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1. Introduction 

 

1.1.  Photochemistry 

Life on Earth would not have been possible without Sun irradiation. This source of 

energy provides both heat and light, which are needed for the majority of the biological 

and chemical functions of living beings. In fact, the probably most important process on 

Earth, photosynthesis, could not take place without sunlight. Due to its impact on our 

planet, photosynthesis has tried to be mimicked by scientists for years. More specifically, 

it was Giacomo Ciamician who around one century ago encouraged scientific community 

to copy Nature with the objective of synthesizing chemicals using sunlight as a “green” 

energy source. Actually, he is considered as a founder of the field currently known as 

photochemistry.[1] 

The conceptual framework of photochemistry is now firmly established. As a first 

approach, photochemistry is the branch of chemistry responsible for studying and 

explaining the chemical and physical effects of light, from UV to the near infra-red (200 – 

780 nm), in molecules. However, to be able to absorb that light, molecules need 

chromophore moieties in their structure. According to the IUPAC, a chromophore is the 

part of a molecular entity consisting of a single atom or a group of them in which the 

electronic transition responsible for a specific spectral band is approximately localized.[2] 

Among the typical atoms or group of atoms that form a chromophore are organic 

functional groups such as olefins, aromatic rings, ketones or enones. Then, the first stage 

in a photochemical process is the absorption of light by the chromophore, to reach an 

excited state of the molecule: M + h → M*. The energy of the incident photon must be 

adequate to be photochemically active. It means that the energetic gap between both 

states of the molecule should correspond to the energy of the photon. This statement is 

the Grotthus-Draper law and is known as the first principle of photochemistry: “only that 

light which is absorbed by a system can induce a photochemical change”. The processes 

that a molecule may suffer upon absorption of light can be analysed with the Jablonski 

diagram, Figure 1. 
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Figure 1: Jablonski diagram 

The diagram starts from a molecule in the ground state (S0), see Figure 2. Through 

the photon absorption process, an electron is promoted to a more energetic electronic 

level, known as first, second, etc., singlet excited states (S1, S2, etc.). Usually, the electron 

reaches the first singlet excited state (S1), see Figure 2, since in case it would have reached 

any further level (S2, etc.) it rapidly (in few picoseconds or even less) relaxes through 

internal conversion to the S1. The electron can reach any of the vibrational levels within 

the S1, but typically it relaxes to the lowest vibrational one through a rapid process called 

vibrational relaxation that normally takes few picoseconds.  

The lifetime of the molecule at the S1 is usually in the range of nanoseconds and 

there are several processes that can take place from here. For instance, it can return to 

the ground state by a radiative process (fluorescence emission) or by thermal conversion 

(internal conversion). Moreover, the molecule can suffer spin conversion to the first 

triplet excited state through intersystem crossing. In case of reaching the triplet excited 

state (T1), see Figure 2, several processes may also happen; a non-emissive deactivation 

by intersystem crossing back to the ground state or a radiative deactivation by 

phosphorescence emission. In addition, singlet or triplet excited states (or even both) can 

react with a suitable molecule present in the media through electron or energy transfer 

processes; [3] these processes will be deeply explained in section 1.2. The spin conversion 

associated to the intersystem crossing makes lifetimes of triplets longer, in the order of 

microseconds, compared to those of the singlets.  
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Figure 2: Spin electron configuration in the HOMO and LUMO. 

In addition, it is worth mentioning that the pathways that a molecule can pursue 

after the absorption of light are not exclusive, but competitive among them. Therefore, 

the mechanistic understanding of a system is crucial for its optimization. 

At this point, a comparison between classical chemistry and photochemistry can 

be made regarding the energy needed to activate a reaction. In classical chemistry, this 

energy is known as Thermal Activation Energy, while the energy employed in a 

photochemical process is given by the absorbed photons: for every quantum of light that 

is absorbed, only one molecule of substrate can react (in addition, other non-reactive 

photophysical processes such as internal conversion or luminescence emission may also 

occur), this is the Stark-Einsten law postulated at the beginning of the 20th century and 

known as the second law of photochemistry. The main difference between them arises 

in the range of energy that they manage: with the Thermal Activation, the translational, 

rotational and vibrational degrees of freedom are involved, but not the electronic ones, 

which can only be photochemically excited. For instance, the photons absorbed in the 

UV-vis range, comprise energies from 41 kcal mol-1, at 700 nm, to energies as high as 143 

kcal mol-1, at 200 nm, being able to break a wide range of covalent bonds in organic 

chemistry, ie. from O-O bonds (35 kcal mol-1) to O-H bonds (110 kcal mol-1).[4] Therefore, 

the energy obtained by the excited molecule minimizes the energetic barrier to afford a 

subsequent chemical reaction, see Figure 3 . Moreover, photochemical reactions may be, 

HOMO

LUMO

S0

Ground state

S1

Singlet excited state

T1

Triplet excited state
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in principle, more selective than thermal ones, as modulation of light allows exciting an 

only one molecule in a mixture, while in a thermal reaction the entire pot should be 

heated to run the reaction. 

  

Figure 3: Simplified reaction coordinate system to compare the energetic barrier 

of a thermal (left) to a photoinduced (right) reaction, where EA represents the activation 

energy and h the energy absorbed by the molecule to reach an excited state (E*). 

1.2.  Energy transfer and electron transfer processes 

When a molecule at any excited state (singlet or triplet) interacts with a second 

molecule in its ground state, several processes can follow that interaction: they include 

electron transfer and energy transfer, as anticipated in section 1.1. To explain these 

phenomena, the possible overlap between the molecular orbitals of the donor (D) and 

the acceptor (A) should be considered for both processes, and in addition, in the specific 

case of energy transfer, the interaction of an oscillating dipole electric field should also 

be taken into account. 

Electron transfer requires orbital overlap between one molecule that is the donor 

(D), and the other one that is the acceptor (A). When the acceptor is at any excited state 

(A*) the electron transfer will take place from the HOMO of D to the HOMO of A*, resulting 

in the corresponding radical ions A·- and D·+, see Figure 4A. On the contrary, when the 

donor is the excited species (D*), electron transfer will take place from the LUMO of D* 

to the LUMO of A, resulting again in the corresponding radical anions D·+, and A·-, see 

Figure 4B. The capability of the excited molecules to act as electron donors and acceptors 

is a key factor for the photoredox catalysis and will be discussed in section 1.3. 

EA E*

h
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A) 

 

B) 

 

Figure 4: Representation of the electronic configurations involved in an electron 

transfer process, when the excited species is the acceptor (A) or the donor (B). 

Energy transfer processes could take place through two mechanisms: the Dexter 

mechanism, which involves electron exchange and requires orbital overlap, or the Förster 

mechanism which involves a through space interaction dipole-dipole. In the case of 

energy transfer through electron exchange or Dexter mechanism, see Figure 5, an 

electron from the LUMO of the excited species (D*) travels to the LUMO of the accepting 

species (A), and an electron from the HOMO of the accepting species (A) travels to the 

HOMO of the donor species (D*). As a result, the donating species returns to the ground 

state and the accepting species reaches an excited state. Since Dexter mechanism 

requires molecular orbital overlap between D and A, the process is highly distance-

dependent. In addition, the energy transfer will be possible regardless the singlet or 

triplet nature of D*, see Figure 5A and B. 
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A) 

 

B) 

 

Figure 5: Representation of the electron exchange involved in an energy transfer 

process through a Dexter mechanism. The excited species is at the singlet excited state 

(A) or at the triplet excited state (B). 

In the dipole – dipole interactions or Förster mechanism, an oscillating electric 

field induces the movement of one electron from the LUMO to the HOMO of the excited 

molecule (D*) and the movement of a second electron from the HOMO to the LUMO of 

the second molecule (A), as a result, the excited molecule returns to its ground state (D) 

and the acceptor molecule reaches the excited state (A*), see Figure 6. Since no electron 

is exchanged, there is no need for orbital overlap and that is why distances between both 

species can be longer than in the Dexter mechanism. However, due to the spin 

conservation, the Förster mechanism will only be possible when the donor is a singlet. 

The reason is simple, in the simultaneous electron movement from the LUMO to the 
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HOMO of the excited donor and from the HOMO to the LUMO of the acceptor, each 

species conserves its electrons. Therefore, when the excited species is a singlet, 

multiplicity is conserved, see Figure 6A, but when it is a triplet the spin inversion will not 

allow carrying out the process, see Figure 6B. [3, 5] 

A)

 

B) 

 

Figure 6: Representation of the electron exchanges involved in an energy transfer 

process through a Förster mechanism, when the donor is at the singlet excited state (A) 

or at the triplet excited state (B). 

In the present dissertation electron transfer will be studied in detail for several 

photoredox systems. However, energy transfer is out of the scope and will just be applied 

in future sections as the process to obtain the singlet oxygen species (1O2) from oxygen. 
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1.3.  Photoredox processes. Thermodynamic and kinetic analysis of photoredox 

processes 

Photoredox processes are being exploited as catalytic cycles and are becoming a 

hot field considered as Green Chemistry. Photocatalysis has found applications in the 

degradation of recalcitrant pollutants from industrial wastewaters and more recently, in 

synthetic routes for new industrial procedures, among other applications. Its wide use is 

mainly due to the selective and mild conditions that it offers. The selectivity comes from 

the presence of specific chromophores in the molecular structure of the photocatalyst; 

therefore, depending on the selected photocatalyst, the wavelength of the irradiation 

source is modulated. On the other hand, the mild conditions come from the properties 

of the excited states, that offer the capability of acting as better electron donors and 

acceptors. This phenomenon can be explained by comparison of the electron affinity (EA) 

and the ionization potential (IP) from the ground and the excited states of a diamagnetic 

molecule, see Figure 7. The IP for the excited molecule is lower than that of the molecule 

at the ground state; while the EA is higher. Then, the addition of an electron to the half-

filled HOMO of the excited molecule is more exothermic than its addition to the LUMO 

of the ground state molecule; therefore, the reduction process is thermodynamically 

more favored for an excited molecule. Regarding to the oxidation, removing an electron 

from the half-filled LUMO of the excited molecule is less endothermic than when it is 

taken from the HOMO of the ground state molecule (IP from the LUMO vs IP from the 

HOMO).[6] 

 

Figure 7: Reduction and oxidation of a molecule in its ground (left) or excited 

(right) state. 
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This behavior can be mathematically explained with the Gibbs free energy 

expression, for the case of the ground state molecule (Eq. 1), or with its adaptation to the 

photoredox reaction, with the photoinduced free Gibbs energy equation, for the case of 

the excited molecule (Eq. 2).[7] 

A typical redox process between two molecules at the ground state can be 

described as:  

D + A → D·+ + A·- 

Therefore, the thermodynamic feasibility of the process will be calculated 

according to the Gibbs free energy: 

Eq. 1. ∆𝐺0 =  −[𝐸𝑟𝑒𝑑
0 (𝐴/𝐴·−)   −  𝐸𝑟𝑒𝑑

0 (𝐷·+/𝐷)] + ∆𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 

Where 𝐸𝑟𝑒𝑑
0 (𝐴/𝐴·−) is the reduction potential of the accepting species, 

𝐸𝑟𝑒𝑑
0 (𝐷·+/𝐷) is the reduction potential of the donating species and ∆𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 

measures the interactions between the ions in the dielectric constant of the employed 

solvent. The latter term could be discarded when polar solvents, with high dielectric 

constants that reduce the Coulombic attraction between ions, are used.[6] 

In the case of a photoredox system in which, for example, the acceptor species is 

the excited molecule, the process can be described as:  

A + h → A* 

A* + D → A·- + D·+ 

In this case, the thermodynamics needs to take into account the energy of the 

excited species, and it will be given by the photoinduced Gibbs free energy equation: 

Eq. 2. ∆𝐺𝑒𝑡
0 = −[𝐸𝑟𝑒𝑑

𝑜 (𝐴 𝐴.−⁄ ) − 𝐸𝑟𝑒𝑑
𝑜 (𝐷·+/𝐷)] − 𝐸∗(A) + ∆𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 

Where 𝐸∗(A) is the energy of the excited state of the molecule (singlet or triplet). 

Attending now to Eq. 2, it is easy to observe how the subtraction of the energy of the 

excited state results in a more thermodynamically favored process. Under this concept 

relies one of the most energetic advantages of photochemistry. In some cases, it is used 
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the redox potential of the excited state, that, rearranging from Eq. 2, can be defined as 

in Eq. 3. 

Eq. 3 (𝐸𝑟𝑒𝑑
0 (𝐴/𝐴·−))∗ =  𝐸𝑟𝑒𝑑

𝑜 (𝐴 𝐴.−⁄ ) +  𝐸∗(A) 

Eq. 2 will be very useful in further experimental sections to assess whether a 

photochemical reaction will be thermodynamically favorable. However, this analysis is 

not enough to confirm whether a photoredox process will take place. Since the 

participating species exhibit short lifetimes, kinetics of the excited state molecules will be 

crucial to understand if a process will take place or not. More specifically, the lifetime of 

the excited species will act as a “timer”, then the reaction must take place during the 

“countdown” of the excited species, if it cannot occur in that period of time, it will not be 

effective despite of being thermodynamically favored. Therefore both analyses should be 

taken into account to understand the mechanism involved in a photoredox process and 

optimize it.[6] 

The study of the kinetics usually requires spectroscopic and fast kinetic tools such 

as steady-state and time-resolved fluorescence emission spectroscopy, to study the 

processes that involve the singlet, and phosphorescence emission and laser flash 

photolysis (LFP), to study the processes involving the triplet. In general terms, upon 

steady state fluorescence experiments, the emission of the excited species is measured 

upon addition of the quencher; therefore, if there is an interaction between the ground 

state or the singlet state of the photocatalyst and the quencher, the emission intensity 

will decrease. To determine the kinetic constant of such process, the Stern-Volmer 

equation is employed: 

Eq. 4. 
𝐼0

𝐼𝑖
= 1 + 𝐾𝑆𝑉 · [𝑄]𝑖 

Eq. 5. 𝑘𝑞 = 𝐾𝑆𝑉
𝜏0

 

Where I0 is the emission of the photocatalyst (in arbitrary units), Ii is the emission 

of the photocatalyst (in arbitrary units) after adding a specific concentration of the 

quencher, [Q]i is the quencher concentration at each specific addition (M) , KSV is the 

steady-state Stern Volmer constant (M-1), 0 is the lifetime of the excited species in the 
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absence of the quencher (s) and kq is the kinetic constant (M-1·s-1). This experiment is 

useful as indicating if a process has taken place. However, this information is not 

unequivocal since any formed complex involving the ground state of the photocatalyst 

may provide a decrease in the fluorescence emission that does not correspond to a real 

quenching of the singlet excited state. Therefore, time-resolved experiments obtained 

from time-resolved fluorometer (to evaluate participation of the singlet) and LFP 

experiments (to evaluate participation of the triplet) are needed. In this kind of 

experiments, the lifetime of the excited species is measured upon addition of increasing 

concentration of quencher. To determine the kinetic constant, the Stern-Volmer 

equation is applied: 

Eq. 6. 
1

𝜏𝑖
=

1

𝜏0
+ 𝑘𝑞 · [𝑄]𝑖 

Where i (s) is the lifetime of the excited species after adding a specific amount of 

quencher. Although these experiments provide the kinetic constant of the quenching 

process, a more valuable piece of evidence of a photoredox reaction will be given by the 

absorption spectrum of any of the intermediates formed in the process from LFP 

experiments if their lifetime is long enough. These spectra can act as an unequivocal proof 

of the photoredox process. 

Finally, in the case of a ground state complex formation, Job’s plot experiments 

can be carried out in order to investigate the stoichiometry of the complex (PC+--Q '+). 

[8, 9] In these experiments, the UV absorption is recorded at a specific wavelength for 

several solutions, keeping the total concentration [PC + Q] constant, while varying the 

corresponding molar fraction. For an unknown stoichiometry, the equilibrium complex 

will be described as: 

 

Thus, the equilibrium constant will be given by: 

Eq. 7. K =
[𝑃𝐶⋯𝑄𝑛]

([𝑃𝐶]0−[𝑃𝐶⋯𝑄𝑛])([𝑄]0−𝑛[𝑃𝐶⋯𝑄𝑛])𝑛 
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Where [PC]0 is the initial concentration of photocatalyst, [Q]0 is the initial 

concentration of quencher and [PC---Qn] is the concentration of complex formed in the 

equilibrium. 

In the common case of a 1:1 stoichiometry, the Benesi-Hildebrand relationship [8, 

9] can be used to determine the complexation constant from the steady-state 

fluorescence data previously obtained. 

Eq. 8. 
1

𝐼𝑜−𝐼
=

1

𝐼𝑜
+

1

𝐼0𝐾[𝑄]
 

Where Q represents the quencher (M), I is the fluorescence emission intensity 

and K is the resulting complexation constant (M-1). 

An overall analysis of the described experiments is needed to understand the 

mechanism involved in a photoredox process. However, these valuable tools are not 

available in every laboratory and despite the huge advance that the photoredox field is 

living, little attention has been paid to the examination of the kinetic feasibility of the 

involved processes. Therefore, the mechanisms involved are not always clear enough or 

they are uncomplete. The group of Prof. Scaiano in Ottawa, among others, has pointed 

the lack in the field, and, as a result, several articles have been published as “tutorials” 

that explain how to analyze thermodynamically and kinetically this kind of systems, in 

which photocatalysis is applied to develop synthetic routes. [6, 10] 

Attending now to the nature of the photocatalysts it is worth mentioning that in 

the last decades, the most commonly employed visible-light photocatalysts are metal 

complexes based on Ru or Ir. Though advantageous in terms of stability and activity, these 

metals are expensive and scarce on Earth, which leads into difficulties with respect to 

large-scale application and sustainability for industry. [11] Maybe that is why 

photocatalysis, despite demonstrating to be a top tool, is still regarded as a process 

confined to the laboratory. Thus, the use of organic molecules, able to absorb visible light, 

as photocatalysts, may provide a deep understanding of the mechanisms and will 

contribute to the current state of art. 
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1.4.  Application of photochemistry and photocatalysis 

Photochemistry has been applied to many different fields.[12] Some of them 

include the development of photochemical devices, such as irradiation sources for 

photochemical reactors, LEDs, etc.; the study of new synthetic routes in chemistry; the 

branch known as photoelectrochemistry, which involves solar cells, photocatalytic water 

splitting for H2 production or harvesting light as an artificial photosynthesis for biofuel 

production; the biomedical field, in which applications are mainly focused on deleterious 

effects of light, photoprotection or therapeutic uses of light; several techniques such as 

fluorescence microscopy, lithography, imaging, electro-generated chemiluminescence, 

etc. Besides, the area known as environmental photochemistry covers topics such as 

degradation of pollutants through advanced oxidation processes (AOP), in which the use 

of organic photocatalysis has demonstrated to be a potential alternative. The study of all 

of them is obviously out of the scope of the present dissertation. Herein, Part I and II, are 

devoted to photocatalysis for wastewater remediation, and Part III, describes the 

application of photocatalysis to synthetic chemical purposes. Nevertheless, since one of 

the main goals of this work is the study of the mechanisms involved in a photoredox 

process, it will be demonstrated how such two different fields can be rationally analysed 

with the tools above described. 

1.5. Contaminants of Emerging Concern and Photocatalysis as an Advanced Oxidation 

Process (AOP) 

1.5.1. Contaminants of Emerging Concern 

Water is essential for life on Earth; however, about 15% of the world’s population 

lives in areas of water stress,[13] caused mainly by anthropogenic activities. Within the 

European Community, water resources are under growing pressure due to the increasing 

demand, need of good quality and enough quantity for all uses. 

Under this context, the European Union created in 2000, a common legislation, 

the Water Framework Directive, WFD (2000/60/CE), to ensure the water quality and also, 

to establish homogeneous environmental goals among the State Members. Within this 

Directive, the formulation of a list of 33 compounds known as Priority Substances was 

achieved. A Priority Substance is a compound that can be risky for the aquatic media due 
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to several aspects: an intrinsic danger related to the nature of the substance, as aquatic 

eco-toxicity and human toxicity, or due to proofs obtained from a wide environmental 

exposure. The 2013/39/UE Directive updated this list up to 45 substances and established 

that the Environmental Quality Standards, EQS, must be achieved before the end of 2027 

for all the 45 substances. These substances include metals such as cadmium, lead or 

mercury, benzylic compounds or halogenated compounds, among others. The directive 

specifies their maximum concentration permitted in water, and highlights that 

wastewater treatments can be expensive, thus, suggests the development of innovative 

technologies to obtain cheaper treatments. 

In parallel to this, a new concept has been introduced in the last years in the field 

of water treatment, that is Contaminants of Emerging Concern, CECs, also known as 

Emerging Pollutants, EPs. This term usually refers to compounds of different origin and 

chemical composition, whose presence in the environment is not significant in terms of 

distribution or concentration, therefore they may have passed unnoticed,[14] and there 

is little information about their potential impact in the environment. However, the highly 

specialized detection equipment available nowadays allows detecting these 

substances,[15] therefore their presence is becoming a concern.[16, 17] Among them, 

there are pesticides, pharmaceutical compounds, illegal drugs, steroidal hormones, 

personal care products, surfactants, flame retardants, food additives or “lifestyle 

products” like caffeine or nicotine.[14] They usually reach the environment through 

domestic or industrial wastewaters,[15, 18] hospital effluents,[19] and agricultural and 

farming activity.[20] Their massive production and use introduce constantly these 

compounds in the environment, therefore irrespective to whether they are persistent or 

not, they could have a negative impact. Due to the lack of information of these 

substances, a new directive (2015/495/CE) was published in 2015. This directive 

stablishes a first observation list with 10 substances which are required to be monitored 

in the Union, in order to provide solid knowledge for future priority assignation. The 

observation list substances have been selected among those which current available 

information points out that may be significantly risky at the Union for the aquatic systems. 

To be included at the observation list, substances must represent a risk for the aquatic 

media, used at the State members and poured to the aquatic media, but rarely 
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monitored. Therefore, at present, there is no regulation for these compounds, but they 

are potential candidates to be included in future regulations, depending on their effect 

on health and on aquatic organisms. 

