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 Sustainable development 

Sustainable development is of outmost importance to enable a better future. A future 

with less people suffering from poverty and hunger. A future where more people 

have access to a (good) health system, education and infrastructure. A future 

allowing for responsible production, clean energy, a healthy ecosystem and peace. 

Currently, for many people on our planet this future is only hope. Therefore, in 2015 

the United Nations have released a resolution “Transforming our world: the 2030 

Agenda for Sustainable Development”, which is an action plan defining 17 

sustainable development goals and 169 targets for all countries, their people and our 

planet (see Figure 1.1). Clean water and sanitation is one of these sustainable 

development goals (Figure 1.1 goal 6).1 For example, in 2016/2017 about 785 

million people and one out of four health-care facilities lack access to basic drinking 

water services. Around 2 billion people live in countries experiencing high water 

stress and by 2030 about 700 million people might have to relocate because of 

intense water scarcity.2 In order to face these problems, prevention and reduction of 

water pollution, reducing or optimization of water consumption (e.g. by smart 

usage), or reuse of wastewater for certain applications by recycling are required 

targets for a sustainable development.3,4 In particular, wastewater nowadays is 

considered as a potential resource to lower fresh water consumption.5,6 

 

 

Figure 1.1. Sustainable Development Goals, The 2030 Agenda for Sustainable 

Development, United Nations. [Reproduced from reference 7] 
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 Water scarcity and pollution  

Without water there is no life. The water molecule consists of the elements hydrogen 

and oxygen and it exists in all three states of aggregation on earth: the solid state as 

ice (< 0 °C), the liquid state as liquid water (0 °C – 100 °C) and the gaseous state as 

vapour (>100 °C). This is actually very unique for substances found on earth under 

“ambient conditions”.  

 

Water can be found nearly on all places on earth; however, with a very 

inhomogeneous distribution, varying from huge excess in the gigantic oceans to very 

tiny amounts of moisture in dry deserts. Around 70% of the surface of the earth is 

covered by water, but most of the earth’s water (96.5%) is saline in oceans and only 

2.5% is fresh water.8 

 

Water has several essential functions on earth. Among others, it is a solvent for salts 

and nutrients, serving as habitat for many living creatures, e.g. for tiny organisms 

such as plankton or whales as the biggest mammals on earth, or as an important 

liquid to keep animals and humans alive. The human body consists out of 

approximately 60 w% water 9 and a daily fresh water supply is mandatory to prevent 

women and men from dehydration.  

 

Next to these vital functions, humanity developed distinctive utilization and 

consumption of water. Three major sectors of water usage can be classified: the 

domestic, the agricultural and the industrial sector. Currently, the total annual 

withdrawal is estimated to be more than 4,000 km3 worldwide, and is expected to 

grow further in the future.10–12 This is problematic, since fresh water resources are 

finite and saline water is only of limited use. For example, the salt in the water 

supports corrosion of technical equipment or can lead to a hazardous distortion of 

the osmotic balance in living organisms. Moreover, increasing fresh water scarcity 

along with water pollution induces additional stress. Figure 1.2 shows a map of 

countries and their water stress levels, revealing that water stress is a global problem.  

 

Many regions on earth suffer from fresh water scarcity, examples are parts of Africa 

or southern Europe. However, regions in which fresh water is scarce, are not only 

limited to dry areas. For instance, a large part of the world’s population lives in large 

urbanized areas along coastlines and in delta regions. Extensive groundwater use 
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leads to salt water intrusion, thus limiting or even reducing the availability of fresh 

water. Salt water intrusion is not only restricted to the commonly known regions of 

water scarcity such as on the African continent, but also relevant to countries as the 

Netherlands or the United States.13–16 Additionally, the increasing climate change 

results in extreme weather conditions such as droughts, inducing further stress on 

the availability of fresh water.12,17  

 

 
Figure 1.2. Levels of water stress (freshwater withdrawal as proportion of total renewable 

freshwater resources) shown as percentage. [Reproduced from reference 2] 

 

The usage and consumption of water is often accompanied by water pollution and 

generation of wastewater, thus related to the problem of limited fresh water 

availability. Globally around 80% of the wastewater is estimated to be discharged 

without any treatment,6 obviously contributing to pollution of (fresh) water 

resources. In general, the release of (high) organic loads into aquatic systems leads 

to eutrophication and oxygen consumption in the water, having a negative impact on 

the aquatic ecosystem.18,19 Moreover, the release of toxic compounds contributes 

further to an unhealthy (aquatic) environment. Furthermore, insufficient treatment 

also contributes to fresh water pollution. In fact, many chemical compounds can be 

found in natural waters and sometimes even in drinking water due to inadequate 

water treatment. Those (micro)pollutants are considered to have negative effects on 

human’s health and the ecosystem.6,20–22  

 

In addition to human’s health and severe environmental issues, water scarcity and 

pollution, together with an increasing demand in fresh water significantly increase 
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the risk of political and socioeconomic conflicts. In the absence of sufficient amounts 

of fresh and clean water, ecosystems might collapse and animals lose their habitat, 

humans are forced to leave their homeland, and industry has to lower or even stop 

production, negatively influencing the local/national economy. Therefore, sufficient 

availability of fresh and clean water belongs to the top challenges for a sustainable 

future.4,12,23  

1.2.1 Water Nexus project 

In order to lower the water footprint for a sustainable development in the industrial 

sector, several national and international research projects have been initiated. 

Among others, the Water Nexus project was initiated by several Dutch universities 

and companies and granted by the Netherlands Organisation for Scientific Research 

(NWO). The project started in 2015 as a strong multidisciplinary consortium of 

universities, research and governmental institutions, partners of industry and service 

providers working together towards the common goal “salt water when possible, 

fresh water when needed”. Three research lines including several work packages 

working on i) resource management and control, ii) treatment technologies and iii) 

technology and natural system integration and governance were realized in order to 

contribute to a sustainable water development. A general overview of the research 

lines and their interdisciplinary connection is shown in Figure 1.3. 

 

The work presented in this thesis is related to research line 2. In this research line 

several technologies are investigated to further understand, develop and apply the 

technologies and related materials for saline water treatment. Technologies of 

considerations are aerobic and anaerobic treatment, electrochemical oxidation and 

other oxidative treatment technologies, membrane filtration, plant-microbial fuel 

cells, and the integration of these systems for application.  

 

In addition, two different case studies are inherent to the Water Nexus project. One 

case study is dealing with produced water from oil and gas production usually 

containing high salt loads (considered as salt water), presented by Shell. The other 

case study is focussed on cooling tower blowdown (CTBD) water with a medium 

salinity (considered as brackish water) presented by DOW Benelux B.V. Both 

companies suffer from fresh water scarcity, since their production facilities operate 

in water stressed areas. Therefore, improvements in water purification technologies 

are to their specific interest.  
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Figure 1.3. Overview of the research lines and their connection of the Water Nexus 

project. [Reproduced from reference 24] 

1.2.2 Conventional wastewater treatment 

Wastewater generated in the domestic and industrial sectors contains a variety of 

organic and inorganic compounds, and is usually treated (if at all) in wastewater 

treatment plants (WWTP) using physico-mechanical, biological and chemical 

treatment stages, as shown in Figure 1.4. During a pre- and primary treatment stage 

large solids and smaller particles as well as oil are separated from the sewage streams 

by rakes, sedimentation and floatation. Afterwards, the water is treated in secondary 

biological treatment stages. Here, microorganisms degrade organic compounds and 

remove other nutrients such as nitrogen compounds. In a tertiary treatment step, 

inorganic compounds such as phosphorus can be removed by chemical precipitation, 

or the water can be disinfected.22,25  
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Figure 1.4. Basic scheme of wastewater treatment in a conventional WWTP. The solid 

arrows indicate the water flow in the process. The vertically dashed arrows indicate solid and 

sludge waste.  

 

Despite this treatment procedure, common WWTP face problems with toxic 

compounds, non-biodegradable compounds and/or high salt loads. Toxic 

compounds and high salt loads in the wastewater inhibit the microorganism and non-

biodegradable compounds are recalcitrant to break-down by biological treatment. 

Thus, insufficient removal has been observed leading to discharge of water 

containing unaffected or partially degraded organic compounds into the 

environment.20–22,26 In order to face this problem, additional technologies are either 

already applied in a fourth treatment stage or under consideration. For example, 

activated carbon for adsorption of compounds, or membrane filtration emerged as 

attractive technologies. Still, disadvantages such as high costs, generation of 

additional sludge (e.g. when using carbon adsorber materials) or generation of a 

concentrated retentate stream (when using membrane filtration processes) require 

additional technological solutions. Advanced oxidation processes, which are 

introduced in the following, are believed to contribute to an effective wastewater 

treatment.  

 Advanced Oxidation Processes 

Advanced oxidation processes (AOP) are defined as a group of technologies for 

aqueous phase oxidation. Generally, AOP technologies utilize highly reactive 

species such as hydroxyl radicals for the degradation of pollutants.5,27,28 The aim of 

the processes is the complete mineralization (full destruction) of the organic 

pollutants to “less harmful” products such as CO2, water and salts. The formation of 

hydroxyl radicals (•OH) is of primary relevance in AOP. With a standard redox 

potential of E0 = 2.7 V [E0’(pH 7) = 2.3 V] OH radicals are considered to be the most 

powerful oxidizing reagents converting many organic pollutants 

instantaneously.27,29,30 Moreover, AOP are especially suited for the removal of non- 
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or hardly biodegradable compounds, the removal of organic micropollutants, the 

treatment of industrial effluents as well as hazardous or toxic sewage. Furthermore, 

generation of OH-radicals is also used for disinfection purposes (e.g. destruction of 

pathogens).5,27,28,31 Various technologies that are capable of generating •OH (and 

other reactive species) are described in the literature; for example, H2O2 in 

combination with ultraviolet light (UV) and ozonation (or combinations); Fenton’s 

reagent-based methods; ultrasonication; photocatalysis; electrolysis and 

photoelectrocatalysis.27,28 The technologies can be applied either as single stage, 

simultaneously, sequential or in combination with other technologies. For example, 

pre-treatment to enhance biodegradability or post-treatment to improve the overall 

removal efficiency can be applied. Besides the advantages, disadvantages are for 

example the high costs of the (additional) treatment, consumption and potential 

safety aspects of required chemicals (e.g. O3, H2O2).5,27,28,31 Additionally, the 

formation of mostly unknown intermediates or by-products, which might be more 

harmful than the parent compounds, is a general inherent disadvantage of AOP.28,31–

34 Thus, it is of importance to understand the technologies and related mechanisms 

and to develop the techniques further to allow for their safe implementation. In the 

following photocatalysis and electrochemical oxidation, two AOPs which are 

studied in this thesis, are described in more detail.  

1.3.1 Photocatalytic degradation 

Photocatalytic degradation (PCD) using suspended semiconductor particles 

subjected to illumination with ultraviolet (UV) light has been studied for many years. 

Especially, titanium dioxide (TiO2) has been widely applied as photocatalyst. TiO2 

and in particular P25 (Evonik Industries) offer promising performance for 

degradation of organics. In addition, it is of interest due to (relatively) low material 

costs, abundance, non-toxicity, and (chemical) material stability. Several review 

papers already appeared discussing TiO2 based PCD and the principles and 

mechanism for water treatment in detail (the list is not exclusive). 32, 35–44 

 

The principle of photocatalysis (here TiO2 is used to exemplify the processes) is 

shown in a scheme in Figure 1.5 along with standard potentials of various redox 

processes of interest for wastewater treatment. In brief TiO2, suspended in water or 

immobilized on a fixed bed, is exposed to UV light. If the energy of the light 

absorbed is larger than the band gap of the semiconductor (Eλ > Eg = 3.0 - 3.2 eV for 

Rutile or Anatase TiO2 respectively) photoexcited charge carriers are generated by 
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excitation of electrons (e-) from the valence band (VB) into the conduction band 

(CB); leaving holes (unoccupied states, h+) in the VB according to equation 1.1. 

Depending on the extinction coefficient (and the particle size) of the semiconductor 

electron excitation will be limited to the near-surface region or also occur in the bulk 

of the semiconductor. Generated charge carriers either recombine (energy 

dissipation via phonon generation), move towards the solid/liquid (or solid/gas) 

interface triggering surface redox reactions, or are simply trapped. Importantly, 

formed h+ (+2.53 V vs. SHE [pH 7] in TiO2) can either directly oxidize organic 

molecules adsorbed at the TiO2 surface (equation 1.2) or generate highly reactive 
•OH (from adsorbed water molecules or hydroxide ions, equation 1.3) leading to the 

oxidation of organic molecules (equation 1.4). In addition, excited CB e- (-0.52 vs. 

SHE [pH 7]) can generate reactive oxygen species (ROS) such as superoxide radicals 

(O2
-•) or H2O2 (equation 1.5, 1.6, 1.7).32,37 The generation of reactive singlet oxygen 

(1O2, equation 1.8) has also been reported.45 The high activity for degradation of 

most organic pollutants has been attributed to the formation of various ROS species 

from photogenerated charge carriers at the TiO2 surface (equation 1.9).32,42,45 

 

TiO2 
ℎ𝑣
→ e- + h- (Eq. 1.1) 

R + h+ → R+•  → intermediate(s) and final products (Eq. 1.2) 

h+ + OH-
(ads.)  → •OH      or h+ + H2O(ads.)  → •OH + H+ (Eq. 1.3) 

R-H + •OH  → R• + H2O (Eq. 1.4) 

e- + O2 → O2
•- (Eq. 1.5) 

O2
•- + H+ → HOO• (Eq. 1.6) 

HOO• + e-  → HO2
- 
  𝐻+

→   H2O2 (Eq. 1.7) 

O2
•- → 1O2 + e- (Eq. 1.8) 

𝐎𝐫𝐠𝐚𝐧𝐢𝐜𝐬(𝐚𝐪) 
𝐓𝐢𝐎𝟐, 𝐡𝛎
→     𝐈𝐧𝐭𝐞𝐫𝐦𝐞𝐝𝐢𝐚𝐭𝐞(𝐬) → 𝐂𝐎𝟐 ↑ +𝐇𝟐𝐎 (Eq. 1.9) 
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Figure 1.5. Schematic principle of semiconductor (SC) photocatalysis; E(Rx
m/Rx

n) is the 

electrochemical potential of the redox couple (Rx
m/Rx

n), ECB conduction band (CB) 

minimum, EVB valence band (VB) maximum. After photoexcitation II) mobile excited 

charge carriers can be trapped in bulk defect sites or surface sites, move to the surface III) 

or can recombine IV). V) shows the redox reaction of adsorbed reactants via charge 

transfer at the SC-liquid interface; I) and VI) describe ad- and desorption processes along 

with diffusion of reactants to the catalyst and products away from the surface of the 

catalyst. Potentials of various redox processes at the TiO2 surface (under neutral 

conditions) are adapted from Fujishima et al.37 

 

Besides the advantages of TiO2 based PCD, several disadvantages are described in 

the literature. Among others, the necessity of UV light along with challenges of light 

scattering and distribution in slurry-based reactors, the separation of TiO2 after the 

treatment, diffusion limitations (especially if the catalyst is used in fixed bed 

reactors) and low efficiency due to the recombination of photogenerated charge 

carriers, are frequently discussed. Various strategies have been reported to address 

these disadvantages. For example, catalyst modification (e.g. surface modification 

or doping to shift the band gap and position applicable to the solar light spectra or to 

lower charge carrier recombination), catalyst immobilization, together with 

optimization of reactor and process design have been introduced.32,42,43,46 Especially, 

over the past three decades a lot of progress has been made and the gathered 

understanding of TiO2 based PCD32,35,38,42–44 even resulted in scale-up and pilot 

studies to push PCD to real applications, although the (industrial) applications so far 

are very limited.32,39,47,48 For example, the feasibility of TiO2 based PCD to remove 
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hazardous pesticides as well as persistent pharmaceuticals at pilot scale using solar 

light (by solar concentration using parabolic collectors) has been demonstrated; 

however, complete mineralization has not been achieved.49,50 In a more recent 

example, the application of a solar based fixed bed TiO2 reactor after treatment in 

constructed wetlands, allowed for degradation of naphthenic acids with 47-93% 

removal efficiencies, to purify waste water from the oil-sand industry.51  

 

The generation of mostly unknown intermediates is important to consider, as already 

described previously. Because of the contribution of various ROS, many 

intermediates might form, which are difficult to assess and might have a higher 

toxicity than the parent compounds. In addition, real wastewater is a complex matrix, 

not only containing many organic compounds, but often also inorganic salts, which 

influence the photocatalytically induced chemistry. For example, sodium chloride is 

commonly known to inhibit PCD rates.32,52–56 Moreover, the high oxidative potential 

of TiO2 and •OH induce the risk of chloride oxidation to reactive chlorine species 

(RCS) and related chlorination reactions of organic compounds.32,33,53,57,58 Therefore, 

it is of high importance to investigate photocatalytic degradation mechanisms, to 

assess the impact of the technology on the environment and human health.  

1.3.2 Electrochemical degradation 

Electrochemical degradation (ECD) of organic pollutants based on the anodic 

generation of ROS, in particular •OH is known as the electrochemical advanced 

oxidation process (EAOP). Advantages (compared to other technologies), include 

scalability, no production of waste (e.g. sludge), and no necessary addition of 

chemicals (e.g. H2O2, O3, Fe, TiO2). Moreover, power supply is possible by 

renewable electricity (e- are considered as harmless compared to chemicals) and no 

need for (UV) light render EAOP promising. Thus, a lot of research and development 

have been conducted and is summarised by several reviews (the list is not 

exhaustive).59–68  

 

The central element in this process is the anode, which is responsible for the 

oxidation reactions. Figure 1.6 shows the principle and the commonly described 

three oxidation mechanisms of EAOP. Application of a sufficient anodic potential 

to an electrode allows for the generation of hydroxyl radicals from water molecules 

or adsorbed hydroxide ions (equation 1.10). The hydroxyl radicals can subsequently 

oxidize organic compounds, as previously described (equation 1.4). This mechanism 



Chapter 1 

12 

is also described as indirect oxidation (I). In the presence of a suitable mediator, the 

oxidation of organic molecules can occur via oxidized reactive mediator species  

(II, the pathway is either called indirect or mediated oxidation). For example, 

chloride or sulfate ions are known to act as effective mediators, forming reactive 

chlorine species (RCS; [𝐸𝐶𝑙•/𝐶𝑙−
0 = 2.43 𝑉; 𝐸𝐶𝑙2/𝐶𝑙−

0 = 1.36 𝑉]; equation 1.11 

and 1.12) or sulfate radicals (equation 1.13; [E0 = 2.44 V]) respectively. Moreover, 

organic molecules can also react in a direct oxidation mechanism at the electrode 

surface (III; equation 1.14).30,59,60,66. Due to the high oxidation potentials applied, 

further side reactions occur at the electrode leading to oxygen evolution 

(equation 1.15) and generation of other ROS such as hydrogen peroxide 

(equation 1.16) or ozone (equation 1.17), supporting the oxidative degradation of 

organic compounds.59,60,66,69  

 

H2O → •OH + e- + H+  or OH-
(ads.)  → •OH + e- (Eq. 1.10) 

Cl- → Cl•+ e- (Eq. 1.11) 

2 Cl- → Cl2 + 2e- […+ H2O ↔ HOCl + H+ + Cl-] (Eq. 1.12) 

SO4
2- → SO4

•- + e- (Eq. 1.13) 

R → R+• + e- → intermediate(s) and final products (Eq. 1.14) 

2 H2O → O2 + 4 e- + 4 H+ (Eq. 1.15) 

2 H2O → H2O2 + 2 e- + 2 H+ (Eq. 1.16) 

3 H2O → O3 + 6 e- + 6 H+ (Eq. 1.17) 
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Figure 1.6. Schematic principle of the electrochemical advanced oxidation process 

(EAOP). Application of a sufficient anodic potential to an electrode (anode) allows for 

oxidation reactions: I) generation of hydroxyl radicals from water (or adsorbed hydroxide 

ions) which can subsequently oxidize organic compounds (R), (indirect oxidation); II) 

oxidation of a mediator (M), which can oxidize R (mediated oxidation); III) direct 

electrochemical oxidation of organic compounds. Further oxidation reactions (e.g. via 

generated reactive oxygen species (ROS)) allow for mineralization of the oxidized organic 

compounds (R-Ox) to CO2. 

 

Especially the mediated degradation mechanism has been reported as being 

beneficial to enhance removal rates.60,70–73 This is of particular advantage since 

chloride containing salts are frequently present in wastewaters. However, the 

formation of undesired (toxic) intermediates and by-products is a critical 

disadvantage, since they might have negative effects on human health and the 

environment.74–77 Since the degradation mechanism can be manifold, especially in 

complex wastewater matrices, it is of high importance to investigate degradation 

pathways and to address the formation of intermediates and by-products for the 

individual applications.  

 

Given the crucial function of the anodes various materials have been studied. Among 

others, Pt, dimensionally stable anodes (DSA) based on IrO2 and/or RuO2, doped 

SnO2 (commonly by Sb), PbO2, doped and substoichiometric TiO2, graphite and 

boron doped diamond (BDD) have been used.65,66,78–80 Investigated electrodes are 

classified into active and inactive anodes related to their oxidation mechanism.66,81 

Active electrodes such as Pt and DSA commonly have a low OER overpotential. 
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During the anodic polarization •OH-radicals are generated as intermediates of the 

OER (equation 1.18), which is strongly bound to the electrode surface (Mn[•OH]) 

and further oxidized according to equation 1.19. The availability of •OH for 

oxidation of organics is rather low in the case of active electrode materials and 

instead primarily selective oxidation reactions of organic compounds occur mostly 

via oxygen transfer reaction, restoring the initial electrode Mn surface state 

(equation 1.20). This mechanism is in strong competition to the OER (equation 1.21) 

resulting in low mineralization efficiencies. Inactive electrodes show higher yields 

of •OH generation due to its weakly bonded nature to the electrode surface 

(equation 1.18). In addition, oxidation to oxygen requires higher potentials 

(≥ ≈ 2.0 V vs. SHE) at inactive electrodes. Thus the •OH is more easily available for 

the oxidation of organics (equation 1.22). Examples for inactive electrodes used in 

EAOP are doped SnO2, PbO2, doped and substoichiometric TiO2 and BDD.66,81 

 

Mn[] + H2O → Mn[•OH] + e- + H+ (Eq. 1.18) 

Mn[•OH]  → Mn+2O + e- + H+ (Eq. 1.19) 

Mn+2O + R→ Mn[] + RO (Eq. 1.20) 

2 [Mn+2O] → 2 Mn[] + O2 (Eq. 1.21) 

Mn[•OH] + R → Mn +R• + H2O (Eq. 1.22) 

 

Especially BDD is a very promising electrode material for the EAOP and often 

applied due to its high stability under anodic polarization, high overpotential for 

OER (> 2 V vs. SHE) and the good mineralization of organic compounds.66,80,82,83 

However, the high costs of the electrodes (due to the preparation via chemical vapor 

deposition on mainly expensive substrates to achieve sufficient electrode film 

stability) is a clear drawback for large scale application.59,64,78 In addition, the 

significant formation of harmful inorganic by-products, such as chlorate and 

perchlorate (or even bromate if Br- is present in the water) in ppm levels, is a 

disadvantage reported for BDD electrodes.76,84,85. Given that also other available 

electrodes suffer from crucial disadvantages limiting large scale application, BDD 

still appears the electrode of choice. For example, high electrode costs and low 

mineralization efficiency (due to low OER overpotential) are described for Pt, 

Ir and Ru based electrodes. For lead and antimony based electrodes leaching of toxic 
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metal ions is problematic and insufficient electrode stability under anodic 

polarization are a disadvantage of electrodes based on graphite, SnO2 or 

substoichiometric TiO2.66,80 Material science plays an important role for the further 

development and exploration of novel, inexpensive, active, stable/recyclable and 

non-toxic electrode materials.5,66,68,80 

 

Among the described electrode materials TiO2 based electrodes are considered as 

very promising,66,68 because of the properties as already discussed for photocatalysis. 

In particular, the high ability for •OH generation is of special interest.69,86,87 However, 

the poor intrinsic electrical conductivity of TiO2 limits direct application as anode. 

To overcome this drawback, defect engineering has been applied to change the 

electrical properties of TiO2.88–91 Defect engineering can be achieved by doping with 

aliovalent ions. For example, doping with Nb has been reported in the literature to 

increase the electrical conductivity of TiO2.92–94 In addition, defect engineering can 

be obtained just by formation of intrinsic defects such as the creation of oxygen 

vacancies leading to substoichiometric TiO2, also often described as the Magnéli 

phase (TinO2n-1 [n = 4-10]), or blue/black titanium oxides.89–91 Especially the latter 

has been frequently reported as promising electrode material for EAOP.66,68,95–102  

 

An appealing method for the preparation of defect engineered TiO2 (TiOx) by 

intrinsic defect formation is electrochemical reductive doping (cathodization). Using 

an electrochemical approach reductive annealing at high temperature in the presence 

of hydrogen can be avoided, and consequently it has attracted attention for the 

preparation of TiOx. Various reasons have been reported for the increase in electrical 

conductivity of the n-type semiconductor, including defects such as oxygen 

vacancies, subvalent Ti(<4+), intercalation of protons, and insertion of hydrogen.98,103–

107 Nevertheless, a critical drawback of TiOx is the instability when oxidation is 

initiated by anodic polarization (e.g. application in EAOP), resulting in a loss of the 

electrical conductivity. However, by reversing the potential (to cathodic 

polarization) or applying polarization switches during the EAOP, recovery of the 

defects and electrical conductivity has been demonstrated.100,107 This underlines the 

attractiveness and opportunity of the electrochemical preparation approach. For 

example, the application of polarization cycling has been shown to enhance the 

lifetime of electrochemically doped TiO2 nanotubes.100 Although the special 

structure of nanotubes are beneficial to realize large electrode surface areas, the 

cumbersome preparation (especially the need for potentially dangerous fluoride 
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salts) prevents any large scale (industrial) application. Therefore, application to 

structures with lower complexity is desirable.  

 Scope and outline of this thesis 

The research described in this thesis aims at the development, as well as on the 

understanding of materials and technologies for advanced oxidation processes, in 

particular photocatalytic treatments and electrochemical degradation processes for 

saline wastewater streams. The understanding of specific degradation pathways 

along with the formation of intermediates and their accumulation or removal is 

crucial to evaluate the impact of these various technologies on the water quality and 

their overall environmental impact. In addition, the question whether the formation 

of undesired intermediates and by-products can be limited or reduced, is addressed. 

Moreover, electrochemical doping of TiO2 is investigated as a method to design 

efficient electrodes with enhanced lifetimes for electrochemical water treatment.  

 

A general introduction to water scarcity and pollution, wastewater treatment and 

related challenges, along with the potential of AOP, with focus on photocatalytic and 

electrochemical technologies for the degradation of organic pollutants, has been 

provided in this chapter (Chapter 1). In particular, basic principles, advantages, 

disadvantages and challenges of PCD and ECD are briefly explained.  

 

In Chapter 2, a detailed analysis of the degradation pathways including formation 

and degradation of undesirable chlorinated aromatic intermediates during PCD, 

photoelectrochemical degradation (PECD) and ECD in saline water is described. It 

is highlighted that a quantitative analysis of intermediates, together with the overall 

removal of organic carbon (mineralization) is required to compare the two different 

AOPs and to assess their impact on the quality of the treated water and the 

environment. In addition, the role of chloride ions during PCD, PECD and ECD is 

discussed, based on literature. 

 

In Chapter 3, the study of Chapter 2 is extended to evaluate the application of PCD 

and ECD treatment on real wastewater. Here, cooling tower blowdown (CTBD) 

water from the DOW case study of the Water Nexus project is investigated as 

wastewater matrix. The reduction in chemical oxygen demand and the removal of 

total organic carbon is compared. For both technologies, removal of the total organic 
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carbon was observed. Moreover, formation of organic and inorganic chlorinated 

intermediates and by-products has been investigated. The observations are in 

agreement with the results obtained in Chapter 2. Also for real CTBD wastewater, 

differences in the degradation mechanism were observed between PCD and ECD, 

while PCD showed significantly less formation of chlorinated intermediates and by-

products. 

 

Although ECD appears to be inferior compared to PCD in terms of formation of 

undesirable intermediates and by-products specifically in saline wastewater 

treatment, PCD also suffers from disadvantages, for example the inhibitory effect of 

salt. For ECD, among others, especially the easier realization of a continuous 

treatment process is favorable. Furthermore, contrary to PCD, particle separation 

after the treatment is not an issue, and UV illumination is not needed, potentially 

lowering the costs of the treatment. However, a clear need for the development of 

new electrode materials, e.g. to obtain cost effective, non-toxic, stable (and/or 

recyclable) electrodes with limited oxygen and chlorine evolution and limited 

formation of higher oxychlorides is of importance to push the technology towards 

large scale industrial application.  

 

In Chapter 4 the preparation of TiO2 based electrodes has been investigated. In 

particular, the process of electrochemical reductive doping has been investigated for 

preparation of defect engineered TiOx. The effect of three different counter 

electrodes, namely Pt, Ir-mixed metal oxide and BDD on the formation of TiOx and 

the resulting charge transfer properties of the material, is presented. The charge 

transfer properties were of special interest to characterize the doping process to 

achieve the electrically conductive material. Limitations of the process due to surface 

contaminations arising from the counter electrode are discussed in detail. 

 

In Chapter 5 the obtained knowledge and optimized conditions for the 

electrochemical doping of TiO2 described in Chapter 4 are applied to Nb doped TiO2 

substrates. Niobium was chosen based on literature as suitable dopant to increase the 

electrical conductivity of TiO2 and to allow for an improved oxidative stability. The 

influence of the Nb on the resulting charge transfer properties is evaluated along with 

its effect on electrode stability during anodic polarization. Moreover, the application 

of reversed polarization and polarization cycling on the recovery of passivated TiOx 

and passivated TiOx:Nb electrodes is discussed.  
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In order to apply ECD treatment to saline wastewater, the concentration of oxidised 

chlorine species and organochlorides needs to be minimized, to reduce the toxicity 

of the treated water. Therefore, in Chapter 6 a strategy to reduce undesired 

oxychlorides is described. A material screening revealed titanium as most promising 

electrode material for reduction of hypochlorite. Based on this observation, a porous 

Ti hollow fibre electrode has been applied for hypochlorite reduction. The overall 

enhancement in the removal has been assigned to favourable mass transport 

conditions close to the electrode-electrolyte interface, initiated by bubbles leaving 

the porous structure. In addition, the impact of the treatment on the toxicity is 

discussed.  

