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Zusammenfassung 

Die Entfernung von Pharmazeutika und deren Rückständen aus Wasser- und Abwasserströmen ist 

ein wichtiges Umweltproblem, das in den letzten Jahrzehnten große Aufmerksamkeit erlangt hat. 

Dabei ist die Photokatalyse einer der Ansätze, die im Bereich der Wasser- und Abwasserbehandlung 

untersucht werden. In jüngster Zeit standen photokatalytische Prozesse, die durch Sonnenlicht oder 

sichtbares Licht angetrieben werden, und Materialien, die sichtbares Licht absorbieren, im 

Mittelpunkt vieler wissenschaftlicher Studien. In der vorliegenden Arbeit werden zwei Mitglieder 

der Phenothiazin-Gruppe (Antipsychotika), Methylenblau und Chlorpromazin, als 

Modellschadstoffe untersucht. 

Im Rahmen dieser Doktorarbeit wird zunächst die photokatalytische Umsetzung von Methylenblau 

in Gegenwart von sieben selbst hergestellten halbleitenden Zinkferritpulvern untersucht. Hierbei 

werden die Zinkferritproben charakterisiert und der Einfluss verschiedener Synthesemethoden auf 

deren Eigenschaften, einschließlich der Kristallgröße und -reinheit, der Oberfläche, des 

Flachbandpotentials und der Bandlückenenergie, bestimmt. Darüber hinaus wird die berichtete 

Aktivität von Zinkferriten durch Bestrahlung mit sichtbarem Licht, sowie die Fähigkeit von 

Methylenblau, die Aktivität dieses halbleitenden Materials zu bestimmen, durch eine Reihe 

detaillierter wellenlängenabhängiger Messungen für die photokatalytische Umwandlung von 

Methylenblau untersucht. Die experimentellen Ergebnisse zeigen, dass das beobachte 

Photobleichen von Methylenblau durch Bestrahlung mit sichtbarem Licht in Gegenwart von 

Zinkferriten durch Elektronentransfer von den photoangeregten Methylenblau-Molekülen, die auf 

der Oberfläche des Ferrits adsorbiert sind, in das Leitungsband des Zinkferrits zu erklären ist.  

Darüber hinaus wird in der vorliegenden Arbeit die photokatalytische Umwandlung von 

Chlorpromazin, einem weiteren sehr wichtigen Mitglied der Phenothiazin-Gruppe, untersucht. Da 

bislang sehr wenig über die photokatalytische Umwandlung von Chlorpromazin und seiner 

Metabolite unter Bestrahlung mit sichtbarem Licht bekannt ist, wird dieses in der vorliegenden 

Arbeit ausführlich untersucht. Aufgrund dessen wird die photokatalytische Umwandlung von 

Chlorpromazin in Gegenwart von KRONOClean 7000 (K-7000) unter verschiedenen 

Versuchsbedingungen bewertet. K-7000 ist ein Halbleitermaterial, das sichtbares Licht absorbiert, 

genauer ein kohlenstoffbasiert modifizierter Titandioxid-Photokatalysator. Es wird gezeigt, dass 

trotz der hohen Stabilität von Chlorpromazin unter Bestrahlung mit sichtbarem Licht, in Gegenwart 

von K-7000 eine vollständige Umwandlung dieses organischen Moleküls erreichbar ist. Darüber 

hinaus wird in der vorliegenden Arbeit ein detaillierter Vergleich zwischen den photokatalytischen 

und den photolytischen Umwandlungswegen von Chlorpromazin und seinen Reaktionsprodukten / 

Zwischenprodukten, die bei Bestrahlung mit UV- und sichtbarem Licht unter anaeroben und 

aeroben Bedingungen gebildet werden, vorgestellt. Die Zwischenproduktanalyse unter 

Verwendung der Hochleistungsflüssigkeitschromatographie (HPLC-MS) zeigt, dass das 

Hauptreaktionszwischenprodukt der photokatalytischen Umwandlung von Chlorpromazin sein 

Sulfoxidmetabolit ist. Chlorpromazinsulfoxid ist bei Bestrahlung mit sichtbarem Licht, selbst in 

Gegenwart von K-7000, sehr beständig. Diese Beobachtung zeigt, dass unter verschiedenen 

Umständen die Fähigkeit von K-7000 zur photokatalytischen Umwandlung einiger organischer 

Materialien unzureichend sein kann. 

Daher werden eingehendere Untersuchungen zum Ursprung der Aktivität durch Anregung mit 

sichtbarem Licht von K-7000 durch diffuse-Reflexions-Transienten-Absorptionsspektroskopie 

durchgeführt. Die Dynamiken der Ladungsträger, die alternativ durch Laserbestrahlung mit UV- 
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oder sichtbarem Licht unter inerten oder reaktiven Atmosphären erzeugt werden, wird untersucht, 

indem K-7000, als Titandioxid, das durch eine kohlenstoffbasierte Schicht sensibilisiert ist, 

betrachtet wird. Die experimentellen Ergebnisse zeigen, dass die Fähigkeit von K-7000 zur 

Oxidation von Methanol unter Bestrahlung mit sichtbarem Licht äußerst begrenzt ist, während 

dieser Photokatalysator Chlorpromazin erfolgreich umwandeln kann. Diese Beobachtungen, die 

durch Transienten-Absorptionsspektroskopie-Messungen gemacht wurden, werden auch durch eine 

Reihe von photokatalytischen Experimenten gestützt, die durchgeführt wurden, um Chlorpromazin 

und Methanol unter identischen Bedingungen umzusetzen. In diesem Zusammenhang werden die 

möglichen photokatalytischen Reaktionen mit Chlorpromazin und Methanol nach UV- und 

sichtbarer Lichtanregung von K-7000 bestimmt und miteinander verglichen. Unter 

Berücksichtigung der Redoxpotentiale der entsprechenden Reaktionen wird ein Mechanismus 

vorgeschlagen, anhand dessen die unterschiedliche Fähigkeit von K-7000 zur photokatalytischen 

Umwandlung verschiedener organischer Verbindungen (Chlorpromazin, Methanol und 

Chlorpromazinsulfoxid) erklärt wird. 

Insgesamt bietet diese Dissertation einen tieferen Einblick in die Prinzipien der photokatalytischen 

Umwandlung von organischen Molekülen durch sichtbares Licht, insbesondere der Gruppe der 

Phenothiazin-Antipsychotika. Diese Studie bestätigt, dass die photogenerierten Ladungsträger in 

Halbleitern, die mit sichtbarem Licht angeregt werden können, eine begrenzte Fähigkeit haben 

können, Oxidationsreaktionen zu steuern. Diese Eigenschaft kann jedoch gezielt genutzt werden, 

um die Selektivität der Oxidationshalbreaktion bei photokatalytischen Prozessen zu verbessern, so 

dass ein unerwünschter Schadstoff selektiv oxidiert und in ein wertvolles Produkt umgewandelt 

werden kann. 

 

Schlüsselwörter: Photokatalyse mit sichtbarem Licht; KRONOClean 7000; Zinkferrit; 

Chlorpromazin; Methylenblau; Wasser- und Abwasserbehandlung; pharmazeutische Rückstände; 

Hochleistungsflüssigkeitschromatographie (HPLC-MS); diffuse-Reflexions-Transienten-

Absorptionsspektroskopie. 

 

  



VII 

 

Abstract 

Removal of pharmaceuticals and their residues from water and wastewater streams is an important 

environmental issue which has gained a huge amount of attention over the past decades. 

Photocatalysis is one of the remediation approaches to be considered in this regard in the field of 

water and wastewater treatment. Hence, solar- or visible light- driven photocatalytic processes and 

visible light-absorbing materials have recently been the focus of many scientific studies. In the 

current work, two members of the phenothiazine group of antipsychotic pharmaceuticals, namely, 

methylene blue and chlorpromazine are considered as model pollutants.  

Within the scopes of this doctoral thesis, initially, the photocatalytic conversion of methylene blue 

in the presence of seven self-prepared zinc ferrite semiconducting powders is evaluated. Herein, the 

zinc ferrite samples are characterized and the impact of different synthetic methods on their 

properties including the crystalline size and purity, the surface area, the flat band potential and the 

bandgap energy is determined. Moreover, the reported visible light-activity of zinc ferrite as well 

as the usefulness of methylene blue to determine the activity of this semiconducting material are 

investigated through a series of detailed wavelength dependent measurements for the photocatalytic 

conversion of methylene blue. The experimental results reveal that the observed photobleaching of 

methylene blue under visible light irradiation in the presence of zinc ferrite is rather contributed to 

the electron transfer from the photo-excited methylene blue molecules adsorbed at the surface of 

zinc ferrite into the latter’s conduction band. 

In addition, the photocatalytic conversion of chlorpromazine, another very important member of 

the phenothiazine group of antipsychotics is studied. Since very little is known about the possibility 

of the photocatalytic conversion of chlorpromazine and its metabolites under visible light 

irradiation, this issue is assessed in detail in the current study. Accordingly, the photocatalytic 

transformation of chlorpromazine in the presence of KRONOClean 7000 (K-7000) under different 

experimental conditions is evaluated. K-7000 is a visible light-absorbing semiconducting material, 

more specifically, a carbon-based modified titanium dioxide photocatalyst. It is shown that despite 

the high stability of chlorpromazine under visible light irradiation, in the presence of K-7000 a 

complete conversion of this organic compound is achievable. Moreover, a detailed comparison 

between the photocatalytic and the photolytic conversion pathways of chlorpromazine and the 

reaction products/intermediates formed upon UV and visible light irradiation under both anaerobic 

and aerobic conditions is presented in the current study. The intermediates analysis employing the 

high performance liquid chromatography (HPLC-MS) technique reveals that the main reaction 

intermediate of the photocatalytic conversion of chlorpromazine is its sulfoxide metabolite. 

Chlorpromazine sulfoxide is highly persistent upon visible light irradiation even in the presence of 

K-7000. This observation evinces that under different circumstances, the ability of K-7000 for the 

photocatalytic conversion of some organic materials might be inadequate.  

Thus, deeper investigations are carried out concerning the origin of the visible light activity of K-

7000 by means of diffuse reflectance transient absorption spectroscopy. The dynamics of the charge 

carriers alternatively induced by UV or visible light laser irradiation under inert or reactive 

atmospheres are studied by considering K-7000 as TiO2 sensitized by a carbon-based layer. The 

experimental results reveal that the ability of K-7000 for the oxidation of methanol under visible 

light irradiation is extremely limited, while, this photocatalyst is able to successfully oxidize 

chlorpromazine. These observations obtained from the transient absorption spectroscopy 

measurements are also supported by a series of photocatalytic experiments performed to convert 
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chlorpromazine and methanol under identical conditions. In this regard, the possible photocatalytic 

reactions with chlorpromazine and methanol after UV and visible light excitation in K-7000 are 

determined and compared with each other. Hence, by considering the one-electron redox potentials 

of the corresponding reactions, a mechanism is proposed from which the varying ability of K-7000 

for the photocatalytic conversion of different organic compounds, (i.e., chlorpromazine, methanol 

and chlorpromazine sulfoxide), is explained.  

In total, this doctoral dissertation provides a closer insight into the principles of the visible-light 

driven photocatalytic conversion of organic molecules, specifically the group of phenothiazine 

antipsychotic pharmaceuticals. This study confirms that the photogenerated charge carriers formed 

in visible light active semiconductors are likely to have a limited ability to drive oxidation reactions. 

This property can, however, be used to improve the selectivity of the oxidation half-reaction in 

photocatalytic processes, so that an undesired pollutant can be oxidized selectively and be 

transformed into a valuable product. 

 

Keywords: Visible light-driven photocatalysis; KRONOClean 7000; zinc ferrite; chlorpromazine; 

methylene blue; water and wastewater treatment; pharmaceutical residues; high performance liquid 

chromatography (HPLC-MS); transient absorption spectroscopy.  
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Chapter 1: Introduction 

1.1. Pharmaceuticals as Pollutants 

During the last decades, the appearance of trace amounts of pharmaceutical residues in 

water and wastewater streams has gained a huge amount of attention. The presence of these 

compounds was reported for the first time in the late 1970s; however, this could have been 

a problem even before that time. Despite the low concentration of these compounds, their 

continuous consumption and release in aquatic systems throughout the whole year rises up 

a big concern [1]. Pharma-residues have already been detected globally in various aquatic 

systems such as drinking water [2–4], surface water [5–7] and inlet or outlet of 

water/wastewater treatment plants [8–12]. In many cases, the observed pharmaceutical 

compounds were reported to originate from improper disposal of unused drugs into the 

urban sewage systems [13]. They were also found in landfill leachates resulting from the 

inappropriate discharge of drugs into normal garbage [14]. 

Most of the pharmaceuticals are designed in a way to have specific biological impact on 

living tissues; this also leads to their adverse environmental effects. Pharma-residues are 

mainly resistant to biodegradation and can hence also totally or partially escape the 

conventional water/wastewater treatment plants [15] and in many cases extra very costly 

treatment steps for their removal are required. Therefore, this group of contaminants are 

considered as a serious threat for the environment as well as for the human health [16,17].  

Among the huge variety of most frequently detected pharma-residues in water and 

wastewater streams, the group of “psychiatric drugs” including the four categories of 

antipsychotics, antidepressants, anxiolytics, and antiepileptics represent almost 17% 

occurrence in the environmental systems [18]. The global production as well as 

consumption of this group of drugs are generally increasing [19]. Psychiatric 

pharmaceutical residues are often found worldwide in aqueous environments, for instance 

in psychiatric hospital wastewater and municipal wastewater treatment plants in China 

[20,21], in wastewaters from a hospital and a wastewater treatment plant in the urban region 

of Porto, Portugal [22], or in raw and treated wastewater from a wastewater treatment plant, 

drinking water and lake water collected in New York State, USA [23].  
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Antipsychotics are a type of psychiatric drugs which are prescribed to treat patients with 

specific psychiatric disorders affecting the mind. In this case, the patient suffers from loss 

of contact with the reality and shows symptoms such as delusion or hallucination. This 

situation might be reflected in form of a physical condition or a mental disorder like 

schizophrenia or even as an extreme depression [24]. Antipsychotic medications are 

normally used to mitigate these severe symptoms of mental disorders. The first generation 

of antipsychotic drugs or the “typical” antipsychotics, also known as neuroleptics, include 

pharmaceuticals such as chlorpromazine, haloperidol, perphenazine, thioridazine, 

flupenthixol, thiothixene, and trifluoperazine. Neuroleptics block the rational dopamine 

receptors and can thus have mood-changing properties, without affecting the intellectual 

skills [25].  

1.2. Phenothiazines 

Phenothiazines, one of the largest categories of antipsychotic drugs, is among the most 

frequently prescribed medications to treat severe mental disorders around the world 

[26,27]. Phenothiazines are able to block the dopamine receptors in the basal ganglia (a 

group of clusters of neurons in the brain), the hypothalamus (a complex area of the brain 

with a number of important functions), and the limbic system (a connection of many brain 

structures that help control emotions, memory, learning, motivation, and bodily functions 

like appetite and sex drive). Besides psychosis, phenothiazines are also used to treat 

hyperemesis, a pregnancy complication that is characterized by severe nausea, vomiting, 

weight loss, and possibly dehydration; since they can also block the histamine receptors 

[25].  

All the members of the phenothiazine group share a sulfur-containing tricyclic ring with 

different substituents at the R1, R2 and R3 positions (Figure 1) and are divided based on the 

substitutions on the nitrogen into three sub-categories: (i) the aliphatic phenothiazines (with 

acyclic substitutions), (ii) the piperidine phenothiazines (with piperidine-derived group 

substituents), and (iii) the piperazine phenothiazines (with piperazine-derived substituents). 

Chlorpromazine is the major representative member of the aliphatic phenothiazines 

[28,29].  
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Figure 1-1. Chemical structure of the phenothiazine group 

The origin of phenothiazines goes back to the 19th century accompanied by the development 

of the dye industry at that time [30]. In 1876, Heinrich Caro, a German chemist who worked 

at the Badische Anilin und Soda Fabrik (Baden Aniline and Soda Factory; BASF) 

synthesized a phenothiazine derivative aniline dye (C16H18ClN3S) and named it as 

“methylene blue” [IUPAC name: 3,7-bis(Dimethylamino)-phenothiazin-5-ium chloride] 

(Figure 1-2). This was the beginning of the evolution of a new antipsychotic group of 

drugs, the “phenothiazines” [31].  

 

Figure 1-2. Chemical structure of methylene blue 

Methylene blue was the first dye tested for medical purposes in human patients and in 1891 

Paul Ehrlich was able to show that this dye was effective to treat malaria [32]. Eversince, 

this compound and its derivatives have been investigated in several therapeutic aspects such 

as chemotherapy, bacterial and viral infections, cancer, psychotic and neurological 

problems, and even Alzheimer’s disease [33]. Besides being a pharmaceutical and a textile 

dye, methylene blue has also been very popular as a model pollutant in water remediation 

studies [34].  

In 1883, with methylene blue as the lead compound, August Bernthsen reported the 

synthesis of the 10H-phenothiazine molecule (Figure 1-3) and was able to characterize its 

structure [32]. 
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Figure 1-3. Chemical structure of phenothiazine 

About seventy years later, the hunt for antimalarial drugs led to the synthesis of a new 

member of phenothiazines by Paul Charpentier at Rhône-Poulenc, Paris in 1950; 

“chlorpromazine” (Figure 1-4) which was reported to be the first effective antipsychotic 

drug [31]. 

 

Figure 1-4. Chemical structure of chlorpromazine  

 

Chlorpromazine, with the IUPAC name of 3-(2-chloro-10H-phenothiazin-10-yl)-N,N-

dimethyl-propan-1-amine, was introduced to the pharmaceutical market in 1952, as the 

most popular member of the phenothiazine group [35]. However, there have been negative 

reports about the toxicity symptoms in patients taking this medication after exposure to 

sunlight [36]. It has been shown that this compound is highly photosensitive and that some 

genotoxic effects were resulted from the formation of short-lived radicals in the body [37]. 

It has also been observed that taking this drug and being exposed to solar irradiation at the 

same time could result in the formation of dechlorinated free radicals in the patient’s body 

which could react subsequently with DNA and produce singlet oxygen [38].  

Obviously, the remains of this pharmaceutical as well as its transformation intermediates 

end up in the municipal or industrial water and wastewater streams. Similar to many other 

pharmaceuticals, there have been several reports on detected residues and possible harmful 

ecotoxicological effects of phenothiazines or their transformation products in the effluents 
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of treatment plants or pharmaceutical companies [39–43]. Therefore, finding an effective 

method to remove these organic structures and their reaction intermediates from the aquatic 

systems is of high importance. 

1.3. Photocatalysis 

One of the possible approaches for the treatment of pharmaceutical-containing water or 

wastewater is the application of photocatalytic reactions [1,44]. As recommended by the 

International Union of Pure and Applied Chemistry (IUPAC), photocatalysis is defined as 

“change in the rate of a chemical reaction or its initiation under the action of ultraviolet, 

visible, or infrared radiation in the presence of a substance (the photocatalyst) that absorbs 

light and is involved in the chemical transformation of the reaction partners” [45]. 

 Following the pioneering work of Fujishima and Honda in 1972 which reported for the 

first time the photocatalytic activity of TiO2 for splitting water into molecular hydrogen 

and oxygen upon UV irradiation [46], photocatalysis has gained a huge amount of scientific 

attention. Eversince, many efforts have been done in this field to find proper 

semiconducting materials as photocatalysts for the degradation of organic and inorganic 

molecules.  

Heterogeneous photocatalysis is considered as one of the advanced oxidation processes 

(AOPs) in the field of air/water/wastewater treatment [47]. Over the past decades, several 

investigations related to solar-light driven heterogeneous photocatalytic reactions with the 

purpose of wastewater treatment have been performed [48–53]. Heterogeneous 

photocatalysis enables the chemical destruction of pharmaceutical residues and their 

transformation products present in wastewater. This is one of the advantages of this 

treatment method which leads to the reduction of ecotoxicity and other harmful effects of 

these compounds on the environment [19]. 

An ideal semiconducting material to be used as a photocatalyst needs to be stable, available, 

biologically and chemically inactive, simply produced and employed, efficient in 

catalyzing the reaction, optimally activated by sunlight, inexpensive, and environmentally-

friendly [54]. 
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1.3.1. Titanium Dioxide (TiO2)    

Most of the available photocatalysts are inorganic solids having various crystalline phases. 

Among the available semiconducting oxides, TiO2 is the most intensely investigated and 

the most commonly used photocatalyst, inter alia, due to its low toxicity, its reasonable 

price and its high photo- and chemical stability [55–58]. Among the three available 

polymorphs of TiO2 (Figure 1-5), namely, anatase (tetragonal), brookite (orthorhombic), 

and rutile (tetragonal) [59], the latter is known to be thermodynamically the most stable 

form of titanium dioxide at ambient temperature. This leads to a transformation of all 

metastable phases to the rutile phase at temperatures higher than 600°C [60,61].  

 

Figure 1-5. The schematic structures of TiO2 polymorphs (a) anatase, (b) rutile, and (c) brookite [62]. 

Reproduced from Ref. [62], copyright (2014), with permission of Royal Society of Chemistry. 

With a bandgap of ~3.2 eV, anatase TiO2 is a semiconductor which absorbs light in the UV 

range (λ < 387 nm) [47]. When such a semiconductor absorbs photons with an energy equal 

to or higher than its bandgap energy, this light energy excites electrons from the filled 

valence band of the semiconductor to its conduction band (Figure 1-6).  
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Figure 1-6. Schematic representation of photocatalyst excitation  

Therefore, charge carriers or better to say, electrons in the conduction band (the reducing 

species) and positively charged holes in the valence band (the oxidizing species), will be 

generated (Equation 1-1) and will migrate to the surface of the semiconductor. In the 

presence of an organic molecule adsorbed on the surface of the photocatalyst (OMs), an 

oxidation or a reduction reaction might occur. The oxidation reaction can proceed through 

two different mechanisms, namely, direct oxidation or indirect oxidation. In the direct 

oxidation, the photogenerated holes in the valence band (hVB
+) are transferred directly to 

the adsorbed organic compound resulting in its direct oxidation (Equation 1-2). However, 

if the organic molecule is only weakly adsorbed at the photocatalyst surface, the indirect 

mechanism is more likely to take place. In this case, the valence band holes will be first 

transferred to water molecules adsorbed on the surface of the photocatalyst resulting in the 

formation of surface hydroxyl radicals (•OHs) (Equation 1-3). These radicals can then 

react, still being adsorbed on the surface, with the organic molecule in the solution (OM) 

resulting in the formation of oxidation products (Equation 1-4). Another possibility is that 

the surface hydroxyl radicals will first be desorbed into the solution (Equation 1-5) and 

then react with the organic molecule as free hydroxyl radicals yielding oxidation products 

(Equation 1-6). It is worth mentioning that the hydroxyl radicals can also be formed 

through the reduction reaction in which the photogenerated conduction band electrons (e-

CB) react with molecular oxygen (O2) forming a superoxide radical (O2
•-) (Equation 1-7) 

and eventually hydrogen peroxide (H2O2) (Equation 1-8 and Equation 1-9). After a further 
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reduction step, hydrogen peroxide will be converted to hydroxyl radicals (Equation 1-10). 

All these pathways are summarized in the following chemical equations [52,63]: 

TiO2 
     hv     
→     eCB

- + hVB
+

                                                                                                   (1-1) 

Direct oxidation pathway:   

hVB
+

 + OMs → Oxidation Products                                                                                (1-2) 

Indirect oxidation pathway: 

hVB
+

 + H2O →  O 
•

H
s
 + H+                                                                                             (1-3) 

O 
•

H
s
 + OM → Oxidation Products                                                                                (1-4) 

O 
•

H
s
 

 desorption   
→        O 

•
H

free
                                                                                                  (1-5) 

O 
•

H
free

+ OM → Oxidation Products                                                                              (1-6) 

Reduction pathway: 

eCB
-  + O2 →  O2

•-                                                                                                             (1-7) 

O2
•-

 + H+ →  HO2
•                                                                                                            (1-8) 

O2
•-

 + HO2
•  + H2O → O2+ H2O2+ OH

-
                                                                          (1-9) 

H2O2 + eCB
-  → O 

•
H + OH

-
                                                                                          (1-10) 

For the photocatalytic degradation of organic compounds, each of these reactions has an 

important role in the overall process. The hydroxyl radical produced through the oxidation 

or the reduction reactions is the main oxidant, while the presence of molecular oxygen can 

inhibit the recombination of electron-hole pairs to some extent. Depending on the nature of 

the absorbed compound, different intermediates can be produced from its reaction with the 

hydroxyl radical, yielding eventually the degradation products, that is, water and carbon 

dioxide. In addition, the organic compound can also be directly oxidized by trapped holes 

[63–65]. The aforementioned equations are a simplified description of a photocatalytic 

reaction. However, the mechanism of the overall photocatalytic degradation of a real 
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organic pollutant mixture is a much more complicated process. This is due to the, inter alia, 

different possible reaction pathways, the formation of intermediates or by-products, and 

varying reaction steps depending on the nature of the degraded compound. It becomes even 

more complex when trying to determine the actual function of electrons, holes, free radicals 

and the surface chemistry in this system. Despite all the efforts which have been undertaken 

to understand the mechanism of photocatalysis, there are still several open questions in this 

field which have not been clarified until now [66,67].  

For the transfer of the photoinduced electrons or holes to surface species, the quasi-Fermi 

levels of electrons and holes upon bandgap illumination of the semiconductor, the bandgap 

energy, the energetic positions of the valence band and the conduction band, respectively, 

as well as the redox potential of the adsorbates are the key factors to be considered. The 

energy level of the valence band indicates the hole oxidizing ability, while the conduction 

band energy level determines the electron reduction potential of the semiconductor [54].  

To explain this from a thermodynamic standpoint, first the concept of Fermi level and 

quasi-Fermi levels have to be introduced. The Fermi level (EF) is the electrochemical 

potential of the electrons in a semiconductor and is a measure of the free energy of electrons 

(see Figure 1-7). In an n-typed semiconductor such as TiO2, the Fermi level is positioned 

below the conduction band edge (EC) at thermodynamic equilibrium (Figure 1-7(a)) [68–

70]. The higher the n-doping, the closer EF will be to EC [70]. Under illumination however, 

this equilibrium will not be held anymore. Since excess electrons and holes will be 

photogenerated upon bandgap excitation, the electron and hole densities will be enhanced 

to values above their equilibrium values. In this case, the electron and hole densities in the 

conduction and valence band of the semiconductor cannot be determined by the same Fermi 

level. Thus, for a semiconductor under illumination, a quasi-Fermi level for electrons (*EFn) 

and a quasi-Fermi level for holes (*EFp) are defined (shown in Figure 1-7(b)) [68,69].  
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Figure 1-7. Fermi levels and quasi-Fermi levels of electrons and holes for an n-type semiconductor: (a) at 

thermodynamic equilibrium (in the dark); (b) and (c) under illumination; (c) local excitation; x is the 

distance from the semiconductor surface [68]. Reproduced with permission from ref. [68], copyright (2011).  

In the case of n-type semiconductors, electrons are the majority carriers and holes are the 

minority carriers. Accordingly, upon illumination, the electron density does not change 

significantly and hence the quasi-Fermi level of electrons, *EFn, remains almost the same 

as Fermi level under equilibrium (EF). On the contrary, the shift of the quasi-Fermi level of 

holes, *EFp, with respect to EF is considerable, as the hole density might be increased by 

many orders of magnitude. Thus, *EFp will be shifted downwards and to a position near to 

the valence band edge (EV) of the semiconductor (Figure 1-7(b)) [68,69]. In many cases, 

due to the small light penetration depth, the electron-hole pairs are generated locally near 

the surface of the semiconductor. Therefore, *EFp varies with the distance from the excited 

surface of the semiconductor (Figure 1-7(c)) [68,69].  

The quasi-Fermi levels are of high importance regarding the reactions taking place at the 

semiconductor-adsorbate interface. In case of TiO2, being a heavily-doped n-type 

semiconductor, the position of EC, and *EFn, almost merge with each other. Thus, by 

determining the *EFn, the position of EC and consequently that of the valence band, EV, can 

be obtained. The latter can be easily calculated by adding the value of EC to the value of 

bandgap energy (normally determined by optical or photoelectrochemical approaches) 

[68].  

According to these explanations, upon bandgap illumination of the semiconductor, if the 

adsorbed organic molecule has a more negative redox potential than *EFp, the 
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photogenerated holes in the valence band of the semiconductor will be able to oxidize it. 

On the other hand, if the redox potential of the organic molecule is more positive than *EFn, 

the photogenerated electrons of the conduction band are capable of reducing the adsorbed 

molecule [71]. 

1.3.2. Visible light-active Photocatalysts 

As described above, the potential to be activated by sunlight counts as an optimal 

characteristic of an ideal photocatalyst. Although TiO2 is a very good candidate for 

photocatalytic reactions, with its relatively wide bandgap of about 3.2 eV, it is only able to 

absorb UV light with wavelengths up to maximum 387 nm [72]. Nevertheless, only a small 

fraction of the sunlight, ~3.5%, consists of UV light (λ: 200-400 nm) [73], while the visible 

light fraction (λ: 400-800 nm) contributes ~43 % [74]. Therefore, many attempts have been 

made to develop visible light-absorbing semiconductors to enhance the application of solar 

light in photocatalytic systems.  

1.3.2.1. Ferrites 

One of the semiconducting materials reported as visible-light active oxides are ferrites 

having the general formula of MFe2O4, with M being a metal ion. Most ferrites exhibit a 

spinel structure with oxide anions positioned in a cubic close-packed lattice and M and Fe 

cations occupying tetrahedral and/or octahedral sites [75]. Besides being chemically and 

thermally stable, and having a reasonable price, ferrites also benefit from their narrow 

bandgap (~1.9 eV) which allows them to absorb visible light with wavelengths up to 653 

nm. These materials have already been studied for water splitting [75–79], for the reduction 

of carbon dioxide [80], artificial photosynthesis [75], and water treatment [81,82].  

Among the spinel ferrites, zinc ferrites, ZnFe2O4, have been widely studied for their 

potential application in photocatalytic and photoelectrocatalytic processes. They exhibit a 

spinel structure (Figure 1-8), with Zn2+ and Fe3+ cations, occupying the tetrahedral and 

octahedral sites, respectively [78,83,84].  
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Figure 1-8. Crystallographic 3D structure of zinc ferrite with a normal spinel arrangement [85]. 

Reproduced from Ref [85]. 

Zinc ferrites can be prepared through various synthetic methods such as co-precipitation 

[86], sol-gel reactions [87,88], reflux procedures [89], hydrothermal processes [89], solid 

state reactions [90,91], polymer complex method [90,91], hybrid microwave annealing 

[76], etc. However, for the zinc ferrites prepared by different methods, also different 

photocatalytic activities have been reported [75,79]. These differences in photocatalytic 

activities are expected to result from the variation of properties such as the BET surface 

area [92], the crystalline size [75], the energetic bandgap position [93], and the degree of 

inversion [94,95].  

Several reports are available regarding the evaluation of the photocatalytic activity of zinc 

ferrites [92,96–101]. Šutka et al. have investigated the effect of different excess iron 

contents in the structure of zinc ferrites (ZnFe2+zO4) prepared through a sol–gel auto-

combustion method [92]. They have observed that by increasing the iron content (from z = 

0 to z = 0.15), the energetic bandgap of the prepared samples decreased. Also, the 

photocatalytic activity was reduced from 40% to zero for the degradation of methylene blue 

after three hours visible light irradiation. This effect was contributed to the formation of 

Fe2+ species in the octahedral sites of the spinel structure acting as recombination centres 

[92].  
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In another study, Qiu et al. prepared zinc ferrite films through a sol-gel method followed 

by a calcination at four different temperatures and claimed that the absorption onset of these 

films were shifted to the visible region up to 540 nm (compared to TiO2 films) [100]. These 

authors have investigated the photocatalytic conversion of methyl orange as a probe 

molecule irradiated by a xenon lamp in a wavelength range of 200 to 700 nm and have 

reported that the sample calcined at 450°C revealed the highest photocatalytic activity 

[100]. Sharma and Singhal synthesized zinc doped nickel ferrites with varying zinc to 

nickel ratios using a sol-gel method followed by annealing at 400 to 1000°C [101]. They 

reported an increased electrical resistivity as well as an increased photocatalytic activity for 

the degradation of methylene blue under visible light irradiation with increasing the zinc 

content in the structure. This was explained by the authors through the wider bandgap of 

nickel ferrite as compared to zinc ferrite [101]. 