Conventional wastewater treatment plants are not properly designed to remove 

CECs.[21, 22] Moreover, pollutants such as pharmaceuticals or personal care products 

exhibit a great variety of chemical properties, therefore the success in their removal will 

depend on their particular properties.[14] All these precedents have encouraged 

scientific community to investigate new treatments for the removal of the so-called CECs. 

Some of them are ultrafiltration, use of adsorbents or membranes, biological treatments, 

direct photolysis, advanced oxidation processes or a combination of them. However, it is 

worth mentioning that these protocols are not fully established and are on preliminary 

steps of research.[23, 24] Up to date, no effective removal technology has been 

developed to simultaneously remove all the CECs, although some technologies have 

demonstrated potential.[25] 

1.5.2. Photocatalysis as an Advanced Oxidation Process 

In 1987, Glaze et al. contributed with one of the first references about Advanced 

Oxidation Processes, AOP’s, defining them as processes that mainly use hydroxyl radical 

(OH·), generated through different pathways, to oxidize hardly degradable matter at mild 

conditions of pressure and temperature.[26] Hydroxyl radical is a very oxidizing reactive 

oxygen species (ROS) with an oxidation potential of 2.8 V (at pH 0) or 1.95 (at pH 14) vs 

SCE; therefore, it rapidly reacts non-selectively with other compounds with rate 

constants in the order of 108 – 1010 M-1s-1. [27] Due to its short lifetime, hydroxyl radical 

is in situ produced through different methods.[27] Moreover, other AOP’s, that may 

include hydroxyl radical, have been developed during the last decades. Roughly, AOP’s 

are currently defined as physico-chemical processes able to produce transient reactive 

species which are highly efficient in the oxidation of the hardly degradable matter, and, 

in principle, this matter is transformed in innocuous derivatives that are then treatable 

with further processes. Current AOP’s are mainly based on UV/O3, UV/H2O2, Fenton, 

photo-Fenton, nonthermal plasmas, sonolysis, photocatalysis, radiolysis, supercritical 

water oxidation processes or the generation of other reactive oxygen species, such as 



16 

superoxide anion radical, hydrogen peroxide and singlet oxygen.[28-32] All the generated 

transient species are highly oxidizing, such as the hydroxyl radical, and therefore, non-

selective, being able to oxidize mixtures of compounds that would remain stable under 

other conditions. Therefore, the main advantage that they offer remains in their low 

selectivity, and, in principle, in the generation of non-dangerous by-products. 

Furthermore, several of them can be activated by UV-vis light, making them very 

interesting processes regarding to environmental sustainability criteria.[24] All these 

characteristics, convert these methodologies in potential processes to remove the so-

called CECs in order to depurate wastewaters,[33] as an alternative for conventional 

treatments.[34-37] Nowadays, several AOP have been applied for the decontamination 

of waters, gases or soils.[38-40]  

In the case of heterogeneous photocatalysis, the most widely used photocatalyst 

is TiO2. This photocatalyst exhibits great activity, high stability, low cost and 

nonenvironmental impact. It is commercially found as anatase and rutile, being anatase 

the most active one. 

Upon UV irradiation, TiO2 promotes one of its electrons from the valence band to 

the conduction band (band gap of 3.2 eV), becoming a very reactive species.[41] 

Subsequently, it can mainly experience two different reactions: hydroxyl radical 

formation (reaction with water) and superoxide radical anion formation (reaction with 

oxygen).[42] Many works using TiO2 have been reported, such as the photodegradation 

of 3,4-dichloropropionamide,[43] paraquat,[44] carbetamide,[45] carbaryl[46] and other 

carbamates,[47-49] imidacloprid and other neonicotinoid insecticides,[50, 51] 

imazalil,[52] phenols and chlorophenols,[53-56] nitrophenols,[57] lindane[58, 59], 

several organophoosphorous pesticides,[49, 60-66] pyrimethanil,[67], phenylurea 

herbicides,[68] isoproturon,[69] etc. 

Despite all these pros in the use of TiO2, there are other practical problems 

associated to it. It is only able to absorb light  in the UV-A and UV-B regions; therefore, 

only around 7% of the solar spectrum is used, see Figure 8. Besides, it needs appropriate 

electron acceptors to avoid recombination of the electron and hole, since in their 

absence, it is the most effective process. Finally, despite being heterogeneous, TiO2 is 
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generally used as a thin powder, and at large scale, the catalyst-recovering step is not 

easy due to the small particle size.[24] 

 

Figure 8: Intensity and ranges of the Solar emission spectrum. Inset: TiO2 diffuse 

reflectance. 

A less explored field in the decontamination of toxic effluents, as an alternative to 

other more stablished AOP, is the use of organic photocatalysts.[70] Under this context, 

some examples are the photodegradation of pollutants such as mercaptodimethur and 

ethiofencarb using anthraquinone,[71] chloroaromatic pesticides using N,N,N’,N’-

tetramethylbenzidine,[72] fenitrothion and organophosphorous pesticides using 

acetone,[73, 74] organophosphorous pesticides, phenylamide fungicides, sulfonylurea 

and chlorpyrifos using humic and fulvic materials,[75-78] 2-mercaptobenzothiazole using 

methylene blue,[79] phenols and other pesticides with a variety of photocatalysts [80-

85], etc. 

The main advantage of using organic dyes as photocatalysts remains in the fact 

that they do not contain metals and normally exhibit strong absorption bands in the UV-

vis range, being able to more efficiently use the visible portion of the solar irradiation, 

see Figure 8.[70] Therefore they take advantage of the range that Sun mainly offers 
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(Visible light) in comparison with TiO2 which only uses UV-B and UV-A, see Figure 8. The 

present thesis will be focused on the use of organic dyes as photocatalysts for wastewater 

remediation, therefore, only this procedure will be deeply commented below. 

The excited states of organic photocatalysts present better redox properties than 

ground states; therefore, they will be able to oxidize the compounds present in the media 

through electron transfer mechanism. Besides, some of these photocatalysts can also 

generate reactive oxygen species (ROS). [70, 86, 87] For this reason, the mechanism 

underlying these photodegradations deserves a deeper investigation. 

Regarding to the classification of the oxidizing reactions that involve 

photocatalysts able to act trough electron transfer processes and also to generate any 

kind of ROS, a very active controversy has been found in the literature.[88] The probably 

most cited work related to this topic is that presented by Foote in 1991, which 

accumulates more than one thousand citations.[89] In this work, the author classifies as 

Type I reactions those which involves either hydrogen atom or electron transfer, between 

the photocatalyst, from any of its excited states, and any substrate or solvent, yielding 

radicals. Meanwhile, Type II reaction corresponds to the reaction between the excited 

photocatalyst and oxygen. For the present thesis, Foote’s classification has been 

completed with other works.[90] Therefore, an electron transfer mechanism between 

the excited photocatalyst and a substrate that may be oxygen, resulting in the 

corresponding radicals would be considered a Type I photoreaction. Meanwhile, a Type 

II photosensitization will happen through energy transfer from the excited photocatalyst 

to oxygen, generating singlet oxygen, see Scheme 1. 
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Scheme 1: Classification of processes as Type I and Type II, where PC represents 

the photocatalyst. 

When a photocatalyst is able to react through both Type I and Type II mechanisms, 

elucidation of the involved pathway is not trivial. Several experiments have to be 

performed to determine if singlet oxygen is being formed and to elucidate if is actually 

working as an oxidant for the pollutants. In the present thesis, time resolved 

phosphorescence measurements using laser flash photolysis will be employed to 

determine the phosphorescence emission (at 1270 nm) of 1O2 and the shorten of its 

lifetime upon addition of the substrates. Results will be analyzed together with direct 

reaction between excited states of the photocatalysts and the pollutants. 

Nevertheless, the use of organic photocatalysts in pollutants’ degradation also 

comprises several limitations. Among them, it is difficult to recover them after the 

reaction and they could present potential toxicity. To overcome these drawbacks, 

heterogenization by supporting the organic photocatalysts onto solid materials such as 

adsorption into zeolites or covalent linkage to different inorganic supports is desirable. 

Nevertheless, understanding their behavior in the homogeneous phase is crucial prior to 

heterogenization.[12] Under this context, the present dissertation will be focused on the 

use of several photocatalysts as homogeneous photoredox process mediators to study 

both, the viability of their potential and more interestingly, the elucidation of the involved 

mechanisms. 

More recently, a novel class of treatments, called Advanced Reduction Processes 

(ARPs), are being developed alone, or in combination with the more common oxidation 
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techniques under the name of Advanced Oxidation and Reduction Processes (AO/RPs). 

The basis of ARPs is similar to that of AOPs, but in this case highly reducing radicals are 

applied for degradation of contaminants. Therefore, the difference between AOPs and 

ARPs relies in the nature of the reactive species which react with the pollutants to 

degrade them.[91] Different reducing agents have been used, such as, sulfur dioxide 

radical anion (SO2
·-) obtained from dithionite (S2O4

2-);[92] sulfite radical anion (SO3
·-) and 

hydrated electron (e-
eq) [93-95] obtained from sulfurous acid (H2SO3), bisulfite (HSO3

-) 

and sulfite (SO3
2-). In the case of sulfite radical anion, it could act as reductant (donating 

an electron and reacting with water to form sulfate), or as an oxidant (accepting an 

electron to return to sulfite);[91] and also metals such as elemental (zero valent) iron 

(ZVI) [96, 97] with a redox potential of -0.45 V. [98] 

S2O4
2-  →  2SO2

·- 

SO3
2-   +  h (315nm)  →  S03

·-  +  eeq 

However, in general, reduction processes are used in combination as AO/RPs. 

AO/RPs usually involve the formation of hydroxyl radicals (OH·) as oxidizing species and 

hydrated electrons (e-
aq) as reducing species.[99, 100] A studied process to generate 

these species is through Vacuum UV (VUV; 185 + 254 nm) in which OH· and e-
eq are 

formed through photoionization and homolysis:[101, 102] 

Photoionization: Homolysis: 

H2O + VUV ( = 185 nm) → OH· + H+ +e-
eq H2O + VUV ( = 185 nm) → OH· + H· 

H· + H2O →H3O+ + e-
eq 

These procedures are in a first stage of study and deserve research to develop the 

potential of ARPs and/or AORPs.[91, 98]  

1.6.  Background and collaborations within our research group 

Recent results directly related with this Thesis come from the projects that have 

been developed within the Photochemistry Group at the Institute of Chemical 

Technology from the Universitat Politècnica de València, as independent studies or in 

collaboration with other groups. The most relevant are summarized in this section. 

1) As starting point, a deep study on the potential of 2,4,6-triphenylpyrylium 

tetrafluoroborate (TPP+) as an electron-transfer photosensitizer was performed. Thus, 
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TPP+ was fully characterized and several applications of this photocatalyst were 

explained. This study was published as a review which accumulates around 230 cites.[86] 

2) A wide compilation of the properties of different photocatalysts used in 

wastewater remediation. This study resulted in a review that summarizes the main 

photophysical data from the typical photocatalysts used in this field and accumulates 

more that 140 cites. [70] 

3) A study on the role of OH· as species responsible for the photodegradation of 

several pesticides under different oxidative conditions.[103, 104] 

4) A doctoral thesis entitled “Efecto de distintas especies reactivas generadas 

fotoquímicamente sobre la eliminación de contaminantes presentes en aguas naturales” 

by Juan Gomis. In this thesis, the reactivity of a model mixture of pollutants was studied 

through several advanced oxidation processes. Among them, the use of TPP+ and TPTP+ 

(2,4,6-triphenylthiapyrylium) as photocatalysts to photodegrade them were evaluated. 

These photochemical preliminary results worked as starting point for Chapters 4 and 5 of 

the present Thesis. 

With this background, the present Thesis is divided in three parts. The first part is 

devoted to Oxidative Electron Transfer, the second part is about Type I vs Type II 

processes, and the third part is entitled Reductive Electron Transfer. For the oxidative 

electron transfer processes for wastewater remediation, two photocatalysts (TPP+ and 

TPTP+) have been employed with different objectives. For the investigation of Type I vs 

Type II processes, three photocatalysts (N-methylquinolinium, rose bengal and 

perinaphthenone) were evaluated for wastewater remediation as photocatalysts able to 

act trough the two different pathways. Finally, for reductive electron transfer processes, 

riboflavin has been used as a photocatalyst able to photochemically give rise to a reduced 

species that subsequently act as a reductant of several halogenated compounds. 
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2. Objectives 

 

The general objective of this Thesis is to use organic photocatalysts to gain a deep 

understanding of different photoredox processes. Under this context, the specific 

objectives of the present Thesis are: 

- To study the viability of organic photocatalysts as photoredox process initiators 

for wastewater remediation. 

- To provide evidence for the formation of intermediates to elucidate the 

mechanisms involved in the photoredox reactions. 

- To investigate the contribution of Type I vs Type II mechanisms in the 

photodegradation of pollutants. 

- To investigate the kinetics of the intermediates involved in photocatalytic 

processes with chemical purposes. 
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PART I: 

OXIDATIVE ELECTRON TRANSFER PROCESSES 
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Preamble 

 

The use of organic photocatalysis as an advanced oxidation process (AOP) is an 

alternative that has demonstrated high efficiency for removal of recalcitrant organic 

contaminants.[24, 105-108] The photodegradation occurs through the formation of 

highly reactive species that subsequently react with the pollutants. Therefore, organic 

photocatalysts have been widely employed to oxidize pesticides,[82, 103] or emerging 

pollutants, such as drugs in wastewaters effluents.[109-111] One of the main advantages 

of organic photocatalysts is that they exhibit absorption bands in the UV-vis region, which 

can be excited to generate transient species able to interact with the substrates.[70, 112] 

Among them, solar-driven ones are particularly interesting since they could be 

considered as green methodologies.[107] A complete analysis of these systems requires 

the possibility of monitoring the derived-excited species which usually exhibit short 

lifetimes. Thus, the difficult detection of these short-lived primary key species involved in 

the photocatalytic processes has hampered the elucidation of the reaction mechanisms 

behind these reactions.[104] Interestingly, photophysical techniques based on emission 

and UV-vis absorption spectroscopy, provide time-resolved data in the nano or 

microsecond scale. They allow direct monitoring and quantification of reactive species; 

therefore, they can be applied to gain insight into the mechanistic aspects of the photo-

redox reactions.[70] 

Under this context, organic photocatalysts, such as 2,4,6-triphenylpyrylium (TPP+) 

and 2,4,6-triphenylthiapyrylium (TPTP+) salts, see Figure 9, have been reported as good 

oxidants from their excited states, see section 1.3. Both photocatalysts are able to absorb 

UV-vis light and have been employed to produce the photodegradation of pesticides 

under real solar irradiation mainly through electron transfer mechanisms.[85, 113-115]  

More specifically, upon irradiation, both can oxidize contaminants from their 

singlet and triplet excited states and also through the formation of ground-state 

complexes. Their photophysical properties are shown in Table 1.[103, 111, 116, 117] 
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A) 

 

B) 

 

Figure 9: Chemical structure and UV-vis absorption spectra of 2,4,6-

triphenylpyrylium (TPP+) salt (A) and 2,4,6-triphenylthiapyrylium (TPTP+) salt (B) in 

acetonitrile. 

 Table 1: Main photophysical properties of TPP+ and TPTP+.[70] 

Parameter TPP+ TPTP+ 

F 0.47 0.06 

ISC 0.53 0.94 

S 4.4 x 10-9 s 4.4 x 10-9 s 

T 6.3 x 10-6 s 4.4 x 10-6 s 

ES 66 kcal mol-1 66 kcal mol-1 

ET 53 kcal mol-1 52 kcal mol-1 
1O2 none none 

O2
·- none none 

 

On these bases, these photocatalysts have been selected herein with three 

different purposes: 

i) In the first project, the viability of the photodegradation of two pollutants from 

cork industry, gallic acid and 2,4,6-trichloroanisole, and the involved mechanisms, have 

been evaluated using both photocatalysts. 

ii) In the second study, direct detection of all the TPP+ derived short-lived 

intermediates in the photocatalyzed oxidation of a mixture of pollutants using TPP+ was 

proposed as a methodology to assess the photodegradation extent. 
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iii) In the last study, the role of singlet and triplet excited states in the 

photocatalytic treatment of a mixture of pollutants, at different concentrations, was 

evaluated using TPTP+ as photocatalyst. 
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3. Photocatalytic Treatment of Cork Wastewater Pollutants. Degradation of 

Gallic Acid and Trichloroanisole using Triphenyl(thia)pyrylium salts. 

 

3.1. Introduction 

This chapter is focused on investigating the photocatalytic degradation of real 

pollutants present in wastewaters coming from a typical industry in Spain. Wine 

production in Spain involves a parallel cork stoppers industry to guarantee the quality of 

the product until consumption. The production of cork stoppers includes a post-harvest 

treatment of raw material with water at high temperatures to improve their plastic 

properties. However, the generated dark complex liquor contains suspended solids and 

also a high concentration of organic matter, see Table 2,[118, 119], being polyphenolic 

compounds the most representative organic pollutants.[120, 121] This kind of effluent 

exhibits low biodegradability, reducing the effectiveness of conventional biological 

treatments; [122-124] therefore the application of photocatalytic tools for their 

degradation offers good expectations. 

Table 2: Typical composition of cork boiling and bleaching wastewaters.[119] 

Parameter Cork boiling wastewater Cork bleaching wastewate 

Chloride (mg/L)  0.7 2.5 

Sulphate (mg/L)  42.0 1549 

Nitrate (mg NO3
-/L)  57.0 4.1 

Nitrite (mg NO2
-/L)  < 0.01 0.24 

Phosphates (mg P/L)  5.1 3.0 

Potassium (mg K/L)  1582 123 

Sodium (mg Na/L)  51 3954 

Calcium (mg Ca/L)  35 21.5 

Magnesium (mg Mg/L)  6.4 5.1 

Iron (mg Fe/L)  1.7 1.4 

Phenols (mg/l)  73.9 12.7 

Polyphenols (mg caffeic acid/L)  740 24 
 

Under this context, the aim of the present chapter is to investigate the 

photocatalytic degradation of gallic acid (GA) and 2,4,6-trichloroanisole (TCA), Figure 10, 

two typical pollutants present in the cork industry wastewaters, using TPP+ and TPTP+ as 
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organic photocatalysts, see Figure 9 and Table 1 in the Preamble of Part I. In addition, the 

involved mechanisms will be investigated to deeper explain the behavior of the involved 

transient species in the presence of each pollutant. 

 

 

 

 

Figure 10: Chemical structures of the selected cork wastewater pollutants 

together with their corresponding UV-visible absorption spectra in acetonitrile. 

3.2. Results and discussion 

The efficiency of the degradation of GA and TCA through homogeneous 

photocatalysis using TPP+ or TPTP+ acting via electron transfer [86, 125] was evaluated in 

organic media, under N2 and air. Lamps centred at 420 nm were used to ensure selective 

excitation of TP(T)P+·, and HPLC or GC analysis were used to monitor the disappearance 

of GA or TCA, respectively. 

Figure 11 shows complete removal of GA in less than one hour, while TCA was 

more reluctant to degradation. More specifically, in the case of TCA, the reaction rate 

decreased considerably after 20 hours, although 90% of TCA removal was only achieved 

after 50 hours using TPTP+ under air. This decrease in the photodegradation rate after 20 

hours, is attributed to the partial solvolysis of the central heterocyclic ring of the 

photocatalysts, which has been observed previously and was eventually solved upon 

adsorption onto inorganic supports.[114] Aerobic photodegradations were more 

efficient, regardless the photocatalyst used, than the anaerobic ones; however, GA was 

more efficiently removed with TPP+, while TPTP+ gave higher removal yields in the case 

of TCA. 
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A) 

 

B) 

 

Figure 11: Plot of the relative [GA] (A) or [TCA] (B) upon irradiation times under air 

(blank) or N2 (solid), using TPP+ (red) or TPTP+ (green) as photocatalysts (exc = 420 nm), 

monitored by HPLC (GA) or GC (TCA). [GA]o = [TCA]o = 5 mg/L, [TP(T)P+]o = 10 mg/L. 

Mass spectral analysis of the complex photolysis mixtures revealed formation of 

minor amounts of decarboxylated and oxygenated products from GA, while in the case 

of TCA the only identified product was 2,4,6-trichlorophenol.  

Control experiments to determine the extent of direct photolysis and the 

potential reaction occurring without light were carried out in the absence of 

photocatalyst and in the absence of light, respectively. Under these conditions, no 

significant degradation was observed after 1 h (in the case of GA) or 60 h (in the case of 

TCA), see Figure 12. 
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A) 

 

B) 

 

Figure 12: Plot of the relative [GA] (A) or [TCA] (B) upon irradiation times in the 

absence of photocatalysts (black), and in the presence of TPP+ (red) or TPTP+ (green) but 

in the absence of light, [GA]o=[TCA]o = 5 mg/L, [TP(T)P+]o = 10 mg/L. 

Both photocatalysts are known for acting via electron transfer; nevertheless, 

examples of participation of 1(TPP+)*,[114] 3(TPP+)*,[116] or a non-emissive ground state 

complex[103] in the removal of contaminants can be found in the literature. In the case 

of TPTP+, despite its high intersystem crossing quantum yield (ISC = 0.93)[70] 

involvement of 1(TPTP+)* was proposed in the removal of pyrimethanil or alachlor.[117] 

Therefore, it was necessary to perform a full mechanistic analysis of the participation of 

all the transient species to find out which one is responsible for the photodegradation of 

the selected contaminants. 

To investigate the participation of the singlet and/or the ground state of TPP+ or 

TPTP+ in the photodegradation of GA and TCA, fluorescence experiments were 

performed. First, steady-state fluorescence emission of TPP+ decreased upon increasing 

amounts of GA or TCA; while, emission of TPTP+ only decreased after adding TCA, 

remaining unchanged upon addition of increasing concentrations of GA, see Figure 13. 

