ozone quantification are rarely described in 

literature. As sensor materials based on Nafion™ as a substrate and noble metals as the 

indicator electrode (Ionic Polymer Metal Composites = IPMC) gained attention in a related 

context, the preparation of a sensitive yet robust sensor material upon this technique would be 

desirable. Unfortunately, the correlations between synthesis parameters and subsequent 

physico-chemical properties show a large vacancy in literature. The conditions that led to the 

most sensitive or most robust ozone sensing material may then be related to certain physico-

chemical properties of the sensor material. An analytical flaw in the sense of metal loading 

measurements of IPMCs are the either destructive or inaccurate ways of determination that 

need addressing. 

The final goal is the characterization of this PEM electrolyzer as a sanitization device in a non-

UPW environment, i.e. tap water. The presence of cations abundant in tap water can be 

expected to contribute to the electrolysis current and strongly influence the water composition 

by removing them from their originally anolytical compartment. It is therefore necessary to 

quantify the influence of different water qualities on the transport efficiencies of both protons 

and tap water cations. Operational conditions need to be identified that may amplify or 

suppress a potentially harmful crossover of charge carriers except the in situ produced protons. 
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As little is known about both short- or long-term operation of PEM electrolyzers in tap water, 

the operation of the electrolyzer is observed in a longer time frame to allow for a statement of 

its stability and perspective application.  
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1.7 Thesis 

 

Challenges in the determination of reactive oxygen species evolving during membrane 

water electrolysis for in situ ozone production (Chapter 2) 

In chapter 2, common photometric methods are evaluated and sequentially used for a 

differentiated analysis of reactive oxygen species evolving during the operation of a PEM 

electrolyzer. In this context, a particular emphasis is put on the consideration of the oxygen 

reduction potential and residual carbon content upon reactive oxygen species evolution. 

 

Evaluating Platinum-Based Ionic Polymer Metal Composites as Potentiometric 

Sensors for Dissolved Ozone in Ultrapure Water Systems (Chapter 3, Paper) 

Chapter 3 deals with the development of a platinum- and PEM-based sensor material for both 

a robust and sensitive detection of dissolved ozone in ultrapure water. Using a systematic 

approach and subsequent statistical evaluation, the synthesis conditions contributing to the 

desired physicochemical properties are identified. Additionally, a non-destructive computed 

tomography method is presented and evaluated for its suitability in Pt detection for the 

determination of noble metal loading. 

 

Operating an ozone-evolving PEM electrolyzer in tap water: A case study of water and 

ion transport (Chapter 4, Paper) 

Chapter 4 showcases the application of the PEM electrolyzer intended for ozone evolution in 

a tap water environment. The influence of different cation concentration (representing water 

hardness levels) on ion and water transport through the polymer electrolyte is modeled for 

different operational parameters. With this input, an optimized electrolyzer design can be 

presented that can help extend the lifetime of conventional setups. 

 

Discussion and Conclusion (Chapter 5) 

The obtained results from the previous chapters are thoroughly discussed with respect to the 

applicability of the PEM electrolyzer and its intended use in ultrapure and tap water. 

Furthermore, the results are debated in the light of the original objectives and the progress in 

literature they provide. 
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Chapter 2: Challenges in the determination of reactive oxygen 

species evolving during membrane water electrolysis for  

in situ ozone production 
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Abstract 

The treatment of ultrapure water with electrochemically produced ozone is a common means 

for disinfection yet leads to the formation of a variety of reactive oxygen species (ROS). The 

present study draws a comprehensive comparison between three commonly used photometric 

and fluorometric assays for ROS analysis and quantifies the individual signal responses for 

dissolved ozone (O3), hydroxyl radicals (·OH) and hydrogen peroxide (H2O2), respectively, to 

account for cross-sensitivities. By calibrating all combinations of assays and analytes in 

ultrapure water environments, we developed a quantification procedure to reliably determine 

the actual ROS composition for different operation conditions of a membrane water 

electrolyzer with PbO2 anodes down to concentrations of 0.97 µg L-1. While the ·OH formation 

rate can be described linearly over the observed current density range, substantial O3 evolution 

is only found for current densities of 0.75 A cm-2 and above (up to 3.7 µmol h-1 for J = 1.25 A 

cm-2). The formation of H2O2 is only observed when an organic carbon source is introduced 

into the solution. We further elucidate the interference of H2O2 with the reading of the oxidation-

reduction potential as a common water parameter and elaborate on its validity to describe the 

actual ROS composition. 
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2.1 Introduction 

Water supply lines are critical infrastructure elements that have to be kept free from 

pathogens and pollutants in order to provide access to potable or process water in suitable 

qualities for the intended applications. The necessity for their systematic sanitization becomes 

most obvious when considering cold-stored ultrapure water, e.g. for pharmaceutical purposes 

[11,12]. Typically, disinfection is achieved by adding oxidants at defined levels to the water 

feed to inactivate harmful microorganisms and remove contaminations effectively [125–127]. 

While potable water is still commonly treated with different chlorine species, the formation of 

potentially critical disinfection by-products has to be avoided and therefore ozone (O3) 

constitutes the preferred powerful oxidant (E0(O3/O2) = +2.07 V vs. SHE) for use in ultrapure 

water environments [10,128]. 

As the necessary amount of oxidant varies greatly depending on both the feed water quality 

and the required water conditions, it is desirable to adopt the introduction of ozone into the 

feed water in a defined manner. Since this unstable compound cannot be conveniently stored 

in gas cylinders, a frequently suggested approach for disinfection and continuous removal of 

residual organic compounds is based on the in situ formation of reactive oxidants (i.e. 

hydroxyl radicals (·OH) or ozone) by direct oxidation of water. As their evolution occurs at 

higher thermodynamic potentials than oxygen gas, there is a state of competition between 

the oxygen evolution reaction (OER) and e.g. the electrochemical ozone production (EOP) 

[56]. Therefore, the use of special electrocatalysts, such as boron-doped diamond (BDD) or 

β-PbO2 with a high overvoltage for oxygen evolution, is indispensible for an efficient anodic 

oxidation [31,67,68,129]. During this process water is split into both hydrogen gas and a 

mixture of O2 and O3 gasses by electrical energy using a thin, solid polymer electrolyte 

membrane (PEM) as an ionic conductor between the electrodes [97,130]. This favorable 

design does not depend on the electrical conductivity of the ultrapure water, which is often a 

limiting characteristic for electrolysis. 

The mechanism of the electrochemical ozone generation strongly depends on the selected 

catalyst material and involves the formation of ·OH as precursor species, which may be either 

strongly adsorbed for subsequent surface reactions (e.g. on β-PbO2) or weakly adsorbed and 

partially released (e.g. on BDD) [73,131]. Depending on the feed quality, not all ozone is 

immediately consumed during water treatment, with the remainder contributing to a systemic 

protection of stored ultrapure water due to a depot effect. 

The decomposition of ozone is a complex interaction of reactive oxygen species (ROS) with 

each other. Due to the short half-life of dissolved ozone (t1/2 ≈ 80 min in an ultrapure water 

setting [132]), it decays rapidly and can generate a large amount of hydroxyl radicals 
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[37,133,134], which are highly reactive (E0(·OH/H2O) = +2.73 V vs. SHE [23]) and enable 

further secondary oxidation reactions, especially with (organic) contaminants [31,135–137]. 

Although many involved intermediate species have a chemically instable character, by-

products such as H2O2 can be quantitatively determined, especially when they emerge during 

the ozonation of dissolved organic matter (DOM) [138–140]. However, as H2O2 is known to 

rapidly decompose ozone via the peroxone reaction [45], its accumulation in ultrapure water 

systems may impede the overall sanitization process due to its impact on the systemic 

protection. Because of this multi-step reaction cascade including many short-lived 

intermediates, there may be a variety of ROS present in solution, which contribute to the 

overall disinfection effect. An overview of evolving ROS in a PEM electrolyzer setup is given 

in Fig. 2-1, depicting a selection of the most prominent reactions within the ozone degradation 

cascade. 

 

 

Fig. 2-1. Scheme of the evolution of different ROS during PEM electrolysis on a β-PbO2 anode surface and 

subsequent decomposition of O3 in ultrapure water. The ozone evolution process (orange and yellow area) 

emphasizes the competition between OER and EOP, depending on the surface coverage of oxygen intermediates. 

The following, non-exhaustive decomposition cycle (blue area) integrates a broad variety of short-lived radicals, 

which can also lead to H2O2 as a stable oxidizing agent. Own drawing, adapted and combined according to [36,43–

45,56,64,89,138]. 

As a common and convenient technique to characterize the oxidative properties of water 

samples, the oxidation-reduction potential (ORP) allows for an estimation of the present 

disinfectant concentration [141,142]. However, in systems which inherently allow for the 

presence of more than one ROS, the ORP signal is a mere sum parameter and may 

camouflage inconsistent water quality levels due to varying ROS compositions [143]. Hence, 
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for applications demanding detailed information about the concentration of individual ROS, 

measuring the ORP signal cannot be the method of choice. 

In addition to the presence of electrochemically produced ozone, other ROS can emerge in 

aqueous solution and therefore pose a particular challenge for independent quantification 

[144,145]. Concerning dissolved ozone as the target analyte, sensor systems that enable 

measurements in a range of 0.5 to 200 µg L-1 [108,132,146] have been developed and proven 

reliable in automated process analytics. Simple colorimetric assays (based on dyes such as 

DPD or Indigo) are still commonly applied as convenient off-line analyses in laboratory and 

field trials and can detect O3 as low as 0.4 to 40 µg L-1 [117,118,120], but are known to also 

react with other oxidizing species [124,147,148]. As for ·OH, common quantification 

approaches involve rapid reactions of radical scavengers (e.g. terephthalic acid), followed by 

a subsequent analysis of the reaction products via chromatography [149,150], UV 

spectrometry [151,152], fluorescence [153–155] or even electron spin resonance [156]. For 

a selective determination of H2O2, a variety of colorimetric and electrochemical methods 

[157–159] can be used, including the most prominent titanyl sulfate assay [160]. 

While these advanced analytical methods ensure a highly selective and sensitive 

determination of ROS, they can only be applied in well-equipped laboratory settings. In 

contrast, it is common knowledge that quick routine analyses by colorimetric assays suffer 

from considerable cross-sensitivities when multiple ROS occur simultaneously, although 

these distortions have been insufficiently characterized. 

In this study we provide insight into the three most common colorimetric assays used for the 

quantification of the three most prominent reactive oxygen species evolving during the 

ozonation of water via electrolysis, namely ozone, hydroxyl radicals and hydrogen peroxide 

via DPD, TiOSO4 and terephthalic acid. With this approach, a stepwise procedure is 

presented to quantify the actual ROS composition with respect to cross-sensitivities between 

the evaluated assays. Following our findings, we provide a holistic view on the resulting 

oxidant composition for different operational conditions of a PEM electrolyzer setup with PbO2 

anodes intended for ozone evolution. Furthermore, we elaborate on linking the chemical 

information about the ROS composition from colorimetric assays with the analytical water 

parameters ORP and TOC (total organic carbon). 
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2.2 Materials and methods 

2.2.1 Experimental setup 

To investigate the evolution of ROS during the operation of a commercial PEM water 

electrolyzer, the setups depicted in Fig. 2-2 (similar to previously published studies [161,162]) 

were used for all experiments. Within a water reservoir, an Ozone-Micro-Cell (OMZ CH1) was 

installed as the ozone evolving unit, consisting of one PbO2-coated porous titanium anode 

and one porous stainless-steel cathode (all Innovatec Gerätetechnik GmbH, Rheinbach, 

Germany), and separated by a Nafion™ 117 membrane (Chemours®, Wilmington, Delaware, 

USA) as PEM material in a membrane-electrode assembly (MEA) setup. For experiments 

with “indirect” ozonation, the evolving gases were exhausted through a stainless-steel pipe 

into a separate ultrapure water reservoir to evaluate ozone evolution selectively without the 

presence of ROS generated by side-reactions. “ irect” ozonation refers to ultrapure water in 

the reaction vessel being treated electrochemically without mediation, which was selected for 

the investigation of ·OH and H2O2 evolution.  

 

Fig. 2-2. Scheme of the experimental setup for (a) “indirect” ozonation and (b) “direct” ozonation of water 

reservoirs. While the direct treatment allows for an immediate probing of the ozonated water, the indirect treatment 

requires the ozone gas to be transferred and introduced into a separate reaction vessel filled with ultrapure water 

via a stainless-steel pipe. (c) A detailed insight into the MEA arrangement and its porous electrodes is given using 

computed tomography imaging. 

Evolving oxidizing agents were investigated over 90 minutes of operation and current 

densities in a range from 0.25 to 1.25 A cm-2, referring to a geometric surface of 0.2 cm² for 

the anode. In order to simulate a typical stand-by operation, an additional level of 0.01 A cm-2 

(for anodic protection of the catalytically active PbO2 layer) was evaluated. All reported data 

for every experimental condition are mean values originating from three independent replicate 

runs. 

For certain experiments, isopropyl alcohol (denoted i-PrOH; Carl Roth, Karlsruhe, Germany) 

was added to the ultrapure water to achieve defined levels of dissolved organic matter, 

represented by the TOC value as a common analytical water parameter. In order to mitigate 
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effects caused by light or CO2 ingestion, these experiments were conducted under Argon 4.8 

gas purging (Westfalen AG, Münster, Germany) and UV protection.  

 

2.2.2 Analytical procedures 

For each of the three analytes, an individual assay is used to quantify concentrations and 

production rates, and additionally tested for cross-sensitivities. For this purpose, the assays 

were equally treated with defined concentrations of the other ROS under investigation, aiming 

to describe the signal response with suitable regression functions. The chosen analytical 

procedures yield observable concentrations for dissolved O3 and H2O2, however, only a 

cumulative value for scavenged ·OH can be obtained due to its extremely short-lived 

character (τ ≈ 10 µs) [163]. 

Determination of ozone was carried out using the DPD assay in accordance with DIN 38408-

3:2011-04, using DPD ((N,N)-diethyl-p-phenylenediamine; Fisher Scientific, Waltham, MA, 

USA), KIO3 (Merck, Berlington, MA, USA) as well as KI and Na2SO3 (both Carl Roth, 

Karlsruhe, Germany) [124].  

Hydroxyl radical formation was evaluated with a fluorometric method according to [154] using 

terephthalic acid (TA) (Alfa Aesar, Haverhill, MA, USA) and 2-hydroxyterephthalic acid (HTA) 

(Apollo Scientific, Bredbury, United Kingdom). HTA calibration solutions in the range from 

0.11 to 3.64 mg L-1 as well as analyte solutions were excited and the resulting fluorescence 

signal was used for characterization. Fluorescence spectra were processed with OriginPro 

2022 (OriginLab, Northhampton, MA, USA) by integration of the acquired fluorescence signal 

between λ = 340 nm and λ = 580 nm and background correction. For cross-sensitivity 

evaluation of the DPD assay, the amount of ·OH was adjusted using hydrogen peroxide and 

FeSO4 · 7 H2O (both Carl Roth, Karlsruhe, Germany) via Fenton reaction. 

The quantification of hydrogen peroxide was carried out based on DIN 38409-15:1987-06 

using a solution of titanyl sulfate in sulfuric acid (Merck, Berlington, MA, USA) in a 5 cm 

cuvette [164]. Calibration solutions were prepared ranging from 0.07 to 1.77 mg L-1. 

All chemicals were at least of analytical grade purity. 18.2 MΩ ultrapure water was provided 

for all experiments by a ELGA Purelab Flex (VWS, High Wycombe, UK) water purification 

system. Photometric determinations were performed on a DR3900 UV/VIS spectral 

photometer (Hach Lange, Loveland, C ,   A), with absorption measurements at λ = 510 nm 

for the     assay and at λ = 407 nm for the TiOSO4 assay. For fluorometric determinations, 

a custom setup was developed using SETi (Columbia, SC, United States) CUD1GF1A light 
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emitting diodes (λmax = 315 nm) and an Ocean Insight (Orlando, FL, United States) Ocean 

HDX spectrometer. A comprehensive overview of all applied assays for ROS determination 

in this study is given in Fig. 2-3. 

 

Fig. 2-3. Overview of the assays for ROS determination used in this study: (a) O3 determination via DPD assay. 

Ozone reacts with DPD in a one-electron transfer reaction, forming a radical DPD cation acting as a detectable 

dye. After 1 minute the absorption of the magenta radical cation can be measured at λmax = 510 nm. For different 

concentration ranges, 1 cm and 5 cm cuvettes were used. (b) ·OH determination via HTA assay. Hydroxyl radicals 

are scavenged by TA forming HTA, which can be measured by excitation at λmax = 312 nm and subsequent 

detection of fluorescence at λmax ≈ 430 nm. (c) H2O2 determination via TiOSO4 assay. Ti4+ ions form colorless 

aquo complexes which turn into yellow complex cations by ligand exchange after the addition of hydrogen 

peroxide. Within 5 minutes, the absorption is measured at λmax = 407 nm. 
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2.2.3 ORP measurements  

For ORP (oxidation-reduction potential) signal measurements, stock solutions of O3 (approx. 

2 mg L-1) and H2O2 (approx. 100 mg L-1) were freshly prepared. Solutions in a range of 

βaq(O3) = 0.2 mg L-1 to 1.0 mg L-1 and βaq(H2O2) = 0.1 mg L-1 to 17 mg L-1 were measured with 

a SenTix® Pt ORP sensor equipped with a Ag/AgCl reference electrode (Xylem Analytics, 

Washington, D.C., US) and an InLab Micro pH electrode (Mettler Toledo, Columbus, OH, 

US). Concentrations were verified using the aforementioned colorimetric assays intended for 

the respective analytes.  

In order to evaluate the consumptive effect of hydrogen peroxide on dissolved ozone, a 

reaction vessel with 5 L of ozonated water at different concentrations (βaq(O3) = 50 and 

100 µg L-1) was prepared via “indirect” ozonation and subsequently doped with different levels 

of hydrogen peroxide in a molar ratio range of n0(H2O2)/n0(O3) = 0.14 to 13.5. ORP values 

were evaluated with a 1 Hz data acquisition rate over a time of 10 minutes before and after 

H2O2 addition to determine the occurring signal drop. 

 

  



32 

 

2.3 Results and Discussion 

2.3.1. Evaluation of the analytical performance of colorimetric ROS determination methods 

and their cross-sensitivities 

In order to assess the reliability of the obtained spectroscopic data in a first step, all selected 

methods were examined with respect to the analytical performance of the conducted 

calibrations. Therefore, limits of detection (LOD) and quantification (LOQ) as well as the 

coefficient of variation of the procedure (Vx0) were evaluated for all analytes of interest using 

the calibration approach according to DIN ISO 11843-2:2006-06 and DIN 32645:2008-11 

(see Table 2-1). All values are expressed as both a mass and molar concentration to give a 

tangible value for practitioners and also allow for a direct comparison in relative response per 

reactive oxygen species. 

Table 2-1. Analytical figures of merit for regression functions of all spectroscopic assays used for ROS 

quantification. For each analytical method, the limits of detection (LOD) and quantification (LOQ) are given for the 

calibration ranges under investigation and show satisfactory values. Additionally, the method precision is given as 

the coefficient of variation of the procedure (Vx0). For the determination of dissolved O3 via the DPD assay, Vx0 

values are given for the calibration carried out with the 1 cm cuvette and the 5 cm cuvette, respectively. 