 

A summary of the research described in this thesis, along with an outlook and 

recommendations for further research, are given in Chapter 7.  
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Chapter 2 

Comparative analysis of photocatalytic and 

electrochemical degradation of 4-ethylphenol  

in saline conditions 

Electrochemical degradation (ECD) and photocatalytic degradation (PCD) technologies were 

evaluated for saline water purification, with focus on rate comparison and formation and 

degradation of chlorinated aromatic intermediates using the same non-chlorinated parent 

compound, 4-ethylphenol (4EP). At 15 mA cm-2, and in the absence of chloride (0.6 mol L-1 

NaNO3 was used as supporting electrolyte), ECD resulted in an apparent zero-order rate of 

30 μmol L-1 h-1, whereas rates of ≈ 300 μmol L-1 h-1 and ≈ 3750 μmol L-1 h-1 were computed 

for low (0.03 mol L-1) and high (0.6 mol L-1) NaCl concentration, respectively. For PCD, 

initial rates of ≈ 330 μmol L-1 h-1 and ≈ 205 μmol L-1 h-1 were found for low and high NaCl 

concentrations, at a photocatalyst (TiO2) concentration of 0.5 g L-1, and illumination at 

λmax ≈ 375 nm, with an intensity ≈ 0.32 mW cm-2. In the chlorine mediated ECD approach, 

significant quantities of free chlorine (hypochlorite, Cl2) and chlorinated hydrocarbons were 

formed in solution, while photocatalytic degradation did not show the formation of free 

chlorine, nor chlorine-containing intermediates, and resulted in better removal of non-

purgeable hydrocarbons than ECD. The origin of the minimal formation of free chlorine and 

chlorinated compounds in photocatalytic degradation is discussed based on 

photoelectrochemical results and existing literature, and explained by a chloride-mediated 

surface-charge recombination mechanism. 
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2.1 Introduction 

Water pollution is one of the greatest challenges of modern society.1,2 The treatment 

of polluted water to enable its re-use is essential,3 while efficient removal of 

(recalcitrant) organic pollutants, present in low concentrations, requires 

development of innovative technology.4–7 Particularly difficult is treatment of 

industrial effluents containing high amounts of sodium chloride, which impedes 

biological treatment due to negative effects of the NaCl on the microbial flora such 

as plasmolysis.8,9 

Advanced oxidation processes (AOP) such as photocatalytic degradation (PCD) or 

electrochemical degradation (ECD) are promising methodologies for the removal of 

(recalcitrant) organics in saline conditions. Highly reactive oxygen species (ROS), 

e.g. hydroxyl radicals (●OH) are generated oxidatively (anodically) in both 

methodologies.10 Sodium chloride, ubiquitous in many industrial wastewaters,8 is 

known to further enhance degradation rates in ECD, due to (anodic) chloride 

oxidation and the consecutive formation of reactive chlorine species (RCS: e.g. Cl●, 

Cl2, or HOCl).11–15 However, the major disadvantage of ECD in saline media is the 

formation of chlorinated by-products.12,16–20 These by-products typically induce high 

water toxicity, and thus deteriorate the environment.21–23  

For TiO2-based photocatalytic degradation, chloride is usually considered to be an 

inhibitor. Several mechanisms have been proposed to explain the inhibition: 

scavenging of holes or OH- radicals by chloride ions;24–27 blocking of active surfaces 

sites by chloride ions;25,28–32, formation of an inorganic salt layer;33 or chloride acting 

as external-recombination-center for photogenerated charge carriers.34 Often, more 

than one mechanism is used to explain the inhibiting effect.35–40 In addition, 

aggregation of TiO2 particles has been reported to reduce the number of absorbed 

photons influencing degradation rates.41 While the inhibiting effect of chloride, using 

TiO2 as photocatalyst, has been discussed frequently in the literature, detailed studies 

regarding the formation of reactive chlorine species (RCS), such as hypochlorite, 

and chlorinated intermediates in aqueous solution (starting from a non-chlorinated 

parent molecule) are rare, and obtained results seem to be inconsistent. For example, 

negligible amounts of organochloride compounds have been reported during phenol 

degradation in high saline media [50 g L-1 NaCl],38,42,43 which appears in 

disagreement with detection of several chlorinated intermediates arising from the 
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photocatalytic degradation of the azo dye Acid Orange 7 at moderate salinity [5.8-

11.8 g L-1].39 The role of chloride ions in TiO2-based PCD of organic pollutants is 

thus not fully understood44,45 and requires further studies.46  

In particular, the formation of toxic by-products needs attention, to reveal the 

environmental impact of AOPs.4,20,47–52 Although some comparative studies between 

different AOPs, or a combination of technologies have been reported,53–62 to the best 

of our knowledge a comparative study specifically addressing the concentration 

dependent formation of chlorinated intermediates during ECD, PCD and 

photoelectrochemical degradation (PECD), starting from a non-chlorinated parent 

compound in saline solutions, has not yet been performed. 

In this study the influence of NaCl on the degradation rate and mechanism of the 

model compound 4-ethylphenol (4EP) is investigated. Two salt concentrations, 

corresponding to brackish (1.75 g L-1) and sea water salt concentrations (35 g L-1), 

covering a relevant concentration range of industrial effluents,8 have been studied. 

TiO2 particle suspensions or TiO2 thin films illuminated by UV light are used for 

PCD and PECD, respectively. A platinized Ti (Ti/Pt) anode was utilized for ECD, 

and the performance compared to a Boron-Doped-Diamond (BDD) electrode. The 

obtained results clearly demonstrate that the rate of degradation of 4EP in ECD and 

PECD is mainly the result of chemical chlorination, since free chlorine and various 

chlorinated hydrocarbons were detected. In contrast, the formation of chlorinated 

compounds was significantly smaller in PCD, and the overall removal effective, 

despite an inhibiting effect of chloride. 

2.2 Materials and methods 

2.2.1 Chemicals and reagents 

The following chemicals were used in this study: titanium dioxide (Hombikat 

UV 100, Sachtleben (Venator)), 4-Ethylphenol (Sigma Aldrich 99%), sodium 

chloride (Sigma Aldrich ≥ 99%), sodium nitrate (Sigma Aldrich ≥ 99.0%), 

demineralized water (Merck MilliQ system, resistivity > 18MΩ.cm), water (LC-MS 

grade, Biosolve B.V.), acetonitrile (LC-MS grade, Biosolve B.V.), formic acid (98-

100%, LC-MS grade, Merck), 1-(4-Hydroxylphenyl)ethanol (for synthesis see 

appendix Text A2.1), 2-(4-Hydroxylphenyl)ethanol (Sigma Aldrich 98%), 4-

Hydroxybenzaldehyde (Sigma Aldrich 98%), 4-Hydroxyacetophenone (Sigma 
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Aldrich 99%), 4-Ethylresorcinol (Alfa Aesar 98%), 4-Ethylcatechol (Sigma Aldrich 

95%), and 2-Chloro-4-ethylphenol (AKos GmbH, > 95%), 2,6-Dichloro-4-

ethylphenol (AKos GmbH, > 90%).  

2.2.2 Degradation experiments 

If not otherwise stated all experiments were performed in solutions containing NaCl 

or NaNO3 at various concentrations (0.03 mol L-1 or 0.6 mol L-1). Sodium nitrate 

(NaNO3) was used for comparison, since NaNO3 is supposed to be an “inert” water 

additive in oxidative processes. 

2.2.3 Photocatalytic degradation  

Pre-treatment of TiO2 photocatalyst, via annealing at 600 °C for 4 h (named in the 

following H600), was performed to achieve an improved photocatalytic performance 

(optimum between adsorbed surface OH groups and available holes at the surface), 

as reported in earlier work.63 The presence of the anatase phase was confirmed by 

XRD analysis (see XRD patterns in Figure A2.1).  

PCD experiments were performed as described in the following: 4EP stock solution 

(approx. 50 mg L-1) was pre-saturated with air for 20 min. The catalyst H600 

[25(+/- 1) mg], the required amount of salt and 50 mL stock solution were mixed in 

a quartz glass beaker, covered with a quartz glass lid and stirred (350 rpm) in the 

dark for 30 min before the first sample was taken (0 h measurement). UV-irradiation 

of the suspension was achieved using a custom-made closed box reactor64 equipped 

with eight Philips UV lamps (TL-D 18W BLB, λmax ≈ 375 nm, intensity 

≈ 0.32 mW cm-2). Any influence of UV light absorption by the salt solutions on the 

PCD rate was excluded (Figure A2.2).33 Liquid samples were taken after 0.5 h, 1 h, 

2 h, 3 h, 4 h and 5 h of continuous illumination. Each time approx. 1.5 mL solution 

was taken. Afterwards, the samples were filtered using a Phenex RC membrane filter 

(0.2 µm; Phenomenex), and analyzed by HPLC-UV and LC-MS. 

2.2.4 Electrochemical degradation  

ECD of 4EP was performed in a custom-made single-compartment cell (see scheme 

in Figure A2.3). A platinized Ti plate electrode or BDD electrode (Magneto special 

anodes B.V.; geometric surface area 3.14cm2) was used to study the electrochemical 

degradation of 4EP. A Pt mesh and a Ag/AgCl electrode (3 M NaCl, BASi) were 

used as a counter electrode and as a reference electrode, respectively. The reactor 

was filled with 70 mL 4EP stock solution (pre-saturated with air). Degradation 
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experiments were carried out under galvanostatic conditions at 15 mA cm-2 

(VersaSTAT4 potentiostat, PAR or biologic SP-300/VMP3). The electrolyte was 

constantly stirred during the experiments. Sampling was performed as described for 

PCD. For high NaCl concentration, samples were also taken after 1 min, 2.5 min, 

5 min, 10 min, 15 min, 20 min and 30 min. The surface area of the Pt gauze was 

significantly larger than the applied anode, and therefore the cathodic reaction was 

not limiting the degradation of hydrocarbons (see Figure A2.3). 

To evaluate reactivity of 4EP with reactive chlorine species, 9.5 mL of 4EP stock 

solution [50 mg L-1] was mixed with sodium hypochlorite solution (0.5 mL, equal to 

approx. 20 mg L-1 free chlorine) and treated for 15 min. Filtration was followed by 

LC-MS analysis.  

2.2.5 Photoelectrochemical degradation 

PECD experiments were carried out in a custom-made Teflon based PEC-cell. The 

reactor was equipped with a thin film of TiO2 on a Ti-electrode (for the preparation 

see appendix Text A2.2; geometric surface area 3.14 cm2 [TiO2/Ti]) or H600 coated 

on FTO ([H600/FTO], 2.54 cm2]) and a Pt-mesh counter electrode. The reactor was 

filled with the 4EP stock solution containing 0.03 mol L-1 NaCl, and pretreated by 

purging air. Experiments were carried out under potentiostatic conditions at 0.1 V 

vs. Ag/AgCl reference electrode (3 M NaCl, BASi) using a potentiostat (VersaStat3, 

PAR or biologic SP-300). The electrolyte was constantly stirred and illuminated with 

a 365 nm LED [for TiO2/Ti experiments] or 375 nm LED [for H600/FTO 

experiments] (Roithner Lasertechnik GmbH, APG2C1-365/375-E, 200 mW output 

power) placed in front of the glass window of the PEC-cell. 

2.2.6 Analytical methods 

HPLC analysis was performed by a ThermoFisher Scientific Dionex Ultimate 3000 

HPLC system equipped with a UV detector and a reversed phase Luna Omega polar 

C18 column (3 µm, 150 x 2.1 mm, protected by a polar C18 security guard column 

(both Phenomenex)). The sample injection volume was 5 µL. The oven temperature 

was set to 30 °C. A water ([A]; 0.1% formic acid) - acetonitrile (0.1% formic acid) 

gradient system was used at a flow rate of 0.200 mL min-1 and a total run time of 

60 min (0 min 100% A, 1 min 100% A, 30 min 50% A, 35 min 50% A, 45 min 

5% A, 50 min 5% A, 55 min 100% A, 60 min 100% A). For detection, UV 

absorption was measured at 276 nm. For the quantification, an external standard 

calibration was applied (for more information see Figure A2.4 and Table A2.1-2.3). 
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For the identification of intermediates, a Bruker amaZon SL ion trap using 

electrospray ionization (conditions: capillary 4500 V, end plate offset 500 V, 15 psi 

nebulizer gas pressure (N2), 8 L min-1 dry gas flow (N2), 200 °C dry gas temperature, 

scan between 50 to 1000 m/z) was coupled to the HPLC system. A divert-valve was 

used for salt separation. Ionization was performed both in positive and negative 

mode under alternating conditions using automatic fragmentation for data-dependent 

acquisition of both MS and LC-MS data.  

Free chlorine ((FC); total concentration of Cl2 + HOCl + OCl-) measurements were 

performed in adaption of the EPA-DPD method 330.5, using a Hanna Instruments 

free chlorine test kit (HI93701) and photometer (HI83099) for a concentration range 

of 0.00 to 2.50 mg L-1 [accuracy +/- 0.03 mg L-1]. For higher free chlorine 

concentrations, a Hanna Instruments test kit (HI95771) and photometer (HI96771) 

were used [accuracy +/- 2 mg L-1]. 

Non-purgeable organic carbon (NPOC) content was determined with a SHIMADZU 

total organic carbon analyzer, TOC-L CPH/CPN (see appendix Text A2.3 for more 

information) 

2.3 Results and discussion  

4EP belongs to the group of alkylphenols, which have been found for example in 

produced water from petrochemical industry,65 or as degradation products from 

alkylphenol ethoxylates (used in chemical industry).66 These compounds have 

become in focus due to their endocrine disruptive effects.67 In this study 4EP is used 

as model compound offering several advantages, for example a moderate toxicity 

and an adequate water solubility. The structure consists of three functional groups 

(benzene ring, alcohol group, alkyl chain) representing important functional groups 

of more complex compounds found in wastewater5,6 and is suitable to study the 

selectivity in reactions with chlorine.68,69 

2.3.1 Electrochemical degradation of 4EP  

Degradation curves of 4EP obtained for ECD at various salt conditions are shown in 

Figure 2.1 (NaNO3 or NaCl containing electrolytes, constant current experiment at 

j = 15 mA cm-2). A linear degradation behavior was obtained for both NaNO3 

concentrations (Figure 2.1a), for which zero-order kinetic constants can be estimated 
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to be ≈20 μmol L-1 h-1 and 30 μmol L-1 h-1 for the low or high salt concentrations, 

respectively (voltage-time curves are shown in Figure A2.5 and quantified numbers 

are presented in Table A2.4).  

In contrast to NaNO3, which cannot be oxidized to reactive radicals, the degradation 

of 4EP in chloride-containing media proceeded much faster (Figure 2.1b). Again 

assuming linear regression (zero-order), constants of ≈300 μmol L-1 h-1 and 

≈3750 μmol L-1 h-1 can be computed for low and high NaCl concentration, 

respectively. The fast 4EP degradation in the NaCl experiments can be explained by 

chlorine mediated electrochemical oxidation, where free chlorine (i.e. hypochlorite) 

and chlorine radicals support the degradation of organic pollutants.11–15 In agreement 

with this hypothesis, the measured concentrations of FC amounted to 0.95 mg L-1 

(after 5 h at 0.03 mol L-1 NaCl) and 111 mg L-1 (after 30 min at 0.6 mol L-1).  

The presence of RCS was found to induce the formation of undesired chlorinated 

organic intermediates and by-products (RCl), in agreement with literature.12,16–20 LC-

MS analysis revealed the formation of 2-chloro-4-ethylphenol (2C4EP) and 2,6-

dichloro-4-ethylphenol (26DC4EP), see Figure 2.2. The same intermediates were 

also formed during chemical chlorination of 4EP with sodium hypochlorite solution 

(20 mg L-1 FC), showing that conversion of 4EP in saline conditions resembles 

chemical chlorination. The chlorination of the aromatic ring at the ortho position is 

directed by the adjacent OH-group and is a typical reaction of phenolic compounds 

with electrophilic oxidants.70,71 Furthermore, the identified intermediates are in good 

agreement with other literature reports on phenol and bisphenol conversion, using 

degradation at BDD electrodes at low salt concentrations16,18,19 and the chemical 

chlorination of methylphenols.72  
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a)

 

b) 

 

  

Figure 2.1. Electrochemical degradation of 4EP at various salt conditions:  

a) 0.03 mol L-1 NaNO3 (light blue), 0.6 mol L-1 NaNO3 (dark blue); b) 0.03 mol L-1 NaCl 

(light green), 0.6 mol L-1 NaCl (dark green). ECD was performed at a Ti/Pt working 

electrode at constant current density of 15 mA cm-2. 

 

 

Figure 2.2. Reaction path of 4EP with RCS (mainly hypochlorite) during ECD at  

15 mA cm-2 at a Ti/Pt electrode or BDD electrode in NaCl media (0.03 mol L-1 NaCl and 

0.6 mol L-1 NaCl). 2-chloro-4-ethylphenol (2C4EP) and 2,6-dichloro-4-ethylphenol 

(26DC4EP) were identified as main aromatic intermediates. 

 

In order to further understand the subsequent degradation process of the two 

intermediates, the concentration vs time profiles were determined (Figure 2.3). 

Obviously, 4EP is converted into 2C4EP almost instantaneously. For the low NaCl 

concentration (Figure 2.3a) a maximum of 2C4EP formation is obtained after 

1 - 1.5 h of treatment time, with 2C4EP already exceeding the concentration of 4EP. 
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The measured concentration of 149 μmol L-1 [23.3 mg L-1] of 2C4EP corresponds to 

a molar fraction of 34% relative to the initial molar concentration of 4EP (for more 

information see also Figure A2.6).  

 

a)  

 

b)  

 
c) 

 

d) 

 

  
Figure 2.3. Formation and degradation of 2C4EP (red) and 26DC4EP (blue) formed 

during ECD of 4EP (black) in 0.03 mol L-1 NaCl (a & c) and 0.6 mol L-1 NaCl solution 

(b & d) using Ti/Pt (a & b) or BDD electrode (c & d). 
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consecutive transformation of 4EP into 2C4EP and 26DC4EP (Figure 2.2). Again 

these results are in agreement with the chemical chlorination of phenol70 and recent 

studies on phenol degradation at a BDD electrode in low saline solution.16 A 
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obtained after 2 h. It took as long as 4 h of ECD at low NaCl concentration, to 

remove both intermediates completely from solution (below the limit of detection 

(LOD), see Table A2.3 for more information). 

Similar concentration profiles were obtained for the high salt conditions, however 

within shorter reaction times (Figure 2.3b). Already after 5 min., 2C4EP reached its 

maximum concentration (90 μmol L-1 [14.1 mg L-1], corresponding to 21 mol% of 

the initial 4EP concentration). 26DC4EP reached its maximum concentration after 

10 min (30 μmol L-1 [5.7 mg L-1], corresponding to 7 mol% of the initial 4EP 

concentration). After 20 min of treatment both intermediates were already removed 

from solution. For comparison, the performance of a BDD electrode is shown in 

Figure 2.3 c and d) for the low and high NaCl concentration. While small changes 

in the kinetic curves of the degradation of 4EP and formation of chlorinated 

intermediates are present, generally both electrodes perform equally under the 

studied conditions. 

The results suggest that significant amounts of the same mono- and di-chlorinated 

intermediates were formed and built-up in the solution for both NaCl concentrations 

and both electrode types. Although the apparent removal of the starting compound 

4EP is fast (compared to NaNO3) a large fraction of 4EP is directly converted into 

chlorinated compounds in a consecutive reaction path (Figure 2.2). Interestingly for 

the higher salt concentration less 2C4EP and 26DC4EP were measured, however the 

higher FC concentration led to a faster removal rate which most likely suppresses 

more accumulation of these intermediates. 

In addition to the two identified intermediates various other chlorinated compounds 

were detected by MS. While identification of their structure exceeds the scope of 

this work, it is interesting to note that the degradation of these intermediates is 

significantly delayed (Figure A2.7). The degradation pattern indicates that these 

compounds are obtained by additional reactions of the two main intermediates, 

2C4EP and 26DC4EP. Hydroxylation72,73 and subsequent ring opening73,74 might 

cause the formation of several other intermediates. In addition, dimerization has been 

proposed for chemical chlorination of methylphenols leading to polychlorinated 

methylphenoxymethylphenols72 and the formation of polychlorinated phenol 

oligomers was observed during ECD of phenol and 2-chlorophenol.74,75 Therefore, 

it is likely that the detected intermediates are congeners of the reported 

polychlorinated phenol oligomers.  
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The formation of small chlorinated end products such as chloromethanes17,76 and 

chlorinated acetic acids17 has been reported for ECD in saline water. In order to 

analyze the residual organic content after oxidation of 4EP, non-purgeable organic 

carbon (NPOC) measurements were performed. The NPOC values (Figure 2.4) 

clearly indicate that large amounts, between 64% to 86% of the initial organic 

carbon, were still present. Even after extended treatment times of 5 h (high salinity) 

only 23% of organic carbon was effectively removed. These nonvolatile compounds 

are most probably low molecular weight organic compounds such as organic acids, 

which have been detected after aromatic ring cleavage during ECD in NaCl 

solution74 and might also consist of chlorinated derivates such as chlorinated organic 

acids.17  

 

Figure 2.4. Non-purgeable organic carbon (NPOC) measurements of treated waters after 

ECD of 4EP at constant current conditions (15 mA cm-2) at a Ti/Pt or BDD electrode in NaCl 

media. NPOC values were measured after 5 h ECD in 0.03 mol L-1 NaCl media and after 

30 min and 5 h for 0.6 mol L-1 NaCl.  

 

The experimental observations highlight a major bottleneck of electrochemical AOP 

techniques. Although ECD removal of 4EP in saline conditions appeared to be 

efficient, especially compared to inert salt conditions, undesirable (poly)chlorinated 

aromatic intermediates were formed for both electrodes that require longer treatment 

times. Moreover, the degradation of 4EP and (chlorinated) intermediates on a Ti/Pt 

electrode led only to a breakdown of the aromatic compounds and the total removal 

rate of organic carbon was quite poor. Only for BDD at low salt concentration 
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slightly higher NPOC removal was achieved, most likely due to an increased 

contribution of generated OH radicals. Still, 64 % of the NPOC remained after 5 h 

treatment and significant amounts of RCl were formed (Figure 2.3), leading to the 

conclusion that for both electrodes chlorination is the main degradation pathway 

under the studied conditions, which is in agreement with a recent report of high 

faradaic efficiency for chloride oxidation on BDD electrodes.77  

2.3.2 Photocatalytic degradation of 4EP 

The photocatalytic degradation of 4EP at different salt conditions is shown in 

Figure 2.5. Using a pseudo first order approximation, implying surface mediated 

conversion is dominating, rate constants were estimated to be 1.13 h-1 in the absence 

of salt, 0.8 h-1 in the presence of NaNO3 (high and low concentration) and 0.8 h-1 and 

0.5 h-1 for low and high concentration of NaCl. To compare the rates to ECD, initial 

rates can be calculated (using the initial concentration of 410 μmol L-1 [50 mg L-1]) 

to be ≈330 μmol L-1 h-1 or 205 μmol L-1 h-1 for the low or high NaCl concentration, 

respectively. At low NaCl concentration, the rates of ECD and PCD are comparable, 

but in contrast to ECD, addition of salts, and in particular NaCl at high concentration, 

had a negative effect on the degradation rates of the parent compound 4EP, leading 

to an order of magnitude difference under these conditions (≈3750 μmol L-1 h-1 vs 

205 μmol L-1 h-1). The inhibiting effect of NaCl is in agreement with observations 

reported for PCD of phenol.38 Since the inhibition at 0.6 mol L-1 NaCl is clearly more 

significant than at 0.6 mol L-1 NaNO3, the inhibition is mainly attributed to the 

presence of Cl-.24  

While the exact reason for the negative effect of anions is still under debate, blocking 

of active surface sites25,28–32 appears unlikely as the main explanation. Considering a 

point of zero charge (PZC) for TiO2 between 5 to 6,78 the TiO2 particle surface charge 

in this study is neutral as measurements were performed at circumneutral conditions. 

Moreover, under illumination the build-up of a negative surface charge has been 

observed for TiO2 particles (pH > isoelectric point)79,80 hindering a competitive 

adsorption or blocking of active surface sites by chloride anions. In the case of 

chloride adsorption on the TiO2 particles (pH < PZC, for example possible due to a 

pH drop during PCD because of dissolved CO2 produced during degradation; see 

also Figure A2.8) the oxidation of chloride ions, by either photogenerated valence 

band holes and/or hydroxyl radicals becomes likely and is proposed frequently in 

literaure.24–27,35–37,39,40,57 As a consequence RCS formation would occur supporting 
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the 4EP removal as observed in ECD. However, our results indicate that the 

degradation pathways of 4EP during PCD and ECD are different and RCS likely do 

not contribute to PCD. Thus, just blocking of active sites by Cl- cannot fully explain 

the observations. In order to verify this conclusion, we analyzed the intermediates 

formed during PCD. 

 

 

Figure 2.5. Photocatalytic degradation of 4EP at various salt conditions: no salt (black 

curve), 0.03 mol L-1 NaNO3 (light blue), 0.6 mol L-1 NaNO3 (dark blue), 0.03 mol L-1 NaCl 

(light green), 0.6 mol L-1 NaCl (dark green). PCD was performed under 375 nm illumination 

in a TiO2 (H600) slurry [0.5 g L-1]. 

 

Unlike in the case of ECD, chlorinated intermediates were identified only in 

extremely low quantities, and LC-MS analysis revealed the following main aromatic 

intermediates: (1) 1-(4-hydroxyphenyl)ethanol, (2) 4-hydroxybenzaldehyde, (3) 4-

hydroxyacetophenone, (4) 4-ethylresorcinol and (5) 4-ethylcatechol (Figure 2.6a; 

more information Table A2.1). Thus, the model compound 4EP is oxidized at least 

at three carbon atoms during PCD, which is typical for nonselective radical reactions 

(i.e. by •OH). The formation of the isomer 2-(4-hydroxyphenyl)ethanol could not be 

revealed due to overlapping retention times with (1) (Table A2.1). However, the 

increased stability of secondary alkyl radicals favors the formation of intermediate 

(1) and its subsequent oxidation product (3). Therefore, the formation of 2-(4-

hydroxyphenyl)ethanol is of minor contribution during PCD of 4EP. The same 
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intermediates were detected for all PCD conditions. The nonselective radical 

reaction pathway is also in good agreement with other reports, e.g. for PCD of 

ethylbenzene,81 phenol37,42,82 or p-cresol,83 confirming that RCS are insignificantly 

involved in the degradation path of 4EP.  

 

a)  

 

b) 

 

Figure 2.6. a) Chemical structures of the identified aromatic intermediates during PCD of 

4EP observed for all studied salt conditions (no salt, 0.03 mol L-1 NaNO3, 0.6 mol L-1 

NaNO3, 0.03 mol L-1 NaCl, 0.6 mol L-1 NaCl): (1) 1-(4-hydroxyphenyl)ethanol,  

(2) 4-hydroxybenzaldehyde, (3) 4-hydroxyacetophenone, (4) 4-ethylresorcinol,  

(5) 4-ethylcatechol. b) Formation and degradation of intermediate  

(3) 4-hydroxyacetophenone during PCD of 4EP at various salt conditions: no salt (black 

curve), 0.03 mol L-1 NaNO3 (light blue), 0.6 mol L-1 NaNO3 (dark blue), 0.03 mol L-1 

NaCl (light green), 0.6 mol L-1 NaCl (dark green). 

 

For the most abundant intermediate (3), its formation and degradation at different 

salt conditions is shown in Figure 2.6b. At high NaCl concentration a pronounced 

inhibition of formation and subsequent degradation was observed, whereas the 

influence of NaNO3 or low NaCl concentration is less. The observations are related 

with the 4EP removal, where the strongly inhibited 4EP degradation explains the 

delayed formation of (3) at high NaCl concentration. This is in agreement with 

reports for PCD of phenol.38  
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As 2C4EP and 26DC4EP were detected as main chlorinated intermediates in ECD 

the chromatograms obtained from PCD experiments were thoroughly analyzed. 

Only for high salt concentration small amounts of 2C4EP could be measured and 

quantified (Figure 2.7). Similarly to ECD measurements, formation of 2C4EP occurs 

immediately, slowly accumulates in the reactor, and its degradation is strongly 

retarded in agreement with intermediate (3) monitored during PCD at high saline 

conditions (see Figure 2.6b). If at all formed, then the concentration of 26DC4EP 

remained below the LOD.  

Again, FC concentrations were determined. For low NaCl concentrations the 

measured values are below the LOD; for high NaCl concentrations only small 

amounts of FC could be detected [0.15 mg L-1]. This shows that PCD is hardly 

mediated by FC species, in agreement with the low quantities of chlorinated 

intermediates.  

 

Figure 2.7. Formation of the monochlorinated intermediate 2C4EP during PCD of 4EP in 

0.6 mol L-1 NaCl solution. 

 

In general the oxidation of chloride by scavenging OH radicals is not favored at the 

conditions of this study.45,52,84 Zhang et al. concluded chloride being a poor hydroxyl 

radical scavenger at circumneutral to alkaline conditions, because the equilibrium of 

the reaction is favored for the reverse reaction to Cl- and •OH (> 99.98%).52 The 

absence of FC for smaller Cl- concentrations is also in agreement with findings 

reported by Krivec et al.,32 who did not detect Cl radicals. For higher NaCl 
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concentrations the results match the observations by Azevedo et al.38 who reported 

small amounts of 4-Chlorophenol (not quantified) formed during phenol PCD at high 

salt concentrations. Anyway, the results indicate that chloride is barely oxidized 

during PCD, and formation of RCS is negligible.  

As for the ECD experiments, the overall removal of organic carbon during the PCD 

treatment was estimated by determination of the NPOC content. Results obtained 

after 5 h of PCD in saline water are shown in Figure 2.8. In the absence of any salt 

NPOC was below the LOD. This is in agreement with the non-affected 4EP and 

intermediate removal (compared to salt containing solutions) and indicates a 

complete removal of the organic carbon within the duration of the PCD experiments. 