From the Stern-Volmer relationships, Figure 13D, and the reported lifetime for the singlet 

excited state of TPP+ and TPTP+ (4.4 ns),[126] the corresponding quenching rate constants 

were obtained: 2.4 x 1010, 3.3 x 1010 and 5.9 x 1010 M-1s-1, for the quenching of TPP+ by 

GA, TPP+ by TCA and TPTP+ by TCA, respectively. 
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A) 

  

B) 

 

C) 

  

D) 

 

Figure 13: Steady-state fluorescence quenching of 1(TPP+)* by GA (A), 1(TPP+)*  by 

TCA (B) and 1(TPTP+)*  by TCA (C), and their corresponding Stern-Volmer plots (D), TPP+ 

and GA (●), TPP+ and TCA (■) and TPTP+ and TCA (■) in aerated acetonitrile solutions (exc 

= 405 nm). 

Secondly, time-resolved fluorescence measurements were performed to check 

the real involvement of the singlet excited species. In every case, the lifetime of both 

1(TPP+)* and 1(TPTP+)* remained constant upon increasing concentrations of GA or TCA, 

revealing that the singlet excited states of the photocatalysts are not involved in these 

reactions. Therefore, fluorescence experiments clearly pointed to the formation of 

ground-state complexes as the species responsible for the observed fluorescence 

emission quenching. 

The next step was to determine the stoichiometry of those ground state 

complexes, through Job’s plot experiments.[127, 128] Thus, binary solutions of 
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photocatalyst and pollutant at a constant total concentration of 1 x 10-5 M were prepared 

varying the pollutant molar fraction and their UV-Vis spectra were recorded, see Figure 

14A, B and C. Then, the product of the absorption at 406 nm and the pollutant 

concentration was plotted against the molar fraction of the pollutant, and a curve was 

obtained in the three cases. The maxima of these parabolas were found at Xpollutant = 0.5, 

which corresponds to a 1:1 stoichiometry, Figure 14D. 

A)

 

B)

 

C) 

 

D)

 

Figure 14: UV-visible spectra of mixtures of TPP+ and GA (A) or TCA (B) and of TPTP+ 

and TCA (C), [TP(T)P + GA/TCA] = 1x10-5M. Black traces: pure TP(T)P, dark blue traces: 

pure GA or TCA. Job’s plots for TPP+ versus GA (●), TPP+ versus TCA (■) and TPTP+ versus 

TCA (■) molar fractions (XQ), (D). 

The corresponding complexation constants were calculated from the slopes and 

intercepts of each fitting using the emission data obtained from the steady-state 

fluorescence experiments, Figure 15, according to the Benesi-Hildebrand relationship, 
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Eq. 8, section 1.3. [8, 9] The determined values were: KTPP-GA= 468.4 M-1, KTPP-TCA = 528.0 

M-1 and KTPTP-TCA = 657.1 M-1. 

 

Figure 15: Benesi-Hildebrand relationships for the formation of different 

complexes: TPP+ with GA (●), TPP+ with TCA (■) and TPTP+ with TCA (■). 

Finally, the possible involvement of the triplet excited state of the photocatalysts 

in the photodegradation of the pollutants was evaluated by laser flash photolysis (LFP) 

experiments with excitation wavelength at 355 nm. First, transient absorption spectra for 

the triplet excited states of each photocatalyst were recorded in deaerated acetonitrile, 

obtaining their typical broad absorption bands (400-600 nm) in the case of TPP+ and a 

sharp band centred at 470 nm for TPTP+, in agreement with data previously reported.[70, 

125] Then, the traces corresponding to the triplets were recorded (at 470 nm and 620 

nm for TPP+ and TPTP+, respectively) upon addition of increasing concentrations of the 

pollutants. 

In the case of GA, increasing concentration of the pollutant produced a decrease 

in the lifetime of the triplet excited states of both photocatalysts, see Figure 16A and 

Figure 16B for TPP+ - GA and TPTP+ - GA, respectively. The corresponding quenching 

constants were determined from the Stern Volmer linear relationships (Eq. 6), see the 

corresponding insets in Figure 16. Thus, the determined quenching constant values were: 

kq = 5.8 x 109 M-1s-1 and 9.8 x 109 M-1s-1, for the quenching of 3(TPP+)* and 3(TPTP+)* by GA. 
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A)  

 

B)    

 

Figure 16: Kinetic traces obtained upon irradiation (exc = 355 nm) of deaerated 

acetonitrile solutions (7 x 10-5 M) of TPP+ (A) or TPTP+ (B) in the presence of increasing 

concentrations of GA (0 – 7 x 10-5 M), recorded at 470 nm (A) or 620 nm (B). Insets: Stern–

Volmer plots for the reverse triplet lifetime of TPP+ (A) or TPTP+ (B) versus GA 

concentration. 

To get further evidence of the electron transfer process, the transient absorption 

spectra of TPP+ and of TPTP+ were recorded in the presence of GA (7 x 10-5 M), and 

compared to the corresponding spectra of the 3(TPP+)* and 3(TPTP+)* obtained in the 

absence of GA, see Figure 17. In the case of TPP+, the typical band corresponding to the 

semireduced pyranyl radical (TPP·) centred at 550 nm was observed, see Figure 17A. In 

the case of TPTP+, the spectrum also changed to a broad band between 450 and 575 nm 

approximately, see Figure 17B. This band can be attributed to the reduced species of 

TPTP+, which, to the best of our knowledge, remains undescribed in literature. 
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A) 

 

B) 

 

Figure 17: Transient absorption spectra obtained upon laser flash photolysis of 

deaerated acetonitrile solutions of TPP+ (A) and TPTP+ (B) (7 x 10-5 M) in the absence 

(blank) and in the presence (solid) of GA (7 x 10-5 M) recorded 2.4 μs after the pulse. 

When analogous experiments were performed using TCA, addition of increasing 

amounts of TCA did not have any effect on the lifetimes of 3(TPP+)* nor 3(TPTP+)*. Besides, 

the transient absorption spectra recorded immediately after the laser pulse upon 

addition of TCA revealed a decrease in the intensity of the signals corresponding to the 

triplets but without any change in their shapes, see Figure 18. This decrease could be 

attributed to the consumption of the photocatalysts in the formation of the ground state 

complexes. 

A) 

 

B) 

 

Figure 18: Transient absorption spectra obtained upon laser flash photolysis of 

deaerated acetonitrile solutions of TPP+ (A) and TPTP+ (B) (7 x 10-5 M) in the absence 

(blank) and in the presence (solid) of TCA (7 x 10-5 M) recorded 0.8 μs after the pulse. 
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The results from the photophysical studies are summarized in Table 3. 

Table 3: Experimental constants between the photocatalysts and the pollutants 

obtained from the photophysical measurements. 

 Ground state complex 
K (M-1) 

Quenching of the triplet 
kq t (M-1s-1) 

TPP+ - GA 468.4 5.8 x 109 

TPP+ - TCA 528.0 - 

TPTP+ - GA - 9.8 x 109 

TPTP+ - TCA 657.1 - 
 

Once the involvement of all the potential species has been evaluated, the 

thermodynamics of the photoinduced electron transfer from GA to the triplet excited 

state of both TPP+ and TPTP+ was evaluated using the photoinduced Gibbs free energy 

equation, Eq.9.[7] 

Eq.9: 

 ∆G𝑒𝑡
0  (𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1) = −23.06 [𝐸𝑟𝑒𝑑

0 (𝑇𝑃(𝑇)𝑃+/𝑇𝑃(𝑇)𝑃·) − 𝐸𝑟𝑒𝑑
0 (𝑄·+/𝑄) ] −

𝐸𝑇
∗ (𝑇𝑃(𝑇)𝑃+) 

The corresponding values for each parameter of Eq.9 are summarized in Table 4. 

Table 4: Thermodynamic values for the species involved in the electron transfer 

between TPP+ and/or TPTP+ and GA or TCA. 

Parameter TPP
+
/TPP

· 
TPP+ 

 TPTP
+
/TPTP

· TPTP+ GA
+·

/GA TCA
+·

/TCA 

𝑬𝒓𝒆𝒅 (V) vs SCE -0.37[129] - -0.29[129] - +0.80[115] +1.9* 

𝑬𝑻
∗  (kcal mol

-1
) - 53[70] - 52[70] - - 

*Experimentally measured, see Figure 19. 

Using the reported values from Table 4, the estimated G values calculated for 

the reaction from the triplet excited states of TPP+ and TPTP+ with GA are -26.0 and -26.9 

kcal mol-1, respectively, indicating that electron transfer is indeed exergonic. In the case 

of TCA, the lack of singlet/triplet quenching could be associated with a 

thermodynamically less favored process, with values of -0.7 and -1.5 kcal mol-1 for the 
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electron transfer from TCA to 3(TPP+)* and 3(TPTP+)* respectively, due to the high redox 

potential of TCA, see Table 4. 

Nevertheless, photodegradation of GA and TCA in the presence of TPP+ and/or 

TPTP+ has been achieved, being the reactions rates higher in the case of GA. Scheme 2 

shows the proposed mechanism for the reactions between GA and TCA and TP(T)P+, were 

+ and +’ represent the charge distribution between any of the photocatalysts and any 

quencher (GA or TCA). 

 

Scheme 2: Mechanistic proposal for the photodegradation of GA and TCA in the 

presence of TP(T)P+. 

The involvement of the singlet excited states of both photocatalysts in the 

photodegradation of GA or TCA was ruled out since no changes in the fluorescence 

lifetime of TPP+ or TPTP+ were observed after adding increasing concentrations of the 

pollutants. These results together with the decrease of the steady-state fluorescence 

emission in the cases of TPP+ with GA, TPP+ with TCA and TPTP+ with TCA pointed to the 

formation of ground-state complexes between the photocatalysts and the pollutants in 

these three cases. The stoichiometry of these complexes was calculated based on the 

Job’s plots and the values of the complexation constants for the complexes were 

calculated using the Benesi–Hildebrand relationship: KTPP-GA= 468.4 M−1, KTPP-TCA= 528.0 
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M−1and KTPTP-TCA= 657.1 M. Moreover, in the case of GA, quenching of the triplet excited 

states of both photocatalysts was demonstrated, with kinetic constants close to the 

diffusion limit (kdiff= 1.9 × 1010 M−1s−1 in CH3CN)[130]: kq = 5.8 x 109 M-1s-1 and 9.8 x 109 

M-1s-1 for the quenching of 3(TPP+)* and 3(TPTP+)*, respectively. In addition, the formation 

of the corresponding reduced species of TP(T)P+, the (thia)pyranyl radical (TP(T)P·) was 

observed. Thermodynamic calculations also support the participation of the triplet 

excited states in the oxidation of GA. 

The relative contribution of the photocatalyst-derived species involved in the 

photooxidations were also estimated on the basis of Eq. 13 and Eq. 20. 

First, a photocatalyst (PC) from its ground state, may form a complex with the 

pollutant (Q), the percentage of photocatalyst involved in it (for 1:1 stoichiometry) is 

shown in Eq. 13. 

 

Eq. 10: 𝐾 =
[𝑃𝐶𝛿+….𝑄𝛿′+]

([𝑃𝐶]−[𝑃𝐶𝛿+….𝑄𝛿′+])([𝑄]−[𝑃𝐶𝛿+….𝑄𝛿′+])
 

Assuming that:  

Eq. 11: [𝑃𝐶𝛿+….𝑄𝛿′+] ≪ [𝑃𝐶] 𝑎𝑛𝑑 [𝑃𝐶𝛿+….𝑄𝛿′+] ≪ [𝑄] 

Eq. 12: [𝑃𝐶𝛿+….𝑄𝛿′+] ≅  𝐾 × [𝑃𝐶] × [𝑄] 

Dividing Eq. 12 by the initial concentration of photocatalyst ([PC]), the percentage 

of complex formation will be obtained: 

Eq. 13: [𝑃𝐶𝛿+….𝑄𝛿′+](%) ≅ 𝐾 × [𝑄] × 100 

According to this, Eq. 14 describes the percentage of photocatalyst able to reach 

the singlet excited state: 

Eq. 14: 

(𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) =  100 − [𝑃𝐶𝛿+….𝑄𝛿′+](%) ≈ 100 − 𝐾 × ⌈𝑄⌉ × 100 =

= (1 − 𝐾 × [𝑄]) × 100 

1
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From the singlet excited state, three processes can happen: emission (Φ𝐹 𝜏𝑆)⁄ , 

intersystem crossing (Φ𝐼𝑆𝐶 𝜏𝑆)⁄  and quenching by the pollutant (𝑘𝑞𝑠[𝑄]), as described 

by Eq. 15. 

Eq. 15: ∑ 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠 𝑓𝑟𝑜𝑚 (𝑃𝐶)∗ =
Φ𝐹

𝜏𝑆

1 +
Φ𝐼𝑆𝐶

𝜏𝑆
+ 𝑘𝑞𝑠[𝑄] 

Thus, quenching of the singlet excited state by the pollutant is shown by Eq. 16, 

and formation of the triplet excited state is obtained by Eq. 17. 

Eq. 16: 

𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑜𝑓 (𝑃𝐶)∗ (%) =1  (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛(%) ×1 𝑘𝑞𝑠[𝑄]

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑠[𝑄]

 

Eq. 17: (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛(%) = (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) ×13

Φ𝐼𝑆𝐶
𝜏𝑆

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑠[𝑄]

 

Moreover, the triplet excited state can also follow two different pathways: 

intrinsic decay (1 𝜏𝑇⁄ ) and quenching by the pollutant (𝑘𝑞𝑇[𝑄]), as shown in Eq. 18: 

Eq. 18: ∑ 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠 𝑓𝑟𝑜𝑚 (𝑃𝐶)∗ =
1

𝜏𝑇

3 + 𝑘𝑞𝑇[𝑄] 

Thus, quenching of the triplet excited state by the pollutant is shown by Eq. 20, 

and its intrinsic deactivation is described by Eq. 21. 

Eq.19:  𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑜𝑓 (𝑃𝐶)∗ (%) =3 (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) ×3  𝑘𝑞𝑇[𝑄]
1

𝜏𝑇
+𝑘𝑞𝑇[𝑄]

 

Eq. 20: 

 𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑜𝑓 (𝑃𝐶)∗ (%) =3 (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) ×1

Φ𝐼𝑆𝐶
𝜏𝑆

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑠[𝑄]

×
 𝑘𝑞𝑇[𝑄]

1

𝜏𝑇
+𝑘𝑞𝑇[𝑄]

  

Eq. 21: 

𝐷𝑒𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 (𝑃𝐶)∗ (%) = (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) ×1

Φ𝐼𝑆𝐶
𝜏𝑆

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑠[𝑄]

×

1

𝜏𝑇
1

𝜏𝑇
+𝑘𝑞𝑇[𝑄]

3  

Taking into account the described equations, the initial concentration of each 

compound ([GA] =[TCA] = 5 mg/L) and the experimentally obtained constants (Table 3), 
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the percentage of photocatalysts involved in each pathway can be calculated. More 

specifically, the percentage of photocatalyst involved in the formation of a ground state 

complex can be determined with Eq. 13, the percentage of photocatalyst involved in the 

quenching of the triplet excited state can be calculated from Eq. 20, see Table 5. For the 

case of TPP+ and GA, only 1.4% of the initial TPP+ is employed in the formation of the 

ground-state complex, while ca. 27% of the initially excited TPP+ follow the electron 

transfer pathway from the triplet excited state. For the case of TPTP+ and GA, 43.5% of 

the initially excited TPTP+ follows the electron transfer pathway from its triplet excited 

state to oxidize the compound. Attending now to TCA, 41.7% of the initial TPP+ is 

employed in the formation of the ground-state complex, while, the formation of ground-

state complex with TPTP+ represents 44%. 

Table 5: Distribution (in percentage) of the different alternative pathways 

followed by TPP+ and TPTP+ in the photodegradation of GA and TCA. 

 TPP+ TPTP+ 

Q 
% Complex 
formation 
(Eq. 13) 

% Quenching of the 
triplet 

(Eq. 20) 

% Complex 
formation 
(Eq. 13) 

% Quenching of the 
triplet 

(Eq. 20) 

GA 1.4 27 - 43.5 

TCA 41.7 - 44.0 - 
 

3.3.  Conclusions 

Photodegradation of two representative wastewaters pollutants from cork 

industry can be achieved in the presence of (thia)pyrylium salts as organic photocatalysts. 

Photocatalytic degradations reveal fast removal of gallic acid while degradation of the 

reluctant 2,4,6-trichloroanisole is much slower. These results are in agreement with the 

thermodynamic calculations for the photoredox processes. Photophysical experiments 

indicate that for gallic acid, oxidative electron transfer occurs mainly from the triplet 

excited state, while for 2,4,6-trichloroanisole formation of ground state complexes is the 

operating pathway. 

3.4.  Experimental 

Photodegradations were carried out according to the general methodology 

explained in section 9.3.1. In this case, photodegradation mixtures were prepared in 100 
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mL of CH3CN containing 5 mg/L of GA or TCA and 10 mg/L of the photocatalysts TPP+ or 

TPTP+. 

The photodegradation of GA was monitored by HPLC. The mobile phase was an 

isocratic mixture of water pH 3 (80 %) and acetonitrile (20 %) at the flow rate of 0.7 mL 

min-1; detection wavelength was fixed at 275 nm and 2-nitrobenzoic acid (5 mg/L) was 

used as internal standard. The photodegradation of TCA was monitored by GC. Samples 

were subjected to an isothermal period of 1 min (100ºC), followed by a thermal gradient 

of 6 minutes (up to 280ºC) and a final isothermal period of 3 minutes. The internal 

standard was pentadecane (5 mg/L). 

All the photophysical measurements were carried out according to section 9.3.4. 

For the steady-state and time-resolved fluorescence experiments, the final 

concentrations of each pollutant were up to 1.6 x 10-3 M or 1.1 x 10-3 M for GA or TCA, 

respectively, the excitation wavelength was fixed at 410 nm and 365 nm for TPP+ and 

TPTP+, respectively, and all the measurements were performed under aerobic 

atmosphere. 

For the Job’s plot experiments, the general procedure explained at section 9.3.4 

was followed, the absorbance changes were measured at 406 nm. 

For the laser flash photolysis experiments, the final concentrations of each 

pollutant were up to 7 x 10-5 M for GA and TCA and the concentration of the 

photocatalysts were of 7 x 10-5 M for TPP+ or TPTP+. The excitation wavelength was fixed 

at 355 nm. 

The redox potential measurement for TCA was carried out according to 9.3.3. 

 

 

 

 

 



46 

 

 

ELECTRODE E (TCA·+/TCA) 

AgCl/Ag (sat. KCl) 1.97 V 

SCE* 1.93 V 

  

Figure 19: Cyclic voltammetry of TCA (30 M) measured in tetrabutyl ammonium 

perchlorate (TBA) solution (0.1 M) as electrolyte at 0.1 V s-1. Inset: Cyclic voltammetry of 

the electrolyte TBA (0.1 M). *The obtained data from the AgCl/Ag (sat KCl) was converted 

into redox potential value vs SCE as follows: E (vs SCE, in V) = E (vs AgCl/Ag, in V) -0.045.  
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4. Direct Detection of all the Triphenylpyrylium-Derived Short-Lived 

Intermediates in the Photocatalyzed Oxidation of Aqueous Contaminants 

 

4.1. Introduction 

One of the challenges in the field of photoredox catalysis is the detection of the 

species involved in the processes, mainly due to their short lifetime. Therefore, specific 

equipment that provides time resolved data in the time-scale of the lifetimes of these 

intermediates is required. 

Under this context, TPP+ looks as an appropriate candidate to be used as a model 

to provide direct evidence for the electron transfer mechanism in a photoredox process 

for several reasons: i) its photophysical properties are deeply described in the literature, 

see Table 1 in the Preamble of Part I; ii) it has demonstrated to be a good oxidant from 

its excited states, see results described in Chapter 3 and previous results of the group; 

[82, 85, 103, 111] and iii) the spectra of its triplet excited state and the corresponding 

reduced species (pyranyl radical) after the redox process are well reported in the 

literature and have been experimentally obtained in Chapter 3. 

The formation of the reduced species can be exploited to quantify the amount of 

the triplet excited state and the radical species involved in the photoredox process. This 

analysis should be based on the lifetimes and molar absorption coefficients of these two 

species and will require a biexponential analysis due to the partial overlap of both signals, 

see Figure 20. This analysis can act as a proof of the electron transfer pathway, and more 

important, it could be correlated to the extent of the photodegradation process. 
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Figure 20: Transient absorption spectra obtained upon laser flash photolysis of deaerated 

acetonitrile solutions of TPP+ (○) and TPP+ in the presence of GA (●), recorded 2.4 s after 

the pulse ([TPP+] = 7x10-5M, [GA] = 7x10-5M). 

With this background, the aim of the present chapter is to provide a direct and 

quantitative piece of evidence for the photooxidation of a group of common pollutants, 

as well as to correlate the concentration of the primary reduced species (TPP·) with the 

extent of the photodegradation via electron transfer mechanism.  

To carry out this task, steady-state photolysis was first carried out under simulated 

solar irradiation in the presence of TPP+, and then photophysical measurements based 

on emission spectroscopy (steady-state and time-resolved fluorescence) and on transient 

absorption spectroscopy (laser flash photolysis) were used to provide fast kinetic data.  

In addition, the selected pollutants: acetaminophen (ACF), acetamiprid (ACP), 

caffeine (CAF) and carbamazepine (CBZ), see Figure 21, present a variety of chemical 

structures and different redox potentials, which where experimentally measured or 

obtained from the literature. Therefore, they can serve as examples to demonstrate the 

applicability and general scope of the proposed methodology. Furthermore, they belong 

to the family of emerging pollutants, which are of increasing environmental concern.[131, 

132] 

450 500 550 600 650 700
0.0

0.3

0.7

1.0

 

 


A

 (nm)



49 
 

  

  

Figure 21: UV-vis spectra in CH3CN and chemical structures of the selected 

pollutants. 

4.2. Results and discussion 

TPP+ is well known for its ability as oxidant from its singlet and its triplet excited 

states; the redox potentials of these excited species are Ered 1(TPP+)* = +2.5 V and Ered 

3(TPP+)* = +2.0 V vs SCE, respectively.[86] Therefore, to analyse the thermodynamics of 

the photooxidations, the redox potentials of the pollutants were measured, see Table 6. 