Analyte   O3 ·OH H2O2 

Assay  DPD  HTA  TiOSO4  

LOD  
/ µg L-1 0.97 3.12 25.5 

/ µmol L-1 0.02 0.18 0.75 

LOQ  
/ µg L-1 3.48 11.3 90.0 

/ µmol L-1 0.07 0.66 2.65 

Vx0 (1 cm / 5 cm) / % 2.1 / 1.7 2.0 / - - / 2.3 

 

All calibrations were fitted to linear functions with coefficients of determination R2 ≥ 0.9995 

and precision coefficients of less than 2.3%, yielding LOD values as low as 0.97 μg L−1 for 

ozone. Given that all species under investigation can be quantified to trace concentrations of 

less than 2.72 µmol L−1, monitoring of all oxygen species during PEM electrolysis is 

confidently possible. This especially holds true for applications in technical facilities where 

ozone concentrations between 0.35 and 1.15 µmol L-1 are favorably applied [10]. Due the 

nature of the HTA assay, the obtained analytical parameters only refer to accumulated 

amounts of scavenged ·OH instead of actual ·OH concentrations. 

 As stated before, many colorimetric assays chosen for the determination of ROS are not 

necessarily selective to a single species. In order to evaluate cross-sensitivities, the assay 
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response matrix for all investigated ROS is given in Fig. 2-4, with the relevant calibration 

features listed in Table 2-2. 

 

Fig. 2-4. Overview of the responses for the (a) TiOSO4 assay, (b) DPD assay and (c) HTA assay to identify cross-

sensitivities. The absorbance for both the TiOSO4 and DPD assay is given on the left axis while the fluorescence 

signal of the HTA assay is referred to on the right axis. Error bars are included, but mostly invisible as they are 

smaller than the symbol size. For O3 determination via DPD, two separated calibration curves are obtained as two 

different cuvette sizes are used depending on the concentration range. For calibration ·OH is generated from 

hydrogen peroxide via the Fenton reaction, therefore evaluating the signal of the TiOSO4 assay would be 

unselective and misleading. 

 

Not only can valid calibrations be obtained for the assays which are intended for the respective 

species, it is also possible to adequately describe all observable cross-sensitivities in the 

observed concentration range by simple regression models: Either the regression yields a 

linear function when there is a significant reaction or the measured, constant signal is 

independent of the species concentration, leading to a horizontal line as the assay does not 

respond to the respective ROS. 
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Table 2-2. Regression parameters for the linear models describing the assay responses for the respective ROS. 

Regression functions and R² values are given for each analyte and assay combination, except for calibrations 

yielding no concentration dependence. I stands for the signal absorbance or fluorescence (both in arbitrary units, 

denoted a.u.) and caq refers to the molar ROS concentration. 

Analyte Assay Regression function Linearity 

O3 

DPD (1 cm cuvette) I = 13.5 ∙ caq + 0.008 R² = 0.9995 

DPD (5 cm cuvette) I = 97.1 ∙ caq + 0.001 R² = 0.9999 

HTA I = 4.51 ∙ 106 ∙ caq + 0.02 ∙ 106  R² = 0.9773 

TiOSO4 I = 0.000 n.a. 

·OH 

DPD I = 1.30 ∙ caq + 0.012 R² = 0.9942 

HTA I = 26.2 ∙ 106 ∙ caq R² = 0.9998 

TiOSO4 n.a. n.a. 

H2O2 

DPD I = 0.803 ∙ caq + 0.003 R² = 0.9946 

HTA I = 0.000 n.a. 

TiOSO4 I = 3.569 ∙ caq + 0.003 R² = 0.9997 

 

If ROS are to be determined without the presence of interfering species, the intended assays 

exhibit their suitability. As all calibrations refer to molar concentrations, it is possible to 

compare the sensitivity for each ROS and method by comparing the slopes of the regression 

functions. For instance, the quantification of H2O2 is most sensibly carried out using the 

TiOSO4 assay, which is more than four times more sensitive to H2O2 than the alternative DPD 

assay (3.569 vs. 0.803 L mmol-1).  

For ·OH formation the application of the HTA assay is indicated as only the DPD assay leads 

to measurable results despite being quite insensitive. This observation is similar to a related 

work, where DPD was used as a radical detection assay involving a Fenton reaction by adding 

H2O2 into a Fe(II)-containing DPD solution, leading to a more pronounced sensitivity [148]. 

For a selective evaluation of ·OH via the TiOSO4 assay, it would be necessary to reproducibly 

provide defined amounts of ·OH without using H2O2 as a source. Furthermore, the resulting 

red complex contains a ligand with a peroxide group, which is highly unlikely to form by ·OH 

self-recombination. Other radical scavenging assays such as ABTS [165] or chromotropic 

acid [166] were evaluated in pretrials but have proven to not be applicable for species-

selective determinations in ozonated water when more than one ROS is present. In case of 

O3 determination, both the DPD and HTA assay can be used with sufficient sensitivity, 

although the reaction from TA to fluorescing HTA is known to be caused by ozone decay and 

subsequent radical liberation and not by direct ozonation [167,168]. 



35 

 

As multiple ROS may be able to coexist within an ultrapure water distribution system due to 

spatial and temporal separations, the contributions of different species may lead to similar 

signal responses if only one detection method is applied. Choosing an appropriate and 

representative sampling point is therefore both tricky and crucial, as varying ROS 

compositions will not yield unambiguous determinations. This is especially true for highly 

reactive species that can interact with contaminants or even other ROS. 

When it comes to the quantification of more than one occurring ROS, a sensitive 

determination of O3 can be achieved by applying the standardized, well-known Indigo assay 

[118,124], which showed no considerable cross-sensitivity for hydrogen peroxide in pretrials 

of this study. However, this assay proved to be only applicable in a calibration range from 0.1 

up to 0.3 mg L-1 O3 for the available spectrophotometer equipped with a 5 cm cuvette. 

Therefore, this assay was not used for subsequent ozone quantifications in this study, which 

required lower LOD and LOQ values as well as a higher method precision to confidently 

monitor ozone evolution. Nevertheless, for similar applications dealing with an ozone 

concentration that is consistent with the calibration range provided by the Indigo assay, this 

approach could be beneficially applied. If the quantification of H2O2 is desired in the presence 

of other ROS, the TiOSO4 assay is the preferred method, as no interference with O3 was 

observed. 

Due to the partial selectivity of the presented assays, a breakdown into distinct ROS 

concentrations is obscured and requires a correction function by using matrix calculation on 

a linear system of equations [169]. This is used to separate the individual contributions and 

calculate amended concentrations which reflect the actual ROS composition at a given 

sampling point more accurately. Consequently, a stepwise ROS quantification needs to be 

carried out to obtain a comprehensive analysis.  
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As the determination of H2O2 via the TiOSO4 assay is the only method that has proven to be 

unimpeded by the other ROS under investigation, it inherently provides the real H2O2 

concentration in a first step (Eq. 2-1). Solving the linear system of equations leads to Eq. 2-2 

and Eq. 2-3 which allow for an amended ozone quantification in the presence of hydrogen 

peroxide. Due to the short lifespan of the hydroxyl radical, only a virtual ·OH concentration 

(representing the cumulated amount of formed radicals in the given reaction vessel) can be 

determined with this approach by using the quantified interferences for the other species. For 

the DPD assay only the calibration range for a 1 cm cuvette was considered. 

 

camended(H2 2)
mmol

L

 = 0.280 ∙ ITi   4
   8.41 ∙ 10

 4
       (Eq. 2-1) 

camended( 3)
mmol

L

 =   0.0169 ∙ ITi   4
   3.74 · 10

 9
 ∙ IHTA + 0.0753 ∙ I      0.002   (Eq. 2-2) 

camended(∙ H)
mmol

L

 =  0.0029 ∙ ITi   4
 + 3.88 · 10

 8
 ∙ IHTA   0.013 ∙ I      4.87 · 10

 4
  (Eq. 2-3) 

 

Since the DPD assay shows a reaction with all ROS under investigation, it can be interpreted 

as an unspecific sum parameter for all occurring oxidizing agents. While this assay may be 

sufficient to depict ozone concentrations at the time of sampling, the determination of exact 

formation rates for different ROS requires conducting an HTA assay in parallel. Furthermore, 

if the presence of H2O2 cannot be strictly ruled out, an evaluation via the TiOSO4 assay is 

also necessary.  

In practice, a parallel determination of all three assays is proposed to achieve the most 

accurate representation of the ROS composition for any given state of operation. For 

subsequent ROS quantification in the following sections, these corrections were thusly 

applied. 
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2.3.2 ROS evolution during PEM electrolysis 

Operating the PEM electrolyzer in ultrapure water leads to gaseous ozone evolution on the 

anodic surface with bubbles eventually rising to the water surface. In this process, ozone 

partially dissolves into the ultrapure water and can be detected using the aforementioned 

methods. Fig. 2-5(a) shows that the amount of dissolved ozone increases with the elapsed 

experimental time and can be described by linear regression functions for all applied current 

densities.  

 

Fig. 2-5. (a) Amount of dissolved ozone naq(O3) and maq(O3) as a function of the elapsed experimental time for 

different current densities applied to the electrolytic ozone generator. During operation, the amount of dissolved 

ozone increases for all current densities and its progression is satisfactorily described with linear regression 

functions. (b) Ozone formation rates ṁaq( 3) and ṅaq( 3) as a function of the applied current density. The 

formation rate increases significantly more for current densities greater than 0.50 A cm-2 as indicated by the 

dashed black line. 

 

After an experimental time of 90 minutes, dissolved ozone concentrations of 0 µmol L-1 and 

5.62 µmol L-1 were measured for J = 0.01 A cm-2 and 1.25 A cm-2, respectively. Even when 

applying a current density of 0.25 A cm-2 only 0.08 µmol L-1 were found for the same time 

frame, which is in a comparable order of magnitude as with the applied protection current 

alone. This barely traceable increase in ozone concentration over time is also demonstrated 

by low R² values. However, for elevated current densities, an accelerated increase in 

dissolved ozone concentration is observed (see Fig. 2-5(b)). For J ≥ 0.75 A cm-2, the ozone 

formation rate follows a linear trend as indicated by the black dashed line. Presumably, this 

can be attributed to lower anodic potentials at low current densities, which may be insufficient 

for a significant ozone evolution as OER is thermodynamically preferred over EOP.  
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The obtained formation rates are a direct result of the experimental setup and only refer to 

the aqueous phase. A substantial amount of ozone is lost by rising and degassing bubbles, 

although O3 exhibits a high solubility in water in direct comparison to O2 as the main product 

(480 mg L-1 vs. 38 mg L-1 at 25 °C) [170]. Therefore, a reasonable estimation of a current 

efficiency is impeded for the given setup. Accounting for a quantitative measurement of both 

gaseous and aqueous ozone, current efficiencies of 15-20% were previously reported for 

ultrapure water electrolysis with PbO2 anodes in a comparable setup [61,62]. 

Hydroxyl radicals play an important role in both the electrochemical generation and 

subsequent decay of ozone. Scavenging allows for a time-resolved monitoring of radical 

evolution depending on the respective electrolyzer setting as displayed in Fig. 2-6(a). As TA 

is known to be resistant to oxidation by O3 as well as direct electron transfer reactions 

[168,171], it is a suitable probe for ·OH in this environment and the measured concentration 

of HTA can therefore be interpreted as an equivalent to the cumulated amount of ·OH. 

 

Fig. 2-6. (a) Amount of accumulated ∙ H radicals nacc(∙ H) and macc(∙ H) as a function of the elapsed 

experimental time for different current densities applied to the PEM electrolyzer. The number of detected radicals 

increases notably for all current densities J > 0.01 A cm-2 and its progression is satisfactorily described by linear 

regression functions. (b) The formation rates ṁacc(∙ H) and ṅacc(∙ H) for detected radicals as a function of the 

applied current density can be adequately described by linear regression functions (black dotted and dashed lines) 

for both “indirect” ozonation () and “direct” ozonation ().  

 

 hile for “direct” ozonation no significant radical accumulation (and therefore formation) is 

observed in stand-by operation, an increase in current density yields notable amounts of 

scavenged ∙ H. For all standard operational modes (J ≥ 0.25 A cm-2), the progressively 

increasing amount of scavenged ∙ H in solution can be described by linear functions (all 
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R² = 0.93 and higher) that allow for a derivation of ∙ H formation rates during electrolysis. 

Plotting the so-obtained values as a function of the applied current density (Fig. 2-6(b)) yields 

a linear correlation with increasing current densities for both “indirect” and “direct” ozonation 

(R² = 0.975 and 0.972, respectively). As the formation rates for both operational conditions 

are in similar ranges for each current density level, the occurrence of ∙ H can be fully 

explained by the decomposition of dissolved ozone, indicating no electrochemical generation 

at PbO2 anodes. This is in accordance with the mechanistical understanding of the 

electrochemical surface reactions in ultrapure water [73,172]. Minor differences in the 

measured formation rates of both operational modes may be attributed to temperature effects 

(e.g. by heat dissipation from the electrolyzer), leading to a shorter half-life of ozone. 

These observations contrast with the generation of ozone which required higher current 

densities. While formation rates ṅ( 3) from 0.07 up to 3.70 µmol h-1 were determined for 

ozone evolution in the observed current density range, only 0.05 to 0.37 µmol h-1 were 

observed for ∙ H under the same operation conditions, exhibiting a difference of up to an 

entire order of magnitude. Considering the ratio ṅ(∙ H)/ṅ( 3), values between 0.10 and 0.82 

are obtained for all standard operational modes and decrease with increasing current 

densities.  

Controlling the operating conditions of a PEM electrolyzer can help mitigate or predict the 

evolution of unwanted H2O2 because of its impact on ozone depletion. Depending on the 

structural properties of dissolved carbon sources, various pathways for a reaction with ozone 

are possible that lead to the emergence of H2O2 as a stable side-product (especially via the 

Criegee mechanism for unsaturated compounds) [173]. When considering discontinuously 

operated ultrapure water distribution systems, a common means of disinfection is isopropyl 

alcohol (i-PrOH), which often cannot be completely rinsed out and is not removed by 

commonly applied electro de-ionization either [16]. Therefore it remains in trace amounts as 

a typical carbon source. As not all structural properties can be adequately represented by a 

single molecule, the selected i-PrOH only serves as one exemplary model substance and 

does not allow for a generalized extrapolation for other contaminants contributing to the TOC 

value. However, due to its high radical scavenging capacity (k = 2.3 · 109 L mol-1 s-1 [174]) 

i-PrOH showcases a worst-case estimation for H2O2 formation rates in ultrapure water 

storage and distribution systems. 
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Specifically for i-PrOH, Reisz et al. have reported a mechanistic scheme for both O3 and ·OH 

mediated pathways that indicate a H2O2 yield of about 1.5% considering a non-

electrochemical ozonation [138]. The formation rates of H2O2 in the presence of i-PrOH are 

shown in Fig. 2-7 as a function of time, current density and TOC level. 

 

Fig. 2-7. Formation of hydrogen peroxide during electrochemical ozonation of aqueous solutions containing 

defined levels of i-PrOH. (a) Over the course of 90 min, a linear increase in hydrogen peroxide concentration can 

be measured in the reaction vessel when treating a 0.50 mg L-1 i-PrOH solution at a current density of 1.00 A cm-2 

(inset graph). Keeping the initial TOC level at a constant value of 0.50 mg L-1, the resulting formation rates 

ṁaq(H2 2) and ṅaq(H2 2) increase linearly with elevated current densities from 3.9 ± 2.6 µg h-1 in stand-by 

operation up to 31.2 ± 3.9 mg h-1 for J = 1.25 A cm-2. (b) For a fixed current density of J = 1.00 A cm-2, a variation 

of TOC concentration leads to an increase in H2O2 production until plateauing at approx. 23 µg h-1. 

As the increase in H2O2 concentration also follows a linear trend with time (R² > 0.95 for all 

experiments), formation rates were obtained in the same manner as for the other ROS. The 

progression of measured H2O2 concentration over the course of the experimental time is 

exemplarily depicted in Fig. 2-7(a) (inset graph) for J = 1.00 A cm-2 and 

βaq(i-PrOH) = 0.50 mg L-1. The obtained slope of 7.46 µg L-1 min-1 equals a formation rate of 

22.4 µg h-1 for the given reaction vessel, which serves as a common reference point in both 

Figs. 2-7(a) and (b). By evaluating different current densities, a linear approximation for the 

H2O2 formation rate is obtained (R² = 0.978) and enables a confident estimation of peroxide 

concentrations for different operational setpoints. Even in stand-by operation, trace amounts 

of peroxide evolve due to a small protection current and therefore electrolyzer activity. 

However, it has been reported that linearity in electrochemical H2O2 evolution over longer 

periods of time is not necessarily given due to possible subsequent reactions such as 

oxidation to oxygen at certain electrode materials [72,175]. 

When the PEM electrolyzer is operated without adding i-PrOH to the reaction vessel, minimal 

amounts of hydrogen peroxide can still be detected in a range of 1.4 µg h-1. This may result 

from traces of residual organic compounds within the ultrapure water used for preparation. 
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However, as soon as a carbon source is deliberately introduced into the system, a notable 

increase in H2O2 levels is measured. Varying the TOC level at a constant current density of 

1.00 A cm-2 leads to an increase of the H2O2 formation rate up to only 23 µg h-1 for i-PrOH 

concentrations ≥ 0.50 mg L-1 (Fig. 2-7(b)), indicating that the rate of i-PrOH oxidation and 

therefore H2O2 formation depends on the amount of dissolved organic matter. For higher 

concentrations of i-PrOH no significant increase in peroxide evolution is observed, which is 

in accordance with previous findings [16]. 

 

2.3.3 Correlation of ORP signals with ROS concentrations 

Conventionally, the oxidation-reduction potential (ORP) provides a viable sum parameter 

given by a mixed potential to describe the disinfection efficacy of a given water sample without 

distinguishing the actual ROS composition. Fig. 2-8 emphasizes this relationship by plotting 

the measured ORP signal as a function of different concentrations for individual ROS. Herein, 

an increase in ozone concentration is accompanied by a proportionate increase of the ORP 

signal and can be described by a linear relationship. 

 

Fig. 2-8. Signal of a Pt ORP electrode as a function of the dissolved ROS concentration. For ozone (black) ORP 

values between approx. 250 and 700 mV were obtained for a range from 0.0 to 1.0 mg L-1. For hydrogen peroxide 

(turquiose) a maximum ORP signal of 333 ± 23 mV is observed, albeit applying higher oxidant dosages. While a 

linear correlation between the O3 concentration and the ORP signal can be approximated up to 1 µg L-1, H2O2 

concentrations below 1 mg L-1 are not reliably distinguishable. 

Ozone dosages as low as 0.2 mg L-1 are known to provide sufficient oxidative strength for 

process water sanitization and yield ORP signals of only approx. 350 mV. However, due to 

the strong pH dependence of the ORP value, even moderate changes in pH might be 

sufficient to mask significant differences in the ROS composition. Furthermore, the presence 
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of other species with a reducing potential interferes with the ORP value [176,177]. 

Considering the presented setup, cathodically produced hydrogen gas evolves in the same 

reaction vessel and can thus lower the measured potential at a conventional Pt ORP 

electrode. Unless the simultaneous occurrance of ROS and hydrogen can be prevented (e.g. 

by a suitable cell design), ORP electrodes with Au surfaces may be used as an alternative 

since they show a lower interaction with H2.  