1.3.2.2. KRONOClean 7000 

Despite the efforts to develop new photocatalytic materials with activity in the visible 

range, TiO2 still continues to be the most commonly used photocatalyst. Although, as 

mentioned above, TiO2 is able to harvest only up to 3.5 % of the solar energy [73], its 

photocatalytic activity under UV irradiation is much higher than that of the materials with 

a strong absorption in the visible range, such as iron based photocatalysts [93,102]. Thus, 

another approach which can be considered other than replacing TiO2 with new visible light 

active materials is to apply some strategies to increase its light absorption; for instance, 

doping of TiO2 with metal or non-metal ions or modifying the TiO2 surface by the 

deposition of sensitizers. Doping TiO2 may result in a narrowing of the bandgap [103,104], 

while dye-sensitization of TiO2 through its coupling with a strongly absorbing dye 

molecule enhances the overall visible light absorption of the photocatalyst [105]. The latter 

approach is widely applied not only in the field of dye sensitized solar cells [106], but also 

for photocatalysis [107,108].   

One example of the application of this method is KRONOClean 7000 (from this point in 

the current study: K-7000), a commercially available photocatalyst developed by Kronos 

International Inc., prepared through the modification of TiO2 with pentaerythritol [109]. 

This product was initially assumed to be a carbon-doped TiO2, however, Ząbek et al. were 

able to exclude this possibility and showed that this photocatalyst (named as VLP by these 
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authors) actually consists of anatase particles with a carbon-based sensitizer layer covering 

their surface [109]. This could be convincingly shown since these authors removed the 

layer around the particles and separated it into a pale brown powder (SENSex) and an 

extracted colorless powder (VLPres) which was washed several times to remove all organic 

and inorganic impurities. Afterwards, they could reconstruct it using some well-designed 

straightforward experiments. As shown in Figure 1-9, they could confirm that the sample 

after the reassembling process (VLPreas) had identical photocatalytic properties as 

compared with the initial sample (VLP) [109].  

 

Figure 1-9. Photomineralization of 4-chlorophenol with visible light (λ ≥ 455 nm) in the presence of (a) 

VLP, (b) VLPreas, (c) VLPres, and (d) SENSex, Suspensions [109]. Reproduced from Ref. [109], copyright 

(2009), with permission of Royal Society of Chemistry.   

The activity of K-7000 was also compared with that of Evonik P25. K-7000 showed a better 

performance than P25 for the photocatalytic abatement of NOx under white light excitation 

[110] as well as for the degradation of acetone under visible light irradiation [111]; 

confirming that the carbon-based sensitizer layer could enhance the visible light absorption 

of this photocatalyst. Nevertheless, understanding the underlying mechanism of the 

extended visible light response of TiO2 and its enhanced visible light activity is of great 

importance. Thus, in the current work, this issue will be discussed in more detail in Chapter 

4.  

1.4. Model Compounds 

An important issue regarding the evaluation of the activity of a photocatalyst is the choice 

of a proper model compound. Organic dye molecules are most commonly chosen as probe 
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compounds for the analysis of the photocatalytic activity of photocatalysts, due to the 

possibility of an uncomplicated determination of the dye concentration via 

spectrophotometric methods. 

1.4.1. Methylene Blue  

Methylene blue (from this point in the current study: MB) is the first member of the 

phenothiazine antipsychotic drugs. This blue colored dye (ɛ660 = 105 dm3·mol-1·cm-1) has 

λmax values at 660, 614 and 292 nm [112]. The degradation of MB has been introduced by 

the international standard organization (ISO) as a reference method from which the self-

cleaning photocatalytic activity of surfaces in aqueous medium can be determined [113]. 

Thus, this dye is one of the most popular organic dyes chosen as a model pollutant in 

photocatalytic investigations [114–121].  

Owing to its high molar absorptivity, this dye only requires small concentration changes to 

convert its color from blue to pale or colorless upon photocatalytic-oxidation and this 

change can be readily monitored and followed. Moreover, it is also possible to simply 

analyze the photobleaching rate of the dye via spectrophotometric methods [34].  

However, it is worth mentioning that a dye molecule in principle might not be a good option 

for the evaluation of the photocatalytic activity of a photocatalyst. As simple as it might be 

assumed, an irradiated suspension containing a dye molecule together with a photocatalyst 

can be a complicated system. Often, the dye molecule might undergo a photocatalytic 

reduction reaction leading to its bleaching as discussed for MB by Mills et al. [112]. It 

should be considered that the doubly reduced form of MB (LMB, λmax = 256 nm) is 

colorless and stable in de-aerated aqueous solutions [122]. However, the singly reduced 

form of MB (MB•-
, λmax = 420 nm) is pale yellow and can disproportionate to form MB and 

LMB according to the following equation [112]: 

2 MB•-→ MB + LMB                                                                                                   (1-11) 

The oxidized form of MB (MB•+, λmax = 520 nm) can be easily reduced back to MB in 

acidic media [123], while in slightly alkaline (pH 9.1) solutions, it decomposes irreversibly 

[124]. According to Mills et al., MB can be completely mineralized photocatalytically upon 

ultra-band gap irradiation under oxygen-saturated conditions as following [112]:  
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C16H18N3SCl⏟        
(MB)

  +  25 
1

2
 O2  

 TiO2(hv≫3.2 eV)  
→             

                                                HCl + H2SO4 + 3HNO3 + 16CO2 + 6H2O                   (1-12) 

This reaction results into the bleaching of MB and is an irreversible process. 

On the other hand, under anaerobic conditions, MB will be reduced to LMB upon 

irradiation in the presence of TiO2 and a sacrificial electron acceptor (SED) [112]:  

MB + SED 
 TiO2 (hv≫3.2 eV) 
→             LMB + SED

2+
+ 2 e-                                                        (1-13) 

Thus, also here, a bleaching effect will be observed which is in this case due to the colorless 

LMB. However, this reaction can be reversed by addition of O2 to the anaerobic system, 

which results into oxidation of LMB back to MB [112].  

Since these two reactions both give the same superficial result, namely, bleaching of the 

MB dye over ultra-band gap irradiation of TiO2, in many cases, they are mistaken with each 

other. Hence, the initially observed photobleaching of the dye does not necessarily prove 

its mineralization. This misinterpretation most often happens when the reaction conditions 

favor the formation of LMB. These conditions include for instance, a low, easily depleted 

dissolved oxygen level or a low pH value [112].   

In some cases, upon visible light irradiation the dye molecule is able to absorb the incoming 

light itself resulting into its photobleaching which is usually mistaken with its 

photocatalytic degradation [125].  

As reported by Zhao et al., in case of having a dye molecule sensitized on the surface of a 

semiconducting material, the sensitized photocatalytic reaction can be explained as 

following [126]. After excitation of the dye (Dye*) under visible light illumination, the 

electrons generated in the LUMO of the dye are likely to be transferred to the conduction 

band of the semiconductor (illustrated in Figure 1-10). Thus, in the presence of an electron 

acceptor such as molecular oxygen, the conduction band electrons can reduce molecular 

oxygen yielding O2
•-. The remained free radical cation of the dye (Dye•+) is able to react 

further. For example in an aqueous solution, Dye•+ can oxidize water to hydroxyl radicals.  
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Figure 1-10. Proposed mechanism for visible-light-induced dye-sensitized photocatalysis 

In the current work, this aspect is investigated in detail in terms of evaluation of the 

photocatalytic activity of different self-prepared zinc ferrites using MB as a model 

compound (Chapter 2).   

1.4.2. Chlorpromazine 

Another member of the phenothiazine antipsychotics is chlorpromazine. The early worry 

concerning its photochemistry originated from the frequently noticed strong skin rashes 

being observed for patients who were treated with high dosages of this medication [127]. 

Under UV irradiation, this compound was found to be transformed into its metabolites via 

ring hydroxylation, demethylation on the N-chain, or sulfur or nitrogen oxidation [41,128]. 

As determined by Bahnemann et al., in aqueous solution, chlorpromazine has an absorption 

maximum at 305 nm (ɛ = 4500 mol-1·dm3·cm-1) [37] thus it can be excited by UV irradiation 

yielding its excited singlet state which converts into its triplet state [129]. Chlorpromazine 

can then either fragment to form radicals or photo-ionize to form radical cations and 

electrons (Figure 1-11) as proposed by Kochevar [130]. 
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Figure 1-11. Proposed pathways for the photodegradation of chlorpromazine under UV irradiation [130]  

As shown in Figure 1-11, photoionization of a chlorpromazine (CPZ) molecule results into 

the formation of a chlorpromazine radical cation (CPZ
•+

) and an electron (Equation 1-14). 

In an aqueous solution, the released electron can react further with water (Equation 1-15), 

yielding a hydrated electron (eaq
- ). This hydrated electron is an active reductant species.  

CPZ 
   hv   
→   CPZ

•+
+ e-                                                                                                    (1-14) 

e- + H2O → eaq
-                                                                                                              (1-15) 

As reported by Davies et al. [131], in the absence of molecular oxygen, this eaq
-  can be 

added into the aromatic system of chlorpromazine, possibly yielding a short-living radical 

anion (Equation 1-16) and remove the chloride ion by the end of the reaction (Equation 

1-17).  

 

CPZ + eaq
-  

             
→    CPZ

•-
                                                                                                (1-16) 
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CPZ
•-

 
             
→     PZ• + Cl

-
                                                                                                (1-17) 

The promazine radical which is produced simultaneously can react with another 

chlorpromazine molecule to produce a cyclohexadienyl type radical [131]. 

In a study on the free radical induced one-electron oxidation of phenothiazines, Bahnemann 

et al. [37], also investigated the reduction of chlorpromazine by hydrated electrons through 

pulse radiolysis experiments. The characteristic optical absorption of the eaq
-  (λmax = 720 

nm) was observed to decay exponentially with the half-lives inversely proportional to the 

chlorpromazine concentrations. In another study, Bahnemann et al. [132], were able to 

derive the one-electron redox potentials of phenothiazine radical cations by pulse 

radiolysis. According to their studies with I2
-• and chlorpromazine, these authors estimated 

the redox potential of the CPZ
2+•

/CPZ
+
 couple and determined an upper limit of 

∆E°= E°(CPZ
2+•

/ CPZ
+
) - E°(I2

-• / 2I
-
) ≤ ̠ 0.19 V which agreed well with the calculated ∆E°= 

˗0.22 V value, taking E°(CPZ
2+•

/ CPZ
+
) = +0.78 V and E°(I2

-• / 2I
-
) = +1.0 V. These authors 

suggested that bases on the measured absolute rate constants for the reaction of 

phenothiazine and its related radical cations (including chlorpromazine radical cation) with 

ascorbate and α-tocopherol, electron transfer equilibria are likely to exist also with other 

phenothiazine cations and strongly reducing compounds [132]. 

As mentioned before, besides the formation of electrons through photoionization of 

chlorpromazine, also a radical cation intermediate will be produced (Equation 1-14). 

According to Ateş and Somer [133], regarding the photo-degradation of chlorpromazine 

under UV(A) irradiation, most of the radical intermediates formed during the oxidation 

such as its excited singlet and triplet states are unstable, while its radical cation (CPZ
•+

, 

λmax = 530 and 275 nm) which is a colored free radical intermediate (red) could be identified 

in aqueous solutions at pH values of 1.5-6.5. This radical intermediates is known as the 

chlorpromazine radical cation [133]. As reported by Felmeister and Discher several 

resonance forms of the chlorpromazine free radical cation (Figure 1-12) may be envisioned 

[134]. However, Borg and Cotzias were able to rule out important contributions of the 

resonance form (b) through electron spin resonance (ESR) evaluations [135]. 
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Figure 1-12. Resonance forms of chlorpromazine free radical of chlorpromazine; adapted from Ref. [134], 

copyright (1964), with permission from Elsevier. 

Merkle and Discher performed an electrochemical investigation to elucidate the oxidation 

mechanism of chlorpromazine hydrochloride in aqueous media [136]. They proposed that 

in dilute aqueous acidic solution (1 N sulfuric acid), chlorpromazine undergoes a single-

electron oxidation reaction to form the red chlorpromazine free radical intermediate 

(CPZ
•+

). This radical intermediate is unstable and disproportionates rapidly to form 

chlorpromazine (CPZ, colorless) and chlorpromazine sulfoxide (CPZ-O, colorless). The 

overall reaction taking place in dilute aqueous acidic media can be represented as following 

[136]: 

2 CPZ    
1 N sulfuric acid (+0.70 V. vs. SCE) 
→                        2CPZ

•+⏟    
↓
 

CPZ    
     Spontaneous     
↔                  CPZ-O

+  2e-                     (1-18) 

However, by using a 9 N sulfuric acid aqueous solution as the supporting electrolyte, these 

authors were able to confirm the occurrence of two separate one-electron oxidation steps 

as well as a one-electron reduction step. They could isolate a one-electron oxidation step 

by electrolysis at a potential of +0.50 V. vs. SCE [136]: 

CPZ 
9 N sulfuric acid (+0.50 V. vs. SCE )
→                        CPZ

•+
+e-                                                                 (1-19) 

It was shown that under these conditions, the free radical intermediate stabilizes. Thus, 

depending on the selected oxidation potentials it was possible to selectively either oxidize 

or reduce this free radical. The oxidation of CPZ
•+

via a further one-electron step resulted 

into the formation of chlorpromazine sulfoxide (Equation 1-20), while the complete 
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reduction of CPZ
•+

yielding chlorpromazine was also possible at lower potentials via a one-

electron reduction step (Equation 1-21) [136].  

CPZ
•+

 ⟶  CPZ-O + e-                                                                                                 (1-20) 

CPZ
•+

 + e- ⟶  CPZ                                                                                                      (1-21) 

Nevertheless, the kinetic data obtained by Cheng et al. [137] for the decomposition of the 

chlorpromazine radical in aqueous buffers in the pH range between 2 and 7, using 

electrochemical and spectrophotometric measurements were inconsistent with a 

mechanism involving a disproportionation of the free radical cation. As an alternative, 

based on their kinetic data, these authors suggested that a cation radical/buffer adduct will 

be formed (Equation 1-22) which will be further oxidized by another chlorpromazine 

radical cation (Equation 1-23), leading eventually to its rearrangement to the sulfoxide 

metabolite (Equation 1-24). According to these observations, the mechanism of the 

hydrolysis of CPZ
•+

in aqueous buffers was represented by the following equations in which 

RCO2
-
 refers to a representative buffer constituent [137]: 

CPZ
•+ + RCO2

-  + H2O  ⇆  [CPZ(RCO2)(OH)]•- + H+                                                 (1-22) 

[CPZ(RCO2)(OH)]•- + CPZ
•+  ⇆  CPZ + [CPZ(RCO2)(OH)]                                  (1-23) 

[CPZ(RCO2)(OH)] ⟶  CPZ-O + RCO2H                                                                  (1-24) 

These observations rather indicated a direct reaction of the formed radical cation either with 

the buffer elements or with water [137].  

Chlorpromazine sulfoxide (Figure 1-13) has been reported to be the ultimate photo-

oxidation product of chlorpromazine [136–139].  
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Figure 1-13. Chemical structure of chlorpromazine sulfoxide 

Iwaoka and Kondo performed a mechanistic study regarding the photo-oxidation of 

chlorpromazine in water and ethanol employing both, a steady light photo-oxidation 

method as well as transient absorption spectroscopy [139]. According to their findings, the 

sulfoxide metabolite is formed via the chlorpromazine radical cation and the presence of 

dissolved molecular oxygen is essential for the formation of this radical cation as well as 

the chlorpromazine sulfoxide. They concluded that the oxygen atom in the sulfoxide 

structure originates from molecular oxygen and not from water [139]. According to Davies 

and Navaratnam, following the photochemistry of chlorpromazine transformation is much 

easier in solvents such as propan-2-ol rather than in aqueous solutions [140]. They were 

able to show that in the absence of molecular oxygen, the excited chlorpromazine is 

subjected to a C-Cl bond splitting by which a free promazine radical (PZ•) is formed as 

follows:  

CPZ  
    hv, anaerobic    
→             PZ• + Cl

•
                                                                                     (1-25) 

These radicals can react with the solvent yielding products such as promazine, 

isopropoxypromazine, HCl, and acetone. On the other hand, in an oxygen-saturated 

solution, the excited chlorpromazine is quenched by molecular oxygen to form singlet 

oxygen [140]. In another work, Motten et al. applied the spin trapping technique and 

investigated the fate of the light-induced free radical intermediates formed during the 

photolysis of chlorpromazine at 330 nm [138]. They presented evidence for three main 

photoreactions of chlorpromazine: (I) dechlorination of chlorpromazine to form a radical, 

(II) direct reaction of chlorpromazine with molecular oxygen and formation of the 
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corresponding sulfoxide, and (III) photoelectron ejection (only when excited into the 

second excited singlet state, λ < 280 nm) [138].   

In general, the photo-degradation pathway of chlorpromazine appears to be strongly 

dependent on the reaction medium. In the absence of molecular oxygen, the light induced 

products of the chlorpromazine transformation are different from those formed in the 

presence of O2 [19]. Under UV irradiation of an aerated aqueous solution of 

chlorpromazine, the corresponding sulfoxide is reported to be the main photo-product 

[134,139,141], while no evidence for its formation is found in the absence of O2. According 

to Huang and Sands, in a deoxygenated atmosphere, chlorpromazine photolysis under UV 

light leads to the formation of its dimers or polymers. They suggested that after the cleavage 

of the C-Cl bond, radicals are formed which promote the dimerization or polymerization 

processes (Figure 1-14) [127].  

 

Figure 1-14. Proposed structures of UV light-induced reaction products of chlorpromazine under anaerobic 

conditions [127]; Adapted from Ref. [127], Copyright (1967), with permission from Elsevier.  

A similar behavior under anaerobic conditions has also been observed by Davies and 

Navaratnam [140]. It was moreover reported by Grant and Greene that the solar photolytic 
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conversion of chlorpromazine under anaerobic conditions results in its conversion to 

promazine and 2-hydroxypromazine within minutes [142].  

1.5. Analytical Methods 

1.5.1. High performance liquid chromatography (HPLC-MS) 

Other than the unstable free radical intermediates, some relatively stable intermediates are 

also formed during the photolysis of chlorpromazine. These are usually metabolites of the 

parent compound with some differences in their functional groups. These species are 

commonly detected through liquid chromatographic methods and identified via mass 

spectroscopic measurements. High performance liquid chromatography (HPLC)-based 

methods have been long employed in the pharmaceutical industries to detect the different 

metabolites of specific materials [143,144]. In this technique, complex mixtures are 

initially separated into individual components through a column filled with an adsorbent 

material. Then a detector (such as a UV-Vis detector in case of light absorbing compounds) 

generates signals proportional to the amount of the emerging sample components. Thus, an 

output chromatogram is obtained in which each peak is associated with a specific 

component based on its retention time (the time at which the component emerges from the 

column) [145,146].  

Boehme and Strobel have employed HPLC method to study the in vitro metabolism of 

chlorpromazine and were able to detect chlorpromazine and five of its metabolites at 254 

nm [147]. Nałecz-Jawecki et al. have investigated the photo-degradation of chlorpromazine 

under UV(A) and visible light irradiation using HPLC analysis. They have reported that 

after 7 days of irradiation with visible light, only 25% of the chlorpromazine concentration 

was decreased, while upon UV(A) irradiation, it was completely converted in a few hours. 

During the experiments performed under visible light irradiation, at least two 

photoproducts were detected, one of which also appeared as an unstable intermediate after 

2 h of UV(A) irradiation [36].  

In another study performed by Chagonda and Millership, the ability of the HPLC technique 

to qualitatively analyze chlorpromazine and its degradation products was evaluated. By 

utilizing reversed-phase chromatography with selective fluorescence detection and internal 

calibration techniques, chlorpromazine and two of its metabolites, namely, chlorpromazine 
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sulfoxide and chlorpromazine sulfone were successfully identified. This method showed 

fluorescence selectivity for chlorpromazine sulfoxide and chlorpromazine sulfone (Figure 

1-15) at 385 nm, since the corresponding signals of these two products at 385 nm did not 

interfere with that of chlorpromazine [148].  

 

Figure 1-15. Chemical structure of chlorpromazine sulfone 

A drawback of the HPLC method is that, to estimate the components of a mixture, the 

retention times of all desired components are needed to be known. However, based on the 

type of column, mobile phase, temperature, etc., the retention time might be varying 

between different measurements. Therefore, a precise determination of the components is 

rather unlikely, especially for mixtures containing unknown components.  

An alternative analytical method through which the elemental composition of the molecular 

structure of an analyte can be determined is mass spectroscopy (MS) [149]. In mass 

spectroscopy, the mass of the elemental isotopes is the focus of the measurement, rather 

than the elements atomic mass (the average weight of the naturally occurring stable isotopes 

of an element). Thus, in this method, the mass-to-charge ratio (m/z) of ions is determined. 

This value is defined as “the mass of the ion on the atomic scale divided by the number of 

charges that the ion possesses” [149]. In a mass analyzer, for the fragmentation, separation 

and detection of ions according to their individual m/z ratios, solid, liquid, or gases have to 

be ionized and the ions have to be in the gas phase before the separation. Once the desired 

atom or molecule is ionized in the gas phase, the MS technique can be employed to verify 

its accurate atomic or molecular weight [149,150].  

The combination of liquid chromatography and mass spectroscopy, developed as the 

HPLC-MS method, has become a useful tool for the analysis and characterization of 
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pharmaceuticals and their metabolites [143,144]. Utilizing the MS technique together with 

HPLC measurements facilitates the analytical processes; since in addition to the separation 

process, the components will be fragmented and identified based on the distribution of the 

fragmental m/z ratios [151].  

The HPLC-MS technique was employed by Kigondu et al. to analyze the antimycobacterial 

activities of chlorpromazine and its metabolites alone and in combination with 

antitubercular drugs in which chlorpromazine metabolites with m/z values of 335, 351, 305, 

and 321 were successfully identified [152]. In another study, Alexandru et al. carried out 

an investigation regarding the photoproducts of chlorpromazine in aqueous solution after 

exposure to a UV laser beam (266 nm). Utilizing the HPLC-MS method, they were able to 

identify chlorpromazine metabolites with m/z values of 285, 292, 301, 308, 317, and 335 

[153].  

Trautwein and Kümmerer have also applied high performance liquid chromatography 

coupled with multiple stage-mass spectrometry (HPLC–MSn) for the evaluation of 

chlorpromazine and its metabolites over abiotic photolysis under illumination by a xenon 

arc lamp simulating the natural sunlight (300–800 nm). They were able to identify three 

main metabolites of chlorpromazine over its photolytic process having approximate m/z 

values of 301, 317 and 335 (Figure 1-16) and have reported the complete elimination of 

chlorpromazine after 4 h of illumination by the xenon lamp [41]. 

 

Figure 1-16. Total ion currents (TICs) of samples taken during the course of the photodegradation test and 

structures of chlorpromazine and its three main photolysis products; tXe = irradiation time with xenon lamp 

[41]. Reprinted from Ref. [41] Copyright (2012), with permission from Elsevier.  
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1.5.2. Laser Flash Photolysis Spectroscopy 

In order to gain a better insight into the fundamental processes of a photocatalytic reaction, 

laser flash photolysis spectroscopy can be applied. This technique is a viable method to 

detect, for example photogenerated charge carriers in photocatalysts and to analyze their 

recombination pattern [64,154,155].  

This method proceeds through the bandgap excitation of the photocatalyst by a pulsed laser 

leading to the formation of photogenerated electron-hole pairs (Equation 1-26) [52]. These 

are active species which are in charge of the photocatalytic activity of the photocatalyst 

[156,157]. The life-time of the photogenerated electron-hole pairs as well as their decays 

can be determined based on the analysis of their respective transient absorption signals 

[156–159]. 

Photocatalyst + hv  
         
→  Photocatalyst (eCB

- + hVB
+

)                                                      (1-26) 

The electrons and holes generated within the short light pulse might either recombine 

directly in the bulk [160,161] or migrate to the surface of the photocatalyst and get rapidly 

trapped in the photocatalysts subsurface/surface states [64,162].  

Bahnemann et al. have found experimental evidence revealing that in TiO2 a short and a 

long wavelength transient absorption signal can be correlated to the absorption of trapped 

holes and trapped electrons, respectively [163,164]. These authors were able to observe a 

broad transient absorption spectrum between 400 nm to 800 nm, right after the laser pulse 

excitation of TiO2 at ≤ 390 nm [163].  

At around 650 nm, the trapped electron reveals a transient absorption signal, while the 

absorption of trapped hole is centered at shorter wavelengths (around 430 nm) [53]. The 

values of extinction coefficient for the electrons in TiO2 is reported to vary between ɛ = 

800-2600 M-1·cm-1 (in the region of 700–800 nm) [165–167]. These values depend 

significantly on the electrolyte, the conditions and the material preparation methods. The 

extinction coefficient of holes in TiO2 is estimated to be ɛ = 2930 M-1·cm-1 (at 460 nm) 

[168].  
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In a recent review article, Schneider et al. have summarized the respective reports from 

various laboratories to correlate the observed transient absorption signals in TiO2 with the 

assigned charge carriers. These authors have concluded that the photogenerated trapped 

electrons are mostly observed at wavelengths between 620 to 800 nm, while the 

photogenerated trapped holes correspond to signals at around 400 to 550 nm (as shown in 

Figure 1-17) [169].  

 

Figure 1-17. Transient absorption spectra of photo-generated electrons and holes in TiO2 [170]. Adapted 

with permission from Ref [170], Copyright (2004), American Chemical Society.  

Although the process of electron or hole trapping is extremely fast, the lifetime of the these 

trapped charge carriers might be rather long [171–173]. For instance, the trapping of 

conduction band electrons has been reported by Serpone et al. to occur in less than 20 ps, 

whereas, the valence band holes trapping process has been found to be much slower (in the 

ns scale) [155].  

In order to study the role of photo-generated electrons or photogenerated holes individually, 

electron or hole scavenger molecules can be employed. These molecules are able to react 

selectively with either the electron or the hole, resulting in a slower charge carrier 

recombination. Molecular oxygen is commonly used as an electron scavenger and methanol 

is employed as a typical hole scavenger, while nitrogen or argon atmospheres are 

considered as inert standard or reference conditions [64,163,169,170,174].  
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For instance, to detect the photogenerated electrons in TiO2, the oxidation reaction between 

methanol (as a hole scavenger), and the photogenerated holes on the surface of TiO2 can be 

monitored (Equation 1-27) [175].  

CH3OH + h+
(TiO2) → C 

•
H2OH + H+                                                                         (1-27) 

In the presence of methanol, it will react quickly with the photogenerated holes, and hence, 

the recombination of electrons and holes will be prevented. Thus, the photogenerated 

electrons will remain in the TiO2 particles and result in a blue coloration in the TiO2 

powder. In this case, an initial decay in the transient absorption signal can be correlated 

with the reaction of methanol with the trapped holes, while a long-lived absorption could 

represent deeply trapped electrons. Accordingly, an observed difference between the 

transient absorption spectra measured in an inert atmosphere and those measured in the 

presence of methanol can be contributed to the trapped electrons.  

The produced α-hydroxy radical ( C 
•

H2OH) can react further by injecting an electron into 

the conduction band of TiO2 (Equation 1-28). This effect is known as the current doubling 

effect in which two electrons are formed by absorption of only one photon.  

C 
•

H2OH  → eCB
- +  CH2O + H+                                                                                  (1-28) 

Laser flash photolysis spectroscopy is also a strong tool to evaluate the photocatalytic 

activity of newly designed semiconductors. In this regard, Schneider et al. have employed 

this technique to investigate the improved photocatalytic activity of barium tantalate 

composites and compared it to that of pure tantalate and TiO2 [176]. These authors were 

able to show that in the tantalate composite, due to the possibility for the electron to be 

stored in the system and the injection of an electron into the composite material by a 

•CH2OH radical, the electrons can be available for a longer period resulting in an extended 

reduction capability of the composite system [176]. 
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Figure 1-18. Transient absorption vs. time curves of (a) phase-pure Ba5Ta4O15 and (b) Ba5Ta4O15–

Ba3Ta5O15 composite powders, in a N2 (black) and a N2–methanol (red) atmosphere, λex = 248 nm, observed 

at 650 nm and 310 nm  [176]. Adapted from Ref. [176], copyright (2016), with permission from the PCCP 

Owner Societies.  

As can be seen by comparing the transient absorption decays at 650 nm and 310 nm for 

pure barium tantalate, in the presence of methanol (red line in Figure 1-18(a)) the decay at 

310 nm shows a shorter life time compared to that in the inert atmosphere (black line). This 

effect confirms the reaction of methanol with trapped holes which results in a fast decay of 

the transient absorption signal [176]. On the other hand, in the composite powders the 

transient absorption decay at 650 nm considerably changes in the presence of methanol (red 

line in Figure 1-18(b)), being always much higher than the signal measured in the inert 

atmosphere (black line). Also here, the rapid decay of the transient absorption observed at 

310 nm correlates with the reaction of the trapped holes with methanol. Thus, it could be 

observed that in contrast to the phase pure barium tantalate (Figure 1-18(a) at 650 nm) (in 

which the lifetime of electrons was only slightly decreased), in the composite powder the 

charge carrier recombination in the presence of methanol could be sufficiently reduced 

[176]. In another study performed by Nie et al., visible light photocatalytic activity of Au-

modified anatase TiO2 for hydrogen evolution was investigated using laser flash photolysis 
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spectroscopy. The authors have provided experimental evidence revealing that bare anatase 

TiO2 can be excited by visible irradiation (420 nm laser light) and that the excited-state 

electrons can migrate to the Au nanoparticles loaded on the surface of the photocatalyst 

[177]. The same technique was utilized by Lim et al., to evaluate the improvement of visible 

light activity of TiO2 for the activation of Peroxymonosulfate (PMS), through sensitization 

of amino acids on the photocatalyst surface and to demonstrate the visible light-induced 

charge transfer characteristics of the amino acid-TiO2 complexes [178]. Considering that 

both, PMS and amino acids are unable to absorb visible light, it was proposed by the authors 

that the formation of charge-transfer complexes resulting from the adsorption of amino 

acids on the surface of TiO2 leads to a visible light absorption at wavelengths higher than 

420 nm. By means of the data obtained with time-resolved laser spectroscopic 

measurements, they proposed that the ligand-to-metal charge transfer between the surface 

sensitizers and TiO2 is responsible for the visible light activity [178].     

Transient absorption spectroscopy can also be applied to monitor the photochemistry of 

complex molecules such as phenothiazine and its derivatives and the mechanism of their 

photoionization. For instance, this technique has been applied by Iwaoka and Kondo to 

investigate the photoionization of chlorpromazine hydrochloride in mixed solvent systems 

[179].  

 

Figure 1-19. CPZ•+ absorbance at 515 nm (a) in the degassed (●), argon bubbled (○), air saturated (■), and 

oxygen bubbled ( ) mixed solvents of methanol and water; and (b) in argon bubbled (●), and oxygen 

bubbled (○) dioxane-water mixtures, and in argon bubbled (■) and air saturated (□) acetonitrile-water 

mixtures. [CPZ] = 2×10-4 M. Adapted from Ref. [179], copyright (1977) with permission from the 

Chemical Society of Japan. 
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These authors were able to show that the impact of the presence of oxygen on the 

photoionization in aqueous solutions is different than that in organic solutions. So that, in 

the absence of oxygen, no photoionization was found in water, while in organic solvents, 

efficient ionization proceeded (Figure 1-19). By employing flash photolytic measurements, 

through the detection of chlorpromazine radical cation, it was observed that the 

photoionization proceeds monomolecular via an excited state (an intermediate transient 

species such as a half-ionized state) which has a life-time much shorter than that of the 

lowest excited (π-π*) triplet state [179].  

Sub-nanosecond relaxation dynamics of the chlorpromazine cation (CPZ(+H+)) were 

investigated by Maruthamuthu et al. [180] through a picosecond laser spectroscopic 

technique with an excitation wavelength of 335 nm in the presence and absence of TiO2 

colloids to assess chlorpromazine photosensitization of wide bandgap metal oxide 

semiconductors. Pulsed laser photolysis at 355 nm for (CPZ(+H+)) revealed two transient 

absorption bands for this compound (Figure 1-20(a)); one centered in the range 480-565 

nm and the second in the 580-675-nm region. The latter absorption band was found to be 

completely quenched in the presence of nitrate anions, so that an individual absorption with 

an absorption maximum at 525 nm was remained (Figure 1-20(b)) [180].  

 
Figure 1-20. Picosecond laser transient absorption spectra: [CPZ(+H+)]=1 × 10-3 M (a) laser pulse energy 

~2.5 mj; (1) 50 ps, (2) 5 ns, and (3) 10 ns; and (b) laser pulse energy ~0.9 mJ; delay time 10 ns; (1) without 

NO3
̶ , (2) with 1 × 10-4 M NO3

̶ , and (3) difference spectrum (spectrum (1) minus spectrum (2)); solutions 

were degassed with argon [180]. Adapted with permission from Ref. [180], Copyright (1995) American 

Chemical Society. 
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As reported by Grätzel et al., since solvated electrons are highly reductive and could react 

quickly with nitrate anions, no attribution of these electrons to the transient absorption will 

be observed in the presence of NO3
̶  [181]. A similar effect has been observed by Mohamed 

et al., revealing that one-electron reduction of nitrate ions by electrons (in photocatalytic 

systems) is possible [182]. 