Then, with the photoinduced Gibbs free energy changes (Eq. 2), the exergonicity of the 

process was calculated. Table 6 reveals that the oxidation of all the pollutants from both 

excited states, singlet and triplet, is highly exergonic except in the case of the triplet 

excited state and ACP. 
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Table 6: Reduction potentials for each pollutant and the corresponding 

photoinduced Gibss free energy for the oxidative processes from the singlet and triplet 

excited states of TPP+. 

 ACF ACP CAF CBZ 

Ered(Q·+/Q) vs SCE (V) 0.9* 1.8* 1.1* 1.4[133] 

GSINGLET (kcal·mol-1) -36.7 -16.0 -32.1 -25.2 

GTRIPLET (kcal·mol-1) -23.7 -3.0 -19.1 -12.2 

* Experimentally measured, see Figure 26. 

Then, the first step was to evaluate the evolution of the relative concentration of 

each pollutant in the presence of TPP+ vs irradiation time upon solar irradiation. For this 

purpose, an aerated aqueous solution containing the photocatalyst and the four selected 

pollutants was acidified to ensure the stability of TPP+ [134] and treated under different 

experimental conditions, see Figure 22.  

Removal of ACP was negligible, while CBZ and CAF were not so reluctant. 

Conversely, ACF suffered photodegradation to a high extent under the employed 

experimental conditions. More specifically, removal of ACF was completely achieved after 

90 minutes of irradiation in the presence of TPP+, however, only ca. 20% of CAF and CBZ 

were removed after 180 minutes. Control experiments in darkness or in the absence of 

TPP+ showed no reaction, see Figure 22B and C. 

In the case of ACF, further investigation of the oxidation reaction was performed 

upon detection of the formation of CO2. A new batch containing ACF and TPP+ was 

submitted to solar irradiation upon continuous flow of O2, that subsequently was bubbled 

through a saturated aqueous solution of Ba(OH)2. The Ba(OH)2 in the presence of CO2 was 

converted into BaCO3 that precipitated at the bottom. After irradiating during 24 hours 

the precipitate was filtered. Elemental analysis of the precipitate unequivocally 

demonstrated the formation of BaCO3, confirming that mineralization was achieved from 

the oxidation process. 
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A) 

  

B) 

 

C) 

 

Figure 22: Plot of the relative concentration of ACF (●), ACP (●), CAF (●) and CBZ 

(●) at Co= 5 mg L-1 each (0.1 mM in global concentration) in aerated acidic (pH = 3) 

aqueous media vs. time under different conditions: A) solar simulated irradiation in the 

presence of 10 mg L-1 (0.03 mM) of TPP+; B) in the presence of 10 mg L-1 (0.03 mM) of 

TPP+, but in the absence of light (darkness control experiment); C) solar simulated 

irradiation, in the absence of TPP+ (direct photolysis control experiment) 

Next, fluorescence experiments (steady-state and time-resolved) were performed 

in deaerated acetonitrile to investigate the involvement of 1(TPP+)* in the 

photodegradation of the pollutants, Figure 23. A decrease in the emission and also in the 

lifetime of 1(TPP+)* was observed in all cases upon addition of the pollutants. Then, 

applying the Stern-Volmer relationship between the reciprocal lifetime and contaminants 

concentration, the corresponding quenching rate constants were determined. The values 

are summarized in Table 7, all of them are in the order of ≈1010 M-1 s-1, what confirms the 
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dynamic involvement of the singlet excited state in all cases, with values in the range of 

the diffusion limit (kdiff = 1.9 x 1010 M-1s-1 in CH3CN).[135] 

A)   

 

B)  

 

C)   

 

D)   

 

Figure 23: Steady-state 1(TPP+)* fluorescence quenching (exc = 405 nm) and 

Stern-Volmer plots, obtained from the time-resolved experiments (insets), upon 

increasing concentration of contaminants in deaerated CH3CN: ACF (A), ACP (B), CAF (C) 

and CBZ (D). 

Table 7: Rate constants for the quenching of the singlet excited state of TPP+ by 

each pollutant obtained from time-resolved experiments. 

 ACF ACP CAF CBZ 

kqS (M-1s-1) 1.8 x 1010 3.6 x 1010 1.4 x 1010 1.5 x 1010 
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Next, laser flash photolysis (LFP) experiments were performed in the presence of 

increasing concentrations of the contaminants upon excitation of TPP+ at 355 nm. Kinetic 

traces were recorded at 550 nm, where both the triplet excited state and the reduced 

species of the photocatalyst absorb, see Figure 24. 

A) 

 

B)  

 

C) 

 

D) 

 

Figure 24: Kinetic traces recorded at 550 nm, obtained upon LFP excitation (exc = 

355 nm) of deaerated acetonitrile solutions of TPP+ (7 x 10-5 M) upon increasing pollutant 

concentrations (0 – 7 x 10-5 M): ACF (A), ACP (B), CAF (C) and CBZ (D). 

The traces shown in Figure 24 provide the first piece of evidence to support the 

electron transfer mechanism. The first absorption decay recorded in the absence of 

contaminants at 550 nm (initial trace in the four cases, in black) is due exclusively to the 

characteristic absorption of the triplet excited state of TPP, 3(TPP+)*. Upon addition of 

increasing concentration of the pollutants, the absorption at the initial recording time 

and the lifetime of the observed traces increase in the case of ACF, CAF and CBZ. The 
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higher absorption can only be attributed to the contribution of a species different from 

the triplet which absorbs at the same wavelength but with a higher molar absorption 

coefficient, thus the reduced pyranyl radical, TPP. (see Figure 20). The appearance of the 

TPP. within the laser pulse in the presence of the pollutants is in good agreement with the 

observed quenching of the singlet excited state in these three cases (see above). The 

existence of both species at the recorded wavelength of 550 nm needed a two 

monoexponential terms to accurately fit the decay trace. As a result, the pre-exponential 

factor (amplitude), which is the population decaying with a specific lifetime, was obtained 

for each species. These values allowed quantifying the concentration of the two species, 

as shown on Figure 25 for the triplet (A) and for the pyranyl radical (B), see section 9.3.5 

for details. 

A) 

 

B) 

 

Figure 25: Evolution of the concentration of the triplet excited state (A) and 

pyranyl radical (B) upon increasing amounts of ACF (●), ACP (●), CAF (●) and CBZ (●). 

From these results we can conclude that the appearance of the reduced TPP· acts 

as a proof of the first step of the photooxidation process, since the corresponding 

pollutant radical cations are not revealed in the available UV-vis spectral window (300-

700 nm). Moreover, the lack of photodegradation of ACP shown in Figure 22 is in good 

agreement with the very low formation of the pyranyl radical found upon the analysis of 

the LFP experiments. Therefore, the fluorescence quenching observed at Figure 23B can 

be attributed to an efficient electron transfer followed by an also efficient back electron 

transfer (BET) since no pyranyl radical formation was observed. 
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Scheme 3 shows the postulated mechanism for the photooxidation of the 

contaminants with TPP+. The detection and quantification of the primary reduced pyranyl 

radical species demonstrates that the electron transfer mechanism is the initial step to 

carry out the oxidation process from the excited states of the photocatalyst. After the e- 

transfer, the resulting photooxidized radical cations react with O2 giving rise to a different 

extent of the overall photodegradation process. The fact that after only 90 min of 

irradiation ACF was completely removed could be attributed to a more efficient reaction 

pathway occurring from the resulting phenoxyl radical. 

A) Initiation step: 

 

B) Propagation step: 

 

Scheme 3: A) Electron transfer mechanism to explain the photodegradation of the 

pollutants in the presence of TPP+, happening from either the singlet or the triplet excited 

states. The primary reduced pyranyl radical and oxidyzed pollutant radical cation are 

indicated. The detection technique applied for each species is specified. B) Further 

oxidation of the pollutants that may happen after the photocatalytic step. 

4.3. Conclusions 

The photocatalyzed oxidation of acetaminophen, acetamiprid, caffeine and 

carbamazepine with triphenylpyrylium (TPP+) can be correlated with direct detection of 

the short-lived intermediates derived from the photocatalyst. Thus, steady-state and 
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time-resolved fluorescence measurements allow characterizing the reaction from the 

1(TPP+)*; whereas, complementary information about 3(TPP+)* and TPP· is provided by 

laser flash photolysis experiments. Oxidation of the contaminants goes in parallel with 

the TPP+ reduction, and subsequent formation of the pyranyl radical (TPP.). The reduced 

radical can be directly detected by laser flash photolysis; its detection constitutes a 

fingerprint of the redox process and can be correlated with its efficiency. 

4.4. Experimental 

Photodegradations were carried out according to the general methodology 

explained in section 9.3.1. In this case, photodegradation mixtures were prepared in 250 

mL of aqueous solutions containing 5 mg/L of each pollutant (0.1 mM global 

concentration) and 10 mg/L (0.03 mM) of TPP+. To increase stability of the photocatalyst, 

the pH was adjusted to 3 by dropwise addition of sulfuric acid, and water was periodically 

added to compensate for the evaporation loss. 

For the detection by HPLC, aliquots were firstly filtered through polypropylene 

(0.45 μm). The HPLC mobile phase was a gradient mixture containing acetonitrile (from 

3 to 70%) and 0.1% aqueous formic acid at a flow rate of 0.3 mL/min. 

Mineralization of ACF was evaluated upon trapping the formed carbon dioxide as 

BaCO3, according to the general procedure explained at 9.3.2. For this purpose, an 

aqueous solution (80 mL) containing acetaminophen (1.0 g) and TPP+ (2.5 mg) was 

irradiated for 24 hours under continuous flow of O2. 

The photophysical measurements were performed according to the general 

procedure 9.3.4. 

For the steady-state and time-resolved fluorescence experiments, the final 

concentrations were up to 7 x 10-3 M for each pollutant, the excitation wavelength was 

fixed at 405 nm and the measurements were performed under anerobic atmosphere. 

For the laser flash photolysis experiments, the final concentration of each 

pollutant was 7 x 10-5 M, and the concentration of the photocatalysts was of 7 x 10-5 M. 

The measurements were recorded in deaerated CH3CN upon 355 nm excitation. 
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Redox potential measurements were carried out according to 9.3.3.  

A) 

 

  

ELECTRODE E (ACF·+/ACF) 

AgCl/Ag (sat KCl) 0.95 V 

SCE* 0.91 V 

  

B) 

 

  

ELECTRODE E (ACP·+/ACP) 

AgCl/Ag (sat. KCl) 1.83 V 

SCE* 1.79 V 

  

C) 

 

  

ELECTRODE E (CAF·+/CAF) 

Ag Cl Ag (sat. KCl) 1.10 V 

SCE* 1.06 V 

  

Figure 26: Cyclic voltammetry of ACF (A), ACP (B) and CAF (C) (30M) measured in 

PBS, in the case of ACF, or tetrabutyl ammonium perchlorate (TBA), for ACP and CAF, 

solution (0.1 M) as electrolyte at 0.05 (ACF and CAF) or 0.1 (ACP) V s-1. (D) Cyclic 
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voltammetry of the corresponding electrolytes PBS or TBA. * The obtained data from the 

AgCl/Ag (sat KCl) were converted into redox potential values vs SCE as follows: E (vs SCE, 

in V) = E (vs AgCl/Ag, in V) -0.045. 
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5. Time-resolved Kinetic Assessment of the Role of Singlet and Triplet 

Excited States in the Photocatalytic Treatment of Pollutants at Different 

Concentrations 

 

5.1. Introduction 

Photochemical processes are getting importance in the field of Green Chemistry 

since, in general, they involve milder conditions than conventional ones. However, 

photochemical systems are not simple, as they involve excited states, hydroxyl radical, 

singlet oxygen, superoxide anion and/or organic/inorganic radicals.[104, 112, 136-138] 

Therefore, in order to fully understand such a system, two complementary aspects should 

be taken into account: the thermodynamics and the kinetic viability of all the competing 

pathways. Firstly, thermodynamic estimations based on the redox potentials of the 

involved species could help to discard those pathways that result highly endergonic and 

to identify the thermodynamically allowed key steps. Secondly, an overall analysis of the 

lifetime of the involved transient species would help to elucidate the role of each 

photoactive species and thus to assess whether the processes are competitive at that 

time scale and, therefore, which are the key species. In addition, a further parameter to 

be evaluated is the efficiency of each competitive process as a function of the substrate 

concentration.[70]  

Under this context, TPTP+ could work as a model to perform a full analysis of a 

photoredox system, due to several reasons: i) its redox potentials from the singlet and 

the triplet excited states, E*(TPTP+/TPTP.), are. 2.5 and 2.0 V vs SCE, respectively, 

therefore is an extremely good oxidant; ii) it is able to absorb UV-vis light (Figure 9 and 

Table 1 in the Preamble of Part I).[70] 

With this background, the main goal of the present chapter is to provide a kinetic-

based analysis to assess the role of the singlet and triplet excited states in the 

photodegradation of real pollutants at different concentrations. These pollutants were 

previously used in Chapter 4: acetaminophen (ACF), acetamiprid (ACP), caffeine (CAF) 
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and carbamazepine (CBZ), Figure 21; in addition clofibric acid (CLOF), Figure 27, which is 

used as a pharmaceutical compound,[139] was added to this study. 

 

Figure 27: UV-vis spectrum in CH3CN and chemical structure of the selected 

pollutant clofibric acid (CLOF). 

First, photochemical oxidation of the pollutants was carried out under solar 

irradiation in the presence of TPTP+; next, photophysical measurements (fluorescence 

and laser flash photolysis) provided fast kinetic data; and finally, a mathematical analysis 

allowed evaluating the role of the concentration of pollutants on the relative contribution 

of the different excited states to the overall photodegradation. 

5.2. Results and discussion 

TPTP+ is known for being a good oxidant from both, its singlet and its triplet 

excited states, with E*
TPTP+/TPTP

. ca. 2.5 and 2.0 V vs SCE, respectively.[86] Attending to the 

reported redox potentials for the pollutants measured in our hands, see Figure 26A, B 

and C and Figure 33, and those reported in the literature, the photooxidation of the five 

pollutants is thermodynamically favoured in every case, see Table 8. 
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Table 8: Redox potentials for each pollutant and the corresponding values of the 

photoinduced Gibbs free energy for the oxidation processes from the singlet and triplet 

excited state of TPTP+. 

 ACF ACP CAF CBZ CLOF 

Ered (Q·+/Q) vs SCE (V) +0.9 +1.8 +1.1 +1.4[133] +1.5 

GSINGLET (kcal·mol-1) -38.6 -18.0 -33.9 -27.0 -24.7 

GTRIPLET (kcal·mol-1) -24.6 -4.0 -19.9 -13.0 -10.7 

 

Then, an aerated aqueous solution containing the five pollutants was irradiated 

with a solar simulator in the presence of TPTP+. Figure 28A shows the relative 

concentration of each pollutant vs. irradiation time: removal of ACP was negligible, as 

expected from the thermodynamic analysis; CBZ and CAF were degraded in ca. 50% after 

180 min; and CLOF and ACF showed the highest photodegradation percentages. In fact, 

CLOF was completely removed after only 10 min irradiation, while ca. 60 min were 

required in the case of ACF, under the studied experimental conditions. The fast 

degradation in the case of CLOF could be attributed to the formation of stable by-

products that may favour the degradation reaction or to direct photolysis, see Figure 28B. 

Direct photolysis control experiments (in the absence of TPTP+) showed almost no 

reaction apart from CLOF, which suffered some direct photodegradation although much 

more slowly (Figure 28B). 

A) 

 

B) 

 

Figure 28: Plot of the relative concentration of ACF (■), ACP (■), CAF (■), CBZ 

(■)and CLOF (■) at Co= 5 mg L-1 each (1.3x10-4 M global concentration)in aerated acidic 
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(pH = 3) media, vs. time under solar simulated irradiation, in the presence of 10 mg L-1 

(2x10-5 M) of TPTP+ (A) and in the absence of photocatalyst (B). 

The next step was the evaluation of the electron transfer from the singlet and 

from the triplet excited states of TPTP+ and the formation of photoactive ground-state 

complexes, since previous studies have demonstrated that this photocatalyst is also able 

to act through all those pathways[103, 111, 116, 117, 140]. Therefore, every potential 

species that may participate in the photodegradation has to be evaluated for every 

pollutant and the combined results have to be analysed for each pollutant at different 

concentrations. 

First, fluorescence experiments (steady-state and time-resolved) were performed 

in deaerated acetonitrile to investigate the involvement of 1(TPTP+)* in the 

photodegradation of the pollutants, (Figure 29). A decrease in the emission and also in 

the lifetime of 1(TPTP+)* was observed in all cases upon increasing concentration of every 

pollutant. Then, applying the Stern-Volmer relationship for the time-resolved results, (1/ 

vs contaminants’ concentration), the corresponding quenching rate constants were 

determined. The obtained values are summarized in Table 9, all of them are in the order 

of ≈ 1010, what confirms the dynamic involvement of the singlet excited state in all cases, 

with values in the range of the diffusion limit (kdiff = 1.9 x 1010 M-1s-1 in CH3CN).[135] 
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C) 

 

D) 

 

E) 

 

 

Figure 29: Steady-state 1(TPTP+)* fluorescence quenching by every pollutant; 

Insets: Stern-Volmer plots obtained from time-resolved experiments; all upon increasing 

pollutant concentration (in the millimolar range) in deaerated CH3CN (λexc = 400 nm). 

Moreover, it is worth mentioning that in the case of ACP, while the Stern-Volmer 

relationship revealed a linear behaviour (inset of Figure 29B), results obtained from the 

steady-state experiments did not follow a linear trend (Figure 29B). In fact, when I0/I was 

plotted vs ACP concentration (Figure 30A) the observed deviation from a linear fitting in 

the Stern-Volmer relationship, pointed to the formation of a non-emissive ground state 

complex. The stoichiometry of the so called complex (TPTP+--ACP '+) calculated from a 

Job’s plot experiment [128, 141], see Figure 30 B, was 1:1, and its corresponding 

complexation constant, K, was determined on the basis of the Benesi-Hildebrand 

relationship (K=503 M-1), see Figure 30 C.[8, 9] Formation of this kind of ground-state 

complexes could in principle influence positively on the photocatalytic oxidation of a 

substrate, since the pre-association could result in an “intramolecular-like” reaction 
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proceeding at much higher rate (not-controlled by diffusion) and therefore offering a 

much more competitive degradation pathway. On the contrary, back electron transfer 

could also be much more favored, resulting in a lower photodegradation efficiency. 

A) 

 

B) 

 

C) 

 

 

Figure 30: A) Plot of the relative steady-state 1(TPTP+)* fluorescence emission 

upon increasing ACP concentration in deaerated CH3CN (λexc = 400 nm). B) Job’s plot for 

TPTP+ vs ACP molar fraction at total concentration of 50 M. C) Benesi-Hildebrand fitting 

for 1(TPTP)* with ACP. 

Next, the participation of the triplet excited state of TPTP+ was investigated on the 

basis of laser flash photolysis (LFP) experiments. Therefore, deaerated acetonitrile 

solutions of TPTP+ were submitted to laser flash excitation (355 nm) and its triplet lifetime 

was monitored at 620 nm. The lifetime of the triplet excited state of TPTP+ clearly 
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determined from the Stern-Volmer linear relationships. The values of the kinetic 

constants are summarized in Table 9. 

A) 

 

B) 

 

C) 

 

D) 

 

E) 

 

 

Figure 31: Normalized kinetic traces recorded at 620 nm obtained upon LFP 

excitation (355 nm) of deaerated acetonitrile solutions (7 x 10-5 M) of TPTP+ upon 

increasing pollutant concentrations. Insets: Corresponding Stern-Volmer plots. 
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Table 9: Rate constant values (kqS and kqT) for the quenching of 1(TPTP+)* and 

3(TPTP+)* by the pollutants determined from time-resolved fluorescence and laser flash 

photolysis experiments, respectively. 

POLLUTANT 
kqS x 10-10 (M-1s-1) kqT x 10-8 (M-1s-1) 

1(TPTP+)* 3(TPTP+)* 

ACF 1.5 110 

ACP 4.4 6.8 

CAF 1.5 98 

CBZ 1.5 81 

CLOF 0.8 84 

 

Finally, quenching of the excited states of TPTP+ through an energy transfer 

mechanism was ruled out attending to the UV-visible spectra of the photocatalyst and 

the pollutants (Figure 9, Figure 21 and Figure 27). TPTP+ absorbs up to 450 nm while the 

pollutants absorb at much shorter wavelength, all below 320 nm, which allows predicting 

much more energetic excited states in the case of the pollutants than in the case of TPTP+. 

Therefore, an energy transfer from the photocatalyst to each pollutant looks unlikely. 

A further piece of evidence supporting the electron transfer mechanism was 

obtained, using CAF as example, from the results of the quenching experiments 

performed in solvents of different (relative) permittivity since a correlation should be 

found with the quenching constants if the process happens through an electron transfer 

mechanism. Thus, the quenching of the triplet excited state of TPTP+ was performed in 

tetrahydrofuran ( = 7.58) and the result was compared to the result obtained in 

acetonitrile ( = 35.94). The obtained quenching constants were 6.0 x 108 M-1s-1 and 9.8 

x 109 M-1s-1 in tetrahydrofuran and acetonitrile, respectively; thus, supporting the 

photoxidation occurring through an electron transfer process, Figure 32.  
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Figure 32: Normalized kinetic traces recorded at 620 nm, obtained upon LFP 

excitation (355 nm) of deaerated THF solutions of TPTP+ (7 x 10-5 M) upon increasing 

concentration of CAF. Inset: Corresponding Stern-Volmer plot. 

With this background, the overall electron transfer mechanistic pathway to 

explain the observed photodegradation of ACF, ACP, CAF, CBZ and CLOF in the presence 

of TPTP+ is postulated in Scheme 4, were + and +’ represents the charge transfer 

distribution between TPTP+ and a pollutant. As a summary, quenching of the singlet and 

of the triplet excited states of TPTP+ was observed in every case. In addition, in the case 

of ACP, formation of a complex was also demonstrated. 