For the low and high NaCl concentration, residual NPOC remained in the solution 

in agreement with the delay in 4EP degradation. For example, although 4EP and the 

main intermediate (3) were removed after 5 h treatment in 0.03 mol L-1 NaCl 

solutions, a residual NPOC content of 13% was measured. Since the UV 

chromatogram did not show any significant peaks after 5 h of PCD, the residual 

organic carbon most likely exists in compounds arising from ring-opening reactions, 

such as short chain aliphatic compounds and carboxylic acids.82,85,86 At high NaCl 

concentration a residual NPOC of 46% remained. Calculated photonic efficiencies 

of PCD experiments for the various salt conditions are shown in Table A2.5 and an 

estimation of the energy consumption compared to ECD experiments is shown in 

Table A2.6. For the applied conditions in this study the energy consumption of the 

PCD treatment was approx. between one and two orders of magnitude higher 

compared to the ECD; however, it is important to note that the applied reactors were 

not optimized for energy consumption, and the applied light sources have low 

efficiency for illumination of the photocatalytic slurry (less than 1%). Although ECD 

thus seems to appear beneficial in terms of consumed energy per kg removed NPOC, 

degradation of 4EP by PCD leads to significantly smaller NPOC than ECD at 

comparable rate of 4EP conversion (low NaCl concentration). Moreover, the 

concentration of chlorinated intermediates formed during PCD is significantly lower 

(for low and high NaCl concentration) compared to ECD, thus photocatalysis 

appears the preferred method for application, in particular if illumination efficiency 

and reactor design are optimized. 
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Figure 2.8. Non-purgeable organic carbon (NPOC) measurements of treated waters after 5 h 

PCD of 4EP in 0.03 mol L-1 NaCl and 0.6 mol L-1 NaCl.  

 

Finally, photoelectrochemical degradation (PECD), a hybrid technology, was 

studied. The experiments were performed with a TiO2/Ti electrode at an applied 

anodic bias of 0.1 V vs Ag/AgCl irradiated with UVA light (see Figure A2.9 for 

more information). In recent reports Zanoni et al.87 showed already that oxidation of 

chloride to FC at TiO2 photoelectrodes occurs and the generation of RCS has been 

proposed to assist the PECD of organic compounds.46,57,61,88 Still, reports discussing 

the formation of intermediates are scarce.50,89 After 15 min of irradiation at low NaCl 

concentration, 92% of 4EP was removed and an intensive formation of RCS was 

observed (as detected by FC [27 mg L-1]). The HPLC analysis (Figure 2.9) revealed 

significant amounts of the same intermediates, as observed during ECD  

(57 μmol L-1 [9 mg L-1] 2C4EP and 89 μmol L-1 [17 mg L-1] 26DC4EP). 

Interestingly, without additional bias (resembling PCD conditions) intermediate (3) 

was observed as main intermediate and the formation chlorinated compounds was 

excluded (Figure A2.10). Thus, the 4EP reaction pathway can be easily modified by 

the applied bias. The blank experiment (PECD in dark at 0.1 V vs. Ag/AgCl) did not 

lead to any photocurrent, RCS formation or 4EP degradation (Figure A2.11), 

because the applied potential was below any relevant standard redox potential (e.g. 

1.36 V vs. SHE for chlorine evolution or 2.7 V vs. SHE for ●OH generation). To 

verify the observations and exclude a particular effect of the applied TiO2, PECD 

experiments were conducted with the H600 photocatalyst coated on FTO glass, 

showing similar trends (see Table A2.7). 
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Figure 2.9. HPLC chromatogram obtained after 15 min PECD of 4EP in 0.03 mol L-1 NaCl 

solution using a TiO2/Ti electrode with 0.1 V vs Ag/AgCl bias and 365 nm UV light. The 

majority of 4EP was removed and transformed into significant amounts of the 

monochlorinated 2C4EP and dichlorinated 26DC4EP, similar as observed during ECD 

experiments. 

 

The effect of an applied anodic bias can be explained by the following: In a 

photocatalytic approach charge carrier (electrons and holes) are usually generated 

close to the particle surface and physical separation of reduction and oxidation sites 

is hardly achieved on the nanoscale. Thus, oxidation and reduction occur in close 

proximity and the recombination of oxidized chloride with photogenerated CB 

electrons is likely. This surface-charge recombination mechanism (quenching of 

photogenerated charge carriers by chloride ions)34 is effectively suppressed when an 

anodic bias is applied, e.g. in PECD experiments. Upon biasing the electrode 

photogenerated conduction band (CB) electrons from the TiO2 surface are pulled 

towards the back contact and in contrast to PCD, reduction of Cl-radicals by 

available CB electrons is unfeasible. Therefore, pronounced RCS generation could 

be observed during PECD, leading to a distinctive formation of RCl. In addition, the 

Coulombic repulsion between the TiO2 surface and chloride ions90 is lowered upon 

polarization of the TiO2 surface.50 This facilitates the adsorption of Cl- on the 

positively charged TiO2 surface allowing for chloride oxidation (RCS formation) 

and subsequent formation of RCl.  
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2.4 Conclusions 

Combining all information, it is evident that although not all of the organic carbon 

could be removed during PCD, the removal of organic carbon was more effective in 

the purely light-driven approach compared to ECD (under the conditions applied in 

this study). Especially, the significantly smaller formation of RCS and RCl 

intermediates during PCD is of importance. During ECD in saline media 4EP was 

mainly removed by conversion into (polychlorinated) compounds and only small 

amounts of 4EP could be mineralized. In contrast, during PCD only for high NaCl 

concentrations minor formation of monochlorinated 2C4EP could be detected. The 

measured 2C4EP concentration during ECD at 0.6 mol L-1 was nearly two orders of 

magnitude higher than that detected after 5 h of PCD. The difference in the AOP 

techniques is likely governed by an external recombination mechanism helping to 

suppress FC and RCl formation. Overall, the formation of chlorinated intermediates 

during both AOP technologies is important for consideration of practical wastewater 

treatment applications. 
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2.7 Appendix 

Text A2.1. Synthesis of 1-(4-hydroxylphenyl)ethanol 

The following chemicals were used for the synthesis: 4-hydroxyacetophenone 

(Sigma Aldrich 99%), sodium borohydride (Sigma Aldrich ≥ 96%), ammonium 

chloride (Alfa Aesar, 99.999%), methyl tert-butyl ether (Sigma Aldrich, ≥ 99.8%). 

The synthesis of 1-(4-hydroxylphenyl)ethanol was performed by selective reduction 

of 4-hydroxyacetophenone with NaBH4 [Shao 2014]. The obtained  

1-(4-hydroxylphenyl)ethanol was extracted using MTBE. The compound was used 

without further purification steps.  

 

Text A2.2. Synthesis of TiO2 photoelectrodes 

TiO2/Ti photoelectrodes: 

Ti substrate (2.5 x 2.5 cm, 1 mm thickness [Magneto special anodes B.V.]) were 

cleaned with soap, ethanol and water. The substrates were etched in boiling 

concentrated HCl (37 w%) for 60 min, rinsed with H2O and washed in an ultrasonic 

bath (10 min). Titanium hydroxide was electrodeposited on the Ti substrate (20 mm 

diameter surface) from a TiCl3 precursor solution based on [Wu 2014] (30mM TiCl3, 

H2O2 15mM, 75mM NaNO3; all from Sigma) for two times 5 min at -2.0 V vs. 

Ag/AgCl electrode in a custom-made electrochemical reactor. The deposited layer 

was converted to crystalline TiO2 at 500 °C in an oven (air atmosphere) for 5 h.  

 

H600/FTO photoelectrodes: 

H600 photocatalyst and titanium(IV) isopropoxide ((TTIP, Sigma Aldrich, 97%), 

used as grafting additive to allow a sufficient electrical contact, stability and 

adhesion between the H600 and the FTO glass substrate [molar ratio H600/TTIP 

approx. 20:1]) were suspended in isopropanol using ultra sonication (> 60 min). 

Afterwards the H600 photocatalyst suspension was drop-casted on cleaned FTO 

glass substrates and the isopropanol was evaporated using a heating plate. The dried 

electrodes were annealed at 450 °C in an oven (air atmosphere) for 1 h (heating rate 

2 °C/min) 
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Text A2.3. NPOC measurements  

NPOC measurements were performed using a SHIMADZU total organic carbon 

analyzer TOC-L CPH/CPN. Samples were acidified with sulfuric acid to obtain a 

pH < 3 and purged with carrier gas to remove inorganic carbon (CO2 and 

carbonates). Afterwards, the remaining organic carbon was converted to CO2 at 

720 °C and measured with a nondispersive infrared sensor (NDIR). NPOC content 

of NaNO3 containing samples were measured, however the values were not reliable 

due to a missing scrubber eliminating NOx gases evolved during the measurement 

leading to interferences with the CO2 detection (NDIR). 

 

 

 

 

Figure A2.1. XRD of H600 confirming the presence of pure anatase phase after the annealing 

step 
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Figure A2.2. UV transmission spectra of various salt solutions used in this study. The UVA 

illumination of the applied light source used in PCD experiments was between 350 to 400 nm 

with an emission maximum at 375 nm. The graph shows that above 350 nm no significant 

absorption of UV light occurs, excluding any light absorption effect of the salt solutions on 

the PCD rate.  

 

Figure A2.3. Cell design used in ECD. The cell consists of a platinized Ti (Ti/Pt) or BDD 

working electrode (WE: geometric surface area = 3.14 cm2), a platinized Ti mesh counter 

electrode (CE: surface area > 15 cm2), a reference electrode (RE; Ag/AgCl, 3 M NaCl), and 

a glass stirrer (area ≈ 4 cm2, 100 rpm) 

 

 

200 225 250 275 300 325 350 375 400
0

10

20

30

40

50

60

70

80

90

100

T
ra

n
s
m

is
s
io

n
 (

%
)

Wavelength (nm)

 no salt

 NaCl 0.03 mol*L
-1

 NaCl 0.6 mol*L
-1

 NaNO
3
 0.03 mol*L

-1

 NaNO
3
 0.6 mol*L

-1



Chapter 2 

60 

Table A2.1. 4EP and identified intermediates detected by HPLC-UV/MS  

 

compound 

abbreviation 

Compound name retention 

time (min) 

@ 276 nm 

MS base peak 

(m/z) 

molar 

mass 

[g/mol] 

4EP 4-ethylphenol 

30.1 

123.08 [M+H]+ 

(121.04 [M-H]-) 

(241.1 [(2M-2H)-H]-) 

122.17 

I) 2C4EP 2-chloro-4-

ethylphenol 
34.7 

309.08 [(2M-2H)-H]-  (*) 

(154.99 [M-H]-)  (*) 

156.61 

II) 26DC4EP 2,6-dichloro-4-

ethylphenol 
39.2 

188.98 [M-H]-  (*) 191.05 

1) HPE 1-(4-hydroxy-

phenyl)ethanol 
15.8 

121.0 [M-H20+H]+  

(137.05 [M-H]-) 

138.16 

1) HPE 2-(4-hydroxy-

phenyl)ethanol 
15.8 

121.0 [M-H20+H]+  

(137.05 [M-H]-) 

138.16 

2) 4HBA  4-hydroxy-

benzaldehyde 
18.6 

121.03 [M-H]-  

(123.03 [M+H]+) 

122.12 

3) 4HAP 4-hydroxy-

acetophenone 
20.2 

137.04 [M+H]+ 

(135.04 [M-H]-) 

136.15 

4) 4ER 4-ethylresorcinol 
23.9 

139.05 [M+H]+ 

(137.05 [M-H]-) 

138.17 

5) 4EC 4-ethylcatechol 
24.7 

139.05 [M+H]+ 

(137.05 [M-H]-) 

138.17 

m/z = major signal, (m/z) = minor signal; (*) no formic acid buffer used; all compounds 

were confirmed with commercial standards (except 1-(4-hydroxyphenyl)ethanol [see 

Text A2.1.]) 
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Figure A2.4. Calibration curves of a) 4EP, b) 2C4EP, c) 26DC4EP and d) 4HAP for 

quantification by HPLC-UV  

 

Table A2.2. Coefficient of determination (R2) from the linear regression analysis of the 

calibration curves  

 

Compound R2 of linear fit 

4EP 0.9993 

I) 2C4EP 0.99999 

II) 26DC4EP 0.99967 

III) 4HAP 0.99996 
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Table A2.3. Limit of detection of various identified intermediates 

 

Compound LOD in mg L-1 

4EP 0.05 

I) 2C4EP 0.05 

II) 26DC4EP 0.05 

III) 4HAP 0.01 

 

𝑆

𝑁
=
2𝐻

ℎ
;𝐻: 𝑠𝑖𝑔𝑛𝑎𝑙 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒, ℎ: 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒  

(according European Pharmacopoeia 6.2, Council of Europe, Strasbourg, France (2008), 

adapted from [Heyden 2009]) 

 

Figure A2.5. Potential vs. time (E-t) curves obtained during ECD experiments are shown for 

all studied salt conditions. Higher potentials were measured for the low salt conditions, 

however due to a higher solution resistance similar iR drop corrected potentials were obtained 

(see Table A2.4). A stronger gas bubble evolution was observed for the low salt 

concentration experiments. This can be also seen in the E-t curves (“bubble effect”: growth 

of bubbles on the electrode surface until spontaneous release to the bulk solution lead to a 

constantly changing electrode surface area resulting in small potential changes). The 

enhanced gas evolution along with a slower 4EP removal for the low salt concentrations can 

be explained by a higher FE for the higher salt concentrations.  
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Table A2.4. iR drop corrected potentials obtained during ECD for various salt conditions of 

this study 

 

salt / 

electrode 

concentration 

[mol L-1] 

(degradation 

time) 

current 

density 

[mA cm-2] 

potential 

(average) 

[V vs RHE] 

iR 

drop 

[Ohm] 

potential 

(average) iR 

drop corrected 

[V vs. RHE] 

NaNO3 / 

Ti/Pt 
0.03 (5 h) 15 4.0 33.8 2.4 

NaNO3 / 

Ti/Pt 
0.60 (5 h) 15 2.6 2.3 2.5 

NaCl / 

Ti/Pt 
0.03 (5 h) 15 4.0 34.4 2.4 

NaCl / 

Ti/Pt 
0.60 (5 h) 15 2.5 2.1 2.4 

NaCl / 

Ti/Pt 
0.60 (30 min) 15 2.4 ND* 2.3 ** 

NaCl / 

BDD 
0.03 (5 h) 15 4.75 36.7 3.0 

NaCl / 

BDD 
0.60 (30 min) 15 2.85 2.2 2.7 

*) not determined; **) calculated with 2.1 Ohm iR drop (see 0.6 mol L-1 NaCl (5 h)) 

 

  

Figure A2.6. Molar fraction of the identified intermediates (relative to initial 4EP 

concentration) and the sum of molar fraction obtained during ECD in a) 0.03 mol L-1 NaCl 

and b) 0.6 mol L-1 NaCl solution using Ti/Pt.  
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Figure A2.7. Formation curve of an additional chlorinated intermediates (RCl) produced 

during ECD in a) 0.03 mol L-1 NaCl and b) 0.6 mol L-1 NaCl solution using Ti/Pt. The 

structure could not be fully revealed but MS data indicate that it is likely a polychlorinated 

compound. From the graphs it can be seen that the compound accumulates during the 

treatment for both NaCl concentrations and reaches its maximum concentration after the 

starting compound 4EP was already fully removed. The figure shows that the compound can 

be degraded, however the removal takes longer as compared to 4EP, 2C4EP or 26DC4EP.  

 

 

 

Figure A2.8. pH vs. time curves obtained during PCD experiments in NaCl solution. The 

initial pH drops due to CO2 evolution and dissolution in the water to a value around pH of 

4.5 and remains constant. 
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Table A2.5. Calculated photonic efficiencies [Serpone 1997] of PCD experiments using the 

number of transformed molecules (estimated from initial rate constants for 4EP removal) and 

a photon flux of 1.93*10-8 mol s-1 (for 375 nm illumination) entering the reactor.  

 

salt condition photonic efficiency 

No salt 0.33 

0.03 mol L-1 NaNO3 0.24 

0.6 mol L-1 NaNO3 0.24 

0.03 mol L-1 NaCl 0.24 

0.06 mol L-1 NaCl 0.15 

 

Table A2.6. Estimated energy consumption for ECD (BDD) and PCD treatments under 

conditions investigated in this study for 0.03 mol L-1 and 0.6 mol L-1 NaCl. It is important to 

note that the used reactors are not optimized for energy consumption. In addition, the energy 

consumption for the BDD treatment at high salt concentration is based only on 30 min of 

treatment. 

 

treatment 

and 

condition 

treatment 

time 

energy 

consumption 

removed 

NPOC 

removed 

NPOC/h 

total 

removed 

NPOC 

Energy/removed 

kg NPOC 

[mol L-1] [h] [Wh] [%] [%] [kg] [kWh/kg] 

ECD:       

0.03 5 2.36 36 7 0.00100 2.3 

0.6 0.5 0.08 16 32 0.00042 0.2 

PCD:       

0.03 5 48 87 17 0.00141 33.9 

0.6 5 48 54 11 0.00097 49.7 
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Figure A2.9. Linear sweep voltammograms obtained in 0.03 mol L-1 NaCl solution under 

UVA illumination and in dark using a TiO2/Ti photoelectrode (scan speed 100 mV/s). The 

dashed line indicates the potential applied in the PECD experiments (0.1 V vs. Ag/AgCl). 

 

 

Figure A2.10. Chromatogram obtained after 3 h photo(electro)chemical degradation of 4EP 

in 0.03 mol L-1 NaCl without the application of a bias to the TiO2/Ti photoelectrode. The 

chromatogram reveals that intermediate (3) 4HAP is formed as main intermediate as 

observed in the slurry based PCD experiments. In addition, the absence of the chlorinated 

intermediates 2C4EP and 26DC4EP is confirmed, which is in agreement with the absence of 

free chlorine  
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Figure A2.11. Photocurrent measured during 15 min of PECD of 4EP in the dark at 0.1 V 

vs. Ag/AgCl in 0.03 mol L-1 NaCl solution. The graph shows that no photocurrent is 

generated during the dark measurement, which is in accordance with the non-existent 4EP 

degradation or formation of RCS 
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Table A2.7. Photoelectrochemical degradation of 4EP in 0.03 mol L-1 NaCl solution using 

H600 TiO2 photocatalyst coated on FTO glass. Experiments have been conducted for 30 min 

or 240 min with 375 nm LED illumination or under dark conditions. The applied bias was 

0.1 V vs. Ag/AgCl.  

 

Experiment Compound Concentration 

[mg L-1] 

Concentration 

[μmol L-1] 

4EP 

removal 

[%] 

UV and 0.1 V 

[30 min] 
4EP 30.6 250 39 

 2C4EP 9.1 58 - 

 26DC4EP 1.2 6 - 

 4HAP < LOD < LOD - 

Dark and 0.1 V 

[30 min] 
4EP 49.5 406 < 1 

 2C4EP < LOD < LOD - 

 26DC4EP < LOD < LOD - 

 4HAP < LOD < LOD - 

Only UV  

(no bias) 

[240 min] 

4EP 38.7 317 23 

 2C4EP < LOD < LOD - 

 26DC4EP < LOD < LOD - 

 4HAP 0.4 3 - 
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Wu 2014: Wu, T., Lin, W., Hsiao, Y., Su, C., Hu, C., Huang, C., Muniyandi, 
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Electrochemical Photocatalytic Degradation of Orange G Using 
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Heyden 2009: Heyden, Y. and Boqué, R., LCGC Europe, 2009, 22, 82-85, The 

Limit of Detection 

Serpone 1997: Serpone, N., Journal of Photochemistry and Photobiology A: 

Chemsitry, 104,1997, 1-12, Relative photonic efficiencies and 

quantum yields in heterogeneous photocatalysis 
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Chapter 3 

Photocatalytic and electrochemical 

degradation treatment of cooling tower  

blowdown water – a case study 

Re-use of cooling tower blowdown (CTBD) water has a huge potential to reduce the required 

fresh water intake in the chemical industry. Conditioning chemicals present in the CTBD 

water need to be removed in order to enable re-use. Advanced oxidation processes (AOP), 

such as photocatalytic or electrochemical degradation, have the potential to remove these 

chemicals from the CTBD water. However, the formation of undesirable (toxic) 

intermediates and by-products needs to be prevented. In this chapter a case study involving 

the DOW chemical company and the Water Nexus project is described. It will be shown that 

by 5 h of PCD or ECD treatment, about 55% of the total organic carbon (TOC) can be 

removed from the CTBD water. However, during ECD a significantly faster reduction in the 

chemical oxygen demand (COD) indicates a different degradation mechanism. Analysis of 

adsorbable organic halide (AOX) and oxychloride concentrations confirmed significant 

formation of chlorinated intermediates and by-products during ECD. Thus, in agreement with 

Chapter 2, also for the real wastewater chlorination is a major degradation mechanism during 

ECD, whereas for PCD the formation of chlorinated intermediates and by-products is limited.  

 

 

 

 

 

 

 
This chapter is based on a collaboration with Pradip Saha (Wageningen University and Research). The study 

described here is part of a manuscript for publication: P. Saha, R. Brüninghoff et al., Comparison of advanced 

oxidation processes for cooling tower blowdown organic compounds removal: organic carbon and chlorinated 
species evaluations; in preparation.  
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3.1 Introduction  

Cooling towers are one of the largest water consumers in industry, generating huge 

amounts of wastewater, typically referred to as the cooling tower blowdown (CTBD) 

water.1,2 For example, at the site of DOW Benelux B.V. about 106 m3 of CTBD water 

is generated per year. To increase sustainability of industrial processes, re-use of this 

CTBD water offers a tremendous potential to decrease environmental impact. In fact, 

re-use is a viable option to particularly achieve one of the sustainability goals, 

namely reduction of fresh water intake in water stressed areas. In general, re-use of 

water can be considered for industrial applications, such as cooling towers or 

agricultural purposes.2,3 A specific example of the Water Nexus project is the re-use 

of CTBD water at the DOW location in Terneuzen, Zeeland (The Netherlands), a 

region suffering from fresh water scarcity.2 

 

Cooling towers in the industry are used for the purpose of temperature control of 

processes. The working principle thereby is commonly based on heat exchange 

between the heat generating process and the environment using cooling water. 

Importantly, the water in the cooling tower evaporates enhancing the cooling 

function but this additionally causes an up-concentration of compounds contained in 

the water. In general, CTBD water is considered as brackish water and is 

characterized by a complex composition that varies with process conditions (e.g. 

degree of evaporation). For example, the CTBD water of DOW contains salts such 

as nitrates, phosphates, and carbonates in lower amounts [< 100 mg L-1], but also 

significant amounts of chloride [400-600 mg L-1] and sulfate [500-1500 mg L-1]. The 

overall conductivity is 3500 – 4500 μS/cm and the total organic carbon (TOC) 

content is between 40-60 mg L-1. 2 The TOC content mostly arises from conditioning 

chemicals, which are required for efficient operation of the cooling tower. 

Commonly used chemicals are i) biocides such as chloramine, N-bromosuccinimide, 

glutaraldehyde, 1,2-benisothiazolone, ii) corrosion inhibitors such as benzotriazoles 

and iii) antiscalants (dispersants and surfactants) based on phosphonates, amines, 

carboxylates, co- and terpolymers.3 

 

In order to re-use the CTBD water certain quality requirements need to be fulfilled. 

For example, the TOC concentration should be < 15 mg L-1. 2 Moreover, the 

conductivity should be < 1 mS cm-1. In general, desalination (or dilution with fresh 
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water) is performed to lower the conductivity.2 However, physicochemical 

desalination is often hampered by membrane fouling, electrode or reactor 

degradation caused by the used conditioning chemicals. Thus, a pretreatment, i.e. 

TOC removal, is required before conventional desalination can be effectively 

performed.1,3,4  

 

Among the typical conditioning chemicals benzotriazole is of great concern as 

benzotriazole is non-biodegradable and toxic to aquatic life with long lasting effects. 

Moreover, it is believed to be an endocrine disrupting compound.5,6 Thus, 

mineralization is desirable before re-use or discharge of the CTBD water. As its 

removal by conventional water treatment is incomplete,7,8 Advanced Oxidation 

Processes (AOP) are considered for degradation. Among others, photocatalytic 

degradation (PCD) and electrochemical degradation (ECD) of benzotriazole have 

been reported as promising.9–11 

 

A major obstacle of AOPs, however, is the formation of (undesirable and likely 

harmful) intermediates and by-products.12–17 Especially, for chloride containing 

waste waters, formation of chlorinated organic intermediates and inorganic 

oxychlorides, which induce toxicity, have been reported (see also Chapter 2 for more 

details), causing a high risk for human health and the environment.18–21 As shown in 

Chapter 2, formation of chlorinated intermediates is suppressed in PCD, whereas 

during ECD significant amounts of chlorinated organic compounds have been 

observed in oxidative treatment of 4-ethylphenol.17 Still, study of the reactivity of 

components in real wastewater is important to evaluate the treatment under more 

realistic and complex conditions. In this case study, specifically CTBD water from 

DOW is used. The removal of TOC and reduction of the chemical oxygen demand 

(COD) (to allow for subsequent desalination technology and to meet TOC 

requirements for re-use) is studied using PCD and ECD technology. For both 

technologies a similar TOC removal was achieved; however, differences in the 

degradation mechanism are observed based on the development of COD and 

formation of chlorinated intermediates and by-products. In agreement with the 

observations from Chapter 2, chlorination is identified as a major degradation 

mechanism during ECD treatment of CTBD water, whereas PCD does not results in 

significant amounts of chlorinated compounds.  
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3.2 Materials and methods  

3.2.1 Chemicals and materials 

The following chemicals and materials were used: titanium dioxide (Hombikat 

UV 100, Sachtleben (Venator), pre-treated as described in Chapter 2); H2SO4 

(≥ 97.5%, Sigma Aldrich), NaOH (Sigma Aldrich). Cooling tower blowdown 

(CTBD) water was provided by DOW. A BDD working electrode, a platinum coated 

titanium plate counter electrode (both Magneto special anodes B.V.), and a Ag/AgCl 

reference electrode (QM711X/Gel (Prosense)) were used for ECD. 

3.2.2 Photocatalytic degradation 

Photocatalytic degradation was performed as described in Chapter 2, with the 

following variations: CTBD water (room temperature) was used as wastewater 

matrix and pre-saturated with air for 20 min before degradation experiments were 

performed. 40 mg [+/-1]/80 mL TiO2 photocatalyst (H600) was used. For pH 

adjustment of the CTBD water (before the experiments where necessary), diluted 

H2SO4 (for pH 3) or diluted NaOH (for pH 10) were used. No sampling during 

experiments was carried out, instead for every data point, a separate experiment was 

performed. Centrifugation (10 min at 8000 rpm) was used after the degradation time 

(1, 2, 3.5 or 5 h) to separate the TiO2. After the experiments, samples were 

immediately frozen and shipped (under frozen conditions) to Wageningen 

University and Research (WUR) for further analysis.  

3.2.3 Electrochemical degradation 

A current density of 8.5 mA cm-2 was applied for all ECD experiments (based on the 

highest rate of removal obtained from previous experiments).22 The current density 

was applied using an IviumStat.h potentiostat controlled by Iviumstat software 

(Ivium Technologies B.V. The Netherlands). The degradation experiments were 

carried out in a single chambered flow cell with a reactor volume of 33.6 mL and a 

flow of 775 mL min-1. The total volume of treated CTBD water per experiment was 

360 mL. The BDD working electrode area was 22.4 cm2. For pH adjustment of the 

CTBD water (before the experiments where necessary) diluted H2SO4 (for pH 3) or 

diluted NaOH (for pH 10) were used. A detailed description of the ECD experiment 

setup can be found in Saha et al.22 
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3.2.4 Analytical methods 

The FC concentration was determined using a Hanna Instruments Free Chlorine 

Photometer (HI 96711) and reagents (HI-93701). Samples were measured directly 

after the PCD experiments (after separation of the TiO2). Hanna Instruments CAL 

CheckTM standards (HI-96771-11) were used for photometer validation. 

Hypochlorite concentrations (generated during ECD experiments) were determined 

by an USEPA-DPD 330.5 adapted method using a DPD free chlorine test kit (P/N 

2105569) and a spectrophotometer (DR/3900; both Hach Lange GmbH, Germany). 

Chlorate and perchlorate concentrations were determined using a Dionex ICS-2100 

ion chromatograph (Thermo, USA) equipped with a Dionex IonPac AS19 column 

(4x250 mm) using a hydroxide gradient (Dionex KOH cartridge P/N 058900). 

 

The chemical oxygen demand (COD) was determined using a COD test kit (LCK314 

or LCK414) and a spectrophotometer (DR/3900; both Hach Lange GmbH, 

Germany). The total organic carbon (TOC) was determined using a SHIMADZU 

total organic carbon analyzer TOC-L CPH/CPN. The organic carbon was thereby 

converted to CO2 (after the removal of inorganic carbon under H2SO4 acidified 

conditions) at 720 °C and measured with a nondispersive infrared sensor.  

 

The adsorbable organic halide (AOX, based on mg L-1 Cl) concentration was 

measured with a LCK 390 AOX Cuvette Test (Hach, The Netherlands) and a 

spectrophotometer (DR/3900, Hach Lange GmbH, Germany). 

 

3.3 Results and discussion 

Due to the complexity of the wastewater, the degradation was monitored by two 

parameters, i.e. the chemical oxygen demand (COD) and total organic carbon (TOC) 

content to evaluate the treatment. The COD is an indirect parameter giving an 

indication of the oxidizability (reactivity) of the organic compounds present in the 

wastewater by chemical reaction with Kr2Cr2O7. The TOC gives direct information 

about the organic carbon concentration, measured as CO2 produced during catalytic 

combustion at high temperatures, and is representative of the degree of 

mineralization.23,24  
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In Figure 3.1 the removal of COD and TOC are shown for the continuous treatment 

of CTBD water using PCD or ECD over 5 h. During PCD a nearly linear decrease 

was observed for both, for the COD and the TOC content, resulting in a reduction to 

46% and 50% respectively. The reduction of COD (corresponding oxidizability of 

organic compounds) was only slightly faster (0.15 h-1) than TOC removal (0.14 h-1; 

rate constants obtained by pseudo-first order). The observation implies that for the 

PCD treatment of CTBD water the observed oxidation of organic compounds mainly 

leads to their mineralization. Overall, the error bars indicate a good reproducibility. 