Thus, it was concluded from these observations that upon 355 nm laser photolysis, the 

chlorpromazine cation transforms into its radical cation and a solvated electron (Equation 

1-29) [180]. 

(CPZ (+H+))  
  λ=335 nm  
→        (CPZ

•+

(+H+))+ eaq
-                                                             (1-29) 

Accordingly, the transient absorption observed in the range of 480-565 nm with a maximum 

at 525 nm was attributed to CPZ•+(+H+), while the transient absorption detected in the range 

of 580-675 nm was ascribed to the ejected aqueous electron (e ̶aq). The observed absorption 

was reduced at longer delay times (Figure 1-20(a)) which revealed that the parent 

compound (CPZ(+H+)) could be regenerated in the absence of other additives, as a result 

of the following recombination reaction [180]:       

(CPZ
•+

(+H+)) + eaq
- → (CPZ (+H+))                                                                         (1-30) 

The formation of the chlorpromazine radical cation was found to be pulse-width limited 

(that is, if occurred in less than about 30 ps) and therefore, the formation of the excited 

singlet state species in aqueous media was too fast to be detected. However, in methanol 

and upon excitation with lower energy laser pulses, a transient absorption with a maximum 

at 470 nm attributable to the excited singlet state could be obtained. Interestingly, in the 

presence of colloidal TiO2, the recorded transient absorption spectra were just about equal 

to those obtained for the photolysis of (CPZ(+H+)). In the presence of TiO2, the band 

attributed to CPZ•+(+H+) was found to be more intense. It was suggested by the authors that 

the TiO2 colloids scavenge the electrons withdrawing the recombination reaction shown in 

Equation 1-30 [180]. 

In a similar study, García et al. employed both nanosecond and picoseconds laser flash 

photolysis to determine the photoionization mechanism of two phenothiazine derivatives, 
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namely, chlorpromazine and promazine, as a function of solvent and excitation conditions 

[183]. In Figure 1-21 the time-dependent transient absorption spectra obtained by these 

authors for chlorpromazine excitation at 355 nm in aqueous and methanol solutions are 

shown [183].  

 
Figure 1-21. Time-dependent transient absorption spectra obtained on 355 nm picosecond laser flash 

photolysis of (a) chlorpromazine in aerated methanol and (b) chlorpromazine in aerated water. Delay times 

(in ps) are indicated [183]. Adapted with permission from Ref. [183], Copyright (1995) American Chemical 

Society. 

As can be observed, in methanol two absorption maxima at approximately 430 and 680 nm 

were detected in the spectrum right after the laser pulse (Figure 1-21(a)). The authors have 

assigned these absorptions to the singlet state of chlorpromazine. They also suggested that 

the spectrum detected at the longest decay consists of the chlorpromazine triplet state 

(determined with nanosecond measurements) as well as a broad absorption due to the 

solvated electron in methanol. Also a small shoulder corresponding to the chlorpromazine 

radical cation (CPZ•+) at around 520 nm could also be observed. However, the situation 

was found to be completely different in the aqueous solution. In the aqueous solution of 

chlorpromazine, besides the absorption of its singlet and triplet states, also a long-lived 

absorption at about 700 nm (attributed to e ̶aq) and a significant shoulder at 520 nm (CPZ•+) 

were observed (Figure 1-21(b)) [183].  

In addition, these authors pointed out that during single wavelength pulsed irradiation of 

chlorpromazine, in principle, the second photon is absorbed by the lowest excited singlet 

state rather than the lowest excited triplet state. The experimental results demonstrated that 

in aqueous solutions at excitation wavelengths larger than 308 nm, the photoionization 

process is biphotonic and that the excitation of both lowest singlet and triplet states can lead 
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to photoionization in aqueous solutions. However, in methanol (or other alcohols), 

biphotonic photoionization could only be induced by intense single wavelength excitation 

at ≤ 355 nm wavelengths [183].   

Nevertheless, despite the vast number of investigations regarding the photolytic 

degradation of chlorpromazine and the determination of photo-induced intermediates or 

products of its transformation, yet, not much is known about its photocatalytic conversion. 

In this regard, Khataee et al. have investigated the photocatalytic activity of TiO2 

nanoparticles (PC-500) immobilized on ceramic plates to degrade a mixture of 

chlorpromazine and two other pharmaceuticals under UV irradiation (254 nm) and they 

were able to observe 90% removal of chlorpromazine in the mixture after 150 minutes 

exposure to UV irradiation [184]. However, since under UV light irradiation 

chlorpromazine is able to absorb light and will be photo-degraded directly, the undergoing 

mechanism is not clear; as it cannot be determined whether the observed degradation under 

UV light irradiation is a photocatalytic or a photolytic effect.  

1.6.  Objectives and Purpose of this Study  

The particular focus of this work was directed towards the assessment of visible light 

activity of different semiconductors, namely, zinc ferrites prepared through various 

synthetic procedures, pure titanium dioxide, and carbon-modified titanium dioxide. 

Regarding this purpose, two important members of the phenothiazine group of 

antipsychotic medications (namely chlorpromazine and MB) were chosen as model 

pollutants. Accordingly, the photocatalytic removals of the model pollutants as well as the 

role of the formed intermediates throughout the photocatalytic reactions were investigated. 

Most importantly, the mechanisms behind the visible light-driven photocatalytic reactions 

under different experimental conditions were studied within the frames of this doctoral 

thesis.  

The topics of this doctoral dissertation are presented in the following chapters. At first, an 

introduction is presented in this chapter (Chapter 1) on basic principles of the issues related 

to this scientific study. These issues include generally the necessity of pharmaceuticals 

removal from water and wastewater, photocatalysis, the target investigated group of 

pharmaceuticals, the utilized photocatalysts in this work, and the applied analytical 

methods.  
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In this study, the group of phenothiazines, one of the mostly consumed antipsychotic groups 

of medications was chosen as the target category of pharmaceuticals. Initially, MB, the 

pioneering member of the phenothiazine group also known as an organic dye molecule was 

selected as a model compound. Zinc ferrite was the first photocatalyst studied in the current 

work. Since different photocatalytic activities have been reported so far for this 

semiconducting material, it was of great interest to figure out an explanation for this 

behavior. Considering the impact of the synthetic procedure on the physiochemical 

properties of zinc ferrite, various zinc ferrite samples were prepared through different 

reported synthetic methods. Besides a detailed characterization analysis, the energetic 

positions of the conduction band and the valence band in differently prepared zinc ferrite 

samples had to be determined. Accordingly, a series of wavelength dependent 

photocatalytic measurements were carried out through which the photocatalytic activities 

of the zinc ferrite samples were studied. Moreover, the ability of zinc ferrite as a visible 

light-absorbing photocatalyst for the degradation of MB under visible light irradiation was 

evaluated. These investigations were able to determine whether the visible light-induced 

bleaching of MB observed in the presence of zinc ferrite was actually a photocatalytic effect 

or if another mechanism laid behind this observation. This topic is discussed in detail in 

Chapter 2, in an article entitled “Visible-Light Photocatalytic Activity of Zinc Ferrites” 

published in the Journal of Photochemistry and Photobiology A: Chemistry 

(doi:10.1016/j.jphotochem.2018.03.014).  

Chlorpromazine is another member of the phenothiazine group of pharmaceuticals which 

was chosen as a model compound within the objectives of this work. Upon UV light 

irradiation, a system containing a photocatalyst and chlorpromazine is an ambiguous one, 

since the differentiation between the photolytic reaction of chlorpromazine and the 

photocatalytic procedure is rather unfeasible. Although under UV light irradiation 

chlorpromazine is able to absorb light and undergo degradation, it is reported to be 

persistent upon visible light irradiation. Hence, for the successful conversion of this 

compound upon visible light irradiation, a visible-light active photocatalyst is required. In 

order to evaluate the possibility of photocatalytic removal of chlorpromazine, its behavior 

in the presence of a visible light-active photocatalyst, K-7000, which is a commercially 

available carbon-modified anatase titanium dioxide, was investigated. Accordingly, the 

effect of the presence or absence of oxygen, the photocatalytically produced intermediates 
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throughout its conversion, as well as the potential similarities and differences between the 

photolytic and photocatalytic pathways under both UV and visible light irradiation in the 

presence of K-7000 were analyzed. These aspects were evaluated and discussed in Chapter 

3, in an article entitled “Light-Induced Reactions of Chlorpromazine in the Presence of a 

Heterogeneous Photocatalyst: Formation of a Long-Lasting Sulfoxide” published in 

Catalysts (doi:10.3390/catal9070627).  

Due to the lack of a presented mechanistic study, the photocatalytic reaction pathway of 

chlorpromazine remains yet unclarified. Thus, for a better understanding of the mechanism 

of photocatalytic conversion of this compound upon visible light irradiation, first, the 

fundamental processes regarding the promoted visible light activity of the utilized titanium 

dioxide photocatalyst, K-7000, are required to be known. For this purpose, K-7000 was 

considered as titanium dioxide sensitized with a carbon-based layer. Employing diffuse 

reflectance transient absorption spectroscopy, the nature of charge carriers formed by UV 

or visible light laser excitation at different atmospheres was studied. Furthermore, 

photocatalytic conversions of chlorpromazine and methanol under aerobic conditions upon 

visible light irradiation in the presence of K-7000 were also monitored and the obtained 

data were compared with those of the transient absorption measurements. These 

observations led to the conclusion that the excitation of K-7000 with UV light was able to 

generate electron-hole pairs in the anatase particles as well as in the carbon-based sensitizer 

layer, while under visible light irradiation, only the sensitizer layer was excited. 

Accordingly, a mechanism including the processes taking place after excitation of K-7000 

with UV and visible light was proposed in Chapter 4 which includes the article entitled 

“Regarding the Nature of Charge Carriers formed by UV or Visible Light Excitation of 

carbon-modified Titanium Dioxide” published in Catalysts (doi:10.3390/catal9080697). 

After all, in the last chapter (Chapter 5), a summarizing discussion about all the obtained 

experimental results is presented.  
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Chapter 2: Visible-Light Photocatalytic Activity of Zinc 

Ferrites 

2.1.  Forewords 

Despite the comprehensive investigations on photocatalytic reactions utilizing UV light, 

recently a lot of attention has been focused towards the solar- or visible light-driven 

photocatalytic processes and visible light-absorbing materials such as metal oxides. Zinc 

ferrite is among the semiconducting materials considered as one of the potential candidates 

for visible light-driven photocatalytic purposes. Nevertheless, the preparation procedure 

seems to have an important impact on the physiochemical properties and consequently, on 

the energetic position of the conduction band and the valence band in zinc ferrite. Hence, 

different photocatalytic activities have been reported for zinc ferrites prepared through 

varying synthetic methods. In most of the scientific studies, organic dyes, such as MB, are 

used as model compounds to confirm the reported visible light activity of zinc ferrite. 

However, it is commonly neglected that the possible photo-reduction of the dye molecule 

might be the reason of the observed bleaching of the dye. In addition, in some cases, the 

visible light emission and the dye’s absorption spectra might overlap with each other and 

the photobleaching of the dye molecule is mistaken with its photocatalytic degradation. 

Thus, in this chapter, the degradation of MB, a member of the phenothiazine group, under 

visible light irradiation in the presence of zinc ferrite was evaluated.  

This chapter contains the article “Visible-Light Photocatalytic Activity of Zinc Ferrites” by 

Arsou Arimi, Lena Megatif, Luis I. Granone, Ralf Dillert, and Detlef W. Bahnemann, 

published in the Journal of Photochemistry and Photobiology A: Chemistry 

(doi:10.1016/j.jphotochem.2018.03.014). Herein, seven zinc ferrite samples were prepared 

through different synthetic methods. The crystalline size and purity, the surface area, the 

flat band potentials and the bandgap energies of the prepared zinc ferrite samples were 

determined in order to understand the effect of synthetic method on the photocatalytic 

activity of the material. Accordingly, a series of detailed wavelength dependent 

measurements at wavelengths of 365, 455, 505, and 660 nm for the photocatalytic 

degradation of MB were performed. Despite the observed photobleaching of MB under 

visible light irradiation, this effect was not found to be initiated by hole or •OH mediated 
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oxidation. It was rather contributed to the electron transfer from photo-excited methylene 

blue molecules attached to the zinc ferrite surface into the conduction band of the 

semiconducting ferrite.  

2.2.  Abstract 

Zinc ferrite samples were prepared at temperatures between 75C and 1100C employing 

published synthetic methods. Phase pure zinc ferrites were, however, only obtained through 

high-temperature methods (more than 800C) as revealed by XRD and Raman analysis. 

Photocatalytic experiments under UV and visible light irradiation as well as a series of 

detailed wavelength dependent measurements applying monochromatic light sources 

emitting at wavelengths of 365, 455, 505, and 660 nm were performed. Visible light-

induced bleaching of methylene blue in aqueous suspensions of zinc ferrites was observed. 

However, no photocatalytic formation of OH radicals was detected. The results of flat band 

potential measurements revealed the interfacial electron transfer from an excited methylene 

blue molecule into the conduction band of zinc ferrite to be thermodynamically possible. 

The bleaching of methylene blue containing suspensions under visible light irradiation is, 

therefore, assumed to be initiated by an interfacial electron transfer from photo-excited 

methylene blue molecules adsorbed on the ferrite surface into the conduction band of the 

semiconducting zinc ferrite. 

Keywords: Photocatalysis; spinel ferrite; zinc ferrite; dye photobleaching; methylene blue; 

wavelength dependent measurements. 

2.3.  Introduction 

During the past decades, heterogeneous photocatalysis has exhibited great potential as a 

suitable tool for environmental remediation [1,2] as well as clean and renewable energy 

generation [3]. Although the pioneering investigations in this field have been carried out 

using UV-light-absorbing photocatalysts [4], the current demand for efficient solar light 

harvesting systems has directed the interests to visible light-absorbing semiconductors. In 

this sense, ferrites with the general formula of MFe2O4 have been reported to be promising 

compounds for water splitting [5,6] and water treatment [7] due to their low cost, chemical 

and thermal stability, and narrow bandgap (ca. 1.9 eV [5]). Most ferrites of this 

stoichiometry crystallize in the spinel structure with oxide anions arranged in a cubic close-

packed lattice and M and Fe cations occupying tetrahedral and/or octahedral sites [5]. Zinc 
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ferrite, ZnFe2O4, one of the most widely studied ferrites for photocatalytic and 

photoelectrocatalytic applications, has been reported to exhibit a normal spinel structure, 

with Zn2+ and Fe3+ cations in tetrahedral and octahedral sites, respectively [8–10].   

Several authors have reported photocatalytic hydrogen evolution from aqueous zinc ferrite 

suspensions containing sacrificial reagents under visible light illumination [10–12]. 

However, in most cases the photocatalytic activity was determined via the degradation of 

organic dyes, such as methyl orange [13,14], rhodamine B [15], and methylene blue (MB) 

[16,17]. Organic dyes are usually chosen as the probe molecule due to facile quantification 

of their concentration employing spectrophotometric techniques. However, the suitability 

of dyes as probe molecules to determine the activity of a photocatalyst has already been 

questioned by some authors. Mills and Wang [18] have shown that photo-bleaching of MB 

in a TiO2 aqueous suspension under UV-light irradiation can be an ambiguous system. The 

observed bleaching may not necessarily be due to photocatalytic dye oxidation, since other 

processes such as dye reduction can result in the same effect. The situation might even 

become more complicated when using a radiation source emitting visible light, since the 

light emission and the MB absorption spectra can overlap with each other yielding excited 

MB molecules. Subsequent reactions of excited MB may lead to the wrong conclusion that 

a semiconductor has a visible light photocatalytic activity as have been demonstrated by 

Yan et al. [19].  

Accordingly, the question arises whether the reported photocatalytic activities of zinc 

ferrites have been overestimated due to employing organic dyes as model compounds. To 

answer this question, zinc ferrite samples were synthesized via different synthetic routes, 

and diverse photocatalytic activity tests were employed to investigate the behavior of these 

samples as visible light-absorbing photocatalysts. 

2.4.  Materials and Methods 

2.4.1. Materials 

For the synthesis of different zinc ferrite (ZFO) samples, zinc nitrate hexahydrate (98%), 

iron nitrate nonahydrate (98%), zinc oxide (≥99%), iron oxide (nano-powder ˂ 50 nm), 

oxalic acid (≥99%), citric acid (99.5%), ethylene glycol (99.8%), and tetrabutyl ammonium 

hydroxide (40% in water) were used. NaOH (pellets, 99%) was employed in order to adjust 

the pH. Commercial zinc ferrite (nano-powder < 100 nm) and all other chemicals in the 
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present study were purchased from Sigma-Aldrich (if no additional notation is made) and 

were used without further purification. Titanium dioxide (anatase-rutile mixture, 

Aeroxide® TiO2 P25) was purchased from Evonik Industries.  

2.4.2. Synthesis of ZFOs 

Four different synthetic methods reported to yield photocatalytically active ZFO, i.e., reflux 

[20], hydrothermal [20], solid-state reaction [21,22], and polymer complex method [21,22], 

were applied in order to produce different ZFO samples. 

For the reflux synthesis (RF-75), Zn(NO3)2·6H2O and Fe(NO3)3·9H2O were dissolved in 

deionized water under constant stirring. Oxalic acid was then added as chelating precipitant 

(Zn:Fe:acid = 1:2:4) and a 20% w/w aqueous tetrabuthyl ammonium hydroxide solution 

was used as peptizing agent. The pH of the resulting solution was raised to 10 with a 10 M 

sodium hydroxide solution at room temperature in order to deprotonate the oxalic acid and 

cause the co-precipitation of metal oxalates. The flask containing the resulting suspension 

was fitted with a condenser and kept for 24 h at 75°C and then it was left to be cooled to 

room temperature [20].  

For the hydrothermal synthesis, the same procedure was followed and after adjusting the 

pH, the resulting suspension was sealed in a PTFE cup, placed in a stainless steel autoclave, 

heated at 135°C (HT-135) and 175°C (HT-175) separately for 24 h and then allowed to 

cool down to room temperature. In both cases, the resulting solid powder was isolated by 

centrifugation, washed with deionized water and ethanol (two times each), and dried in an 

open-air oven at 60°C [20]. 

For the polymer complex route (PC-1100), Zn(NO3)2·6H2O, and Fe(NO3)3·9H2O were used 

as precursors in the required stoichiometric ratio. Citric acid was dissolved in water under 

constant agitation at 70C. The salts of Zn(NO3)2·6H2O and Fe(NO3)3.9H2O were then 

dissolved in the citric acid solution. Finally, ethylene glycol was added to the mixture and 

it was kept at 24C until it became a transparent solution. The solution was then heated at 

130 C for several hours until a polymeric gel was obtained. The viscous polymeric product 

was pyrolyzed at 400 C for 2 h to form the precursor powder which was grounded and 

calcined at 1100 C for 2 h to obtain the nano-crystalline ZFO [21,22]. 

For the synthesis through solid-state reaction, two routes were approached. In the first route 

(SO-1100), stoichiometric amounts of ZnO and Fe2O3 were mixed and grounded in 
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methanol. The pelletized powder was calcined at 1100 C for 4 h to obtain the desired 

crystalline phase. In the second route, stoichiometric amounts of Zn(NO3)2.6H2O and 

Fe(NO3)3.9H2O were dissolved in distilled water and the solution was dehydrated in an oil 

bath until dryness. The amorphous powder was separated into two parts which were 

calcined at 800C (SN-800) and 1100C (SN-1100) separately in a furnace to obtain the 

desired crystalline phase [21,22]. 

2.4.3. Characterization 

The synthesized ZFO powders were characterized by X-ray diffraction (XRD) using Cu 

Kα radiation (λ = 0.154178 nm) with a Bruker D8 Advanced Diffractometer. The patterns 

were recorded in the 2θ range between 20° and 80° in steps of 0.011°. The particle sizes 

were estimated using the Debye–Scherrer formula. Raman spectra were recorded 

employing a confocal Raman microscope (Senterra Bruker Optik GmbH). All spectra were 

obtained in backscattering geometry using a microscope device that allows the incident 

light (633 nm He-Ne laser with a maximal power of 20 mW) to be focused on the sample 

as a spot of about 2 m in diameter. 

The specific surface area of the samples was determined employing the Brunauer-Emmett-

Teller (BET) method by nitrogen adsorption using a Micromeritics BET analyzer. The 

samples were degassed at 150°C prior to the specific surface area measurements. 

The bandgap energies of the synthesized photocatalyst powders were determined by means 

of the diffuse reflectance technique employing a UV-visible Cary-100 spectrophotometer. 

2.4.4. Photocatalytic Experiments 

Photocatalytic experiments were carried out employing methylene blue (MB) as the probe 

molecule. These studies were performed under both UV and visible light irradiation using 

a UV setup (16 Philips 40W UV lamps) and a xenon lamp (450 W, Mueller Elektronik-

Optik, λ ≥ 360 nm by means of a cut-off filter). For these initial experiments, a quartz batch 

reactor (100 ml) with a cooling water circulation jacket was employed.  

The wavelength dependent measurements were carried out in a 50 ml glass reactor covered 

in a black polymer shell connected at the top with a monochromatic LED light source 

(Thorlabs) emitting at 365, 455, 505 or 660 nm. This reactor was designed similar to a black 
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body reactor [23] in which the light entrance is small. Therefore, it is assumed that the light 

loss due to the back reflection or transmission is negligible and nearly all of the incoming 

light is absorbed by the photocatalyst. The spectral irradiance of the lamps was measured 

by means of a SpectraRad® Xpress (B&W Tek) spectral irradiance meter.  

In all experimental runs, aqueous suspensions containing 20 µM MB and 1 g l-1 

photocatalyst were used. Before irradiation, the suspensions were stirred in the dark for 60 

min in order to ensure adsorption equilibrium. Subsequently, the suspensions were 

irradiated for 240 minutes. Samples were taken from the reactor at given time intervals. 

After being centrifuged, the obtained supernatant was analyzed using a UV-visible Cary-

100 spectrophotometer. The fractional conversion at time t was calculated with Xt  = (A0 − 

At)/A0 using the absorbance of MB at 664 nm for each sample. A0 and At are the initial 

absorbance and the absorbance at time t, respectively. Accordingly, the fractional 

conversion of MB during irradiation was calculated by Xirr = (A60 – A300)/A60 with A60 and 

A300 being the absorbance measured 60 min and 300 min after the start of the experimental 

run, respectively.  

These experiments were also performed using two other model compounds, namely, formic 

acid (≥ 96%) and ammonium formate (≥99.99%). Moreover, the same experiments were 

performed with P25 as a photocatalyst for the purpose of comparison. 

2.4.5. Determination of OH radicals 

The terephthalic acid (TA) test [24] and the coumarin test [25] were carried out to detect 

photocatalytic hydroxyl radical generation. The TA test was performed for all the ZFO 

photocatalysts synthesized through different synthetic methods. Initially, a calibration 

curve with the known concentrations of 2-hydroxyterephthalic acid (97%) was prepared. 

For the •OH measurements, the ZFO photocatalysts were added to solutions containing 0.2 

and 0.4 mM TA (99%) and 1 mM NaOH to get final catalyst concentrations of 1 and 2 g l-

1, respectively. After ultrasonic dispersion for 30 min, the suspension was then left under 

continuous stirring in the dark for 1 h. For the coumarin test, the ZFO photocatalyst was 

added to a 1 mM coumarin (99%) solution to get a final concentration of 1 g l-1 and then 

the same procedure was performed. 

Afterwards, in both cases, the suspensions were irradiated with UV light. Samples were 

taken in the desired time intervals. These samples were centrifuged at 2000 rpm in order to 
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separate the catalyst from the liquid. The supernatant was analyzed using a Hitachi 

fluorescence spectrophotometer model F-700 recording the emission in the range of 400 to 

600 nm (excitation wavelength = 315 nm). 

2.4.6. Capacitance Measurements 

Electrochemical measurements were performed in a Teflon-made three-electrode 

electrochemical cell with a Pt counter electrode and an Ag/AgCl/KCl (3M) reference 

electrode. As working electrodes, ferrite films on fluorine-doped tin oxide (FTO) glasses 

(Sigma-Aldrich) were prepared using the doctor blade technique. The paste used for the 

coating process consisted in 200 mg of ferrite powder which was treated in a mortar along 

with 100 l of Triton X-100, 100 mg of polyethylene glycol 1000 (Merck) and 400 l of 

deionized water. Capacitance measurements were carried out employing a ZENNIUM 

Electrochemical Workstation (ZAHNER-elektrik) using a 1.00 molar NaOH solution as the 

electrolyte and a frequency of 10 kHz. 

2.5.  Results  

In the current study, seven zinc iron oxide (ZFO) samples were synthesized for 

photocatalytic application via reflux, hydrothermal, polymer complex, and solid-state 

methods by applying diverse precursors and reaction temperatures. The different synthetic 

methods yielded solids with colors varying from light brown to dark brown. Moreover, the 

magnetic properties of the products obtained via the different synthetic methods were found 

to be different (data not shown).  

The XRD patterns of the synthesized ZFO samples as well as the XRD pattern of a 

commercially available zinc ferrite are presented in Figure 2-1. For the purpose of 

comparison, the standard data of the cubic spinel zinc ferrite phase with the Fd3m space 

group (JCPDS card No. 74-2397) is presented as well (vertical lines). All positions and 

intensities of the ZFO nanocrystals could be indexed to the standard PDF. This indicates 

that the as-prepared samples have mainly the cubic spinel phase structure of ZFO. The 

XRD patterns of all samples show peaks at 2θ values of 29.9, 35.3, 36.9, 42.8, 53.1, 

56.6, and 62.2 which correspond to the (220), (311), (222), (400), (422), (511), and (440) 

crystal planes of cubic ZnFe2O4 with spinel structure [26]. 
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Figure 2-1. XRD spectra of the commercial zinc ferrite and the synthesized ZFO samples. 

The average crystallite sizes of the samples synthesized through different methods were 

estimated by the Debye–Scherrer formula and from the measured BET surface areas (Table 

2-1). The synthesized ZFO nanoparticles were found to have a particle size between 5 and 

130 nm and a surface area between 7 and 210 m2g-1 depending on the synthetic method. It 

becomes obvious from these data that zinc ferrites with high particle size and low surface 

area were specifically obtained at reaction temperatures higher than 800°C. 

Due to the similarity between the structures of ZnFe2O4 and γ-Fe2O3 [27], XRD 

measurements may not be appropriate to determine the purity of the synthesized ZFO. 

Because of the high intensity of two of the Raman absorption modes of α-Fe2O3 [28], small 

impurities of this compound that may not identified by XRD can be detected. Therefore, 

Raman studies were carried out in order to characterize the samples. The Raman spectra of 

a commercial ZnFe2O4 and the different synthesized samples are given in Figure 2-2. 
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Figure 2-2. Raman spectra of the commercial zinc ferrite and the synthesized ZFO samples. 

The observed Raman bands of the ZFO samples and some values extracted from the 

literature are presented in Table 2-2. HT-135, HT-175, and SN-800 samples show the two 

characteristic α-Fe2O3 Raman bands at 220 and 288 cm-1 [23]. These characteristic bands 

for α-Fe2O3 are not observed in the spectra of commercial zinc ferrite as well as in the 

spectra of the RF-75, SN-1100, SO-1100, and PC-1100 sample. No Raman bands are 

detected at around 381 and 718 cm-1 being characteristic for γ-Fe2O3 [29] are detected thus 

confirming the absence of this oxide in all samples. 
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The photocatalytic activities of the ZFO nanocrystals synthesized through different 

methods were investigated via the bleaching reaction of MB under UV and visible light 

irradiation. The graphs of the calculated fractional conversion of aqueous MB in the 

presence of ZFO as well as TiO2 P25 versus time are shown in Figure 2-3 and Figure 2-4. 

In these graphs, the first 60 minutes correspond to the dark period. 

 

Figure 2-3. Photobleaching of MB as a function of UV light exposure time for an initial concentration of 

20 µM and with and without ZFO (1 g l-1). The first 60 minutes correspond to the dark period. 

As can be seen from Figure 2-3 no significant decrease of the dye concentration was 

observed under UV light irradiation in the presence of ZFO. The fractional conversion of 

MB under UV irradiation was relatively low with most of the ZFO samples employed here. 

The SN-1100, SO-1100, PC-1100, and SN-800 samples show conversions Xirr(UV) of 0.26, 

0.17, 0.09, and 0.10, respectively (Table 1-1). All ZFOs synthesized at reaction 

temperatures lower than 800°C showed almost no activity. The bleaching of a 

homogeneous solution of MB was found to be negligible under these experimental 

conditions. 

The photocatalytic assisted degradation of formic acid and ammonium formate, two model 

molecules that do absorb neither visible nor UV light irradiation within the wavelength 

range used for the excitation of the solids were also investigated. Experimental runs were 
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carried out with these two compounds under UV light using 1g l-1 of ZFO nanocrystals. 

Only about 9 % and 8 % of formic acid and ammonium formate (initial concentration = 50 

mM) were converted during 180 min of UV irradiation.  

 

Figure 2-4. Photobleaching of MB as a function of visible light exposure time for an initial concentration of 

20 µM and with and without ZFO (1 g l-1). The first 60 minutes correspond to the dark period. 

Photo-bleaching of MB was also conducted under visible light irradiation (Figure 2-4). As 

becomes obvious from data presented in Table 2-1 and the graphs given in Figure 2-4, 

among all the ZFOs, SO-1100 shows the highest conversion during irradiation with visible 

light (Xirr(VIS) = 0.99), followed by SN-1100 (0.90), PC-1100 (0.80), SN-800 (0.61), and 

RF-75 (0.46). For the purpose of comparison an experimental run was performed with a 

homogeneous MB solution under visible light irradiation. A fractional conversion of 0.20 

was observed within 240 minutes. 

To get a deeper insight into the wavelength dependence of the photocatalytic activity of 

zinc ferrite the light-induced bleaching of MB in the presence of a ZFO semiconductor 

(SO-1100) was investigated employing four nearly monochromatic light sources with λmax 

at 365, 455, 505 and 660 nm. The results of this set of experimental runs are gathered in 

Figure 2-5.   
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Figure 2-5. Light-induced conversion of MB in the presence of SO-1100 at different irradiation 

wavelengths 

However, since these four lamps did not have the same intensity, the obtained fractional 

conversion after 240 min of irradiation, Xirr, had to be processed. Thus, the normalized 

photocatalytic conversion (Xnorm) for an equal number of photons (N) was calculated. The 

number of photons (s-1 cm-2) was calculated with: 

N = ∫
I

E

λ2

λ1
 dλ                                                                                                                    (2-1) 

The spectral irradiance, I (mW cm-2 nm-1) was measured using a spectral irradiance meter. 

The energy of a photon E with wavelength λ was calculated by the Planck–Einstein relation 

E = hc/λ, where h is the Planck constant equal to 6.62607004 × 10-34 m2 kg s-1 and c is the 

speed of light equal to 299 792 458 m s-1. Since the lamp with 365 nm irradiation 

wavelength emitted the lowest photon flux (Table 2-3) a normalized photocatalytic 

conversion Xnorm was defined as the photocatalytic conversion of each experimental run 

divided by the relative number of photons N/N365 nm. The calculated data are presented in 

Table 2-3.  

 

https://en.wikipedia.org/wiki/Planck%E2%80%93Einstein_relation
http://socratic.org/chemistry/the-bohr-model-of-the-atom/calculations-with-plancks-constant-and-frequency
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Table 2-3. Normalized photocatalytic conversion data for degradation of MB in the presence of SO-1100 as 

a function of irradiation wavelength 

Wavelength / nm N = Number of photons / s-1 cm-2 Xirr 
Xnorm= Xirr×N365 nm / 

N 

365 1.12×1016 0.05 0.05 

455 7.47×1016 0.27 0.04 

505 3.36×1016 0.25 0.08 

660 10.9×1016 0.46 0.05 

 

The normalized fractional conversion of MB in the presence of SO-1100, commercial zinc 

ferrite and TiO2 P25 (being a well-known UV active photocatalyst) as well as the 

normalized fractional conversion during MB photolysis are presented in Figure 2-6. 

According to these data, the highest MB bleaching rate was found under irradiation with a 

505 nm light source; however, the conversion was only about 8%. 

 

Figure 2-6. Methylene blue conversion in the presence of TiO2 P25, synthesized zinc ferrite SO-1100, and 

commercial zinc ferrite as well as in the absence of a semiconducting oxide after irradiation with different 

wavelengths for 240 min. 

The hydroxyl radical is assumed to be the major reactant responsible for the oxidation of 

chemical compounds through photocatalytic processes [33]. By measuring the amount of 

hydroxyl radicals formed on the catalyst surface exposed to UV light in aqueous 
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suspension, the photocatalytic degradation of MB with hydroxyl radicals generated by 

photoexcitation of photocatalyst nanoparticles can be examined and correlated. For the 

detection (and quantitative measurement) of OH radicals produced by photoexcitation of 

the electrons inside the photocatalyst under UV irradiation, fluorescence spectroscopy was 

applied using terephthalic acid as the probe molecule. This acid is known to yield the 

fluorescent 2-hydroxyterephthalic acid via reaction with a hydroxyl radical [34].  