 

Scheme 4: Overall mechanistic pathways to explain photodegradation of 

pollutants by oxidative e- transfer to (TPTP+)*. 
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Formation of the singlet excited state: 

Eq. 14: 

(𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) =  100 − [𝑃𝐶𝛿+….𝑄𝛿′+](%) ≈ 100 − 𝐾 × ⌈𝑄⌉ × 100 =

= (1 − 𝐾 × [𝑄]) × 100 

1

 

Thus, quenching of the singlet excited state by the pollutant is shown by Eq. 16 , 

and formation of the triplet excited state is described by Eq. 17: 

Eq. 16: 𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑜𝑓 (𝑃𝐶)∗ (%) =1  (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛(%) ×1 𝑘𝑞𝑠[𝑄]

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑠[𝑄]

 

Eq. 17: (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛(%) = (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) ×13

Φ𝐼𝑆𝐶
𝜏𝑆

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑠[𝑄]

 

Finally, the reaction from the triplet excited state is given by Eq. 20 and the 

intrinsic triplet decay by Eq. 21: 

Eq. 20: 

 𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑜𝑓 (𝑃𝐶)∗ (%) =3 (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) ×1

Φ𝐼𝑆𝐶
𝜏𝑆

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑠[𝑄]

×
 𝑘𝑞𝑇[𝑄]

1

𝜏𝑇
+𝑘𝑞𝑇[𝑄]

 

Eq. 21: 

𝐷𝑒𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 (𝑃𝐶)∗ (%) = (𝑃𝐶)∗ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) ×1

Φ𝐼𝑆𝐶
𝜏𝑆

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑠[𝑄]

×

1

𝜏𝑇
1

𝜏𝑇
+𝑘𝑞𝑇[𝑄]

3  

The equations described above, explain how the relative contribution of the 

different deactivation channels of the photocatalyst depends on the intrinsic properties 

of the photocatalyst, on the experimentally determined quenching constants and on the 

pollutant concentration. 

From the results obtained in this chapter, formation of a photoactive ground-state 

complex, singlet and triplet excited states are considered as species participating in the 

photodegradation. Therefore, attending to the kinetic quenching constants of the 

pollutants (Table 9) and with the photophysical data reported for the photocatalyst (Table 

1), [70] the determined relative contribution of every pathway is determined for every 

pollutant and the results are shown in Table 10 .  
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Table 10: Relative contribution of the ground-state complex formation, singlet and 

triplet excited states quenching, together with fluorescence and intrinsic triplet 

deactivation, in the photocatalytic degradation of the pollutants, at different 

concentrations, using TPTP+ (10 mg L-1 or 0.02 mM). 

[Q] 
(M) 

Pollutant 
Complex 

formation 
(%) 

Quenching 
of 1(TPTP)* 

(%) 

1(TPTP)* 
intrinsic 

decay (%) 

Quenching 
of 3(TPTP)* 

(%) 

3(TPTP)* 
intrinsic 

decay (%) 

10-3 

ACF - 3.2 5.8 89.2 1.8 

ACP 50.6 1.6 2.9 33.7 11.3 

CAF - 3.2 5.8 89.0 2.1 

CBZ - 3.2 5.8 88.6 2.4 

CLOF - 3.2 5.8 88.6 2.5 

10-5 

ACF - <0.1 6.0 30.7 63.2 

ACP 0.5 <0.1 6.0 2.7 90.8 

CAF - <0.1 6.0 28.3 65.7 

CBZ - <0.1 6.0 25.4 68.6 

CLOF - <0.1 6.0 24.8 69.2 

10-8 

ACF - 0.0 6.0 0.0 94.0 

ACP - 0.0 6.0 0.0 94.0 

CAF - 0.0 6.0 0.0 94.0 

CBZ - 0.0 6.0 0.0 94.0 

CLOF - 0.0 6.0 0.0 94.0 

 

Table 10 shows that when quenching of singlet and triplet occurs, the relative 

contribution of the singlet is negligible compared to that of the triplet. This is in good 

agreement with the lifetime of both species, the shorter the lifetime of the excited 

species, the more difficult to be quenched. Moreover, the kinetic constants obtained for 

the quenching of the triplet are in good agreement with the photodegradation extent, 

(Figure 28) except for the case of CLOF, whose oxidation is even faster than predicted by 

the photophysical experiments. Therefore, it can be stated that, in general, quenching of 

the triplet is more efficient than quenching of the singlet; or, in other words, the higher 

the intersystem crossing quantum yield, the better. 

In addition, it should be highlighted that the pollutant concentration is also a 

parameter to be considered. It could be observed how efficient the quenching of the 

excited photocatalyst can be when the concentration of the pollutants is in the order of 

10-3 M. Comparing this situation with another one in which the pollutants are much more 
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diluted (for instance 10-5 M), it can be seen (Table 10, top and middle) that the relative 

contribution of the excited species decreases in favor of the intrinsic decay of the excited 

state. This fact is even clearer at lower concentrations, as for example at 10-8 M, in which 

the intrinsic decay of the triplet is the major deactivation pathway, making the 

photodegradation of the pollutants clearly negligible. This reveals that the efficiency of a 

photocatalyst is higher as higher is the concentration of the pollutant. In other words, the 

energy employed in activating the photocatalyst is best invested when the concentration 

of the pollutants is high. 

5.3.  Conclusions 

Results obtained using TPTP+ as organic photocatalyst allow stating that efficiency 

of the triplet excited state is higher than the one of the singlet when both are quenched. 

Furthermore, the concentration of the pollutants plays a key role; in fact, below 

micromolar concentration, the lifetime of the excited species hampers encountering with 

the pollutants. 

5.4. Experimental 

Photodegradations were carried out according to the general methodology 

explained in section 9.3.1. In this case, photodegradation mixtures were prepared in 250 

mL of aqueous solutions containing 5 mg/L of each pollutant (1.3x10-4 M global 

concentration) and 10 mg/L (0.02 mM) of TPTP+. To increase stability of the 

photocatalyst, the pH was adjusted to 3 by dropwise addition of sulfuric acid and water 

was periodically added to compensate for the evaporation loss. 

For the detection by HPLC, aliquots were firstly filtered through polypropylene 

(0.45 μm). The HPLC mobile phase was a gradient mixture containing acetonitrile (from 

3 to 70%) and 0.1% aqueous formic acid at a flow rate of 0.3 mL/min. 

The photophysical measurements were performed according to general 

procedure 9.3.4. 

For the steady-state and time-resolved fluorescence experiments, the final 

concentrations were in the millimolar range for each pollutant, the excitation wavelength 
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was fixed at 400 nm and the measurements were performed under deaerated 

atmosphere. 

For the Job’s plot experiment, the general procedure explained in section 9.3.4 

was followed, the absorbance changes were measured at 404 nm. 

For the laser flash photolysis experiments, the final concentration of each 

pollutant was up to 7 x 10-5 M and the concentration of the photocatalyst was 7 x 10-5 M. 

The redox potential measurement was carried out according to 9.3.3. 

 

ELECTRODE E (CLOF·+/CLOF) 

Ag Cl /Ag (sat. KCl)  1.50 V 

SCE  1.46 V 

  

Figure 33: Cyclic voltammetry of CLOF (30 M) measured in tetrabutyl ammonium 

perchlorate (TBA) solution (0.1 M) as electrolyte at 0.05 V s-1. Inset: Cyclic voltammetry 

of the electrolyte TBA. The obtained data from the AgCl/Ag (sat KCl) was converted into 

redox potential value vs SCE as follows: E (vs SCE, in V) = E (vs AgCl/Ag, in V) -0.045. 
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PART II: 

TYPE I VS TYPE II PROCESSES 
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Preamble 

 

Molecular oxygen, which exhibits a triplet ground state configuration, is essential 

to support life on Earth. Moreover, in the presence of light, a molecule acting as 

photocatalyst could give rise to the formation of the reactive oxygen species (ROS). The 

name of ROS comprises several reactive oxygen species such as 1O2, OH·, HO2
·, O2

·- and 

H2O2. These species can be undesirable side-products that could inhibit pursued 

reactions, but they are also considered of great importance in materials degradation or 

as oxidative stressors in damaged living systems such as tumors. In the context of the 

present thesis, ROS are considered as species able to oxidize hardly degradable matter 

from aqueous effluents.[3] 

In water remediation field, when photocatalysts able to generate singlet oxygen 

or superoxide anion have been employed, photooxidation of the organic matter has been 

attributed to these species.[142] Accordingly, many studies have been carried out to 

study the formation of these ROS from several dyes, and their subsequent reaction with 

different pollutants. Some of the typical photocatalysts used in wastewater remediation, 

due to their ability to form singlet oxygen and superoxide anion, are rose bengal, 

methylene blue or riboflavin, among others. Rose bengal has been used for the removal 

of, for example, hydroxypyridines,[143-145] hydroxypyrimidines,[146] phenols,[80] 

chlorophenols,[147-150] butylparaben,[151] etc.; methylene blue has been used in the 

removal of chlorophenols[149]or anthocyanines[152] among others; and riboflavin has 

been used, for example, in the removal of hydroxyquinolines,[153] carbendazim and 

other related benzimidazoles.[84] Besides, other singlet oxygen or superoxide anion 

generators, such as humic acids, have been used in literature to degrade drugs as 

sulphamethoxazole, clofibric acid, ofloxacin and propranolol; [154] or humic acids 

combined with Cu (II) for the removal of atrazine, [155] or spin-coated on a polycarbonate 

plate for the photodegradation of carbocyanine dyes.[156] 
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However, when the photocatalyst is also able to react via an electron transfer 

mechanism, the only participation of 1O2 could not be assumed, and the role of Type II 

versus Type I mechanism has to be evaluated. 

With this background, the second part of this thesis will be mainly focused in 

evaluating the involvement of Type I versus Type II mechanism in the photodegradation 

of several pollutants. More specifically, in Chapter 6, a typical photocatalyst used in 

wastewater remediation, known for working presumably via Type II mechanism (rose 

bengal) was studied together with a second photocatalyst that exhibits a singlet oxygen 

quantum yield close to the unit (perinaphthenone). Finally, in Chapter 7, a singular 

photocatalyst able of generate singlet oxygen from its singlet excited state (N-

methylquinolinium salt) was employed in the photodegradation of pollutants, and the 

contribution of Type I vs Type II from the singlet excited state was also evaluated. 
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6. Type I vs Type II Photodegradation of Pollutants 

6.1.  Introduction 

Rose bengal (RB) (Figure 34) is a photocatalyst with high quantum yield of singlet 

oxygen (1O2) formation ( = 0.76-0.83).[70, 142, 157-159] It has been widely used for 

wastewater remediation and its activity has been attributed to the Type II 

mechanism.[80, 147, 160, 161] However, based on its redox potential (-0.95 V vs SCE) 

[162] it could also be able to react via electron transfer (Type I mechanism).[11, 163, 164]  

Moreover, in aqueous media, Type I reactions are more favored than Type II, due 

to several reasons: i) the high value of the relative permittivity for water (εH2O = 80.16); 

ii) the low concentration of O2 in aqueous media (0.29 mM); and iii) the short lifetime of 

1O2 in water (ca. 2 s).[165, 166] Furthermore, RB exhibits a high ISC (Figure 34), and, as 

discussed in Chapter 5, electron transfer happens more efficiently from the triplet excited 

states, due to their longer lifetime compared to that of the corresponding singlets.[167] 

Therefore, when using RB as a photocatalyst, competition between the two described 

pathways (Type I and II) deserves further investigation to establish the real mechanism 

involved in the photodegradation. 

In the present Chapter, two commonly used drugs, such as diclofenac (DCF), 

which is included in the 2015/495/CE directive (see section 1.5.1), and acetaminophen 

(ACF), Figure 35, found in real wastewaters at low concentrations have been selected, 

and the mechanism behind their photodegradations when using RB as photocatalyst has 

been analysed. In addition, for a better understanding of the competition between Type 

I and Type II mechanisms, a second photocatalyst, perinaphthenone (PN), Figure 34, has 

also been evaluated using the same representative pollutants. PN has not been so widely 

employed in this field, but offers a higher 1O2 quantum yield formation (  ca 1) and a 

EPN/PN
.- = -0.62 V vs SCE; therefore, in principle, it should give even better results if Type 

II is the acting mechanism.[168, 169] 

To evaluate the role of the species involved in the photodegradation, laser flash 

photolysis of RB/PN and behavior of 1O2 by transient emission spectroscopic experiments 

in the presence of the contaminants, will be performed. As a result, the determined 
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quenching rate constants will shed light on the contribution of Type I/Type II mechanisms 

in the photodegradation of the selected contaminants and a general conclusion will be 

drawn. 

  
 Data RB[11] PN[169] 

 isc 0.77 1 

 ET (eV) 1.8 1.9 

 Ered (PC/PC·-) (V vs SCE) -0.95 -0.62 
Figure 34: Top: UV-visible spectra in ACN:H2O (4:1) and chemical structures of the 

selected photocatalysts; bottom: photophysical (intersystem crossing quantum yield and 

energy of the triplet) and electrochemical (redox potential) properties of the selected 

photocatalysts. 

  
Figure 35: UV-visible spectra in ACN:H2O (4:1) and chemical structures of the 

selected drugs. 

6.2. Results and discussion 

First, photodegradation of a mixture of both pollutants upon selective excitation 

of the photocatalyst (530 or 420 nm for RB or PN, respectively) was carried out in aqueous 

aerobic and anaerobic media and was monitored up to 9.5 hours, see Figure 36. DCF was 
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easily removed when using PN regardless the atmosphere. However, when RB was used, 

complete removal was only achieved under N2, see Figure 36A. In the case of ACF, it was 

fully degraded in the presence of PN, under air or nitrogen, but when using RB, total 

degradation was not achieved (ca. 50% and 40% in aerobic and anaerobic media, 

respectively), see Figure 36B. For the case of PN, the removal achieved for both pollutants 

was indeed higher than the one found when using RB as the photocatalyst. However, the 

results obtained in the absence of oxygen are similar to those in aerobic media; therefore, 

the involvement of 1O2 as the species responsible for the removal of the pollutants does 

not seem to be the major pattern.[170] 

A) 

 

B) 

 

Figure 36: Plot of the relative concentration of DCF (A) or ACF (B), C0= 0.05 mM 

each, vs. irradiation time with light centred at 530 or 420nm for RB or PN, respectively, 

in the presence of 10 mg L-1 of RB (pink) or PN (orange) (0.01 mM and 0.06mM for RB 

and PN, respectively), in aerobic (blank) and anaerobic (solid) media. 

Direct photolysis only produced ca 20% of degradation in the case of DCF, after 6 

hours of irradiation, Figure 37A. Moreover, mixtures containing RB or PN and both 

pollutants under dark conditions did not produce any effect, Figure 37B. 
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A) 

 

B) 

 

Figure 37: Plot of the relative concentration of DCF (A) or ACF (B), Co= 5 x 10-5 M 

each, vs. irradiation time, in the absence of RB or PN (black) with light centered at 420 

nm; and in the presence of RB (pink) or PN (orange) at 10 mg·L-1 (or 0.01 mM and 0.06mM 

for RB and PN, respectively) but in the absence of light. 

To elucidate the mechanism involved in the photodegradation, participation of 

both, Type I and Type II mechanisms was investigated. Starting from the Type I, the 

involvement of the triplet excited state of each photocatalyst was analyzed on the basis 

of LFP. First, the transient absorption spectra of both RB and PN were recorded, Figure 

38A and B. Then, the lifetime of the triplet excited state of RB and PN were recorded at 

610 and 390 nm, respectively, upon addition of the contaminants, in ACN:H2O (4:1) (in 

order to achieve the needed concentration), see Figure 38C, D, E and F. The obtained 

kinetic constants for the 3RB* quenching were in the order of 107 - 108 M-1s-1, see Figure 

39 and Table 11. In the case of 3PN*, quenching was even more efficient, (Figure 39 and 

Table 11). The observed quenching is attributed to an electron transfer from the drugs to 

the triplet excited states of the photocatalysts.  
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A) 

 

B) 

 

C) 

 

D) 

 

E) 

 

F) 

 

Figure 38: Transient absorption spectra of RB (A) and PN (B) obtained at different 

times after the laser pulse. Traces recorded at 610 or 390 nm for 3RB* (left) or 3PN* 

(right), respectively, upon increasing amounts of DCF (C, D) or ACF (E, F) (Abs ≈ 0.3 at exc 

= 532 nm or exc = 355 nm, for RB or PN, respectively, all the experiments were performed 

in deaerated ACN:H2O (4:1). 
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Figure 39: Stern-Volmer fittings corresponding to the quenching of 3RB* (pink) or 

3PN* (orange) by DCF (circles) and ACF (squares) in ACN:H2O (4:1). 

Table 11: Quenching rate constants of 3RB*, 3PN* and 1O2 by the two pollutants. 

 3RB* 3PN* 1O2 

 kq (M-1s-1) kq (M-1s-1) kq (M-1s-1) 

DCF 1.8 x 107 1.2 x 108 9.7 x 106 

ACF 2.3 x 108 3.3 x 108 2.3 x 107 

O2 7.4 x 109 (1) 2.1 x 109 - 

(1) Diffusion control in water.[135] 

Moreover, in the case of PN, the spectra of the corresponding reduced species of 

PN (PN.-) formed in the photoredox process, which exhibits an intense band located at 

350 nm and a second band at 440 nm,[171] was recorded after addition of the pollutants. 

Figure 40A and C, reveal the formation of PN·- upon addition of DCF and ACF, respectively. 

Besides, the formation of the new band at 350 nm was monitored upon addition of 

increasing amounts of both, DCF and ACF, see Figure 40B and D. 
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A) 

 

 

B) 

 

C) 

 

D)  

 

Figure 40: Transient absorption spectra of PN obtained at different times after the 

laser pulse in the presence of DCF (A) or ACF (C) at 1 mM. Decay traces recorded at 350 

nm upon increasing concentrations of DCF (B) and ACF (D) up to 1 mM. Laser flash 

photolysis experiments were performed in deaerated ACN:H2O (4:1), APN ca. 0.3 at exc = 

355 nm. 

On the other hand, both triplet excited states were also efficiently quenched by 

O2. To perform this experiment, traces at 610 or 390 nm for RB and PN, respectively, were 

recorded under different atmospheres: N2 ([O2]WATER = 0 M), air ([O2]WATER = 0.29 

mM)[135] and O2 ([O2]WATER = 1.39 mM).[135] In the case of RB, quenching of 3RB* with 

oxygen was completed just in the presence of air; therefore, it was not possible to obtain 

an accurate value for the quenching constant, and then, the diffusion control value was 

employed for the calculations.[135] In the case of PN, the experimentally obtained kinetic 

constant value was kq = 2.1 x 109 M-1s-1. 
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Figure 41: PN triplet traces recorded at 390 nm in H2O, upon increasing 

concentration of O2 (AbsPN ≈ 0.3 at exc = 355 nm). Inset: Stern – Volmer fitting for the 

corresponding quenching. 

Once the electron transfer mechanism had been investigated, the next step was 

to study the involvement of 1O2. It was evaluated recording its characteristic emission 

band at 1270 nm upon increasing concentration of the pollutants. The Stern-Volmer 

fittings allowed determining the kinetic quenching constants for the reaction between 

singlet oxygen and the drugs, see Figure 42. The values of kq were in the range of 106 – 

107 M-1s-1 (Table 11). 

 

Figure 42: Stern-Volmer plots for the quenching of the emission due to 1O2 by DCF 

(●) and ACF (■). 

Thermodynamic estimations using the redox potentials (Table 12) and the 

photoinduced Gibbs free energy changes (Eq. 2),[7, 172] reveal that photodegradation 

via Type I mechanism is thermodynamically favored for DCF when using both 
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photocatalysts; whereas, in the case of ACF it is exergonic when using PN, while slightly 

endergonic for the case of RB, see Table 12. 

Table 12: Redox potentials for each drug and the corresponding photoinduced 

Gibbs free energy for the oxidative processes from the triplet excited states of RB and 

PN. 

 DCF ACF 

Ered (Q·+/Q) vs SCE (V) 0.7[173, 174] 0.9 

GRB_TRIPLET (kcal·mol-1) -3.5 +1.2 

GPN_TRIPLET (kcal·mol-1) -13.4 -8.8 

 

The kinetic analysis points out that the photodegradation of the pollutants 

conducted by RB or PN can happen through both pathways, via Type I (electron transfer) 

or Type II (reaction with 1O2), see Scheme 5. In fact, the triplet excited states of both 

photocatalysts are quenched by the pollutants (kq ca. 107 -108 M-1s-1) and by O2 to 

generate 1O2 (kq ca. 109 M-1s-1). The 1O2 formed is also subsequently quenched by the 

pollutants (kq ca. 106 - 107 M-1s-1). 

 

Scheme 5: Overall mechanistic pathways potentially operating in the degradation 

of the pollutants photocatalyzed by RB or PN (PC = RB or PN; Q = DCF or ACF). 
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As in Chapter 4, a mathematical analysis will determine the real contribution of 

each pathway. Taking into account the triplet lifetimes of each photocatalyst, (2.4 and 

7.0 s, for RB and PN, respectively), the contribution of the three different pathways can 

be calculated from Eq. 22, Eq. 23 and Eq. 24. 