In addition, water collected in summer was treated. The slightly lower COD and 

TOC values observed can probably be explained by some variations of the CTBD 

water composition (e.g. variations by season in concentration and composition), 

influencing the PCD.  

 

a)

 

b)

 
Figure 3.1. Development of COD (red) and TOC (blue) during a) PCD and b) ECD of 

CTBD water (collected in winter). Additionally, for PCD (a) the COD and TOC after 5 h 

treatment is shown for CTBD water collected in summer. Error bars are deviation of the 

mean from duplicate experiments. 

 

In general, it can be assumed, that the PCD is somewhat inhibited due to the presence 

of inorganic salts,25–28 such as nitrates, sulphates, carbonates, phosphates and 

chlorides which are present in the CTBD water matrix.2 For example, carbonates 

(present in the CTBD water) are known to scavenge  hydroxyl radicals, limiting 

degradation rates.21,29–31 Moreover, in particular the presence of chlorides and their 

inhibiting effect on PCD has been discussed in detail in Chapter 2. Nevertheless, the 

results show that the organic load of the CTBD water can be effectively reduced by 
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PCD, independent of potential variations in the composition as shown by the water 

collected in summer and winter. 

 

In contrast, for ECD a much faster reduction of the COD is observed, likely due to a 

contribution of mediators such as sulfate radicals formed on the BDD electrode 

supporting oxidation reactions,21,32–35 but also due to oxidation of chloride forming 

reactive chlorine species (RCS) reacting with the organic matter.13,17,21,36,37 Already 

after 3.5 h degradation, the COD was reduced by 100%, indicating a fast removal of 

oxidizable compounds (0.88 h-1). However, the removal of TOC was much slower 

following a linear trend (similar as observed during PCD; 0.17 h-1). After 3.5 h ECD 

still 59% residual TOC was present in the water and after 5 h the TOC was reduced 

to 43%. Although the TOC removal of ECD is only slightly faster compared to PCD, 

the differences in the COD indicate, that during ECD a faster oxidation of organic 

compounds occurs. The faster oxidation can be likely attributed to generated 

mediator species; however, the oxidation did not lead to complete mineralization of 

the organic compounds as shown by the residual TOC. A negative effect of chloride 

ions in sulphate radical mediated electrochemical oxidation on the mineralization of 

resorcinol has been demonstrated in a study by Farhat et al.33 and was explained by 

scavenging of sulfate radicals by the chloride ions resulting in less reactive halogen 

radicals. 

 

The differences observed between PCD and ECD for COD is an indication for a 

different degradation mechanism. Based on the literature and observations discussed 

in Chapter 2, it can be assumed that during ECD a part of the organic compounds in 

the CTBD water react easily with generated RCS, leading to their fast oxidation but 

incomplete mineralization. Moreover, the results show that the determination of the 

TOC is crucial to characterize the mineralization, because a significant amount of 

oxidized organic compounds in the CTBD water are not measured by the COD 

method.  
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a)

 

b)

 

Figure 3.2. Reduction of COD (red) and removal TOC (blue) after 5 h of a) PCD and b) 

ECD of CTBD water at various initial pH (pH 3, pH 7 (original pH of CTBD) and pH 10). 

The PCD removal for pH 7 is based on averaged duplicate experiments of CTBD water 

collected in summer and winter. Error bars are deviations of the mean from duplicate 

experiments.   

 

In Figure 3.2 the reduction or removal of COD and TOC is shown after 5 h of PCD 

or ECD treatment of CTBD water at various initial pH (for data see Table A3.1), to 

study whether the initial pH has an effect on the removal and formation of by-

products. In general, for PCD the removal due to UV photolysis (no catalyst) was 

negligible (< 1.5%, pH 7). The TOC removal due to absorption on the catalyst was 

≈ 10% (pH 7). For all conditions, reduction of COD and TOC after 5 h of PCD was 

similar; however, a slightly higher reduction of COD was observed as already 

discussed. Though only minor variations in TOC removal and COD between the 

initial pH conditions are observed, neutral conditions are somewhat preferred for 

CTBD treatment, allowing to remove 55 % of the TOC content and 61% of the COD. 

Similarities between neutral and slightly basic starting conditions are explained by 

an observed drop in pH during the PCD treatment to ≈ 7, due to formation of CO2 

and probably also carboxylic acids acidifying the solution (see also Chapter 2), 

resulting in similar pH conditions. The less effective treatment in acidic environment 

(46% COD; 35% TOC removal), is likely related to generally stronger anion 

interactions with the surface of the TiO2 catalyst, due to the positive surface charge 

(protonated) at the respective pH,38 inhibiting the degradation.27,39,40  

 

For ECD, independent of the initial pH conditions, the COD was reduced by 100% 

after the 5 h treatment. Only minor differences in the TOC removal were observed. 

At pH 7 about 57% TOC was removed, comparable to the TOC removal achieved 

0

20

40

60

80

100
PCD

re
m

o
v

a
l 

(%
)

pH

 COD

 TOC

3 7 10
0

20

40

60

80

100
 COD

 TOC
ECD

73

re
m

o
v

a
l 

(%
)

pH

10



Photocatalytic and electrochemical degradation treatment of cooling tower blowdown water – a case study 

77 

during the PCD treatment (55%, pH 7). For pH 3 the TOC removal was 62% and for 

pH 10 65% TOC were removed. Overall, for both processes  treatment is most 

effective using as received water (pH 7). 

 

 
Figure 3.3. Increase in AOX concentration after 5 h of PCD (pink) and ECD (light green) of 

CTBD water at various initial pH conditions. 

 

As discussed, differences in the development of the COD during PCD and ECD 

treatment of the CTBD water indicate different degradation mechanisms. In 

Chapter 2 the formation of significant amounts of chlorinated intermediates during 

ECD in chloride containing water has been described. Therefore, by-products have 

been investigated after the treatment of CTBD water. Due to the complexity of the 

matrix, the characterization of the by-products was limited to the concentration of 

adsorbable organic halides (AOX; based on chlorine) and inorganic oxychlorides. 

Table 3.1 shows the absolute AOX concentrations, along with the measured 

oxychloride concentration. Changes in AOX concentrations between PCD and ECD 

treatment are visualized in Figure 3.3. For PCD, independent of the pH, formation 

of free chlorine (FC) was negligible. Moreover, the increase in AOX concentration 

was only marginal (Δ <0.2 mg L-1). Overall, the limited formation of chlorinated 

intermediates and by-products during PCD is in good agreement with Chapter 2.17  

In strong contrast, for ECD pronounced formation of oxychlorides was observed, 

which is comparable to observations by Farhat et al.33 The significant formation of 

chlorate (up to 497 mg L-1) and even perchlorate (up to 118 mg L-1) can be attributed 

to further oxidation of generated RCS (mainly hypochlorite) on the BDD electrode, 

which is in agreement with the high overpotential of BDD electrodes for the 

oxidation of water.37,41,42 In addition to the formation of oxychlorides, a significant 

increase in the AOX concentration (up to 11.8 mg L-1) was determined and similar 
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observations have been reported for other chloride containing wastewaters.33,43 The 

initial pH had negligible effect on the formation of AOX and oxychlorides. 

Compared to the PCD treatment of the CTBD water, the AOX increase is more than 

one order of magnitude larger. Moreover, it is important to note that the generated 

chlorinated organic compounds (during ECD) were not detected by the COD 

measurements, indicating them as hardly oxidizable intermediates or by-products. In 

agreement with observations of Chapter 2, during ECD of CTBD water chlorination 

can be considered as a major degradation path, whereas for PCD hydroxylation is 

likely the dominant mechanism.  

 

Table 3.1. AOX, hypochlorite, chlorate and perchlorate concentration before and after PCD 

and ECD treatment of CTBD water at various initial pH conditions (3, 7, 10). For PCD, no 

oxychlorides were detected.  

solution 

PCD ECD 

AOX 

[mg L-1] 

AOX 

[mg L-1] 

OCl- 

[mg L-1] 

ClO3
- 

[mg L-1] 

ClO4
- 

[mg L-1] 

Original CTBD 

(pH 7) 
0.7 0.7 0 0.1 0 

pH 3 0.9 [+/- 0.1] 11.8 160 448 118 

pH 7 0.9 [+/- 0.05] 10.7 210 219 112 

pH 10 0.8 [+/- 0.02] 9.5 160 497 113 

 

3.4 Conclusions  

In this case study, photocatalytic degradation and electrochemical degradation have 

been compared for their effectiveness in removal of organic components from 

cooling tower blowdown water from DOW-Terneuzen. Based on TOC, both 

technologies show removal of organic compounds from the CTBD water of ≈55% 

after 5 h of treatment. Significant variations between PCD and ECD were observed 

in the reduction of COD, which is much more effective in ECD. The results can be 

explained by differences in the degradation mechanism of the organic compounds in 

the CTBD water. During ECD, formation of RCS leads to fast reactions to chlorine 

containing organic compounds, which are insensitive to COD measurements. This 

is important information which needs to be taken into account for application of 

these technologies in practice. The results confirm, that PCD is an alternative to ECD 

for the treatment of chloride containing wastewaters, to avoid the formation of 

significant amounts of chlorinated intermediates and by-products. Optimization of 
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the process, e.g. by reactor design and advanced illumination strategies might further 

improve the efficiency of the process. 
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3.7 Appendix 

Table A3.1. Removal of COD and TOC after 5 h of PCD or ECD of CTBD water at various 

pH. The season summer or winter indicates the time when the CTBD water was collected. 

 PCD ECD 

solution 

COD 

removal 

[%] 

TOC 

removal 

[%] 

COD 

removal  

[%] 

TOC 

 removal  

[%] 

COD  

removal  

[%] 

TOC  

removal  

[%] 

CTBD: summer summer winter winter winter winter 

pH 3: 47 35 - - 100 62 

pH 7: 67 59 54 50 100 57 

pH 10: 61 55 - - 100 65 

 

 



 

85 

Chapter 4 

Electrochemical defect engineering of titania 

Substoichiometric or defect engineered titania (TiOx) is of interest due to significant 

electrical conductivity and potential applications in photo- and electrocatalytic processes. 

Electrochemical doping of TiO2 via cathodic polarization is an appealing preparation method. 

Here, we explored the preparation of TiOx by cathodic polarization in an undivided cell using 

iridium-mixed-metal-oxide (IrMMO) and boron doped diamond (BDD) counter electrodes 

as alternatives to commonly utilized platinum counter electrodes, in order to avoid noble 

metal contaminations which might influence the doping procedure. Superior charge transfer 

properties of crystalline TiOx electrodes as shown by Fe2+/3+ redox couple voltammetry and 

electrochemical impedance measurements, were obtained for TiOx samples prepared with 

BDD. Spectroscopic characterization and time of flight secondary ion mass spectrometry 

indicate superior bulk doping. Although state of the art analytical characterization techniques 

(LEIS and XPS) did not reveal surface contamination, electrochemical measurements 

suggest cathodic deposition of Ir during TiOx preparation. Due to Ir contamination hydrogen 

evolution preferentially occurred over TiOx bulk doping reducing the efficiency of the doping 

process. Our results highlight the necessity of inherently stable counter electrodes such as 

BDD for electrochemical preparation of TiOx and reveal the pronounced influence of trace 

contamination on the doping mechanism and the electrochemical properties of TiOx 

electrodes.  

 

 

 

 

 

 

 
This chapter is based on R. Brüninghoff, A. Paradelo Rodríguez, R.P.H. Jong, J.M. Sturm, U. Breuer, C. Lievens, 

A.W. Jeremiasse, G. Mul, B. Mei, Electrochemical preparation of defect-engineered titania: bulk doping versus 
surface contamination; in preparation 
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4.1 Introduction 

Titanium dioxide has attracted significant interest in optoelectronics and 

photocatalysis among others for photocatalytic remediation,1,2 solar water 

splitting,2,3 and found utilization as protective layer in photoelectrochemistry.4–6 A 

poor intrinsic electrical conductivity, however, is limiting its application in 

electrochemistry. Substoichiometric or in general defect engineered TiO2 materials 

(in the following TiOx) have been proposed to overcome this drawback,7–9 and have 

already been successfully applied i.e. in electrochemical water treatment10–21 or as 

anode material in batteries.7,8 

 

It is known that the electrical conductivity can be optimized by tuning the Ti/O ratio 

of TiOx electrodes.7,22,23 Nevertheless, a strong dependence on the precise 

preparation procedure exists, thus preparation of TiOx materials is topic of ongoing 

research.7–9,23,24 Hydrogenation is the most commonly used technique including high 

pressure (either for green body formation or during annealing) and temperature in a 

reductive atmosphere (e.g. H2).7–9 To enable milder preparation conditions, other 

preparative techniques have been developed and specifically electrochemical 

preparation via cathodic polarization (reductive self-doping) appears to be 

suitable.16–19,25–30 Still a comprehensive description of the electrochemically induced 

surface and bulk defects has not yet been reported8,9 and the exact doping 

mechanism, e.g. formation of oxygen vacancies, reduction of Ti centers, proton 

intercalation and/or hydrogen doping, alongside with TiOx stability are frequently 

discussed.8,9,13,24,31  

The electrochemical preparation (hereafter named “cathodization”) additionally 

induces the risk of surface contamination. As such it is noticed that Pt is frequently 

used as counter electrode in preparative electrochemistry. Since the dissolution of Pt 

under anodic potentials has been reported the suitability of Pt as a counter electrode 

(CE) for preparative means is clearly questionable.32 Pt contamination33–35 or 

deliberate Pt deposition36 occurs during electrochemical treatments that might 

significantly influence the properties of the material under investigation.33–37 Indeed, 

Pt contamination of the TiOx surface, due to oxidative dissolution of Pt-CE32,34 and 

subsequent deposition on negatively polarized substrates (i.e. TiO2 or TiOx as used 
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in this study) has been confirmed here (see Figure A4.1 and A4.2), resulting in a 

superior hydrogen evolution performance (Figure A4.3 and A4.4). 

The preparation in a membrane-separated two compartment cell induce additional 

complexity and costs. Moreover, membrane crossover of dissolved ions still 

occurs.38–40 Therefore, in this study the use of “more” inert counter electrodes and 

their influence on the TiOx properties has been studied in detail. Specifically, we 

investigated the electrochemical preparation of TiOx via cathodic polarization using 

two CEs, namely: Ir-mixed-metal-oxide (IrMMO, i.e. a dimensionally stable anode 

widely used in industrial electrolysis)41,42 and Boron doped diamond (BDD).  

 

Whereas Pt (here used as a reference case) is known for its corrosion under certain 

electrochemical conditions,32,34,35 DSA and BDD are known for their excellent 

corrosion stability.41–45 In contrast to Pt-CE clean TiOx surfaces are obtained for 

treatments with IrMMO and BDD-CEs as revealed by XPS and low energy ion 

scattering spectroscopy. Interestingly, charge transfer (CT) properties and electrical 

resistances of crystalline TiOx electrodes prepared with IrMMO and BDD-CEs are 

distinctively different and especially for extended cathodization times (tc ≥ 180 min) 

the use of a BDD-CE is beneficial. The CT properties are directly related to increased 

H-doping as revealed by bulk characterization using secondary-ion mass 

spectrometry. By electroanalytical measurements we show that trace contaminations 

of Ir, below the detection limit of sensitive surface characterization techniques, are 

likely present, favoring hydrogen evolution over bulk modification. The results 

presented in this study provide important insights into the electrochemical doping of 

TiOx and are relevant for the development and understanding of self-doped 

semiconductors. 

4.2 Materials and methods 

4.2.1 Chemicals and materials 

The following chemicals, materials and equipment were used in this study. 

Chemicals were purchased from Sigma Aldrich (unless otherwise noted): H2SO4 

(≥ 97.5%), HCl (37%), NaOH (≥ 98%), NiCl2*6H2O (99.9%), K3Fe(CN)6 

(≥ 99.0%), K4Fe(CN)6*3H2O (≥ 99.5%), Na2SO4 (> 99.0%), NaCl (≥ 99%); 

demineralized water (MQ water; Merck MilliQ system, resistivity > 18 MΩ cm), Ti 

plates (2.5 x 2.5 cm, 1 mm thickness, Ti grade 1 [> 99.7%], Magneto special anodes 
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B.V., P/N “C1148”), BDD-CE (Magneto special anodes B.V., P/N “DAU”), 

IrMMO-CE (Magneto special anodes B.V., P/N “CHH”), Pt-gauze-CE (Heraeus, 

P/N 81015295), ICP/OES standards of Merck (Multi IV, Ti, Cr, Pt, Ir of 1000 mg/L), 

FTO glass (~13 Ω/sq, Sigma Aldrich). 

 

All electrochemical experiments were carried out using polytetrafluoroethylene 

based custom-made reactors (cell volume approximately 10 mL) with adapters to 

adjust the exposed working electrode (WE) area (diameter 20.5 mm, 18.0 mm, 

13 mm, 7 mm) and a Biologic SP-300 or VSP-9 potentiostat, controlled by EC-lab 

software. Experiments were performed in a three-electrode set-up using Ag/AgCl 

electrode (3 M NaCl, BASi) as reference electrode (RE). The stability of the RE was 

monitored using a master-RE (Ag/AgCl; 3 M NaCl, BASi). Distance between WE 

and CE during cathodization using either BDD or IrMMO-CE was 30 mm.  

4.2.2 Cleaning and etching 

Before sample preparation, Ti substrates were chemically etched (resulting in a 

rough surface morphology, see Figure A4.5) to ensure a clean and comparable 

surface. Shortly, Ti plates were degreased with soap, ethanol and rinsed with MQ-

water. The plates were etched for 20 min in boiling concentrated HCl (> 50⁰C); 

rinsed thoroughly with MQ-water and treated in an ultrasonic bath (MQ-water) for 

15 min. Afterwards plates were rinsed again with MQ-water and dried under N2 

flow.  

4.2.3 Anodization and annealing 

For the formation of a TiO2 layer on the Ti substrates a potential of 5.5 V 

vs. Ag/AgCl (3.30 cm2 exposed WE area) was applied for 30 min according to a 

method described in literature.30 The anodization reactor was equipped with a Pt-

gauze counter electrode, H2SO4 was used as electrolyte [1 mol L-1]. Annealing was 

performed by treating TiO2 substrates (after anodization) at 450 ⁰C or 550 ⁰C for 1 h 

(10 ⁰C/min heating rate, Carbolite oven CWF 1100) in air. 

4.2.4 Cathodization 

Annealed TiO2 substrates were cathodized using either a constant potential (CP) 

method (-1.03 V vs. Ag/AgCl)30 or constant current (CC) conditions (-5 or  

-10 mA cm-2). The samples were cathodized between 15 – 240 min in H2SO4 

electrolyte [1 mol L-1]. The exposed area of the WE was 2.54 cm2. As CE either a 
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Pt-gauze, IrMMO or BDD plate electrodes were used. No artificial agitation of the 

electrolyte was performed, however mixing of the electrolyte due to bubble 

formation (HER and OER) occurs. The prepared samples are labelled TiOx-CE-x, 

where CE reflects the used counter electrode and x indicates the cathodization 

time (tc). 

4.2.5 Cyclic voltammetry & electrochemical impedance spectroscopy 

CV were recorded in either H2SO4 [1 mol L-1] for hydrogen evolution reaction, 

NaOH [0.05 mol L-1] for oxygen evolution reaction or in an aqueous iron couple 

(Fe2+/3+) solution [0.2 mol L-1 K3Fe(CN)6, 0.2 mol L-1 K4Fe(CN)6, 0.2 mol L-1 

Na2SO4]46 in the potential range of interest. The exposed sample area was 1.33 cm2 

for HER and OER-CV and 0.38 cm2 for Fe2+/3+-CV. All CVs were recorded using a 

scan rate of 20 mV s-1 and were corrected for the solution resistance (iR drop 

compensation 85%, determined by EIS [105 Hz] at open circuit potential). Potentials 

reported against reversible hydrogen electrode (RHE) are converted using the 

following equation: ERHE = Emeasured + E0
Ag/AgCl + 0.059 V*pH; with 

E0
Ag/AgCl = 0.206 V. EIS measurements were performed in the Fe2+/3+ solution at open 

circuit potential in a frequency range from 106 Hz to 10-1 Hz.46 The sinus amplitude 

was set to 10.0 mV. Spectra were recorded with 10 points per decade and an average 

of 3 measurements per frequency. The exposed sample area was 0.38 cm2.  

4.2.6 Ni-electrodeposition 

Ni was deposited from a NiCl2 precursor solution (5 mmol L-1; containing  

0.1 mol L-1 NaCl, adjusted to pH 3 with 0.1 mol L-1 HCl) at -1.47 V vs. Ag/AgCl.47  

 

Further information regarding analytical methods and sample characterization can 

be found in the appendix (Text A4.1). 

4.3 Results and discussion 

TiOx was prepared by cathodization in acidic electrolyte from crystalline, rutile 

phase TiO2 (XRD, see Figure A4.6). Substrate annealing was performed at 450⁰C 

(for 60 min) prior to cathodization. The intrinsic CT properties of TiOx surfaces were 

analyzed using Fe2+/3+ redox couple voltammetry and electrochemical impedance 

measurements. While for the bare TiO2 substrates (tc = 0 min) the CT was negligible, 

for TiOx-BDD-180 and TiOx-IrMMO-180 oxidative as well as reductive currents 
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were recorded (Figure 4.1a) suggesting CT from the TiOx surface to the Fe2+/3+ 

(Figure A4.7a for CV in only background electrolyte). Interestingly, TiOx-BDD-180 

showed superior quasi-reversible CT properties (ΔEp of 0.60 V). For TiOx-IrMMO-

180 a peak-to-peak separation of ΔEp ≈ 1.2 V was determined, pointing towards a 

high electrode resistance. For comparison, ΔEp = 0.16 V is determined for the fast 

CT at IrMMO-WE (Figure A4.7b) and a peak-to-peak separation of ΔEp = 0.42-

0.45 V has been reported recently for Mn-doped TiO2 layers prepared by 

sophisticated atomic layer deposition.46 The results of the Fe2+/3+ redox couple 

measurements are in good agreement with the charge transfer resistances obtained 

by impedance spectroscopy (Figure 4.1b). For TiOx-IrMMO-180 a CT resistance of 

approximately 500 Ω (equivalent to the semicircle diameter; fitted EIS data analysis 

shown in Table A4.1, description in Text A4.2) was measured. For TiOx-BDD-180 

the layer resistance decreased to only ≈ 40 Ω (reproducibility shown in Figure A4.9), 

which is also a factor of ten lower than resistances determined for commercial TiOx 

electrode materials (≈ 430 Ω). In general, cathodization times of 180 min resulted in 

optimized CT properties for both TiOx-IrMMO and TiOx-BDD electrodes 

(Figure 4.1c and Figure A4.10a-d) While the resistances initially decreased linearly 

with cathodization time, significant differences in CT properties are observed for 

electrodes prepared at longer cathodization times. In addition, we also revealed that 

a higher calcination temperature during substrate annealing is detrimental 

(Figure A4.11) and amorphous substrates show inferior CT properties compared to 

annealed substrates (Figure A4.10e and f). Nevertheless, the oxidative current 

measured in the first cycle with the Fe2+/3+ redox couple is superimposed by fast 

passivation (re-oxidation), as indicated by the lower oxidative current and the shift 

in peak position in subsequent CVs and EIS measurements (Figure A4.8).  

 

Clearly, the prepared TiOx substrates are not capable of withstanding oxidative 

environments. As surface functionalization by electrocatalysts is often required to 

promote the reaction kinetics, amongst others in photoelectrochemical water 

splitting,48,49 electrodeposition of Ni nanoparticles was performed. The resulting Ni-

TiOx electrodes were used for the electrochemical oxygen evolution reaction (OER) 

in alkaline electrolyte. As shown in Figure 4.1d for TiO2 substrates with Ni 

functionalization high overpotentials, governed by low intrinsic conductivity of the 

TiO2 layer, are required and bare TiOx substrates only passivates. For both Ni-

modified TiOx electrodes significant anodic currents due to oxygen evolution are 

observed with Ni-modified TiOx-IrMMO-180 possessing inferior behavior. 
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Compared to Ni electrodeposited on conductive FTO substrates (≈ 1.6 V vs. RHE 

for Ni-FTO)50,51 the OER onset potential is anodically shifted by ≈ 0.2 V.  

 

  

a) 

 

b) 

 
c) 

 

d) 

 
Figure 4.1. Analysis of TiOx samples (cathodization time tc = 180 min) prepared using 

either a BDD-CE (blue graphs) or a IrMMO-CE (red graphs) in comparison to non-

cathodized TiO2 substrates (tc =0 min). a) CV of Fe2+/3+ oxidation/reduction (cycle 1), b) 

EIS measurements (inset: enlarged section; full scale graphs are shown in Figure A4.8). 

c) Calculated CT resistance of the TiOx layer as function of the cathodization time. d) CV 

in NaOH (0.05 mol L-1) showing OER activity of TiOx samples (tc = 180 min) modified 

with Ni catalyst. For comparison a bare TiOx sample without Ni (green), TiO2 (tc = 0 min) 

with Ni (black) and a Ni modified FTO substrate (purple) are shown. The insulating TiO2 

layer prevents any significant OER activity, whereas the bare TiOx sample without Ni 

catalyst suffers from fast oxidation and passivation of the TiOx substrate (inset). The 

TiOx-BDD-180 sample with Ni catalyst shows a clear OER activity at lower overpotential 

compared to the TiOx-IrMMO-180 sample due to the better CT properties of the substrate.  
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Chronopotentiometry measurements (5 mA cm-2, NaOH solution pH 12.7) support 

the observations of CT properties and OER (Figure A4.12). Moreover, it is 

interesting to note that for TiOx-BDD-180/Ni a constant potential during 30 min of 

operation is observed suggesting superior stability compared to bare TiOx substrates. 

This is in good agreement with previous reports, showing that Cobalt doping of TiOx 

nanotubes increase the lifetime of TiOx under oxidative conditions52 and Ni or Pt 

islands are essential for water oxidation at TiO2-protected Si photoanodes.5,53 Again, 

for TiOx-IrMMO-180 significantly higher OER overpotential are required to 

maintain similar current densities. Moreover, TiOx-IrMMO-180/Ni appeared to be 

less stable, as evidenced by the constant potential increase. It is important to note 

that the Ni deposition was not optimized and further improvements in performance 

are feasible. 

 

Given the beneficial properties of TiOx-BDD it appeared to be counterintuitive that 

higher cathodization currents have been obtained during TiOx preparation with 

IrMMO-CEs (Figure 4.2a). To circumvent current induced changes constant current 

(CC) experiments have been performed using conditions corresponding to the 

average and final current density obtained during constant potential (CP) 

cathodization with BDD, i.e. current densities of -5 mA cm-2 and -10 mA cm-2. 

 

The CT measurements of TiOx samples cathodized under CC conditions 

(tc = 180 min) are summarized in Figure 4.2c (Fe2+/3+ CV; EIS is shown in 

Figure A4.13). Even though, equal cathodization current densities (-5 mA cm-2) 

should result in a similar reduction rate, TiOx-BDD electrodes possessed superior 

CT behavior. Cathodization at -10 mA cm-2 (IrMMO) led only to minor 

improvement in the CT resistance (1444 Ω) compared to -5 mA cm-2 (1596 Ω) and 

the TiOx-IrMMO electrodes are clearly inferior to TiOx-BDD (315 Ω, -5 mA cm-2). 

A strong effect of the reduction rate is therefore excluded as explanation for the 

differences in the obtained CT properties. However, in agreement with higher 

cathodization currents obtained during CP cathodization a lower potential (approx. 

100 mV) is required in case of IrMMO-CE during CC cathodization to maintain the 

set current (Figure 4.2b). Measurements of double layer capacitances (for more 

information see Text A4.3 and Figure A4.14) indicated that electrochemical surface 

areas are similar (0.11 mF cm-2), independent of the CE used during preparation, 

thus surface area induced potential or current differences are excluded.  
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a) 

 

b) 

 

c) 

 

 

Figure 4.2. Current densities or potentials obtained during cathodization of TiO2 

substrates (tc = 180 min) using BDD (blue) or IrMMO-CE (red) under a) constant potential 

conditions (CP @ -1.03 V vs. Ag/AgCl) and b) constant current conditions (CC @  

-5 mA cm-2). c) Fe2+/3+ redox couple CV of TiOx samples prepared under constant current 

conditions (CC; -5 mA cm-2 or -10 mA cm-2, tc = 180 min) using BDD-CE or IrMMO-CE. 

The TiOx-BDD sample shows superior electrochemical CT properties compared to the 

TiOx-IrMMO samples.  

 

Extended material characterization has been carried out in order to understand the 

influence of the CE on the levels of doping. Ir contamination was not observed by 

XPS analysis, evident in the survey spectra (Figure A4.15 and Text A4.4) and the 

surface composition of TiOx-IrMMO and TiOx-BDD electrodes is similar. Given the 

detection limit of XPS49 TiOx surfaces were additionally characterized by highly 

surface sensitive low energy ion scattering spectroscopy (LEIS).54 Even for samples 

subjected to 180 min cathodization treatment Ir deposition could not be detected 
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(Figure 4.3a; see also Figure A4.16 for TiOx-IrMMO-240). XPS also confirmed a 

similar Ti/O surface ratio (0.42 – 0.45) indicating that excessive substoichiometric 

(surface) doping can be excluded. This was additionally confirmed by the Ti2p and 

O1s score spectra (Figure A4.17). All Ti2p core spectra resemble the peak shape and 

binding energies of annealed TiO2 substrates (non-cathodized) withTi4+ at a binding 

energy (B.E.) of 458.8 eV being the predominant Ti oxidation state. For oxygen a 

binding energy of 530.0 eV (O1s) is indicative of TiO2 lattice oxygen.55 The 

observations are in agreement with XPS investigations of Ebonex electrodes by 

Pouilleau et al.56 or a recent study on self-doped TiO2 nanotubes by Gan et al.57 who 

identified substoichiometric doping of TiOx electrodes to be present only in the bulk. 