Figure 2-7 reveals the fluorescence intensity of the TA samples after UV irradiation in the 

presence of different synthesized ZFOs. In this figure (small graph on the right) also the 

calibration curve based on the measured fluorescence intensity of aqueous solutions having 

different known 2-hydroxyterephthalic acid concentrations at 427 nm irradiation 

wavelength is included.  

 

Figure 2-7. Fluorescence of UV-irradiated suspensions containing ZFO and terephthalic acid. The dashed 

line shows the fluorescence intensity of a solution containing 5 µmol l-1 TA. The calibration curve obtained 

with solutions with different concentrations of 2-hydroxyterephthalic acid is given in the insert. 

Usually, the fluorescence intensity is proportional to the amount of produced hydroxyl 

radicals which reveals that this intensity has a positive relation with the photocatalytic 

activity of a semiconductor [24]. However, no increase of the fluorescence intensity was 

observed under UV irradiation for any of the prepared ZFO samples (Figure 2-7). The 
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same procedure was performed with coumarin being another model compound which forms 

a fluorescent product upon reaction with an OH radical [25]. Again no hydroxylated 

coumarin was detected (data not shown). These observations suggest that no OH radicals 

are formed at the zinc ferrite/water interface under UV irradiation.  

Capacitance measurements and subsequent analysis were performed to determine the flat 

band potential, the donor density, and the conductivity type of ZFO samples. Mott-Schottky 

plots were obtained according to the following equation: 

1
CSC

2⁄ = 2
ND ε0εSCe0S2  ⁄ [V - Vfb - kT

e0
⁄ ]                                                                   (2-2) 

where CSC
2

 is the capacitance of the space charge layer in the semiconductor, ND the donor 

density, ε0 the vacuum permittivity, εSC the dielectric constant of the semiconductor, S the 

surface of the electrode, k the Boltzmann’s constant, T the temperature, and e0 the 

elementary charge. For all determinations, the temperature was 20°C and εSC was supposed 

to be equal to 100. 

Table 2-1 shows the results obtained for the flat band potentials and donor densities of the 

ZFO samples. The experimentally obtained values were recalculated to pH 0 according to: 

Vfb(pH 0)= Vfb(pH x) + 0.059 x                                                                                     (2-3) 

Using the obtained values of the flat band potential and the bandgap energies of the 

synthesized ZFO samples (Table 2-1), the energetic positions of the conduction and 

valence bands were calculated assuming Vfb ≈ ECB. Figure 2-8 shows the energetic position 

of the band edges for the different ZFO samples and for TiO2 P25 together with the one-

electron reduction potentials of oxidized methylene blue (MB●+). 
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Figure 2-8. Energetic positions of the valance and the conduction band of different zinc ferrite samples and 

TiO2 P25. MB, MBT and MBS denote the MB ground state, the excited triplet state and the excited singlet 

state of MB, respectively. The one electron reduction potentials have been calculated with data given in 

ref.[18]. 

2.6.  Discussion 

According to the XRD results, the ZFO samples prepared at temperatures lower than 

1000°C (RF-75, HT-135, HT-175, and SN-800) contain some impurities. This could be 

related to the low synthetic temperature which is not high enough to ensure the formation 

of the bare spinel zinc ferrite structure.  

The diffraction peaks of ZFO nanocrystals reveal considerable differences in the 

crystallinity. It can be observed that the ZFO particles synthesized through high-

temperature methods (≥1000 C), i.e., SO-1100, SN-1100, and PC-1100, exhibit high 

crystallinity compared to the other synthetic methods. Therefore, it is concluded that the 

phase pure zinc ferrite could only be achieved through high-temperature methods. 

Some valuable information can also be extracted from the Raman measurements. 

According to the factor group analysis for the structure of a normal spinel (y = 0, space 
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group Fd3m), five Raman active bands are predicted [35]. Three of these bands correspond 

to T2g modes and the others to A1g and Eg modes. Broader peaks for the commercial and 

RF-75 samples evidence a poor degree of crystallinity. More narrow peaks are observed 

for the SN-1100, SN-1100, and PC-1100 samples, revealing an increasing degree of 

crystallinity with the temperature of synthesis. These results are in agreement with the 

obtained XRD data. 

The products obtained by hydrothermal synthesis at 135°C and 175°C, as well as by a solid-

state reaction at 800°C show strong α-Fe2O3 characteristic Raman absorptions. According 

to Shim et al., the absorption bands at 220, 288, 400, 490, and 1300 cm-1 can be assigned 

to the presence of this phase of iron oxide [28]. As mentioned before, the ZFO phase was 

not completely formed due to the low temperatures employed and some hematite impurities 

remain in the sample. The polymer complex and the solid-state reaction at 1100°C proved 

to be the best synthetic pathways to obtain phase-pure ZFO. These samples show the 

narrowest absorption bands being in good agreement with the values reported in the 

literature. 

According to the average crystallite sizes estimated by the Debye–Scherrer formula and the 

BET surface areas, zinc ferrites with bigger crystallite sizes, and lower specific surface 

areas were obtained at higher reaction temperatures. The RF-75 method yielded crystallites 

with a minimum size of 5.3 nm. However, solid state methods employed for the synthesis 

of PC-1100, SN-1100 and SO-1100 yielded products with crystallite sizes of 130, 100 and 

110 nm, respectively. 

According to the literature [7], zinc ferrite is an effective photocatalyst to utilize visible 

light to perform oxidation processes. Zinc ferrite has been reported to be able to efficiently 

degrade the dyes rhodamine B and methyl orange [10,13,15,17,36–39]. For example, zinc 

ferrite prepared as nanospheres was able to photodegrade 100% of the rhodamine B under 

visible light within 300 min [15]. The photocatalytic activity of the synthesized ZFO 

photocatalysts obtained by different preparation methods seems to be affected by the 

particle size, the surface area, the crystallinity, the bandgap energy, the morphology and 

the overall structure [36]. MB dye tends to show relatively high degradation potential in 

the presence of ferrites [37].  
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But as observed in the current study, the prepared zinc ferrite samples were not able to 

bleach significant amounts of MB under UV irradiation. However, bleaching of MB in the 

presence of zinc ferrite under visible light irradiation using a xenon lamp as the light source 

was a relatively fast process. However, no formation of OH radical was detected indicating 

that the observed bleaching of MB is not resulting from a reaction between the dye 

molecule and a photocatalytically generated OH radical. This conclusion is in agreement 

with the calculated positions of the conduction and valence band of the ZFO samples 

(Figure 2-8). The data given in this figure clearly reveal that the energetic position of the 

valence band of all zinc ferrite samples investigated here is less positive (vs. NHE) than 

E(H2O/•OH), thus preventing the formation of OH radicals by hole oxidation of water.  

Consequently, it seems to be unlikely that the observed MB bleaching is due to a reaction 

between photocatalytically generated reactive oxygen species such as the OH radical and 

the probe molecule. However, the standard reduction potential for the couple MB●+/MB 

lies within the bandgap of ZFO [18]. Therefore, the oxidation of MB molecules by light- 

generated valance band holes according to 

ZnFe2O4 + hν → ZnFe2O4(hVB
+  + eCB

- )                                                                           (2-4) 

ZnFe2O4(hVB
+  + eCB

- ) + MB → ZnFe2O4( eCB
- ) + MB

●+                                                 (2-5) 

may occur in the presence of suitable acceptors for the conduction band electrons. 

MB has a light absorption maximum at 664 nm. It is, therefore, very likely that a significant 

concentration of excited MB is generated in the suspensions during visible light irradiation. 

Furthermore, MB might be adsorbed on the ZFO surface in an energetically favourable 

position which allows an interaction between the orbitals of the excited MB and ZFO. This 

could lead to an interfacial electron transfer from an excited surface-bound MB molecule 

(MB*) to the semiconductor according to  

MB + hν → MB*                                                                                                              (2-6) 

MB*+ ZnFe2O4 → MB●+ + ZnFe2O4(eCB
- )                                                                    (2-7) 
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and a subsequent reaction of MB●+ with dissolved molecular oxygen must be taken into 

account. Such electron injection from photo-excited MB into the conduction band of a 

semiconductor has already been suggested by several authors [18,19].  

The suggestion that the observed light-induced bleaching of MB is due to an electron 

transfer from the excited dye molecule to the semiconducting zinc ferrite is supported by 

the experimental data. Methylene blue has only small absorption coefficients in the UV(A) 

region of the spectrum. Consequently, only a small fraction of the dye molecules present 

in the suspension are excited resulting in a low electron transfer and, thus, in a low 

bleaching rate.  

On the other hand, in the visible range, MB absorbs a significant portion of the light 

entering the suspension resulting in a higher concentration of excited molecules, faster 

electron transfer rates, and faster bleaching rates. These considerations lead one to expect 

that the bleaching rate has its highest value at the wavelength of the absorption maximum 

of MB (i.e., 664 nm). This, however, was not observed. As the data given in Table 2-3 

show, the maximum of the reaction rate is observed at 505 nm. This leads to the further 

assumption that the adsorbed MB molecule, whose presence must be presupposed for 

efficient electron transfer, has a different adsorption maximum than the dissolved MB. 

The results obtained for the photocatalytic activity of the ZFO obtained under UV and 

visible light irradiation could thus be explained by a simple mechanism. Under visible light 

irradiation, the absorption by the dye molecule and a consequent electron injection from 

photoexcited MB molecules to the conduction band of the catalyst possibly results in the 

reduction of Fe3+ to Fe2+ within the semiconductor. This process results in the formation of 

an unstable dye cation radical which is able to decompose to form bleached products [40]. 

Since MB does not absorb strongly in the UV, this dye-sensitized process is most easily 

and usually demonstrated using an intense visible light [18].  

Although the photocatalytic activity of ferrites plays no role in this photoreaction, the nature 

of the catalyst particles and their physical properties might influence the rate of this 

photoreaction. That is mainly because the MB photoreaction may proceed through 

adsorption and electron injection [19]. As mentioned before, the electrons transferred to the 

semiconductor might possibly reduce Fe3+ centers, thus, resulting in some degradation of 
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the solid due to leaching of soluble Fe2+ in parallel to the degradation of the dye. This 

undesired process becomes more important at low concentrations of the catalyst [40]. 

2.7.  Conclusions 

The rate of the light-induced bleaching of methylene blue in the presence of zinc ferrite 

was found to be wavelength dependent with a low rate in the UV region and a maximum 

rate at about 505 nm. No hydroxyl radicals were photocatalytically produced in the 

presence of irradiated zinc ferrite. The experimental observations suggest that the light-

induced transformation of methylene blue in the presence of zinc ferrite is not initiated by 

hole or •OH mediated oxidation of the probe molecules. The observed bleaching of 

methylene blue containing suspensions under visible light irradiation is possibly initiated 

by an electron transfer from photo-excited methylene blue molecules being attached to the 

zinc ferrite surface into the conduction band of the semiconducting ferrite. 
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Chapter 3: Light-Induced Reactions of Chlorpromazine 

in the Presence of a Heterogeneous Photocatalyst: 

Formation of a Long-Lasting Sulfoxide 

3.1. Forewords 

Besides MB as the pioneering associate of the phenothiazine group of antipsychotic 

pharmaceuticals, the major representative member, namely, chlorpromazine was selected 

as another target compound for photocatalytic conversion in this study. Chlorpromazine is 

known to undergo photodegradation under UV light irradiation. However, very little is 

known about its behavior under visible light irradiation. Also the possible reaction pathway 

and reaction intermediates of its conversion upon visible irradiation have to be analyzed. 

Most importantly, the fundamental processes of its photocatalytic conversion are barely 

identified and thus, poorly understood. One of the known approaches to increase the visible 

light absorption of titanium dioxide is the deposition of sensitizing materials on its surface. 

This method has been applied for preparation of K-7000 by sensitizing a carbon-based 

substrate on titanium dioxide surface. This modification leads to the enhanced ability of K-

7000 to absorb incoming photons also in the visible region. Accordingly, it was of high 

interest to evaluate the photocatalytic activity of this visible light-absorbing semiconductor 

for the conversion of chlorpromazine and to determine the reaction pathway and 

intermediates of this conversion in the presence of K-7000.   

This chapter includes the article “Light-Induced Reactions of Chlorpromazine in the 

Presence of a Heterogeneous Photocatalyst: Formation of a Long-Lasting Sulfoxide” by 

Arsou Arimi, Rafl Dillert, Gerald Dräger, and Detlef W. Bahnemann, published in 

Catalysts (doi:10.3390/catal9070627). In this chapter, a commercially available visible 

light-absorbing photocatalyst, namely K-7000, was evaluated for the photocatalytic 

conversion of chlorpromazine. Chlorpromazine was found to be a persistent compound 

under visible light irradiation. Within the objectives of this work, photocatalytic conversion 

of chlorpromazine in the presence of K-7000 was evaluated and compared under aerobic 

and anaerobic conditions, upon both UV and visible light irradiation. In this regard, by 

employing mainly the high performance liquid chromatography (HPLC-MS) technique, 

under UV and visible light irradiation, various reaction intermediates throughout the 

photolytic and photocatalytic conversion of chlorpromazine were observed which revealed 
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different reaction pathways under these conditions. Moreover, the main reaction 

intermediate of the visible light-driven photolytic and photocatalytic conversions of 

chlorpromazine under aerobic conditions, namely, chlorpromazine sulfoxide, was found to 

be highly persistent upon visible light irradiation even in the presence of K-7000 

photocatalyst.  

3.2. Abstract 

A commercial carbon-modified titanium dioxide, KRONOClean 7000, was applied as a 

UV(A) and visible-light active photocatalyst to investigate the conversion of the 

antipsychotic pharmaceutical chlorpromazine in aqueous phase employing two 

monochromatic light sources emitting at wavelengths of 365 and 455 nm. Photocatalytic 

and photolytic conversion of chlorpromazine under both anaerobic and aerobic conditions 

was analyzed using a HPLC-MS technique. Depending on the irradiation wavelength and 

the presence of oxygen, varying conversion rates and intermediates revealing different 

reaction pathways were observed. Upon visible light irradiation under aerobic conditions, 

chlorpromazine was only converted in the presence of the photocatalyst. No photocatalytic 

conversion of this compound under anaerobic conditions upon visible light irradiation was 

observed. Upon UV(A) irradiation, chlorpromazine was successfully converted into its 

metabolites in both presence and absence of the photocatalyst. Most importantly, 

chlorpromazine sulfoxide, a very persistent metabolite of chlorpromazine, was produced 

throughout the photolytic and photocatalytic conversions of chlorpromazine under aerobic 

conditions. Chlorpromazine sulfoxide was found to be highly stable under visible light 

irradiation even in the presence of the photocatalyst. Heterogeneous photocatalysis under 

UV(A) irradiation resulted in a slow decrease of the sulfoxide concentration, however, the 

required irradiation time for its complete removal was found to be much longer compared 

to the removal of chlorpromazine at the same initial concentration. 

Keywords: chlorpromazine; chlorpromazine sulfoxide; KRONOClean 7000; visible light-

driven photocatalysis; HPLC-MS 

3.3. Introduction 

The presence of pharmaceutical residues is being reported globally in water and wastewater 

streams during the past few decades and this issue has become a big concern [1]. As many 

of these medicinal compounds are essential in remedial applications for human/animal 
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health, their consumption cannot be minimized or limited [2,3]. Despite the very low 

concentrations of these chemicals in aquatic systems, they result in serious problems in the 

environment for humans and for living organisms, since they are designed in a way to have 

specific physiological effects on living organisms [4–6]. Generally, these chemicals have 

structures which cannot be biologically degraded by conventional treatment methods [7,8] 

and therefore, some post-treatment steps are additionally required for their proper removal 

[9–11]. Nevertheless, these methods might not be adequate to remove the large variety of 

organic compounds present in wastewater. Thus, the effluents of conventional treatment 

plants are major sources of chemical discharges into the aquatic system [12]. 

One of the proposed methods to treat pharmaceutical-rich aquatic streams is the application 

of heterogeneous photocatalytic reactions [13,14]. Through this method, the structure of 

the drugs present in water and wastewater streams will be decomposed, and as a result, their 

negative effects on the environment, especially their toxicity, will be reduced [15]. 

Recently, solar light driven heterogeneous photocatalysis in the treatment of contaminated 

wastewater has been widely investigated [16–21]. TiO2 is the most commonly used 

photocatalyst in heterogeneous photocatalytic processes. However, despite its high 

stability, low toxicity, and low cost, this photocatalyst is not able to absorb the sunlight 

efficiently. Only 5% of sunlight can be absorbed by bare TiO2 and the visible part of the 

solar energy remains unutilized [22]. Thus, having a visible-light active photocatalyst 

allows effectively harvesting and utilizing the solar energy in wastewater treatment. 

In order to increase the light absorption by TiO2, some methods have been investigated 

such as doping with metal ions or adsorption of compounds acting as sensitizers on the 

surface of the photocatalyst. By doping the TiO2 surface with metal ions, the absorption of 

this photocatalyst will be altered to higher wavelengths leading to its increased visible light 

absorption [23–26]. The latter approach using dyes as a sensitizer is commonly used in dye 

sensitized solar cells [27,28] as well as in photocatalytic applications [29–32]. However, 

due to the adsorption of the dye on the photocatalyst surface, the absorption spectrum of 

the photocatalyst will be changed [33]. This by-effect can be avoided when applying a 

carbon-based layer on the surface of the photocatalyst as applied for KRONOClean 7000, 

the commercially available carbon-modified TiO2, also known as VLP or Kronos VLP 

7000 in the literature [34–36]. KRONOClean 7000 (named in this work as K-7000) is a 

commercial carbon-modified TiO2 with no pigmentary properties, produced by Kronos 
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International, Inc. K-7000 is one of the commercially available UV light active 

photocatalysts which also shows a high activity in response to visible light. This material 

is an ultra-fine carbon modified titanium dioxide with anatase crystal modification in which 

due to an aromatic carbon-based sensitizer layer, the visible light can be absorbed [35]. K-

7000 is a bimodal anatase that is able to decompose organic pollutants as well as odors and 

NOx compounds [34,35]. As reported by the producer, this material has a BET surface area 

of 225 m2 g−1 and an average crystallite size of about 15 nm [37]. Detailed characteristic 

and morphological studies on this photocatalyst have been reported before [34–36]. Zabek 

et al. have shown that by this modification the bandgap position of the photocatalyst did 

not change (compared to bare anatase TiO2) while the visible light absorption was increased 

[35]. K-7000 has shown a stable photocatalytic activity after three consecutive 

experimental runs which confirmed its reusability for visible light-driven photocatalytic 

applications [36]. Furthermore, the photo-stability of the sensitizer layer on the TiO2 upon 

visible irradiation was also proved through eighteen hours of photo-mineralization of 4-

chlorophenol [35]. 

Antipsychotic drugs are frequently detected among the various categories of 

pharmaceuticals contaminating the water system. These drugs are used widely around the 

world, while their increased consumption leads to the enhanced release of these compounds 

and their metabolites into the environment [38]. One of the most commonly prescribed 

groups of psychotropic drugs in the world is called the phenothiazine group [39,40]. 

Phenothiazine drugs might end up in water or wastewater streams after their consumption, 

in the sewage treatment plant effluents, or as effluents of the pharmaceutical companies 

[41,42]. Residual traces of these drugs or their transformation products in aquatic 

environments with possible ecotoxicological properties have already been detected and 

reported [41,43,44]. Generally, the oxidation process of phenothiazines leads to one, two, 

or four-electron oxidation products and the two-electron oxidation product is reported to be 

the sulfoxide metabolite [45]. 

Chlorpromazine hydrochloride, [3-(2-chloro-10H-phenothiazin-10-yl) propyl] 

dimethylamine hydrochloride, the most popular compound from the phenothiazine group, 

is one of the first of its kind which was released to the pharmaceutical market in 1952 [46]. 

This compound is photosensitive in liquid or solid form and its negative effects upon 

exposure to sunlight in the human body are already identified [47]. The dechlorinated free 
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radicals produced from irradiation of this compound in the body react with the DNA and 

form singlet oxygen [48]. The formation of short-lived radicals causing genotoxic 

consequences was indicated as well [49]. Chlorpromazine is known to be converted into its 

metabolites upon UV irradiation through demethylation in the N-chain, oxidation of sulfur 

or nitrogen, or ring hydroxylation [43,50]. Chlorpromazine absorbs light more strongly at 

wavelengths shorter than 300 nm and the resulting excited singlet state easily converts into 

the triplet state. The excited states either fragment to form radicals or photo-ionize to form 

radical cations and electrons [51]. The main metabolite in photolytic transformation of 

chlorpromazine, namely, chlorpromazine sulfoxide (named in this work as SFX) is 

obtained by the direct reaction of chlorpromazine with molecular oxygen [52]. It is also 

likely to be produced through hydrolysis of the radical cation [53]. Trautwein and 

Kümmerer investigated the fate of chlorpromazine and its potential transformation through 

aerobic and anaerobic biodegradation as well as abiotic photolytic degradation by sunlight. 

They observed nearly complete elimination of chlorpromazine within 4 h of illumination 

by a xenon arc lamp. They determined the molecular structures of the three main photolysis 

products having m/z values of 301, 317, and 335, through an analysis by high performance 

liquid chromatography coupled to multiple stage mass-spectrometry (HPLC–MSn) [43]. In 

another study, Kigondu et al. evaluated the antimycobacterial activities of chlorpromazine 

and its metabolites alone and in combination with antitubercular drugs in which 

intermediates with m/z values of 335 and 351 were detected [54]. These compounds were 

also reported in an analytical study by Boehme and Strobel in which two HPLC methods 

have been introduced to analyze the in vitro metabolism of chlorpromazine [55]. 

On the other hand, chlorpromazine was reported to show diverse behaviors upon UV 

irradiation under aerobic and anaerobic conditions. The photo-induced reaction of 

chlorpromazine under anaerobic conditions revealed that polymerization and dimerization 

processes predominated upon anaerobic UV photolysis and, interestingly, no evidence of 

the formation of SFX or other photolytic products of the aerobic conditions was observed. 

It was suggested that the free radicals of chlorpromazine resulted from cleavage of chloride 

function from the structure, promote these processes and the polymers were found to be the 

major products [56]. 

Despite the extended studies on photolytic degradation of chlorpromazine in aqueous 

solutions, to the best of the authors’ knowledge, very little is known about the 
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photocatalytic conversion of this compound and its metabolites in aqueous systems and 

their possible removal from water streams. The photocatalytic conversion of 

chlorpromazine (in a mixture with two other pharmaceuticals) using immobilized TiO2 

nanoparticles (PC-500) upon UV irradiation was investigated by Khataee et al. [57]. They 

have reported 90% removal of chlorpromazine in the mixture after 150 min UV irradiation. 

However, a detailed mechanistic study was not presented by these authors. 

In the current study, photocatalytic and photolytic conversions of chlorpromazine using K-

7000 photocatalyst upon UV(A) and visible light irradiation at both anaerobic and aerobic 

conditions were studied. Furthermore, the photocatalytic and photolytic transformations of 

the highly stable metabolite, SFX, produced under aerobic conditions throughout a long-

term irradiation period and its stability over this process were analyzed. 

3.4. Results and Discussion 

In the current study, the conversion of chlorpromazine under photocatalytic conditions as 

well as photolytic conditions upon both UV(A) (365 nm) and visible (455 nm) light 

irradiation was investigated. KronoClean 7000 (K-7000) was applied as a photocatalyst for 

conversion of chlorpromazine using UV(A) and visible light sources. The experimental 

runs were performed in the presence and absence of molecular oxygen at room temperature 

and natural pH of the suspension. Accordingly, the reaction intermediates at both 

photocatalytic and photolytic processes were detected and compared to figure out the 

possible reaction pathway for the photocatalytic reaction. 

3.4.1. Photocatalytic and Photolytic Conversion of Chlorpromazine 

The photocatalytic and photolytic conversions (C/C0,e) of the probe compound 

(chlorpromazine) versus reaction time upon UV(A) and visible light irradiation at, 

respectively, 365 and 455 nm wavelengths using K-7000 as photocatalyst in aerobic 

conditions are presented in Figure 3-1. These experimental runs were performed for 180 

min, however, in the following graph, only the first 60 min of irradiation are presented. 
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(a) (b) 

Figure 3-1. Photocatalytic and photolytic conversions of chlorpromazine upon (a) UV(A) and (b) visible 

light irradiation (C0: 100 µM-Catalyst: K-7000 (1 g L−1) -Irradiation wavelengths: 365 and 455 nm). 

As can be seen in Figure 3-1, in the presence of K-7000 as photocatalyst upon both UV(A) 

and visible light irradiation, up to 90% of the chlorpromazine initially present in the 

aqueous phase was converted after only 10 min of irradiation and almost complete 

conversion was achieved within 30 min of irradiation. Upon UV(A) irradiation however, 

the photocatalytic reaction seems to be slower than the photolytic reaction. This suggests 

that during the photocatalytic reaction under UV(A) irradiation, most of the photons are 

absorbed by the photocatalyst itself; therefore, the contribution of the homogeneous 

reaction (photolytic excitation of the probe compound) is small compared to the 

photocatalytic reaction. 

In comparison, in the photolytic procedure, after 30 min of irradiation with 455 nm 

wavelengths, only a slight decrease (5%) in the chlorpromazine concentration was observed 

(Figure 3-1(b)) indicating the high stability of this compound upon visible light irradiation. 

Nevertheless, after 30 min of UV(A) irradiation, up to 99% of the pharmaceutical was 

converted photolytically. It becomes obvious from Figure 3-2 that the absorbance of 

chlorpromazine at 365 nm is significantly larger than at 455 nm. Consequently, less amount 

of photons are absorbed at 455 nm. Due to this low absorption, a significant part of photons 

will be lost by transmission through the suspension resulting in a weak photolysis of 

chlorpromazine at this wavelength. 
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Figure 3-2. Absorption spectrum of a 100 µM chlorpromazine solution in water. 

All the photocatalytic and photolytic experiments followed a first order kinetic behavior; 

except for photolysis upon visible light irradiation (455 nm) in which the conversion of the 

probe compound was negligible (5%). The rate constant values for UV(A)-photocatalysis, 

visible light-photocatalysis, and UV(A)-photolysis were calculated to be 0.21 ± 0.01, 0.24 

± 0.01, and 0.19 ± 0.01, respectively.  

At first glance, no significant difference in the conversion rates of the photocatalytic 

reactions upon UV(A) and visible light irradiations is observed. However, the photon flux 

density, N, emitted by the UV(A) and the Visible light LED lamps were calculated to be 

1.12 × 1016 s−1 cm−2 and 7.47 × 1016 s−1 cm−2, respectively. This reveals that under identical 

experimental conditions, the amount of emitted photons from the visible light LED lamp 

was almost seven times higher compared to that of the UV(A) LED lamp. Therefore, even 

though the rate constant of the photocatalytic process seems to be a bit higher upon visible 

light irradiation, considering the much higher photon flux density of the visible light lamp, 

K-7000 was found to be less active upon visible light irradiation than upon UV(A) 

irradiation. 

During the photolysis upon visible light irradiation, the chlorpromazine suspension reached 

a strong pink color after 5 min and it turned colorless after 15 min of irradiation. However, 

throughout the photolytic experiment upon UV(A) irradiation, the colorless suspension of 

chlorpromazine turned to pink and ruby. Nevertheless, no change of color was observed 
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during the photocatalytic experiments in the presence of K-7000. From these observations, 

a possible variety of intermediates throughout different reaction pathways seems to be 

likely. 

Accordingly, some intermediates produced during the experimental runs were detected via 

HPLC-MS analysis. These compounds are named in this manuscript according to their 

detected molecular mass (or m/z value). The photocatalytic and photolytic transformation 

of chlorpromazine (m/z: 319) resulted in the formation of products having m/z values of 

301, 317, 335, and 351.  

Figure 3-3 demonstrates the time course of the products/intermediates formation during 

the photocatalytic and photolytic conversion of chlorpromazine upon both UV(A) and 

visible light irradiation. The main conversion products found during the first 60 min of the 

photocatalytic experimental runs upon UV(A) irradiation have m/z values of 335, 351, and 

317 (Figure 3-3(a)); however, for the photocatalytic process upon visible light irradiation, 

only the intermediates with m/z values of 335 and 351 were detected (Figure 3-3(b)).  

Interestingly, throughout the photocatalytic reaction upon both UV(A) and visible light 

irradiation, the intermediate giving the highest signal intensity (m/z = 335) was found to be 

highly stable over the reaction period. 

Alternatively, during the photolytic reaction upon UV(A) irradiation (Figure 3-3(c)), 

compounds with m/z values of 301, 335, and 317 were observed and no intermediates for 

the photolytic reaction upon visible light irradiation (Figure 3-3(d)) were detected as the 

conversion of the probe compound was negligible. 
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(a) (b) 

  

(c) (d) 

Figure 3-3. Time course of the intermediates formation during chlorpromazine conversion: (a) 

photocatalysis upon UV(A) irradiation, (b) photocatalysis upon visible light irradiation (K-7000 as 

photocatalyst (1 g L−1)), (c) photolysis upon UV(A) irradiation, and (d) photolysis upon visible light 

irradiation. 

As revealed by the intermediates analysis, conversion rate of the probe compound as well 

as type and production rates of the intermediates varied upon UV(A) and visible light 

irradiation in the presence and absence of the photocatalyst. Three main detected products 

in photolysis upon UV(A) irradiation, having m/z values of 335, 317, and 301 were also 

reported for this reaction in similar analytical studies and for each of these compounds, one 

or more possible structures have been proposed [43,44,54,55]. Some of the intermediates 

with significant signal intensities detected throughout the photocatalytic and photolytic 

conversion of chlorpromazine under aerobic conditions, their retention times, masses, and 

reported structures are gathered in Table 3-1. 
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Table 3-1. Chlorpromazine and some of the reaction intermediates of its photocatalytic and photolytic 

conversion under aerobic conditions, their retention times, masses, and possible structures. 

Retention 

Time/min 

Mass 

(m/z) 
Possible Structures (Found as [M + H] +) 

19.2 319 

 

15.8 301 

 

11.7 317 

 

14.7 335 

 
  

15.2 351 

   

 

The molecular mass of the highly persistent intermediate giving the highest signal intensity 

with m/z value of 335 corresponds either to chlorpromazine sulfoxide (SFX) or to 

chlorpromazine -N-oxide [54]. Therefore, in order to identify this produced metabolite, a 

pure commercial SFX was analyzed by HPLC-MS and the obtained signal for the 
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commercial SFX matched 100% to that of the metabolite with m/z value of 335 in the 

experimental runs, confirming the identity of the produced metabolite to be the SFX. 

3.4.2. Long Term Experiments with Chlorpromazine Sulfoxide 

Chlorpromazine sulfoxide (SFX) was found to be a highly stable product of the 

photocatalytic conversion of chlorpromazine under aerobic conditions. Therefore, the 

stability and transformation of this compound was investigated in long-term experiments. 

The experimental runs were performed under aerobic photocatalytic and photolytic 

conditions upon UV(A) and visible light irradiation (Figure 3-4). 

 

Figure 3-4. Long term photocatalytic and photolytic conversion of chlorpromazine sulfoxide (SFX) (100 

µM) upon UV(A) and visible light irradiation using K-7000 as photocatalyst (1 g L−1). 

The long term photocatalytic experiments upon visible light irradiation revealed that SFX 

was converted only up to 20% during the first 2 h of irradiation; nevertheless, after this 

period it was highly stable even over the 24 h visible light irradiation (only 7% decrease). 

On the other hand, during the photocatalytic reaction upon UV(A) irradiation, SFX 

concentration was slowly reduced. However, the required irradiation time for its complete 

removal compared to the removal of chlorpromazine having the same initial concentration 

was found to be at least 20 times longer. 

Furthermore, during the photolytic experiments upon visible light irradiation, SFX 

concentration decreased only up to 17% from 2 h to 24 h confirming the high stability of 

SFX upon visible light photolysis. However, SFX concentration was found to be slowly 

reduced under photolytic conditions upon UV(A) light irradiation. 

Nevertheless, it seemed that upon UV(A) irradiation, the presence of the photocatalyst 
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inhibited the conversion reaction and that the photolytic reaction was faster than the 

photocatalytic one. Thus, possible differences in the conversion pathways are assumed. 

Accordingly, the intermediates of the photocatalytic and the photolytic reactions of SFX 

after 2 h and 24 h of UV(A) irradiation (Figure 3-5) were analyzed and compared. 

  

(a) (b) 

Figure 3-5. Chromatograms of SFX under both photocatalytic and photolytic conditions upon irradiation 

with UV(A) light after: (a) 2 h and (b) 24 h. 