Eq. 22: 

% 𝐼𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑡𝑟𝑖𝑝𝑙𝑒𝑡 𝑑𝑒𝑐𝑎𝑦 (𝑘𝑑 𝑃𝐶∗3 ) =  

1

𝜏3𝑃𝐶∗

𝑘𝑞 𝑃𝐶∗−𝑂2
3 ·[𝑂2]+𝑘𝑞 𝑃𝐶∗−𝑄3 ·[𝑄]+

1

 𝜏3𝑃𝐶∗

𝑥100  

Eq. 23: 

% 𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑖𝑝𝑙𝑒𝑡 𝑏𝑦 𝑄 (𝑘𝑞 𝑃𝐶∗−𝑄3 ) =
𝑘𝑞 𝑃𝐶∗−𝑄3 ·[𝑄]

𝑘𝑞 𝑃𝐶∗−𝑂2
3 ·[𝑂2]+𝑘𝑞 𝑃𝐶∗−𝑄3 ·[𝑄]+

1

 𝜏3𝑃𝐶∗

𝑥100  

Eq. 24: 

 % 𝑂2 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 1 (𝑘𝑞 𝑃𝐶∗−𝑂2
3 ) =  

𝑘𝑞 𝑃𝐶∗−𝑂2
3 ·[𝑂2]

𝑘𝑞 𝑃𝐶∗−𝑂2
3 ·[𝑂2]+𝑘𝑞 𝑃𝐶∗−𝑄3 ·[𝑄]+

1

 𝜏3𝑃𝐶∗

𝑥100 

In the best scenario for the 1O2 formation, the quenching of 3PC* by O2 will only 

result in 1O2 formation, Eq. 24; once it has been formed, 1O2 could follow two subsequent 

pathways, reaction with the pollutant, Eq. 25, or intrinsic deactivation, Eq. 26: 

Eq. 25: 

%  𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑜𝑓 𝑂2 1 𝑏𝑦 𝑄 (𝑘 𝑂2𝑄1 ) =  
𝑘𝑞 𝑃𝐶∗−𝑂2

3 ·[𝑂2]

𝑘𝑞 𝑃𝐶∗−𝑂2
3 ·[𝑂2]+𝑘𝑞 𝑃𝐶∗−𝑄3 ·[𝑄]+

1

 𝜏3𝑃𝐶

𝑥
𝑘

𝑂2
1  𝑄

·[𝑄]

𝑘
𝑂2

1  𝑄
·[𝑄]+

1

 𝜏
𝑂2

1

𝑥100  

Eq. 26: 

% 𝑂2 𝐼𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑑𝑒𝑐𝑎𝑦1  (𝑘𝑑 𝑂2
1 ) =  

𝑘𝑞 𝑃𝐶∗−𝑂2
3 ·[𝑂2]

𝑘𝑞 𝑃𝐶∗−𝑂2
3 ·[𝑂2]+𝑘𝑞 𝑃𝐶∗−𝑄3 ·[𝑄]+

1

 𝜏3𝑃𝐶

𝑥

1

 𝜏
𝑂2

1

𝑘
𝑂2

1  𝑄
·[𝑄]+

1

 𝜏
𝑂2

1

𝑥100  

To evaluate the individual contribution of Type I and Type II mechanisms in the 

photodegradation of the pollutants conducted by both photocatalysts, the situation at a 

typical concentration of emerging pollutants, 10-5 M, has been simulated. The results are 

summarized on Table 13. 
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Table 13: Estimated reactivity for the different pathways in the photodegradation 

of DCF and ACF as shown in Scheme 5, obtained upon applying Eq. 22- 26 and the 

experimentally obtained data stated in Table 11. 

PC 
Q 

(0.01 mM) 

3PC* intrinsic 
decay (%) 

Eq. 22 

Type I 
Quenching of 
3PC* by Q (%) 

Eq. 23 

Quenching of 
3PC* by O2 (%) 

Eq. 24 

Type II 
Quenching of 
1O2 by Q (%) 

Eq. 25 

1O2 intrinsic 
decay (%) 

Eq. 26 

RB 
DCF 1.5 0.3 98.2 0.1 98.1 

ACF 1.5 0.8 97.7 0.2 97.5 

PN 
DCF 18.7 1.5 79.8 0.1 79.7 

ACF 18.3 3.7 77.9 0.2 77.7 

 

Under standard circumstances, the water remediation will take place in the 

presence of oxygen (aerobic conditions); therefore, a competition between oxygen and 

the pollutants for the triplets (3RB* or 3PN*) will take place. Attending to the typical 

concentrations ([O2]= 2.9 x 10-4 M in aqueous aerobic media),[135] and the 

experimentally determined rate constants (Table 11), formation of 1O2 accounts in both 

cases for the major quenching pathway (> 97% for RB and >77% for PN, Table 13). 

However, subsequent quenching of 1O2 by the pollutants, is in the range of 106 – 107 M-

1s-1 (Table 11); therefore, at the typical contaminant concentration almost all the 1O2 

formed decays without reacting, Table 13. Thus, photodegradation of the pollutants still 

happens mainly through Type I mechanism. 

6.3. Conclusions 

Type I mechanism has demonstrated to be a more effective pathway than Type II 

when RB is used as photocatalyst for water remediation. This statement is supported by 

the obtained fast kinetic data and is also true for PN, a photocatalyst with even higher 

singlet oxygen quantum yield formation.  

6.4. Experimental 

Photodegradations were carried out according to the general methodology 

explained in section 9.3.1. In this case, photodegradation mixtures were prepared in 

aqueous solutions (16 mL) containing a mixture of the two pollutants (0.05 mM each or 
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0.1 mM in global) and either RB or PN (10 mg L-1, 0.01 mM and 0.06 mM for RB and PN, 

respectively) under air or N2. Emission sources were centred at 530 and 420 nm for the 

oxidations photocatalyzed by RB and PN, respectively. 

The extent of the photodegradation was monitored by HPLC. Aliquots of 90 L at 

different irradiation times were analyzed using 4-nitrobenzoic acid (10 L of a 1 x 10-4 M 

solution) as internal standard. Mobile phase was a gradient mixture of H2O(pH 3):ACN 

(70:30-30:70) at a flow rate of 1.5 mL min-1; the detection wavelength was fixed at 250 

nm. 

The photophysical measurements were performed according to the general 

procedure explained in section 9.3.4. 

For the laser flash photolysis experiments, increasing amounts of pollutants (up 

to 3 mM) were added to ACN:H2O (4:1) solutions of RB or PN (absorbance ca. 0.3 at 532 

or 355 nm for RB or PN, respectively), under N2 atmosphere. Lifetime of singlet oxygen 

was determined from the phosphorescence decay curves at 1270 nm upon increasing 

amounts of pollutant (up to 3 mM) in aerobic ACN:H2O (4:1) solutions. 
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7. A Mechanistic Study on the Potential of Quinolinium Salts as 

Photocatalysts for the Abatement of Chlorinated Pollutants 

 

7.1. Introduction 

N-Methylquinolinium (NMQ+) tetrafluoroborate (Figure 43) is an interesting 

cationic photocatalyst due to its singular photophysical properties. Its singlet excited 

state is long-lived (20 ns), quite energetic (ES = 341 kJ mol-1) and its emission is centered 

at 402 nm with a high fluorescence quantum yield (F = 0.85).[70] Moreover, the energy 

gap between its singlet and its triplet excited states (E ≈ 86 kJ mol-1) allows the 

generation of singlet oxygen from the excited singlet with an overall yield of  = 

0.85.[70]. In addition, the reported redox potential for NMQ+ is Ered = -0.85 V vs SCE.[175] 

The fact of being a cationic photocatalyst usually increases the efficiency of the 

photoinduced electron transfer (PET) because the most common side process, back-

electron transfer (BET), tends to be unlikely due to the lack of Coulombic attraction 

between the formed species. Based on these features, several examples of oxidation of 

aromatic sulfides and sulfoxides using NMQ+ as photocatalyst have been described.[176-

181]  

However, a couple of drawbacks could be associated to NMQ+: it is not 

commercially available, and its UV absorption only reaches up to 380 nm. Nevertheless, 

it can be synthesized through methylation of quinoline,[175, 182] and NMQ+ derivatives 

with extended absorption bands in the visible range have also been reported.[183] 

All these characteristics make NMQ+ an interesting species that could, in principle, 

act as a photocatalyst able to promote photodegradation of contaminants through Type 

I and/or Type II mechanisms.  

Under this scenario, the main goal of the present chapter is to investigate the 

capability of NMQ+ as a singular photocatalyst since from its singlet excited state it could 

produce photodegradation of pollutants through electron transfer or generate 1O2 that 

could eventually oxidize the pollutants. For this purpose, three chlorinated pollutants 

namely 2,4,6-trichlorophenol (TCP), 2,4,6-trichloroanisole (TCA) and 5-chloro-2-(2,4-
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dichlorophenoxy)phenol (triclosan, TCS) (Figure 43) have been selected. TCP is one of the 

chlorophenols included as a Priority Substance at the Water Frame Directive, see section 

1.5.1; TCA is usually present at the dark complex liquor generated in the wastewaters of 

cork industry;[140] and TCS is a typical antibacterial substance present in personal care 

products which is not fully removed from conventional wastewater treatment plants, 

therefore concentrations of 0.24-37.8 g/L of TCS have been detected in treated 

effluents.[184] These three compounds are difficult to oxidize, therefore NMQ+, a 

photocatalyst with such a great redox potential from its singlet excited state and also, 

able to generate singlet oxygen, seems to be the ideal candidate for this purpose. 

First, photodegradation of these three contaminants under selective irradiation 

and in the presence of NMQ+ will be evaluated. Afterwards, time-resolved photophysical 

techniques will help to elucidate the involved mechanism.  

  

  
Figure 43: UV spectra in CH3CN of the selected photocatalyst and contaminants 

together with their corresponding chemical structures. 
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7.2.  Results and discussion 

First, mixtures containing one of the pollutants and NMQ+ (1% mol) in aqueous 

solutions were irradiated with 350 nm centered light under aerated atmosphere. The 

removal of the pollutants was monitored by HPLC at different irradiation times. The 

evolution of the removal is shown in Figure 44. 

 

Figure 44: Plot of the relative concentration of TCP (▼), TCA (▼) and TCS (▼) 

versus irradiation (350 nm) time, C0 = 3 x 10-5 M in the presence of NMQ+ (1% mol, 3 x 

10-7 M) under aerated atmosphere in aqueous media. 

Figure 44 shows that photodegradation of TCA and TCP was fully completed after 

25 hours, while, in the same period, only 70 % of TCS degradation was achieved. HPLC 

chromatograms did not reveal any clear peaks that could correspond to the formation of 

photoproducts. They seem to disappear fast without accumulating sufficient amount to 

be detected under the employed conditions. To investigate if mineralization was 

achieved, an aqueous mixture of the three pollutants and NMQ+ was irradiated with the 

solar simulator during 48 hours under a continuous flow of oxygen, which was bubbled 

over a saturated solution of Ba(OH)2 to in situ trap the potentially formed CO2 as BaCO3. 

The resulting precipitate was filtered and subjected to elemental analysis, which 

unequivocally confirmed the formation of BaCO3. 

Moreover, additional experiments were carried out in order to assess the 

involvement of oxygen in the photodegradation. Then, two parallel irradiations 

containing TCP, TCA or TCS and NMQ+ were carried out at 350 nm under 

aerated/deaerated atmosphere, see Figure 45. Higher amounts of NMQ+ (10 mg L-1 or 
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0.04 mM) compared to the concentration used in the previous experiments were 

employed in order to reduce irradiation times; nevertheless, photodegradation was 

essentially independent on the atmosphere.  

A) 

 

B) 

 

Figure 45: Plot of the relative concentration of TCP (▼), TCA (▼) and TCS (▼) at 

C0 = 0.03 mM in aqueous media vs 350 nm irradiation time in the presence of NMQ+ (10 

mg L-1, 0.04 mM) under A) deaerated and B) aerated atmosphere. 

Attending to UV-visible spectra of the pollutants compared to that of the 

photocatalyst (see Figure 43), only NMQ+ is able to absorb at that wavelength. 

Nevertheless, control experiments were carried out in the absence of light and also in the 

absence of photocatalyst, but in every case, pollutants remained unchanged, see Figure 

46. 
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A) 

 

B) 

 

Figure 46: Plot of the relative concentration of TCP (▼), TCA (▼) and TCS (▼) at C0 = 0.07 

mM in aerobic aqueous media vs 350 nm irradiation time in the absence of NMQ+ (A) and 

under dark conditions in the presence of NMQ+ at 10 mg L-1 (0.04 mM) (B). 

Once the ability of NMQ+ as homogeneous photocatalyst had been demonstrated, 

the heterogenization of the system was evaluated. For this purpose, an inert inorganic 

support (Zeolite Y 100) was used in order to incorporate the NMQ+. Elemental analysis 

was used to evaluate the loading of NMQ+ in the heterogeneous photocatalyst Zeolite Y-

NMQ+, revealing a ca. 13% weight. Moreover, diffuse reflectance and emission 

measurements, see Figure 47, demonstrated the presence of the unaltered photocatalyst 

within the zeolite.  

A) 

 

B) 

 

Figure 47: A) Diffuse reflectance of Zeolite Y-NMQ+ (green) and absorbance of 

NMQ+ at 66 M (grey); B) Emission of NMQ+ (black), Zeolite Y-NMQ+ (green) and Zeolite 

Y (grey) upon excitation at exc = 317 nm. 
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Then, aqueous mixtures of each contaminant (3 x 10-4 M) in the presence of 

supported Zeolite Y-NMQ+ (70 mg L-1) were irradiated with light centered at 350 nm, 

under aerated atmosphere. Figure 48 shows how the supported photocatalyst was also 

able to produce photodegradation of the three pollutants, although longer times were 

needed, also due to the higher concentration of pollutants employed. A control 

experiment was carried out in order to check adsorption of pollutants into the zeolite. 

First, a sample of the mixture containing all the pollutants (at 10-4 M each) without Zeolite 

Y-NMQ+ was taken and injected in the HPLC, then the specific quantity of Zeolite Y-NMQ+ 

needed was added and the mixture was stirred under dark for an hour. Then, an aliquot 

was taken, filtered and injected in the HPLC revealing that adsorption into the zeolite was 

lower than 10%; therefore, removal of the contaminants could safely be attributed to the 

heterogeneous photodegradation. Besides, chromatograms obtained from the filtered 

samples revealed no significant presence of NMQ+ in the media, therefore leaching from 

the zeolite was discarded. 

 

Figure 48: Plot of the relative concentration of TCP (▼), TCA (▼) and TCS (▼) at 

total C0 = 3 x 10-4 M vs irradiation (350 nm) time in the presence of Zeolite Y-NMQ+ (70 

mg x L-1) in aqueous media under aerated atmosphere. 

Next, detoxification of the samples was also studied to evaluate the potential of a 

photocatalyst such as NMQ+, to be eventually applied to real wastewaters. The toxicity 

assays were performed in collaboration with  the Ecotoxicology Group from the 

Department of Biotechnology of the Universitat Politècnica de València. For this purpose, 

photomixtures A and B, containing the three pollutants and NMQ+ or the three pollutants 

and the benchmark photocatalyst P25-TiO2, were irradiated in parallel. Evaluation of the 
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toxicity was made for A and B at different irradiation times: at the beginning (initial time), 

after 23 hours irradiation (intermediate time) and after 70 hours irradiation (final time). 

In all cases, several aqueous dilutions were made, 1:1, 1:2, 1:4 and 1:8 prior to the toxicity 

assays. Model systems based on Daphnia magna were used for the toxicity assays,[185, 

186] and the inhibition of the mobility of D. magna was interpreted as a toxic effect, see 

section 7.4 for details.  

The results of the initial toxicity of each individual component, expressed as EC50 

values (concentration required to produce 50% of the toxic effect) with their 95% 

confidence intervals, are listed on Table 14. 

Table 14: EC50 values (95% confidence interval) determined for the assayed compounds. 

[DMSO] = 0.06 M = 4.4 g L-1, [NMQ+] = 10 mg L-1 (0.04 mM), [TiO2] = 200 mg L-1 (2.5 mM) 

and [TCA] = [TCP] = [TCS] = 3x10-5 M. 

Sample EC50 (Daphnia magna) 

DMSOa [5.3 (4.2–7.8)] x10-2 M 

NMQ+ [2.0 (1.4–3.1)] x10-5 M  

TiO2 maximum toxicity sample < 40%. 

TCP [0.9 (0.6–1.4)] x10-5 M 

TCA [1.7 (1.5–1.9)] x 10-5 M 

TCS [0.5 (0.4–0.6)]x10-5 M 
asolvent used to predissolve the pollutants. 

Table 14 indicates that the sample containing only NMQ+ exhibits a similar level 

of toxicity than that of the pollutants; while the sample containing only TiO2 (after 

filtration) resulted non-toxic. In addition, DMSO used to pre-dissolve the samples, was 

also evaluated, resulting non-toxic. Next, photomixtures A and B were irradiated for 70 

hours and the toxicity results are summarized on Figure 49 top and bottom, respectively. 

Non-irradiated (dark bars) and irradiated (light bars) samples are shown together 

for a better comparison in Figure 49. Each bar represents % of daphnids immobilization 

at serial dilutions of aqueous solutions. The toxicity of both photomixtures decreases 

upon irradiation being more effective in the case of NMQ+ (photomixture A, Figure 49 

top) than in the case of the TiO2 samples (photomixture B, Figure 49 bottom). 
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Before irradiation (dark bars), samples exhibit a high toxicity, 100% 

immobilization, at 1:1 dilution and even at 1:2. After 70 hours of irradiation, the 

photomixture A shows an effective decrease of the toxicity even without diluting the 

sample (see light bars compared to dark ones in Figure 49 top). After diluting the 

irradiated sample, the toxicity decreases for both photomixtures, but only after 1:8 

dilution, photomixture B results non-toxic (compare light bars in Figure 49, top and 

bottom). 

 

 

Figure 49: Evolution of % immobilization of D. magna bioassays conducted during 

the treatment of samples at several dilutions upon 70 hours irradiation (light bars), 23 
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hours irradiation (medium bars) or non-irradiated (dark bars). Top: photomixture A 

(NMQ+); Bottom: photomixture B (TiO2). *Significant differences respect to treatment 

time (p< 0.05). 

The latter test claims that the use of an organic photocatalyst such as NMQ+ could 

produce detoxification of the wastewaters. Results from the toxicity experiments have 

demonstrated that the use of organic photocatalysts to produce removal of 

contaminants could be as efficient or even more than the use of inorganic photocatalysts 

as TiO2 to produce detoxification and should be considered as an alternative. 

As it has been mentioned in the introduction of the chapter, singlet excited state 

redox potential of NMQ+ is extremely high (ca. 2.7 V). Accordingly, Table 15 reveals that 

photodegradation via Type I mechanism is thermodynamically favored in every case. 

Table 15: Redox potentials for each pollutant and the corresponding 

photoinduced Gibbs free energy (Eq. 2) changes of the oxidation processes from the 

singlet excited state of NMQ+. 

 TCP TCA TCS 

Ered (Q·+/Q) vs SCE (V) * 1.3 1.9 1.2 

GNMQ+_SINGLET (kcal·mol-1) -32.2 -18.4 -34.5 

* Experimentally measured, see Figure 19 and Figure 53 

First, the electron transfer from the pollutants to the singlet excited state was 

evaluated by steady-state and time-resolved fluorescence experiments. In fact, the 

fluorescence emission intensity and the singlet excited state lifetime of NMQ+ decreased 

upon addition of every pollutant as it also does upon increasing oxygen concentration, 

see Figure 50, confirming the dynamic nature of the electron transfer process. The 

corresponding kinetic constants were also determined by means of the Stern-Volmer 

equation plotting I0/I or 0/ vs quencher concentration. In every case, the values are 

close to the diffusion limit in CH3CN (kdiff = 1.9 x 1010 M-1s-1, see Figure 50 right and Table 

16).[135] 
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G) 

 

H) 

 
Figure 50: Left column: Time-resolved and steady-state (inset) 1(NMQ+)* 

fluorescence quenching upon addition of increasing concentrations of TCP, TCA and TCS 

and O2 (AbsNMQ+ = 0.15 at 317 nm, [TCP]FINAL = [TCA]FINAL = 5 x 10-3 M, [TCS]FINAL = 3 x 10-3 

M, [O2]FINAL = 1 x 10-2 M in CH3CN under N2; exc = 317 nm. Right column: Stern-Volmer 

plots obtained from the steady-state (dash) and time-resolved (solid) fluorescence 

quenching experiments. 

The next step was the evaluation of the potential involvement of 1O2 in the 

oxidation of pollutants. For this purpose, PN was employed as singlet oxygen generator 

and its characteristic emission band at 1270 nm was recorded upon increasing amounts 

of every pollutant, see the corresponding Stern-Volmer plots in Figure 51.  

A) 

 

B) 

 

0 50 100 150

0.0

0.2

0.4

0.6

0.8

1.0

t (ns)

Em
is

si
o

n
 (

A
U

)

t (ns)

O2

0 2 4 6 8 10

1

2

I 0
/I

   
an

d
 

0
/

[O2](mM)

0.0 0.5 1.0
1.1

1.2

1.3

1.4

1.5

1
/

 x
1

0
-4

 (
s-1

)

[TCP] (mM)

0.0 0.5 1.0 1.5 2.0 2.5
1.1

1.2

1.3

1.4

1.5

1
/

 x
1

0
-4

 (
s-1

)

[TCA] (mM)

350 400 450 500 550
0.0

0.2

0.4

0.6

0.8

1.0

Em
is

si
o

n
 (

A
U

)

 (nm)

O
2



100 

C) 

 

 

Figure 51: Stern Volmer plots for singlet oxygen quenching by TCP (A), TCA (B) and 

TCS (C). LFP excitation (355 nm) of aerated acetonitrile solutions of PN (APN = 0.5 at 355 

nm) were used as 1O2 generator. 

Quenching of 1O2 by the pollutants (Table 16) was very poor with rate constants 

between 5.3 x 105 M-1s-1 and 1.3 x 106 M-1s-1; although in agreement with reported values 

for the quenching of 1O2 by organic compounds.[187] 

Table 16: Rate constant values for the reaction between the pollutants and 

1(NMQ+)* obtained from the steady-state and time-resolved experiments (kqS, M-1s-1), 

and for the reaction between 1O2 and the pollutants (kq1O2
, M-1s-1). 