It is interesting to note that for amorphous cathodized electrodes, XPS spectra 

(Figure A4.18) revealed the formation of Ti3+ (B.E. 457.0 eV), Ti2+ (B.E. 454.9 eV) 

and even metallic titanium (Ti0 at B.E. 453.7 eV).55 The observed difference in 

surface composition is in good agreement with theoretical calculations showing that 

the energy required for the formation of oxygen vacancies in amorphous TiO2 is 

lower than for crystalline TiO2 substrates.58,59 Since the XPS suggests a similar 

chemical composition of the surface of the TiOx samples prepared from annealed 

substrates, extensive formation of Tim+ (m < 4, [represented by e’]) surface defects 

according to equation 4.1 can be excluded as main doping mechanism.  

 

2 TiO2 → 2TiTi
x + 3OO + VO

•• + ½ O2 + 2e‘ (Eq. 4.1) 

 

Bulk characterization of the TiOx substrates was performed by VIS-NIR absorption 

spectroscopy (Figure 4.3b) and TOF-SIMS (Figure 4.3c and d). For TiOx-BDD a 

higher absorption, especially in the NIR region, is observed, which can be attributed 

to a higher bulk doping.60,61 Likely due to the intercalation of protons,25,27,31 and/or 

the insertion of hydrogen62–67 as shown in equation 4.2, that occurs during negative 

polarization of TiO2 leading to a strong n-type doping resulting in enhanced 

electrical conductivity of the material.25,31,65,66 Indeed, using TOF-SIMS, higher H-

signals are observed for cathodized TiOx compared to bare TiO2 substrates. 

Differences in H-intensities especially for longer sputtering times, i.e. deeper in the 

bulk of the material, between TiOx-BDD and TiOx-IrMMO are in good agreement 

with the increased VIS-NIR absorbance and electrochemical CT measurements. 

 

H+
aq + e- + Tix

Ti + Ox
O → Ti’Ti + (OH)•

O  (Eq. 4.2) 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 4.3. a) LEIS spectra of TiOx-BDD-180 and TiOx-IrMMO-180 sample showing 

clear signals for oxygen and titanium, whereas for Ir no clear signal can be observed 

(indicated by the arrow; inset shows enlarged section). b) UV-NIR absorption of TiOx 

samples (tc = 240 min) cathodized with BDD (blue) or IrMMO-CE (red) shown as delta 

absorbance spectra (absorbance of TiO2 background is subtracted). The spectra show a 

clear higher absorbance for BDD cathodized samples. c) TOF-SIMS depth profile 

measurements of TiO2 substrates (tc = 0 min, measured on the non-cathodized sample 

area) and d) cathodized TiOx areas (tc = 240 min; BDD or IrMMO-CE). Whereas the TiO2 

substrates gives similar intensities for oxygen and hydrogen, a clearly increased hydrogen 

signal is measured for the cathodized areas. In addition, the TiOx-BDD sample gives a 

higher H-signal compared to TiOx-IrMMO indicating a higher H-doping.  

 

The hydrogen evolution reaction (HER) in acidic environment is very sensitive to 

trace amounts of noble metals as observed for Pt (see also Figure A4.3)49 and Ir.40 

Therefore, TiOx electrodes prepared using BDD and IrMMO CEs have been 

characterized by cyclic voltammetry in acidic environment. As shown in Figure 4.4a 
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for TiOx-IrMMO-180 lower potentials are required to induce significant cathodic 

currents. The difference between TiOx substrates becomes even more significant 

after 25 or 50 consecutive CVs when either BDD or IrMMO are used as CE 

(Figure 4.4b). Only for TiOx-IrMMO-180 the cathodic current onset potential 

decreased during cycling. Although DSA are corrosion resistant, they have a limited 

lifetime,41,42,68 and the oxidative dissolution of Ir metal32, and to a lesser extend 

IrO2
69

, have recently been reported. We therefore propose that Ir dissolution, 

especially immediately after application of an anodic current (polarization),70 occurs 

during cathodization and trace amounts of Ir deposited on the TiOx surface exist.  

 

a) 

 

b) 

 

Figure 4.4. HER-CV of TiOx samples (tc = 180 min) cathodized with BDD (blue) or 

IrMMO-CE (red). a) The initial CV (3rd cycle, measured with BDD-CE) shows similar 

current densities as obtained at the end of the cathodization process (indicated with the 

arrows) with TiOx-IrMMO showing higher current than TiOx-BDD. In addition, a lower 

onset potential is observed for TiOx-IrMMO. b) 25th and 50th CV cycle: after the 25th cycle 

TiOx-BDD shows an increased current density compared to a) but no further improvement 

is observed after 50 cycles (CV recorded with BDD-CE). In strong contrast, the TiOx-

IrMMO CV, measured with a IrMMO-CE, shows an continuous increase of current 

density and decrease of onset potential with increasing cycle number. All CVs were 

recorded in 1 M H2SO4.  

 

As suggested by the used state of the art advanced analytical techniques (XPS or 

LEIS respectively) and the absence of Ir traces in the electrolyte (ICP-OES compare 

Table A4.2), Ir can only be present in sub-ppm concentrations at the TiOx surface. 

However, impurities and defects have been proposed to affect the hydrogen diffusion 

and insertion into TiO2
71,72 and thus Ir likely influenced the doping process. Finally 

it should be mentioned that other influence of the CE were excluded, e.g. by 
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colorimetric redox tests to reveal the presence of peroxides73 as H2O2 might be 

generated at BDD electrodes74 and by bubbling oxygen to allow for a constant 

oxygen saturation of the electrolyte during cathodization. 

4.4 Conclusions 

In this study substoichiometric TiOx electrodes were prepared by electrochemical 

self-doping via cathodization of rutile TiO2 substrates with different counter 

electrodes. We clearly reveal that the use of inert counter electrodes, such as BDD, 

is favorable for TiOx preparation. Though no surface contamination of Ir could be 

detected by either XPS or LEIS, electrochemical analysis suggests that Ir traces 

influence bulk H-doping by favoring hydrogen evolution when IrMMO is used as 

counter electrode. For substrates treated with BDD counter electrodes increasing 

cathodization time led to a decrease in layer resistance and superior CT properties. 

The lowest layer resistance was obtained for annealed TiO2 substrates cathodized for 

180 min (using BDD-CE). By the use of BDD, surface contamination is 

circumvented. 
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4.7 Appendix 

Text A4.1. Additional experimental information 

 

ICP-OES measurements: The total elemental concentrations of Ir, Ti, Pt, Ni, Cu, Fe, 

Zn, Mg, Cr, Sr, Co, Cd, Mn in solution were determined with ICP/OES (Perkin 

Elmer 8300DV). Calibration was performed by diluting a 1000 mg/L Merck 

ICP/OES standard solution. All the results were corrected with blank experiments. 

Each obtained concentration is the average of 3 measurements. 

 

Low Energy Ion Scattering Spectroscopy (LEIS) was performed with an ION-TOF 

GmbH Qtac100 LEIS spectrometer with a base pressure of 2x10-10 mbar. Detailed 

information about the setup can be found in [1]. The primary ions were normal 

incident on the sample surface, the scattering angle was 145° and the analyzer 

integrated over 360° azimuth. 

Standard LEIS measurements were performed using a He+ ion beam with an energy 

of 3 keV and a beam current of typically 2-3 nA, measured with a Faraday cup. The 

typical ion dose density was 2 x 1014 ions cm-2. The default measurement area was 

1 x 1 mm2. In order to achieve enhanced mass resolution for heavy elements, 

additional measurements were performed with 8 keV Ar+, using a typical ion current 

of 0.8 nA and ion dose density of 1 x 1014 ions·cm-2. 
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For sputter profiles a separate Ar ion gun was used. The angle of incidence was 59° 

with respect to the surface normal. The beam settings were: 500 eV ion energy, 

2 x 2 mm2 sputter area, typical ion current 100 nA. Spectra were recorded after 

cumulative dose densities of 2.5 x 1015 ions cm-2 and 8 x 1015 ions cm-2 

Samples were cleaned from contamination (hydrocarbons due to air exposure) by 

sputtering with 3 keV He+ ions from the primary beam at a dose density of 

5 x 1015 ions cm-2. 

 

SEM images were recorded at the MESA+ NanoLab facility using a Zeiss Merlin 

HR-SEM with either an InLens secondary electron (InLens SE) detector or an 

Energy Selective Backscatter (ESB) detector.  

 

XPS was performed at the MESA+ NanoLab facility with a Quantera SXM from 

Physical Electronics using monochromatic Al Kα radiation (1486.6 eV). The data 

was analyzed using CasaXPS software. All spectra were energy calibrated to the 

carbon C1s peak at 284.8 eV. 

 

Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) was performed with 

an IONTOF GmbH, (Münster, Germany) TOF.SIMS5.NCS  

Depth profiling in ToF-SIMS uses a dual beam configuration with one beam for the 

analysis and a separate one initiating sputtering enabling access to a depth of some 

µm. The spectrometer is in the direction of the sample normal and the two beams are 

coming under 45° to the normal and both guns are 180° against each other. 

A pulsed 30 keV Bi+ beam for acquiring the mass spectral data. A 1 keV Cs+ beam 

was used for sputtering during the time the ions are drifting through the reflectron 

type flight tube. The sputter-raster is 300 µm*300 µm and the analysis-raster is 

50 µm*50 µm in the center of the sputter raster. The analysis current was 2.6 pA and 

the sputter current was 45 nA. The measurements were carried out in the 

spectroscopy mode with high mass resolution and detecting the negative secondary 

ions. 
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a)

 

 

b)

 

c)

 
Figure A4.1. a). XPS of a TiOx sample cathodized using a Pt-CE (tc = 180 min) showing 

clear Pt signals. b) SEM image of a TiOx surface prepared using Pt-CE (tc = 120 min) 

showing bright Pt particles (using an energy selective backscattered (ESB) detector) c) No 

obvious metal particles are visible for an anodized TiO2 substrate. 
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a)

 

b)

 
c)

 

d)

 
e)

 

f)

 
Figure A4.2. SEM images of cathodized TiOx prepared using a Pt-CE; a & c) 120 min 

cathodization; b & d) 180 min cathodization. With longer cathodization time more Pt 

particles and more Pt particle clusters are visible. The size of the Pt particles is similar 

(between ≈ 15-30 nm for both cathodization times). e &f) SEM-EDX of accumulated Pt 

clusters, confirming the bright spots in SEM images as Pt.  
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a)

 

b)

 

Figure A4.3. a) HER-CV of cathodized TiOx between consecutive cathodization steps. 

The total cathodization time (tc) of the sample, before individual CVs were recorded, is 

shown in the legend (0 min, 1.5 min, 5 min, 10 min, 15 min, 30 min,60 min, 180 min). A 

Pt-CE was applied during the experiment. Geometric sample surface area was 2.54 cm2. 

The CVs showing the decreasing HER overpotential (@ -5 mA cm-2, indicated with an 

arrow) for increasing tc: tc = 0 min, - 0.93 V; tc = 1.5 min, - 0.65 V; tc = 30 min, - 0.06 V.   

b) Increasing TiOx HER-CV current density (@ -0.8 V vs. RHE) with increasing total 

cathodization time obtained during sequential cathodization using a Pt-CE. Highest 

current density was obtained after 45 min total cathodization time. No further increase of 

current density for longer cathodization but slight decrease, reaching a plateau after 2 h of 

total cathodization time. Cathodization and CVs were performed in 1 mol L-1 H2SO4 

electrolyte 

 

 

Figure A4.4. CV of electrochemically prepared TiOx samples after 120 min cathodization 

using various CE (Pt, IrMMO, BDD), a commercial TiOx electrode and a non-cathodized 

TiO2 sample (only anodized, tc = 0 min) [electrolyte 1 mol L-1 H2SO4] showing HER activity. 

For a better clarity forward and backward scans were averaged 
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Figure A4.6. XRD of anodized TiO2 on Ti substrates. The black diffractogram shows a non-

annealed sample, the green diffractogram shows an annealed sample (450⁰C). After 

annealing the peak at 27.5 ⁰2Theta indicates the presence of rutile phase (main peak 

corresponding to the [110] plane); the presence of anatase phase is not detected. Peaks related 

to the Ti substrate are indicated by an asterisk. TiO2 substrates annealed at higher temperature 
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Figure A4.5. SEM images of an etched Ti 

substrate surface a & b) before and c) after 

anodization. A rough surface is obtained 

after the etching pre-treatment leading to 

rims of less etched Ti substrate. The higher 

oxygen content of the anodized layer led to 

lower contrast in the SEM image (c) 

compared to the just etched sample (b). 

c)
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(550⁰C, pink graph) reveals a more distinctive peak at 27.5 ⁰2Theta indicating the 

development of a higher crystallinity or thicker TiO2 layer (due to thermal growth). Peaks of 

substoichiometric crystalline TiOx could not be detected. XRD were measured using a Bruker 

D2 Phaser.  

 

a)

 

b)

 
Figure A4.7. a) CV of a cathodized TiOx electrode (180 min, BDD-CE) in background 

electrolyte (0.2 mol L-1 Na2SO4) confirming the absence of the reductive peak due to the 

missing Fe2+/3+-couple. b) CV (Fe2+/3+) of a commercial TiOx electrode (black) and 

commercial IrMMO electrode (red); for the IrMMO electrode the oxidation peak potential 

is Ep(ox) = 0.34 V (vs. Ag/AgCl) and the reduction peak potential Ep(red) = 0.18 V 

(vs. Ag/AgCl) resulting in a peak-to-peak separation of ΔEp = 0.16 V.  

The theoretical ΔEp of an ideal electrochemical reversible system is 0.057 V. The 

deviation of the measured Fe2+/3+-ΔEp for the conductive IrMMO electrode compared to 

the theoretical value is influenced for example by reaction with residual oxygen (quasi-

reversible electrochemical system), the iR drop (no 100% iR drop compensation) and a 

non-ideal cell geometry (e.g. electrode distance). Larger peak-to-peak separation indicate 

electrochemical irreversible processes, which is a result of slow electron transfer kinetics 

at the electrode surface. [2] 
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a) 

 

b) 

 

 

Figure A4.8. TiOx samples (tc = 180 min) 

prepared using either a BDD-CE (blue 

graphs) or a IrMMO-CE (red graphs) in 

comparison to non-cathodized TiO2 

substrates (tc =0 min). a) CV of Fe2+/3+ 

couple (cycle 1 & 2), b) EIS measurements 

(before and after CV), c) full scale EIS 

graphs. A clear passivation after the 1st CV 

cycle can be seen in the 2nd CV cycle and 

EIS measurement after CV. 
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Text A4.2. Electrochemical impedance spectroscopy – model and fitted data: 

Results from EIS measurements were fitted with a simplified Randles cell as 

equivalent circuit using ZView software. Resistor R1 models the solution resistance, 

Resistor R2 models the layer resistance and CPE1 models the double-layer 

capacitance as constant phase element. [3] 

 

Table A4.1. Charge transfer resistance R2 of TiOx samples prepared under various 

conditions: CE used during cathodization (BDD or IrMMO), cathodization method (CP or 

CC) and cathodization time (tc). In addition to R2, fitted values for the solution resistance 

(R1), double layer capacitance (CPE1-T), constant phase element factor (CPE1-P) and the 

chi-squared value of the fit are given. All potentials are reported against Ag/AgCl-RE.  

CE 
cathodization 

method 

tc 

[min] 

R1 

[Ohm] 

R2 

[Ohm] 

CPE1-T 

[F] 
CPE1-P χ2 

- - 0 16.27 94178 7.96E-06 0.93484 0.00197 

BDD CP(-1 V) 15 16.92 65896 1.77E-05 0.95588 0.00063 

BDD CP(-1 V) 60 16.69 8135 2.23E-05 0.94712 0.00039 

BDD CP(-1 V) 180 (#1) 16.34 40.46 6.23E-05 0.89372 0.00023 

BDD CP(-1 V) 180 (#2) 15.36 51.78 5.23E-05 0.91064 0.00021 

BDD CP(-1 V) 180 (#3) 14.99 45.51 4.51E-05 0.91852 0.0006 

BDD CP(-1 V) 240 15.19 32.08 6.63E-05 0.91189 0.00015 

BDD 
CC 

(-5 mA cm-2) 
180 15.49 315 3.15E-05 0.92232 0.00031 

BDD CP(-1 V) 180 15.1 4395 2.20E-05 0.95062 0.00039 

IrMMO CP(-1 V) 15 15.57 15227 1.97E-05 0.94866 0.00054 

IrMMO CP(-1 V) 60 16.21 5680 2.13E-05 0.94146 0.00024 

IrMMO CP(-1 V) 120 15.4 433 3.98E-05 0.92093 0.00084 

IrMMO CP(-1 V) 180 (#1) 16.12 504 3.13E-05 0.92352 0.00085 

IrMMO CP(-1 V) 180 (#2) 15.66 633 2.30E-05 0.94135 0.00014 

IrMMO CP(-1 V) 180 (#3) 14.90 1360 2.05E-05 0.95268 0.00019 

IrMMO CP(-1 V) 240 14.84 477 3.04E-05 0.92377 0.00014 

IrMMO 
CC 

(-5 mA cm-2) 
180 15.41 1596 1.84E-05 0.94993 0.0001 

IrMMO 
CC 

(-10 mA cm-2) 
180 16.23 1444 2.76E-05 0.93501 0.00013 

 

R1 R2

CPE1

Element Freedom Value Error Error %

R1 Free(±) 16,34 0,023484 0,14372

R2 Free(±) 40,46 0,11047 0,27304

CPE1-T Free(±) 6,2316E-05 1,0298E-06 1,6525

CPE1-P Free(±) 0,89372 0,00225 0,25176

Chi-Squared: 0,00022874

Weighted Sum of Squares: 0,017384

Data File: C:\Users\BruninghoffR1\surfdrive\PhD\Pap

er\TiOx\Data\EIS_model(fit)\raw data\Ti-

20_E_A_T_C_02_PEIS_C02_EIS-1.txt

Circuit Model File: C:\Users\BruninghoffR1\surfdrive\PhD\Pap

er\TiOx\Data\EIS_model(fit)\R1(s)R2(p)CP

E1(p)-model.mdl

Mode: Run Fitting / Selected Points (13 - 52)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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a)

 

b)

 

Figure A4.9. Replicates of CP cathodization using either IrMMO-CE or BDD-CE  

(-1.03 V vs Ag/AgCl; tc = 180 min) confirming the superior CT properties of TiOx 

prepared with BDD-CE compared to IrMMO-CE; a) CVs of Fe2+/3+ couple, b) EIS 

measurements. Samples were characterized after XPS measurements, confirming a certain 

stability (even under vacuum).  
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a)

 

b)

 

c)

 

d) 

 
e)

 

f)

 

Figure A4.10. TiOx samples cathodized at various times (0 min, 15 min, 60 min, 

180 min). Left: CVs of Fe2+/3+ couple; right: EIS measurements. a & b) IrMMO-CE; 

c & d) BDD-CE (inset in d: full scale spectra of tc = 15 min and 60 min). TiOx-IrMMO-

180 and TiOx-BDD-180 show the best CT properties compared to shorter tc.  
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e & f) TiOx-IrMMO samples prepared from non-annealed substrates showing inferior CT 

properties compared to samples prepared from annealed substrates (a & b).  

 

 

 

Figure A4.12. Chronopotentiometry of Ni functionalized TiOx-BDD-180 (blue graph) and 

TiOx-IrMMO-180 (red) sample recorded in NaOH (0.05 mol L-1) at 5 mA cm-2. The noise is 

induced by bubble growth and detachment. The TiOx-IrMMO-180/Ni shows a clearly higher 

OER overpotential compared to TiOx-BDD-180/Ni, in agreement with CV studies of 

Figure 4.1. After 30 min deactivation of samples were observed (data not shown). 
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Figure A4.11. TiOx sample cathodized for 180 min with a BDD-CE after annealing of the 

TiO2 substrate at 550⁰C. a) CV of Fe2+/3+ couple; b) EIS measurements. Both 

measurements show that the electrochemical response of the sample is far below that of 

samples with substrates annealed at 450⁰C (Figure A4.9).  
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Figure A4.13. EIS of TiOx samples prepared under constant current conditions (CC:  

-5 mA cm-2 or -10 mA cm-2, tc = 180 min) using BDD-CE or IrMMO-CE. The TiOx-BDD 

sample shows superior electrochemical CT properties compared to the TiOx-IrMMO samples 

 

Text A4.3. Electrochemical active surface area (ECSA) determination 

According to Nayak et al. [4] 

𝐼𝑎 − 𝐼𝑐
2

=  𝐶𝑑𝑙 ∗ 𝑣 

Ia: anodic plateau current at a given potential [A] 

Ic: cathodic plateau current at a given potential [A] 

v: scan rate [V s-1] 

Cdl: double layer capacitance [F] 
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c)

 

d)

 

e)

 

f)

 
Figure A4.14. Determination of the electrochemical active surface area (ECSA) via 

double layer capacitance (Cdl). The potential range of a non-faradaic CV region was 

recorded in background electrolyte [0.2 mol L-1 Na2SO4] at various scan rates (5, 10, 25, 

50, 75, 100 mV s-1) showing TiOx samples cathodized for 180 min with a) IrMMO-CE, 

c) BDD-CE, e) BDD-CE (measurement after sample passivation). (Ia-Ic)/2 vs. scan rate 

plots of TiOx samples cathodized for 180 min with b) IrMMO-CE, d) BDD-CE, f) BDD-

CE (after sample passivation). The slope of the linear fits corresponds to the Cdl per 

geometric surface area as a measure for the ECSA (per geometric surface area). Ia and Ic 

were collected at -0.125 V vs. Ag/AgCl along the vertical line (figure a, c & e). All 

samples were etched before anodization and annealed before cathodization. The similar 

capacitance of samples cathodized with IrMMO-CE (b) and BDD-CE (d) indicates similar 

ECSA of the prepared TiOx. The passivated sample (e & f) was measured after Fe2+/3+-

CVs. The reduced Cdl can be explained by a lower ECSA due to passivation observed 

during the CVs. 
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Text A4.4. XPS analysis 

The carbon content of cathodized TiOx samples (Figure A4.15) was between 7-12%, 

with higher contents found on samples cathodized with IrMMO-CE. This fact shows 

that the detected carbon is arising from adventitious carbon and samples prepared 

with BDD-CE are not extraordinarily contaminated with carbon from the BDD-CE, 

which is also in agreement with observations from LEIS measurements; excluding 

carbon as reason for differences in electrochemical behavior.  

Detected sulfate (1-3%) comes from the H2SO4 electrolyte. The highest value (3%) 

was found on TiOx cathodized with IrMMO-CE (CP cathodization), which can be 

explained by the highest current densities obtained during cathodization leading to 

slightly more sulfate deposition. Since the sulfate concentration of samples prepared 

by BDD (CP and CC) and IrMMO (CC) samples were similar, sulfur can be excluded 

as reason for the observed differences in the CT properties. On all samples a small 

N content was detected (< 1%). 

XPS data analysis was performed in accordance to Biesinger et al. [5].  

  



Chapter 4 

120 

a)

 

b)

 
c)

 

d)

 

Figure A4.15. XPS survey spectra of TiOx samples prepared from annealed TiO2 

substrates cathodized for 180 min either under constant potential conditions (CP: -1.03 V 

vs. Ag/AgCl; a & c) or constant current conditions (CC: -5 mA cm-2; b & d) with IrMMO-

CE (a & b) or BDD-CE (c & d). The survey spectra reveal no obvious differences between 

the samples. 
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a)

 

b)

 
Figure A4.16. LEIS spectra of TiOx-IrMMO-240 sample recorded using a) 3 keV He and 

b) 8 keV Ar. No clear signals for Ir can be observed (indicated by the arrow; graphs only 

show enlarged section of Ir scattering energies). 
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a)

 

b)

 

c)

 

d)

 
Figure A4.17. XPS core spectra of the Ti 2p peak (left: a & c) and O 1s peak (right: b & d). 

a & b) TiOx samples prepared from annealed substrates under various cathodization 

conditions (tc = 180 min; IrMMO-CE or BDD-CE; CP[-1.03 V vs. Ag/AgCl] or CC  

[-5 mA cm-2] cathodization). c & d) TiO2 substrates (tc = 0 min). No clear differences 

between various cathodized TiOx samples and non-cathodized TiO2 substrate can be 

observed, revealing similar chemical composition of the surfaces. The predominant Ti 

oxidation state is +IV, as shown by identical binding energies (B.E. = 458.8 eV) of the Ti 

2p3/2 peaks and the oxygen signals are dominated by lattice oxide (peak at 530.0 eV B.E.) 

in good agreement with Biesinger et al. [5] 
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a)

 

b)

 

c)

 

 

Figure A4.18. XPS core spectra and fit of the Ti 2p peak of amorphous TiOx samples 

(non-annealed) prepared under CP conditions [-1.03 V vs. Ag/AgCl, tc = 180 min]. The 

spectra show a clear presence of Ti3+ (B.E. 457.0 eV), Ti2+ (B.E. 454.9 eV) and Ti0 (B.E. 

453.7 eV) defects formed for cathodized samples using a) IrMMO-CE or b) BDD-CE 

compared to c) non-cathodized, amorphous TiO2 substrate. TiOx cathodized with IrMMO-

CE reveal higher content of substoichiometric doping, which can be explained by higher 

current densities obtained during cathodization with IrMMO-CE leading to a higher 

degree of reduction. 
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Table A4.2. ICP-OES analysis of the electrolyte before (blank) and after cathodization using 

either IrMMO or BDD-CE. The blank measurement is an average of two individual blank 

samples. The detection limit (D.L.) was 0.01 mg L-1. Wavelengths of detection: 

Ir (205.222 nm), Ag (338.289 nm), Ti (368.510 nm), Cu (213.597; 324.752; 327.393 nm), 

Fe (259.939 nm), Zn (206.200 nm). All values are an average of triplicate measurements. Ag, 

Ni, Mg, Cr, Sr, Co, Cd, Mn were below the D.L. 

Sample 
Ir 

[mg L-1] 

Ti  

[mg L-1] 

Cu  

[mg L-1] 

Fe 

[mg L-1] 

Zn 

[mg L-1] 

Blank (H2SO4) < D.L. 0.03 0.04 0.02 0.02 

IrMMO-

CE180 min 
< D.L. 0.33 0.06 0.03 0.03 

IrMMO-CE 

240 min 
< D.L. 0.39 0.08 0.02 0.04 

BDD-CE 

180 min 
< D.L. 0.27 0.02 0.02 0.02 

BDD-CE 

240 min 
< D.L. 0.32 0.03 0.02 0.02 
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Chapter 5 

Influence of Niobium on the charge transfer 

properties, lifetime and recovery of 

electrochemically reduced TiOx  

Doping of TiO2 with Nb is a promising way to increase the electrical conductivity of TiO2, 

as requirement to be used in electrochemical applications, e.g. as electrode (substrate) 

material for electrochemical wastewater treatment. Moreover, reductive treatment of 

TiO2:Nb has been suggested to increase the conductivity. In this chapter the electrochemical 

reductive treatment of TiO2:Nb is evaluated. The influence of Nb on the cathodization 

procedure and the resulting charge transfer properties of electrochemically reduced TiOx:Nb 

is discussed. For comparison, Nb free TiOx was prepared under identical conditions. Charge 

transfer properties were characterized by ferrocyanide/ferricyanide cyclic voltammetry and 

electrochemical impedance spectroscopy. For both materials enhanced charge transfer 

properties were obtained after cathodization; however, inferior charge transfer was observed 

for TiOx:Nb. XPS measurements revealed the absence of Nb<5+ and/or Ti<4+ after 

cathodization, indicating H-doping and proton intercalation as main doping mechanism 

responsible for the enhanced charge transfer properties after cathodization. It is shown that 

the Nb doped TiO2 substrate favors hydrogen evolution during the cathodization, likely 

resulting in inferior proton doping explaining the differences in observed charge transfer 

properties compared to Nb free TiOx. In addition, the effect of Nb on the stability under 

anodic conditions was studied. Chronopotentiometry in Na2SO4 electrolyte showed a 

beneficial effect of Nb on the stability leading to a longer electrode lifetime. Using 

polarization switch after passivation, the recovery of charge transfer properties was 

characterized. Nb free TiOx showed superior recovery due to the absence of Nb. 
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5.1 Introduction  

Requirements for electrodes used in water treatment are diverse. Besides high 

mineralization rates, a low price, non-toxicity and electrode stability are of high 

importance. Moreover, in the case of electrode passivation regeneration of the 

electrodes is desirable to enhance the lifetime.1,2 In the previous chapter (Chapter 4) 

the electrochemical doping of TiO2 electrodes has been discussed; however, the 

obtained stability is insufficient for application under oxidative conditions. Another 

approach to enhance the electrical conductivity of TiO2 is doping with aliovalent 

ions.3 Especially, doping with Niobium has been described as promising,4–6 for 

example in the context of optoelectronics such as transparent conductive oxides,4,6,7 

for DSSC8,9 or as electrode support material.10–12 

 

Besides the enhanced conductivity, operation of TiO2:Nb electrodes under anodic 

conditions have been reported. For example, during PEC water splitting13–15 or as 

electrode (support) material for fuel cell applications,10,16,17 water electrolysis12 or 

for water treatment.18–20. In addition, the passivation of TiO2:Nb electrodes has been 

proposed to be reversible.16 However, information about the reversibility of TiO2:Nb 

electrodes and application for electrochemical water treatment is limited.16,19–22  

 

In general, the electronic structure of TiO2 is influenced by Nb doping. In TiO2:Nb 

the Fermi-level is shifted towards the unoccupied conduction band (corresponding 

mainly to Ti 3d-orbitals), thereby inducing electrical conductivity in the 

semiconductor.23,24 The pentavalent Nb ion is substituting tetravalent Ti cations. 