Upon long term UV(A) irradiation, as assumed some differences between the 

photocatalytic and photolytic conversion pathways of SFX were observed. It was found 

that the product/intermediate distributions of these two reactions after 2 h and 24 h UV(A) 

irradiation were different (Figure 3-5). Significant differences in values and types of 

intermediates between photocatalytic and photolytic conversions of SFX after 2 h UV(A) 

irradiation were observed.  

Furthermore, the comparison between Figure 3-5(a) and Figure 3-5(b) revealed that the 

produced intermediates throughout the photocatalytic reaction were completely degraded 

or converted after 24 h UV(A) irradiation, while in the photolytic reaction, not only were 

the produced intermediates not removed after 24 h UV(A) irradiation, but also some new 

ones were detected at the end of the reaction. 

During the photolytic conversion of SFX upon UV(A) irradiation, the intermediate with the 

most intense signal (m/z = 317), was detected at 11.7 min retention time. This signal was 

increasingly produced from 15 min to 6 h irradiation and it remained stable until the end of 

the 24 h UV(A) irradiation. Another signal at retention time of 15.8 min, corresponding to 
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a combination of m/z = 301 and m/z = 318 was detected from 30 min until 4 h irradiation. 

Moreover, some new peaks (mainly low intensity signals) corresponding to m/z = 333, 303, 

269, and 287 emerged along the UV(A) irradiation. However, during the photocatalytic 

reaction, other detected intermediates after 2 h irradiation corresponding to m/z = 321 and 

250 were completely removed after 24 h UV(A) irradiation. The fact that, under 

photocatalytic conditions, much lower concentrations of intermediates were detected 

indicates that the photocatalytic process is superior in removal of the produced 

intermediates compared to the photolytic process. Analyzing these intermediates suggested 

different reaction pathways for photocatalytic and photolytic conversion of SFX over 24 h 

UV(A) irradiation. 

Also upon irradiation with visible light, some differences between the photocatalytic and 

the photolytic reactions were observed. Therefore, the intermediates of the photocatalytic 

and the photolytic reactions of SFX after 2 h and 24 h of visible irradiation were analyzed 

and compared as well (Figure 3-6). 

  

(a) (b) 

Figure 3-6. Chromatograms of SFX samples under both photocatalytic and photolytic conditions upon 

irradiation with visible light after: (a) 2 h and (b) 24 h. 

As observed in Figure 3-6, throughout the photocatalytic reaction upon visible light 

irradiation, no significant difference in the signal intensity of SFX was detected from 2 h 

to 24 h (only 7% decrease); revealing that this compound was highly stable throughout the 

reaction period. During this process, an evolving small signal at retention time of about 
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14.4 min (attached to the SFX signal) corresponding to m/z value of 321 was observed. The 

intensity of this signal slightly increased over the 24 h visible light irradiation. Furthermore, 

throughout the photolytic experiments upon visible light irradiation, the signal intensity of 

SFX from 2 h to 24 h decreased up to 17%, while no other intermediates were detected, 

confirming that the SFX was highly stable during visible light photolysis. 

3.4.3. Photocatalytic and Photolytic Conversion of Chlorpromazine under 

Anaerobic Conditions 

In addition, the photo-induced intermediates of photolytic and photocatalytic conversions 

of chlorpromazine under anaerobic conditions were evaluated. The obtained results are 

presented in Figure 3-7. It was observed that upon UV(A) irradiation, the rate of 

chlorpromazine conversion as well as production rates and types of the intermediates under 

anaerobic conditions were completely different from aerobic conditions. However, 

chlorpromazine was not converted under anaerobic conditions upon visible light irradiation 

both in the presence and the absence of K-7000 and, therefore, no intermediates were 

detected for those experimental runs. 

  

(a) (b) 

Figure 3-7. Conversion of chlorpromazine into its metabolites under anaerobic conditions: (a) photolysis 

upon UV(A) irradiation, (b) photocatalysis upon UV(A) irradiation with K-7000 as photocatalyst (1 g L−1). 

A simple comparison between the aerobic and anaerobic photolysis of chlorpromazine 

upon UV(A) irradiation clearly reveals their different reaction pathways. The reaction 

products/intermediates of the aerobic UV(A) photolytic reaction were found to have m/z 

values of 335, 301, and 317 (Figure 3-3(c)). However, throughout the anaerobic photolysis 
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of chlorpromazine upon UV(A) irradiation (Figure 3-7(a)), no traces of SFX (m/z: 335) 

were found and other products/intermediates, with m/z values of 301, 285, 631, 599, and 

583 were detected. The compound with m/z value of 285 is most likely promazine which 

has been also identified under anaerobic conditions by Davies et al. via comparing the 

retention factor with that of an authentic sample. They have shown that in an oxygen-free 

system, the photo-excited chlorpromazine undergoes a dechlorination step to form free 

radicals which then react with the solvent and produce promazine and other products [58]. 

Detection of the products with large m/z values of 631, 599, and 583 is an evidence of 

formation of different chlorpromazine dimers during this reaction. Similar observations 

were reported by Huang and Sands confirming that under anaerobic UV photolysis of 

chlorpromazine, polymerization and dimerization processes take place and that the free 

radical of chlorpromazine resulted from cleavage of chloride function from the structure 

promotes these processes [56]. 

On the other hand, in the presence of the photocatalyst upon anaerobic conditions (Figure 

3-7(b)), the conversion of chlorpromazine slowed down but it still happened, while only 

two products with m/z values of 301 and 285 were detected and no dimers or polymers 

were formed. In the photocatalytic system, the photocatalyst absorbs the main part of the 

incident photons. Consequently, the key step of the dimerization and polymerization 

process, namely, the formation of chlorpromazine free radicals will be limited. 

Interestingly, during both anaerobic photolysis and photocatalysis of chlorpromazine, the 

products with m/z values of 301 and 285 were found to be the most stable ones among all 

other intermediates. These masses most probably correspond to the chemical structures 

proposed in Figure 3-8, in which the chlorine in the chlorpromazine structure is replaced 

with an OH or hydrogen. 
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(a) (b) 

Figure 3-8. Possible structures of the two most stable products under anaerobic conditions. 

During the photocatalytic reaction in the presence of oxygen, most of the photons are 

absorbed by the photocatalyst resulting into its excitation. In this case two reactions are 

likely to happen; either the photo-generated conduction band electrons react with the 

oxygen resulting into O2
−• or they reduce the chlorpromazine and break the C-Cl bond, 

leaving Cl- and the radical of chlorpromazine. The probability of the second path is rather 

low in the presence of oxygen as it is a highly strong electron scavenger. However, in 

oxygen-free conditions, the first reaction cannot occur, thus, chlorpromazine will be the 

only electron acceptor present in the system resulting in the dechlorination of this 

compound. Considering the possible structures of the two most stable products under 

anaerobic conditions (Figure 3-8), the C-Cl bond in the structure of chlorpromazine was 

replaced with a C-OH or a C-H bond. To yield these products, the dechlorinated 

chlorpromazine radical requires reaction with •H or •OH. These radicals are suggested to 

result from the reaction of the chlorpromazine radical with water. Although the reactions 

between organic radicals and water are usually quite unlikely, such reactions have been 

reported before under anaerobic conditions [59]. Therefore, detection of the products with 

m/z values of 301 and 285 in the absence of oxygen proposes the possible reaction of 

electrons instead of hydroxyl radicals. It seems to be likely that these products are formed 

through the reduction reaction of chlorpromazine which is more expected to take place in 

the absence of oxygen. 

3.4.4. Participation of OH Radicals in the Degradation Pathway of Chlorpromazine 

To evaluate the role of hydroxyl radicals throughout the photocatalytic transformation or 

oxidation of chlorpromazine and formation of its intermediates or products, an analysis on 

the amount of produced hydroxyl radicals upon both UV(A) and visible light irradiation 

under aerobic conditions in the presence of K-7000 photocatalyst was performed. Hydroxyl 

radical is one of the major oxidants in photocatalytic processes. Throughout a 

photocatalytic reaction, the formation of hydroxyl radicals on the surface of the 

photocatalyst upon irradiation is correlated with photocatalytic conversion of the probe 

compound through these radicals generated from photoexcitation of the photocatalyst 

surface [60]. For this matter, terephthalic acid was applied as a probe molecule which is 
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known to react specifically with OH radicals transforming into a fluorescent product, 2-

hydroxyterephthalic acid. This reaction product is intensely fluorescent whereas 

terephthalic acid itself is non-fluorescent [61]. Irradiating the terephthalic acid suspension 

at 315 nm wavelength results in generation of a strong fluorescent signal with a maximum 

at around 425 nm. The signal intensity which is directly detected and measured corresponds 

to the concentration of the product (2-hydroxyterephthalic acid) in the suspension. Thus, it 

is possible to identify the OH radical concentration in the suspension through this method 

[62]. 

Accordingly, a suspension of 0.4 mM TA (99%) and 1 mM NaOH with 1 g L−1 

photocatalyst concentration was irradiated for 60 min with UV(A) and visible light. Figure 

3-9 presents the amount of produced 2-hydroxyterephthalic acid from this suspension upon 

UV(A) irradiation vs. irradiation time. Upon visible light irradiation no formation of 

hydroxyl radicals was observed.  

 

Figure 3-9. Amount of the produced 2-hydroxyterephthalic acid from the UV(A)-irradiated suspension of 

terephthalic acid and K-7000. 

As can be seen, upon UV(A) irradiation at 365 nm wavelength, an increased production of 

2-hydroxyterephthalic acid over the irradiation time was observed which was proportional 

to the amount of hydroxyl radicals. This revealed that hydroxyl radicals were produced at 

the surface of the photocatalyst. Wilde et al. have studied the degradation of different 

phenothiazines by hydroxyl radicals produced through a Fenton process. Based on their 

UHPLC-HRMSn data, for the degradation of chlorpromazine by hydroxyl radicals, a 
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dechlorination step leading to products with m/z values of 301 and 285 was reported which 

is likely to result in a product with m/z value of 317, eventually after an extra hydroxylation 

step. Other transformation products with m/z values of 335 and 351 were also proposed to 

be formed after one or two aromatic hydroxylation steps instead of S-oxidation in the 

chlorpromazine structure [44]. In the current study, similar products with m/z values of 

335, 351, and 317 were observed upon aerobic photocatalytic conversion of 

chlorpromazine. This indicates the degradation of chlorpromazine mainly by hydroxyl 

radicals produced upon UV(A) irradiation under aerobic conditions in the presence of K-

7000 photocatalyst. However, the intermediates with m/z values of 285 and 301 were not 

detected, most likely due to the quick transformation of chlorpromazine to the other 

products. 

Nevertheless, upon visible light irradiation under aerobic conditions no formation of 

hydroxyl radicals was observed indicating that the conversion of chlorpromazine in the 

presence of K-7000 photocatalyst did not result from the reaction between a 

photocatalytically generated OH radical and the chlorpromazine molecule and that the 

contribution of OH radicals in conversion of chlorpromazine upon visible light irradiation 

is almost negligible. Therefore, the photocatalytic conversion of chlorpromazine upon 

visible light irradiation is most likely approached through a direct mechanism. This means 

that the photogenerated electrons attack the chlorpromazine molecule and produce a free 

radical cation which then reacts with water or molecular oxygen in the system and results 

in the detected products with m/z values of 335, 351. Moreover, observation of these 

products upon visible light irradiation under aerobic conditions also confirms that in the 

absence of hydroxyl radicals, the dechlorination step does not take place. 

Accordingly, the main detected intermediates in photocatalytic conversions of 

chlorpromazine under anaerobic and aerobic conditions upon both UV(A) and visible light 

irradiation are gathered and presented in Figure 3-10, proposing the reaction pathway for 

these procedures. 
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Figure 3-10. The proposed reaction pathway for photocatalytic conversion of chlorpromazine. 

3.5. Materials and Methods 

3.5.1. Materials 

The commercial carbon-modified titanium dioxide powder (Kronos International, Inc., 

Leverkusen, NRW, Germany), KRONOClean 7000 (K-7000), was applied as the 

photocatalyst in this work. The commercial chlorpromazine sulfoxide (SFX) was purchased 

from LGC-Standards (Wesel, NRW, Germany). Acetonitrile (Rotisolv® HPLC Gradient) 

was purchased from Carl-Roth (Karlsruhe, BW, Germany). Chlorpromazine hydrochloride 

(≥98%), trifluoroacetic acid (spectroscopy Uvasol®), and all other chemicals in the present 

study were purchased from Sigma-Aldrich (Merck, Darmstadt, HE, Germany) (if no 

additional notation is made). All the chemicals were used as purchased without further 
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purification. Ultrapure water (≥18.2 MΩ cm) was applied in all the experiments. 

3.5.2. Photocatalytic Procedure 

The photocatalytic experiments of chlorpromazine conversion using K-7000 as 

photocatalyst, as well as photolysis of chlorpromazine under both UV(A) (365 nm) and 

visible (455 nm) light irradiation were performed. These experiments were carried out in a 

closed cylindrical borosilicate photoreactor (diameter: 6 cm, height: 3 cm) covered in a 

shell made of a black polymer which was connected from the top to one of the 

monochromatic LED light sources emitting at 365 nm (Thorlabs, M365L2, 190 mW, 700 

mA) or 455 nm (Thorlabs, M455L3, 900 mW, 1000 mA) irradiation wavelengths. For each 

of the LED lamps the photon flux density, N (s−1 cm−2) was calculated through the 

following equation: 

N = ∫
I

E

λ2

λ1
 dλ                                                                                                                    (3-1) 

The spectral irradiance, I (mW cm−2 nm−1) was measured by a SpectraRad® Xpress (B&W 

Tek, Lübeck, SH, Germany)) spectral irradiance meter. E, the energy of a photon with 

wavelength λ was calculated by the Planck–Einstein relation [63]. The calculated N value 

was found to be 1.12 × 1016 s−1 cm−2 for the UV(A) LED lamp (365 nm) and 7.47 × 1016 

s−1 cm−2 for the visible light LED lamp (455 nm). The UV/Vis spectrum of chlorpromazine 

was recorded employing a UV-visible Cary-100 spectrophotometer. 

For each experimental run, an aqueous suspension containing 100 µM chlorpromazine (or 

SFX) and 1 g L−1 photocatalyst was prepared. The reactor was filled with 60 mL of reaction 

suspension which was first stirred in the dark for 60 min to ensure the adsorption 

equilibrium. Clearly, for the photolytic experiments, the dark period was not required. 

Subsequently, the suspension was irradiated for 180 min. In aerobic experiments the 

suspension was purged with oxygen and in anaerobic conditions the suspension was purged 

with argon throughout the reaction period. In the case of long-term experiments, the 

irradiation time was extended to 24 h. At certain time intervals, samples were taken from 

the sampling point provided on the reactor, centrifuged, filtered (PVDF, 0.2 µm pore size), 

and finally, the supernatant was obtained and analyzed through HPLC-MS analysis. The 

results of these experiments were reported as the conversion of the probe compound 

calculated from the ratio of its concentration at a desired reaction time to initial 

https://en.wikipedia.org/wiki/Planck%E2%80%93Einstein_relation
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concentration of this compound after equilibrium (C/C0,e). 

3.5.3. HPLC-MS Analysis 

The product distribution was determined by HPLC-UV-MS (ESI) using an Alliance 2795-

HT HPLC (Waters, UK) coupled with a 1050 UV-detector (type 79853C, detection 

wavelength =254 nm, HP, USA) and an LCT Premier ESI mass spectrometer (Waters, UK). 

The chromatography was performed on an Eurospher II C18 HPLC column (150 * 4 mm, 

Eurospher II 100-5 C18A, Knauer, Germany) using water (A) and acetonitril (B), each 

containing 0.1% trifluoroacetic acid, at a flow rate of 600 µL min−1 with a linear gradient 

(B%: 15% [0 min], 15% [6 min], 60% [20 min], 60% [23 min], 15% [26 min]; runtime =35 

min). The following relevant MS settings were used: polarity = ESI +; capillary voltage 

=2700 V; desolvation temperature =350 °C; desolvation gas flow =650 L h−1 (nitrogen); 

source temperature =100 °C; sample cone voltage =30 V. 

3.5.4. Determination of OH Radicals 

In order to detect the possible photocatalytic formation of hydroxyl radicals, the 

terephthalic acid (TA) test [33] was performed upon both UV(A) and visible light 

irradiation wavelengths. Accordingly, a calibration curve using different concentrations of 

2-hydroxyterephthalic acid (97%) was prepared. To measure the hydroxyl radical 

formation, a solution of 0.4 mM TA (99%) and 1 mM NaOH was prepared and the 

photocatalyst (K-7000) was added to reach a 1 g L-1 concentration in the suspension. This 

was followed by a 40 min ultrasonic dispersion step and the suspension was then left in the 

dark for 1 h under continuous stirring.  

Afterwards, the suspension was divided into two parts which were irradiated separately 

with the same UV(A) and visible light sources used for the photocatalytic experiments. 

Accordingly, at desired time intervals, samples were taken from these suspensions, 

centrifuged, and analyzed via a Hitachi fluorescence spectrophotometer model F-700 

recording the emission in the range of 400 to 600 nm (excitation wavelength =315 nm). 

3.6. Conclusions 

The experimental results of this work revealed that the conversion rate of the probe 

compound, chlorpromazine, as well as type and production rates of the reaction 

intermediates varies using different irradiation wavelengths. Although chlorpromazine was 
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converted directly upon UV(A) irradiation into its metabolites, for its conversion upon 

visible light irradiation, the presence of a visible-light active photocatalyst was necessary. 

Furthermore, observation of the products with m/z values of 301 and 285 under anaerobic 

conditions suggested the reduction of chlorpromazine through electrons and not the 

hydroxyl radicals. 

A persistent intermediate, namely, chlorpromazine sulfoxide (SFX) was the main reaction 

intermediate of visible-light photolytic and photocatalytic conversions of chlorpromazine 

under aerobic conditions. Although chlorpromazine was completely converted upon 

visible-light photocatalysis within the first 30 min of irradiation, this persistent 

intermediate, SFX, was highly stable over the 24 h of constant visible light irradiation even 

in the presence of K-7000 photocatalyst. This long-lasting compound was converted 

extremely slowly over a long-term heterogeneous photocatalytic process under UV(A) 

irradiation, however, the required irradiation time for complete removal of SFX was found 

to be at least 20 times longer compared to the removal of chlorpromazine at the same initial 

concentration. Nevertheless, the photocatalytic and photolytic conversions of SFX were 

found to have different reaction pathways. Moreover, throughout the photocatalytic 

pathway, the reaction intermediates or metabolites were successfully removed from the 

reaction medium indicating the superior ability of the photocatalytic process in the removal 

of the produced intermediates compared to the photolytic process. 
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Chapter 4: Regarding the Nature of Charge Carriers 

Formed by UV or Visible Light Excitation of Carbon-

Modified Titanium Dioxide 

4.1. Forewords 

Following the previous chapter, it was found that chlorpromazine, a visible light-persistent 

material, can be photocatalytically converted under aerobic conditions upon visible light 

irradiation in the presence of K-7000. However, its main reaction intermediate, 

chlorpromazine sulfoxide, remained stable under the same conditions. These observations 

pointed out some limitations in the visible light activity of K-7000. In addition, both the 

chlorpromazine and its sulfoxide could eventually be converted upon UV irradiation in the 

presence of K-7000. Thus the difference between the photocatalytic excitation of K-7000 

under UV and visible irradiation had to be determined. Nevertheless, due to the lack of a 

fundamental study regarding the mechanism behind the visible light-driven photocatalytic 

conversion of chlorpromazine, a deeper analysis on the origin of the visible light activity 

of the employed photocatalyst was necessary. Hence, by considering K-7000 as a TiO2-

sensitizer assembly, the fate of photogenerated charge carriers in this photocatalyst under 

different excitation wavelengths was evaluated. Moreover, the differences between the 

redox potential of the radical cation of the carbon-based sensitizer and that of the molecule 

to be oxidized were studied. Accordingly, a mechanism was proposed through which the 

different visible light-driven photocatalytic activity of K-7000 for conversion of different 

organic molecules could be explained.  

This chapter includes the article “Regarding the Nature of Charge Carriers formed by UV 

or Visible Light Excitation of carbon-modified Titanium Dioxide” by Arsou Arimi, Carsten 

Günnemann, Mariano Curti, and Detlef W. Bahnemann, published in Catalysts 

(doi:10.3390/catal9080697). Within the frames of this chapter, K-7000, an anatase titanium 

dioxide modified with a carbon-based sensitizer layer, was investigated through laser flash 

photolysis spectroscopy in argon, methanol and oxygen atmospheres. The transient 

absorption measurements were performed via both UV and visible light laser excitation and 

the nature of charge carriers formed by UV or visible light at different atmospheres was 
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evaluated. The data obtained through these experiments together with the results of the 

photocatalytic conversion of chlorpromazine and methanol upon UV and visible light 

irradiation paved the way for understanding the mechanism of visible light-driven 

conversion of chlorpromazine in the presence of K-7000. 

4.2. Abstract 

Although titanium dioxide gathers many of the required properties for its application in 

photocatalytic processes, its lack of activity in the visible range is a major hurdle yet to be 

overcome. Among different strategies, the post-synthesis modification of TiO2 powders 

with organic compounds has already led to commercially available materials, such as 

KRONOClean 7000. In this work, we apply diffuse reflectance transient absorption 

spectroscopy on this visible-light active photocatalyst and study the dynamics of the charge 

carriers alternatively induced by UV or visible light laser irradiation, under inert or reactive 

atmospheres. Our results can be interpreted by considering the material as TiO2 sensitized 

by an organic-based layer, in agreement with previous studies on it, and show that the 

oxidative power of the material is considerably diminished under visible light irradiation. 

By complementarily performing continuous visible light irradiation photocatalysis 

experiments in aerated aqueous suspensions, we show that, although the oxidation of 

methanol proceeds at a very slow rate, the oxidation of chlorpromazine occurs much faster 

thanks to its better suited redox potential. 

Keywords: visible light driven photocatalysis; KRONOClean 7000; carbon-based 

modified TiO2; transient absorption spectroscopy; chlorpromazine; carbon-doped 

materials. 

4.3. Introduction 

In 1972, Fujishima and Honda reported the photocatalytic splitting of water over titanium 

dioxide (TiO2) photoelectrodes irradiated with UV light [1]. Since this discovery, much 

work has been done to understand the underlying processes in photocatalytic reactions [2] 

and develop new materials with activity in the visible range [3]. Despite these efforts, TiO2 

continues to be the most employed photocatalyst, in particular in its anatase polymorph, 

due to its higher activity in comparison with the thermodynamically stable form rutile [4,5]. 
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However, anatase has a bandgap of 3.23 eV [6] and, thus, it can make use of not more than 

3.5% of the energy emitted by the sun [7].  

Different strategies have been considered to increase this fraction. One possibility is to 

replace the material altogether. For example, iron based photocatalysts generally show a 

strong absorption in the visible range; however, they are far less active under visible light 

irradiation than TiO2 under UV irradiation [8,9]. Besides its replacement with other 

photocatalysts, a range of different approaches can be used to enhance the light absorption 

by TiO2, such as doping or the adsorption of sensitizers on the surface. While doping of 

TiO2 (either with metals or non-metals) typically leads to bandgap narrowing [10,11], dye-

sensitization extends the visible-light response by coupling the semiconductor with a 

strongly absorbing molecule, finding applications not only in the field of solar cells [12], 

but also for photocatalysis [13,14].  

These attempts can be considered successful after the commercial development of the 

KRONOClean 7000 photocatalyst from Kronos International, synthesized by the 

modification of TiO2 with pentaerythritol [15]. Although initially it was thought to be 

carbon-doped TiO2, it was later proven to consist of anatase particles with a carbon-based 

sensitizer layer around them [15]. By performing a set of simple but elegant experiments, 

Ząbek et al. were able to remove the layer around the particles and to reassemble it 

afterwards, while getting exactly the same properties as before the removal. Importantly, 

the material was shown to be superior to Evonik P25, both for the photocatalytic abatement 

of NOx under white light excitation and for the degradation of acetone under visible light 

[16,17].  

Nevertheless, to the best of our knowledge, the tradeoffs incurred by extending the 

photocatalytic activity of TiO2 to the visible range, and the similarities or differences of 

this process compared to those initiated with UV light, remain so far unclarified.  

With the goal of understanding the nature and reactivity of its photogenerated charge 

carriers, here we investigated KRONOClean 7000 by means of transient absorption 

spectroscopy using both UV (355 nm) and visible light (455 nm) laser excitation. 

Furthermore, we analyzed the influences of inert (argon), oxygen, and methanol 

atmospheres on the charge carrier dynamics. Complementarily, we studied the 
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photocatalytic oxidation of two organic compounds, chlorpromazine and methanol, using 

aerated KRONOClean 7000 suspensions under continuous visible light irradiation, from 

which we were able to establish boundaries on its photocatalytic activity under such 

conditions.  

4.4. Results 

4.4.1. Characterization of the Photocatalyst 

We start the material characterization by analyzing the basic structural properties of 

KRONOClean 7000 (from here on, K-7000). As can be observed in Figure 4-1, the XRD 

pattern matches well with the standard data of anatase TiO2 (JCPDS card No. 21-1272), 

indicating that the carbon modification does not significantly modify the crystalline 

structure of the parent material. The pattern precludes the presence of a significant fraction 

of the rutile or brookite TiO2 polymorphs. 

 

Figure 4-1. XRD pattern of K-7000 and the anatase reference JCPDS card No. 21-1272. 

To determine the light absorbing properties of the photocatalyst, we measured its diffuse 

reflectance spectra in the spectral range from 300 to 800 nm (Figure 4-2(a)). As a 

comparison, the results for the pure-anatase photocatalyst Hombikat UV100 are also 

shown. From these spectra, we determined the Kubelka–Munk functions, shown in Figure 

4-2(b). A long-tailed absorption is clearly observed for K-7000, spanning the visible range 

from 400 nm to 550 nm. On the contrary, UV100 only absorbs in the ultraviolet range. By 

processing the spectra of K-7000 and Hombikat UV100 with the Tauc plot (Figure 4-S1) 
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we obtained bandgap values of 3.31 eV (corresponding to a wavelength of 374 nm) for K-

7000 and 3.32 eV (~373 nm) for UV100.  

  

Figure 4-2. (a) Diffuse reflectance spectra (DRS) and (b) Kubelka–Munk functions of K-7000 and 

Hombikat UV100. 

4.4.2. Mott–Schottky Measurements 

In order to determine the flatband potential of K-7000 and Hombikat UV100, we performed 

electrochemical measurements. By plotting the inverse of the square of the measured 

capacitance versus the applied potential, the flatband potential can be obtained by a linear 

fit. As shown in Figure 4-3, this value was determined to be equal to −0.46 V vs. NHE and 

−0.51 V vs. NHE, for K-7000 and Hombikat UV100, respectively. The small difference is 

within experimental error. 

  

Figure 4-3. Mott–Schottky plot of (a) a K-7000 film and (b) a Hombikat UV100 film measured in a 0.1 M 

KNO3 solution at a frequency of 100 Hz. The dashed red line shows the extrapolation of the linear part to 

the ordinate value of zero. 



Chapter 4: Regarding the Nature of Charge Carriers Formed by UV or Visible Light Excitation 

of Carbon-Modified Titanium Dioxide  
 

 

116  
 

4.4.3. Transient Absorption Spectroscopy 

To study the dynamics of the photogenerated charge carriers, we investigated K-7000 via 

diffuse reflectance transient absorption spectroscopy. Figure 4-4 presents the transient 

absorption spectra of the K-7000 powder obtained after excitation with 355 nm (Figure 4-

4(a)) and 455 nm (Figure 4-4(b)) at 100 ns after the laser excitation. The spectra were 

obtained at three different conditions, as follows: in the presence of oxygen (electron 

scavenger), of methanol (hole scavenger), and in the absence of electron scavengers or 

donors (Ar atmosphere). In the latter case, the photogenerated charge carriers can only react 

with each other (i.e., recombine).  

As can be seen in Figure 4-4(a), after excitation with 355 nm, there are no significant 

differences in the transient absorption spectra under Ar or O2 atmospheres, while the 

experiments in Ar atmosphere and methanol atmosphere show a considerable difference. 

Moreover, this difference is larger at shorter wavelengths (~400 nm) than at the longer 

wavelength range (~650 nm). On the other hand, as revealed in Figure 4-4(b), the transient 

absorption spectra obtained after excitation with 455 nm in all the atmospheres are, within 

experimental error, identical to each other.  

  

Figure 4-4. Transient absorption spectra of K-7000 measured 100 ns after excitation with a (a) 355 nm and 

(b) 455 nm laser in Ar (black), O2 (blue), and methanol (red) atmospheres. 

Figure 4-5 displays the transient absorption decays detected at 650 nm for the K-7000 

powder in O2, methanol and Ar atmospheres after excitation with 355 nm (left) and 455 nm 

(right). In the case of excitation with 355 nm (Figure 4-5(a)), both under Ar and O2 
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atmospheres the transient absorption strongly increases right after the laser pulse and is 

followed by a rapid decrease down to ~15% of the initial value at 8 μs. In the case of the 

methanol atmosphere, however, the transient absorption is initially lower than the other two 

cases and increases with time in the investigated window. By comparing the transient 

absorption decays after excitation with 355 nm and 455 nm, Figure 4-5(a) and Figure 4-

5(b), it can be seen that the initial absorptions after excitation with 455 nm are much lower 

than those values after excitation with 355 nm. After excitation with 455 nm the decrease 

of the transient absorption is significantly slower and decreases only to ~60% of the initial 

value after 8 µs. Furthermore, at this excitation wavelength no significant difference was 

observed regarding the type of atmosphere. 

  

Figure 4-5. Transient absorption decays of K-7000 detected at 650 nm in an Ar (black), an O2 (blue), and a 

methanol (red) atmosphere, after excitation with (a) 355 nm and (b) 455 nm. 

The behavior of K-7000 under visible-light excitation was compared with that of Hombikat 

UV100 in Ar atmosphere. Figure 4-6(a) shows the transient absorption decays in K-7000 

and UV100 powders detected at 650 nm, after excitation with 455 nm. While UV100 shows 

virtually no transient absorption, a significant signal with a long-lived component can be 

observed for K-7000. Similarly, the transient absorption spectrum of UV100 (Figure 4-

6(b)) at 100 ns after the pulse is negligible with respect to that of K-7000. 
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Figure 4-6. (a) Transient absorption decays of K-7000 (blue) and UV100 (black) observed at 650 nm in an 

Ar atmosphere after excitation with 455 nm, (b) transient absorption spectra of K-7000 (blue) and UV100 

(black) measured at 100 ns after the laser excitation. 

4.4.4. Photocatalytic Experiments 

In order to evaluate the visible-light activity of K-7000, we performed photocatalytic 

experiments using methanol and chlorpromazine as organic model compounds. For that 

matter, we analyzed their conversion in the presence of a K-7000 suspension upon 

irradiation at 455 nm. The results of these experiments are shown in Figure 4-7.  

 

Figure 4-7. Comparison of the conversion of methanol and chlorpromazine upon visible light irradiation 

(455 nm) in the presence of K-7000. 

The oxidation of methanol was monitored by assessing the production of formaldehyde 

throughout the reaction period (Figure 4-S2). After 60 minutes of visible light irradiation 

in the presence of K-7000, only a slight degradation of methanol was observed.  
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In the case of chlorpromazine, it was found to be stable in the absence of K-7000 throughout 

the photolytic reaction time (Figure 4-S3) under visible light irradiation (455 nm), as 

expected from the very low overlap between its absorption spectrum and the emission 

spectrum of the light source (Figure 4-S4). In the presence of K-7000, however, 

chlorpromazine is completely converted within the first 30 minutes of irradiation. The main 

product of this reaction is chlorpromazine sulfoxide, identified by comparing its retention 

time with a standard sample. The sulfoxide seems to be stable with respect to its 

photocatalytic conversion, since its concentration increases monotonically before reaching 

a constant value at ~30 minutes (Figure 4-S5). As a comparison, we have also investigated 

the photocatalytic conversion of chlorpromazine in the presence of Hombikat UV100 under 

visible light irradiation under identical conditions. However, in this case, the conversion of 

chlorpromazine was negligible (Figure 4-S6). 

4.5. Discussion 

The XRD analysis of the K-7000 powder (Figure 4-1) confirms that anatase is the only 

crystalline phase significantly present, as also reported by Ząbek et al. [15]. Thus, no effect 

of the carbon-based layer on the crystalline structure of the titanium dioxide is observed. 

The anatase phase of the photocatalyst was further evinced by the UV-vis reflectance 

measurements (Figure 4-2(a)). From these, a bandgap value of 3.31 eV was found (Figure 

4-S1), which was in good agreement with previous reports [15,17]. Moreover, the 

comparison of the absorption properties of K-7000 with those of UV100 (pure anatase) 

reveals a broad absorption band in the visible region for K-7000, not observed in anatase 

and, thus, ascribed to the carbon-based layer. The flatband potential of K-7000 was 

determined via Mott–Schottky measurements to be −0.46 V vs. NHE at pH 7 (Figure 4-

3(a)), similar to a previously reported value for its quasi-Fermi level (−0.50 V vs. NHE at 

pH 7) [15]. Both values match very well with those measured for anatase TiO2 (Hombikat 

UV100) and, therefore, it can be concluded that the modification performed on K-7000 

does not significantly affect the position of its conduction band. 