Furthermore, an external calibration of sensors is often not sufficiently performed in field or 

long-term applications, which impairs a sensible interpretation of the ORP reading. For 

example, an ORP level of 350 mV may also be achieved with a hydrogen peroxide 

concentration level of 17 mg L-1, which equals two orders of magnitude of higher oxidant 

dosage. As shown in this study however, this constitutes no reasonable level expected for 

the intended application in ultrapure water production and storage systems.  

A further increase in ORP signal could not be realized within the observed concentration 

range by the application of additional hydrogen peroxide alone. Hence, if the ORP signal is 

considered as a preferred parameter for water quality, disinfection via H2O2 would require 

significantly higher oxidant concentrations. Moreover, a reliable estimation of low H2O2 

concentrations by means of evaluating the ORP signal appears challenging and would not be 

associated with a noticeable disinfection performance either [178].  

In systems where different reactive oxygen species can react with each other, the ORP signal 

is not a mere cumulative value. Fig. 2-9 depicts the effect of added H2O2 to an aqueous ozone 

solution on the measured ORP signal. 

 

Fig. 2-9. (a) Effect of hydrogen peroxide on the ORP value of two exemplary ozone solutions. A stable ORP signal 

is measured over a period of 10 min before H2O2 addition. Within seconds the ORP signal rapidly drops and 

stabilizes within 10 min at a lower ORP level. Increasing the ratio of added H2O2 to dissolved O3 leads to a higher 
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 R  signal drop Δ ORP. Furthermore, the addition of higher amounts of H2O2 is accompanied by a small decrease 

in pH. (b) Effect of the n0(H2O2)/n0(O3) ratio on the ORP signal drop for different ozone levels. Piecewise linear 

regression functions are used to highlight that the signal drops appear to eventually reach a plateau with an 

increasing n0(H2O2)/n0(O3) ratio. The transition region (purple and grey bars) depends on the total amount of 

dissolved ozone. 

During ozonation of ultrapure water samples, a steady disinfection performance can be 

monitored by a near constant ORP signal (Fig. 9(a)). Immediately upon H2O2 addition , the 

potential drops for a few minutes and stabilises at a considerably lower level after 5 to 10 min. 

This change in  R  provides a signal drop Δ ORP, which can be attributed to O3 degradation 

via the fast peroxone process that is initiated when H2O2 is added to the O3 solution [45]. 

While low amounts of added H2O2 coincide with low Δ ORP values, signal drops of up to 

620 mV can be measured with H2O2 in broad excess (n0(H2O2)/n0(O3) = 13.5). In these cases 

a pronounced decrease in pH of up to 0.5 units is observed, while experiments with a lower 

overall oxidant concentration are accompanied by almost insignificant changes in pH 

(ΔpH ≤ 0.05). In pretrials, it was possible to rule out that this effect is caused by minor 

amounts of phosphoric acid as a common stabilizing agent in H2O2 solutions. However, both 

these potentiometric measurements are limited with respect to their accuracy in ultrapure 

water due to the extremely low conductivity of the surrounding medium.  

Since the ORP value changes with pH, comparing the effect of different ROS compositions 

is only meaningful referring to equal pH environments. As under the given experimental 

conditions ozone constitutes the main oxidant contributing to the ORP value, the Nernst 

equation for its redox behavior can be employed to account for the observed change in pH 

[179] and approximate a correction function for the measured raw ORP values (Eq. 2-4). 

While this correction is only of minor importance in ideal ultrapure water environments, it may 

be of high significance in other media. 

Δ ORP = Δ ORP,measured + 59 m  · ΔpH      (Eq. 2-4) 

From Fig. 2-9(b) it can be noted that the ORP signal drop increases with an increasing amount 

of H2O2 compared to the dissolved O3, until it reaches a plateau as indicated by piecewise 

linear functions. This transition occurs at n0(H2O2)/n0(O3) ≈ 2.2 for the 100 µg L-1 ozone 

solution and at n0(H2O2)/n0(O3) ≈ 0.85 for the 50 µg L-1 solution.  

 

2.4 Conclusion 

This study addresses the formation of ozone, hydroxyl radicals and hydrogen peroxide during 

the operation of an electrolytic ozone generator for ultrapure water disinfection. For all 
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reactive oxygen species, the suitability of colorimetric detection assays based on DPD, HTA 

and TiOSO4 was evaluated to quantify the respective cross-sensitivities among each other 

through linear calibration functions. Thus, a stepwise approach was proposed in order to 

determine the real concentration of all three ROS under investigation and to enable a 

predictive assessment of ROS evolution. 

Specifically, we demonstrated that elevated formation rates for dissolved ozone are only 

obtained when the applied current density exceeds 0.50 A cm-2. Conversely, the formation of 

∙OH due to ozone decay shows a direct correlation amongst the entire current density range 

under investigation. Even minor quantities of dissolved organic carbon result in the 

observable generation of hydrogen peroxide. By knowing the concentration of dissolved 

isopropyl alcohol (given as the TOC level), the formation rate of hydrogen peroxide can be 

directly estimated based on the applied current density. However, when the TOC level 

surpasses 0.50 mg L-1, no further increase in the formation rate of hydrogen peroxide occurs, 

remaining steady at 23 µg h-1 for J = 1.00 A cm-2. 

Considering that even low concentrations of produced H2O2 are capable of strongly affecting 

the O3 content and eventually the ORP reading, the underlying TOC level and composition 

constitute a crucial parameter for ultrapure water ozonation. If neglected, unnecessarily high 

amounts of ozone need to be produced to destroy residual organic matter, thus, distinct 

attention must be paid to monitoring the feed water quality. 
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Summary of the publication 

In ultrapure water storage and distribution systems, the presence of ozone is intended to 

maintain a sanitized state, whereas the water used in subsequent processes must be ozone-

free to avoid undesired interferences, i.e. oxidation or degradation of added ingredients 

[11,15]. 

This publication focused on the development of a sensor material for potentiometric 

measurements, which allows for a sensitive detection of dissolved ozone down to trace 

concentrations. Nafion™ acts both as a polymer electrolyte and proton exchange membrane 

and therefore allows for the incorporation of cations. In previous studies, noble metals were 

deposited on and in PEM substrates via electroless deposition and were shown to act as 

amperometric gas sensors. The most promising results were obtained for ionic polymer metal 

composite (IPMC) materials using platinum that were synthesized for sensors intended for 

hydrogen detection [98,180,181]. In this study, an easy to use yet reliable impregnation-

reduction method [182,183] was developed that controls relevant synthesis conditions. To 

obtain different physico-chemical properties of IPMC materials (i.e. metal loading, metal layer 

thickness and particle size), the synthesis conditions had to be systematically altered (i.e. noble 

metal concentration of the impregnation solution, selected reducing agent and concentration, 

a supporting solution beneath the PEM). 

A total of 25 IPMC materials were prepared using 2.0, 4.5 and 10.0 mmol L-1 Pt-containing 

solutions during impregnation and were reduced using either KBH4, NaBH4 or hydrazine, each 

in different concentrations. Furthermore, a cavity beneath the substrate was filled with 

ultrapure water or electrolyte-containing solutions during synthesis. The so-obtained sensor 

materials vary in visual appearance from translucent gray to a solid black and to a silver-

colored, mirror-like front finish. 

A dependable Pt loading quantification of an IPMC sensor material is often related to a 

digestion procedure in aqua regia [184,185] and involves an irreversible sample destruction. 

Therefore, a radiographic, non-destructive detection approach was developed for metal 

loading estimation. In applications that range from membranes used in fuel cells to heavily 

loaded IPMCs for nano-actuator applications, loadings between 0.1 up to 4 mg cm-2 are 

expected [98,182,186]. The grayscale of a radiographic image was shown to accurately 

describe the platinum content obtained with a reference method with up to R² = 0.876, when 

other absorbing elements that are used during sample preparation are omitted. As a result, Pt 

loadings of 0.3 mg cm-2 can be estimated with a sufficient accuracy.  

A single-sided Pt deposition was confirmed within the first few micrometers of the usually 

178 µm thick Nafion™ membrane. Depending on the synthesis conditions, the obtained Pt 

layer thic nesses are within a range of 2.2 to 12.6 μm, which is in accordance with the results 
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achieved by other research groups [187,188]. However, the so-obtained Pt particles are 40 to 

90 nm in size which is larger in comparison to other research that yielded particles with a 

diameter of less than 10 nm and were prepared at higher temperatures [185,189,190]. 

For the potentiometric ozone-sensing application, a setup was developed that uses an iridium 

oxide (IrOx) electrode as a stable reference electrode [191–193]. Doping the water with 

different amounts of ozone resulted in sensor voltage increases that reliably resumed to the 

initial voltage baseline after several hours. A plot of the resulting maximum voltage increases 

(corrected by the natural ozone-decay) as a function of the time-dependent ozone-

concentration (confirmed via iodometric titration as reference analysis) yields a response curve 

that can be explained by a pseudo-isotherm. Isotherm in that sense, as the platinum surface 

interacts with the naturally decomposing ozone in a reactive way, but yielding no real 

equilibrium (hence pseudo). In order to derive the most apparent and probable underlying 

adsorption model for ozone with the platinum surface, Langmuir, Freundlich, Redlich-Peterson 

and Sips pseudo-isotherms were evaluated using the Akaike information criterion [194,195]. 

With this approach, an objective measure was introduced to spot and prevent overfitting 

caused by more sophisticated regression models. For the four models under investigation, the 

Langmuir pseudo-isotherm was therefore found to be the most probable model amongst the 

selected. The Langmuir parameters KL and qmax represent the energy of adsorption and the 

upper limit for an observable change in voltage when all binding sites on the sensor surface 

are occupied due to ozone interaction [196]. Sensor materials with high KL values exhibit a 

steeper calibration curve while sensors with a higher qmax can be used in a broader 

concentration range. Limited by electronic noise, LOD and LOQ values for ozone can be 

derived for all sensors that allow for a qualitative and quantitative ozone detection. Averaging 

over all sensors prepared in this study, a LOD of 2.9 µg L-1 and LOQ of 9.9 µg L-1 can be stated 

which is sufficient for most sensing applications.  

To predict physico-chemical and sensing properties from given synthesis conditions, 

underlying correlations were extracted from the fractional factorial dataset. Although not all 

factor interactions can be resolved with this approach, high-value resources can be limited and 

established models still exhibit significant effects [197]. For the metal loading of the final IPMC, 

a model could be extracted that predicts the value based on the initial Pt solution concentration 

used during impregnation, the use of either hydrazine or a borohydride salt and the option to 

renew the reductant during the reduction part of the procedure (R² = 0.952).  

It was shown that the prediction of certain parameters e.g. noble metal loading that would 

generally require laborious analyses could be either pre-modeled or non-destructively verified 

by a radiographic method. As a result, sensor materials can be prepared more easily and 

sustainable and used for secure potentiometric ozone measurements. 
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Summary of the publication 

Nowadays, a commonly used technique to sanitize ultrapure water with ozone is the use of 

PEM water electrolysis. The spatial separation of anolytic and catholytic electrolysis 

compartments by a polymer electrolyte membrane does not only provide a safety feature in 

terms of gas evolution, it also enables the selective oxidative treatment of the feed water 

[129,198]. With the application of an ozone-evolving electrolyzer in a more natural water 

(i.e. tap water), undesired organic compounds as well as a biological pollution can be 

effectively countered [199,200]. Its application is mainly limited to the use of ultrapure water to 

achieve a sufficient long-time stability and is strongly influenced by charge carriers such as 

Na+, K+, Mg2+ and Ca2+ in tap water. Consequently, this study focused on the influence of the 

transport phenomena of these charge carriers in drinking or tap water on the operation of the 

PEM electrolyzer. Similar transport effects were already discussed in the literature in the 

related context of e.g. fuel cells and redox flow batteries [201–204]. The scope of this part of 

the study was therefore to quantify ion and water permeation in an ozone-evolving PEM-

electrolyzer. The focus is on varying conditions of use that occur during operation or in stand-

by mode (current density = 0.01 to 1.25 A cm-2) with an emphasis on treatment of batchwise 

operation, representing a stagnant water.  

The operation of an electrolyzer in an environment that differs from ultrapure water is often 

impeded by the formation of cathodic scale [205]. However, as a detailed investigation of feed 

water ion transport and its fate was still missing, a certain emphasis was put on a constructive 

approach to mitigate unwanted ion transports. Consequently, the previously developed PEM 

electrolyzer with its structured MEA arrangement was upgraded with an optional auxiliary 

cathode [206] within the anolytic compartment and operated with waters of different hardness 

levels from ion-free ultrapure water to a hard tap water [207]. 

When operating a PEM electrolyzer, a macroscopic water transport from the anodic to the 

cathodic compartment can be observed. This water permeation intensifies with an increasing 

current density and could therefore be shown to only occur during an electrolysis operation. 

This conforms with a stand-by mode with a nearly negligible electrical current and a 

correspondingly low water transport below 105 μmol H2O h-1 cm-2 (equals 2.6 mg h-1 for this 

electrolyzer configuration). A variation of the underlying anolytic ion concentrations 

(representing a changing in water hardness) was performed, ranging from ultrapure water to a 

hard tap water (total cation equivalents Σcion, eq = 114.35 mEq L-1). However, an influence of 

the kind of charge carrier on the water transport cannot be stated. Water transport occurs 

under ambient conditions with an electro-osmotic drag coefficient (EOD) of 2.55, independent 

of the water composition. 



51 

 

Anolytically present cations from dissolved minerals represent additional potential charge 

carriers apart from the in situ generated protons that contribute to the overall current. It was 

noticed that ion transport from the anodic to the cathodic compartment showed a discrimination 

as for higher concentrated ‘harder’ model tap waters a transport of K+ was favored over the 

transport of the other ions Na+, Ca2+ and Mg2+. These variations could be attributed to the ion 

mobility of the respective ions in water probably resulting from a concentration polarization at 

the anode/PEM interface. This is supported by a series of analyses that showed that especially 

at a low current density, a higher percentage of the total current is transported by other ions 

than protons. The higher the tap water ion concentration in the anolyte (equaling the water 

hardness), the higher its contribution to the current. As a result, a current density of 0.25 A cm-2 

and a hard model water led to a H+ current participation of only 93.5 ± 0.4%, while operating 

the PEM electrolyzer at a high current density of 1.25 A cm-2 and a ‘soft’ model tap water 

yielded a H+ current share of 99.4 ± 0.1%. This is especially important, as the transport of in 

situ generated protons are transported through the PEM and, in a generalized equation, 

discharged to hydrogen gas. As this reaction can also be formulated as a neutralization 

reaction of cathodically produced hydroxide anions that result from water decomposition, 

charge carriers other than protons directly impact on the pH of both compartments.  

The operation of a PEM electrolyzer in hard water directly leads to an anolytic acidification due 

to non-transported and therefore remaining protons, while cathodic hydroxide anions are not 

neutralized and basify the cathodic compartment. Permeating hardeners Ca2+ and Mg2+ find 

predestined alkaline conditions to form precipitates when the catholyte is not buffered in an 

acidic pH range or exposed to air, enabling a CO2 ingestion. Dissolved carbon dioxide and 

therefore carbonate source enables Ca2+ and Mg2+ to form hydroxides and carbonates of 

different crystallographic structures such as aragonite and calcite (both CaCO3), brucite 

(Mg(OH)2) and portlandite (Ca(OH)2) right on top of the cathodes at the electrode / PEM 

interface, ultimately impairing long-term stability.  

However, a constructive approach was chosen to counter the disadvantageous tap water ion 

crossover with introducing an auxiliary cathode within the anolytic compartment. Although only 

3 ± 1% of the total current flows via this additional anolytic cathode, a reduction in ion crossover 

of 18 ± 4% was measured without preference for any cationic species involved. The electric 

field introduced close to the anode/PEM interface is expected to improve the concentration 

polarization observed during charge carrier discrimination. 

The results show that potential charge carriers present in tap water contribute to undesired ion 

crossover and can be modeled with a known ion concentration. The water crossover can 

likewise be modeled as a direct function of the applied current and allows the derivation of a 

tangible water volume that may require a constructive measure in scaled-up application. The 
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introduction of an anolytic cathode reduces ion cross over which also means less influence on 

a pH gradient or cathodic scale formation. Ultimately, the presented results allow for a profound 

estimation of the optimal operation conditions when using this ozone-evolving PEM water 

electrolyzer in a tap water of a certain quality. 
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Chapter 5: Discussion and Conclusion 

5.1 Discussion  

The preparation and storage of sanitized process water in the pharmaceutical and 

semiconductor industry is an important building block in the production of vital and everyday 

products. Using electrolyzers with functionalized electrodes enables an energy-efficient and 

demand-actuated production of in situ produced disinfectants that does not require energy 

consuming heat treatments to ensure sterility of the stored process water.  

The electrolyzer presented in this work (chapter 4) is equipped with a membrane electrolyte 

assembly that consists of a Nafion™ polymer electrolyte membrane and PbO2 coated, porous 

titanium anodes. On the catalytically active anodic surface, ozone expectedly constitutes the 

main reactive oxygen species by molar concentration during operation. This configuration 

legitimates its installation in an ultrapure water production plant, as the O3 molecule effectively 

counteracts organic and especially biological pollutants. Ozone slowly decays over time, 

initiating a self-depleting mechanism, as the degradation-induced by-products hydrogen 

peroxide and hydroxyl radicals both can actively drain ozone from solution themselves. Ozone-

depleting H2O2 was however most dominantly observed when 2-propanol was present – which 

may hint at points of entry for 2-propanol into a UPW production plant. Residues of deliberately 

chosen and poorly washed away cleaning products that contain isopropyl alcohol will drain 

freshly produced ozone until all residue is used up, and a detectable ozone production recurs.  

Although a significant hydroxyl radical formation was detected that could be described by a 

function of the applied current density, it is worth stressing that this is not due to an anodic 

production of ‘free radicals’ as it is known from boron-doped diamond electrodes, but 

exclusively from decay of dissolved ozone. Hydroxyl radicals can then act as an even more 

potent oxidant and could therefore be more capable of degrading critical compounds than 

ozone alone. Their range, however, remains severely limited due to the short lifespan. For a 

transfer of the PbO2-based PEM electrolyzer technology from the UPW environment into an 

application that would focus the local degradation of other, persistent organic compounds, this 

should be considered.  

The detection of ozone has always been a tricky endeavor, especially when the presence of 

other reactive oxygen species cannot be ruled out. As shown, various operating conditions can 

occur that can severely reduce the concentration of electrochemically produced ozone. A 

single, isolated message hinting at a too low ozone concentration within the UPW storage tank 

may overlook or even cover up the actual causes. For a strategic monitoring of an ultrapure 

water production plant with cold water storage and proper process control, ROS quantification 

assays are best performed at various measuring points instead of consulting only one point. 

For obvious reasons, an ozone sensor should be placed downstream right after the ozone-
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evolving unit, ensuring that the ozone production is not impeded by electronic signaling of the 

control system. Furthermore, for a comprehensive production and storage system surveillance, 

it would be desirable to place even more sensors at critical crossings or junctions. 

Amperometric state-of-the-art sensors for selective O3 detection do have their raison d’être for 

being a robust and reliable method - the disadvantage of these commercially available devices 

however are the high acquisition costs, impeding a lavish distribution at random point within 

the system. The preparation of IPMCs that can be used for low-cost potentiometric evaluation 

of oxidant concentration represent a new and interesting alternative: the sensor preparation 

development shown in this study proposes a simple impregnation-reduction preparation using 

only common laboratory equipment which easily enables the reproducible production of 

numerous small sensor materials.  