Possible mechanisms for charge compensation are the formation of Ti3+ defects (per 

Nb5+), formation of Ti vacancies (per four Nb5+) or the formation of Nb4+ according 

to the following Kröger-Vink notations (Eq. 5.1-5.3):23 

 

1

2
𝑁𝑏2𝑂5 + 𝑇𝑖𝑇𝑖

𝑥 → 𝑁𝑏𝑇𝑖
• + 𝑇𝑖𝑇𝑖

′ +
5

4
𝑂2 (Eq. 5.1) 

1

2
𝑁𝑏2𝑂5 + 𝑇𝑖𝑇𝑖

𝑥 → 𝑁𝑏𝑇𝑖
• +

1

4
𝑉𝑇𝑖
′′′′ + 𝑇𝑖𝑂2 +

1

4
𝑂2 (Eq. 5.2) 

𝑁𝑏𝑂2 + 𝑇𝑖𝑇𝑖
𝑥 → 𝑁𝑏𝑇𝑖

𝑥 + 𝑇𝑖𝑂2 (Eq. 5.3) 

 

The mechanism depends strongly on the preparation method and conditions, such as 

dopant concentration, annealing temperature, chemical environment and oxygen 
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partial pressure.23,25,26 For example, Nb5+ and Ti4+ have been identified as main 

valence states in air annealed TiO2:Nb and charge compensation was attributed to 

the formation of Ti vacancies;23,26 however, for Nb ≥ 10 at% also Ti3+ formation has 

been observed.27 In contrast, TiO2:Nb ceramics annealed under vacuum, starting 

from NbO2 precursors, led to Nb5+ formation and charge compensation by Ti3+  25 

and reductive annealing in hydrogen atmosphere resulted in the formation of Ti3+ 

and Nb4+.11 Particularly, an increase in the electrical conductivity of TiO2:Nb has 

been attributed to the formation of tetravalent Nb during reductive annealing, 

because the remaining single d-valence electrons enable strong n-type doping. Thus 

Nb4+ is believed to be the favored oxidation state to achieve high electrical 

conductivity.19,21  

 

For TiO2:Nb electrode substrates (prepared via vacuum annealing) a higher stability 

under OER conditions was observed compared to substoichiometric TiO2 substrates 

(prepared via H2 annealing).10 The higher resistance against electrochemical and also 

thermal oxidation was explained by the absence of oxygen defects, and was 

reversible (under ORR conditions), because Nb doping compensated for the Ti3+ 

defects. In contrast, substoichiometric TiO2 showed a higher increase in electrical 

resistance during anodic polarization due to oxidation of the Ti3+, forming the 

thermodynamically more favorable TiO2 in an irreversible process.10,16 In 

contradiction, Jing et al. reported reversibility of substoichiometric TiO2 (prepared 

via H2 annealing) under cathodic polarization (in acidic medium) after passivation 1 

and Yang et al. observed enhanced stability of blue-black TiO2 nanotube arrays 

(prepared via cathodization) in polarization cycling during wastewater treatment.2 

Moreover, Wu et al. observed reversible proton intercalation of altered, 

electrochemically doped TiO2 nanotube capacitors by polarization cycling.28 

Overall, the application of a reversed potential indicate a promising method to 

recover electrical conductivity of passivated TiOx and TiOx:Nb to enhance their 

lifetime. However, for a comparison between these materials, material preparation 

under similar conditions is necessary to derive conclusions. 

 

The variety in Nb doping approaches and charge compensation mechanisms suggests 

that material preparation is of high importance to achieve high electrically 

conductive electrodes along with a good stability. In the previous chapter the 

cathodization method has been demonstrated to clearly increase the electrical 

conductivity and charge transfer (CT) in TiO2. Therefore, in this chapter the method 
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is applied to Nb doped TiO2 to evaluate the influence of Nb on the obtained CT 

properties and electrode stability under anodic conditions. CT properties were 

determined by ferrocyanide/ferricyanide cyclic voltammetry and electrochemical 

impedance spectroscopy (EIS). The stability under oxidative conditions was 

characterized and compared to Nb free TiOx, which were prepared under identical 

conditions. In addition, polarization switches were applied in neutral media (Na2SO4 

electrolyte) to study the recovery of CT properties of passivated TiOx:Nb and TiOx 

for a potential application of the electrode material in electrochemical water 

treatment. 

5.2 Materials and methods  

5.2.1 Chemicals and materials 

The same chemicals, materials and reactors as described in Chapter 4 were used. 

TiNb alloy plates (5 w% Nb; 12.5 x12.5, 0.5 mm thickness) were purchased from 

Hauner metallische Werkstoffe. 5 w% Nb was chosen according to common 

concentration ranges studied in the literature.4,10,19,21,23,27 The adapters used for 

electrochemical experiments were 11 mm (for sample preparation and 

characterization) or 7 mm diameter (for Fe2+/3+ CV and EIS measurements). 

5.2.2 Sample preparation 

TiOx and TiOx:Nb samples were prepared as described in Chapter 4. For TiOx:Nb 

electrodes TiNb alloys were used as substrate for anodization to obtain Nb 

doping.18,29,30 Annealing after anodization was only performed at 450⁰C. For 

cathodization a BDD counter electrode was used exclusively. Optimized 

cathodization parameters according to Chapter 4 (-1.03 V vs. Ag/AgCl for 180 min) 

were applied.  

5.2.3 Characterization  

Electrode stability was studied by chronoamperometry carried out in 0.5 mol L-1 

Na2SO4 solution at 5 mA cm-2 (until potentiostat overload). Electrode recovery was 

performed at -5 mA cm-2 for 15 min. In addition, fast polarization switches were 

used following a sequence of 15 s of anodic polarization and 15 s of cathodic 

polarization for a total time of 30 min. In all cases, BDD was used as counter 

electrode. For description of Fe2+/3+ CV and EIS measurements see Chapter 4. 
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5.3 Results and discussion 

5.3.1 CT properties of cathodized Nb-doped and undoped TiOx 

 

Nb doped and undoped TiOx were prepared under identical conditions to understand 

the influence of Nb on the CT properties obtained after cathodization. Here, only 

optimized conditions as determined in Chapter 4 were applied, i.e. BDD was used 

as counter electrode to avoid contaminations and a cathodization time (tc) of 180 min 

was used. Likewise, for both substrates, the presence of the Rutile phase was 

confirmed by XRD (Figure A5.1).  

 

Figure 5.1 shows the CT properties of cathodized TiOx and Nb doped TiOx. The CV 

of Fe2+ oxidation and Fe3+ reduction (Figure 5.1a) shows an approximately two times 

larger peak-to-peak separation for TiOx:Nb (ΔEp =1.12 V), indicating an inferior 

charge transport compared to TiOx (ΔEp = 0.58 V). The results are qualitatively in 

agreement with EIS measurements (Figure 5.1b), revealing a resistance of 

525 +/- 118 Ω for TiOx:Nb, that is approximately ten times larger than for TiOx 

( 50 +/- 6 Ω). In order to exclude an effect of differences in the electrochemical 

active surface area (ECSA) the double layer capacitance (cdl) has been determined 

(see Figure A5.2 for more information) and ECSA corrected CVs are shown in 

Figure A5.3. 

 

a)

 

b)

 
Figure 5.1. CT measurements of TiOx (red) and TiOx:Nb (blue) after 180 min 

cathodization. a) CV of Fe2+/3+ oxidation and reduction; b) EIS measurements 
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Nevertheless, the cathodization significantly improves the CT properties of TiO2:Nb 

substrates (see Figure A5.4). Moreover, it is interesting to notice, that the initial 

resistance of TiO2 is approx. 2.5 times larger than for TiO2:Nb, highlighting 

enhanced electrical conductivity of TiO2:Nb compared to TiO2.4,7 The observations 

obtained after cathodization are interesting, because Nb doping has been shown to 

cause lattice expansion24,29 and thus cause a lower migration barrier for small ion 

intercalation into the host;29 however, this effect did not result into superior charge 

transfer properties of the TiO2:Nb prepared under the conditions of this study.  

 

a)

 

b)

 
Figure 5.2. X-ray photoelectron spectra of initial TiO2:Nb (tc = 0 min; black) and TiOx:Nb 

(tc = 180 min, blue), a) Ti core spectra, b) Nb core spectra 

 

As mentioned, various charge compensation mechanisms are described in the 

literature. Here XPS was used to reveal the Ti and Nb oxidation states after 

cathodization. XPS survey spectra indicate a similar chemical surface composition 

of TiO2:Nb and TiOx:Nb with a Ti/O ratio of approximately 0.41-0.42, similar to 

TiOx (0.42; see Figure A5.5 for survey spectra). In addition, a Nb surface 

concentration of 2 at% was determined, in agreement with data obtained from SEM-

EDX mapping, revealing a homogeneous Nb distribution (Figure A5.6). XPS core 

spectra of Ti (Figure 5.2a) and Nb (Figure 5.2b) indicate that Nb(+V) and Ti(+IV) 

are the predominant oxidation states.25,31,32 Moreover, no difference to TiOx samples 

is present (Figure A5.7). Thus the dominant charge compensation mechanism in the 

Nb doped samples is likely due to formation of Ti vacancies, which is in accordance 

to other studies of air annealed TiO2:Nb.23,26 Although feasible according to the 

standard redox potentials,33 no reduction of Nb according to equation 5.4 and 5.5 

was observed.  
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NbO2 + 2 H+ + 2 e- ↔ NbO + H2O  (E0 = –0.646 V)  (Eq. 5.4) 

Nb2O5 + 10 H+ + 10 e- ↔ 2 Nb + 5 H2O  (E0 = –0.644 V)  (Eq. 5.5) 

 

This might be explained by the higher driving force necessary to reduce the 

crystalline substrate compared to amorphous substrates,34,35 as observed for TiOx in 

Chapter 4. The absence of Nb<5+ and Ti<4+ (at least at the sub-/surface) indicates that 

the doping induced by cathodization and the resulting CT properties are mainly 

attributed to H-doping 1,29,36,37 and not to Nb reduction, in agreement with 

observations for Nb free TiOx (Chapter 4). The slight shift of TiOx:Nb to higher 

binding energies compared to TiO2:Nb might be explained by a shift in the fermi 

level position.23 

 

Looking at the cathodization, clear differences in the current-time profiles were 

observed (Figure 5.3a). Whereas TiOx follows the typical profile obtained for 

cathodization using BDD-CE, the Nb doped substrate shows immediately a higher 

current density, leading to an approximately three times larger current density at the 

end of the cathodization compared to TiOx. CVs of the HER activity of the substrates 

before cathodization are shown in Figure 5.3b (corrected for the individual ECSA). 

Clearly, the TiO2:Nb substrates show a higher HER activity compared to TiO2, 

explaining the higher cathodization currents observed. The findings are in analogy 

to Chapter 4, where trace Ir contaminations are proposed to favor HER over the H-

doping. Here, the Nb in the oxide lattice has likely a similar effect by favoring the 

HER (compared to the bare TiO2). The HER leads to proton scavenging and results 

in inferior doping and thus inferior CT properties, despite the lattice expansion 

described for TiO2:Nb.24,29 In addition, cathodization experiments have been carried 

out at -0.5 V vs. RHE to prevent proton scavenging by HER (Figure A5.8). Only 

minor improvement of CT properties was obtained, which can be explained by the 

absence of HER (less H diffusion into TiO2) and/or the lower applied potential (less 

proton intercalation). Nevertheless, the relative improvement of the resistance 

determined by EIS was superior for TiOx (Figure A5.8, Table A5.1), revealing the 

negative effect of Nb on the H-doping. Overall, cathodization at this potential was 

not sufficient to obtain superior CT properties.  
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a)

 

b)

 
Figure 5.3. a) Cathodization currents obtained for TiOx (red) and TiOx:Nb preparation 

(blue); b) HER – CV of TiO2 and TiO2:Nb substrates (ECSA corrected). All curves were 

recorded in 1 mol L-1 H2SO4. 

 

 

5.3.2 Stability and recovery  

The stability of cathodized TiOx and TiOx:Nb under oxidative conditions was 

characterized by chronoamperometric measurements at 5 mA cm-2 in Na2SO4 

electrolyte as shown in Figure 5.4. The stability or lifetime was determined as time 

under anodic polarization until potentiostat overload was reached. Although both 

materials suffer from fast passivation, which was already observed during 

subsequent cycles of the Fe2+/3+ CV (Figure A5.9), TiOx:Nb shows a 2.75x better 

stability (≈ 370 s) compared to TiOx (≈ 135 s). Since the ECSA (cdl) of TiOx:Nb is 

only ¾ of TiOx, a higher current density per active site was present for TiOx:Nb 

compared to TiOx, confirming TiOx:Nb has a better stability. Therefore, it is likely 

that Nb doping has a beneficial effect on the oxidative stability of the electrodes, 

which is in agreement with observations by Chen et al.10,16  
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Figure 5.4. Chronopotentiometry of TiOx and TiOx:Nb recorded at 5 mA cm-2 in Na2SO4 

electrolyte [0.5 mol L-1]. The inset shows an enlarged section of the initial polarization.  

 

After passivation (oxidation at 5 mA cm-2 in 0.5 mol L-1 Na2SO4) the samples were 

cathodized for 15 min at -5 mA cm-2 to study the recovery of the CT properties under 

neutral conditions (0.5 mol L-1 Na2SO4; longer recovery times were not studied due 

to the short time of oxidative stability and the desired match between time of 

operation in oxidation and reduction mode). During the recovery step a lower 

potential (ΔEc ≈ 150 mV) was observed for TiOx:Nb (Figure A5.10a), in agreement 

with the superior HER performance compared to TiOx (Figure 5.3b). Figure 5.5 

shows the CT properties (Fe2+/3+ CV and EIS measurements) of cathodized samples 

after passivation and after the recovery treatment (for initial samples before 

passivation see Figure 5.1). After passivation, oxidative CT was absent, in 

agreement with a huge resistance of the electrodes. However, after the recovery step, 

both electrodes clearly show improved CT properties. Although the initial properties 

were not fully recovered, the recovery of charge transfer of TiOx is superior (97% 

reduction of CT resistance) compared to TiOx:Nb (only 50%; see Table 5.1). Similar 

observations were made for pristine substrates (TiO2 and TiO2:Nb) treated under the 

same conditions (15 min at -5 mA cm-2 in 0.5 mol L-1 Na2SO4: see Figure A5.10, 

Table A5.2). The enhanced recovery for TiOx is in good agreement with the superior 

doping due to the absence of Nb favouring the HER as discussed (Figure 5.1, 

Figure 5.3). The observed reversibility for both electrode materials is in 

disagreement with Chen et al.16 who did not observe a reversibility for 

substoichiometric TiO2 electrodes, but this can be explained by a more negative 

polarization applied for recovery in this study and general differences in electrode 

preparation between the studies (vacuum or H2 annealing vs. cathodization applied 
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in this study). In general, the observed reversibility of TiOx is in agreement with 

various TiOx types described in literature.1,2,28  
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Figure 5.5. CT measurements of passivated Nb-doped and undoped TiOx before and after 

recovery step (-5 mA cm2 in 0.5 mol L-1 Na2SO4); a) CV of Fe2+/3+ oxidation and reduction; 

b) EIS.  

 

Table 5.1: Resistance of initial as well as passivated Nb doped and undoped TiOx before and 

after recovery. Additionally, the ratio between the resistance of recovered and passivated 

samples is shown to calculate the recovery based on the CT resistance. 

# 
Rinitial 

[Ω] 

Rpassivated 

[Ω] 

Rrecovered 

[Ω] 

Rrecovered/ 

Rpassivated 

[%] 

Recovery 

[%] 

TiO
x
 53 1.21E5 3.74E3 3% 97% 

TiO
x
:Nb 510 2.99E4 1.46E4 50% 50% 

 

For both materials a fast passivation under anodic polarization was observed and 

after subsequent cathodic polarization of passivated samples, a partial recovery of 

CT was achieved. Therefore, shorter polarization cycles were applied to avoid full 

passivation and allow for recovery between anodic polarization steps. Figure 5.6 

shows consecutive cycles of 15 s at 5 mA cm-2 followed by 15 s at  

-5 mA cm-2. Clearly, for both electrode materials the passivation was suppressed 

compared to the continued polarization experiments, likely due to the short time of 

oxidative polarization followed by an immediate recovery step. Therefore, the 

operation time could be significantly extended and both electrodes operated in total 

for 1800s; equal to 900 s of oxidative conditions, which is 2.5 times longer for the 
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TiOx:Nb and 6.5 times longer for the TiOx electrode. The superior enhancement of 

operation time for TiOx compared to TiOx:Nb can be explained by the enhanced 

recovery for TiOx (see Figure 5.5, Table 5.1). In general, the enhancement in lifetime 

for TiOx during polarization cycling is in agreement with observations for cathodized 

titanium nanotubes.2 By Nb doping of the TiOx a less steep increase in potential 

compared to undoped TiOx was achieved, which is in agreement with the results at 

constant current conditions (Figure 5.4). However, the observed passivation of the 

electrodes during oxidative polarization is still dominating, and the recovery of CT 

is so far inferior under the studied conditions.  

a)

 

b)

 
c)

 

 

Figure 5.6. Fast polarization switch measurements between +5 mA cm-2 (15 s) and  

-5 mA cm-2 (15 s) in 0.5 mol L-1 Na2SO4 for enhanced lifetime experiments. a) TiOx:Nb 

(blue: fast polarization switch, black line: constant current at +5 mA cm-2); b) TiOx (red: 

fast polarization switch, grey line: constant current at +5 mA cm-2); c) overlay of fast 

polarization switch graphs for the full time of the experiment (t = 30 min) 

0 50 100 150 200 250 300 350 400 450 500 550 600
-2

0

2

4

6

8

10

E
 (

V
 v

s
. 

R
H

E
)

time (s)

 TiO
x
:Nb_+5mA*cm

-2

 TiO
x
:Nb_+/-5mA*cm

-2

0 50 100 150 200 250 300 350 400 450 500 550 600
-2

0

2

4

6

8

10

E
 (

V
 v

s
. 
R

H
E

)

time (s)

 TiO
x
_+5mA*cm

-2

 TiO
x
_+/-5mA*cm

-2

0 200 400 600 800 1000 1200 1400 1600 1800
-2

0

2

4

6

8

10

12

E
 (

V
 v

s
. 
R

H
E

)

time (s)

 TiO
x
:Nb_+/-5mA*cm

-2

 TiO
x
 _+/-5mA*cm

-2



Chapter 5 

136 

The overall poor oxidative stability observed here for Nb doped and Nb free TiOx as 

compared to literature might be attributed to several reasons or even combinations 

of them. For example, materials reported were prepared by different preparation 

methods (e.g. reductively annealed samples; high temperature annealing for 

formation of ceramic materials). Moreover, different structures or morphologies 

were studied (e.g. nanotubes with large surface areas). In addition, the absence of 

catalytic particles in this study (e.g. favoring OER instead of substrate oxidation) or 

in general variations of conditions such as applied current densities and real surface 

areas, likely contribute to different material performances. Due to hydrogen 

embrittlement and poor reproducibility during material preparation by annealing in 

hydrogen atmosphere, a comparison between cathodized and hydrogen annealed 

TiOx and TiOx:Nb was not possible. Nevertheless, Nb doping and application of 

reversible polarization is promising to enhance the lifetime of cathodized TiOx 

electrodes. Further optimization of the preparation (e.g. a combination of H2 

annealing with cathodic doping), along with optimizing conditions during 

polarization cycling will likely result in further lifetime improvements of the 

electrode materials.  

5.4 Conclusions  

Electrochemical reduction of Nb doped and undoped TiO2 resulted in superior CT 

properties for TiOx compared to TiOx:Nb (under the tested conditions of this study). 

Using X-ray photoelectron spectroscopy, pentavalent Nb and tetravalent Ti were 

identified as main valence states at the (sub-)surface of the materials before and after 

cathodization. The TiO2:Nb substrates show a higher HER activity compared to 

TiO2, likely leading to inferior H-doping during cathodization, thus explaining the 

inferior CT properties obtained for TiOx:Nb. However, the Nb has a positive 

influence on the oxidative stability of TiOx:Nb; unfortunately, fast passivation was 

observed under oxidative conditions. For both materials, Nb-doped and undoped 

TiOx, recovery of CT properties after passivation by polarization switch in neutral 

media is promising, whereas TiOx shows superior recovery due to the absence of Nb. 

Fast polarization cycling clearly extended the lifetime of the electrodes due to the in-

between recovery steps; however, the recovery rate was inferior compared to the fast 

passivation under oxidative conditions observed in this study.  
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5.7 Appendix 

a)

 

b)

 
Figure A5.1. XRD of a) TiO2 and b) TiO2:Nb substrates after annealing at 450⁰C. For both 

substrates, Nb-doped and undoped TiO2 are present in Rutile phase.  
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a)

 

b)

 
c)

 

d)

 

Figure A5.2. Determination of the electrochemical active surface area (ECSA) via double 

layer capacitance (cdl). CVs in a non-faradaic potential region were recorded in 

background electrolyte [0.5 mol L-1 Na2SO4] at various scan rates (5, 10, 25, 50, 75, 

100 mV s-1). The linear correlation between (Ia-Ic)/2 vs. scan rate is shown for a) TiOx:Nb; 

b) TiOx; c) TiO2:Nb and d) TiO2. The slope is giving the cdl representative for the ECSA. 
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Figure A5.3. ECSA (cdl) corrected CV of Fe2+/3+ oxidation and reduction. CT of TiOx is 

superior than for TiOx:Nb 

 

 

a)

 

b)

 
Figure A5.4. CT measurements of initial TiO2 and TiO2:Nb (tc = 0 min); a) CV of Fe2+/3+ 

oxidation and reduction; b) EIS (TiO2 2x105 Ω, TiO2:Nb 8x104 Ω) 
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a)

 

b)

 
c)

 

 

Figure A5.5. XPS survey spectra of a) TiOx:Nb (tc = 180 min), b) TiO2:Nb (tc = 0 min) 

and c) TiOx (tc = 180 min). Except Nb, no difference between doped and undoped TiOx is 

observed. For all samples a Ti/O ratio of ≈ 0.41-0.42 is determined. 
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a)

 

b)

 
c)

 

d)

 
Figure A5.6. [a – d] SEM-EDX mapping analysis: a) SEM image of TiOx:Nb with b) Ti 

distribution, c) oxygen distribution, d) Nb distribution. Images were taken after CT 

characterization. No difference for the TiOx:Nb sample compared to non-cathodized 

TiO2:Nb was observed 
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e)

 
 

f)

 

g)

 

 

Figure A5.6. [e - g] e) SEM image of TiOx with f) Ti distribution, g) oxygen distribution. 

Images were taken after CT characterization.  
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a)

 

b)

 

c)

 

d)

 
Figure A5.7. XPS core spectra of Nb doped and Nb free TiO2 and TiOx. a) O 1s and b) 

C1s for Nb doped TiO2 before and after cathodization; c) Ti 2p and c) O 1s of Nb free 

TiO2 and TiOx 

 

 

 

 

 

 

 

 

538 536 534 532 530 528 526
0.0

0.2

0.4

0.6

0.8

1.0
O 1s TiO

2
:Nb

 TiO
x
:Nb

In
te

n
s
it

y
 (

~
 C

P
S

)

Binding energy (eV)

294 292 290 288 286 284 282 280 278
0.0

0.2

0.4

0.6

0.8

1.0
C1s

 TiO2:Nb

 TiOx:Nb

In
te

n
s
it

y
 (

~
 C

P
S

)

Binding energy (eV)

468 466 464 462 460 458 456 454 452
0.0

0.2

0.4

0.6

0.8

1.0
Ti 2p

3/2

Ti 2p
1/2

 TiO
x

 TiO
2

In
te

n
s
it

y
 (

~
 C

P
S

)

Binding energy (eV)

538 536 534 532 530 528 526
0.0

0.2

0.4

0.6

0.8

1.0
O 1s TiO

x

 TiO
2

In
te

n
s
it

y
 (

~
 C

P
S

)

Binding energy (eV)



Chapter 5 

148 

a)

 

b)

 

c)

 

 

Figure A5.8. a) Cathodization current densities of TiOx and TiOx:Nb at -0.5 V vs. RHE 

in 1 mol L-1 H2SO4 (no significant HER); b) Fe2+/3+ redox couple CV and c) EIS 

measurements after cathodization. Although TiOx:Nb shows superior CT properties after 

cathodization, TiOx shows a higher relative improvement in CT resistance (Table A5.1). 

 

Table A5.1. Resistance of initial Nb doped and undoped TiO2 and after cathodization at 

-0.5 V vs. RHE or -0.8 V vs. RHE in 1 mol L-1 H2SO4.  
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Figure A5.9. CT characterization of TiOx and TiOx:Nb (tc = 180 min). The CV of Fe2+/3+ 

oxidation and reduction showing passivation already in the 1st cycle 

 

Table A5.2. Resistance of Nb doped and undoped TiO2 before and after cathodization in 

0.5 mol L-1 Na2SO4 for 15 min at -5 mA cm-2 
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a)

 

b)

 
c)

 

d)

 

Figure A5.10. Cathodization at -5 mA cm-2 in Na2SO4 electrolyte [0.5 mol L-1] of a) 

passivated Nb doped and Nb free TiOx and b) pristine TiO2:Nb and TiO2. In both cases, 

for the Nb doped material a lower potential is necessary, in agreement with the superior 

HER; c) Fe2+/3+ redox couple CV and d) EIS measurements after cathodization of pristine 

TiO2:Nb or TiO2. TiOx shows better CT properties after cathodization and a higher degree 

of CT-R reduction (see also Table A5.2) 
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Chapter 6 

Cathodic reduction of oxychlorides in 

electrooxidized saline water 

The formation of toxic oxychlorides, such as hypochlorite and chlorate, is a crucial drawback 

in electrochemical advanced oxidation processes for saline wastewater treatment. The 

oxidation of ubiquitous chloride is difficult to avoid at potentials required for hydroxyl 

radical formation, and a reductive post-treatment step for electrooxidized saline water to 

minimize the oxychloride concentration and thereby the toxicity of the water is required. In 

this study, various electrode materials, namely Ti, platinized Ti, electrochemically reduced 

TiOx and Ir and/or Ru-mixed metal oxide electrodes were evaluated for their performance in 

reduction of low concentrations of hypochlorite and chlorate. Faradaic efficiencies, kinetic 

rate constants and energy consumption were analyzed. None of the electrodes showed 

reduction of chlorate under the conditions studied. However, significant removal of 

hypochlorite was observed, with Ti electrodes being most effective. RDE experiments 

revealed that hypochlorite reduction on Ti and Pt electrodes is mass transport limited. On the 

contrary, Ir and Ru mixed metal oxide electrodes showed low activity. Application of novel 

porous Ti based hollow-fibre electrodes, using inert gas purging through the fibre, leads to 

significant improvements in the rates of hypochlorite reduction, confirming mass transport 

limitations apply for Ti. Toxicity tests confirm the enhanced removal using the fibre 

electrodes, showing a reduction in toxicity of more than 30 times (based on the half maximal 

effective concentration) within 24 h of reductive treatment, in comparison to non-treated 

water.  

 

 

 

 

 

 
This chapter is based on R. Brüninghoff, P. Saha, P. M. Krzywda, A.W. Jeremiasse, G. Mul, B. Mei, Cathodic 

reduction of oxychlorides in electrooxidized saline water; in preparation 
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6.1 Introduction  

During electrochemical advanced oxidation process (EAOP) the oxidation of 

chloride (ubiquitous for many industrial wastewaters1) is difficult to avoid because 

of the high anodic potentials necessary for hydroxyl radical formation (E0 = 2.7 V).2 

This is due to the fact that the chlorine evolution reaction (ClER) has a lower 

standard potential of formation (E0= 1.36 V) and favorable kinetics.3,4 Thus, besides 

the formation of chlorinated organics significant amounts of hypochlorite, chlorate 

and sometimes even perchlorate are generated during the treatment of saline 

wastewater.5–9 For example concentrations up to 100 mg L-1 free chlorine (FC = 

Cl2(dissolved) + HOCl + OCl-) have been observed6,10–12 along with similar amounts for 

chlorate7,13 (see also Chapter 3). Sometimes even higher values have been reported. 

For example Jasper et al. observed up to ≈ 2.8 g L-1 FC and ≈ 6.3 g L-1 of ClO3
-.8 The 

formation of oxychlorides is problematic, not only due to the hypochlorite induced 

chlorination of organic compounds (as discussed in Chapter 2),10 but also because of 

the increase in toxicity of the treated water.14 Both, hypochlorite and chlorate are 

listed in the globally harmonized system (GHS) as (very) toxic to aquatic life causing 

long lasting effects and are thus detrimental for the environment.14–16 Moreover, 

because of the toxicity, the world’s health organization (WHO) recommends 

drinking water not to exceed 0.7 mg L-1 of chlorate.17 Therefore, discharging of high 

concentrations of oxychlorides in surface water must be avoided. 

 

As a potential solution, a reductive treatment of oxychlorides in combination with 

the EAOP has been suggested by Garcia-Segura et al.13 and was first demonstrated 

by Drennan et al.12 A reduction of free chlorine of about 50% during a post-treatment 

using BDD, graphite or stainless-steel cathodes has been reported. Looking at the 

EAOP, in general the CE is used to produce hydrogen (as side product). 

Alternatively, the CE can be used for the reduction of oxychlorides or chlorine 

containing organic molecules, thus to reduce the overall toxicity.12 The overall 

principle is shown in Scheme 6.1. For the electrochemical process the oxidation and 

reduction reaction are spatially separated. A cathode needs to be developed, to 

achieve high removal rates and low kinetic barriers. In addition, the reductive post-

treatment step can have a beneficial effect on the reductive dehalogenation of 

halocarbons.12,18–21 
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Scheme 6.1. Post-treatment step of electrooxidized saline water to reduce oxychlorides and 

lower the overall toxicity. 
 