Transient absorption spectroscopy measurements were performed in different atmospheres 

using excitation with UV light (355 nm) and visible light (455 nm). In the Ar atmosphere 

the only possible fate of the photogenerated charge carriers is recombination with each 

other, since no other species are present to react with them. Since oxygen can act as an 
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electron scavenger, it would be expected for it to affect the transient absorption spectra and 

decays. However, no difference can be observed between inert and O2 atmospheres in both 

transient absorption spectra and transient decays, irrespective of the excitation wavelength. 

The standard reduction potential of oxygen is −0.33 V vs. NHE [18], i.e., more positive 

than the flatband potential of K-7000 (−0.46 V vs. NHE in neutral solution). Therefore, 

from a thermodynamic point of view, the transfer of electrons from the conduction band of 

TiO2 to oxygen molecules is expected to happen. The scavenging of photogenerated 

electrons in TiO2 by O2 molecules in the gas atmosphere has been studied by Yamakata et 

al., who found a characteristic reaction time of tens of microseconds. Consequently, no 

significant reaction can be observed before 10 µs [19]. Accordingly, O2 shall not affect the 

transient absorption spectra in the considered time scale. For longer time scales it would be 

possible to observe an effect of the O2 atmosphere; however, our focus is on the oxidative 

half-reaction, and thus, for consistency, we limited ourselves to an 8 µs window. 

Methanol is a well-known hole scavenger and reacts in a first step to form an α-hydroxyl 

radical (Equation 4-1) [20,21]. For this oxidation reaction, a potential of 1.03 V vs. NHE 

is required at pH 7 [22]. With the flatband potential of −0.46 V vs. NHE and the determined 

bandgap of 3.31 eV, the valence band edge can be calculated to be at 2.85 V vs. NHE. For 

the abstraction of an electron from a methanol molecule, the valence band edge and thus 

the potential of the photogenerated holes must be more positive compared to the redox 

potential of the methanol oxidation. Accordingly, this reaction is likely to take place. In 

general, a transient absorption spectrum contains contributions from both, photogenerated 

electrons and holes. Herein, methanol acts as a hole scavenger; therefore, only the spectrum 

of the remaining electrons can be detected. Furthermore, since there is no electron 

scavenger present, photogenerated electrons accumulate in the particles, a well-known 

phenomenon for TiO2 [23]. It can be concluded from the spectrum (Figure 4-4 (a)) that the 

photogenerated electrons mainly absorb at higher wavelengths, as reported before [24]. 

This explains the observed differences in the spectra under Ar and methanol atmospheres.  

CH3OH → CH2OH
●  + H+ + e− (4-1) 

For completeness, we note that in the absence of oxygen, the formed α-hydroxyl radicals 

react in a further step to produce formaldehyde (Equation 4-2). This reaction possesses a 



Chapter 4: Regarding the Nature of Charge Carriers Formed by UV or Visible Light Excitation 

of Carbon-Modified Titanium Dioxide 

 

 

121 
 

redox potential of −1.41 V vs. NHE at pH 7 [22]. According to this potential, which is more 

negative than the flatband potential of K-7000 (−0.46 V vs. NHE), the formation of 

formaldehyde can occur by the injection of an electron into the conduction band of TiO2, 

known as the current doubling effect [21]. 

CH2OH
●  → CH2O + e− + H+ (4-2) 

The transient absorption spectroscopy experiments using 455 nm light excitation offer a 

different picture. The photon energy (2.73 eV) is not sufficient for bandgap excitation in 

anatase TiO2, as illustrated by the bandgap of K-7000 (3.31 eV). Accordingly, the pure 

anatase material UV100 shows no transient response after visible light excitation (Figure 

4-6), with the exception of some experimental noise. On the contrary, a notable and long-

lived signal can be detected in K-7000 under the same conditions, originated from its light 

absorption in the visible range, as described above. Regarding the physical origin of such 

absorption, we recall that investigations performed in the group of Prof. Kisch have 

determined that, in K-7000, carbon is not incorporated into the lattice, as originally thought, 

but is rather deposited on the surface in the form of a molecular sensitizer [15]. This 

important distinction may have a profound impact on the photocatalytic mechanism under 

visible light, since doping usually causes bandgap narrowing, as demonstrated, for instance, 

in N- and S-doped TiO2 [25,26]. In agreement with the molecular sensitizer description, we 

found no bandgap narrowing for K-7000, but rather an absorption band in the visible range 

related to the sensitizer. Incidentally, the sensitizer–TiO2 assembly can be treated akin to 

dye-sensitized solar cells, where the electronic structure of the former is characterized by 

defined HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied 

molecular orbital) levels [27]. Therefore, under excitation with visible light, the transition 

does not involve the valence band and the conduction band of TiO2, but rather the HOMO 

and LUMO levels of the sensitizer. 

In coincidence with the experiments using excitation with UV light, no difference in the 

spectra and decays in Ar and oxygen atmosphere was observed after visible light excitation 

of K-7000 (Figure 4-4 and Figure 4-5). This indicates that no reaction takes place with 

oxygen in the considered time scale. A plausible explanation is that, after excitation of the 

carbon-based sensitizer, electrons are injected from the LUMO to the conduction band of 
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TiO2, as known for dye-sensitized solar cells [27]. Therefore, under visible light irradiation, 

oxygen reduction is ultimately limited in the same way as for bandgap excitation [19].  

At odds with the transient absorption results using UV excitation, we observed no 

differences in the decays and spectra in methanol atmosphere with respect to inert 

atmosphere, indicating that no degradation of methanol takes place within the considered 

time scale under visible light excitation. Furthermore, the decays observed in all 

atmospheres after excitation with visible light were found to be rather long-lasting. This 

behavior is comparable to the decay obtained in methanol atmosphere after excitation with 

UV light (Figure 4-5(a)), where electrons accumulate in the TiO2 particles. In the present 

case, electron transfer from the LUMO of the sensitizer to the conduction band of TiO2 

gives rise to their accumulation, since either no electron scavenger is present (Ar or 

methanol) or the rate of electron consumption is very low (O2). Concomitantly, the radical 

cations of the sensitizer are produced after electron injection, which may lead to a bleaching 

of the sensitizer [28].  

To obtain further insights into the oxidation of methanol over K-7000 under visible light 

irradiation (or the lack thereof), we performed photocatalytic experiments under continuous 

irradiation in aerated aqueous suspensions. After 60 minutes of irradiation in the presence 

of K-7000, less than 2% of a 100 μM methanol solution was transformed to formaldehyde 

(Figure 4-7 and Figure 4-S2). These observations are in good agreement with the transient 

absorption spectroscopy results, revealing that, under visible light irradiation, the 

degradation of methanol is negligible or, at best, slow. To understand this behavior, the 

possible degradation mechanisms of methanol under irradiation with UV light as well as 

visible light in the presence of the photocatalyst must be discussed. Generally, after 

excitation with UV light, electron–hole pairs are generated in the TiO2 particles (Equation 

4-3). In this case, the carbon-based sensitizer is possibly excited as well. However, 

considering the smaller amount of the sensitizer layer compared to TiO2, the excitation of 

the sensitizer can be neglected in the mechanism. The photogenerated electrons can react 

with oxygen molecules forming a superoxide radical (O2
−●

) (Equation 4-4), while the 

photogenerated holes can be trapped either at terminal protonated bridging oxygen ions 

(OHbr
− ) to form a hydroxyl radical (-OHbr

● ) (Equation 4-5) or at adsorbed methanol 

molecules (CH3OHads) forming an α-hydroxyl radical ( CH2OH
●

) (Equation 4-6). 
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Methanol molecules in aqueous solution (CH3OHaq) can be oxidized via hydroxyl radicals 

yielding the same radical (Equation 4-7). In an aerated suspension, the produced α-

hydroxyl radicals are further oxidized to formaldehyde through reaction with oxygen 

molecules (Equation 4-8) [29].  

TiO2 + hν → eCB
−  +  hVB

+
 (4-3) 

O2 + eCB
−   →  O2

−●
 (4-4) 

OHbr
−  + hVB

+
 → -OHbr

●  (4-5) 

CH3OHads + hVB
+

→ CH2OH
●  + H+ (4-6) 

CH3OHaq + -OHbr
●  → CH2OH

●  + -OH2br (4-7) 

CH2OH
●  + O2 → CH2O + O2

−● + H+ (4-8) 

On the other hand, after excitation with visible light the mechanism will be different, since 

the excitation energy is not enough to generate electron–hole pairs in TiO2. Thus, under 

visible light irradiation, only the carbon-based sensitizer layer (CS) can be excited (CS
*
), 

after which an electron is transferred from the LUMO to the conduction band of the TiO2 

(Equation 4-9), simultaneously forming the radical cation of the sensitizer (CS
●+

). 

Afterwards, the electron in the conduction band can react with molecular oxygen 

(Equation 4-4), while the sensitizer radical cation could react with methanol to form an α-

hydroxyl radical ( CH2OH
●

) (Equation 4-10). Exactly as after irradiation with UV light, 

this radical can react further with molecular oxygen, yielding formaldehyde (Equation 4-

8). 

CS + hν → CS
* → CS

●+
 + eCB

−  (4-9) 

CS
●+ + CH3OH → CS + CH2OH

●  + H+ (4-10) 
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However, the reaction shown in Equation 4-10 does not occur at a significant rate, since 

neither the transient absorption spectroscopy measurements nor the photocatalytic 

experiments suggest a degradation of methanol. The reason for the lack of reaction is 

discussed below. In passing, we represent the different reactions and processes occurring 

after excitation with UV and visible light in Scheme 4-1. 

 

 

Scheme 4-1. Proposed processes taking place after excitation of K-7000 with UV light and visible light. 

The excitation with UV light leads to the generation of electron-hole pairs in the anatase particles and the 

carbon-based sensitizer as well, while visible light causes the excitation of the carbon-based sensitizer. 

In contrast to methanol, chlorpromazine, which belongs to the phenothiazines group, could 

be completely degraded within the first 30 minutes of continuous visible light irradiation 

in the presence of K-7000 (Figure 4-7). In order to explain this difference, the mechanism 

of the visible light induced conversion of chlorpromazine must be taken into account. Upon 

visible light irradiation, excitation of the carbon-based sensitizer leads to electron transfer 

to the conduction band of TiO2 (Equation 4-9). In the presence of oxygen, these electrons 

(slowly) reduce it, forming superoxide radicals (Equation 4-4). The sensitizer radical 

cation (CS
●+

) is able to oxidize chlorpromazine to form a chlorpromazine radical cation 

(Equation 4-11), simultaneously regenerating the sensitizer. As reported for similar 

compounds [30], the next step is most likely the reaction between the produced 

chlorpromazine radical cation and a superoxide radical to form a persulfoxide molecule 

(Equation 4-12). The persulfoxide molecule forms a thiadioxirane (Equation 4-13), which 
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reacts with a further chlorpromazine molecule yielding two chlorpromazine sulfoxide 

molecules (Equation 4-14), as expected from the mechanism proposed by Somasundaram 

and Srinivasan for the oxidation of aryl methyl sulfides in the presence of irradiated TiO2 

[30].  

 

 

(4-11) 

 

 

(4-12) 
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(4-13) 

 

 

 

(4-14) 

Contrary to methanol, which was not significantly oxidized upon visible light irradiation 

of K-7000, chlorpromazine is able to react with the sensitizer radical cation, yielding its 

sulfoxide. The reaction of the organic compound with the sensitizer radical cation is 

essential for the further photocatalytic reaction steps. If this initial reaction does not take 

place, the further steps will not occur as well. To explain the reason why this initial reaction 

only happens with chlorpromazine and not with methanol, the redox potentials for the 

corresponding reactions have to be considered. As mentioned before, the required potential 
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for the methanol oxidation (Equation 4-1) is 1.03 V vs. NHE at pH 7 [22]. The redox 

potential for the one-electron oxidation of chlorpromazine is 0.53 V vs. NHE at pH 7 and, 

thus, more negative [31,32]. From this information, it can be concluded that the redox 

potential of the sensitizer radical cation is more positive than that of the chlorpromazine 

oxidation and either more negative or close to that of the methanol oxidation, which hinders 

its reaction with the latter. We note that, being electron transfer reactions, their kinetics are 

governed by Marcus theory [33,34]. As such, even if the reaction is moderately exergonic, 

it still may occur at a reduced rate due to the influence of the solvent reorganization energy. 

Additionally, we can estimate that the position of the LUMO must be located at a more 

negative potential than the conduction band edge of TiO2; otherwise, no electron transfer 

from the excited sensitizer to the conduction band of TiO2 would be possible. However, it 

has to be mentioned that the exact position of the LUMO cannot be determined from these 

experiments. All relevant redox potentials, as well as the conduction band and valence band 

position of the photocatalyst, including the possible positions of the LUMO and HOMO, 

are gathered in Scheme 4-2.  

 

Scheme 4-2. Band positions of the anatase photocatalyst K-7000 with the corresponding redox potentials of 

the oxygen reduction, methanol oxidation, and chlorpromazine (CPZ) oxidation at pH 7 and the possible 

positions of the LUMO and the HOMO of the sensitizer [18,22]. 
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To confirm the results of the photocatalytic experiments, we performed transient absorption 

spectroscopy measurements with the K-7000 powder in the presence of pre-adsorbed 

chlorpromazine. Unlike the case of methanol (Figure 4-5(b)), the transient absorption of 

bare K-7000 changes in the presence of chlorpromazine, giving rise to a signal attributable 

to the chlorpromazine radical cation [35] (Figure 4-S7). Thus, both the continuous 

irradiation experiments and the transient absorption spectroscopy measurements evince a 

prompt degradation of chlorpromazine and a negligible one for methanol. We note that 

chlorpromazine oxidation under UV irradiation of K-7000 has been the subject of a recent 

study [36] and, thus, we focused here on its visible light degradation. 

Interestingly, the oxidation product of the chlorpromazine degradation, namely 

chlorpromazine sulfoxide, was found to be highly persistent throughout the visible light 

irradiation of K-7000 (Figure 4-S5). This product was found to be a long-lasting compound 

upon visible light driven photocatalysis as well, as previously reported [36]. This result can 

be understood on the same grounds as for methanol and chlorpromazine. Although the 

redox potential for the one-electron oxidation of chlorpromazine sulfoxide has not, to the 

best of our knowledge, been determined, potentials in the range of 2.5 V to 2.8 V have been 

reported for similar sulfoxides [30], i.e., very close to the valence band edge of K-7000. By 

assuming a potential for chlorpromazine sulfoxide in this range, no oxidation can be 

expected, since this value is located at a position even more positive than that for the 

methanol oxidation. 

In summary, our results with the commercial photocatalyst K-7000 illustrate that 

photogenerated charge carriers in visible light active materials may have a limited ability 

to drive oxidation reactions, which is at odds with the general wisdom stating that 

photogenerated holes in TiO2 possess a very high oxidizing power. Moreover, while this 

fact may be detrimental for the application of such materials in environmental remediation, 

it may however be exploited to increase the selectivity of the oxidation half-reaction in 

photocatalytic processes. Instead of complete mineralization, under the right conditions it 

might be possible to selectively oxidize an unwanted compound into a valuable one [37].  
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4.6. Materials and Methods  

4.6.1. Chemicals 

KRONOClean 7000, the carbon-modified TiO2 powder, was provided by Kronos 

International, Inc. (Leverkusen, NRW, Germany). Hombikat UV100, a pure anatase TiO2 

photocatalyst, was provided by Sachtleben Chemie GmbH (Duisburg, NRW, Germany). 

Chlorpromazine sulfoxide was purchased from LGC-Standards (Wesel, NRW, Germany) 

and acetonitrile (Rotisolv® HPLC Gradient) was purchased from Carl-Roth (Karlsruhe, 

BW, Germany). Chlorpromazine hydrochloride (CPZ) (≥98%), trifluoroacetic acid 

(Uvasol®, for spectroscopy), and all other chemicals in this work were purchased from 

Sigma-Aldrich (Merck, Darmstadt, HE, Germany) (unless noted) and were used as 

received. In all experiments ultrapure water (≥18.2 MΩ cm) was employed. 

4.6.2. Characterization of K-7000 

X-ray diffraction (XRD) analysis was performed using Cu Kα radiation (λ = 0.154178 nm) 

with a Bruker D8 Advance diffractometer. The patterns were recorded at room temperature 

in the 2θ range between 20° and 80°, with steps of 0.011° in Bragg–Brentano geometry (θ–

θ). The diffuse reflectance spectra of the photocatalysts powders were determined in the 

spectral range from 300 to 800 nm by means of a Varian Cary-100 UV–vis 

spectrophotometer equipped with an integrating sphere, with barium sulfate as a reflectance 

reference. The optical bandgap was determined using a Tauc plot analysis assuming 

indirect transitions (Figure 4-S1). 

The flatband potential was determined through the Mott–Schottky method, performed 

using a ZENNIUM Electrochemical Workstation (ZAHNER-elektrik) with a 0.1 M KNO3 

solution as the electrolyte and a frequency of 100 Hz. For this measurement, a three-

electrode electrochemical cell made of Teflon, with a Pt counter electrode and an 

Ag/AgCl/NaCl (3 M) reference electrode, was used. The screen-printing technique was 

applied to prepare the K-7000 and Hombikat UV100 films on a 3 cm × 3 cm fluorine-

doped tin oxide (FTO) glass (Sigma-Aldrich) calcined at 450 °C, as the working electrode. 

The paste used to prepare the films was obtained following the procedure described by Ito 

et al. [38].  
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4.6.3. Transient Absorption Spectroscopy 

The transient absorption spectroscopy measurements were performed with the catalyst 

powder inside a flat quartz cell. All samples were purged prior to the experiments with 

either argon, a mixture of nitrogen and methanol, or oxygen for 30 minutes. The 

experiments were performed in diffuse reflectance mode by means of an Applied 

Photophysics LKS 80 Laser Flash Photolysis Spectrometer with a pulsed Nd:YAG laser 

(Quantel, Brilliant B). For excitation of the samples, the third harmonic of the laser (355 

nm, 6 ns pulses) or the third harmonic equipped with an optical parametric oscillator (OPO, 

455 nm) was used with an average energy of 3 mJ·cm−2. The laser light and the analyzing 

light (Xenon lamp, pulsed, Osram XBO, 150 W) were focused on the surface of the powder 

sample. The reflected light was guided to a detector (Hamamatsu PMT R928), which was 

connected with a 100 Ω resistance to an oscilloscope. The photomultiplier converted the 

incoming photons directly into a current. For every detection wavelength, a different 

voltage was applied to the photomultiplier to adjust the light level to a constant value. 

Absorbance values, Abs, were calculated from the reflected light before (J0) and after the 

laser excitation (J). The values of the change of reflectance, ΔJ, were obtained by applying 

the following equation: 

ΔJ = 1-10
-Abs

 =
 J0-J

J0

 (4-15) 

For each detection wavelength, a time scale of 10 µs was considered, 25 shots were 

averaged and the data points were reduced to 200. The spectra were recorded from 400 nm 

to 650 nm in 25 nm steps for excitation with 355 nm and from 550 nm to 650 nm in 25 nm 

steps for the excitation with 455 nm.  

4.6.4. Photocatalytic Procedure  

For the photocatalytic experiments, chlorpromazine and methanol were chosen as probe 

organic molecules. The irradiation source was a monochromatic light emitting diode (LED) 

with an emission maximum at 455 nm (Thorlabs, M455L3, 339 W·m−2; emission spectrum 

shown in Figure 4-S5). The photocatalytic setup included a barrel-shaped borosilicate 

photoreactor (diameter: 6 cm, height: 3 cm) covered with a black polymer case, which had 
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a connection on the top for the attachment of the LED light source. For these experiments, 

initially a 60 mL aqueous suspension of 100 µM chlorpromazine/methanol and 1 g·L−1 

photocatalyst was prepared at its natural pH. The suspension was then stirred for 60 minutes 

under dark conditions in the photoreactor to reach the adsorption–desorption equilibrium. 

Afterwards, the LED light source began to irradiate the reaction medium for 60 minutes; 

throughout the reaction period, the suspension was purged with oxygen. At regular time 

intervals, samples were taken, centrifuged, and filtered (PVDF, 0.2 µm pore size). For the 

experiments with chlorpromazine, the samples were analyzed with a HPLC-UV-MS (ESI) 

device using an Alliance 2795-HT HPLC (Waters, UK) coupled with a 1050 UV-detector 

(type 79853C, detection wavelength: 254 nm, HP, USA) and an LCT Premier ESI mass 

spectrometer (Waters, UK). The resulting data of the conversion of chlorpromazine into its 

main product chlorpromazine sulfoxide were presented in terms of the change of their 

concentration (µM) versus irradiation time (min). For the methanol degradation, the 

production of formaldehyde was monitored by derivatizing it with Nash’s reagent [39] and 

then following the colored product with a Varian Cary-100 UV–vis spectrophotometer. The 

conversion of methanol was compared with that of chlorpromazine in terms of the 

concentration at the sampling time divided by the initial concentration after the equilibrium 

(C/C0,e). Photocatalytic experiments were performed at least twice to ensure 

reproducibility. 

4.7. Conclusions 

We studied the reactivity upon UV and visible light irradiation of the commercially 

available photocatalyst KRONOClean 7000. Its characterization revealed that its 

crystalline structure, flatband potential, and light absorption in the UV range closely match 

those of pure anatase TiO2. Its visible light photocatalytic activity originates from a long-

tailed absorption in this range, which is ascribed to the carbon modification employed for 

its preparation. By means of transient absorption spectroscopy, we investigated charge 

carrier generation and recombination in the material using Ar, O2, and methanol 

atmospheres. Excitation with UV light did not show a significant reaction of 

photogenerated charge carriers with oxygen in the investigated time window, explained by 

a slow electron transfer. In the presence of methanol, we observed a gradual accumulation 

of electrons due to its fast reaction with photogenerated holes. Upon excitation with visible 
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light, all spectra and decays show similar features, indicating that neither with methanol 

nor with O2 a reaction takes place to a significant degree. Complementarily, we performed 

photocatalytic reactions under visible light irradiation, after which we observed no 

methanol oxidation, but a fast degradation of chlorpromazine. We rationalized these results 

by considering K-7000 akin to a dye-sensitized system, in which the carbon-based layer 

acts as a molecular sensitizer. As such, excitation with UV light leads to the generation of 

electron-hole pairs in TiO2, while visible light causes the excitation of the sensitizer 

followed by electron injection into TiO2 and subsequent formation of the radical cation. 

Ultimately, the oxidation ability of the material depends on the difference between the 

redox potential of the radical cation and that of the molecule to be oxidized: while the 

oxidation potential of methanol is too negative for it to react, that of chlorpromazine allows 

the reaction to swiftly occur.  

All in all, our results show that excitation of the photocatalyst with visible light leads to a 

lower reactivity than for UV light, limited by the redox potential of the radical cation of the 

sensitizer. Moreover, although photogenerated charge carriers in this visible light active 

material may have a limited ability to drive oxidation reactions, under the right 

circumstances this could be exploited to increase the selectivity of photocatalytic 

transformations. 

4.8. Supplementary Materials 

 

Figure 4-S1. Determination of the bandgap of K-7000 and UV100via the Tauc plot. 
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Figure 4-S2. Kinetic profile for the formation of formaldehyde upon the photocatalytic oxidation of 

methanol (C0 = 100 µM) under visible light irradiation in the presence of K-7000. 

 

Figure 4-S3. Photolysis and photocatalytic conversion (in the presence of K-7000) of chlorpromazine under 

visible light irradiation. 

 

Figure 4-S4. Absorption spectrum of a 100 μM aqueous solution of chlorpromazine (black line), and 

emission spectrum of the employed light source (blue line). 
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Figure 4-S5. Photocatalytic conversion of chlorpromazine to the main product chlorpromazine sulfoxide in 

the presence of K-7000 under visible light irradiation. 

 

Figure 4-S6. Photocatalytic conversion of chlorpromazine under visible light irradiation in the presence of 

K-7000 and Hombikat UV100. 

  

Figure 4-S7. (a) Transient absorption decays of K-7000 observed at 550 nm and (b) transient absorption 

spectra of K-7000 measured at 100 ns after the laser excitation in an Ar atmosphere and in the presence of 

chlorpromazine after excitation with 455 nm. 
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Chapter 5: Summarizing Discussion and Conclusions 

This chapter includes a general overview of all experimental achievements of this doctoral 

dissertation and provides a detailed discussion regarding the obtained observations 

throughout this scientific work.  

Initially, an overview of the characterization analysis performed on seven differently 

prepared zinc ferrite samples will be presented. Also, the results obtained from wavelength 

dependent photocatalytic methylene blue (MB) degradation experiments will be analyzed. 

Hereby, the effect of the synthetic method on the photocatalytic activity of zinc ferrite 

samples as well as the adequacy of MB as a model compound for the determination of the 

photocatalytic activity of zinc ferrite samples will be evaluated.  

Afterwards, the conversion of chlorpromazine under UV and visible light irradiation in the 

presence of a visible light-absorbing photocatalyst, namely, KRONOClean 7000 (K-7000) 

will be discussed in detail. The formation of the main reaction intermediate of 

photocatalytic conversion of chlorpromazine and its high resistance against any further 

photocatalytic conversion will be assessed. Moreover, based on the intermediates/products 

evolved throughout these experiments, a respective reaction pathway for the photocatalytic 

conversion of chlorpromazine upon UV and visible light irradiation under both anaerobic 

and aerobic conditions will be introduced.  

Additionally, the fundamental studies regarding the nature of charge carriers formed in K-

7000 after laser excitation by means of laser flash photolysis spectroscopy will be discussed 

and an interpretation of the transient absorption spectra measured under different 

atmospheres will be given. In addition, the results of laser experiments and those of the 

photocatalytic experiments for chlorpromazine and methanol conversion will be mutually 

evaluated. The discussion will be finalized with a proposed mechanism of the processes 

taking place after excitation of K-7000 with visible light irradiation. As a final point, the 

overall conclusions obtained based on the experimental results and the discussion within 

this doctoral dissertation will be presented. 
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5.1. Visible-light-driven MB Conversion in the Presence of Zinc Ferrite  

As mentioned in Chapter 1, visible light-driven photocatalysis can be regarded as an 

environmental friendly technology, easing the way towards the utilization of the solar light 

for water and wastewater treatment, especially for the removal of pharmaceuticals from 

aquatic systems [1–7]. Accordingly, many attempts towards the development of new 

photocatalytic materials which are able to absorb light in the visible region of the solar 

spectrum have been made.  

Zinc ferrite, with the general formula of ZnFe2O4, is one of the potential alternative 

materials which has been widely studied regarding its visible light activity for applications 

in photocatalytic and photoelectrocatalytic processes [8–10]. With a bandgap of ~1.9-2.3 

eV [11], zinc ferrite exhibits a suitable optical absorption for low energy photons and 

benefits from a proper electronic structure for photocatalytic applications. At standard 

conditions (273.15 K and 100 kPa), the thermodynamically most stable configuration for 

this semiconductor is the normal spinel structure (T[Zn]O[Fe2]O4), in which Zn2+ ions 

occupy the tetrahedral sites, while Fe3+ ions are located at the octahedral sites of the crystal 

structure as shown in Figure 5-1 [12].   

 

Figure 5-1. Crystallographic 3D structure of zinc ferrite with a normal spinel arrangement [13]; 

Reproduced from Ref [13]. This figure is a reprint of Figure 1-7 from page 12 in Chapter 1. 

The spinel structure of zinc ferrite provides a considerable number of available catalytic 

sites as a result of the crystal lattice, and should thus enhance the photocatalytic efficiency 
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of this semiconductor [14]. The number of Fe3+ ions in tetrahedral sites divided by the total 

number of Fe3+ ions is defined as the degree of inversion in this spinel lattice. This 

parameter is dependent on the ionic radius, the configuration of the cations and their relative 

stabilization energies in the tetrahedral and the octahedral sites, respectively [14].  

Nevertheless, very different photocatalytic activities have been reported in the literature for 

zinc ferrites prepared by different synthetic methods [11,15]. Although these differences 

might be explained by the variations in the applied synthetic path and the preparation 

conditions [12], still, in some cases, one might ask the question whether the test system 

which has been employed to analyze the visible light activity of the respective 

semiconductor is really appropriate. As suggested by Mills and Wang, when for example 

using a dye such as MB as a probe molecule, the observed photobleaching is not necessarily 

due to the dye’s photocatalytic oxidation, since other reactions such as the reduction of the 

dye might lead to the same bleaching effect [16]. Moreover, under visible light irradiation, 

MB itself is a photosensitive material. Therefore, the overlap of MB’s absorption spectra 

with the incoming visible light and  the subsequent reactions of the excited MB molecule 

is commonly mistaken as a visible-light activity of the investigated semiconductor [17].       

In the current study, as described in Chapter 2, seven zinc ferrite samples are prepared 

through four different synthetic pathways adapted from the literature, namely, a reflux 

method [18], a hydrothermal method [18], a polymer complex method [19,20], and a solid-

state reaction [19,20], employing different precursors and reaction temperatures. It is 

observed that each of these synthetic approaches resulted in products with different colors, 

magnetic properties, surface area, particle sizes, and photocatalytic activities for the 

degradation of MB. 

A different preparation approach can affect the cation distribution in the spinel lattice and 

thus, the magnetic and catalytic properties of the semiconducting material. Varying 

magnetic properties of zinc ferrites prepared via different synthetic methods were reported 

by Toledo-Antonio et al. [21]. These authors claimed that the magnetic and catalytic 

properties of the prepared zinc ferrite samples are dependent on the occupation of the 

tetrahedral sites with iron ions as confirmed by the analysis of the local atom distribution 

by Mössbauer spectroscopy. This occupation was higher in the sample synthesized by the 

hydrothermal method, as compared to the one synthesized by the co-precipitation approach 
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[21]. As reported by Chinnasamy et al., the magnetic properties of zinc ferrite samples are 

affected by their particle size. According to these authors, the magnetization seems to 

increase with a decrease of the particle size and its relatively high values are attributed to 

the degree of inversion in combination with particle size reduction [22]. Similar 

observations were reported by Ammar et al. who reported an increase in magnetization 

with the reduction of the particle size [12]. 

According to the XRD results shown in Chapter 2, Figure 2-1, the crystallinity and the 

purity of the obtained materials are different, depending on the synthetic method. The 

formation of a pure-phase spinel zinc ferrite cannot be confirmed for all the samples. It is 

observed that the samples which were prepared at temperatures lower than 800°C, namely, 

RF-75, HT-135, HT-175, and SN-800 contain some impurities. Spinel structures are known 

to require extended thermal treatments and elevated temperatures for complete 

crystallization [14,19,23–25]. Thus, due to the low synthetic temperature used for the 

preparation of these samples, the formation of the bare spinel zinc ferrite structure cannot 

be ensured. However, for the samples prepared through high-temperature methods, i.e., 

SO-1100, SN-1100, and PC-1100, a much higher crystallinity compared to the other 

synthetic methods is attained. This observation is in good agreement with the literature 

[14,23–25] and confirms that only at extensively high temperatures a pure-phase zinc ferrite 

can be obtained. 

The results of the Raman measurements (Figure 2-2) are consistent with those obtained 

from the XRD measurements. Only for the samples prepared through high-temperature 

methods, narrow peaks are detected confirming an increased degree of crystallinity at 

higher temperatures. The poorest degree of crystallinity is observed for the commercial zinc 

ferrite and for the RF-75 sample. As a result of the low synthetic temperature in some 

samples, i.e., HT-135, HT-175, and SN-800, the formation of the spinel structure remains 

incomplete and thus, traces of hematite impurities are found in these samples. As reported 

by Shim et al., these impurities corresponding to the absorption bands at 220, 288, 400, 

490, and 1300 cm-1 can be assigned to the presence of α-Fe2O3 [26]. According to these 

observations, polymer complex synthesis methods and solid state reactions are the best 

approaches to obtain pure-phase zinc ferrite samples. 
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The measured physiochemical properties of the thus prepared zinc ferrite samples are 

presented in detail in Chapter 2, Table 2-1. The average crystallite sizes are estimated by 

the Debye–Scherrer formula. According to the literature, zinc ferrite nanoparticles are 

synthesized in a size range of 5–45 nm and the particles size is mainly dependent on the 

calcination temperature [27]. In the current study, for the samples synthesized at higher 

temperatures, bigger crystallite sizes, and lower specific surface areas are obtained (Table 

5-1). The smallest crystallite size of 5 nm is achieved by the RF-75 method, while the high 

temperature methods, namely, PC-1100, SO-1100, and SN-1100 yield products with 

crystallite sizes of 130, 110, and 100 nm, respectively. 