This provides an obvious advantage in terms of strategic positioning of many small sensors 

and allows for a spatially resolved sensor response of oxidant distribution within the ultra-pure 

water production and storage system. The relationships between synthesis conditions and 

physico-chemical properties highlighted in this work in chapter 3, clearly depict a reliable 

estimation for the potentiometric response in ozone detection. Implementing this kind of 

decentralized potentiometric detection system allows for the detection of minor changes in the 

process water quality and can therefore identify potential sinks for the ozone concentration. As 

a real-time detection of ozone is possible, this poses another advantage over single, 

centralized detection systems, even when a valve-actuated re-routing of the process water is 

used for analysis. With the data obtained by numerous sensors, additional hydrodynamic 

properties can be considered and allow for an insight into different constructive measures for 

UPW production plants. In an advanced step, the spatially resolved distribution of ozone and 

its decay might be used to characterize and model individual production plants in advance.  

As has been outlined in chapter 2 in this work, the different observed reactive oxygen species 

do not occur in parallel in a high local or temporal proximity, therefore the presence of different 

ROS can be qualified and quantified, although the exact species may not be identified. The 

IPMC then suffers from this flaw and the sensor acts as a tiny ORP probe when ozone is not 

the only species present. Still, a statement about the oxidative state of the water is possible, 

referring to known so-called killing rates for biological contaminants. In that case, a sample at 

this measurement point of the UPW water loop can be withdrawn and analyzed with a 

photometric assay to identity the dominating reactive oxygen species.  

Different restrictions apply when the anolytic part of this PEM electrolyzer is put into a 

potentially stagnant tap water environment. The presence of dissolved minerals both 

drastically raise the electric conductivity of the process water and provide a large source of 

cations that interact with the functional groups of the polymer electrolyte membrane. This key 
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feature of converting the surface region of membrane from its H+-form into a Pt2+-form has 

been taken advantage of during the IPMC sensor preparation, and is more a restraint for a 

functional electrolyzer. Due to possibly different analytic and catholytic compositions, tap water 

ions will get transported through the membrane due to osmotic effects, resulting in the 

formation of a pH gradient across the membrane. Hence the increase in cell voltage is virtually 

inevitable. If an acidly buffered catholyte is used in order to effectively suppress the formation 

of cathodic scale, a large diffusion into the anolyte can be expected – if the buffer is omitted, 

the scale formation can clog and damage cell components by blocking the Nafion™ 

membrane.  

Therefore, the composition of transport of tap water ions was narrowed down to the ion-mobility 

controlled cation diffusion to the anode/PEM interface. Hindering cations from reaching the 

interface by means of the developed auxiliary cathode within the analytic compartment has 

proved to be an effective measure to decelerate undesired ion migration. Improving and 

harnessing this effect can be expected to elongate the usable lifetime of this electrolyzer in a 

tap water environment. Furthermore, the influence of tap water cations in their role as charge 

carriers has been investigated. Although, there is a large variety of water ingredients present 

that are known to be affected by anodic ozone evolution. The corresponding and inherently 

abundant anions in drinking water (e.g. chloride, bromide, nitrate, sulphate, carbonate) are 

mostly resistant to ozone degradation, but may be oxidized to form compounds such as the 

oxyhalides chlorate and bromate, with the latter known to harmfully affect the human health. 

As bromides are predominantly more present in tap waters close to the coastline, an ozonation 

of (stagnant) tap water should not be favored in these regions at this stage of development. 

Another point that needs addressing is the presence and elevated levels of dissolved organic 

species in tap water. In situ produced ozone is consumed in degradation reactions and in a 

stagnant water disinfection application, the limited amount of available dissolved carbon may 

therefore be degraded within a short period of time. In contrast to that, the application of this 

PEM electrolyzer in a constant water flow provides a constant source of carbon to the 

electrolyzer and may easily drain the ozone concentration before all biological pollution is 

effectively removed. In order to develop an ozone-evolving PEM electrolyzer for a 

decentralized disinfection application of tap water, the current (density) dependent ozone 

production rate should be matched to the expected microbial and carbon load of the respective 

water.  
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5.2 Conclusion 

With this thesis, the understanding of a PEM electrolyzer equipped with PbO2 anodes intended 

for ozone generation was deepened regarding its evolution of reactive oxygen species during 

operation, the detection of these species and its application in a tap water environment. 

Although a significant progress was achieved in each facet of this topic, each chapter can only 

constitute an excerpt of the overall topics that were addressed. 

The generation of ozone comes with a variety of other reactive oxygen species than those that 

were focused in this work. However, this work already provides an approach to model an entire 

ultrapure water production plant featuring storage and distribution system. An even more 

differentiated detection might be used for the acquisition of species that were omitted in this 

study. As a helpful tool for this task, the suitability of different kinds of low-cost potentiometric 

sensors should be focused. 

The development of a simple preparation of platinum-based ionic polymer metal composites 

yielded sensors that can be useful in PEM electrolyzers that strictly separate the compartments 

responsible for ozone and hydrogen evolution. However, in order to obtain sensor materials 

that are also appropriate to monitor the ozone concentration in the presence of hydrogen (i.e. 

in undivided electrolysis devices), a gold-based IPMC could be a feasible material. With this 

approach, a similar potentiometric ozone detection material could be synthesized with in 

inherent resistance to the influence of dissolved hydrogen. If the optimum synthesis 

parameters are to be derived by a structured plan (design of experiments), a particular 

emphasis on the detection of particle size could lead to both significant and relevant results. 

Finally, the application of the electrolyzer in tap water needs to address the potential formation 

of critical oxyhalides such as chlorate and bromate. As the electrolyzer however features a 

spatially divided anodic and cathodic department, the electrochemical reduction of in situ 

produced oxyhalides by means of the inherently present catholyte should be evaluated. A 

significant reduction of anodically formed oxyhalides could be achieved on catalytically 

modified cathodes. In another iteration, the ozonated water from the analytic compartment that 

may be contaminated with oxyhalides can be re-routed to the catholytic compartment of the 

very same electrolyzer and – by subsequent reduction – eventually provide both a sanitized 

and potable drinking water. 
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Evaluating Platinum-Based Ionic Polymer Metal Composites
as Potentiometric Sensors for Dissolved Ozone in Ultrapure
Water Systems
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Klaus Günther, Helmut Baltruschat, and Steffen Witzleben

Monitoring the content of dissolved ozone in purified water is often
mandatory to ensure the appropriate levels of disinfection and sanitization.
However, quantification bears challenges as colorimetric assays require
laborious off-line analysis, while commercially available instruments for
electrochemical process analysis are expensive and often lack the possibility
for miniaturization and discretionary installation. In this study, potentiometric
ionic polymer metal composite (IPMC) sensors for the determination of
dissolved ozone in ultrapure water (UPW) systems are presented.
Commercially available polymer electrolyte membranes are treated via an
impregnation-reduction method to obtain nanostructured platinum layers. By
applying 25 different synthesis conditions, layer thicknesses of 2.2 to 12.6 μm
are obtained. Supporting radiographic analyses indicate that the platinum
concentration of the impregnation solution has the highest influence on the
obtained metal loading. The sensor response behavior is explained by a
Langmuir pseudo-isotherm model and allows the quantification of dissolved
ozone to trace levels of less than 10 μg L−1. Additional statistical evaluations
show that the expected Pt loading and radiographic blackening levels can be
predicted with high accuracy and significance (R2

adj. > 0.90, p < 10−10) solely
from given synthesis conditions.

1. Introduction

In the pharmaceutical and semiconductor industry, the use of
sanitized ultrapure water is mandatory for the production and
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preparation of medical products and
microprocessors.[1–3] In order to obtain
and store water of different quality stan-
dards (e.g. aqua purificata, water for injec-
tion), various disinfection strategies are
in use.[4–6] Concerning the production
and energy-efficient cold storage of san-
itized, pressurized water, electrochemi-
cally produced ozone (O3) is the disinfec-
tant of choice.[7,8]

Although the stored water is allowed
to contain minimal amounts of dis-
solved ozone ensuring sterility,[9] the
process water should be clear of any
oxidizing agents.[2] Consequently, a
reliable method to monitor the con-
centration of dissolved ozone in water
is required. However, common refer-
ence methods have shown to be rather
inconvenient as they are based on sam-
pling and off-line analysis, typically
including a wet chemical processing
step followed by a spectroscopic[10–12]

or titrimetric[13,14] determination.
Thus, an on-line method with an

electrochemical sensor suitable for aqueous application is de-
sired in order to obtain quick and continuous readings.

Within the past 40 years, different amperometric[15,16] and
voltammetric[17–19] sensor systems have become the industry
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standard, leading to commonly used commercial ozone sensors,
for example, from the Orbisphere product family as used in pre-
vious studies.[9,20] However, miniaturization and the suitability
for adaption into an embedded system are limited and add to the
setup cost, which is why these devices are often only installed at
one spot within water storage systems.

When it comes to compact setups, a widely used type of
sensor material is based on polymer electrolyte membranes
(PEM) containing catalytic layers of defined metal loading.
The required noble metal surface can be obtained using dif-
ferent approaches,[21,22] including the impregnation-reduction
technique.[23–25] Therein, Nafion acts as a solid ion exchanger
and allows the exchange with metal cations, which are subse-
quently reduced to their metallic state. Depending on the noble
metals and reductants used, the resulting ionic polymer metal
composite (IPMC) can be tailored to its specific application.[26,27]

Most commonly, these materials find their field of application
in the detection of hydrogen peroxide,[28] dissolved and gaseous
hydrogen[29–32] as well as gaseous ozone.[15,33–35] However, for the
detection of dissolved oxygen species in aqueous media, only a
few sensor systems are reported.[36–38]

The influence of preparation parameters of such IPMCs has
previously been discussed by Sakthivel et al.,[31] however, this has
only been investigated in the context of hydrogen sensors. Fur-
thermore, by determining the surface characteristics of Pt elec-
trodes, correlations between the particle size and the ampero-
metric sensor response were identified. Furthermore, it has been
reported that incorporating nanoparticles in the IPMC structure
influences the properties of a material in the application as a po-
tentiometric sensor.[39] As the use of a supporting solution during
the impregnation-reduction process has been reported, Pt layer
formation might be altered by influencing the establishing equi-
libria within the ion exchange membrane from both sides.[40]

Thus, a deeper knowledge of the structural composition is equally
desired for the development of highly sensitive potentiometric
ozone sensors.

The determination of the metal loading is described in
varying quality within the literature, as often enough a thor-
ough, comprehensible analytical procedure is not provided.
For IPMC specimens with large dimensions, the loading is
commonly determined gravimetrically,[24,41] while for low ab-
solute metal content a digestion in aqua regia followed by
ICP OES analysis is favored.[42–44] In addition, the application
of image processing after TEM analysis has been successfully
evaluated.[40]

This study covers the preparation of platinum-based IPMC
sensor materials for the application as potentiometric sensors,
suitable for the quantification of aqueous ozone in ultrapure
water (UPW). By systematic variation of critical synthesis pa-
rameters during the impregnation-reduction process, different
sensor materials with varying appearances are obtained. The
prepared surfaces are thoroughly characterized regarding their
physicochemical properties and evaluated in terms of their
ozone-sensing characteristics. From the collected data, structure-
property relationships are identified and provide guidelines for
the preparation of compact, tailor-made sensors using suitable
synthesis conditions.

Table 1. Analytical parameters for regression functions of both Pt content
as well as dissolved ozone. For each analytical method, the upper limit
of quantification (ULOQ), limits of detection (LOD), and quantification
(LOQ) as well as the coefficient of determination (R2) are given and show
satisfactory values. Additionally, the method precision is given as the co-
efficient of variation of the procedure (Vx0).

Pt O3

Method ICP OES radial
configuration

DPD method via
VIS spectroscopy
with 5 cm cuvette

DPD method via
VIS spectroscopy
with 1 cm cuvette

𝜆 / nm 370.6 510.0 510.0

ULOQ [mg L−1] 20.0 0.12 2.4

LOD [μg L−1] 51.3 0.9 43.1

LOQ [μg L−1] 213.0 3.2 130.5

R2 0.9997 0.9998 0.9994

Vx0 [%] 2.1 1.5 2.1

2. Results and Discussion

2.1. Analytical Performance of Spectroscopic Determination
Methods

For a thorough characterization of the sensor material, the abil-
ity to accurately determine the quantity of Pt deposited per mem-
brane surface area and the concentration of O3 in UPW is cen-
tral to this study. This is especially true for the quantification of
the metal loading as gravimetric determination approaches suf-
fer from poor sensitivity due to the low absolute weight of the
noble metal incorporated within the IPMC.

Hence, a more selective and precise spectroscopic determina-
tion was chosen for this study. To ensure an exhaustive removal
of the metal layer from the IPMC electrode after digestion with
aqua regia, the absence of Pt signals from the residual Nafion
substrate was confirmed via X-ray fluorescence.

The performed calibrations were described regarding their an-
alytical capabilities, which are given in Table 1. LOD and LOQ
values were calculated using a calibration approach according to
DIN ISO 11843-2:2006-06 and DIN 32645:2008-11.

A wide calibration range from 20.0 mg L−1 down to just
213 μg L−1 Pt content allows for the analysis of digested sam-
ples that originate from both heavily loaded electrode surfaces as
well as barely coated IPMC materials. For ozone concentrations,
a range from 2.4 mg L−1 down to 0.9 μg L−1 is suitable to reliably
detect traces of dissolved ozone emerging after short periods of
electrolysis operation or operational conditions involving low cur-
rent densities. It must be noted that these analytical limitations
can only be reached when the highest grade UPW (18.2 MΩ cm
resistivity, total organic carbon ≤ 1 μg L−1) is used, as the presence
of natural organic matter or other reactive oxygen species may
bear additional challenges. The calibration curves for all analyti-
cal procedures were fitted to linear functions with coefficients of
determination R2 > 0.999 and coefficients of variation less than
2.1 %, stressing the precision and suitability of the chosen meth-
ods.

Adv. Mater. Technol. 2023, 8, 2202043 2202043 (2 of 13) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Table 2. Visual appearance of a representative selection of IPMC sensor materials and their specific synthesis conditions (top view, photomontage). The
electrode surface exposed to the impregnation-reduction process (front side, marked “f”, pointing upwards during the synthesis) is shown on the left
half of the picture, whereas the right half of the picture refers to the rear of the electrode surface which was exposed to the supporting solution (marked
“r”, pointing downwards).

Specimen #10 #7 #25

IPMC appearance

KBH4 KBH4

40 mmol L−1 200 mmol L−1

3 × 20 min 1 × 60 min

4.5 mmol L−1 4.5 mmol L−1

N2H4

25 000 mmol L−1 (𝜔 = 80 %)

1 × 60 min

2.0 mmol L−1

Reducing agent

Reductant concentration

Reduction strategy

Pt concentration

Supporting solution K2SO4, 13 mmol L−1

Figure 1. a) SEM image of the IPMC surface which has undergone a 200 mmol L-1 KBH4 reduction step, revealing spherical and elliptical nanoparticles
which were measured using digital image processing software (additional 400% digital zoom in the circular segment). Values represent the (longest)
diameter of individual nanoparticles. b) For facilitated visual interpretation of the SEM/EDX image of the cross-section of the electrode, characteristic flu-
orescence energies of fluorine and platinum were colored, representing the bulk Nafion material (turquoise, 178 μm total thickness) and the incorporated
surficial Pt layer (orange) with a thickness of ≈8 μm.

2.2. Influence of Synthesis Parameters on the Physicochemical
Properties of Sensor Material

The synthesis leads to flexible IPMC sensor materials which
vary in visual appearance, depending on the synthesis con-
ditions. All sensor materials show substantial staining of the
underlying Nafion substrate which ranges from a translucent
gray darkening to a solid matte black appearance on both
sides and even to a silver-colored, mirror-like front finish (see
Table 2). The reduced translucence of the sensor materials is ac-
companied by an increase in the perceived resistance to elastic
deformation.

When simply comparing the visual appearance, it becomes ap-
parent that the choice of reducing agent bears a considerable im-
pact. The use of hydrazine (N2H4) only leads to an extensively
stained sensor material which hints at a low Pt loading. Under the

given conditions, tetraborohydride acts as a powerful reducing
agent[45] and leads to substantially reduced visual transparency,
which can be completely blocked at lower reductant concentra-
tions due to the formation of a solid metal deposit on the IPMC
surface.

In order to obtain the morphological properties of the synthe-
sized IPMC electrodes, SEM studies were conducted. For an ex-
emplary sensor material, both the surface and cross-section are
displayed in Figure 1.

By observing the sensor materials at a magnification level
of 30 000 in Figure 1a, surficial layers of structured metal de-
posits become clearly visible. Agglomerates are identified as
spherical-shaped Pt nanoparticles via EDX with mean particle
sizes ranging between 40 and 90 nm. This is larger than re-
ported for layers obtained under comparable conditions at el-
evated temperatures[43,46] or from recast Nafion solutions.[47,48]

Adv. Mater. Technol. 2023, 8, 2202043 2202043 (3 of 13) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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However, this observation is only valid for sensor materials
that have undergone a reduction using tetraborohydrides, as hy-
drazine solutions did not result in electrodes which allowed for
the identification of individual Pt particles. Furthermore, for the
given dataset, statistically significant smaller particle sizes are
measured when using KCl or K2SO4 electrolytes in contrast to
UPW. For all sensor materials, additional cross-sections were pre-
pared and evaluated. EDX analyses revealed that the applied syn-
thesis procedure leads to controlled one-sided precipitation of Pt
particles, which can be a valuable feature for an IPMC sensor
design. Obtained layer thicknesses are within a range of 2.2 to
12.6 μm, which is in accordance with the results achieved by other
researchers[40,49] although even thinner layers have been reported
previously, partially using elevated temperatures.[41,50] Electrodes
that were prepared with hydrazine as the reducing agent yielded
no defined Pt layer that could be identified via SEM/EDX. This is
because, in contrast to the anionic borohydride, hydrazine is not
subject to Donnan exclusion[51] and can thusly undergo diffuse
reduction reactions over the entire cross-section of the IPMC ma-
terial.

For accurate measurements, the sensor material has to be di-
gested and is consequently destroyed during the quantification
process. For that reason, the applicability of radiography as an
alternative non-destructive method was evaluated to reliably ap-
proximate the Pt loading by determining the radiographic black-
ening caused by X-ray absorption. This technique makes use of
differing material contrasts between the polymer substrate and
the incorporated heavy metal atoms.

After the digital reconstruction of the radiographic image, a
gray value image is obtained. As within the 8-bit grayscale 256
different shades of gray or black can be differentiated, this leads
to a discrimination limit of ≈0.4%. In Figure 2 the obtained ra-
diographic blackening values are displayed with respect to the el-
emental content found after digestion and atomic spectroscopy.

The obtained Pt loadings in this study range from 0.01 to
1.52 mg cm−2 and comply with the range of sensor materials
reported in the literature, which usually exhibit a noble metal
loading of 0.1 to 4 mg cm−2.[21,41,49,52] Elevated levels of Pt load-
ing in the final product are shown to be obtained primarily by
increasing the initial Pt concentration of the impregnation so-
lution. For the given electrodes, a corresponding radiographic
blackening from 22.0% to 34.3% was observed. However, it must
be noted that any contribution to an increased gray value may also
be caused in part by incorporated elements other than Pt due to
incomplete restoration of the initial, fully H+-loaded state during
the work-up. For Pt loadings in the range of 0 to 0.3 mg cm−2,
the calculated gray values exhibit considerable deviations,
implying comparable analytical limitations as gravimetric ap-
proaches.