The electrochemical reduction of oxychlorides is well known and should be 

prevented in the industrial electrochemical production of chlorate, which is 

performed at elevated temperatures, high electrolyte concentrations and high current 

densities.3,22–27 In general, the electrochemical reduction of hypochlorite and chlorate 

occurs following the reactions shown in Eq. 6.1-6.3:28  

 

HClO + H+ + 2 e- ↔ Cl- + 2 OH-   1.482 V  (Eq. 6.1) 

ClO- + H2O + 2 e- ↔ Cl- + 2 OH-   0.81 V  (Eq. 6.2) 

ClO3
– + 3 H2O + 6 e- ↔ Cl- + 6 OH-  0.62 V  (Eq. 6.3) 

 

The reduction of hypochlorite (Eq. 6.1 and Eq. 6.2) is a fast reaction, often limited 

by diffusion.24,27,29–34 The reaction follows first order kinetics proceeding in two steps 

(Eq. 6.4  and Eq. 6.5), where the adsorption of hypochlorite on the electrode surface 

(Eq. 6.4) is the rate limiting step:29,30,35  

 

ClO- + H2O + e- ↔ Clad + 2OH-   (Eq. 6.4) 

Clad + e- ↔ Cl-    (Eq. 6.5) 

 

In contrast, the reduction of chlorate to chloride is more complex involving eight 

electrons and depends strongly on the electrode material.24,27,36,37 Tilak et al.36 did 

not observe any chlorate reduction for Ni, Co, Mo, Ti, Hg and graphite electrodes. 
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Only iron and iron oxide electrodes showed chlorate reduction at 95 °C. Hine et al.31 

did not observe chlorate reduction for Pt electrodes at room temperature. In contrast, 

Cornell et al.33 observed ClO3
- reduction on Pt electrodes at 70 °C; however, the 

reduction rates observed for Pt were inferior compared to iron electrodes. For RuO2 

electrodes the chlorate reduction was described to be very effective (studied at 70 °C; 

current efficiency for hydrogen evolution reaction (HER) was only 5%).38 Moreover, 

Brown et al. observed reduction of chlorate on Ti electrodes at 30 °C proposing a 

stepwise reduction of chlorate via formation of intermediates.39 In addition, for TiOx 

nanotubes the reduction of ClO3
- was observed leading to a lower degree of chlorate 

(and also hypochlorite) formation during EAOP, when the cell was operated in a 

polarization switch mode.40  

 

The diffusion limitation of the oxychloride reduction reactions is problematic in 

order to achieve a high removal rate, especially for lower concentrations. Thus, the 

electrode and process conditions need to be designed to minimize mass transport 

limitations. Recently, Jong et al. developed porous Ti hollow fibre electrodes with a 

rough and large surface area due to the morphology of the electrodes consisting out 

of sintered Ti particles.41 Moreover, the application of a gas flow through the fibre 

(inside-out flow) introduces a vigorous mixing of the electrolyte close to the 

electrode-electrolyte interface because of gas bubbles, thus inducing favorable mass 

transport conditions.  

 

In this study the removal of hypochlorite and chlorate by electrochemical reduction 

is studied in a two-compartment cell under conditions resembling electrooxidized 

water after anodic treatment (i.e. room temperature, relatively low oxychloride and 

electrolyte concentrations). Various electrode materials, namely Ti, Pt and 

commercially available mixed metal oxide electrodes (MMO) based on IrO2 and/or 

RuO2 (mixed with TiO2) are evaluated, since their activity for oxychloride reduction 

has been proposed in literature and the materials are either a suited base material for 

the fibre or could serve for their modification (e.g. deposited as electrocatalyst). 

Additionally, home-made TiOx electrodes (see Chapter 4) are characterized for their 

activity to reduce hypochlorite and chlorate. In particular, the activity of TiOx is of 

interest, since the cathodic reduction of oxychlorides could be combined with 

lifetime enhancement during polarization cycling, as discussed in Chapter 5. The 

suitability of the various electrode materials is evaluated from several points of view, 

i.e. removal of hypochlorite and chlorate, kinetics, Faradaic efficiency (FE), energy 
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consumption, and mass transport limitations. In addition, the effect of the reductive 

treatment on the toxicity of the water is discussed. 

6.2 Materials and methods 

6.2.1 Chemicals, materials and equipment 
 

The following chemicals, materials and equipment were used in this study: Na2SO4 

(> 99.0%, Sigma Aldrich), NaCl (≥ 99%, Sigma Aldrich); demineralized water 

(MQ water; Merck MilliQ system, resistivity > 18MΩ cm), NaClO solution (11-

14% available chlorine, Alfa Aeasar), NaClO3 purified (recrystallized grade; 

Nouryon Pulp and Performance Chemicals AB Bohus, Sweden). 

Ti plates (2.5 x 2.5 cm, 1 mm thickness, Ti grade 1 [> 99.7%], P/N “C1148”), 

platinized Ti electrodes (Ti/Pt), IrMMO electrodes (P/N “CHH”), RuIrMMO 

(P/N “INS”) and RuMMO (P/N “DFG”) were provided by Magneto special anodes 

B.V. TiOx electrodes were prepared as described in Chapter 4 (deviation: cathodized 

geometric surface was 3.14 cm2). Ti fibre electrodes were prepared according to a 

method described in the literature.41  

Ti and Pt RDE (5 mm outer diameter x 4 mm thickness) were purchased from 

Equilabrium (Lyon, France). MMO coatings were applied on Ti disk electrodes by 

Magneto special anodes B.V.  

 

Electrochemical experiments were carried out using a polytetrafluoroethylene based 

custom-made two-compartment reactor with glass walls. A Nafion N115 cation 

exchange membrane (Ion Power, Germany) was used to separate the two 

compartments. An IrMMO coated mesh (Magneto special anodes B.V.) was used as 

counter electrode (CE). The cell volume of the working electrode (WE) compartment 

was approx. 100 mL. All plate electrodes had a geometric surface area of 3.14 cm2. 

A Biologic SP-300 or VSP-9 potentiostat, controlled by EC-lab software was used. 

Experiments were performed in a three-electrode set-up using a Ag/AgCl electrode 

(3 M NaCl, BASi) as reference electrode (RE), except for the Ti-fibre experiments, 

which were carried out in a two-electrode set-up. The stability of the RE was 

monitored using a master-RE (Ag/AgCl; 3 M NaCl, BASi).  

 

RDE studies were carried out with a Waver Vortex electrode rotator and a RDE glass 

cell [V = 150 mL] (both Pine Research, USA). A Pt-CE was used in a CE 

compartment separated by a glass frit.  
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6.2.2 Degradation experiments  

Solutions with a starting concentration of c0 ≈ 100 mg L-1 FC or chlorate were 

prepared in Na2SO4 [4 g L-1] + NaCl [0.5 g L-1] background electrolyte, to mimic 

electrooxidized wastewater (related to the Water Nexus project). The solution for 

hypochlorite experiments were always directly prepared before the experiments. A 

volume of 100 mL solution was filled in the WE compartment. The CE compartment 

was filled with only Na2SO4 electrolyte [4 g L-1]. A current density of 2.5, 5.0 or 

10.0 mA cm-2 was applied. The reactor was continuously stirred using a magnetic 

stir bar (350 rpm). During the experiments samples for analysis were taken every 

hour (if not otherwise stated) using a syringe. 

 

Hypochlorite reduction experiments using a Ti hollow fibre were carried out in the 

same reactor. The fibre were connected to a Swagelok tube (using epoxy-resin). An 

inert Argon flow of 20 mL min-1 was applied, since this typically yields optimized 

mass transfer behavior.42 The electrolyte was pre-purged for 45 min before a current 

was applied (the c0 measurement was performed after 30 min). For reference, 

degradation rates were also determined for a fibre without Ar-purge, while 

maintaining an Ar blanket above the solution after the pre-purge. 

6.2.3 Analysis  

The FC concentration was determined using a Hanna Instruments Free Chlorine 

photometer (HI 96711) and reagents (HI-93701) based on the DPD-method (using 

N,N-diethyl-p-phenylenediamine reagent). Samples were measured directly or after 

dilution (dilution factor = 25; concentration rage of measurement 0.00 –  

5.00 mg L-1). Measurements were carried out in duplicate. The relative standard 

deviation of the measurements was determined as 2% (based on seven measurements 

at c0 ≈ 100 mg L-1). CAL CheckTM standards (HI-96771-11) of Hanna Instruments 

were used for photometer validation. 

 

The chlorate and chloride concentrations were determined using a Thermo Scientific 

Dionex Ultimate 3000 ion chromatograph (IC) equipped with an autosampler and a 

Dionex Ion Pac AS14A analytical column using a hydroxide gradient. Samples were 

diluted (1:10), filtered with a Phenex RC membrane filter (0.2 µm; Phenomenex) 

and measured in duplicate. The retention time of Cl- was 6.5 min, and for 

ClO3
- 7.6 min.  
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The acute toxicity of the samples was measured by a Microtox® toxicity test kit 

(model 500). Vibrio fischeri bacteria, purchased from Hach Lange France SAS, were 

diluted with the sample and exposed for 15 min. Afterwards, the toxicity was 

determined by measuring the toxicity induced reduction in light emission of the 

bacteria. CuSO4 was used as a toxic control sample and MQ water was used as blank 

control to verify the analytical method. Measurements were carried out in triplicate. 

6.2.4 RDE experiments 

For RDE experiments the same solutions were used as described for the degradation 

experiments. The solutions were purged with N2 before (≥ 30 min) and during the 

CV measurements. The CV were recorded in the potential range of interest with a 

scan speed of 100 mV s-1. All CV are iR drop corrected (electrical impedance 

spectroscopy was used to determine the iR drop). Three consecutive CV cycles were 

recorded at 0, 100, 400, 900, 1600 and 2500 rpm for each experiment. The third 

cycle resulted in reproducible CV (compared to 2nd cycle) and was used for analysis.  

6.3 Results and discussion 

6.3.1 Reduction of hypochlorite at various electrodes 
 

The reduction of hypochlorite was monitored as FC concentration (the sum of 

dissolved chlorine, hypochlorous acid and the hypochlorite ion). Since the pH of the 

hypochlorite solution was ≈ 10, the hypochlorite ion is the dominating species in the 

solution43 and can be directly correlated to the FC measurements. In Figure 6.1 the 

removal of hypochlorite at -2.5 mA cm-2 is shown (for (c/c0) vs. time plot see 

Figure A6.1a). After 7 h of reductive treatment Ti, Ti/Pt, IrRuMMO and RuMMO 

showed a removal of ≥ 50%, whereas Ti showed the highest removal of 59%. In 

contrast, for IrMMO and TiOx electrodes a removal of only 38% or 41% was 

achieved respectively. Removal due to non-electrochemically induced reduction 

(e.g. by light) was determined to be ≤ 5% and can be neglected (Figure A6.1b). The 

removal was corrected for membrane cross-over losses, which were in general small 

(< 5%). For all electrodes apparent first order kinetics were observed as shown in 

Figure 6.1b, in agreement with studies of OCl- reduction on Pt electrodes.30,35 For Ti, 

Ti/Pt, IrRuMMO and RuMMO, reduction rate constants of ≥ 0.1 h-1 were obtained 

with Ti showing the highest reduction rate constant (0.13 h-1) and IrMMO (0.07 h-1) 

and TiOx (0.08 h-1) the lowest as expected by the determined overall removal.  
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a)

 

b)

 
Figure 6.1. Reduction of hypochlorite [measured as FC (free chlorine), c0 ≈ 100 mg L-1] 

using various electrodes (Ti, Ti/Pt, TiOx, IrMMO, IrRuMMO and RuMMO) at a constant 

current of -2.5 mA cm-2; a) removal of FC after 7 h of treatment; b) 1st order degradation 

plots for the various electrodes tested. [See color codes for electrode composition] 

 

Figure 6.2 provides an overview of the obtained FE for FC removal as a function of 

the determined rate constants for hypochlorite reduction (Figure 6.2a) and applied 

current densities (Figure 6.2b). Values for FC removal, FC reduction rate constants, 

Faradaic efficiencies and double layer capacitance (cdl; corresponding to the 

electrochemical active surface area; see Figure A6.2 for cdl determination) of the 

electrodes are summarized in Table A6.1. Further hypochlorite removal curves along 

with first order degradation plots and kinetic rate constants along with FE are 

provided in the appendix (Figure A6.3; Figure A6.4; Table A6.2). A general trend 

for decreasing FE with increasing current density can be observed. Increased current 

densities resulted in higher rate constants for the hypochlorite removal. Nevertheless, 

at higher current densities the competitive reaction, i.e. the hydrogen evolution 

reaction (HER), limits hypochlorite reduction.24,30,33,34 Given the fact that only at low 

current densities, i.e. at -2.5 mA cm-2 the most significant differences between the 

electrodes compositions were resolved, -2.5 mA cm-2 was considered as optimum 

current density (of the experimental set-up) for further evaluation. At this current 

density, the following trend in FE was observed Ti (11.2%) > Ti/Pt (10.2%) ≈ 

IrRuMMO (9.7%) ≈ RuMMO (9.5%) > TiOx (7.7%) > IrMMO (7.2%), obviously in 

agreement with the trend for the rate constants determined. Considering the strong 

variations in the ECSA (Table A6.1), it can be concluded that Ti (and to a lesser 

extend also TiOx) have the highest activities per electrochemical active site for 
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hypochlorite reduction (see also Figure A6.5). The noble metal catalysts investigated 

are less effective due to the excessive formation of hydrogen.  

 

a)

 

b)

 

Figure 6.2. Faradaic efficiency of hypochlorite reduction (measured as FC,  

c0 ≈ 100 mg L-1) for various electrodes (Ti, Ti/Pt, TiOx, IrMMO, IrRuMMO and RuMMO) 

and various current densities (-2.5 mA cm-2, -5 mA cm-2 and -10 mA cm-2) are shown in 

a) vs. reduction rate constants; b) vs. applied current density. 

 

In addition, rotating disc electrode (RDE) experiments were performed for all 

electrodes except TiOx (not available in the electrode configuration required) to 

characterize the electrochemical reduction of hypochlorite in more detail. The CVs 

recorded for the sulfate electrolyte in the absence or presence of hypochlorite are 

shown in the appendix (Figure A6.8 shows the overlay of CV recorded at 2500 rpm, 

Figure A6.9 shows the CV recorded at various scan speeds for the hypochlorite 

reduction). The hypochlorite reduction on Pt occurred at < 1.3 V vs. RHE, which is 

in good agreement with literature.32,44 For Ti a more negative potential was necessary 

(< 0.2 V vs. RHE) indicating a higher overpotential for the hypochlorite reduction.34 

For both electrodes a mass transport limited region was observed, confirmed by the 

straight correlation between the current densities and square root of the angular 

velocity (R2 ≥0.995) in the Levich analysis shown in Figure 6.3, which is in 

agreement with literature.30,32–34 For the MMO coated RDE hypochlorite reduction 

was observed < 0.75 V vs. RHE for IrMMO or < 0.5 V vs. RHE for RuMMO and 

IrRuMMO respectively, in agreement with literature confirming a higher 

overpotential necessary compared to Pt.38 In contrast to Pt or Ti, plateaus in the CV 

were absent. Therefore, a Koutecký-Levich plot was used for analysis and is shown 

in Figure 6.3b. The extrapolated y-axis intercept ≠ 0 is a clear indication, that the 
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MMO electrodes have a low activity for the hypochlorite reduction. Thus, further 

improvements require catalyst modification. In contrast, for Ti and Pt the removal 

efficiency can be improved by enhancing mass transport. Therefore, a smart 

electrode design e.g. by hollow fibre based on abundant Ti, would allow for a large 

number of active sites and mitigation of mass transport limitations. Moreover, a high 

surface roughness of electrodes has been reported being beneficial for the reduction 

of hypochlorite.27,34,45  

 

a)

 

b)

 
Figure 6.3. Analysis of mass transfer limitations for hypochlorite reduction  

[c ≈ 100 mg L-1 FC] using RDE. a) Levich analysis for hypochlorite reduction at Ti and 

Pt indicating a mass transport limited reaction; b) Koutecký-Levich analysis for 

IrMMO/Ti, IrRuMMO/Ti, RuMMO/Ti indicating a low activity for the reaction. [Current 

densities were normalized by cdl to correct for differences in the ECSA (see Figure A6.6 

for cdl determination); Koutecký-Levich analysis for Ti and Pt as well as Levich analysis 

for MMO electrodes is shown in Figure A6.7] 

 

In Table A6.3, to underline that Ti is a beneficial electrode material, the energy 

consumption (based on the overall cell potential) is shown. The following trend was 

observed: Pt ≈ IrMMO < IrRuMMO ≈ RuMMO < Ti < TiOx, which is in agreement 

for the HER overpotential of the individual electrodes. However, for the energy 

consumption per removal of hypochlorite, the trend changed according to the 

following order: Pt < Ti < IrRuMMO < RuMMO < IrMMO < TiOx. Here, Pt and Ti 

show the lowest energy consumption, in accordance with the determined FE. 

Furthermore, for IrMMO and TiOx the highest energy consumption per hypochlorite 

removal was determined. Consequently, these materials are less suited for 

hypochlorite reduction.  
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6.3.2 Reduction of chlorate at various electrodes 

In addition to the reduction of hypochlorite, the reduction of chlorate was studied. 

Due to the severe mass transfer limitations observed for hypochlorite reduction 

similar conditions as for the hypochlorite reduction were used (i.e. -2.5 mA cm-2, 

c0 = 100 mg L-1 ClO3
-, Na2SO4 + NaCl as supporting electrolyte). In Table 6.1 the 

chlorate concentrations after 7 h of continuous reductive treatment are summarized. 

For all electrodes studied, chlorate reduction was negligible and within the error of 

the measurement. Moreover, the chloride concentration kept constant during the 

experiments and no formation of FC (as potential intermediate) was observed. The 

results are interesting, because several reports in literature propose or show the 

electrochemical reduction of chlorate as described in the introduction.33,36,38,39 An 

explanation might be the different conditions applied in this study. For example, the 

reduction of chlorate is in particular studied in the context of the chlorate process at 

elevated temperatures (e.g. ≥ 70⁰C) and higher concentrations applied in the present 

study.33,36,38 Moreover, Cornell et al.38 observed an increased gas evolution (HER) at 

lower temperatures using RuO2 electrodes. In addition, Hine et al. 31 did not observe 

any activity for chlorate reduction at Pt electrodes at room temperature. Therefore, 

it is likely that the elevated temperature reduces the kinetic barrier for chlorate 

reduction. The explanation is in agreement with Bancroft et al. 46 reporting higher 

stability of chlorate against reduction compared to hypochlorite. Moreover, Booth et 

al.37 described the chlorate reduction as being activation controlled. Another 

explanation could be a (self-)inhibiting effect of (formed) Cl- ions adsorbed on active 

sites blocking further reduction reactions as proposed for perchlorate reduction;39,47 

however, since the hypochlorite reduction proceeds easily in chloride containing 

solution this explanation seems less likely. The absence of electrochemical activity 

for chlorate reduction has been confirmed by CV (Figure A6.8). Thus, the 

electrochemical reduction of chlorate is not feasible under the conditions applied in 

this study. 

 

 

 

 

 

 

 



Chapter 6 

162 

Table 6.1. Chlorate, chloride and FC concentration after 7 h of reduction for various 

electrodes (Ti, Ti/Pt, TiOx, IrMMO, IrRuMMO and RuMMO) at -2.5 mA cm-2 

[c0 = 100 mg L-1] 

Electrode 
ClO3

- c(t7)/c(t0) 

[%] 

Cl- c(t7)/c(t0) 

[%] 

FC (t7) 

[mg L-1] 

Ti 99 103 0 

TiPt 101 102 0 

TiOx 99 101 0 

IrMMO 99 99 0 

IrRuMMO 99 98 0 

RuMMO 100 100 0 

 

6.3.3 Hypochlorite reduction for toxicity removal using Ti hollow 

fibre electrodes 

Ti hollow fibre were tested for hypochlorite reduction. A SEM cross-sectional image 

of the electrodes and the hypochlorite removal experiments, along with toxicity tests 

are shown in Figure 6.4. The SEM image (Figure 6.4a) shows a highly porous fibre 

(pore sizes 1.3 – 2.9 μm; outer diameter 1.9 mm) with a rough surface.41 The 

reduction of hypochlorite is shown in Figure 6.4b. Under Ar purge conditions a 

clearly improved FC removal is observed. Already after 7 h a removal of 91% was 

obtained, corresponding to a rate constant of 0.35 h-1 leading to a FE of 31.5%, 

whereas under non-purge conditions only 43% was removed (0.08 h-1; 16.4% FE). 

After 24 h 99% removal was achieved (86% for non-purge conditions). Since the Ar 

purge itself did not influence the FC concentration, the enhanced FC removal is 

solely attributed to the favorable mass transport conditions. The remarkable 

improvement in FE obtained, with Ar purge (approx. 3 - 5 times higher) and even 

without Ar purge (approx. 1.5 - 2.5 times higher), compared to the flat Ti plate 

electrodes (Figure 6.2; having a 3.5x larger geometric surface area [0.15 h-1 at  

-5 mA*cm-2]), indicate that a larger active surface area of the fibre electrodes due to 

their surface morphology contributed additionally to the enhanced removal. Overall, 

the results show that the application of Ti hollow fibre for hypochlorite reduction 

improves the removal tremendously.  
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a) 

    

b)

 
c) 

 

 

Figure 6.4. a) SEM cross sectional image of a Ti hollow fibre electrode showing a highly 

porous structure. The gas flow is inside-out, inducing strong electrolyte mixing at the 

electrode-electrolyte interface enhancing mass-transport. b) removal of hypochlorite 

[c0 ≈ 100 mg L-1 FC] at -4.5 mA cm-2 for 24 h using porous Ti hollow fibre electrodes with 

and without Ar purge (20 mL min-1) for enhanced mass transport. c) Toxicity of water 

samples containing hypochlorite before (t0) and after 7 h and 24 h of reductive treatment 

with and without Ar purge shown as a function of dilution for toxicity measurements. The 

vertical dashed lines indicate the dilution factor necessary to reach a relative toxicity level 

of 50% corresponding to the half maximal effective concentration (EC50). 

 

Finally, toxicity measurements have been carried out to assess the toxicity of the 

water before and after reductive treatment. Figure 6.4c shows the relative toxicity, 

determined by the inhibition of light emission from Vibrio fischeri bacteria (see 

experimental part for more information), as a function of dilution factor (f) of the 

water. After 24 h of reductive treatment under enhanced mass transport conditions 

(Ar purge) the relative toxicity was reduced to 68%, whereas for 7 h or non-Ar-purge 
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conditions higher dilution was necessary to observe a reduction in the relative 

toxicity. For the stock solution and the water treated for only 7 h without Ar purge, 

the toxicity was for all dilutions 100%, due to the high initial or residual hypochlorite 

concentration respectively. In order to compare the reduction of the relative toxicity 

before and after the treatment, the dilution factor necessary to reach the half maximal 

effective concentration (EC50; corresponding to a relative toxicity of 50%) was 

determined. For the water treated for 24 h (under Ar purge) a dilution of only ≈1.3 

was necessary (Figure 6.4c), whereas for the non-treated water (t0) a dilution of more 

than 40 times was necessary (Figure A6.10). Thus, the relative toxicity of the treated 

water could be lowered by a factor of ≈31 (based on the dilution factors necessary 

to reach EC50). 

 

Overall, an effective hypochlorite removal during the reductive treatment, as 

achieved under Ar-purge conditions, is most beneficial to obtain low toxicities. Still, 

residual hypochlorite results in significant relative toxicities, thus an even more 

effective hypochlorite removal is necessary. Further electrode as well as reactor and 

process optimization likely result in improved hypochlorite removal. 

6.4 Conclusions  

In this study the removal of toxic hypochlorite and chlorate by electrochemical 

reduction was investigated to reduce the overall toxicity of electrooxidized water. 

Various electrode materials, namely Ti, platinized Ti, Ir and Ru based mixed metal 

oxides and self-made TiOx were evaluated. For all electrodes removal of 

hypochlorite followed apparent first order kinetics at the lowest current densities 

applied. The highest removal along with highest FE were obtained for Ti electrodes. 

The reduction of hypochlorite is mass transport limited on Ti and Pt electrodes, 

whereas the Ir and Ru-MMO based electrodes showed low activity as verified by 

RDE experiments. In contrast to the reduction of hypochlorite, no reduction of 

chlorate was observed for all studied electrodes, which can be likely attributed to the 

conditions of this study (i.e. reduction was studied only at room temperature). The 

application of novel Ti based hollow fibre electrodes and inert gas flow (inside-out) 

induced vigorous mixing of the electrolyte close to the liquid-solid interface 

resulting in favorable mass transport. As a consequence, clearly improved 

hypochlorite removal was achieved leading to 99% removal within 24 h (>90% 

within first 7 h). The experiments show that a smart electrode design is beneficial to 
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achieve high hypochlorite removal rates. Finally, toxicity measurements before and 

after the reductive treatment showed a clear reduction in the toxicity of the water, 

confirming the suitability of the reductive post-treatment approach for remediation 

of electrooxidized wastewater. Electrode and process optimization will likely result 

in further improvements. For example, modification of Ti fibre by deposited Pt 

particles could reduce the overall overpotential, thus lowering the cell potential being 

beneficial for the energy consumption. 
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6.7 Appendix 

a)

 

b)

 
Figure A6.1. a) Reduction of hypochlorite [measured as FC, c0 ≈ 100 mg L-1] at various 

electrodes (Ti, Ti/Pt, TiOx, IrMMO, IrRuMMO and RuMMO) at -2.5 mA cm-2 shown as 

relative FC concentration over time. The error bars indicate the deviation of the mean for 

repetitive experiments. b) Removal of hypochlorite in blank experiments (measured as FC, 

c0 ≈ 100 mg L-1) shown for a RuMMO and Ti electrode without applied bias or current 

respectively (no electrical connection). The blank removal is ≤ 5%. The error bars indicate 

the relative standard deviation of the analytic procedure.  
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Table A6.1. Removal of hypochlorite (measured as FC; c0 ≈ 100 mg L-1), FC reduction rate 

constant and FE for various electrodes (Ti, Ti/Pt, TiOx, IrMMO, IrRuMMO and RuMMO)  

at -2.5 mA cm-2 

Electrode 
FC removal 

[%] 

FC reduction rate 

constant 

[h-1] 

FE 

[%] 

cdl (ECSA) 

[mF cm-2] 

Ti 59 [+/- 3] 0.13 [+/- 0.01] 
11.2 

[+/- 0.4] 

0.06 

Ti/Pt 54 0.11 10.2 1.46 

TiOx 41 0.08 7.7 0.18 

IrMMO 38 0.07 7.2 12.0 

IrRuMMO 52 [+/- 4] 0.11 [+/- 0.01] 9.7 [+/- 0.7] 7.84 

RuMMO 50 0.10 9.5 7.45 

 

Table A6.2. FC reduction rate constants (c0 ≈ 100 mg L-1) and FE for various electrodes (Ti, 

Ti/Pt, TiOx, IrMMO, IrRuMMO and RuMMO) and current densities (2.5 mA cm-2;  

5 mA cm-2; 10 mA cm-2) 

Electrode 
Current density j 

[mA cm-2] 

k 

[h-1] 

FE 

[%] 

Ti -2.5 0.13 [+/- 0.01] 11.2 [+/-0.4] 

Ti -5.0 0.15 6.3 

Ti -10.0 0.16 3.2 

Ti/Pt -2.5 0.11 10.2 

TiOx -2.5 0.08 7.7 

TiOx -5.0 0.12 5.2 

IrMMO -2.5 0.07 7.2 

IrMMO -5.0 0.13 5.6 

IrRuMMO -2.5 0.11 [+/- 0.01] 9.7 [+/-0.7] 

IrRuMMO -5.0 0.13 5.5 

RuMMO -2.5 0.10 9.5 

RuMMO -5.0 0.15 6.2 

RuMMO -10.0 0.16 3.2 

  



Chapter 6 

172 

a) 

 

b) 

 

c) 

 

d) 

 
e) 

 

f) 

 

Figure A6.2. Determination of the electrochemical active surface area (ECSA) of various 

plate electrodes via double layer capacitance (cdl). CVs in a non-faradaic potential region 

were recorded in background electrolyte [0.5 mol L-1 Na2SO4] at various scan rates (5, 10, 

25, 50, 75, 100 mV s-1). The linear correlation between (Ia-Ic)/2 vs. scan rate is shown for 

a) Ti; b) Ti/Pt; c) TiOx; d) IrMMO; e) IrRuMMO; f) RuMMO. The slope is giving the cdl.  
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a)

 

b)

 
c)

 

d)

 

e)

 

f)

 
Figure A6.3. Reduction of hypochlorite [measured as FC, c0 ≈ 100 mg L-1] at various 

electrodes [a) & b) Ti; c) & d) Ti/Pt; e) & f) TiOx] at -2.5 mA cm-2 and -5 mA cm-2. Left: 

relative FC concentration over time; right: 1st order degradation plot. Error bars on the left 

indicate the relative standard deviation of the analytic procedure. Error bars on the right 

show deviation of the mean based on replicate experiments.  
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a) 

 

b) 

 
c) 

 

d) 

 

e) 

 

f) 

 
Figure A6.4. Reduction of hypochlorite [measured as FC, c0 ≈ 100 mg L-1] at various 

electrodes [a) & b) IrMMO; c) & d) IrRuMMO; e) & f) RuMMO] at -2.5, -5.0 and  

-10 mA cm-2. Left: relative FC concentration over time; right: 1st order degradation plot. 

Error bars on the left indicate the relative standard deviation of the analytic procedure. 

Error bars on the right show deviation of the mean based on replicate experiments.   
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Figure A6.5. Faradaic efficiency of hypochlorite reduction for various electrodes (Ti, Ti/Pt, 

TiOx, IrMMO, IrRuMMO and RuMMO) and various current densities (-2.5 mA cm-2 

[triangle facing downwards], -5 mA cm-2 [squares] and -10 mA cm-2 [triangle facing 

upwards]) shown as a function of rate constant per active site 
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a)

 

b)

 

c)

 

d)

 

e)

 

 

Figure A6.6. Determination of the electrochemical active surface area (ECSA) of RDE 

via double layer capacitance (cdl). CVs in a non-faradaic potential region were recorded in 

background electrolyte [28 mmol L-1 Na2SO4] at various scan rates (5, 10, 25, 50, 75, 

100 mV s-1) for various RDE. The linear correlation between (Ia-Ic)/2 vs. scan rate is 

shown for a) Ti; b) Pt; c) IrMMO; d) IrRuMMO; e) RuMMO. The slope is giving the cdl.  
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a)

 

b)

 
Figure A6.7. Analysis of hypochlorite reduction [c ≈ 100 mg L-1 FC] regime from RDE 

experiments studied for various electrodes. a) Koutecký-Levich analysis of hypochlorite 

reduction at Ti and Pt showing a good linear relation between the inverse square root of 

angular velocity and the inverse current density with intercept equal 0 indicating a mass 

transport limited reaction; b) Levich analysis of hypochlorite reduction at IrMMO/Ti, 

IrRuMMO/Ti, RuMMO/Ti showing a poor linear correlation. 