Quencher 
kqS x 10-9, M-1s-1 

(from steady-state 
experiments) 

kqS x 10-9, M-1s-1 

(from time-resolved 
experiments) 

kq1O2
 x 10-5, M-1s-1 

 

TCP 10.2 8.5 13 

TCA 6.3 7.6 5.3 

TCS 17.5 11.3 5.5 

O2 4.5 6.9 - 
 

To get further evidence of the redox reactions, laser flash photolysis experiments 

were carried out in order to identify the corresponding reduced species of the 

photocatalyst (NMQ·) and/or the radical cations resulting from the pollutants. To 

unequivocally identify the photocatalyst reduced species (NMQ·), it was obtained upon 

laser flash excitation (355 nm) of NMQ+ in the presence of a good electron donor, such 

as DABCO (EDABCO
+.

/DABCO = + 0.56 V vs SCE).[135] In good agreement with the expected 

redox process, [179] a weak broad signal attributed to NMQ· and centered at 400 nm was 
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obtained, see Figure 52A. Then, the same experiment was carried out using the pollutants 

as reducing agents, see Figure 52B-D. In every case, the expected band centered at 400 

nm, due to the reduced photocatalyst, was observed. No extra signals due to the radical 

cations were identified in the spectra obtained for the cases of TCP, see Figure 52 B, and 

TCS, see Figure 52D, in the recorded spectral window (370 – 650 nm); while in the case 

of TCA, see Figure 52C, a new strong band centred at 500 nm is observed. This band could 

be assigned to the corresponding oxidized species of TCA (TCA·+) by comparison to the 

signal reported for the related thioanisole radical cation, centred at 520 nm.[176] 

A) 

 

B) 

 

C) 

 

D) 

 

Figure 52: Transient absorption spectra obtained upon laser flash excitation of 

NMQ+ in deareated CH3CN (absorbance ca. 0.3 at 355 nm) recorded at different times 

after the laser pulse (6 – 78 s) in the presence of (A) DABCO (5 x 10-2 M); (B) TCP (3 x 10-

3 M); (C) TCA (3 x 10-3 M) and (D) TCS (3 x 10-3 M). 
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In agreement with the long singlet lifetime and the high redox potential of 

1(NMQ+)*, quenching by the pollutants (kqs) and also by oxygen (kQo2) is very efficient, with 

diffusion-controlled quenching constants (Scheme 6). Attending to the equations 

described in Chapter 6, in air-equilibrated water at room temperature, in which the 

concentration of O2 is ca. 2.9 x 10-4 M,[135] and with pollutant concentrations of ca. 10-

6 -10-5 M, more than 90% of 1(NMQ+)* is quenched by oxygen, while less than 10% is due 

to electron transfer from the pollutants. However, the contaminants quench quite 

inefficiently the 1O2 (kq1O2 ca. 105-106 M-1s-1). Therefore, for concentrations of pollutants 

in the range of 10-6 - 10-5 M, quenching of singlet oxygen by the pollutants cannot 

compete with its intrinsic deactivation (kq = 1/ ca. 106 s-1). Thus, Type I (electron transfer) 

is actually the main pathway involved in the photodegradation of the pollutants when 

their concentrations are in the micromolar range, in good agreement with the observed 

photodegradation, independent from the presence of air. 

In this sense, the only variable agent would be the contaminants concentration, 

as the O2 concentration in air-equilibrated water only depends on the temperature and 

the quenching constants of 1O2 and 1(NMQ+)* are inherent to their nature. Therefore, if 

the contaminants concentration is reduced to ca. 10-8 M, almost all the 1(NMQ+)* will be 

quenched by O2, and subsequent quenching of 1O2 by the pollutants at that low 

concentration will be negligible compared to its intrinsic deactivation.[104] Thus, at such 

low concentrations, photodegradation is expected to be almost null. If the concentration 

is increased to the milimolar range, the electron transfer pathway would be responsible 

for the quenching of more than 80% of 1(NMQ+)*, being again Type I the main 

photodegradation pathway. 
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Scheme 6: Potential mechanistic pathways to explain photodegradation of the 

pollutants in the presence of NMQ+. 

7.3.  Conclusions 

In agreement with the long singlet lifetime and the high redox potential of 

1(NMQ+)*, singlet excited state of NMQ+ is efficiently quenched by TCP, TCA and TCS and 

also by oxygen. However, the contaminants quench inefficiently the 1O2 (kq1O2 ca. 105-

106 M-1s-1). Therefore, for concentrations of pollutants, in the range of 10-6 - 10-5 M 

quenching of singlet oxygen by the pollutants cannot compete with its intrinsic 

deactivation (kq = 1/ ca. 106 s-1). Thus, Type I (electron transfer) is actually the main 

pathway involved in the photodegradation of the pollutants in the micromolar range, 

what is in good agreement with the observed photodegradation independent from the 

presence of air. 

7.4. Experimental 

Photodegradations were carried out according to the general methodology 

explained in section 9.3.1. Aqueous solutions (10 mL) containing one of the pollutants (3 

x 10-5 M each) and NMQ+ (3 x 10-7 M) were irradiated with 350 nm centered light 

(Luzchem photoreactor) under air or N2 atmosphere. 

The evolution of the photodegradation was monitored by HPLC. Thus, aliquots of 

75 L were injected together with 5 L of 2-nitrobenzoic acid (8.8 x 10-4 M) used as 

internal standard. The mobile phase was an isocratic mixture of water pH 3 (80%) and 

acetonitrile (20%) with a flux fixed at 1.5 mL x min-1, and the detection wavelength was 

fixed at 215 nm for TCP and TCS, and 228 nm for TCA. 
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For the heterogeneous photoreactions, aqueous solutions of 10 mL containing a 

mixture of one of the pollutants (3×10−4 M) and Zeolite Y-NMQ+ (70 mg L−1) were 

irradiated with light centered at 350 nm under air, using the Luzchem photoreactor. The 

removal of the pollutants was monitored by HPLC at different irradiation times using the 

same conditions than for the homogeneous analysis. 

The mineralization was studied following the general procedure explained in 

9.3.2: an aqueous solution (40 mL) containing a mixture of the three pollutants (2 g L-1 

each, 30 mM global concentration) and NMQ+ (30 mg L-1, 0.13 mM) was irradiated using 

the solar simulator described in 9.2 for 48 hours. 

The photophysical measurements were performed according to the general 

procedure 9.3.4. 

Steady-state and time-resolved fluorescence experiments were performed under 

N2 and the final quencher concentration was up to 5 x 10-3 M for each pollutant. The 

excitation wavelength was fixed at 317 nm in the case of steady-state experiments, while 

a pulsed LED (λexc = 310 nm) excitation source with a cut-off filter (50% transmission at 

320 nm) to remove residual excitation signal in emission was used in the case of the time-

resolved fluorescence measurements. In the case of the quenching with oxygen, traces, 

were recorded under different atmospheres: N2, air and saturated O2, the concentration 

of O2 was obtained from the literature.[135]. 

For the laser flash photolysis experiments, the final concentration of each 

pollutant was up to 3 x 10-3 M and the solution of the photocatalyst was prepared with 

an absorbance at the excitation wavelength (355 nm) of 0.3 in deaerated CH3CN. 

Solid emission fluorescence of supported Zeolite Y-NMQ+ was recorded upon 

excitation at 317 nm and collected at 90° to minimize the scattered light. 

Redox potentials measurements were carried out according to 9.3.3 
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A) 

 

ELECTRODE E (TCP·+/TCP) 

AgCl/Ag (3M NaCl) 1.30 V 

SCE* 1.25 

  

  

B) 

 

ELECTRODE E (TCS·+/TCS) 

Ag/AgCl (3M NaCl) 1.28 V 

SCE* 1.23 V 

  

Figure 53: Cyclic voltammetry of TCP and TCS (30 M) measured in tetrabutyl 

ammonium perchlorate (TBA) solution (0.1 M) as electrolyte at 0.05 V s-1. Inset: Cyclic 

voltammetry of the electrolyte TBA, blank measurement. *The obtained data from the 

AgCl/Ag (3 M NaCl) were converted into redox potential values vs SCE as E (vs SCE, in V) 

= E (vs AgCl/Ag, in V) -0.047. 

For the toxicity assays, mixtures (250 mL) of the three pollutants (3 x 10-5 M each) 

and NMQ+ (10 mg L-1, 0.04 mM) or TiO2 (200 mg L-1) were irradiated using the Luzchem 

photoreactor ( = 350 nm) under aerobic atmosphere, up to 70 hours, in order to 

evaluate the toxicity of the samples. The standard ISO 6341:1996 procedure,[188] was 

followed to perform bioassays based on the inhibition of the mobility of D. magna, using 

24-h old organisms hatched from the ephippia. Five neonates were located at 

appropriate containers with test dilution (10 mL). Constant temperature of 21 ± 1 oC and 

dark conditions were used to conduct the assays. After 24 h (end of the test period) 
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mobile D. magna were counted in each container, considering immobile those unable to 

swim in the 15 s after agitation. Then, controls and sample dilutions were prepared with 

the standard freshwater and all of them were tested in quadruplicate. Standard 

freshwater was also used as hatching medium. The recorded assay data, whenever 

possible, was used to calculate the EC50 (concentration required to produce 50% of effect) 

by Probit analysis, using the Statistical Analysis System SPSS (version 16.0). Besides, 

toxicity data were statistically analysed to determine the effect of irradiation procedure 

on toxicity. A p < 0.05 was taken to indicate statistical significance (STATGRAPHICS PLUS 

version 5.1).  
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PART III: 

REDUCTIVE ELECTRON TRANSFER PROCESSES 
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Preamble 

 

In the recent years, photoredox catalysis mediated by UV-vis light has received 

increasing attention as a powerful synthetic tool, mainly due to its ability to generate 

radicals that initiate the pursued reactions. 

In order to initiate the reaction, light of the adequate wavelength is used to excite 

the photocatalyst. Then, the photocatalyst from its singlet or/and from its triplet excited 

state, reacts with a first substrate. Depending on the redox potentials of the excited 

photocatalyst and of this first substrate, the electron transfer happens in one or the other 

direction. For example, Scheme 7, shows a photocatalytic cycle in which, after excitation 

of the photocatalyst, a first substrate is acting as a donor (D), therefore, the donor is 

oxidized (D·+) and the photocatalyst is reduced (PC·-). The excited photocatalyst and the 

formed radicals are the key species involved in the photocatalytic step and their detection 

could be crucial to understand the process. Next step is a thermal process governed by 

radical chemistry. In the example shown in Scheme 7, the radical anion of the 

photocatalyst reduces a second substrate, which acts as an acceptor (A). As a 

consequence, the photocatalyst returns to its ground state and the acceptor is reduced 

to its radical anion (A·-). Further reactions of the radicals with other species in the media 

end into the desired final products. Alternatively, as a result of the photochemical step, 

the radical anion of the first substrate (acting now as an acceptor, A·-) and the 

corresponding radical cation of the photocatalyst (PC·+) could be formed. Then, the 

subsequent thermal step involves oxidation of the second substrate (acting now as a 

donor, D) and the recovery of the photocatalyst.  
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Scheme 7: General photocatalytic cycle in a photoredox system in which the 

photochemical step involves the oxidation of a first substrate, D, and the thermal step 

represents the reduction of a second substrate, A. 

Among the typical visible-light photocatalysts, transition-metal mainly based on 

Ru or Ir have been the most commonly employed in the last decade, although organic 

dyes have also been used.[6, 11, 38, 189-195] Metallic ones offer higher stability and 

activity; however, they are also scarce and expensive, what hinders its large-scale 

applicability in industry. Maybe that is why photocatalysis, despite demonstrating of 

being a potential tool, it is still regarded as a process confined to the laboratory. 

Nevertheless, the development of new routes, based on common metals or, even 

more desirable, metal-free ones and visible light, is actually a hot topic for the 

development of sustainable organic processes. Deeper understanding of the involved 

mechanisms should also be desirable 

Under this context, Part III of the present thesis contains a chapter in which 

reduction of halides has been studied. As a photocatalyst, a non-metallic organic dye has 

been employed, riboflavin. In addition, careful attention has been paid to the detection 

of the intermediate species, as well as to the thermodynamics of each step of the catalytic 

cycle.
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8. Metal-Free Photocatalytic Reductive Dehalogenation Using Visible-Light. 

A Time-Resolved Mechanistic Study 

 

8.1.  Introduction 

During the past years, photoredox catalysis mediated by solar light has received 

increasing attention in myriads of different applications. As a result, transition-metal 

based and alternative metal-free photocatalysts, typically organic dyes, have been 

developed. [6, 11, 38, 189-195] One of these organic dyes is riboflavin (RF), which is 

present in waters of seas, rivers and lakes, and it is also responsible for the redox activity 

of flavin adenine dinucleotide (FAD) and cofactor flavin mononucleotide (FMN). Its 

chemical structure is composed of a tricyclic system with a 7, 8-dimethyl substitution and 

a ribotyl chain at the N-10 position (Figure 54). Its UV-vis absorption spectrum exhibits 

two defined bands peaking ca. 450 and 350. 

 

PARAMETER RF 

F (water) 

F (ACN) 

0.26 
0.47 

ISC 0.70 

 0.47 

ES 2.48 eV 

ET 2.17 eV 

E0
red (RF/RF·-) 

-0.80 to -0.45 V 
(solvent dependent) 

Figure 54: Chemical structure and absorption spectrum of Riboflavin (RF) in 

dimethylformamide (left). Photophysical properties [196] and redox potential [197-201] 

of RF (right). 

Therefore, RF has been suggested as one of the substances present in water 

responsible for the “natural” photodegradation of pollutants in the environment and its 

photophysical properties have been deeply studied, see Figure 54 for details.[196] More 

specifically, it has been employed to promote photooxidation of phenolic or N-

heteroaromatic pollutants upon solar irradiation.[70, 84, 142, 202-207] The mechanistic 
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studies, based on time-resolved techniques, beyond these reactions have demonstrated 

that the excited states (singlet and/or triplet) of RF are quenched by the pollutants. Then, 

the pollutants are oxidized, and RF is reduced, giving rise to the corresponding pollutant 

radical cations and RF·-. Subsequent oxidation of the pollutants has been mainly 

attributed to the reactivity between the radical cations and superoxide anion (O2
·-), which 

is expected to be formed from RF·- by a thermodynamically favored electron transfer 

process to O2. 

Furthermore, RF or flavin derivatives have recently been employed as visible-light 

redox photocatalysts with synthetic purposes, e.g. oxidative chlorination of arenes,[208] 

selective removal of benzylic protecting groups,[209] or aerobic photooxidation of 

sulfides,[210] among others. All these examples deal with the oxidation of the substrates, 

but little attention has been paid to the potential of RF as a reductant in either water 

remediation or organic synthesis. 

It is worth mentioning that reductive dehalogenation methods are used in a wide 

variety of synthetic contexts and these procedures have already been optimized using 

visible-light photocatalysts such as Ru(bpy)3Cl2.[211-222] However, many of the recent 

publications lack a kinetic study of the involved excited states; therefore, a deeper 

mechanistic understanding of the processes based on time-resolved techniques could 

help to broaden the substrate scope of the photocatalyzed organic reactions.[70, 103, 

104, 111, 140, 167] 

Under this context, the objective of the present chapter is to perform reductive 

dehalogenation of different bromo-derivatives using RF as a metal-free photocatalyst 

upon visible light irradiation (460 nm), in the presence of amines and isopropanol as e- 

and H-donors, respectively. The selected halogenated compounds are: bromobenzene 

(1), benzyl bromide (2) and  -bromoacetophenone (3) (Figure 55). The reactions will be 

followed by HPLC analysis, and commercial reagents benzene (1’), toluene (2’) and 

acetophenone (3’) will be used as standards to assess the concentration of the 

corresponding reaction products. Besides, an analysis of the thermodynamics and the 

kinetics of all the competing pathways involved in the photocatalyzed redox processes 

will provide a deep understanding of the overall reaction mechanisms. 
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A) 

 

B) 

 
C) 

 

 

Figure 55: Chemical structures of selected organic bromides and their 

corresponding UV-vis absorption spectra recorded in CH3CN. 

8.2.  Results and discussion 

Initially, reaction conditions were optimized using 3 as substrate. First, 1,4-

diazabicyclo[2.2.2]octane (DABCO, 2 eq), acting as the e- donor, and i-PrOH (2 eq), acting 

as the H-donor, were tested in different media, anhydrous or aqueous DMF, DMSO and 

CH3CN, and in the presence of RF (2.5 mol %, relative to 3) under inert atmosphere. The 

mixture was irradiated using two LEDs (em = 460 nm, 20 W each); however, conversion 

after 18 hours of irradiation was low, particularly when aqueous mixtures were 

employed, mainly due to solubility problems. Nevertheless, using anhydrous DMSO as a 

solvent and diisopropyl amine (DIPA) at higher amounts (up to 5 eq) as donor, reaction 

resulted in 100% conversion after 12 hours of irradiation. Lower concentrations of amine 

or i-PrOH (1 eq each) decreased the rate of conversion, but still 100% was obtained upon 

18 h. Reactions carried out in the presence of air, gave low conversion and the HPLC 

analysis revealed the presence of other side-products, maybe due to the formation of O2
·, 
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that caused photodegradation of RF among other side processes. Control experiments 

were also carried out, in the absence of light and in the absence of RF, and conversions 

resulted only in 10%. From all these experimental results, the final optimized reaction 

conditions are shown in Scheme 8. 

 

Scheme 8: Optimized reaction conditions to perform the reductive 

dehalogenation of bromides using RF as metal-free photocatalyst and blue LEDs. 

Using the optimized conditions, dehalogenation of 2 also resulted in 100% 

conversion. Dehalogenation of 1 was also carried out under these conditions; however, 

conversion was low even at long irradiation times. 

Next step was the study of the involved mechanism. In principle, quenching of the 

excited states of the photocatalyst could be due to both, energy transfer or electron 

transfer (singlet and triplet energies for RF are quite high, 2.48 eV and 2.17 eV, 

respectively).[198]. Besides, attending to the UV-visible spectrum of the photocatalyst, 

which absorbs up to 500 nm, Figure 54, compared to those of the bromides, which absorb 

at much shorter wavelength, below 300 nm for 1 and 2, and below 400 nm for 3, Figure 

55, much more energetic excited states in the case of the bromides than in the case of 

RF can be anticipated. Therefore, the energy transfer mechanism can be safely ruled out 

since it is expected to be thermodynamically disfavored in all cases. 

Then, photoinduced electron transfer looks to be the operating pathway. If this is 

the case, the first step will be the reduction of the singlet and/or the triplet excited state 

of RF in the presence of e- donors such as DABCO, DIPA, N,N’-dimethylaniline (DMA) or 

triethylamine (TEA), generating the corresponding reduced species (RF·-). The second 

step will be the reduction of the bromides by the radical anion RF·-. With this hypothesis, 

the photoinduced electron transfer from the different amines to the excited states of RF 

was evaluated using the photoinduced Gibbs free energy equation adapted for this case, 

Eq. 27.[7, 223] 
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Eq. 27:  ∆𝐺𝑒𝑡
𝑜 (𝑒𝑉) = −(𝐸𝑟𝑒𝑑

𝑜 (𝑅𝐹 𝑅𝐹.−⁄ ) − 𝐸𝑟𝑒𝑑
𝑜 (𝐷.+ 𝐷⁄ )) − 𝐸(𝑅𝐹∗) 

Paying attention to the redox potentials (see Figure 54 and Table 17), Eq. 27 

reveals that oxidation of the amines from the singlet or the triplet excited state of RF is 

exergonic in every case, see Table 17. 

Table 17: Thermodynamic redox potentials for the amines and the bromide 

derivatives and G0
et values for the redox processes between amines and RF from its 

singlet and triplet excited estates. 

COMPOUND E(D·+/D) 

(V) 
E(A/A·-)  

(V) 

G0 from 1RF* 
(eV) 

G0 from 3RF* 

(eV1) 

DABCO +0.56[135] - -1.12 -0.81 

DIPA +1.31[198] - -0.37 -0.06 

DMA +0.81[135] - -0.87 -0.56 

TEA +0.96[135] - -0.72 -0.41 

1 - -1.56[224]   

2 - -0.57[224]   

3 - -0.49[225]   

O2 - -0.33[226]   

 [a] in V vs SCE. 
 

The subsequent reduction of the bromides was evaluated with the “thermal” 

Gibbs free energy relationship adapted for this system, Eq. 28:  

Eq. 28: ∆𝐺𝑜(𝑒𝑉) = −(𝐸𝑟𝑒𝑑
𝑜 (𝐶 − 𝐵𝑟 𝐶 − 𝐵𝑟 .−⁄ ) − 𝐸𝑟𝑒𝑑

𝑜 (𝑅𝐹 𝑅𝐹.−⁄ )) 

Using Eq. 28, the resulting G0 values are +0.76 eV; -0.23 eV and -0.31 eV, for 

bromides 1, 2 and 3, respectively and -0.47 V for the reaction with O2 to give O2
·-. 

Therefore, reduction of bromobenzene (1) is not expected from the RF
·-
, however the 

reduction of 2 and 3 is thermodynamically exergonic, in both cases. 

Once the thermodynamics has been estimated, the kinetics of the competing 

processes in the time scale of the corresponding RF excited states or RF·- had to be 

experimentally determined. First, steady state and time-resolved fluorescence 

experiments were performed to investigate the involvement of the singlet excited state 

of RF. Afterwards, the participation of the triplet excited state of RF and also of RF radical 

anion was investigated based on laser flash photolysis experiments. 
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1RF* fluorescence quenching by amines in aerated DMF was very efficient in all 

cases as it can be observed from steady-state and time-resolved emission experiments, 

see Figure 56; furthermore, it proceeded in all cases without changes in the spectral 

shape. The observed emission quenching is in good agreement with the expectations 

based on the redox potential of RF and those of the employed amines (see Table 17).[198] 

Then, using the Stern-Volmer fitting (see Figure 56 insets), the corresponding quenching 

constants were determined (see Table 18). The values are all close to the diffusion limit, 

[135] confirming the dynamic participation of 1RF* in the electron transfer process. 

Control experiments were also carried out to evaluate the direct reactivity between 

bromides 1-3 and 1RF*. Singlet lifetime of 1RF* remained unchanged upon addition of 

bromides 1-3, up to 5 x 10-2 M concentration.  