When all sensor materials are considered, a coefficient of de-
termination R2 = 0.725 for a linear regression model is obtained,
which is insufficient for analytical purposes. In contrast, when
omitting electrodes with KCl or K2SO4 electrolytes, an improved
R2 = 0.876 can be achieved. This allows for a reasonable, non-
destructive estimation of the absolute Pt loading, especially for
higher loading values. While previous work on the radiographic
determination of heavy metal contents yielded even higher R2

values, these studies have predominantly focused on aqueous
matrices, enabling more advanced measuring and quantification

Figure 2. Scatter plot of averaged radiographic blackening versus mean
Pt loading for individual specimens, determined via digestion and spec-
troscopic determination. The color scale of the data points correlates with
the initial Pt concentration. Smaller data points represent sensor materials
prepared with KCl or K2SO4 electrolytes whereas larger data points show
specimens prepared with ultrapure water as supporting solution. Discrete
group formation hints at higher Pt concentrations during synthesis also
leading to higher elemental content in the final IPMC electrode. Linear
trend functions were estimated for all sensor materials (dotted line) as
well as only those IPMCs obtained using ultrapure water as a supporting
solution (dashed line).

methods.[53,54] Nonetheless, the proposed method may already
be sufficient for technical applications (e.g. process and quality
control).

A comprehensive overview of the physicochemical parame-
ters obtained for all synthesis conditions is given in Table 3.
For several specimens, a distinguishable nanostructured Pt layer
could not be characterized during SEM analysis and therefore no
value is given for layer thickness and/or particle size (denoted
n.d.). To ensure highest accuracy for all synthesis conditions,
the reported Pt loading values are all obtained from ICP OES
measurements.

2.3. Evaluation of the Performance of Synthesized IPMC
Materials as Potentiometric Electrodes for Ozone Sensing

Prior to a measuring sequence, all synthesized specimens were
equilibrated for 24 h with ultrapure water, resulting in a stable
voltage baseline (Ub) between the IPMC and the IrOx reference
electrodes. A substantial change in voltage is observed within 2
min after exchanging the ultrapure water with ozonated UPW,
as dissolved ozone molecules interact with the electrode surface.
Once the maximum voltage (Umax) is reached, it is followed by
a slow signal decrease back to the initial voltage Ub over a time
period of up to 10 h due to successive ozone decomposition. Ex-
posing the sensor material to solutions with higher content of
dissolved ozone leads to a correspondingly increased sensor sig-
nal. A stable voltage baseline signal was always re-obtained over
the measurement period of about two weeks per specimen, indi-
cating no significant irreversible changes in sensing properties
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Table 3. Comprehensive overview of the physicochemical properties obtained for the 25 sensor materials depending on their respective synthesis condi-
tions. Sensor materials are sorted by their initial Pt impregnation solution concentration, reducing agents, reductant concentration, reduction strategy,
and supporting solution. Mean values are given for the Pt loading leached from the electrode, radiographic blackening as well as Pt layer thickness and
particle sizes (rounded to the nearest 5 nm).

Synthesis parameters Measured physicochemical IPMC properties

# Initial
c(Pt)

Reducing
agent

Initial
c(red.)

Reduction
strategy

Supporting
solution

Pt
loading

Blacke-
ning

Layer
thickness

Particle
size

[mmol L−1] [mmol L−1] −2][mg cm [%] μm][ [nm]

1 10.0 NaBH4 200 1 × 60 min UPW 1.52 34.3 5.0

2 10.0 NaBH4 40 3 × 20 min UPW 1.10 31.9 4.5

3 4.5 4NaBH 200 1 × 60 min KCl 0.66 28.3 6.7

4 4.5 4NaBH 40 3 × 20 min KCl 0.39 26.0 10.2

5 4.5 KBH4 200 1 × 60 min UPW 0.77 30.5 8.4

6 4.5 KBH4 200 1 × 60 min KCl 0.47 30.5 7.9

7 4.5 KBH4 200 1 × 60 min K2SO4 0.53 30.6 5.7

8 4.5 KBH4 40 3 × 20 min UPW 0.52 27.1 4.3

9 4.5 KBH4 40 3 × 20 min KCl 0.53 27.4 12.6

10 4.5 KBH4 40 3 × 20 min K2SO4 0.52 27.4 2.2

n.d.

90

75

55

65

45

65

70

50

75

11 2.0 NaBH4 200 1 × 60 min UPW 0.24 23.1 7.5 n.d.

12 2.0 NaBH4 200 1 × 60 min K2SO4 0.19 23.2 5.5 n.d.

13 2.0 NaBH4 200 3 × 20 min UPW 0.22 23.2 8.7

14 2.0 NaBH4 200 3 × 20 min KCl 0.20 22.9 5.5

15 2.0 NaBH4 200 3 × 20 min K2SO4 0.14 23.4 6.8

16 2.0 NaBH4 40 1 × 60 min K2SO4 0.28 24.3 4.3

17 2.0 NaBH4 40 3 × 20 min UPW 0.15 22.5 5.7

18 2.0 NaBH4 40 3 × 20 min K2SO4 0.21 22.0 3.8

n.d.

65

40

55

85

50

19 2.0 KBH4 200 3 × 20 min UPW 0.18 27.4 7.9

20 2.0 KBH4 200 3 × 20 min KCl 0.23 27.6 7.4

n.d.

70

21 2.0 KBH4 200 3 × 20 min K2SO4 0.18 27.6 10.3

22 2.0 N2H4 2000 1 × 60 min UPW 0.03 23.9 n.d.

n.d.

55

23 2.0 N2H4 2000 1 × 60 min KCl 0.01 23.2 n.d. n.d.

24 2.0 N2H4 25 000 1 × 60 min UPW 0.05 22.7 n.d. n.d.

25 2.0 N2H4 25 000 1 × 60 min K2SO4 0.01 24.2 n.d. n.d.

due to, for example, degradation effects and therefore not limit-
ing the reusability of the presented sensor materials. As an ex-
ample displayed in Figure 3a, varying ozone concentrations in a
range of 0.07 to 0.83 mg L−1 resulted in signal responses from 75
to 200 mV.

In an aqueous solution, dissolved ozone undergoes a com-
plex decomposition mechanism, which is strongly affected by the
given reaction conditions. However, there is no univocal model
for ozone decay, hence reaction orders ranging from 1 to 2 are
discussed in the literature.[55–57] Since the experiments in the
present study were performed under atmospheric conditions, all
solutions were slightly acidic (pH ≈ 5.5) and ensured that the pH-
sensitive IrOx electrode produced a well-defined reference poten-
tial. As first-order kinetics are preferably applied for acidic envi-
ronments, this approximation was chosen and yielded a fit with
R2

adj. > 0.96. This enabled us to quantify the mean half-life of the
unstable ozone solutions colorimetrically as 80 min, which is in
congruence with the findings of previously reviewed studies.[55]

Therefore, the concentration at the measured peak maximum

𝛽(O3)t(Umax) was calculated according to Equation (1) based on the
measured initial ozone concentration 𝛽(O3)t = 0.

𝛽
(
O3

)
= 𝛽

(
O3

)
t = 0

⋅ e− k ⋅ t = 𝛽
(
O3

)
t = 0

⋅ 2
− t

t1∕2

with t1∕2 =
ln (2)

k
(1)

The measured voltage differences (ΔUmax = Umax − Ub) for
these potentiometric sensors form response curves that are a
function of the ozone concentration at peak maximum (Fig-
ure 3b). As the experimental setup only allows the observation
of transient voltage signals, a true adsorption equilibrium can-
not be established due to successive ozone decay. Furthermore,
ozone shows reactive adsorption, as only atomic oxygen forms a
chemisorption layer on the Pt surface.[58] Since ozone molecules
are not re-formed during the subsequent desorption, an equi-
librium state cannot be achieved either. Instead, a slow, kineti-
cally inhibited desorption of surface-bound oxygen atoms occurs,
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Figure 3. a) Baseline-corrected potential curve for an exemplary representative sensor (#18). Colors indicate the sensor response to ozonated water of
different concentrations. Higher ozone concentrations are linked to higher sensor voltages. Over the course of several hours, the signal drops back to
the same, stable baseline level due to successive ozone decomposition even when a lower ozone concentration follows the measurement of a higher
concentrated solution, indicating the absence of a ‘carryover effect’. b) Sensor response as a function of the calculated ozone concentration at peak
maximum for sensor #18. Colored dots are directly derived from (a) whereas black dots represent additional data points obtained for this sensor. The
sensor response curve is satisfactorily described by a Langmuir pseudo-isotherm. Additionally, the analytical limits for detection (light red dashed lines)
and quantification (light gray dashed lines) are shown in terms of the electrical signal as well as ozone concentration.

possibly as O2 due to recombination.[59] Therefore, the obtained
response curves are only described by pseudo-isotherms.

In order to characterize the occurring adsorption behavior, the
Freundlich[60] and Langmuir[61] models were fitted to the exper-
imental data and compared by Akaike’s information criterion
(AICc) for small sample sizes (Equation (2)).[62,63] Herein, N is
the number of data points per sensor, K is the number of param-
eters within the regression model, and RSS is the residual sum
of squares.

AICc = N ⋅ ln
(RSS

N

)
+ 2K + 2K2 + 2K

N − K − 1
(2)

As for the vast majority of sensors lower AICc values are ob-
tained for the Langmuir pseudo-isotherm, this model seems
more suitable to explain the sensor response curves and suggests
that only a monolayer of adsorbates is formed on the Pt surface.
To further account for possible deviations from a strict pseudo-
Langmuir behavior, both the Redlich–Petersen[64] and Sips[65,66]

isotherms are also considered suitable regression models.[67]

However, the gain in the goodness of fit does not lead to an overall
decrease in AICc values (see Table 4) and therefore does not jus-
tify the introduction of a third regression parameter, also prevent-
ing overfitting. Hence, the Langmuir pseudo-isotherm model
(Equation (3)) is selected for subsequent sensor characterization.

ΔUmax

(
𝛽
(
O3

)
t(Umax)

)
= f ⋅ qe =

qmax ⋅ KL ⋅ 𝛽
(
O3

)
t(Umax)

1 + KL ⋅ 𝛽
(
O3

)
t(Umax)

(3)

Herein, qe is the relative occupancy of adsorption sites at
pseudo-equilibrium, qmax = f ∙ qL is the adjusted maximum ad-
sorption capacity of the adsorbent (Pt surface of IPMC electrode),
KL is the Langmuir constant related to the affinity of adsorp-
tion, and 𝛽(O3)t(Umax) is the pseudo-equilibrium concentration of
the adsorbate (dissolved ozone). In the context of this study, the

pseudo-Langmuir model assumes an approximate direct propor-
tionality between the measured sensor voltage and the pseudo-
equilibrium occupancy, which is given by the proportionality fac-
tor f in the equation above. This formal scale factor accounts
for different physical dimensions incorporated into the equation.
Under the assumption that qe approaches the limit of 1, the nu-
merical value of f becomes equal to qmax for every individual
sensor.

This assumption is supported by the typical cyclic voltammo-
gram of Pt on Nafion as a working electrode in purified water:[68]

In the potential range where chemisorption of oxygen adsorbates
occurs on the Pt surface (oxygen underpotential deposition), the
observed I(U) profile can be approximated by a rectangular graph
and thus be interpreted as a capacitor, where the amount of elec-
tric charge (given by the anodic current integral in this region)
linearly depends on the electrode potential. As the surface cover-
age of adsorbed oxygen is proportional to the electric charge,[59]

the assumption of linear proportionality is justified.
For LOD and LOQ estimation, the noise of the signal baseline

was determined to be the limiting characteristic and its standard
deviation was quantified to 𝜎b = 2 mV, also taking the resolution
of the measuring equipment into account. Hence, LOD (3 𝜎b)
and LOQ (10 𝜎b) correspond to voltages of ΔUmax = 6 and 20 mV,
respectively. By solving Equation (3) for 𝛽(O3)t(Umax), Equation (4)
is obtained and yields individual concentration values for the dif-
ferent synthesized sensors.

𝛽
(
O3

)
t(Umax) =

ΔUmax

KL ⋅ (qmax − ΔUmax)
(4)

Choosing the most suitable sensor strongly depends on the
specific application: If ozone concentrations typically occur in the
low μg L−1 range (i.e. low LOD values are desired), a steep cali-
bration curve with higher values for KL is preferred. On the other
hand, if a larger dynamic range is required, then sensors with a
lower KL value but higher qmax values should be selected.
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Table 4. Comprehensive overview of the ozone-sensing properties obtained for the sensors listed in Table 3. AICc values were calculated for the Freundlich
(FR), Langmuir (LA), Redlich–Petersen (RP), and Sips (SI) pseudo-isotherm models. Langmuir pseudo-isotherm regression parameters are given for
each sensor as well as the adjusted coefficient of determination (R2

adj.) and the limits of detection (LOD) and quantification (LOQ).

AICc values Pseudo–Langmuir fit parameters Analytical parameters

# FR LA RP SI qmax KL R2
adj. LOD LOQ

[mV] [L mg−1] μg L−1][ μg L−1][

1 48.8 46.8 66.7 65.8 426 10.90 0.861 1.3 4.5

2 35.8 31.9 49.3 49.3 281 2.48 0.971 8.8 30.9

3 40.7 35.3 55.2 53.9 290 5.53 0.974 3.8 13.4

4 46.9 48.1 56.8 56.8 280 5.06 0.834 4.3 15.2

5 61.6 57.2 66.3 64.0 583 7.42 0.880 1.4 4.8

6 52.6 52.8 58.9 58.9 357 10.03 0.890 1.7 5.9

7 73.4 68.4 73.9 73.8 597 12.75 0.930 0.8 2.7

8 56.2 53.2 60.3 58.6 418 2.14 0.898 6.8 23.5

9 43.9 43.4 34.3 30.4 1023 0.79 0.793 7.4 25.1

10 40.2 37.2 44.7 38.2 381 1.08 0.941 14.8 51.3

11 66.2 68.0 70.1 70.1 454 13.58 0.881 1.0 3.4

12 30.8 32.8 50.6 50.8 324 20.45 0.848 0.9 3.2

13 50.3 44.4 64.3 64.4 567 19.41 0.959 0.6 1.9

14 53.5 44.2 50.3 49.0 722 2.34 0.967 3.6 12.2

15 63.5 64.9 69.4 68.9 647 11.61 0.881 0.8 2.7

16 58.7 55.9 62.8 59.8 542 7.24 0.783 1.5 5.3

17 48.5 48.2 56.9 56.4 351 21.82 0.891 0.8 2.8

18 46.3 41.4 45.5 46.2 257 4.62 0.974 5.2 18.3

19 62.0 53.6 59.7 59.6 435 12.42 0.941 1.1 3.9

20 49.4 48.7 67.8 67.9 561 36.05 0.872 0.3 1.0

21 57.7 51.2 55.0 53.6 621 25.97 0.974 0.4 1.3

22 50.8 52.2 59.8 60.2 364 13.27 0.874 1.3 4.4

23 63.8 60.6 66.9 66.2 572 6.71 0.899 1.6 5.4

24 62.8 45.2 52.0 51.8 495 23.65 0.989 0.5 1.8

25 49.8 45.0 64.5 65.0 686 10.94 0.958 0.8 2.7

An overview of the pseudo-Langmuir regression parameter de-
rived from the sensor response curves as well as resulting LOD
and LOQ values are given in Table 4.

For most regressions, an adjusted coefficient of determination
R2

adj. > 0.85 is achieved, indicating a sufficient description of the
data points by the pseudo-Langmuir regression model. The cal-
culated qmax values range from 257 to 1023 mV and suggest a
notable span in the obtained surface properties as qmax repre-
sents the upper limit for an observable change in voltage when
all binding sites on the sensor surface are occupied by analyte
molecules. For the parameter KL, which is linked to the energy
of adsorption, values range from 0.79 to 36.05 L mg−1 and thus
exceed an order of magnitude. This further implies differences
concerning the surfaces of the individual sensors as larger KL
values are related to stronger interactions between the adsorbate
and adsorbent.[61] However, the obtained values for qmax and KL
exhibit a much broader range than expected as the adsorption
behavior is primarily a material property of Pt in the presence
of ozone. In consequence, while the Langmuir pseudo-isotherm
yields the most suitable fit according to the AICc criterion, it is

indicated that other models may consider the occurring phenom-
ena more accurately.

Considering all sensors, mean LOD and LOQ values of 2.9
and 9.9 μg L−1 are determined, respectively. These limits en-
able confident monitoring of UPW for the application during
pharmaceutical-grade water sanitization.

2.4. Evaluation of General Trends between Synthesis Parameters,
Physicochemical Properties, and Ozone-Sensing Behavior

The aforementioned findings show that both the physicochemi-
cal and ozone-sensing properties are strongly influenced by the
selected synthesis conditions. It would therefore be desirable
to identify underlying correlations in order to enable tailoring
IPMC sensors to their specific application in disinfection moni-
toring. The accurate calculation of numerical relations from the
presented dataset bears challenges as a fractional factorial study
design was deliberately chosen to limit high-value resources
(e.g. platinum, Nafion). While this approach cannot resolve all
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Figure 4. Plotting the predicted (according to Equation (6)) versus ob-
served values for the regression model of the Pt loading indicates a good
model accuracy (R2

adj. > 0.95). A step-like profile of the calculated data
points arises from the fact that the regression model is based on a limited
amount of input parameters and can only assume a defined number of
levels for the given dataset (gray horizontal lines).

higher-order interactions due to confounding factors, this can
be considered a minor issue, as only a small proportion of all
variables exhibit statistically significant effects (effect sparsity
principle[69]) and main effects are more likely to be important
than two-factor or higher-order interactions (hierarchical order-
ing principle[70]). Therefore, the study design is justified by al-
lowing the beneficial extraction of general trends from a cost-
effective screening of synthesis conditions affecting the physic-
ochemical and sensing properties.

Both the direct correlations between synthesis parameters and
sensing properties as well as correlations between physicochemi-
cal properties and sensing properties were considered. However,
valid models were only established for certain properties, with
the best results found for Pt loading, demonstrated in Figure 4.

To verify whether all prerequisites for the multiple linear re-
gression analysis are given, both the normal distribution and ho-
moscedasticity of the residuals are evaluated. For the Pt load-
ing a Box–Cox transformation (Equation (5)) of the dataset had
to be performed.[71] As a result, only a few data points exhibit
large residuals, that is, for a majority of data points there are only
minor deviations between the measured values and the modeled
data. This can also be seen in Figure 4 as the overall model shows
a good agreement between observed and predicted data (R2

adj. >

0.95). This is especially remarkable as the refined model merely
requires information about the initial Pt concentration, the se-
lected reducing agent, and the applied reduction strategy (Equa-
tion (6)). In turn, a reliable prediction of Pt loadings may be used
to prepare IPMCs with defined physicochemical properties even
beyond sensing applications by employing the presented model.