 
Levich equation:   𝐼𝐿 = 0.620𝑛𝐹𝐴𝐷

2/3𝑣−1/6𝑐𝜔1/2 = 𝐵𝜔1/2 

 

Koutecký-Levich equation: 
1

𝐼𝐿
=

1

𝐼𝐾
+ (

1

0.620𝑛𝐹𝐴𝐷2/3𝑣−1/6 𝑐
)𝜔−1/2 

 
limiting current IL; number of electrons transferred per mole n; Faraday constant F; electrode area A; 

kinematic solution viscosity v; diffusion coefficient D; analyte concentration c; angular velocity ω; 

Levich constant B, kinetic current IK 

 

Table A6.3. Average cell potential, power and energy consumption for the removal of 

hypochlorite (measured as FC; c0 ≈ 100 mg L-1) within 7 h of degradation for various 

electrodes (Ti, Ti/Pt, TiOx, IrMMO, IrRuMMO and RuMMO) at -2.5 mA cm-2 

Electrode 
Ecell(average) 

[V] 

Energy consumption total  

[kJ] / (7 h) 

Energy consumption 

per removal 

[kJ/mol OCl-] 

Ti 3.6 0.71 620 

Pt 3.0 0.59 570 

TiOx 3.7 0.73 920 

IrMMO 3.0 0.59 800 

IrRuMMO 3.2 0.63 630 

RuMMO 3.2 0.63 650 
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a)
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c)

 

d)

 
e)

 

 

Figure A6.8. Cyclic voltammetry study of hypochlorite reduction [blue graph;  

c ≈ 100 mg L-1 FC] and chlorate reduction [red graph; c ≈ 100 mg L-1 ClO3
-] at various RDE 

a) Ti, b) Pt, c) IMMO/Ti, d) IrRuMMO/Ti, e) RuMMO/Ti shown for 2500 rpm rotation rate. 

The grey graph shows the CV in sulphate background electrolyte 

 

 

-1.5 -1.0 -0.5 0.0 0.5 1.0
-700

-600

-500

-400

-300

-200

-100

0

j 
(A

/F
)

E (V vs. RHE)

 Ti_SO4_2500rpm

 Ti_HOCl_2500rpm

 Ti_ClO3_2500rpm

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

j 
(A

/F
)

E (V vs. RHE)

 Pt_SO4_2500rpm

 Pt_HOCl_2500rpm

 Pt_ClO3_2500rpm

-1.0 -0.5 0.0 0.5 1.0 1.5
-1.5

-1.0

-0.5

0.0

0.5

j 
(A

/F
)

E (V vs. RHE)

 IrMMO_SO4_2500rpm

 IrMMO_HOCl_2500rpm

 IrMMO_ClO3_2500rpm

-1.0 -0.5 0.0 0.5 1.0 1.5
-0.75

-0.50

-0.25

0.00

0.25

0.50

 IrRuMMO_SO4_2500rpm

 IrRuMMO_HOCl_2500rpm

 IrRuMMO_ClO3_2500rpm

j 
(A

/F
)

E (V vs. RHE)

-1.0 -0.5 0.0 0.5 1.0 1.5
-1.00

-0.75

-0.50

-0.25

0.00

0.25

0.50

j 
(A

/F
)

E (V vs. RHE)

 RuMMO_SO4_2500rpm

 RuMMO_HOCl_2500rpm

 RuMMO_ClO3_2500rpm



Cathodic reduction of oxychlorides in electrooxidized saline water 

179 

a)

 

b)
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Figure A6.9. Cyclic voltammetry study of hypochlorite reduction [c ≈ 100 mg L-1 FC] at 

various RDE a) Ti, b) Pt, c) IMMO/Ti, d) IrRuMMO/Ti, e) RuMMO/Ti and various 

rotation rates (0, 100, 400, 900, 1600 and 2500 rpm). The vertical line indicates the 

potential chosen for the Levich and Koutecký-Levich analysis. 
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Figure A6.10. Toxicity of the hypochlorite stock solution as a function of dilution for 

toxicity measurements. The vertical dashed line indicates the dilution factor necessary to 

reach a relative toxicity level of 50% corresponding to the half maximal effective 

concentration (EC50). 
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Fresh water scarcity and water pollution are an enormous challenge for humanity. A 

sufficient availability of fresh and clean water is crucial for the environment, human 

health and the economy. The re-use of treated wastewater has a huge potential in the 

industrial sector. Especially if thereby intake of fresh water can be reduced, 

contributing to sustainable (process) development. Unfortunately, non-

biodegradable organic compounds are problematic and difficult to remove. 

Advanced oxidation processes (AOP) are promising technologies and capable to 

remove such organic compounds, due to their highly oxidative power. Consequently, 

applying these technologies holds the potential to further improve the quality of 

treated wastewater. The research project described in this thesis aims at a better 

understanding and further development of two AOP technologies and related 

materials for saline wastewater treatment. In particular, photocatalytic degradation 

treatment of wastewater using UV illuminated TiO2 slurries and electrochemical 

degradation treatment by anodic formation of oxidizing species, such as OH and Cl 

radicals (also known as electrochemical advanced oxidation process (EAOP)), have 

been studied in detail. The thesis consists of seven chapters including five chapters 

describing the main results.  

 

Chapter 1 gives a brief introduction to water pollution and fresh water scarcity. 

Challenges of water treatment are given and the concept of AOP is introduced. Basic 

principles of operation, advantages, disadvantages and challenges related to the 

implementation of photocatalytic degradation and electrochemical degradation have 

been discussed. Especially, the formation of mostly unknown intermediates 

represents a major challenge for the implementation of AOP technologies. Partial 

oxidation and the underlying complex degradation mechanisms, being influenced by 

the water matrix and the technology applied, result in the manifold formation of 

intermediates and by-products, including undesired products of high toxicity. 

Release or discharge of these compounds will likely have effects on the environment 

and human health. Furthermore, developing appropriate electrodes is needed to 

facilitate EAOP implementation. Here, TiO2 based electrodes are considered as 

promising due to their ability to generate reactive hydroxyl radicals. In addition, 

TiO2 based electrodes are advantageous because of the abundance of the 

constituents, corrosion resistance as well as non-toxicity.  

 

In Chapter 2 photocatalytic and electrochemical degradation are compared in terms 

of removal efficiency, energy demand and focus on the formation of chlorinated 
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aromatic compounds. Specifically, the removal of the model compound                        

4-ethylphenol under saline conditions (1.75 g L-1 and 35 g L-1 NaCl) was 

investigated to evaluate the two AOP technologies. The analysis revealed 

electrochemical degradation to be superior in removal of 4-ethylphenol in chloride 

containing wastewater. However, significant amounts of 2-chloro-4-ethylphenol and 

2,6-dichloro-4-ethylphenol were formed in a consecutive degradation mechanism, 

leading to subsequent formation of unidentified (chlorinated) compounds. The 

mechanism was observed to be independent of the anode (platinized Ti or boron 

doped diamond (BDD)). Moreover, the overall mineralization was poor, confirmed 

by non-purgeable organic carbon measurements revealing a mineralization of 36% 

(using a BDD anode) at low salt concentrations. In contrast, photocatalytic 

degradation appeared to be inhibited in the presence of chloride ions, but only 

hydroxylated aromatic intermediates were identified as main intermediates even in 

high salt (NaCl) conditions. Moreover, mineralization of up to 87% (at low NaCl 

concentration) was achieved. Differences in the observed degradation mechanism 

and the absence of chlorinated intermediates were discussed based on a nanoscale 

recombination process favoring oxidation and subsequent reduction of reactive 

chlorine species in the case of photocatalytic degradation. Experimental evidence 

was obtained by photoelectrochemistry using TiO2 thin films, leading to 

significantly higher levels of chlorination. Looking at the energy consumption per 

removal of organic carbon, electrochemical degradation was beneficial compared to 

photocatalytic degradation; however, the photocatalytic degradation reactor applied 

had a low illumination efficiency and improvements in the reactor design can likely 

significantly enhance the energy efficiency of the process.  

 

The study of Chapter 2 was extended to real wastewater and the results have been 

summarized in Chapter 3. Here, in a case study conducted within the Water Nexus 

project, cooling tower blowdown (CTBD) water from DOW Benelux B.V. was used 

as real wastewater matrix. Due to the complexity of the wastewater, the removal of 

organic compounds was monitored by the total organic carbon (TOC) concentration 

and the chemical oxygen demand (COD). It is shown that both technologies are 

capable of removing significant fractions of organic compounds from the CTBD 

water yielding similar TOC removal of approx. 55% after 5 h of continuous 

treatment. During photocatalytic degradation the oxidation of organic compounds 

(followed by COD) leads to their mineralization. For the electrochemical 

degradation treatment, a faster COD removal was observed; however, the superior 
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oxidation of the organic compounds did not result in complete mineralization, 

indicating a different degradation mechanism compared to photocatalytic 

degradation. Analysis of by-products revealed enhanced formation of adsorbable 

organic halides (AOX) and oxychlorides during electrochemical degradation, 

whereas for photocatalytic degradation the formation was negligible. This study 

highlights that chlorination is a major degradation mechanism during 

electrochemical degradation treatment of CTBD water. 

 

Based on the results described in Chapter 2 and Chapter 3, photocatalytic 

degradation treatment appears to be the favorable AOP for the treatment of chloride 

containing wastewaters. Nevertheless, photocatalytic degradation has major 

drawbacks. Specifically, photocatalytic degradation is inhibited by anions, is 

characterized by low efficiencies (due to the recombination of photogenerated 

charge carriers), and due to the requirement of UV light irradiation scale-up appears 

to be a major challenge. Regarding the aforementioned points electrochemical 

degradation treatment is advantageous. In order to implement electrochemical 

degradation for (saline) wastewater treatment, novel electrode materials are required, 

which are cost-effective, non-toxic, and stable. Moreover, strategies to limit or 

prevent the formation or accumulation of (chlorinated) toxic intermediates and by-

products need to be developed. In the following chapters these challenges have been 

addressed. 

 

As pointed out in the introduction, electrodes based on TiO2 are considered as 

promising for the mineralization of organic compounds. In Chapter 4 an 

electrochemical method (cathodization) was developed to create defect-rich, highly 

conductive TiOx electrodes. Specifically, the influence of the applied counter 

electrode (here as anode) on the properties of TiOx was investigated. Pt-anodes were 

found to induce severe Pt contamination of the TiOx surface, strongly influencing 

the hydrogen evolution reaction (HER) activity of the material. Iridium mixed metal 

anodes (MMO; also known as dimensionally stable anode) did not result in 

measurable Ir contamination on the TiOx surface. However, TiOx preparation using 

BDD anodes lead to superior charge transfer properties of the material, determined 

by ferrocyanide/ferricyanide redox couple cyclic voltammetry (Fe2+/3+ CV) and 

electrochemical impedance spectroscopy (EIS). Using absorption spectroscopy in 

the VIS/NIR range, and time of flight - secondary ion mass spectrometry (TOF-

SIMS) the superior properties of TiOx prepared with BDD could be correlated to 
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incorporation of hydrogen. Electrochemical characterization of the noble metal 

sensitive HER showed significantly higher activity for TiOx prepared using Ir-MMO 

anodes indicating traces of Ir contamination on the TiOx surface, having a negative 

impact on the reductive doping of the TiOx.  

 

Although conductive TiOx electrodes were successfully prepared in Chapter 4, still 

stability of the conductive films under anodic polarization was poor. In Chapter 5 

Nb doped TiO2 was treated by cathodization, and the stability of these electrodes in 

anodic utilization was studied. The cathodization improved the charge transfer 

properties (determined by Fe2+/3+ CV and EIS) of the substrate and the obtained 

TiOx:Nb electrodes showed a more than two times improved stability under anodic 

polarization compared to TiOx. However, the initial charge transfer properties were 

inferior to TiOx, which is explained by an improved HER activity observed for 

TiO2:Nb substrates, negatively influencing the cathodization process. Stability of the 

Nb-doped TiOx could be improved further by using fast polarization switches, which 

is a promising strategy to extend the lifetime of TiOx based electrodes.  

 

Finally, in Chapter 6 electrochemical post-treatment of anodically treated saline 

wastewater is discussed. Reduction of hypochlorite and chlorate was studied using 

Ti, platinized Ti, Ir/Ru based MMO, or cathodized TiOx (see Chapter 4) at relevant 

conditions for wastewater treatment. All electrodes were active for the reduction of 

hypochlorite and superior activity was observed for Ti electrodes. Importantly, the 

reductive treatment with Ti electrodes was limited by poor mass transport properties 

in the used batch reactor. Therefore, a novel electrode type based on porous hollow 

fibre geometry was utilized to achieve enhanced mass transfer properties. Indeed, 

the Ti hollow fibre electrodes lead to efficient removal of hypochlorite, thus 

lowering the toxicity of electrooxidized wastewater. Reduction of chlorate was not 

achieved with any of the tested electrode materials under the conditions studied. Still, 

electroreductive post-treatment is a promising strategy to reduce the toxicity levels 

of anodically treated saline wastewater. 

 

This chapter (Chapter 7) summarizes the research carried out in this thesis and 

provides main conclusions. In addition, it gives an outlook and recommendations for 

future research. 
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Looking at the technologies (electro- or photocatalysis), it can be concluded that, 

despite many years of research, these technologies cannot be considered as fully 

understood and developed, especially for saline water treatment. For example, the 

complexity of degradation pathways, and formation of intermediates and by-

products are manifold, depending on the chemical structure of the compounds, the 

applied process conditions, and the overall composition of the wastewater matrix. 

Therefore, it is of special importance to validate the electrodes or photocatalysts in 

real wastewater applications, to address and verify their suitability. Comparing the 

results of Chapters 2 and 3 shows that if chlorination is observed in electrochemical 

treatment of model compounds, this can also be expected in practical conditions. 

Mitigation of these compounds, including oxychlorides, is thus a necessity. 

 

Despite the advantage of photocatalytic degradation treatment for saline wastewater 

compared to electrochemical degradation, drawbacks need to be overcome to realize 

applications on a larger scale, e.g. by optimized reactor design and UV illumination 

(e.g. by UV-A LEDs) to enhance the degradation rates, illumination efficiency and 

to reduce the energy consumption and thereby the costs of the treatment. Considering 

the DOW case study (Chapter 3), the treatment of 2.8.106 L per day would require 

approximately a 10 h treatment time with 1400 kg TiO2 in a reactor with dimensions 

of about 14 m x 14 m x 14 m. Such a scale up would be an enormous engineering 

challenge, in particular to ensure sufficient illumination of the slurry, likely resulting 

in high costs. Thus, combinations with other technologies are required, for example 

as pre-treatment to reduce the amount of water to be treated, and to reduce the TOC 

content to lower levels, to enable shorter illumination times and smaller reactor 

volumes. For example, after a membrane treatment the retentate stream (TOC rich 

but low volume) could be treated biologically (e.g. in wetlands or by saline water 

resistant microbes) to reduce the biologically degradable TOC content before 

photocatalytic degradation treatment for the degradation of recalcitrant compounds. 

In addition, a (mild) desalination step could lower the salinity, thus mitigate the 

inhibitory effect of anions allowing for a faster removal in the photocatalytic 

degradation. Furthermore, a biological post-treatment could continue the 

degradation of partially degraded intermediates from photocatalytic degradation (i.e. 

hydroxylated aromatics and/or break-down products such as short chained 

carboxylic acids). 
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In addition, the improved understanding of fundamental processes during 

photocatalysis and photoelectrocatalysis might also open new opportunities and 

create ideas for further development of novel photocatalysts or application for 

photoelectrocatalysis. In particular for saline water treatment it is important to fully 

understand the interaction of ions with photo(electro)catalysts and to develop 

strategies to mitigate inhibitory effects or oxidation of chloride. Here, electrostatic 

interactions and/or barriers for anions might play a key role.  

 

For the electrochemical wastewater treatment, the scale up can benefit from 

experience in industrial electrolysis (e.g. production of chlorine). Moreover, 

realization of a continuous process is possible, compared to batch processing needed 

for photocatalytic degradation. However, considering that the treatment of large 

volumes (e.g. CTBD water) requires large electrode areas, imposes reduction of the 

electrode costs along with improvements in electrode lifetimes.  

 

In this thesis it was shown that electrochemically reduced TiOx on cheap Ti 

substrates, can be easily prepared. This method can likely also be applied to other 

substrate geometries (e.g. sponge, fibre etc.) to allow for high electrode surface 

areas. Moreover, operation using reversed polarization allows for extended lifetimes 

of the material. Nevertheless, in this thesis stability was only evaluated for operation 

on short time scale, which should be significantly extended for longer durability 

tests, to determine if electrochemical degradation is feasible in practice.  

 

Furthermore, for the electrochemical degradation treatment the oxidation of chloride 

leading to the formation of harmful oxychlorides and chlorinated organic compounds 

is a critical drawback preventing many applications. Therefore, strategies to lower 

the chloride concentration in the wastewater (e.g. by desalination), prevent or limit 

its oxidation (e.g. by advanced electrode development or process design) along with 

technologies to reduce generated oxychlorides as demonstrated in Chapter 6 (and 

maybe also even chlorinated organic compounds) are mandatory to bring the 

technology to application. For example, after mild desalination, wastewater might 

be treated in a cycled system for short contact times on electrodes with high affinity 

for TOC removal (rather than chloride oxidation). Subsequently the water can be 

treated reductively at hollow fibre electrodes with inert gas purge, for the selective 

reduction of chlorinated intermediates and oxychlorides. Since the scale-up and 

reactor design for implementing hollow-fibre electrodes is still in its infancy, 
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alternative electrode designs, allowing for gas purge at the electrode-electrolyte 

interface, should be assessed in hypochlorite reduction. In addition, elevated 

temperatures (e.g. inherent for CTBD water) might be beneficial for the removal of 

chlorate.  

 

In general, it can be stated that the treatment of complex wastewater streams with 

high requirements for the effluent is a challenging task, which might require a 

combination of treatment strategies. The costs of the treatment might increase with 

increasing complexity of the treatment procedure. Therefore, not only improvements 

in treatment technologies are required, but also the prevention of water pollution, 

and limited application (where possible) of harmful and non-biodegradable 

compounds, is a key element for a sustainable development. 
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Samenvatting  
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Het tekort aan en de vervuiling van zoet water zijn enorme problemen voor de 

mensheid. Een toereikende hoeveelheid schoon zoet water is cruciaal voor het 

milieu, menselijke gezondheid en de economie. Het hergebruik van behandeld 

afvalwater heeft grote potentie in de industriële sector. In het bijzonder als daardoor 

de winning van zoet water kan worden verminderd, waarmee wordt bijgedragen aan 

duurzame (proces)ontwikkeling. Helaas zijn problematische niet-biologisch 

afbreekbare organische stoffen moeilijk te verwijderen. Geavanceerde oxidatieve 

processen (AOP) zijn veelbelovende technologieën, die in staat zijn deze organische 

stoffen te verwijderen door middel van hun sterke oxidatieve kracht. Daardoor heeft 

de toepassing van deze technieken de potentie tot het verbeteren van de kwaliteit van 

behandeld afvalwater. Het onderzoeksproject beschreven in dit proefschrift heeft als 

doel om het begrip en de ontwikkeling te bevorderen van twee AOP technieken 

alsook van gerelateerde materialen voor de behandeling van zout afvalwater. In het 

bijzonder is in detail gekeken naar de behandeling van afvalwater door middel van 

i) fotokatalytische degradatie door UV-bestraalde TiO2 slurries, en ii) 

elektrochemische degradatie door anodisch gevormde oxidatieve stoffen zoals OH 

en Cl radicalen (ook wel bekend als elektrochemische geavanceerde 

oxidatieprocessen (EAOP)). Dit proefschrift bestaat uit zeven hoofdstukken, 

waarvan vijf de hoofdresultaten beschrijven.  

 

Hoofdstuk 1 biedt een beknopte introductie van watervervuiling en 

zoetwatertekorten. De uitdagingen van waterbehandeling worden genoemd en het 

concept van AOP wordt genoemd. De basisprincipes van het gebruik, de voor- en 

nadelen en uitdagingen met betrekking tot het implementeren van elektrochemische 

degradatie worden toegelicht. In het bijzonder vormt de formatie van voornamelijk 

onbekende tussenproducten een groot obstakel bij de implementatie van AOP 

technologieën. Gedeeltelijke oxidatie en de complexe degradatiemechanismen die 

daaraan ten grondslag liggen, en die beïnvloed worden door de water matrix en de 

toegepaste techniek, leiden tot de vorming van een scala van tussen- en bijproducten, 

waaronder ook onwenselijke zeer giftige stoffen. Het vrijkomen of lossen van deze 

stoffen zal waarschijnlijk consequenties hebben voor het milieu en menselijke 

gezondheid. Verder vereist de implementatie van EAOP de ontwikkeling van 

geschikte elektrodes. Hierbij worden elektrodes gebaseerd op TiO2 gezien als 

veelbelovend vanwege de reactieve hydroxylradicalen die zij kunnen genereren. 

Daarnaast zijn elektrodes op basis van TiO2 voordelig omdat ze bestaan uit 

overvloedig beschikbare elementen, en zijn ze corrosiebestendig en niet giftig.  
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In Hoofdstuk 2 worden fotokatalytische en elektrochemische degradatie vergeleken 

op basis van behandelingsefficiëntie, energie benodigdheden en neiging tot de 

vorming van gechloreerde aromatische stoffen. Concreet wordt de behandeling van 

de modelstof 4-ethylphenol in zout water (1.75 g L-1 en 35 g L-1 NaCl) bestudeerd 

om de twee AOP technologieën te evalueren. Analyse liet zien dat de 

elektrochemische degradatie de hoeveelheid 4-ethylphenol effectiever verminderde 

in afvalwater wat chloride bevat. Echter werden significante hoeveelheden 2-chloro-

4-ethylphenol en 2,6-dichloro-4-ethylphenol gevormd in een meerstaps 

degradatiemechanisme, waarna ongeïdentificeerde gechloreerde stoffen werden 

gevormd. Dit mechanisme bleek onafhankelijk van het anodemateriaal (Pt op Ti of 

met boor gedopeerd diamant (BDD)). Bovendien was de algehele mineralisatie 

slecht, met een waarde van 36% (bij gebruik van een BDD anode) niet-vluchtige 

organische koolstof bij lage zout concentratie. Dit was niet zo bij de fotokatalytische 

degradatie: deze leek onderdrukt te worden in de aanwezigheid van chloride ionen, 

maar er werden enkel gehydroxileerde aromatische tussenproducten gevormd zelfs 

bij een hoge concentratie zout. Bovendien werd mineralisatie bereikt tot 87% (bij 

lage zout concentratie). De verschillen tussen de geobserveerde 

degradatiemechanismen en het gebrek aan gechloreerde tussenproducten werden 

bediscussieerd op basis van een recombinatieproces op de nano lengteschaal, waarbij 

oxidatie gevolgd door reductie van reactie chloor stoffen wordt bevoordeeld in het 

geval van fotokatalytische degradatie. Dit werd experimenteel onderbouwd door 

fotoelektrochemie uit te voeren op dunne lagen TiO2, waarbij significant meer 

gechloreerde stoffen gevormd werden. Bij inachtneming van het energiegebruik per 

verwijderde hoeveel organisch koolstof is elektrochemische degradatie voordeliger 

dan fotokatalytische degradatie; echter had de fotokatalytische degradatie reactor 

een lage verlichtingsefficiëntie en kan optimalisatie van het ontwerp hiervan 

waarschijnlijk leiden tot verbetering van de energetische efficiëntie van het proces.  

 

Het onderzoek van Hoofdstuk 2 werd uitgebreid om ook echt afvalwater te omvatten, 

en de resultaten hiervan zijn samengevat in Hoofdstuk 3. Een casus binnen het 

Water Nexus project gebruikte spuiwater van een koeltoren (CTBD water) van DOW 

Benelux B.V. als echte afvalwater matrix. Vanwege de complexiteit van dit 

afvalwater werden de totale hoeveelheid organische koolstof (TOC) en het chemisch 

zuurstofverbruik (COD) gebruikt als maat voor de verwijdering van organische 

stoffen. Beide technologieën bleken in staat significante hoeveelheden organische 

stoffen uit het CTBD water te verwijderen en resulteerden in een vergelijkbare TOC 
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verwijdering van ongeveer 55% na 5 uur continue behandeling. Tijdens 

fotokatalytische degradatie leidde de oxidatie van organische stoffen (gevolgd door 

COD) tot mineralisatie. Bij elektrochemische degradatie werd een snellere COD 

verwijdering geobserveerd; echter leidde de superieure oxidatie van de organische 

stoffen niet tot volledige mineralisatie, wat een verschil in degradatiemechanisme 

aangeeft ten opzichte van fotokatalytische degradatie. Analyse van bijproducten 

onthulde een verhoogde vorming van adsorbeerbare organische halogeniden (AOX) 

en oxychlorides tijdens elektrochemische degradatie, terwijl de vorming hiervan bij 

fotokatalytische degradatie verwaarloosbaar was. Dit onderzoek geeft aan dat 

chlorering een primair mechanisme is bij elektrochemische degradatie van CTBD 

water.  

 

Op basis van de resultaten in hoofdstukken 2 en 3 lijkt fotokatalytische degradatie 

de voorkeur te hebben als AOP techniek voor het behandelen van zout afvalwater. 

Echter gaat deze techniek ook gepaard met grote nadelen. Fotokatalytische 

degradatie wordt gelimiteerd door anionen, gaat gepaard met lage efficiëntie 

(vanwege de recombinatie van fotogegenereerde ladingsdragers), en de vereiste UV 

licht bestraling vormt een grote uitdaging om op te schalen. Op de genoemde punten 

bezit elektrochemische degradatie het voordeel. Om de elektrochemische 

behandeling van (zout) afvalwater te implementeren zijn nieuwe 

elektrodematerialen nodig, die kosteneffectief, niet giftig en stabiel zijn. Bovendien 

moeten strategieën ontwikkeld worden om de vorming of ophoping van 

(gechloreerde) giftige tussen- en bijproducten te voorkomen. In de volgende 

hoofdstukken worden deze uitdagingen behandeld.  

 

Zoals beschreven in de introductie zijn elektrodes gebaseerd op TiO2 veelbelovend 

voor de mineralisatie van organische stoffen. In Hoofdstuk 4 werd een 

elektrochemische methode (kathodisatie) ontwikkeld om defectrijke en zeer 

geleidende TiOx elektrodes te creëren. In het bijzonder werd de invloed van de 

tegenelektrode (hier als anode) op de eigenschappen van TiOx onderzocht. Pt anodes 

bleken ernstige Pt vervuiling van het TiOx teweeg te brengen, wat een sterke invloed 

had op de activiteit van de waterstof evolutie reactie (HER) van het materiaal. 

Anodes van gemengde oxides op basis van iridium (Ir-MMO, ook wel bekend als 

dimensionally stable anodes) resulteerden niet in meetbare Ir vervuiling op het TiOx 

oppervlak. Gebruik van een BDD anode leidde echter tot superieure 

ladingsoverdracht van het materiaal, gemeten met het ferro-ferricyanide 
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redoxkoppel tijdens cyclische voltammetrie (Fe2+/3+ CV) en elektrochemische 

impedantie spectroscopie (EIS). Met behulp van absorptie spectroscopie in de 

VIS/NIR regio en time-of-flight secundaire ionen massaspectrometrie (TOF-SIMS) 

konden de superieure eigenschappen van TiOx bereid met BDD worden gecorreleerd 

met de inlijving van waterstof. Elektrochemische karakterisatie van HER, die 

gevoelig is voor edelmetalen, demonstreerde een significant hogere activiteit voor 

TiOx gekathodiseerd met Ir-MMO anodes, wat duidt op sporen van Ir 

verontreiniging op het TiOx oppervlak die een negatief effect hebben op de 

reductieve doping van het TiOx. 

 

Hoewel in Hoofdstuk 4 met succes geleidende TiOx elektrodes zijn gefabriceerd, 

bleef de stabiliteit van deze geleidende lagen slecht tijdens anodische polarisatie. In 

Hoofdstuk 5 werd met Nb gedopeerd TiO2 gekathodiseerd, en werd de stabiliteit 

van deze elektrodes tijdens gebruik als anode bestudeerd. De kathodisatie verbeterde 

de ladingsoverdracht (bepaald met Fe2+/3+ CV en EIS) van het substraat en de 

behaalde TiOx:Nb elektrodes demonstreerden meer dan tweemaal de stabiliteit 

tijdens anodische polarisatie in vergelijking met TiOx. Echter was de initiële 

ladingsoverdracht inferieur aan die van TiOx, wat werd verklaard door een 

verbeterde HER activiteit van de TiO2:Nb substraten die het kathodisatieproces 

negatief beïnvloed. De stabiliteit van Nb-gedopeerd TiOx kan nog verder worden 

verbeterd door het gebruik van snelle polarisatiewissels, een veelbelovende strategie 

om de levensduur van TiOx elektrodes te verlengen.  

 

Tot slot komt in Hoofdstuk 6 de elektrochemische nabehandeling van anodisch 

behandeld zout afvalwater aan de orde. Reductie van hypochloriet en chloraat werd 

bestudeerd door toepassing van een Ti, Pt op Ti, Ir/Ru MMO, of gekathodiseerd 

TiOx (zie Hoofdstuk 4) in omstandigheden relevant voor afvalwaterverwerking. Alle 

elektrodes waren actief in de hypochloriet reductie, en de TiOx elektrode vertoonde 

superieure activiteit. Van belang is dat de reductiebehandeling bij Ti elektrodes werd 

gelimiteerd door het slechte massatransport in de gebruikte batchreactor. Een 

innovatieve reactorgeometrie met holle vezel elektrode werd toegepast om het 

massetransport te verbeteren. De holle vezel Ti elektrodes zorgde inderdaad voor 

efficiënte verwijdering van hypochloriet, waardoor de giftigheid van het 

elektrogeoxideerde afvalwater werd verminderd. Reductie van chloraat was door 

geen van de elektrodematerialen mogelijk in de bestudeerde omstandigheden. 



Hoofdstuk 7 

194 

Desondanks is elektroreductieve nabehandeling een veelbelovende strategie om de 

giftigheid van anodisch behandeld zout afvalwater te verlagen.  

 

Dit hoofdstuk (Hoofdstuk 7) vat het uitgevoerde onderzoek in deze thesis samen en 

presenteert de voornaamste conclusies. Daarnaast biedt het een perspectief en 

aanbevelingen voor toekomstig onderzoek.  
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