Table 5-1. Properties of the synthesized zinc ferrite samples 

Zinc Ferrite Samples 

Properties 
RF-75 HT-135 HT-175 SN-800 SN-1100 SO-1100 PC-1100 

Crystallite Size / nm 5 8 10 50 100 110 130 

BET Surface Area / m2g-1 210 120 95 20 11 7.8 8.6 

 

As shown by Martin de Vidales et al., besides the synthetic temperature, also the precursor 

and the source of the ions in the synthetic method can affect the particle size, the 

morphology, the thermal properties and the surface area of the prepared zinc ferrites [28]. 

These authors prepared zinc ferrite particles through a co-precipitation method with ferric 

nitrate and ferrous sulphate solutions as the starting precursors. Using ferrous sulphate as a 

precursor resulted in smaller-sized zinc ferrite particles, while the cubic spinel-type 

structure of zinc ferrite was obtained at a lower temperature when nitrate solutions were 

used [28]. 

In the scientific literature, the visible-light activity of zinc ferrite is most often reported in 

terms of its ability for the photocatalytic degradation of organic dyes such as rhodamine B 

(RhB), methyl orange (MO), and methylene blue (MB) [10,14,29–34]. However, since zinc 

ferrite is prepared in each case through a different synthetic procedure, the reported 

photocatalytic activities of these materials might be a function of the varying particle size, 

the surface area, the crystallinity, the bandgap energy, the morphology, and even the overall 

structure. In addition, as highlighted before, choosing an organic dye as a model pollutant 
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to confirm the visible-light activity of a semiconductor is questionable. Thus, this issue is 

investigated in detail in the current study. 

In this regard, after the primary characterization of the prepared zinc ferrite samples, initial 

photocatalytic experiments for MB degradation under both UV and visible irradiation are 

carried out with these samples. Since the reaction suspensions were initially stirred in the 

dark for 60 min, the fractional conversion of MB during the irradiation time is calculated 

by Xirr = (A60 – A300)/A60 with A60 and A300 being the absorbance measured 60 min and 300 

min after the start of the experimental run, respectively.  

In order to get thorough insights into the activity of the SO-1100 zinc ferrite sample, a 

series of wavelength dependent MB degradation measurements employing four nearly 

monochromatic light sources with λmax at 365, 455, 505 and 660 nm are performed. 

However, the four employed LED lamps do not have the same intensities. Therefore, the 

so-called normalized photocatalytic conversion (Xnorm) for an equal number of photons (N) 

for all the lamps is defined. This parameter is the photocatalytic conversion of each 

experimental run divided by the relative number of photons (N/N365 nm). The Xnorm for all 

the lamps are calculated and the respective values are presented in Table 5-2. 

Table 5-2. Photocatalytic conversion data for degradation of MB in the presence of SO-1100  

Wavelength / nm N = Number of photons / s-1 cm-2 Xirr Xnorm= Xirr / (N365 nm/N) 

365 1.12×1016 0.05 0.05 

455 7.47×1016 0.27 0.04 

505 3.36×1016 0.25 0.08 

660 10.9×1016 0.46 0.05 

 

By looking at the MB conversion values in the presence of SO-1100 zinc ferrite, it becomes 

clear that the initially assumed visible-light activity of zinc ferrite is rather low. The highest 

MB conversion of only about Xnorm = 0.08 is attained upon irradiation at 505 nm. This 

conversion value is not far from the value obtained in the presence of TiO2 P25 (Xnorm = 

0.05) under the same irradiation wavelengths (Figure 2-6). However, TiO2 P25 is known 

as a “UV-active photocatalyst”, not being able to absorb visible light. Considering the Xnorm 

= 0.95 for MB conversion upon UV irradiation in the presence of TiO2 P25, the term 

“visible-active photocatalyst” might not be appropriate for zinc ferrites. 
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Common differences in photocatalytic activities of differently synthesized zinc ferrite 

samples are also reported in the literature [10,34]. For instance, Shao et al. synthesized zinc 

ferrite nanoparticles with an average particle size of 20 nm through a solvothermal method 

using zinc nitrate as a precursor and evaluated their photocatalytic activity under UV 

irradiation using MB as a probe pollutant [35]. They observed only 20% bleaching of MB 

after 3 hours irradiation. Li et al. prepared zinc ferrite nanospheres and nanoparticles via a 

solvothermal method [33]. They compared the photocatalytic activities of these two 

morphologies following the degradation of RhB in an aqueous solution under irradiation 

with a 500 W xenon lamp (light intensity: 25.3 m·W·cm-2) [33]. The zinc ferrite 

nanoparticles showed a removal of 63% of the initially present RhB, while the zinc ferrite 

nanospheres were able to remove RhB completely during the same illumination time (5 h). 

Moreover, the zinc ferrite nanospheres exhibited higher specific surface area compared to 

the zinc ferrite nanoparticles, leading to a higher number of active sites for photocatalytic 

reactions [33].  

Nevertheless, in the current study, after confirming that no OH radicals can be 

photocatalytically formed with any of the prepared samples under UV or visible light 

irradiation, the idea of a reaction between the dye molecule and a photocatalytically 

generated OH radical is excluded. The calculated energetic positions of the conduction and 

the valence band of the zinc ferrite samples compared with those of TiO2 P25 (Figure 5-2) 

also supported this observation: The formation of OH radicals by hole oxidation of water 

is thermodynamically not possible, since the energetic positions of the valence bands of all 

the studied zinc ferrite samples (between 1.74 and 2.41 V (pH 0) vs. NHE) are less positive 

than E(H2O/•OH) = 2.8 V (pH 0) vs. NHE. 

These measurements also show that, considering the redox potential of O2/O2
•- = -0.33 V 

vs. NHE (a pH-independent value [36]), being more negative than the energetic positions 

of the conduction bands of the zinc ferrite samples (between -0.14 and 0.54 V (pH 0) vs. 

NHE), the reduction of O2 by zinc ferrite is also not likely to happen.   



 

Chapter 5: Summarizing Discussion and Conclusions  

 

 

146  
 

 

Figure 5-2. Energetic positions of the valance and the conduction band of different zinc ferrite samples and 

TiO2 P25; MB, MBT and MBS denote the MB ground state, the excited triplet state and the excited singlet 

state of MB, respectively. The one electron reduction potentials are calculated with data given in Ref.[16].  

The differences in the measured energetic positions of the conduction band of the 

synthesized zinc ferrites, can contribute to their different activities. As illustrated in Figure 

5-2, higher synthetic temperatures yield zinc ferrite samples with more negative conduction 

band positions and thus, less positive valance band positions; since the bandgap energy of 

all samples remains constant. These differences might also be due to the variation of degree 

of inversion between the samples. As reported by Granone et al., a higher calcination 

temperature results in an enhanced degree of inversion in zinc ferrites. Moreover, with an 

increase in the degree of inversion, the contribution of the ligand field transitions of the 

Fe3+ ions in the tetrahedral sites of the zinc ferrite will be enhanced. This results in an 

improved visible light absorptivity of this material. Thus, these authors suggest that the 

differences in degree of inversion of different spinel zinc ferrite samples affects their optical 

properties and consequently their visible light absorptivity, while the optical bandgap of 

zinc ferrite remains unchanged [37]. Therefore, by illuminating the zinc ferrites (having an 

improved degree of inversion), with an energy equal to or more than the bandgap energy, 

more electron-hole pairs will be produced in the semiconductor.  
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Dom et al. synthesized zinc ferrite samples through two different approaches, namely, a 

rapid microwave method and a solid state reaction and reported slight differences in the 

energetic positions of the conduction band and the valence band between these two 

samples. They claimed that the conduction band edge of the sample synthesized by the 

microwave method was positioned at a more negative value than that of the sample obtained 

through the solid state reaction [10]. In another study, Jia et al. prepared porous, one 

dimensional zinc ferrite nanorods with diameters of 100–200 nm and lengths of several 

micrometers using a solvothermal method. The bandgap energy of this material was 

determined to be 1.85 eV. Zinc ferrite nanorods showed higher photocatalytic activity 

(85%) for MB degradation than bulk zinc ferrite (25%) after 6 hours of irradiation under 

real sunlight [30]. 

As mentioned beforehand, in the current study, it is observed that the bleaching of MB 

cannot be a consequence of a reaction between photocatalytically generated reactive 

oxygen species such as the OH radical and the dye molecule. However, as illustrated in 

Figure 5-2, the standard reduction potential for the couple MB•+/MB (1.08 V vs. NHE [16]) 

is located within the bandgap of the synthesized zinc ferrite samples. Thus, in the presence 

of suitable electron acceptors, the light-induced valence band holes might oxidize the 

absorbed MB molecules on the zinc ferrite surface (MBs), according to the following 

equations: 

ZnFe2O4 + hν (455 nm) → ZnFe2O4(hVB
+  + eCB

- )                                                                (5-1) 

ZnFe2O4(hVB
+  + eCB

- ) + MBs → ZnFe2O4(eCB
- ) + MB•+ 

 
                                                  (5-2) 

On the other hand, under visible light irradiation, the absorbed MB molecules (λmax = 664 

nm) on the surface of the semiconducting zinc ferrite will be excited (MBs
*) as shown in 

Equation 5-3.  

MBs + hν (455 nm) → MBs
*                                                                                                   (5-3) 

Due to the adsorption of the excited MB molecules on the surface of zinc ferrite in a most 

likely energetically favourable position, an interfacial electron transfer between the excited 

surface-bound MB molecules (MBs
*) and the semiconducting zinc ferrite is likely to take 

place (Equation 5-4). This interaction can be assumed as a dye-sensitized process.  
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MBs
* + ZnFe2O4 → MB•+ + ZnFe2O4(eCB

- )                                                                          (5-4) 

This kind of electron injection has been proposed before in the scientific literature [16,17] 

and is well-known for dye-sensitized solar cells (DSSC) [38]. As suggested by Takizawa 

et al. [39], the resulting MB radical cation (MB•+, λmax = 520 nm [40]) might be reduced 

back to MB according to the following equations: 

MBs
*  + O2 → O2

•− +  MB•+                                                                                          (5-5) 

O2
•− +  MB•+ → MB + O2                                                                                            (5-6) 

As can be seen from the measured absorption spectrum of MB illustrated in Figure 5-3, in 

the UV(A) region of spectrum (320-400 nm), MB reveals only a small absorption (λmax = 

293 nm). Thus, the excitation of MB molecules upon UV(A) irradiation is rather unlikely. 

However, within the visible range of the spectrum (380-750 nm), a significant absorption 

with a maximum at 664 nm can be seen.  

 

Figure 5-3. Absorption spectrum of MB (20 µM solution); The transitions are adapted from Ref. [41].  

Therefore, under visible irradiation, a considerable amount of absorbed MB molecules on 

the surface of zinc ferrite will be excited. This increases the possible interfacial electron 

transfer between the surface-bound excited MB molecules and the semiconductor. Hence, 

a faster bleaching under these conditions is observed.     

After all, the obtained experimental data can be summarized as illustrated in Figure 5-4. 

After the proposed injection of an electron from the surface-bound photo-excited MB 
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molecules to the conduction band of zinc ferrite under visible light irradiation, within the 

semiconductor, Fe3+ can be reduced yielding Fe2+. However, as explained before, due to 

the redox potential of O2/O2
•- = -0.33 V (pH 0) vs. NHE, being more negative than the 

energetic positions of the conduction band of the zinc ferrite (between -0.14 and 0.54 V 

(pH 0) vs. NHE), the conduction band electrons are not able to reduce O2. 

 

Figure 5-4. Schematic demonstration of the visible light-induced bleaching of MB in the presence of zinc 

ferrite 

This dye-sensitized effect is not observed under UV irradiation due to the low absorption 

of MB in this region. However, as also suggested by Mills and Wang [16], under strong 

visible irradiation, this effect can be simply attained. This kind of photo-induced reaction 

should not be mistaken with the photocatalytic activity of zinc ferrite. However, due to the 

mentioned adsorption and the interfacial electron injection processes, the nature of the 

photocatalyst and its physical properties are likely to have an impact on the photoreaction 

[17]. 

5.2. Light-Induced Reactions of Chlorpromazine in the Presence of K-7000 

Following the previous experiments with MB, the pioneering associate of the phenothiazine 

group of antipsychotics, as a probe pollutant, in this section, the photocatalytic conversion 

of chlorpromazine, another important member of this group is evaluated. For this purpose, 

the visible light-absorbing carbon-modified commercial titanium dioxide photocatalyst, K-

7000, is employed throughout the photocatalytic experiments. Under identical experimental 

conditions, the photocatalytic and the photolytic transformations of chlorpromazine are 
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compared with each other upon UV(A) and visible light irradiation under both aerobic and 

anaerobic conditions.  

As explained extensively in Chapter 1, upon UV light irradiation, chlorpromazine (Figure 

5-5) is known to undergo photo-transformation via oxidation of the amine or sulfur groups, 

demethylation at the N-chain, and dechlorination and hydroxylation of the benzene ring 

[42–44]. The products of these photo-induced transformations are commonly called 

chlorpromazine metabolites in which the aromatic ring of the phenothiazine structure is 

kept.  

 

Figure 5-5. 3D scheme of the chemical structure of chlorpromazine 

Nevertheless, very little is known about the photocatalytic conversion of chlorpromazine. 

According to the experimental results presented in Chapter 3, under UV(A) irradiation 

(365 nm), the presence of the K-7000 photocatalyst seems to slow down the photo-induced 

conversion of chlorpromazine (Figure 3-1(a)). Under aerobic conditions and in aqueous 

solution, chlorpromazine has an absorption maximum at 305 nm (ɛ = 4500 mol-1·dm3·cm-

1) [45] and is hence able to absorb UV light thus undergoing photoexcitation. However, due 

to the nature of the K-7000 photocatalyst, being an anatase TiO2, a large quantity of the 

incoming UV photons at 365 nm will be absorbed by the photocatalyst inhibiting the 

contribution of the photolytic excitation of the probe molecule. This, results into a slower 

photocatalytic conversion compared to the pure photolytic one, that means, the 

photocatalyst acts somehow like a “sun-screen”.  

The situation is, however, completely different under visible irradiation, as for the 

conversion of chlorpromazine at 455 nm, the presence of K-7000 is found to be 
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indispensable under aerobic conditions. Although a complete photocatalytic conversion of 

chlorpromazine is attained within less than 30 minutes of visible light irradiation, this 

compound is highly stable upon visible light irradiation in the absence of the photocatalyst 

(Figure 3-1(b)).  

The different behavior of chlorpromazine under UV(A) and visible irradiation, in the 

presence and absence of the photocatalyst can be explained by evaluating its absorption 

spectrum as illustrated in Figure 5-6. 

 

Figure 5-6. Absorption spectrum of a 100 μM aqueous solution of chlorpromazine  

A comparison between the two irradiation wavelengths of 365 nm and 455 nm leads to the 

following explanations. Chlorpromazine reveals a considerably larger absorbance at 365 

nm than at 455 nm. Considering the photolytic reaction, the amount of incoming photons 

absorbed by chlorpromazine at 455 nm compared to that value at 365 nm is negligible. As 

a result of such a low absorbance under visible irradiation, most of the incoming photons 

will be transmitted through the suspension and hence, a weak photolysis of chlorpromazine 

at 455 nm is observed. In the presence of K-7000, however, as explained beforehand, the 

photocatalyst will be the main absorbing component in the system, and thus, the 

contribution of the homogeneous reaction (photolytic excitation of chlorpromazine) will be 

small compared to the photocatalytic one.  

Following the above-mentioned differences, further analytical investigations are performed 

via HPLC-MS analysis to study the photocatalytic and photolytic transformation 
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products/intermediates of the chlorpromazine conversion upon both UV(A) and visible 

light irradiation. As revealed by this analysis of the stable intermediates, different 

metabolites/intermediates are detected upon UV(A) and visible light irradiation in the 

presence and in the absence of K-7000 (Table 5-3). 

Table 5-3. Products/intermediates of aerobic photocatalytic and photolytic conversion of chlorpromazine  

Reactions UV(A)-Photocatalysis Vis-Photocatalysis UV(A)-Photolysis Vis-Photolysis 

m/z 335, 351, 317 335, 351 335, 301, 317 ▬ 

 

Within the first 60 minutes of the photocatalytic experiments, under UV(A) irradiation, 

products/intermediates with m/z values of 335, 351 and 317 are detected (Figure 3-3(a)). 

Upon visible light irradiation, however, the photocatalytic conversion yields only reaction 

products/intermediates with m/z values of 335 and 351 (Figure 3-3(b)). Under both 

irradiation wavelengths, the main and most stable product formed within the irradiation 

period is found to be the one with m/z value of 335. On the other hand, no stable 

intermediates can be detected under 455 nm irradiation during the aerobic photolytic 

experiments, evincing the negligible conversion of chlorpromazine under visible irradiation 

(Figure 3-3(d)). During the aerobic photolytic reaction under UV(A) irradiation, however, 

the main reaction products are found to have m/z values of 301, 335, and 317 (Figure 3-

3(c)). The possible structures for these detected intermediates/products are shown in Figure 

5-7 and Figure 5-8.  

The fact that different intermediates are formed during the photocatalytic and photolytic 

experiments, respectively, leads to the conclusion that the mechanism of the photocatalytic 

conversion of chlorpromazine is different than that of the pure photolytic process. The 

formation of some of the metabolites of chlorpromazine during light-induced reactions has 

been reported before in the literature and their proposed structures are shown in Table 3-1 

[42,46–48]. For instance, similar to the current study, Trautwein and Kümmerer observed 

three main photo-transformation products of chlorpromazine (with m/z values of 301, 317 

and 335) under aerobic conditions within 4 hours of illumination by a xenon arc lamp [42]. 

They suggested that the metabolite with a m/z value of 301 corresponds to the 

dechlorination of chlorpromazine followed by a hydroxylation at one of the benzene rings 
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resulting in the formation of 2-hydroxypromazine (Figure 5-7(a)), while for the detected 

product with a m/z value of 317, a further sulfoxidation step has been assumed 

corresponding to the structure of 2-hydroxypromazine sulfoxide (Figure 5-7(b)).    

 

  

          (a)           (b)          (c) 

Figure 5-7. Proposed structures for the products with m/z values of (a) 301, (b) 317, and (c) 351 

 

According to Trautwein and Kümmerer, the main product of the photolytic conversion of 

chlorpromazine can be attributed to chlorpromazine sulfoxide with m/z value of 335 

(Figure 5-8(a)) [42]. The formation of chlorpromazine sulfoxide has been observed by 

many authors either as the ultimate reaction intermediate or as the product of the photo-

induced conversion of chlorpromazine [43,49–52].   

 

 

(a)    (b) 

Figure 5-8. Chemical structures of (a) chlorpromazine sulfoxide and (b) chlorpromazine N-oxide, (both 

with m/z value of 335) 

Also in the current study, during the aerobic conversion of chlorpromazine, the formation 

of a metabolite with m/z value of 335 is detected. However, the m/z value of 335 can also 

be attributed to chlorpromazine N-oxide (Figure 5-8(b)) [48]. Nevertheless, the formation 
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of chlorpromazine N-oxide is excluded in the current study, since an authentic sulfoxide 

sample exhibits the same retention time as the photogenerated intermediate. A quantitative 

calibration with the authentic sulfoxide sample shows that chlorpromazine sulfoxide is 

clearly the main photo-product of the aerobic chlorpromazine conversion.  

The photochemistry of chlorpromazine sulfoxide is reported in the scientific literature with 

different explanations. As reported by Kochevar, in general under UV irradiation, 

chlorpromazine (CPZ) either fragments to form radicals or photo-ionizes to form its 

respective radical cation and an electron (Equation 5-7) [53].  

CPZ  
    hv <400 nm    
→            {

PZ• + Cl
•

  

CPZ
•+

 + e-
                                                                                   (5-7) 

Most of the produced radical intermediates of chlorpromazine photodegradation under UV 

irradiation, including also its excited singlet and triplet states [54] are not stable. However, 

in aqueous solutions with pH values of 1.5 to 6.5, a free radical intermediate (red) known 

as the chlorpromazine radical cation (CPZ
•+

, λmax = 530 and 275 nm) has been identified 

[55]. Felmeister and Discher suggest that several resonance forms of the mentioned free 

radical cation can possibly be envisioned (Figure 5-9) [56]. 

 

Figure 5-9. Resonance forms of free radical of chlorpromazine; adapted from Ref. [56], copyright (1964), 

with permission from Elsevier. 

Also, in the current study, throughout the experiments upon UV(A) irradiation, the 

colorless suspension of chlorpromazine turns to pink and ruby (dark red), confirming the 

formation of the chlorpromazine radical cation. Merkle and Discher have suggested that 

the chlorpromazine free radical intermediate, CPZ•+, which is the product of the one-

electron oxidation of chlorpromazine in aqueous media, might be the origin of the 
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formation of chlorpromazine sulfoxide [49]. As proposed by these authors, in a dilute 

aqueous acidic solution (1 N sulfuric acid), CPZ•+ is rather unstable and disproportionates 

rapidly to form chlorpromazine and chlorpromazine sulfoxide (CPZ=O) (Equation 5-8) 

[49].  

2 CPZ    
1 N sulfuric acid (+0.70 V. vs. SCE) 
→                        2CPZ

•+⏟    
↓
 

CPZ    
     Spontaneous     
↔                  CPZ=O

+  2e-                      (5-8) 

However, in a concentrated acidic solution (9 N sulfuric acid), it is possible to stabilize 

CPZ•+ by electrolysis at a potential of +0.50 V. vs. SCE (Equation 5-9). Thus, by choosing 

a proper potential, CPZ•+ can be selectively either oxidized or reduced. The one-electron 

oxidation of CPZ•+ yields chlorpromazine sulfoxide (Equation 5-10), while the one-

electron reduction of CPZ•+ (at lower potentials) results in the formation of chlorpromazine 

(Equation 5-11) [49].  

CPZ 
9 N sulfuric acid (+0.50 V. vs. SCE )
→                        CPZ

•+
+e-                                                                    (5-9) 

CPZ
•+

 ⟶  CPZ=O + e-                                                                                                (5-10) 

CPZ
•+

 + e- ⟶  CPZ                                                                                                      (5-11) 

Cheng et al. however, disagreed with a mechanism involving a disproportionation of the 

free radical cation and alternatively proposed a further oxidation step of a formed cation 

radical/buffer adduct by another chlorpromazine radical cation, leading to its rearrangement 

to the sulfoxide metabolite [51]. These authors were able to show that, in aqueous buffers 

in the pH range between 2 and 7, a cation radical/buffer adduct (Equation 5-12) is formed. 

The oxidation of this adduct by another CPZ•+ (Equation 5-13), will eventually result in 

the formation of chlorpromazine sulfoxide (Equation 5-14). In the following equations, 

RCO2
-
 refers to a representative buffer constituent [51]. 

CPZ
•+ + RCO2

-  + H2O  ⇆  [CPZ(RCO2)(OH)]•- + H+                                                 (5-12) 

[CPZ(RCO2)(OH)]•- + CPZ
•+  ⇆  CPZ + [CPZ(RCO2)(OH)]                                  (5-13) 

[CPZ(RCO2)(OH)] ⟶  CPZ=O + RCO2H                                                                 (5-14) 
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These reactions propose a direct reaction of CPZ•+ with the buffer or with water.   

After all, according to the performed intermediates analysis in the current study, the aerobic 

photolytic conversion of chlorpromazine upon UV(A) irradiation can be summarized in the 

following reactions. Photo-ionization of chlorpromazine upon UV(A) irradiation results in 

the formation of its radical cation and an aqueous electron (eaq
-) (Equation 5-15). This 

electron is able to reduce molecular oxygen yielding O2
•- (Equation 5-16) which then 

reacts with chlorpromazine radical cation to produce eventually the main reaction 

intermediate, namely, the sulfoxide metabolite (CPZ=O, m/z: 335) (Equation 5-17) [57].  

CPZ 
  hv (365 nm)  
→         CPZ

•+
 + eaq

-                                                                                         (5-15) 

eaq
-  + O2 →  O2

•-
                                                                                                             (5-16) 

CPZ
•+

 + O2
•-

 
  + CPZ    
→     2 CPZ=O                                                                                    (5-17)  

On the other hand, chlorpromazine might also be fragmented upon UV(A) excitation 

yielding a promazine radical and a chlorine radical (Equation 5-18). The formed chorine 

radical reacts with water forming hydroxyl radicals (Equation 5-19) which then react 

further with the promazine radical forming a hydroxylated promazine molecule (PZ-OH, 

m/z: 301) (Equation 5-20).    

CPZ 
  hv (365 nm)  
→         PZ• + Cl

•
                                                                                            (5-18) 

Cl
•
 + H2O → O 

•
H + H++ Cl

-
                                                                                        (5-19) 

PZ• + O 
•

H → PZ-OH                                                                                                   (5-20) 

Similar to chlorpromazine, the formed chlorpromazine sulfoxide might be also fragmented 

upon UV(A) excitation (Equation 5-21) and undergo a dechlorination step, forming a 

radical, (PZ=O)•, and a chlorine radical (which reacts further with water as shown in 

Equation 5-19). The reaction between the (dechlorinated) sulfoxide radical and a hydroxyl 

radical, results in the formation of the detected intermediate with m/z value of 317 (PZ=O)-

OH as shown in Equation 5-22.   

CPZ=O 
  hv (365 nm)  
→         (PZ=O)

•
+ Cl

•
                                                                                (5-21) 

(PZ=O)
• + O 

•
H → (PZ=O)-OH                                                                                    (5-22) 
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However, in the presence of the photocatalyst, K-7000, the situation will be completely 

different. It should be considered that, K-7000 is basically anatase TiO2 covered with a 

carbon-based sensitizer layer. Thus, upon irradiation at 365 nm, mainly the TiO2 bandgap 

will be illuminated resulting in the formation of electron-hole pairs in the semiconductor 

(Equation 5-23). In this case, most of the incoming UV(A) photons will be absorbed by 

K-7000. Thus, the contribution of the homogenous photolytic reaction of chlorpromazine 

(Equation 5-24) is not significant (but still not neglected). According to the analysis of the 

products, during the photocatalytic conversion of chlorpromazine upon UV(A) irradiation, 

intermediates with m/z values of 335, 351 and 317 are found. The respective reactions can 

be summarized as following. Some of the above-mentioned reactions are written again to 

keep the consistency of the proposed mechanism. 

K-7000 
  hv (365 nm)  
→         eCB

-  + hVB
+                                                                                      (5-23) 

CPZ 
  hv (365 nm)  
→         CPZ

•+
 + eaq

-                                                                                         (5-24) 

O2 + {
eCB

-

eaq  
-  →  O2

•-
                                                                                                        (5-25) 

hVB
+

 + CPZ → CPZ
•+

                                                                                                    (5-26) 

hVB
+  + H2O → O 

•
H + H+                                                                                               (5-27) 

CPZ + O 
•

H → CPZ
•+

 + OH
-
                                                                                        (5-28) 

CPZ
•+

 + O2
•-

 
  + CPZ    
→     2 CPZ=O                                                                                     (5-29) 

For the formation of the intermediate with m/z value of 351, which corresponds to 

chlorpromazine sulfone (Figure 5-7(c)) [58], a further oxidation step of the produced 

chlorpromazine sulfoxide is required (Equation 5-30) [57]. This results in the formation 

of its respective radical cation which yields eventually chlorpromazine sulfone 

(O=(CPZ)=O) (Equation 5-31).  

CPZ=O + hVB
+  → (CPZ=O)

•+                                                                                        (5-30) 

2 (CPZ=O)
•+

 + 2 O2
•-

 → 2 [O=(CPZ)=O] + O2                                                            (5-31) 
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Similar to the photolytic pathway, also here, the formation of the intermediate with m/z 

value of 317 will proceed through the reactions shown in Equation 5-32 to Equation 5-

34. 

CPZ=O 
  hv (365 nm)  
→          (PZ=O)

• + Cl
•                                                                               (5-32) 

Cl
•
 + H2O → O 

•
H + H++ Cl

-
                                                                                        (5-33) 

(PZ=O)
•
 + O 

•
H → (PZ=O)-OH                                                                                    (5-34) 

Nevertheless, under visible light irradiation, a completely different mechanism for the 

conversion of chlorpromazine is proposed. To explain this mechanism, K-7000 is 

considered as anatase TiO2 covered with a carbon-based sensitizer layer. Upon visible 

irradiation, the excitation energy of 2.73 eV (corresponding to 455 nm) is not enough to 

generate electron-hole pairs in TiO2. Thus, at 455 nm, only the carbon-based sensitizer 

layer (CS) will be excited. Similar to a dye-sensitizer system, the excited sensitizer will 

inject an electron into the conduction band of TiO2, yielding a sensitizer radical cation 

(CS•+) as shown in Equation 5-35. This radical cation is then able to oxidize the 

chlorpromazine molecule from which chlorpromazine radical cation (CPZ•+) will be 

formed (Equation 5-36). The conduction band electron is able to react with molecular 

oxygen producing a superoxide radical (Equation 5-37), which is required (as mentioned 

before) to yield chlorpromazine sulfoxide (Equation 5-38).  

CS
  hv (455 nm)  
→         CS

•+ + eCB
-                                                                                              (5-35) 

CS
•+

 + CPZ → CPZ
•+ + CS                                                                                          (5-36) 

eCB
-  + O2 →  O2

•-
                                                                                                            (5-37) 

CPZ
•+

 + O2
•-

 
  + CPZ    
→     2 CPZ=O                                                                                     (5-38) 

The second detected intermediate, namely chlorpromazine sulfone (m/z: 351), is most 

likely produced through a further oxidation of chlorpromazine sulfoxide with CS•+ 

(Equation 5-39) and the reaction of its respective radical cation with a superoxide radical 

(Equation 5–40). 

CPZ=O + CS
•+

 → (CPZ=O)
•+

 + CS                                                                             (5-39) 
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2 (CPZ=O)
•+

 + 2 O2
•-

 → 2 [O=(CPZ)=O] + O2                                                            (5-40) 

These reactions are discussed in more detail later on in this chapter (Section 5.3). 

Interestingly, in the current study, chlorpromazine sulfoxide is found to be highly persistent 

within the reaction period upon both UV(A) and visible irradiation even in the presence of 

K-7000. The high stability of chlorpromazine sulfoxide has been also reported by 

Ljunggren et al.[43]. Thus, in order to have a better understanding on the stability of 

chlorpromazine sulfoxide, further long-term experiments (24 hours) under both UV(A) and 

visible light irradiation are also carried out in the current study.    

In the presence of K-7000, chlorpromazine sulfoxide reveals a high resistance against 

visible light irradiation. During 24 hours of visible light irradiation, only 27% conversion 

of sulfoxide is observed. From the overall conversion, 20% occurs in the first two hours, 

while throughout the remaining 22 hours only 7% decrease in the concentration of 

chlorpromazine sulfoxide is detected. A similar trend is attained for the photolytic reaction 

under visible light irradiation, confirming the high stability of chlorpromazine sulfoxide 

upon visible irradiation (Figure 5-10).   

Figure 5-10. Long term photocatalytic and photolytic conversion of chlorpromazine sulfoxide (100 µM) 

upon visible light irradiation 

Moreover, the reaction intermediates of the photocatalytic and photolytic processes under 

visible irradiation are evaluated and compared with each other. This analysis reveals the 

formation of an intermediate with a m/z value of 321 over the photocatalytic path, while 

during the photolytic experiments no intermediates are detected (Figure 5-11). The 

structure of this intermediate, however, is not determined in this study. 
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Figure 5-11. Chromatograms of chlorpromazine sulfoxide (m/z: 335) under both photocatalytic and 

photolytic conditions after 24 h visible light irradiation  

Nevertheless, in both cases the signal intensity of the sulfoxide metabolite seems to be 

rather stable from 2 hours to 24 hours of irradiation, as for the photocatalytic path only 7% 

decrease and for the photolytic path 17% decrease in concentration of chlorpromazine 

sulfoxide is detected in this time period (Figure 3-6). 

On the other hand, under UV(A) irradiation, chlorpromazine sulfoxide is found to be 

converted over the long-term experiments in both the presence and the absence of K-7000 

(Figure 5-12).  

 

Figure 5-12. Long term photocatalytic and photolytic conversion of chlorpromazine sulfoxide (100 µM) 

upon UV(A) irradiation  

However, this reaction seems to proceed much slower as compared to chlorpromazine 

conversion. After 30 minutes of UV(A) irradiation, only 12% decrease in concentration of 
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chlorpromazine sulfoxide is observed, while in previous experiments (Figure 3-1(a)), a 

complete conversion of chlorpromazine is achieved within 30 minutes under identical 

conditions. Therefore, for the complete photocatalytic conversion of the sulfoxide 

metabolite under UV(A) irradiation, compared to that of chlorpromazine, under identical 

conditions a much longer irradiation time (almost 12 times longer) is required. Also here, 

the same trend is observed for the photolytic conversion of chlorpromazine sulfoxide upon 

UV(A) irradiation. Nevertheless, the presence of the photocatalyst seems to slow down the 

conversion process. Thus, possible different reaction pathways for the photocatalytic and 

photolytic experiments are suggested. 