Pt loadingtrans =
(
Pt loading

)𝜆 − 1

𝜆
with 𝜆 = 0.545 (5)

Pt loadingtrans = 0.174 + 0.598 ⋅ c(Pt)init − 2.391

⋅

|||||||||

Red. agent

1 for N2H2
0 for NaBH4, KBH4

− 0.580 ⋅

|||||||||

Red. strategy

1 for 3 × 20 min
0 for 1 × 60 min

(6)

Furthermore, it can be observed that the calculated data points
form horizontal lines, resulting in a step-like profile. This is a di-
rect consequence of the underlying regression model consisting
of just three input parameters which were varied on only 2 or
3 defined levels for the given dataset. As a result, no more than
12 different levels of Pt loading can be extracted from the regres-
sion model. Yet, this degree of differentiation is already sufficient
for a reasonable estimation of the metal loading, merely on the
basis of given synthesis conditions and without the necessity of
performing any measurements on the manufactured products.
Other synthesis variables, such as, for example, the concentration
of the reducing agent, have shown to be less important as they
were not limiting the reduction process and were subsequently
not implemented into the refined regression model for Pt load-
ing.

An overview of all successfully established regression models
is given in Figure 5. Only those models are included that achieved
a p < 0.05 and R2

adj. > 0.50 to ensure sufficient model adequacy
and significance for a general estimation of physicochemical or
sensing properties. In this context, the p-value indicates the prob-
ability that the identified correlation was randomly obtained. Just
four of all evaluated and refined models fulfill these criteria, the
remainder led to insufficient fits or poor significance. In conse-
quence, no significant models were established to describe the
expected sensing properties merely based on given synthesis con-
ditions. All obtained regression models are purely based on main
effects; two-factor interactions were considered but none were
identified as being statistically significant. In general, factors with
p < 0.05 were typically not included in the model refinement
unless explicitly stated. Equations for the remaining regression
models are given in Supporting Information.

For the radiographic blackening, a statistically significant and
adequate model was obtained. In contrast to the Pt loading re-
gression model, the choice of either NaBH4 or KBH4 shows a
statistically significant distinction with respect to the blacken-
ing, which is a direct result of different mass attenuation coef-
ficients of remaining cations in the Nafion structure. A rather
decent model was also obtained for the Pt layer thickness. With a
p-value of 0.11, the use of a supporting solution shows a formally
insignificant effect, however, omitting this minor factor from the
regression has been shown to degrade the quality of the model
substantially.

The presented dataset yielded no valid regression models be-
tween the synthesis parameters and the sensing properties and
therefore does not allow for a direct correlation. Apparent pat-
terns in some Q-Q plots, irrespective of the choice of variables,
indicate that there may be further, complex influencing factors
that have not been considered so far. In a related context, Sak-
thivel et al. have previously indicated a relationship between sur-
face morphology and the choice of borohydride salt.[31] How-
ever, with KL (expressing the pseudo-Langmuir curvature), a sin-
gle structure-property relationship is successfully described by
a statistically significant model. Although blackening and Pt
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Figure 5. a) Heatmap of p-values for all multiple linear regression models that yielded sufficient model adequacy and significance. The color gradient cor-
responds to the p-values, with blue tiles of varying intensity referring to factors of higher significance (p < 0.01). b) Adjusted coefficients of determination
for the obtained valid regression models. For Pt loading and blackening R2

adj. > 0.90 were achieved.

loading were expected to describe somewhat redundant infor-
mation, both factors contribute significantly to the model, while
layer thickness was excluded during model refinement due to in-
significance. Furthermore, particle size is another contributing
factor to this model; however, since missing values had to be con-
sidered, this resulted in a loss in statistical power due to fewer
data points for model refinement. Yet, removing the particle size
from the regression model would also lead to lower R2

adj. values.

3. Conclusion

In this study, platinum-based IPMCs were synthesized using a
simple laboratory-scale setup and characterized with respect to
the intended use as potentiometric sensors for the quantification
of dissolved ozone in UPW monitoring. Depending on the se-
lected synthesis parameters the obtained sensor materials vary
greatly in appearance and feature nanostructured Pt surfaces
with particle diameters in the range of 40 to 90 nm. The forma-
tion of contiguous Pt layers only occurred when using tetraboro-
hydrides as reducing agents, however, IPMCs prepared with hy-
drazine also led to sensitive ozone sensors despite possessing low
Pt loadings.

As common non-destructive determination methods for the
individual metal loading are limited due to gravimetric resolu-
tion, a radiographic approach was evaluated and allows for a suf-
ficient estimation of the Pt content. However, for low Pt loadings,
other incorporated elements may contribute considerably to the
overall X-ray absorption, impairing the accuracy of the method.

Sensor response properties in ozonated water can be conclu-
sively described by Langmuir pseudo-isotherms in the potentio-
metric measuring setup. Mean LODs of ≈3 μg L−1 were enabled,
qualifying the materials as suitable sensors in pharmaceutical
systems for cold water storage.

Figure 6. Schematic model of the experimental setup: The reagent bottle,
its threaded cap, and two sealing discs allow the Nafion membrane to be
contacted simultaneously by both the Pt solution or the reducing solution
from above and the supporting solution from beneath.

Even from a limited dataset, it is possible to accurately cor-
relate selected physicochemical properties with given synthesis
conditions, however, sensing properties did not yield satisfying
regression models. An assumed influence by the supporting so-
lution was only identified for the Pt layer thickness. By improving
the microscopic analysis of particle sizes, especially for smaller
nanoparticles expected when using hydrazine as a reductant,
modeling of sensing properties might be achievable at a higher
accuracy and significance.

The obtained results contribute to prospective targeted synthe-
ses of cost-effective IPMC sensor materials with defined physico-
chemical properties and enable miniaturized sensor setups that
can be retrofitted at various key spots within UPW storage sys-
tems. Future studies can improve by a larger range of differ-
ent sensors, which would be more feasible with an optimized
sensor design to require even fewer resources. Furthermore,
the observed sensor response and reset times limit monitoring

Adv. Mater. Technol. 2023, 8, 2202043 2202043 (9 of 13) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH



xi 

www.advancedsciencenews.com www.advmattechnol.de

Figure 7. Scheme of the experimental setup for a) ozonated water production and b) arrangement of the SMEA. 18.2 MΩ ultrapure water from the
reservoir is pumped through both the anodic and cathodic half-cells of the PEM electrolyzer, with oxidants being dissolved into the anaolyte. Gaseous
ozone from the analytic cycle is bubbled into a separate ultrapure water reservoir to provide solutions with ozone as the only oxidant present. c) The
ozonated water is then pumped along d) a simple sensor setup which allows for quick material exchange.

applications that demand quick response qualities and should
gain further attention. A promising approach for this purpose
may involve the presence of stabilizing agents during synthesis
to better control Pt nanoparticle growth which might also be of
interest for further applications of IPMCs.

4. Experimental Section
Preparation of Platinized Nafion Membrane Electrodes via Impregnation-

Reduction Method: Nafion 117 membranes (Chemours, Wilmington,
Delaware, USA) were conditioned according to Sakthivel et al.[31] and
placed in the apparatus depicted in Figure 6. The setup consisted of a
GL 45 screw cap, the PEM (circular, d = 41 mm) placed between two
silicone-PTFE seals (with circular center cut-out, d = 35 mm), and a
horizontally cut PP reagent bottle. The lower cavity beneath the mem-
brane provided a supporting solution while the funnel-shaped reagent
bottle acted as the reservoir for the metal and reducing solutions to
which the membranes were exposed during the impregnation-reduction
process.

The synthesis followed and expanded the impregnation-reduction
methods from the literature.[23,31] All chemicals were in analytical grade
quality and all solutions thereof were prepared from 18.2 MΩ UPW. Both
UPW, as well as KCl and K2SO4 (Merck KGaA, Darmstadt, Germany) elec-
trolytes (13 mmol L−1), were evaluated as supporting solutions.[40,52]

3 mL of the supporting solution was filled into the cavity before plac-
ing the prepared membrane substrate into the setup. Subsequently, a
Pt(NH3)4Cl2 (Aldrich, St. Louis, MO, USA) solution (10 mL) with defined
concentration levels was allowed to impregnate the membrane with Pt for
1 h at room temperature, supported by a 3D platform rotator (Grant Instru-
ments, Shepreth, United Kingdom). Thereafter, the impregnation solution
was exchanged for a reducing solution (15 mL), prepared in an aqueous

NH3/NH4
+ buffer system (100 mmol L−1, pH = 9.25). Reducing agents

and concentrations were varied in a fractional factorial design and include
NaBH4, KBH4, and N2H4 (all VWR Chemicals, Radnor, PA, USA). The re-
duction treatment was carried out for 1 h under magnetic stirring. All 25
IPMC variations were synthesized as duplicates.

Structural and Elemental Characterization of the Synthesized Pt Layers:
All characterization steps were performed after prior reloading and drying
of the synthesized Pt/Nafion IPMCs. Pt loading values were determined by
atomic emission spectroscopy on an ARCOS ICP OES system (Spectro,
Kleve, Germany) after digesting circular cut-outs (d = 6 mm) in boiling
aqua regia (12 mL) for 30 min and subsequent dilution with UPW. ICP OES
measurements were carried out as triplicates at 1400 W incident power
and an integration time of 12 s after a rinse time of 60 s.

The determination of both thickness, position, and uniformity of the
Pt layers was performed using a 7200F field-emission scanning electron
microscope (JEOL, Akishima, Japan) at 2 kV acceleration voltage. All sam-
ples were degassed and dried in a desiccator for at least 24 h before SEM
analysis. The layer thickness was acquired via SEM imaging in a 10-fold
determination at the cross-section of the composite material. The particle
size was determined at five representative spots on the SEM image of the
respective electrode surface using the ImageJ distribution Fiji.[72] In order
to enable Pt identification via Pt-M𝛼 and Pt-M𝛽 emission lines, elemental
analyses were carried out using a Bruker XFlash 6|60 EDX detector at 15 kV
acceleration voltage.

Radiographic assessment of the Pt loading was performed using a
Skyscan 1275 computed tomography scanner (Bruker, Billerica, MA, USA)
at 15 kV acceleration voltage and 150 μA current with 16-bit image ac-
quisition. Three representative circular sections (d = 6 mm) were taken
from each radiograph and collected as a 2D color value dataset. Mean
values were calculated from the individual pixels using OriginPro 2022
(OriginLab, Northampton, MA, USA) and the gray value of the individ-
ual electrodes was determined using the 256 gray levels available in the
8-bit grayscale depth.
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Table 5. Overview of synthesis parameters, physicochemical properties, and sensing parameters evaluated in the present study. LOQ was not included
in the multiple linear regression analysis due to linear dependency with LOD.

Synthesis parameters Physicochemical
properties

Sensing parameters

Pt loading

Radiographic
blackening

Layer thickness

Particle size

Initial Pt concentration

Reducing agent

Initial reductant concentration

Reduction strategy

Supporting solution

Langmuir fit parameter qmax

Langmuir fit parameter KL

Coefficient of determination R2
adj.

Limit of detection LOD

Limit of quantification LOQ

Characterization of Ozone Sensing Properties: To prepare aqueous solu-
tions with defined ozone content, the setup depicted in Figure 7 is used for
all experiments. A structured membrane-electrode assembly (SMEA), con-
sisting of a Nafion 117 membrane and seven pairs of PbO2-coated porous
titanium anodes and porous titanium cathodes (all Innovatec Gerätetech-
nik GmbH, Rheinbach, Germany), was mounted within a PVC housing (as
previously described in ref. [73]). The ozone-rich gas phase of the anodic
half-cell was exhausted into a separate flask to prevent the introduction
and subsequent measurement of other electrochemically formed oxygen
species.

Subsequently, the ozonated water was stirred gently and pumped along
the sensor setup shown in Figure 7d, containing one IPMC specimen per
experiment (representing each synthesis condition), a PTFE spacer, and
an IrOx electrode (De Nora, Milan, Italy) assembled within a sealed hous-
ing. No additional reference electrode had to be incorporated as there is
no current flow during the potentiometric measurement which would lead
to a polarization of the IrOx electrode. Furthermore, IrOx has proven to
provide a stable electrode potential (E ≈ 880 mV vs SHE) while the sur-
rounding media exhibit constant pH values.[74–76] As Nafion fulfills this re-
quirement under ultrapure water conditions, a stable reference electrode
is thus guaranteed.[77,78]

For sensor characterization experiments, the UPW used for sensor con-
ditioning was replaced by ozonated ultrapure water with a target concen-
tration range of ≈10 μg L−1 to 1.0 mg L−1. Sensor signals were acquired
by measuring the potential between the Nafion-supported Pt surface (ex-
posed to the ozonated water) and the IrOx surface (exposed to ambient
air). In order to allow for a justified extraction of regression parameters
from the signal response properties, signals were collected for at least 5
different ozone concentrations.

At the same as the sensor was initially supplied with a new concentra-
tion level of ozonated water, the ozone content of the solution was quan-
tified colorimetrically for an off-line sample via the DPD method in ac-
cordance with DIN 38408-3:2011-04, using KI, KIO3, Na2HPO4, KH2PO4,
Na2S2O3, H2SO4, starch (all p.a. grade, Carl Roth, Karlsruhe, Germany),
and DPD (N,N-diethyl-p-phenylenediamine sulfate; Merck, Burlington,
MA, USA) on a DR6000 spectral photometer (Hach Lange, Düsseldorf,
Germany). On a daily basis, the required I2 solutions (2.5 mmol L−1)
were freshly prepared and checked for their titers with a Na2S2O3 solu-
tion (10 mmol L−1) using KIO3 and KI as primary standards. The same
procedure is used for the characterization of ozone decay within the setup
displayed in Figure 7c.

Model Development and Statistical Analysis: Additional statistical eval-
uations were performed using the free software environment R for sta-
tistical computing,[79] supported by the MASS package,[80] in order to
identify general trends between all groups of parameters measured and
evaluated in the present study (see Table 5). A multiple linear regression
analysis was chosen to estimate the magnitude and direction of selected
factor effects by regressing the physicochemical properties and the sens-
ing parameters with the synthesis conditions of the sensor materials. To
integrate categorical variables in the regression models, dummy variables
were used.

Due to the fractional factorial study design, not all factor interactions
were considered; instead, higher-order interactions of three or more pa-
rameters were excluded as they can be considered less probable (hierar-
chical ordering principle).[81] Furthermore, only selected two-factor inter-
actions were evaluated, for which a cause-effect relationship was consid-
ered plausible.

Initial regression models that included all factors and assumed in-
teractions were set up and refined. The developed reduced models only
included statistically significant contributing factors, which were identified
by analysis of variance. The model adequacy was verified with normal prob-
ability and residual plots, and a Box–Cox transformation was performed
where applicable.[71]
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A B S T R A C T

While PEM water electrolysis could be a favourable technique for in situ sanitization with ozone, its application is 
mainly limited to the use of ultrapure water to achieve a sufficient long-time stability. As additional charge 
carriers influence the occurring transport phenomena, we investigated the impact of different feed water qual-
ities on the performance of a PEM tap water electrolyser for ozone evolution. The permeation of water and the 
four most abundant cations (Na+, K+, Ca2+, Mg2+) is characterised during stand-by and powered operation at 
different charge densities to quantify underlying transport mechanisms. Water transport is shown to linearly 
increase with the applied current (95 ± 2 mmol A− 1 h− 1) and occurs decoupled from ion permeation. A limi-
tation of ion permeation is given by the transfer of ions in water to the anode/PEM interface. The unstabilized 
operation of a PEM electrolyser in tap water leads to a pH gradient which promotes the formation of magnesium 
and calcium carbonates and hydroxides on the cathode surface. The introduction of a novel auxiliary cathode in 
the anolytic compartment has shown to suppress ion permeation by close to 20%.   

1. Introduction

Proton exchange membranes (PEM) present versatile constituents
that enable efficient electrolyser and fuel cell systems [1–4]. Their sizes 
and applications range from miniaturized products for domestic use 
[5,6] to industrial scale applications for chemical energy storage [7–9]. 
Within the electrochemical cell design, a solid polymer electrolyte fea-
tures the option to spatially separate both half-cells [10,11], permitting 
to deal safely even with consumed or evolving gaseous reactants. 

Modified electrodes can be used in PEM water electrolysers to enable 
anodic ozone evolution and in situ treatment of an anodic water feed 
[12–15] or in wastewater treatment [16,17]. These electrochemical cells 
contain a PEM as a solid polymer electrolyte onto which oppositely 
charged electrodes are firmly pressed, forming a membrane-electrode 
assembly (MEA) [12,18–21]. Water is supplied to both reaction com-
partments and electrolytically decomposed at the surfaces of the elec-
trodes [18,22]. Anodically, water molecules are oxidized to both oxygen 
and ozone gas (eq. (1) and (2)) which can immediately dissolve in the 
surrounding electrolyte. The remaining protons are subsequently 

transported through the PEM, discharged, and recombine at the cathode 
surface to form hydrogen gas (eq. (3)). As the anodic formation of O2 
during PEM water electrolysis is thermo-dynamically preferential, sig-
nificant amounts of O3 can only be generated when a specific catalyti-
cally active anode surface with a high overpotential for O2 evolution is 
chosen (e.g. β-PbO2) [23]. 

Anode: 

(1)  2 H2O→O2 + 4 H+ + 4 e− (E0 = +1.23 V vs. NHE)

3 H2O→O3 + 6 H+ + 6 e− (E0 = +1.51 V vs. NHE) (2) 

Cathode: 

2 H+ + 2 e− →H2(E0 = ±0.00 V vs. NHE) (3) 

Within the cell the current is transported by ionic conduction in the 
solid polymer electrolyte, which most often consists of a Nafion™ 
membrane [24,25]. Following the cluster-network model, initially pro-
posed by Hsu and Gierke, the Nafion™ bulk material consists of a 
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hydrophobic PFSA backbone and functional sulfonate groups, which 
self-organize to form hydrophilic spheres (inverted micelles) of about 4 
nm in diameter, connected by cylindrical channels of about 1 nm in 
diameter [26,27]. All mass transport through the PEM occurs within 
these ion channels [28,29]. As a result of the large number of sulfonate 
side-groups in its chemical structure, Nafion™ shows a selective 
permeability to cationic species, while anions are not actively trans-
ported due to Donnan exclusion [24,30] and thus acts as an ion-selective 
barrier. 

Previously, the transport of water, gases and ions in PEM cells has 
been characterised during the operation of fuel cells [31–33], redox flow 
batteries [34–36] and chlor-alkali electrolysis [37]. However, in recent 
literature, these phenomena are mostly investigated by means of simu-
lational studies only. All mass transport processes occurring in PFSA 
membranes strongly depend on local and global membrane properties, 
as e.g. the polymer structure or hydration state of the membrane [38]. 
As described by the Nernst-Planck model [39,40], the overall ion 
transport is mainly comprised of two superimposed mechanisms, sche-
matically depicted in Fig. 1: Diffusion (Fig. 1(a)) through the membrane 
via ion exchange (for H+ also referred to as “proton hopping” or Grot-
thuss mechanism) and additional ion migration (Fig. 1(b)) induced by 
the electric field gradient across the membrane [28,41]. In operation, 
both these driving forces act upon all permeating ions. 

As tap water contains additional charge carriers, such as mono- and 
bivalent cations (Na+, K+, Ca2+, Mg2+), they may equally be transported 
through the membrane due to their physicochemical properties and the 
electric field applied during electrolysis [32,33,42]. However, strong 
interactions between these cations and the sulfonate groups in the 
membrane may prevent a regular vehicular transport if the membrane 
exhibits a low local water content. This state then leads to a different 
“hopping” mechanism being more related to site-to-site hopping pro-
cesses as observed in solids [43]. Nevertheless, as the membrane is 
continuously exposed to water on both sides, an insufficient hydration 
state can be considered unlikely when dealing with a PEM water 
electrolyser. 

Despite dragging water electro-osmotically across the membrane 
into the catholytic compartment [24,30,44], this permeation behaviour 
leads to an accumulation of ions in the catholyte and ultimately results 
in the formation of precipitates, impairing the performance of both 
membrane and electrodes. As the long-term stability of the PEM elec-
trolyser depends on the elemental composition of the supplying water, 
the application of this technology has been limited to the in situ ozon-
ation of ultrapure water distribution systems only. 

Therefore, this study covers the permeation behaviour of both water 
and the four most abundant cations in tap water within an ozone- 

evolving PEM electrolyser under different operation conditions to ac-
count for different water feed qualities and demands for disinfection. 
Special emphasis is put on the unique characteristics during the batch- 
like operation in stagnant water supplies and its relations to pH envi-
ronment, precipitation formation and constructional mitigation of ion 
permeation. As a result, preferential operational modes to enhance the 
long-term stability of such a sanitization device are identified and 
amended by physicochemical parameters which can be directly used for 
scaled-up applications. 

2. Materials and methods

To investigate both ion and water permeation during the operation
of a PEM tap water electrolyser, the setup depicted in Fig. 2 was used for 
all experiments. Within a PVC housing a hexagonally arranged struc-
tured membrane-electrode assembly (SMEA) is mounted, consisting of 
up to seven pairs of PbO2-coated porous titanium anodes (Ageo = 0.2 cm2 

per electrode) and porous titanium cathodes (all Innovatec 
Gerätetechnik GmbH, Rheinbach, Germany). Individual water supplies 
for each half-cell allow for an independent study of both the cathodic 
and anodic water cycle, seperated by a Nafion™ 117 membrane 
(DuPont, Wilmington, Delaware, USA) as PEM material (total mem-
brane area exposed to solution: Ageo = 33.2 cm2). For experiments with 
technical suppression of permeation an additional titanium auxiliary 
cathode was placed inside the anolytic compartment and electrically 
connected to the other cathodes placed in the catholytic compartment. 
Due to a PTFE spacer only the SMEA array of electrodes is in direct 
contact with the PEM. 

The compositions for synthetic tap water samples for anolytic cir-
culation are demonstrated in Table 1 and account for different levels of 
water hardness. All solutions were prepared in accordance with the 
German Detergents and Cleaning Products Act (German designation 
WRMG [45]) using p.a. grade NaCl, MgCl2 ⋅ 6 H2O (both Carl Roth, 
Karlsruhe, Germany), KCl, CaCl2 ⋅ 2 H2O (both Merck, Darmstadt, Ger-
many) and 18.2 MΩ ultrapure water using ELGA Purelab Flex (VWS, 
High Wycombe, UK). 

To avoid precipitation within the catholytic water cycle, a 100 mmol 
L-1 HAc / NH4Ac buffer system (pH = 4.7) (Carl Roth, Karlsruhe, Ger-
many) was used. Before every experiment, the PEM was regenerated
without electrodes and converted to its H+ form by boiling it in 1 mol L-1 

H2SO4 (Carl Roth, Karlsruhe, Germany) for 1 h and equilibrated in
deionized water.

Standard operation parameters of the electrolysis cell were set to a 
current density of 1.00 A cm− 2, referring to a geometric anode surface of 
1.4 cm2, medium water as the anolyte and 8 h of operation. For the 

Fig. 1. (a) Diffusive ion transport via dynamic ion exchange driven by a concentration gradient. With no current applied, diffusing ions (Xn+) have to be 
compensated by back-diffusion of buffer ions (B+) to maintain electroneutrality. After reaching ion exchange equilibrium, all SO3

- groups are associated with Xn+ ions. 
Further permeating ions experience a dynamic exchange and pass the membrane through ion channels. (b) Migration through the membrane by vehicular transport. 
In the electric field, hydrated ions cross the PEM towards the anode. Own drawing, adapted from [27]. 
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cm− 2 and using hard model water prepared as stated above. Experi-
ments were conducted for 500 operating hours before disassembly and 
subsequent analysis. 

X-ray diffraction (XRD) analysis and characterisation of scale parti-
cles were carried out on a D2 PHASER diffractometer and using TOPAS 
5.0 software (both Bruker, Billerica, Massachusetts, USA). Analyses 
were performed at U = 30 kV and I = 10 mA within a 2θ range from 5◦ to 
65◦ using a Cu-Kα radiation source (λ = 1.54 Å). 

For identification of the cathodic surface composition, an X-Supreme 
8000 (Oxford Instruments, Abingdon, United Kingdom) X-ray fluores-
cence (XRF) spectrometer was used at U = 15 kV, I = 10 μA and 180 s 
integration time. 

The spatial distribution of characteristic elements on the cathode 
surfaces was determined using a JEOL 7200F field-emission scanning 
electron microscope (SEM) at U = 10 kV. Corresponding elemental 
mapping analyses were obtained using a Bruker XFlash® 6|60 EDX 
detector. 

3. Results and discussion

3.1. Water transport within a PEM electrolyser

During the operation of a PEM electrolyser in water, positive charge 
carriers are transported from the anolytic to the catholytic compartment 
through the PEM. As cations in aqueous solution are present in hydrated 
form, the ion transport is accompanied by an electro-osmotic flow of 
water, i.e. an increase of the water volume within the catholytic 
compartment. Fig. 3(a) shows that the amount of permeated water nH2O 
increases linearly (R2 > 0.99 for J > 0.25 A cm− 2, R2 = 0.95 for J = 0.25 
A cm− 2) with the operating time of the electrolyser. While no significant 
water permeation was measured in stand-by operation, a raise in current 
density is directly accompanied by increased levels of permeating water. 
This observation strongly suggests that substantial water transport is 
occurring predominantly due to ion migration and electro-osmosis be-
tween the electrodes. With a higher current density, more charge car-
riers are produced and transported per unit time, thus leading to an 
expedited increase in catholytic water volume. 

By linear regression of nH2O in Fig. 3(a) water permeation rates ṅH2O 
can be obtained to quantify the occuring electro-osmotic drag. The data 
given in Table 3 yield an excellent fit to a linear function to describe the 
observed correlation. Thereof, the change in water permeation rate was 
determined to 95 ± 2 mmol A− 1h− 1 and indicates that the amount of 
permeating water does not depend on the size of the contacted electrode 
surface area but is merely proportional to the experimental time and 
current flow within the PEM electrolyser. However, smaller variations in 
water transport may also result from the state of the Nafion™ mem-
brane, as the electro-osmotic drag (EOD) coefficient is influenced by 
local hydration state, even under fully hydrated conditions at compa-
rable temperatures [46]. 

Fig. 2. Scheme of the experimental setup (left) and arrangement of the SMEA (right). Synthetic tap water from the reservoir is pumped through the anodic half-cell of 
the PEM electrolyser, with ions permeating into the buffered cathodic water cycle. For selected operation modes, the electrolyser can be equipped with an auxiliary 
cathode in the analytical compartment. 

Table 1 
Composition of synthetic tap water samples with varying cation concentrations 
used for permeation experiments, given as mass concentrations βion and equiv-
alent concentrations cion, eq (expressed in milliequivalents (mEq) per litre) as 
well as molar equivalent fractions xion, eq.  

Water 
hardness 
level 

soft medium hard  

βion / 
mg 
L− 1 

cion, eq 

/ mEq 
L− 1 

βion / 
mg 
L− 1 

cion, eq 

/ mEq 
L− 1 

βion / 
mg 
L− 1 

cion, eq 

/ mEq 
L− 1 

xion, eq 

/ Eq- 
% 

Naþ 20.0  0.87  40.0  1.74  80.0  3.48  24.2 
Kþ 2.5  0.06  5.0  0.13  10.0  0.26  1.8 
Mg2þ 8.0  0.66  16.0  1.32  32.0  2.63  18.3 
Ca2þ 40.0  2.00  80.0  3.99  160.0  7.98  55.6 
Σ  70.5  3.59  141.0  7.18  282.0  14.35  100.0  

aforementioned water hardness levels, permeation during electrolysis 
was observed for current densities applied from 0.25 to 1.25 A cm− 2 

(denoted “powered operation”). In order to simulate a typical stand-by 
operation in a low-power mode, an additional level of 0.01 A cm− 2 

(for anodic protection of the catalytically active PbO2 layer) was 
evaluated. 

After defined time intervals, 5 mL of the catholyte were sampled for 
subsequent quantification of permeated ions, which was carried out 
using an ARCOS ICP-OES system (Spectro, Kleve, Germany) in radial 
configuration, equipped with a standard Scott spray chamber, a cross- 
flow nebulizer and certified elemental standards (Carl Roth, Karlsruhe, 
Germany). Operation conditions for ICP-OES measurements are listed in 
Table 2. 

Water permeation was quantified gravimetrically using a Ranger 
3000 balance (Ohaus, Parsippany, New Jersey, USA) with a data 
acquisition rate of 6 Hz. 

During pH experiments both the anolytic and catholytic compart-
ments were continuously purged with Argon 4.8 gas (Westfalen AG, 
Münster, Germany) at 30 mL min− 1 to minimize atmospheric influences 
within the open setup. 

Non-buffered long-term experiments related to the investigation of 
scale formation were carried out applying a current density of 1.00 A 

Table 2 
Operation conditions for ICP-OES measurements in radial configuration.  

Parameter 

1,400 
13.0 
1.5 
0.70 
60 
12 

Incident power / W 
Cooling gas flow rate / L min− 1 

Auxiliary gas flow rate / L min− 1 

Nebulizer gas flow rate / L min− 1 

Rinse time / s 
Integration time / s 
Number of replicates 4  

R. Grimmig et al.
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As the electrical charge can only be transported across the membrane 
by cationic species, the occurring mass transport behaviour must be 
ascertained for different cation compositions in order to reliably estab-
lish this technique for tap water disinfection in regions with diverging 
levels of water hardness. Fig. 3(b) allows for a comparison of ṅH2O for 
anolyte feeds of varying composition and indicates that no significant 
differences in water permeation are observed with all three water 
hardness levels under investigation. Consequently, ṅH2O can be consid-
ered as a function independent of the total anolytic cation concentration. 

Furthermore, Fig. 3(b) and (c) depict water permeation rates ṅH2O 
which were determined for model waters of varying relative ion 
composition but with equal normality (equivalent concentrations), i.e. 
all solutions contained the same cationic strength of 7.18 mEq L− 1, 
corresponding to medium tap water used in this study. This enables to 
identify whether certain elements contribute in particular to the water 
transport during the PEM operation as equal amounts of equivalents can 
be transported by permeating tap water cations (other than H+) present 
in the anolytic solutions. For a fixed current density level of 1.00 A cm− 2 

maintained in all experiments, no significant influence was observed 
when altering the anolytic composition to individual monovalent or 
bivalent ion species or systematic mixtures thereof. In contrast, previous 
studies have found considerable differences in the amount of water 
transported with each permeating charge carrier when the PFSA mem-
brane had been pre-exchanged with different alkali cations before use 
[47,48]. As a tap water electrolyser makes use of an H+ form Nafion™ 
membrane in dilute ion solutions, only a partial exchange with tap water 
cations will take place. Hence, the influence of the state of the mem-
brane is minimized and therefore of minor relevance for the application. 
Thus, the relative composition of the anolytic feed water appears to be of 
no significance for the water permeation and can be expected to hold 

also true for further ions beyond the scope of this study. Hence, the 
water permeation rates ṅH2O for all experiments with standard operation 
at J = 1.00 A cm− 2 were averaged and yielded a mean value of 96 ± 5 
mmol cm− 2 h− 1, which is in perfect accordance with the findings ob-
tained from Fig. 3(a). 

The observed water flux can further be expressed as a net EOD co-
efficient for each transported charge carrier during cell operation. The 
obtained mean value of 2.55 ± 0.05 molecules H2O per charge carrier is 
in accordance with literature data for various fuel cell and water elec-
trolysis applications which typically range from 2.5 to 2.9 when using 
fully hydrated Nafion™ 117 membranes [46,49,50]. The common 
interpretation of an EOD > 1 suggests that the transport of water and 
ions occurs via a vehicular mechanism, meaning that fast-moving ions 
drag their hydration sphere into the catholyte. As has been previously 
reported, proton hopping or related structural diffusion phenomena do 
not allow for a net transport of water [51]. Following these implications, 
it is suggested that diffusive processes do not contribute to water 
transport under electrolysis conditions. Nonetheless, the correlation of 
the EOD coefficient with distinct transport phenomena is dealt with 
controversially in the literature [38,52,53]. 

3.2. Ion diffusion and migration during powered and stand-by operation 

For the investigation into the permeation behaviour of the cationic 
species, ICP OES measurements were conducted to determine shifting 
ion concentrations within the catholyte. In order to assess the reliability 
of the so-obtained data in a first step, all selected methods were exam-
ined with respect to the analytical performance of the conducted cali-
brations. Therefore, limits of detection (LOD) and quantification (LOQ), 
linearity, precision and accuracy were evaluated for all elements of 

Fig. 3. (a) Cumulated amount of permeated water nH2O during representative experiments for different current density levels. A linear increase in water permeation 
can be observed with progressing experimental time and elevating current density. Measured data points form a step profile due to limitations by the balance 
resolution of 0.5 g (corresponding to 28 mmol H2O). (b) Water permeation rates ṅH2O for experiments with varying relative ion composition but equal cationic 
strength. (c) Permeation rates for different Mg2+ and Ca2+ containing mixtures as well as different water hardness levels representing varying equivalent concen-
trations. No significant deviation from an average value of 96 ± 5 mmol cm− 2h− 1 is observed for anolytic feed waters with individual ion species, mixtures of 
different elements or even differing water hardness levels. 

Table 3 
Water permeation rates ṅH2O and total ion permeation rates 

∑
ṅion, eq for all current densities under investigation.  

J /A cm-2 0.01 0.25 0.50 0.75 1.00 1.25 R2 

ṅH /mmol cm-2 h-1 0.0 ± 2.5 14.0 ± 2.5 37.1 ± 3.1 61.4 ± 2.5 87.6 ± 7.9 107.2 ± 7.8  0.9948 
∑

2

ṅ
O 

ion, eq /μEq cm-2 h-1 soft 4.0 ± 0.1 7.6 ± 0.2 8.0 ± 0.4 8.0 ± 0.3 10.0 ± 0.3 10.4 ± 0.3  0.8471 
medium 7.0 ± 0.1 11.0 ± 0.2 14.3 ± 0.3 16.5 ± 0.2 16.4 ± 0.3 20.9 ± 0.3  0.9408 
hard 13.2 ± 0.2 24.5 ± 0.5 27.1 ± 0.3 31.4 ± 0.9 40.1 ± 1.2 43.5 ± 1.1  0.9644  

R. Grimmig et al.
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interest (see supplementary table A.1 in the appendix). 
For most of the observed elements, calibrations yield LOD values 

below 40 μg L− 1, with a minimal value of 11.9 μg L− 1 for Ca. Given that 
all relevant components can be quantified to trace levels of less than 
0.25 mg L− 1, confident monitoring of ion migration and diffusion during 
PEM electrolyser operation is possible. The obtained values for LOD and 
LOQ are in the same order of magnitude as reported in previous works 
[54,55], confirming that the chosen methodology is not limiting the 
analyses of the datasets. 

Apart from that, all calibrations were fitted to linear functions with 
coefficients of determination R2 ≥ 0.9996 and precision coefficients of 
less than 4%. With this method, artificial samples differing in analyte 
concentrations of merely 0.1 mg L− 1 can be significantly distinguished. 

In a first approach, the obtained ICP OES data enables quantifying 
the cationic permeation behaviour during standard electrolysis opera-
tion in medium tap water, which is depicted in Fig. 4(a). Herein, the 
molar concentrations of all four observed cations are depicted and 
illustrate a strictly monotonous increase with experimental time. 
Notably, the transport behaviour is sufficiently linear for all analytes 
(R2 > 0.995) within the observed timeframe. As a consequence of the 
original composition of the anolytic model water, the obtained regres-
sion functions for different cationic species deviate significantly in their 
slope values. Exemplarily, the full dataset for medium water hardness 
and a current density of 1.00 A cm− 2 is depicted in Fig. A.1 the appendix. 

In order to identify trends in transport selectivity through the PEM in 
Fig. 4(b), the calculated ion permeation rates were normalized by the 
original molar fractions within the anolyte. The so-obtained values 
correspond to expected total ion permeation rates if all cations were of 
one distinct species. It can be seen that transport rates increase signifi-
cantly for elevated ion concentrations, i.e. increased levels of water 
hardness. For an ideal limiting current regime, transport is inselective as 
all ions reaching the anode/PEM interface immediately permeate 
through the membrane. In the present study, the observations for me-
dium and soft water show that ion selectivities of Na+, Mg2+, Ca2+ are in 
a comparable order of magnitude whereas K+ shows an increased 
permeability. Even further, for a hard model water, a 15.8% increased 
permeability of K+ could be determined while the permeability of Na+

decreased by 11.6%. To further assess whether these trends in relative 

ion transport are consistent throughout all water hardness levels, ion 
permeation rates have also been normalized by their initial equivalent 
concentrations cion, eq in the anolyte (see Table 1) and averaged for all 
investigated water hardness levels. Comparing these permeation values 
to the respective ion mobility in aqueous media (Fig. 4(c), reference 
values derived from [56]), a considerable congruence can be noted, 
when ion concentrations are sufficiently high to unveil significant de-
viations. This may be a direct consequence of concentration polariza-
tion, which causes a local depletion of tap water abundant ions at the 
PEM/anode interface. When ions from the bulk anolyte diffuse towards 
the interface, they are discriminated by their respective ion mobility in 
water. 

In consequence, the ion transport selectivity appears to be caused by 
both the ion mobility in water and the composition of the anolytic feed. 
Thus, the transfer of ions in water to the anode/PEM interface limits the 
ion permeation under the given operation conditions in tap water. 

To approximate the correlation of water and ion permeation via 
diffusion and migration respectively, the occurring mass transport 
behaviour was measured at different current density levels, with the 
corresponding permeation rates given in Table 3. 

Both water and ion permeation increase when a higher current 
density is applied. However, when characterizing the relationship by a 
linear function, it becomes obvious that for water transport a satisfying 
correlation can be drawn (R2 = 0.9948) while this is only partially given 
for ion permeation. With increasing water hardness, R2 improves from 
0.85 to 0.96, referring to an increasingly linear relationship between ion 
permeation and current density. While water permeation only occurs 
during powered operation (J ≥ 0.25 A cm− 2), i.e. when ion transport is 
also subject to migration, a significant ion transport can be also observed 
during stand-by operation (J = 0.01 A cm− 2). In this operational mode, a 
possible water transport by diffusion across the entire PEM surface could 
not be observed within the experimental limitations and must therefore 
be smaller than 105 μmol H2O h− 1 cm− 2. Hence, water transport appears 
to be predominantly mediated by migration and not by structural 
diffusion, in contrast to the joint mechanism model for ion permeation. 