According to the intermediates analysis performed on the conversion of chlorpromazine 

sulfoxide under UV(A) irradiation (Figure 5-13), not only the product distributions 

between the photocatalytic and the photolytic pathways are different, but also the produced 

intermediates over the photocatalytic reaction are completely removed at the end of 

irradiation period (Figure 5-13(a)). However, during the photolytic reaction, other than the 

initial intermediates, some new ones (marked with red * in Figure 5-13(b)) are also formed 

after all (not identified). This aspect indicates that the photocatalytic path is superior in 

removal of the produced intermediates compared to the photolytic path. 

  

Figure 5-13. Chromatograms of chlorpromazine sulfoxide (m/z: 335) under (a) photocatalytic and (b) 

photolytic conditions after 2h and 24 h UV(A) irradiation  

So far, all the discussions were based on the presence of molecular oxygen. However, in 

general, the photodegradation of chlorpromazine is strongly dependent on the reaction 
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medium, so that in a deoxygenated atmosphere, the photodegradation products of its 

transformation are different from those formed in the presence of molecular oxygen [7].  

Similar to Merkle and Discher [49] and Cheng et al. [51] (mentioned before), Iwaoka and 

Kondo also showed that chlorpromazine sulfoxide is formed by its respective radical cation. 

However, they have claimed to have experimental evidence confirming that the oxygen 

atom in the sulfoxide structure originates from the molecular oxygen and not from water 

and that in the absence of molecular oxygen, no chlorpromazine sulfoxide will be formed 

[52].  

In the current study, similar observations are attained under anaerobic conditions. In the 

absence of molecular oxygen and upon visible light irradiation, chlorpromazine cannot be 

converted (neither in the presence nor in the absence of K-7000). Under UV(A) irradiation, 

however, it is converted in the absence of molecular oxygen through both the photocatalytic 

and the photolytic pathways (Figure 3-7). Nevertheless, the reaction intermediates formed 

through the anaerobic pathway are completely different from those formed through the 

aerobic path. Interestingly, no trace of chlorpromazine sulfoxide is found in the absence of 

molecular oxygen. 

Davies and Navaratnam found experimental evidence for the formation of free radicals on 

photolysis of chlorpromazine in the absence of molecular oxygen and explained its 

photochemistry in propan-2-ol as a solvent [59]. According to their observations, the 

photoreaction of chlorpromazine occurs through the first excited triplet state. This includes 

the absorption of light by the chlorpromazine molecule (CPZ) yielding its singlet state 

(1CPZ*), followed by an intersystem transformation to its triplet state (3CPZ*), as shown in 

Equation 5-41 [59]. 

CPZ + hν (<400 nm) → CPZ 
1 *           

→    CPZ 
3 *

                                                               (5-41) 

In an oxygen-saturated solution, 3CPZ* reacts directly with molecular O2 (due to the 

quenching by molecular oxygen), forming chlorpromazine in its ground state and an excited 

singlet oxygen molecule (Equation 5-42) [59]. 

CPZ 
3 *

+ O2 
3  → CPZ + O 

1

2

*
                                                                                          (5-42) 
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However, in the absence of molecular oxygen, excited chlorpromazine is subjected to a C-

Cl bond splitting yielding a promazine free radical (PZ•) (Figure 5-14), and a chlorine free 

radical as follows [59]:  

CPZ 
3 *           

→    PZ• + Cl
•
                                                                                                   (5-43) 

These radicals were found to react further with the solvent yielding products such as 

promazine, isopropoxypromazine, HCl, and acetone [59]. According to Davies and 

Navaratnam [59], singlet oxygen is not able to oxidize chlorpromazine, which also explains 

the conclusions of Iwaoka and Kondo [52].  

 

Figure 5-14. The structure of the dechlorinated chlorpromazine molecule (promazine radical (PZ•)) 

Thus, the fact that in the current study no formation of chlorpromazine sulfoxide in the 

absence of molecular oxygen is observed, leads to the conclusion that under anaerobic 

conditions, PZ• is more likely to be formed (rather than CPZ•+). However, the formation of 

CPZ•+ can still not be excluded.  

This conclusion is also in good agreement with the intermediate analysis performed for the 

anaerobic pathway (Figure 3-7(a)) revealing the formation of different chlorpromazine 

dimers during the photolytic reaction. As reported by Huang and Sands, the free radicals 

(PZ•) formed after the cleavage of the C-Cl bond in chlorpromazine (shown in Equation 

5-43), promote the polymerization and dimerization processes [60]. Therefore, the 

observed large m/z values of 631, 599, and 583 under anaerobic conditions in the current 

study can be assigned to the dimers of chlorpromazine formed during the photolytic 

reaction upon UV(A) irradiation. These dimers are most probably the products of the 

interactions between the promazine radical with another molecule of chlorpromazine or 

with another radical, leading to a rearrangement to the dimers of this compound. 
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Nevertheless, no information about the possible structures of these dimers is found in this 

work.  

Besides the dimer intermediates observed during the anaerobic photolytic conversion of 

chlorpromazine, two other products with m/z values of 301 and 285 are also detected for 

both, the photolytic and the photocatalytic pathway (Figure 5-15).  

  

(a) (b) 

Figure 5-15. Proposed structures of the two most stable products under anaerobic conditions 

Considering the structures of these products (PZ-H (m/z: 285) and PZ-OH (m/z: 301)), in 

both of them, the C-Cl bond is replaced with a C-OH or a C-H bond (Figure 5-15). For 

these products to be formed, a reaction between PZ• and •OH radicals has to take place, 

which is likely to be originated from the reaction of the dechlorinated radical with water. 

Although the reactions between the organic radicals and water are usually somewhat 

unlikely, such reactions have been reported before under anaerobic conditions [61]. The 

formation of these products under anaerobic conditions has been reported before in the 

literature and the m/z value of 285 was attributed to the promazine metabolite (Figure 5-

15(a)), while the m/z value of 301 was assigned to 2-hydroxypromazine (Figure 5-15(b)) 

[59,62]. After all, based on the performed intermediate analysis in the current study, the 

following processes are proposed for the anaerobic photolytic conversion of 

chlorpromazine upon UV(A) irradiation. As explained before, in the absence of molecular 

oxygen, the photo-excited chlorpromazine molecule undergoes a dechlorination step to 

form free radicals (Equation 5-44). The formed chlorine radical can possibly react with 

water yielding a hydroxyl radical (Equation 5-45) which is likely to react further with the 

promazine radical (Equation 5-46) resulting in the formation of PZ-OH (m/z: 301). On the 
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other hand, the promazine radical is likely to react with water to form PZ-H (m/z: 285) 

(Equation 5-47). The promazine radical might also react with another chlorpromazine 

molecule or other radicals or intermediates to produce the dimers as mentioned before 

(Equation 5-48).  

CPZ 
   hv (365 nm)   
→          PZ• + Cl

•
                                                                                          (5-44) 

Cl
•
 + H2O → O 

•
H + H++ Cl

-
                                                                                        (5-45) 

PZ• + O 
•

H → PZ-OH                                                                                                    (5-46) 

PZ• + H2O → PZ-H + O 
•

H                                                                                           (5-47) 

PZ• + {
CPZ 
PZ•

other radicals

            
→     Dimers                                                                            (5-48) 

A comparison between the photocatalytic and photolytic conversion of chlorpromazine 

under anaerobic conditions (Figure 3-7) yields the following observations: (I) in the 

presence of K-7000, only PZ-OH and PZ-H are formed and no formation of dimers is 

detected, (II) PZ-OH and PZ-H are apparently rather stable products at least within the 

irradiation period, and (III) the presence of K-7000 seems to limit the conversion of 

chlorpromazine.   

These observations can be explained when considering the photocatalytic pathway. In this 

case, the probability of a direct photo-excitation of the chlorpromazine molecule is rather 

low but it is not excluded. Thus, the reactions shown in Equation 5-44 and in Equation 5-

45 might occur (not shown again). However, In the presence of K-7000, most of the 

incoming UV(A) photons will be absorbed by this photocatalyst resulting into its photo-

excitation (Equation 5-49). In the absence of molecular oxygen, however, the only electron 

acceptor in the reaction medium will be the chlorpromazine itself. As a result, the photo-

generated conduction band electrons will react with chlorpromazine causing it to undergo 

a dechlorination step yielding the promazine radical and a chloride ion (Equation 5-50). 

The photogenerated valence band holes might oxidize water forming hydroxyl radicals 

(Equation 5-51).  
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K-7000
   hv (365 nm)    
→          eCB

-  +  hVB
+

                                                                                    (5-49) 

eCB
-  + CPZ → PZ• + Cl

-
                                                                                                (5-50) 

hVB 
+

+ H2O → O 
•

H + H+                                                                                               (5-51) 

The formed promazine radical, PZ•, is likely to react with •OH or water to form PZ-OH and 

PZ-H as described in Equation 5-46 and Equation 5-47, respectively. Nevertheless, in the 

photocatalytic procedure under anaerobic conditions no formation of the chlorpromazine 

dimers is observed. A possible explanation might be that, in this case, the formed promazine 

radicals are most likely absorbed on the surface of the photocatalyst which inhibits the 

interaction between these radicals and the formation of their respective dimers. However, 

in the photolytic process, these free radicals are present in the solution and can easily react 

with each other.   

It has to be noted that these systems (including all the mentioned active radical species) are 

rather complicated and besides these proposed reactions, other processes might occur as 

well. In any case, it can be concluded that in the absence of oxygen, the photocatalytic 

pathway proceeds through possible reactions of conduction band electrons. It seems to be 

likely that the anaerobic photocatalytic products are formed through the reduction reaction 

of chlorpromazine which is more expected to take place in the absence of oxygen.  

As can be seen in Figure 5-16, the detected intermediates of the photocatalytic conversion 

of chlorpromazine are different under aerobic and anaerobic conditions using different 

irradiation wavelengths.  
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Figure 5-16. The detected reaction intermediates during the photocatalytic conversion of chlorpromazine 

The main difference between the products obtained over UV(A) and visible irradiation, is 

the dechlorination of the chlorpromazine molecule. Under visible light irradiation, 

chlorpromazine is converted to chlorpromazine sulfoxide (m/z: 335) and chlorpromazine 

sulfone (m/z: 351). Interestingly, in the structure of both of these products, the C-Cl bond 

remains unchanged (see Figure 5-16). As mentioned before, upon visible light irradiation 

(455 nm), no excitation of chlorpromazine occurs. Therefore, the dechlorination step and 

consequently, the formation of promazine radical will be inhibited. This might explain the 

mentioned difference observed in reaction intermediates using different irradiation 

wavelengths.  

After all, due to the observed differences between the photolytic and photocatalytic 

experiments, it is of high importance to further evaluate the mechanism of the 

photocatalytic conversion of chlorpromazine in the presence of K-7000 under both UV(A) 

and visible irradiation.  



 

Chapter 5: Summarizing Discussion and Conclusions  

 

 

168  
 

5.3. Nature of Charge Carriers Formed by UV or Visible Excitation in K-7000 

After investigating the photocatalytic conversion of chlorpromazine in the presence of K-

7000 and following the assessment of the formed intermediates throughout this process, a 

deeper analysis on the origin of the visible light activity of K-7000 is required. As it was 

observed so far, K-7000 is able to convert chlorpromazine under visible light irradiation, 

while, its sulfoxide metabolite is found to be highly persistent even in the presence of K-

7000. Therefore, in order to have a better understanding of the mechanism behind these 

observations, in diffuse reflectance transient absorption spectroscopic measurements on K-

7000 is performed in different atmospheres using excitation with UV light (355 nm) and 

visible light (455 nm) and the nature of the photo-generated charge carriers formed by 

excitation of this photocatalyst is investigated in detail in Chapter 4. 

As explained in Chapter 1, K-7000 is reported to be anatase titanium dioxide which is 

modified with carbon-based materials [63]. In the current study, the reported [63] anatase 

crystalline structure of K-7000 is confirmed through XRD analysis (Figure 4-1) as well as 

UV-vis diffuse reflectance measurements (Figure 4-2(a)). Accordingly, no effect of the 

carbon-based layer on the crystalline structure of the titanium dioxide is observed. 

As a commercially developed product, K-7000 was originally introduced as carbon-doped 

TiO2. However, as demonstrated for instance, in N- and S-doped TiO2, doping is known to 

cause bandgap narrowing [64,65]. Nevertheless, in the current study, no bandgap narrowing 

is observed for K-7000, while an absorption band in the visible range is found. The obtained 

optical bandgap value of 3.31 eV for K-7000 (Figure 4-S1) is in good agreement with 

values reported in the literature [63,66]. The effect of the carbon-based layer on the 

absorption properties of titanium dioxide is observed in terms of a broad absorption band 

in the visible region for K-7000, while this effect is not observed for Hombikat UV100 

(pure anatase) (Figure 4-2). Moreover, the determined flatband potential of K-7000 being 

−0.46 V vs. NHE at pH 7 (-0.047 V vs. NHE at pH 0) is found to be similar to that of 

Hombikat UV100 being −0.51 V vs. NHE at pH 7 (-0.097 V vs. NHE at pH 0) (Figure 4-

3). It has to be noted that, since all the measurements in the current study are carried out at 

neutral pH, the potentials are presented as V vs. NHE at pH 7. These results are in good 

agreement with those obtained in the group of Prof. Kisch [63]. Similar to the current study, 

they were also able to verify experimentally that the carbon-based modification does not 



 

 Chapter 5: Summarizing Discussion and Conclusions  

 

 

169 
 

affect the position of the conduction band of K-7000 [63]. Their obtained experimental 

results also excluded the original assumption of the incorporation of the carbon-based 

material into the lattice, but rather confirmed its deposition on the surface of TiO2 in the 

form of a molecular sensitizer. Thus, regarding this description, K-7000 can be considered 

similar to a dye-sensitized photocatalytic particle, in which, the electronic structure is 

characterized by well-defined HOMO (highest occupied molecular orbital) and LUMO 

(lowest unoccupied molecular orbital) levels of the dye [67]. This sensitizer–TiO2 assembly 

is schematically illustrated in Figure 5-17.  

 

Figure 5-17. Schematic of K-7000 illustrated as TiO2 with a carbon-based sensitizer layer  

In addition to the characterizing assessments, transient absorption spectroscopy 

measurements are performed via excitation with UV light (355 nm) and visible light (455 

nm) in Ar, methanol and oxygen atmospheres. These measurements also reveal interesting 

information on visible light activity K-7000. An Ar atmosphere is normally considered as 

an inert one; since due to the absence of any active species in Ar atmosphere, the 

photogenerated charge carriers can only recombine with each other. In contrast, considering 

the role of oxygen as an active electron scavenger, it is expected to observe different 

absorption spectra and decays in the oxygen atmosphere compared to the Ar atmosphere. 

Moreover, since the reduction potential of oxygen (O2/O2
•- = -0.33 V vs. NHE [68]), which 

is a pH-independent value [36], is located at a more positive value than the flatband 

potential of K-7000 (−0.46 V vs. NHE in neutral solution), the transfer of conduction band 

electrons of TiO2 to O2 molecules is thermodynamically foreseeable.  

However, as reported by Yamakata et al., for the photogenerated electrons in TiO2 to be 

scavenged by O2 molecules in the gas phase, a reaction time of more than 10 µs is required 
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[69]. Therefore, in the current study, regardless of the irradiation wavelengths, due to the 

limited considered time scale of 8 µs, this effect is observed neither in the transient 

absorption spectra (Figure 4-4), nor in the transient absorption decays (Figure 4-5). On the 

other hand, after excitation with 355 nm laser light, clear differences are observed between 

the absorption spectra (Figure 4-4(a)) and decays (Figure 4-5(a)) obtained in the methanol 

and the Ar atmospheres. To explain this effect, one should consider that as a well-known 

hole scavenger, methanol can be oxidized by the photogenerated valence band holes and 

form an α-hydroxyl radical (Equation 5-52) [70,71]. 

CH3OH → CH2OH
•

 + H+ + e-                                                                                     (5-52) 

However, for this reaction to happen, the valence band edge and thus the potential of the 

photogenerated holes must be more positive compared to the redox potential of the 

methanol oxidation. The valence band edge of K-7000 can be easily calculated from its 

determined flatband potential (−0.46 V vs. NHE at pH 7) and bandgap value (3.31 eV) to 

be at 2.85 V vs. NHE at pH 7. Also the oxidation potential of methanol is reported to be at 

1.03 V vs. NHE at pH 7 [72]. Considering these values, the abstraction of an electron from 

the methanol molecule (Equation 5-52) is possible. Therefore, in the presence of methanol 

as a hole scavenger, the transient absorption spectrum is attributed only to the 

photogenerated electrons; since due to an eminent phenomenon for TiO2 [73], in the 

absence of an electron scavenger, the photogenerated electrons tend to accumulate in the 

particles. Thus, the observed higher absorption at longer wavelengths seen in Figure 4-

4(a), which is attributed to the photogenerated electrons [74], clarifies the different 

absorption spectra obtained under Ar and methanol atmospheres. 

Nonetheless, the obtained results of transient absorption spectroscopy experiments using 

455 nm light excitation show a completely different aspect, since no significant variations 

between the transient absorption spectra (Figure 4-4(b)) and decays (Figure 4-5(b)) 

measured in methanol and Ar atmospheres are attained. Considering the determined 

bandgap value of K-7000 (3.31 eV), for this photocatalyst to be photo-excited, an energy 

equal to or more than the bandgap energy is required. Hence, at 455nm excitation 

wavelengths, the corresponding photon energy of 2.73 eV will not be enough for bandgap 

excitation in anatase TiO2. This fact is also confirmed by transient absorption 

measurements performed for anatase UV100 which reveals no transient response after 
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visible light excitation (Figure 4-6). Contradictorily, for K-7000 an outstanding and long-

lived signal is obtained under identical conditions. The presence of the sensitizer molecule 

on the surface of TiO2 is reflected through the above-mentioned long-lived signal which is 

originated from its light absorption in the visible range. Thus, the photocatalytic mechanism 

under visible light in K-7000 is profoundly different than in normal anatase TiO2. 

Considering the TiO2-sensitizer assembly, under excitation with visible light, the transition 

is rather correlated to the HOMO and LUMO levels of the sensitizer, instead of the valence 

band and the conduction band of TiO2 (Figure 5-18). 

 

Figure 5-18. Schematic of visible light (455 nm) excitation of K-7000; CS, CS* and CS•+ represent 

respectively, the carbon-based sensitizer, its excited state, and its radical cation.  

Similar to UV light excitation, the transient absorption spectra (Figure 4-4(b)) and decays 

(Figure 4-5(b)) in Ar and oxygen atmosphere after visible light excitation of K-7000 are 

observed to be similar to each other. Resembling dye-sensitized solar cells, after excitation 

of the sensitizer, the electrons are likely to be transferred from the LUMO to the conduction 

band of TiO2 and accumulate in the TiO2 particles as schematically shown in Figure 5-18 

[67]. Thus, also here, oxygen reduction will be restricted in the same way as for bandgap 

excitation under visible light irradiation [69]. 

It has been reported that the presence of the sensitizer layer could increase the visible light 

activity of K-7000 compared to Evonik P25 TiO2, for the photocatalytic removal of NOx 

under white light excitation [66] as well as for the degradation of acetone under visible light 

irradiation [75]. In addition, the photocatalytic experiments (also presented in Section 5.2) 

reveal that K-7000 is able to convert the resistant molecule of chlorpromazine within the 

first 30 minutes of visible light irradiation (Figure 4-7).  
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However, the similar decays and spectra obtained in methanol and inert atmospheres 

indicate that under visible light excitation, the degradation of methanol in the presence of 

K-7000 does not proceed within the considered time scale. A trend akin to that of the 

transient absorption measurements is also observed during the photocatalytic experiments 

under visible irradiation performed with an aerated aqueous methanol suspension. So that 

after 60 minutes of constant irradiation of the suspension at 455 nm wavelengths in the 

presence of K-7000, only less than 2% conversion of methanol to formaldehyde is attained 

(Figure 4-7 & Figure 4-S2). 

In addition to these experiments, transient absorption spectroscopy measurements with the 

K-7000 powder in the presence of pre-adsorbed chlorpromazine result into similar 

observations (Figure 5-19).  

  

Figure 5-19. (a) Transient absorption decays observed at 550 nm after excitation with 455 nm, and (b) 

transient absorption spectra measured at 100 ns after the laser excitation after excitation with 455 nm for: 

K-7000 with pre-adsorbed chlorpromazine (CPZ) in Ar atmosphere (blue line), bare K-7000 in Ar 

atmosphere (black line), and bare K-7000 in methanol atmosphere (red line)  

A strongly increased transient absorption signal right after the laser pulse is detected for 

the K-7000 with pre-adsorbed chlorpromazine (see Figure 5-19-blue line). This signal can 

be assigned to the chlorpromazine radical cation [76]. The formation of this radical cation 

is in good agreement with the discussions presented before in Section 5.2 for the 

photocatalytic conversion of chlorpromazine. However, the transient absorption spectra 

and decays of bare K-7000 in the presence of methanol (see Figure 5-19-red line) and in 

inert atmosphere (see Figure 5-19-black line) are found to be almost identical revealing 

that the photocatalytic conversion of methanol is almost negligible.  
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These results bring up the question: “Why is the degradation of methanol under visible light 

irradiation in the presence of K-7000 limited (or extremely slow), while this photocatalyst 

is able to successfully convert chlorpromazine under identical conditions?” 

To answer this question, initially, the possible mechanism of the photocatalytic degradation 

of methanol under UV irradiation has to be taken into consideration. After irradiation with 

UV light, most likely TiO2 and the carbon-based sensitizer will both be excited. However, 

the impact of sensitizer’s excitation is negligible in the mechanism, due to the smaller 

amount of the sensitizer layer compared to TiO2. Nevertheless, in the TiO2 particles, 

electron-hole pairs will be generated after UV light excitation (Equation 5-53). 

TiO2 + hν → eCB
-  + hVB

+
                                                                                                (5-53) 

Following the photogeneration of electrons and holes, the conduction band electrons are 

likely to react with molecular oxygen and form a superoxide radical (O2
-•

) as follows [77]:  

O2 + eCB
-   →  O2

-•
                                                                                                           (5-54) 

On the other hand, the photogenerated valence band holes might get trapped at protonated 

bridging oxygen ions (OHbr
- ) and form a hydroxyl radical (-OHbr

• ) [77]: 

OHbr
-  +  hVB

+
  → -OHbr

•                                                                                                   (5-55) 

The photogenerated holes can also be trapped at adsorbed methanol molecules (CH3OHads) 

yielding an α-hydroxyl radical ( CH2OH
 
•

) [77]: 

CH3OHads + hVB
+

 → CH2OH
 
•

 + H+                                                                              (5-56) 

This radical ( CH2OH
 
•

) can also be formed through the oxidation of methanol molecules in 

aqueous solution (CH3OHaq) via hydroxyl radicals [77]:   

CH3OHaq + -OHbr
•  → CH2OH

 
•

 + -OH2 br                                                                    (5-57) 

Thus, in an aerated suspension, formaldehyde will be a product of the further oxidation of 

the produced α-hydroxyl radicals with molecular oxygen as following [77]:  

CH2OH
 
•

 + O2 → CH2O + O2
−•

 + H+                                                                            (5-58) 
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Nevertheless, under visible light excitation, the possible mechanism of methanol 

degradation in the presence of K-7000 is a completely different one. In this case, as 

explained before, the excitation energy of 2.73 eV (corresponding to 455 nm) will not be 

enough for the excitation of TiO2 and hence, only the carbon-based sensitizer layer (named 

here as CS) will be excited (CS
*
). This excitation is followed by the injection of an electron 

from the LUMO into the conduction band of TiO2 forming the sensitizer radical cation 

(CS
•+

) as presented in the following equation: 

CS + hν → CS
*
→ CS

•+
 + eCB

−                                                                                       (5-59) 

The conduction band electrons can react as before with molecular oxygen (Equation 5-

54), while the sensitizer radical cation could react with methanol as following: 

CS
•+ + CH3OH → CS + CH2OH

 
• + H+                                                                       (5-60) 

The formed α-hydroxyl radical ( CH2OH
 
•

) is able to be further oxidized as shown before 

(Equation 5-58) and form formaldehyde. However, since the degradation of methanol 

could not be observed according to the experimental results, the reaction shown in 

Equation 5-60 is not likely to happen.  

As described before, Figure 5-20 reveals that under excitation with UV light, electron-hole 

pairs will be generated in the anatase particles as well as in the carbon-based sensitizer, 

while under visible light irradiation, only the carbon-based sensitizer will be excited. 

 

Figure 5-20. Proposed processes taking place after excitation of K-7000 with UV light and visible light; 

This figure is a reprint of Scheme 4-1 from page 124 in Chapter 4. Since all the measurements were carried 
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out at neutral pH, the potentials are presented as V vs. NHE at pH 7. (O2/O2
•- = -0.33 V vs. NHE is a pH-

independent value [36]) 

Figure 5-20 helps to clarify the different photocatalytic activities of K-7000 observed for 

the conversion of methanol and chlorpromazine under visible light excitation. Considering 

the mechanism of the chlorpromazine conversion under visible light excitation, the 

excitation of the sensitizer layer and consequently, the injection of electrons to the 

conduction band of TiO2 (Equation 5-59) should be taken into account. In the presence of 

molecular oxygen, conduction band electrons will slowly reduce the oxygen molecule as 

described before (Equation 5-54) and produce a superoxide radical (O2
−•

). The sensitizer 

radical cation (CS
•+

) formed through the reaction shown in Equation 5-59 is however, able 

to oxidize chlorpromazine and to form a chlorpromazine radical cation and a regenerated 

sensitizer molecule (Equation 5-61). 

 

 

 

 

(5-61) 

 

The formed chlorpromazine radical cation is the able to react with the superoxide radical 

(O2
−•

) formed through the reaction shown in Equation 5-54, to form a persulfoxide 

molecule (Equation 5-62). This kind of reaction is reported before for similar compounds 

[57]. 

 

 

 

(5-62) 
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The next reactions are expected to occur as following based on the mechanism proposed 

by Somasundaram and Srinivasan for the oxidation of aryl methyl sulfides in the presence 

of irradiated TiO2 [57]. The persulfoxide molecule which is yielded in the reaction shown 

in Equation 5-62 is likely to form a thiadioxirane molecule (Equation 5-63): 

 

 

(5-63) 

Further, the thiadioxirane molecule can react with another chlorpromazine molecule 

forming two chlorpromazine sulfoxide molecules as shown in the following equation: 

 

 

 

 

(5-64) 

This proposed pathway including the formation of the chlorpromazine sulfoxide is also in 

good agreement with the experimental results discussed in Section 5.2, for the 

photocatalytic conversion of chlorpromazine. 
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According to these reactions confirming the ability of chlorpromazine to react with the 

sensitizer radical cation, and considering the lack of methanol degradation upon visible 

light irradiation in the presence of K-7000, one comes to the conclusion that an essential 

initial step, namely, the reaction between methanol and the sensitizer radical cation must 

be missing for the photocatalytic conversion of methanol under visible light irradiation. In 

other words, without the reaction of the organic compound with the sensitizer radical 

cation, further photocatalytic reaction steps will not be able to occur as well. After all, this 

step seems to happen with chlorpromazine and not with methanol. This difference is 

originated from the variations between the redox potentials of the corresponding reactions.  

Figure 5-21 helps to obtain a better understanding of these observations. Considering the 

redox potential of the one-electron oxidation of chlorpromazine (0.53 V vs. NHE at pH 7 

[49,78]) and the required potential for the methanol oxidation (1.03 V vs. NHE at pH 7 

[72]), the redox potential of the sensitizer radical cation should be more positive than that 

of the chlorpromazine oxidation and either more negative or close to that of the methanol 

oxidation (the possible position of the HOMO shown in Figure 5-21). This might explain 

the lack of methanol oxidation. On the other hand, due to the possibility of the electron 

transfer from the excited sensitizer to the conduction band of TiO2, the position of LUMO 

can be estimated to be at a less positive potential than the conduction band edge of TiO2. 

However, a precise position for the LUMO of the sensitizer cannot be specified from the 

performed experiments (see Figure 5-21).   
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Figure 5-21. Band positions of K-7000 with the corresponding redox potentials of the oxygen reduction, 

methanol oxidation, and chlorpromazine (CPZ) oxidation at pH 7 and the possible positions of the LUMO 

and the HOMO of the sensitizer [68,72]; This figure is a reprint of Scheme 4-2 from page 127 in Chapter 4. 

Accordingly, the strong stability of chlorpromazine sulfoxide, the long-lasting main 

product of the photocatalytic conversion of chlorpromazine under visible light irradiation 

(described in Section 5.2) can be explained also by means of the proposed mechanism for 

methanol and chlorpromazine. For this purpose, the redox potential for the one-electron 

oxidation of chlorpromazine sulfoxide has to be known. However, to the best of the author’s 

knowledge, this value has not been determined before. Nevertheless, for similar sulfoxides, 

potentials in the range of 2.5 V to 2.8 V can be found in the literature [57]. These values 

are very close to the valence band edge of K-7000. Assuming a redox potential value for 

the one-electron oxidation of chlorpromazine sulfoxide in this range, would explain the 

stability of this compound upon oxidation; as this value would be positioned even more 

positive than the methanol oxidation.  

5.4. Conclusions and Outlook 

In conclusion, the experimental results of this study provide a better understanding of the 

principles of the photocatalytic conversion of organic molecules, specifically from the 

group of phenothiazine antipsychotic pharmaceuticals.  



 

 Chapter 5: Summarizing Discussion and Conclusions  

 

 

179 
 

Despite the assumed high capacity of zinc ferrite for the removal of organic materials, it is 

shown in the current study that the photocatalytic activity of this semiconductor upon 

visible light irradiation might be often overestimated. Most commonly, for the evaluation 

of the photocatalytic activity of newly developed semiconducting materials, organic dyes 

are chosen as model pollutants. Nevertheless, depending on the irradiation wavelengths, 

organic dyes are likely to undergo photo-excitation and thus, a photo-bleaching effect might 

be observed which is usually mistaken with the photocatalytic transformation of the dye. 

In such cases, the photocatalytic effect is hardly distinguishable from the homogeneous 

photolysis of the dye molecule. Moreover, despite the observed photobleaching of the MB 

dye (a member of the phenothiazine group) under visible light irradiation, it is shown that 

this effect is initiated by an electron transfer from the photo-excited MB molecule adsorbed 

on the zinc ferrite surface, into the conduction band of this semiconductor. Thus, the 

performed investigations on photocatalytic conversion of MB in the presence of zinc ferrite 

in this study recommend that organic dyes such as MB are inadequate model compounds 

for the evaluation of the photocatalytic activity of semiconducting materials. 

Furthermore, photocatalytic experiments with chlorpromazine in the presence of K-7000 

reveal that for the conversion of this persistent organic pharmaceutical under visible light 

irradiation, the presence of the photocatalyst is essential. This work provides useful 

information on the differences between the photolytic and photocatalytic procedures and 

suggests possible reaction pathways for the photocatalytic removal of chlorpromazine 

under different conditions. Nevertheless, despite the ability of K-7000 to convert 

chlorpromazine under visible light irradiation, the observed high stability of the main 

product of its conversion, namely, chlorpromazine sulfoxide, points out some limitations 

regarding the visible light activity of the K-7000 semiconductor.  

These observations are supported also by laser flash photolysis spectroscopy measurements 

which reveal the inadequate ability of K-7000 for photocatalytic conversion of methanol 

(compared to chlorpromazine) under visible light excitation. The transient absorption 

spectroscopic analysis performed on the photogenerated charge carriers upon UV and 

visible light excitation in K-7000, along with considering it as a TiO2-sensitizer assembly, 

leads to helpful conclusions which are used to determine the possible photocatalytic 

reactions under these conditions. The proposed mechanism in this regard serves to explain 
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the reason behind the varying visible light activity of K-7000 for the photocatalytic 

transformation of different organic molecules, by considering the redox potentials of the 

corresponding reactions. 

All in all, the experiments carried out within the purpose of this doctoral thesis contribute 

to the evaluation of the possible visible-light driven photocatalytic removal of 

pharmaceuticals. The obtained results provide a deeper insight into the visible light activity 

of semiconducting materials. Despite the generally assumed high oxidizing ability of the 

photogenerated holes in semiconductors, this study illustrates that the photogenerated 

charge carriers in visible light active materials may have a limited ability to drive oxidation 

reactions. This piece of information is highly valuable as it can be used to enhance the 

selectivity of the oxidation half-reaction in photocatalytic procedures. This idea might as 

well be employed in the application of visible active materials in environmental 

remediation, such that, under the right circumstances, they would be used to oxidize an 

unwanted compound selectively and transform it into a valuable product.  
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