In stand-by operation, ions from the anolytic compartment infiltrate 
the PEM mainly by slow diffusive processes and occasionally get 
exchanged at the SO3

- groups within the membrane, gradually 

Fig. 4. (a) Observed amounts of mono- and bivalent ions, transported from anolytic tap water to the catholytic loop of the PEM electrolyser setup. During elec-
trolysis, a linear transport of all ions can be observed. Corrections for permeation-induced dilution and sampling have been applied. (b) Ion transport rates 
normalized by their molar fractions xion, eq (see Table 1) under standard conditions. With increasing water hardness, more tap water cations are transported per time 
unit. While for medium and soft water hardness transport appears quasi-inselective, a more obvious discrimination can be observed for hard tap water, where K+ is 
preferably transported by approx. 15% over the average transportation rates (dashed lines). (c) Ion transport rates normalized by their initial concentration in the 
anolyte under standard conditions. For all water hardness levels, the ionic permeation trends (left axis) can be related to their respective ion mobility in water (values 
derived from [56], right axis). 
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converting it from its initially charged H+- form to its Xn+-form. Once 
the ion exchange capacity of the membrane is exhausted [57,58], further 
ions get transported to the catholyte by diffusion. This is a direct 
consequence of using a highly concentrated buffer solution as a cath-
olyte causing a concentration gradient across the membrane. Further-
more, when a low current is present, a superimposed migration process 
occurs, attractive electrostatic forces act upon the charge carriers and 
drag them towards the anode. By increasing the current density in 
powered operation, this mechanism becomes dominant. 

In the observed time frame, a successive ion exchange of the mem-
brane is represented by an attenuated ion cross-over from the anolytic to 
the catholytic compartment. The overall ion transport is compensated by 
buffer cations permeating into the anolytic compartment due to back- 
diffusion. As the ion exchange capacity of the PEM is limited for the 
given geometry, it can easily be exhausted by high ion concentrations in 
hard water. In order to evaluate ion diffusion, it is thus indicated to 
compare the powered and stand-by operation of the PEM electrolyser 
(see Fig. 5). 

As previously indicated in Fig. 4(a) for all four ions under investi-
gation, the total ion transport depicted in Fig. 5(a) shows an approxi-
mate linear correlation (all R2 > 0.99) with experimental time, 
independent of water hardness. However, a different picture can be 
drawn when the stand-by operation is closely looked at (Fig. 5(b)). We 
observe a delayed onset of the ion transport which differs dramatically 
from the ideal linear behaviour, especially for soft and medium water. 
This can be recognized most prominently for magnesium, as e.g. in soft 
water this ion species could only be detected in the catholyte after 4 h 
have passed. Its breakthrough time decreases with increasing water 
hardness level, indicating a successive ion exchange of the PEM. In the 
case of hard water, these effects are barely noticeable as the retardation 
time is limited to a minimum, thus allowing to describe the overall ion 
permeation process by a linear function, analogous to powered 
operation. 

The retarded onset in stand-by operation might be due to a more 
stable Mg2+-Nafion™ interaction caused by the hydration sphere of the 
elements involved [59,60], hence leading to a delayed transport through 
the PEM. For the given geometry, the ion exchange capacity of the PEM 
equals 1.22 mEq [61], which offers sufficient capacities to temporarily 
delay Mg2+ diffusion. However, this effect becomes negligible under 
electrolysis conditions. 

3.3. Batch-like operation in stagnant feed water 

In various applications, pipe systems for tap water are not regularly 
flushed and are consequently prone to the formation and accumulation 
of pathogens which may pose a potential health threat [62,63]. To draw 
potable water on demand at any given point, it is necessary to contin-
uously sanitize stagnant water storage or line systems. This corresponds 
to a batch-like treatment of defined water volumes which can be per-
formed using an ozone-evolving PEM electrolyser setup as presented in 
this study. 

Since the transport of hydrated cations leads to an increase in water 
volume of the catholyte, it is necessary to characterise the influence of 
the responsible charge carriers. When operating a PEM electrolyser in 
tap water, a rapid change in pH value of both catholyte and anolyte can 
be noted (see Fig. 6), which affects the SMEA performance [64,65]. After 
only 2 h of operation in a closed system, the anolytic pH value has 
dropped below 3 while the pH value of the catholyte has increased to 10. 
When a buffer is used in the catholytic compartment, the pH value of the 
catholyte remains constant during both stand-by and powered operation 
as long as the buffer capacity is sufficient. 

During powered operation the cathodic H2 evolution is supplied by 
protons permeating from the anolytic compartment through the PEM. 
However, if an unsufficient amount of H+ ions is transported due to the 
presence of additional charge carriers (e.g. Na+), the equivalent 
shortage in protons is overcome by additional cathodic water splitting, 
leading to an accumulation of OH– anions in the catholyte. 

In an open sytem, ultrapure water slowly acidifies due to successive 
CO2 dissolution which was partially reduced by argon purging. In stand- 
by operation, this could be observed for both anolyte and catholyte. 
However, once the electrolyser is in powered operation, this effect be-
comes negligible as the change in pH value increases dramatically due to 
additional ion permeation. 

Comparing stand-by and powered operation, it can be noted that the 
total ion permeation differs by a much lower quantity than expected for 
a 100-times increased current density. Considering the aforementioned 
concentration gradient in the present setup, it is indicated that diffusion 
is the dominating process at low current densities. Transported cations 
diffusing from the membrane into the catholyte will exchange with 
available positive charge carriers across the entire PEM surface. While in 
buffered systems this can be due to (dissociating) buffer ions, ultrapure 

Fig. 5. Total ion transport as a function of the experimental time. Normalization has been performed regarding the total ion concentration after 8 h of the respective 
experiments to allow for an identification of ion discrimination. (a) During powered operation of the electrolyser, a linear transport behaviour can be observed 
independent of water hardness. (b) In contrast to that, during stand-by operation, the total ion transport from the anolytic to the catholytic compartment is delayed. 
This is especially prominent for magnesium, which is held back for shorter periods of time with increasing water hardness levels (dotted lines). 



xxii 

Separation and Purification Technology 292 (2022) 121063

7

Fig. 6. During electrolysis, the pH values within the anolytic and catholytic compartments diverge adversatively from their respective starting values when charge 
carriers apart from protons in ultrapure water (UPW) are present in tap water (top). When using a catholytically buffered system and medium water, an anolytical 
acidification is observed in both electrolysis and stand-by operation (bottom). In addition, ion permeation can be observed in both experiments. 

water requires proton liberation, i.e. by autoprotolysis. 
So far it has been shown that the permeation of ions occurs during 

both powered and stand-by operation of a PEM electrolyser with the 
given setup. Yet, the transport of any charge carrier apart from H+

through the PEM (denoted 
∑

nion, eq for Na+, K+, Mg2+ and Ca2+) leads 
to a loss in H+ transport effectiveness, represented by its current share 
χH+ (eq. (4)) [66,67]. In operation, a value close to 100% is desired as 
this means that only a minimal amount of hardeners is transported 
across the PEM, influencing both the pH value and the active surface 
area of the electrodes. 

χH+ = 1 −

(∑
nion,eq⋅F
I⋅t

)

(4) 

For all water hardness levels and current densities in powered 
operation, the observed current shares are depicted in Fig. 7. 

Even in hard tap water, protons constitute the vast majority of ionic 
conductors due to their anodic generation according to eq. (1) and (2). 
This justifies the previous observations in section 3.1 that no significant 
influence of different charge carriers on water transport was found. It 
becomes apparent that with increasing current density, the current share 
for H+ transport approaches a maximum close to 100% which would 
equal an ideal electrolyte. The most efficient operation setting could be 
observed for soft water applying the highest current density J = 1.25 A 
cm− 2 with a current share of 99.4 ± 0.1%. In contrast to that, when 
applying low current densities and using hard water, the permeation- 
induced loss in χH+ led to values of only 93.5 ± 0.4%. The data shows 
that the effect of actual water hardness can partially be compensated by 
increasing the current density. 

3.4. Formation of precipitates and mitigation of ion permeation 

If a PEM tap water electrolyser is operated in a non-buffered system, 
the observed pH gradient is accompanied by permeation of tap water 
cations, which infiltrate the catholyte and are likely to form insoluble 
compounds under the developing alkaline conditions. In Fig. 8 the 

Fig. 7. H+ transport-related current share χH+ of the electrolysis cell for 
different current densities and water hardness levels. When hard water is used, 
permeating ions affect the current share the most. The application of high 
currents partially compensates for that effect. 

catholytic formation of precipitates during long-term operation is 
depicted. 

Before electrolysis operation in tap water, the freshly installed tita-
nium electrodes (Fig. 8(a)) show a shiny, porous surface without any 
visual contaminations, which is confirmed by EDX measurements. After 
500 h of operation in hard water, the electrodes are covered with a white 
coating (Fig. 8(b)) which could not be observed during buffered oper-
ation. For post-operational investigations, the electrodes were recol-
lected and reveal that the layer of scale (Fig. 8(c)) contains both 
magnesium and calcium, with the latter being found predominantly on 
the outer regions of the electrode. As the oppositely positioned anodes 

R. Grimmig et al.
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are smaller in diameter, there is a defined center region where both the 
electric field as well as the ionic flux are expected to be the highest and 
where titanium signals are detected most prominently, hence indicating 
a nearly uncovered cathode surface. Scale formation and build-up be-
tween the cathode/PEM interface could result in a decreasingly avail-
able contact area, leading to higher local current densities which may 
eventually cause membrane stress and failure. A comparison of the pre- 
and post-operational XRF spectra of the cathodes (Fig. 8(d)) emphasizes 
the layered precipitate formation on the electrode surface, as titanium 
signals partially disappear whereas signals related to the hardeners 
emerge. XRD measurements (Fig. 8(e)) indicate that nearly all signals 
can be explained with the presence of hydroxides and carbonates of 
magnesium and calcium, namely Aragonite (β-CaCO3), Calcite 
(λ-CaCO3), Portlandite (Ca(OH)2) and Brucite (Mg(OH)2). An approxi-
mation of the relative composition was performed using Rietveld 
refinement [68]. As both detected calcium carbonate allotropes make up 
for roughly 75% of the scale, the absorption of CO2 and subsequent 
dissolution and carbonatization in the catholyte under unbuffered con-
ditions must be considered. 

An approach to mitigate ion permeation is the introduction of an 
auxiliary cathode within the anolytic, ozone-evolving compartment. In 

order to assess its influence, ion permeation is evaluated for experiments 
with the auxiliary cathode connected to and disconnected from negative 
potential (Fig. 9). 

With the auxiliary cathode connected, a mean current of I = 42 ± 11 
mA could be measured between the anode and the auxiliary cathode, 
which equals 3 ± 1% of the total current applied. Using this modified 
operation mode, a decrease in total ion permeation of 18 ± 4% was 
found without preference for any cationic species involved. As the 
applied current remained unchanged, an equal amount of anodically 
produced ozone can be expected. At every point during the experiments, 
the total ion permeation was suppressed significantly as indicated by the 
summed-up permeation values that differ by their respective margins of 
error. 

Consequently, the auxiliary cathode appears to introduce an electric 
field that is opposed to the field caused during powered operation of the 
PEM electrolyser. Ions are therefore less attracted to the anode/PEM 
interface and can be expected to cause a less prominent pH gradient 
across the membrane during batch-like operation, eventually leading to 
a reduced risk of precipitation in the catholytic compartment and thus 
increase the expected lifetime of the electrolyser setup. 

Fig. 8. (a) Top view on the cathodic PEM contacting site before its usage in the electrolyser (non-buffered operation). Optical imaging (left) and SEM-EDX elemental 
mapping (right) show the absence of scaling. (b) Pre- (left) and post-operation (right), the catholytic compartment shows significant build-up of scale on the 
cathodes. (c) Top view on the cathodic PEM contacting site after its usage in the electrolyser (non-buffered operation). Optical imaging (left) and SEM-EDX elemental 
mapping (right) show the presence of scaling and enrichment of calcium and magnesium in areas affected by scaling. (d) XRF spectra of the pre- (red dashed lines) 
and post-operational (solid black line) cathodes. Signals related to the elements of interest are highlighted. (e) Diffraction pattern of the cathodic scale with signals 
assigned to the identified crystalline phases (▴ = Aragonite, β–CaCO3; ● = Calcite, λ-CaCO3; ■ = Portlandite, Ca(OH)2; ▾ = Brucite, Mg(OH)2). The detail picture 
illustrates the relative scale composition. 

R. Grimmig et al.
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4. Conclusion

In the present work, a specific PEM electrolyser setup for ozone
evolution is characterised during its application as a tap water electro-
lyser. Both ion and water transport were modeled for different water 
hardness levels and current densities representing varying performance 
requirements for ozone evolution. During operation, a significant water 
transport of 95 ± 2 mmol A− 1 h− 1 from the anolyte to the catholyte can 
be noticed which is directly proportionate to the applied current and 
needs to be considered for scaled-up applications. The water transport 
was found to be decoupled from the ion permeation. The latter also takes 
place in stand-by operation and increases with an elevated water 
hardness level of the anolytic feed as well as with current density. The 
transport of ions correlates with their ion mobility in water, leading to 
the conclusion that their transport to the anode/PEM interface is 
limited. Especially for a batch-like operation e.g. in a stagnant water, a 
high proton efficiency is desired and can be achieved by the application 
of increased current density. As carbonates make up for about 75% of 
the cathodic scale, the dosing of an acidic buffer is recommended to 
ensure long-term stability of the SMEA. Thus, this technique can be 
applied in regions with soft tap water, without requiring any further pre- 
processing of the water feed. However, as hard feed water is related to a 
higher risk of precipitations, the use of an upstream water softening unit 
can be recommended. Furthermore, an auxiliary cathode can be used to 
suppress ion permeation by nearly 20%. 

The obtained models allow for a differentiated ion and water trans-
port assessment during tap water electrolysis of any water quality. 
Future studies can improve by focusing on the influence of tap water 
ions on the efficiency of electrochemical ozone evolution and consider 
the anodic treatment of anions to allow for an even more comprehensive 
insight into tap water electrolysis employing a structured PEM 
electrolyser. 
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[12] S. Stucki, G. Theis, R. Kötz, H. Devantay, H.J. Christen, In Situ Production of Ozone 
in Water Using a Membrel Electrolyzer, J. Electrochem. Soc. 132 (2) (1985) 
367–371, https://doi.org/10.1149/1.2113840. 

[13] S. Stucki, H. Baumann, H.J. Christen, R. Kötz, Performance of a pressurized 
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[23] R. Kötz, S. Stucki, B. Carcer, Electrochemical waste water treatment using high 
overvoltage anodes. part I: physical and electrochemical properties of SnO2 
anodes, J. Appl. Electrochem. 21 (1991) 14–20. 

[24] H. Ito, T. Maeda, A. Nakano, H. Takenaka, Properties of Nafion membranes under 
PEM water electrolysis conditions, Int. J. Hydrogen Energy. 36 (17) (2011) 
10527–10540, https://doi.org/10.1016/j.ijhydene.2011.05.127. 

[25] P. Trinke, B. Bensmann, R. Hanke-Rauschenbach, Current density effect on 
hydrogen permeation in PEM water electrolyzers, Int. J. Hydrogen Energy 42 (21) 
(2017) 14355–14366, https://doi.org/10.1016/j.ijhydene.2017.03.231. 

[26] K. Schmidt-Rohr, Q. Chen, Parallel cylindrical water nanochannels in Nafion fuel- 
cell membranes, Nat. Mater. 7 (1) (2008) 75–83, https://doi.org/10.1038/ 
nmat2074. 

[27] W.Y. Hsu, T.D. Gierke, Ion transport and clustering in nafion perfluorinated 
membranes, J. Memb. Sci. 13 (3) (1983) 307–326, https://doi.org/10.1016/ 
S0376-7388(00)81563-X. 

[28] C. Yin, J. Li, Y. Zhou, H. Zhang, P. Fang, C. He, Phase separation and development 
of proton transport pathways in metal oxide nanoparticle/nafion composite 
membranes during water uptake, J. Phys. Chem. C 122 (17) (2018) 9710–9717, 
https://doi.org/10.1021/acs.jpcc.8b02535. 

[29] M.B. Karimi, F. Mohammadi, K. Hooshyari, Recent approaches to improve Nafion 
performance for fuel cell applications: a review, Int. J. Hydrogen Energy 44 (54) 
(2019) 28919–28938, https://doi.org/10.1016/j.ijhydene.2019.09.096. 

[30] M. Schalenbach, Proton Conduction and Gas Permeation through Polymer 
Electrolyte Membranes during Water Electrolysis, Forschungszentrum Jülich, 
Jülich, 2018. https://doi.org/10.18154/RWTH-2018-226600. 

[31] J. Hu, H. Zhang, W. Xu, Z. Yuan, X. Li, Mechanism and transfer behavior of ions in 
Nafion membranes under alkaline media, J. Memb. Sci. 566 (2018) 8–14, https:// 
doi.org/10.1016/j.memsci.2018.08.057. 

[32] R.A. Rozendal, H.V.M. Hamelers, C.J.N. Buisman, Effects of membrane cation 
transport on pH and microbial fuel cell performance, Environ. Sci. Technol. 40 (17) 
(2006) 5206–5211, https://doi.org/10.1021/es060387r10.1021/es060387r.s001. 

[33] K.J. Chae, M. Choi, F.F. Ajayi, W. Park, I.S. Chang, I.S. Kim, Mass transport through 
a proton exchange membrane (Nafion) in microbial fuel cells, Energy and Fuels 22 
(1) (2008) 169–176, https://doi.org/10.1021/ef700308u. 

[34] C. Sun, J. Chen, H. Zhang, X.i. Han, Q. Luo, Investigations on transfer of water and 
vanadium ions across Nafion membrane in an operating vanadium redox flow 
battery, J. Power Sources 195 (3) (2010) 890–897, https://doi.org/10.1016/j. 
jpowsour.2009.08.041. 

[35] J.S. Lawton, A. Jones, T. Zawodzinski, Concentration dependence of VO2+
crossover of nafion for vanadium redox flow batteries, J. Electrochem. Soc. 160 (4) 
(2013) A697–A702, https://doi.org/10.1149/2.004306jes. 

[36] C. Lutz, S. Hampel, X.i. Ke, S. Beuermann, T. Turek, U. Kunz, A. Guilherme 
Buzanich, M. Radtke, U.E.A. Fittschen, Evidence for redox reactions during 
vanadium crossover inside the nanoscopic water-body of Nafion 117 using X-ray 
absorption near edge structure spectroscopy, J. Power Sources 483 (2021) 229176, 
https://doi.org/10.1016/j.jpowsour.2020.229176. 

[37] M. Carmo, D.L. Fritz, J. Mergel, D. Stolten, A comprehensive review on PEM water 
electrolysis, Int. J. Hydrogen Energy 38 (12) (2013) 4901–4934, https://doi.org/ 
10.1016/j.ijhydene.2013.01.151. 

[38] A. Kusoglu, A.Z. Weber, New insights into perfluorinated sulfonic-acid ionomers, 
Chem. Rev. 117 (3) (2017) 987–1104, https://doi.org/10.1021/acs. 
chemrev.6b00159. 
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Ö.F. Selamet, F. Becerikli, M.D. Mat, Y. Kaplan, Development and testing of a 
highly efficient proton exchange membrane (PEM) electrolyzer stack, Int. J. 

Separation and Purification Technology 292 (2022) 121063

Hydrogen Energy 36 (17) (2011) 11480–11487, https://doi.org/10.1016/j. 
ijhydene.2011.01.129. 

[67] P. Millet, N. Mbemba, S.A. Grigoriev, V.N. Fateev, A. Aukauloo, C. Etiévant, 
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