Table 18: Determined rate constants for the quenching of excited states of RF by 

amines and RF·- by the selected bromides. 

 kqS
 (M-1s-1) kqT (M-1s-1) kqRF·- (M-1s-1) 

DABCO 4.5 x109 N.D. - 

DIPA 1.6 x109 N.D. - 

DMA 5.3 x109 N.D. - 

TEA 2.9 x109 N.D. - 

1 - - < 106 

2 - - 9.1x107 

3 - - 1.7x108 

O2 - 9.0x108[202] 1.4x108[202] 

 N.D.: not determined. 
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C) 

 

D) 

 
E) 

 

F) 

 
G) 

 

H) 

 
Figure 56: Steady-state (exc = 446 nm) emission behavior of RF (left column) and 

changes in the singlet lifetime of RF (exc= 460 nm) (right column), upon addition of 

increasing concentrations of DIPA (♦), TEA (♦), DMA (♦) and DABCO (♦) in aerated DMF. 

Inset: Stern-Volmer plots obtained from the time-resolved experiments. 

Next, 3RF* was investigated upon LFP excitation (355 nm) of deaerated solutions 

of RF (4 x 10-5 M) in DMF. First, the spectra obtained before and after adding the amines 
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spectrum was obtained: a maximum centered at 380 and a huge band between 500 and 

700 nm, see Figure 57A orange trace.[70] After the addition, the spectrum showed a 

much more intense maximum at 380 nm and a less intense wide band between 500 and 

650 nm (see Figure 57A for the case of DABCO), that could safely be assigned to RF·-, 

based on literature data.[70, 227] The comparison of these two spectra also acted as an 

additional confirmation of the efficient redox process between either 1RF* or 3RF* with 

the amines.  

A) 

 

B) 

 
Figure 57: A) Transient absorption spectra obtained upon laser flash excitation of 

RF (4 x 10-5 M) in deaerated DMF (exc = 355 nm) recorded 2 s after the laser pulse in 

the absence (♦) and in the presence of DABCO 5.4 x 10-2 M (♦). B) 3RF* monitored at 620 

nm in the absence (orange) or in the presence (blue) of DABCO 5.4 x 10-2 M; growth of 

RF
._

 monitored at 380 nm (black) in the presence of DABCO 5.4 x 10-2 M. 

Further experiments aiming to investigate quenching of the triplet excited state 

were difficult due to the efficient quenching from the singlet. In fact, when traces at 620 

nm (3RF*) were recorded without and with the different amines, the transient absorbance 

immediately decreased after the laser pulse, see Figure 57B traces orange and blue; 

revealing that a great part of the excited molecules reacted from the singlet excited state, 

and therefore they could not reach the triplet excited state. Nevertheless, the 

participation of the triplet excited state is not excluded, monitoring the signal at 380 nm 

in the presence of amine indicated a significant formation of RF·- from the 3RF*. Control 

experiments were also carried out to evaluate direct reaction between 3RF* and the 

bromides and no reaction was observed. 
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The next step was to evaluate the reactivity between reduced species of RF (RF·-) 

and the bromides 1-3. Then, deaerated DMF solutions containing both, RF (4 x 10-5 M) 

and DABCO (5.4 x 10-2 M), were subjected to LFP excitation and the evolution of the 

radical anion was monitored upon increasing concentrations of the bromides. RF·- 

exhibits a transient absorption spectrum with an intense band centred at 380 nm and a 

broad maximum in the 500-600 nm region, therefore RF·- quenching was monitored at 

380 nm. Figure 58 shows how the lifetime of RF·- decreased after adding increasing 

concentrations of bromides 2 and 3. However, in the case of bromide 1, the lifetime of 

RF·- remained unchanged, in agreement with the thermodynamic calculations. Therefore, 

kinetic results were in good agreement with the thermodynamic studies since bromides 

2 and 3 are able to quench the RF·-, but bromide 1 did not produce any change, see Figure 

58 and Table 18 for the determined kinetic quenching constant values. 

A) 

 

B) 

 
C) 

 

D) 

 

Figure 58: Traces corresponding to RF
._ 

monitored at 380 nm upon laser flash 

photolysis excitation of RF (4 x 10-5 M) in the presence of DABCO (10 mM), in deaerated 

DMF (exc = 355 nm), in the presence of increasing concentrations of bromides 1 (A), 2 
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(B) and 3 (C). Stern-Volmer plots corresponding to the quenching of RF
._

 by bromides 2 

(♦) or 3 (♦)(D). 

All the reported experiments allow us to postulate the mechanism shown in 

Scheme 9. 

 

Scheme 9: Postulated reaction mechanism. 

The formation of RF
._

 due to the quenching of 1RF* or 3RF* can be calculated with 

Eq. 29 and Eq. 30, which correspond to the adaptation of the corresponding Eq. 10 to Eq. 

21. 

Eq. 29:  %𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑜𝑓 𝑅𝐹∗1 =  
𝑘𝑞𝑆[𝐴𝑚𝑖𝑛𝑒]

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑆[𝐴𝑚𝑖𝑛𝑒]

 𝑥 100 

Eq. 30:  %𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑜𝑓 𝑅𝐹∗3 =   

Φ𝐼𝑆𝐶
𝜏𝑆

Φ𝐹
𝜏𝑆

+
Φ𝐼𝑆𝐶

𝜏𝑆
+𝑘𝑞𝑆[𝐴𝑚𝑖𝑛𝑒]

𝑥
 𝑘𝑞𝑇[𝐴𝑚𝑖𝑛𝑒]

1

𝜏𝑇
+𝑘𝑞𝑇[𝐴𝑚𝑖𝑛𝑒]

 𝑥100 

Taking into account the reported values for F = 0.26 and ISC = 0.70, see Figure 

54, the experimental obtained value of S = 8.3 ns, an averaged experimental value of 3 x 

109 M-1s-1 for the quenching of the singlet by amines and a concentration of 0.15 M for 

the amines, the formation of RF·- from 1RF* (according to Eq. 29) is ca. 0.80. Therefore, 

the quenching from 1RF* is almost quantitative, supporting the postulated mechanism, 

Scheme 9. According to the thermodynamics, reaction of RF·- with bromides 2 and 3 and 

also with O2 is exergonic. Therefore, if the reactions are performed under O2, competence 
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between the bromide and the O2 would be observed, decreasing the efficiency of the 

reaction. 

8.3. Conclusions 

A detailed mechanistic understanding of the steps involved in the photocatalytic 

reduction of three bromides in the presence of riboflavin has been achieved based on 

time-resolved techniques. First, efficient quenching of the singlet excited state of 

riboflavin (1RF*) by amines with kinetic constant values close to diffusion limit results in 

the formation of the radical anion (RF·-). Second, the rate constant values for the 

quenching of RF·-
 

by the organic bromides are in good agreement with the 

thermodynamic estimations for the thermal redox process, what demonstrates the key 

role of this intermediate.  

8.4. Experimental 

Photocatalytic reactions were performed at 0.5 mmol scale in the case of 3 and at 

2 mmol scale for 1 and 2. General procedure is as follows: 8 mL of DMSO solutions 

containing a mixture of RF (2.5 mol %), one of the bromides, DIPA (1-5 eq) and i-PrOH (1-

5 eq) were irradiated using two LEDs centered at 460 nm, see section 9.2 for details, 

under N2 atmosphere in Pyrex tubes. The real concentrations are summarized in Table 

19. 

Table 19: Experimental conditions for the photocatalytic reactions performed in 

deaerated DMSO (8 mL). 

Bromide 
Amount 
(mmol) 

DIPA 
(mmol) 

/ i-PrOH 

Br1 2 
2 2 

10 10 

Br2 2 
2 2 

10 10 

Br3 0.5 
0.5 0.5 

2.5 2.5 
 

Reactions were monitored by taking aliquots (5 L) that were injected into the 

HPLC running with acetonitrile (70%)/water (pH 3) in isocratic mode at a flow rate of 1.5 

mL min-1 and using 1,3,5-trimethylbenzene (10 L of a 0.2 M solution) as internal 
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standard. The chromatograms were analyzed at 250 (bromides 1 and 2) or 275 nm 

(bromide 3). Starting materials and final compounds were identified by comparison to 

commercial standards. 

The photophysical measurements were performed according to the general 

procedure 9.3.4.  

For the steady-state and time-resolved fluorescence experiments, aerated DMF 

solutions of RF (absorbance lower than 0.15 at exc = 446 or 460 nm, respectively) were 

treated with increasing concentrations of amines or bromides (up to 5 x 10-2 M).  

Laser flash photolysis experiments were performed on deaerated solutions of RF 

(4 x 10-5 M) and DABCO (1 x 10-2 M) in DMF, to which increasing concentration of each 

bromide (up to 7 mM for bromo derivatives 1 and 2 and 5 mM for bromo derivative 3) 

were added. 
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9. Experimental 

 

9.1. Reagents 

Acetaminophen (ACF), acetamiprid (ACP), -bromoacetophenone, barium 

hydroxide octahydrate, benzyl bromide, bromobenzene, caffeine (CAF), carbamazepine 

(CBZ), clofibric acid (CLOF), 1,4-diazabicyclo[2.2.2]octane (DABCO), diclofenac (DCF), 

diisopropyl amine (DIPA), gallic acid (GA), 2-nitrobenzoic acid, 4-nitrobenzoic acid, N,N’-

dimethylaniline (DMA), pentadecane, perinaphthenone (PN), riboflavin (RF), rose bengal 

disodium salt (RB), titanium dioxide as AEROXIDE® P25-TiO2, 2,4,6-trichloroanisole (TCA), 

2,4,6-trichlorophenol (TCP), triclosan (TCS), triethylamine (TEA), 1,3,5-trimethylbenzene 

and 2,4,6-triphenylpyrylium (TPP+) used as hydrogen sulphate or tetrafluoroborate salt 

were obtained from Aldrich. Ephippia (dormant eggs) of crustacean Daphnia magna were 

supplied by ECOtest S.L. (Valencia, Spain). Zeolite Y 100 was obtained from Zeolyst 

International. 

Dimethylformamide (DMF) 99% purity was from Accross, CH3CN was of HPLC 

quality from Merck or Scharlau and anhydrous dimethyl sulfoxide (DMSO) was from 

Aldrich. Milli-Q grade water was used for the HPLC analyses and for photochemical 

experiments. 

2,4,6-Triphenylthiapyrylium (TPTP+) perchlorate was obtained from TPP+ as 

described previously.[228] Briefly, a solution of TPP+ (0.50 g) in acetone (23.6 mL) was 

treated with aqueous sodium sulfide (10% w/w, 1.97 mL) until the mixture turned red-

coloured. Then, perchloric acid (20% w/w, 5.9 mL) and water (23.6 mL) were added to 

precipitate the TPTP+ salt as a yellow powder. Then, the solid was filtered, washed with 

water and purified by re-precipitation from acetone-ether. 1H (300 MHz, CDCl3): δ (ppm) 

7.67 (m, 9H); 8.04 (m, 6H); 8.75 (s, 2H), Figure 59. 
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Figure 59: 1H NMR of TPTP+ClO4
- 

N-methylquinolinium tetrafluoroborate salt was obtained from quinoline (Aldrich) 

as described previously.[182, 229, 230] First, quinoline (0.42 mol, 49.6 mL) and methyl 

iodide (0.64 mol, 1.5 eq, 39.8 mL) were heated in a round bottom flask, at 65 °C, under 

reflux for 24 h, and the resulting solid (N-methylquinolinium iodide) was washed with 

ether. 1H (300 MHz, CD3OD): δ (ppm) 4.72 (s, 3H, CH3); 8.09 (m, 2H); 8.31 (m, 1H); 8.45 

(d, J=8.3 Hz, 1H); 8.53 (d, J=9.1 Hz, 1H); 9.23 (d, J=8.4 Hz, 1H); 9.40 (d, J=5.9 Hz, 1H), 

(Figure 60); 13C NMR (75 MHz, CD3OD): δ (ppm) 46.3, 119.8, 123.0, 131.3, 131.5, 131.8, 

137.2, 140.4, 148.9, 151.1. The crude N-methylquinolinium iodide was treated with 

BF3·Et2O (2.6 eq) under nitrogen atmosphere. The mixture was stirred and heated at 50 

°C under reflux for 2.5 h. An additional amount of BF3·Et2O was then added and the 

mixture was stirred for another 2.5 h. The resulting solid was washed with ether and 

recrystallized from ethanol to yield N-methylquinolinium tetrafluoroborate. 1H (300 MHz, 

CD3OD): δ (ppm) 4.70 (s, 3H, CH3); 8.06 (m, 2H); 8.29 (m, 1H); 8.42 (d, J=8.2 Hz, 1H); 8.51 

(d, J=9.0 Hz, 1H); 9.19 (d, J=8.5 Hz, 1H); 9.33 (d, J=5.6 Hz, 1H) (Figure 61); 13C NMR (75 

MHz, CD3OD): δ (ppm) 46.2, 119.8, 122.9, 131.3, 131.4, 131.7, 137.2, 140.3, 148.8, 151.1. 
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Figure 60: 1H NMR of NMQ+ I-. 

 

Figure 61: 1H NMR of NMQ+ BF4
-. 
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N-methylquinolinium tetrafluoroborate was adsorbed onto Y zeolite 100 

according to a procedure described previously for other organic photocatalysts.[85] 

Briefly, Y-zeolite 100 (6.2 g) was suspended in 25 mL of an aqueous solution containing 

N-methylquinolinium tetrafluoroborate (1.0 g). The mixture was heated at 40 °C in the 

dark and stirred for 24 h. Then, the solid was filtered, washed with water (30 mL) and 

dried at 100 °C for 72 h. Elemental analysis indicated a loading of NMQ+ on zeolite Y of 

13.8% wt. 

9.2. Equipment 

Solar simulator  

A solar simulator from Oriel Instruments, Model 81160, equipped with a 300 W 

Xenon lamp (Figure 62) was used for the experiments described in chapters 4, 5 and 7. 

A) 

 

B) 

 

Figure 62: (A) Solar simulator from Oriel Instruments (Model 81160) equipped 

with a 300 W Xenon lamp. (B) Emission of the 300 W Xenon lamp. 

Photoreactors  

Several photoreactors have been used: 

- Luzchem photoreactor, model LZC-4V equipped with 12 lamps emitting at 350 nm in 

Chapter 7 and with 14 lamps emitting at 420 nm in Chapters 3 and 6, see Figure 63. 
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A) 

 

B) 

 

C) 

 

 

Figure 63: (A) Luzchem photoreactor, model LZC-4V equipped with 16 lamps 

positions and a stirring centered point. Emission spectrum of the 350 nm (B) and 420 nm 

(C) lamps. 

- Home-made photoreactor built with a spiral set-up of 2.5 m strip green LEDs (em 

centered at 530 nm) Samsung SMD5630IP20 (40 W) in Chapter 6, see Figure 64. 

A) 

 

B) 

 

Figure 64: (A) Home-made 530 nm LED photoreactor, equipped with 2.5 m strip 

green LEDs (40 W Samsung SMD5630IP20). (B) Emission spectrum of the 530 nm LED. 
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- Home-made photoreactor built with two blue light emitting LEDs (em centered at 

460 nm) centered at 460 nm in Chapter 8. 

A) 

 

B) 

 

Figure 65: (A) Home-made 460 nm LED photoreactor, equipped with 2 blue LEDs. 

(B) Emission spectrum of the 460 nm LED. 

High pressure liquid chromatograph 

Several HPLC equipment have been used: 

- Varian 240 model with quaternary pump 9012Q, photodiode detector DAD 9065 and 

wavelength detection from 200 to 360 nm was employed in Chapter 3. 

- Agilent 1220 Infinity LC model with a quaternary pump G4290B, photodiode detector 

G4290B and wavelength detection from 200 to 360 nm was employed in Chapter 6. 

- Agilent 1100 Series model with quaternary pump G1311A, photodiode detector DAD 

G1315B, standard liquid autosampler G1313A and degasser G1322A was employed 

in Chapter 7. 

- Waters 600 C Chromatograph equipped with a Waters 600 Pump and Controller, a 

Waters in-Line degasser AF and a Waters 996 Photodiode Array Detector) was used 

in Chapter 8. 

For all the above HPLC equipment a Teknokroma C18 Mediterranea Sea (25 × 0.46 

cm and 5 m particle size) analytical column was used as stationary phase 

An UPLC equipment was used: 
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- Perkin Elmer model Flexar UPLC FX-10 equipped with a UV-Vis detector equipped 

with a Brownlee DB-C18 (100 x 4.6 mm and 3 m particle size) analytical column as 

stationary phase was employed in Chapters 4 and 5.  

 

Gas chromatography 

In Chapter 3, the GC equipment used was a Bruker instrument 430–GC equipped 

with a ZB50 (30 m × 0.25 mm × 0.5 m) column with stationary phase of 5% of alternated 

phenylmethyl silicone. 

Elemental analysis 

In Chapters 4 and 7 a EuroEA Elemental Analyser from EuroVector Instruments 

and Software was used. 

Cyclic voltammetry 

Electrochemical measurements were carried out using a cylindrical three-

electrode quartz cell on a VersaSTAT 3 (Princeton Applied Research) electrochemical 

workstation with a Pt wire counter electrode, a glassy carbon (GCE) working electrode, 

and a AgCl/Ag (sat KCl) or a AgCl/Ag (3 M NaCl) as the reference electrode for organic and 

aqueous measurements, respectively, in a one compartment electrochemical cell. 

Absorption measurements (UV/Vis) 

Several UV/Vis spectrophotometers have been used: 

- A Shimadzu UV-2101PC spectrophotometer was employed in Chapters 3, 4, 5, 7 and 

8. 

- A Cary 50 (Varian) spectrophotometer was employed in Chapter 6. 

- A Cary 5000 from Agilent Technologies was used for the diffuse reflectance 

measurements of Chapter 7. 

Steady-state fluorescence  

Several steady state fluorescence equipments were used: 
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- A FS900 fluorometer from Edinburgh Instruments was used in Chapters 3, 4 and 5. 

- A Photon Technology International (PTI) LPS-220B spectrofluorometer was used in 

Chapters 7 and 8. 

Time-resolved fluorescence 

Several time-resolved fluorescence equipments were used: 

- A FL900 setup from Edinburgh Instruments was used in Chapters 3, 4 and 5. Lifetime 

measurements were based on single-photon-counting using a 1.5 ns pulse width 

hydrogen flash-lamp as excitation source with light centred at 420 nm. The kinetic 

traces were fitted by monoexponential decay functions using a deconvolution 

procedure to separate them from the lamp pulse profile. 

- A EasyLife V spectrofluorometer from OBB was used in Chapters 7 and 8. The 

apparatus was equipped with a diode LED excitation source (exc = 310 nm and 460 

nm for chapters 7 and 8, respectively); residual excitation signal was filtered in 

emission by using a cut-off filter (50% transmission at 320 nm and 475 nm for 

chapters 7 and 8, respectively). The kinetic traces were fitted by monoexponential 

decay functions using a deconvolution procedure to separate them from the lamp 

pulse profile. 

Laser flash photolysis (LFP)  

Experiments were carried out with a pulsed Nd: YAG SL404G-10 Spectron Laser 

Systems at the excitation wavelength of 355 (Chapters 3 - 8) or 532 nm (Chapter 6). The 

energy of the single pulses (~10 ns duration) was lower than 15 mJ pulse-1. The laser flash 

photolysis system consisted of the pulsed laser, a pulsed Lo255 Oriel Xenon lamp, a 77200 

Oriel monochromator, an Oriel photomultiplier tube (PMT) housing, a 70705 PMT power 

supply and a TDS-640A Tektronix oscilloscope. The output signal from the oscilloscope 

was transferred to a personal computer. 

Lifetime of singlet oxygen was recorded at 1270 nm with a Hamamatsu NIR 

emission detector upon excitation of the appropriate precursor with a 355 nm Nd:YAG 

laser. 
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9.3. Methods 

9.3.1. General procedure for photodegradations 

Photodegradation reactions were performed in Pyrex glass vessels with magnetic 

stirring using a solar simulator, a Luzchem photoreactor or with individual LED’s as stated 

in each chapter, see section 9.2 for the equipment description. 

Aliquots were taken at different irradiation times, then an internal standard was 

added, and the removal of the pollutants was monitored by HPLC or GC. For the HPLC 

analysis, mobile phase was a mixture of water pH 3 and acetonitrile at the ratio described 

in each chapter.  

9.3.2. General procedure for CO2 trapping 

The mineralization was checked upon trapping the formed carbon dioxide as 

BaCO3. For that purpose, an aqueous solution of the pollutant/s and the photocatalyst 

was irradiated using the solar simulator with stirring, with a continuous flow of oxygen. 

The evolved CO2 was in situ trapped by bubbling it through a saturated solution of 

Ba(OH)2, see Figure 66. The formed precipitate was submitted to elemental analysis. 

 

Figure 66: Set-up used to trap the evolved CO2 from the reaction mixture as BaCO3 

upon bubbling through a saturated Ba(OH)2 solution. 
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9.3.3. Redox potential measurements 

Stock solutions (1 mM) of each compound were prepared in ACN. The cyclic 

voltammetries were carried out at room temperature, under a constant flux of N2. The 

glassy carbon electrode, GCE, and the Pt electrodes were polished using diamond spray 

(particle size 0.05 m) before each experiment. Measurements were carried out using 

solutions of 30 M of each pollutant in 0.1 M aqueous phosphate buffer pH 7 for ACF, 

TCP and TCS or in 0.1 M tetrabutyl ammonium perchlorate (TBA) in ACN for TCA, ACP, 

CAF and CLOF. The speed for the measurements was fixed at 0.05 or 0.1 V·s-1. The 

obtained data from the AgCl/Ag (sat KCl) were converted into redox potential values vs 

SCE as follows: E (vs SCE, in V) = E (vs AgCl/Ag, in V) -0.045, while the obtained data from 

the AgCl/Ag (3 M NaCl) were converted into redox potential values vs SCE as E (vs SCE, in 

V) = E (vs AgCl/Ag, in V) -0.047. 

9.3.4. Photophysical experiments 

Quartz cells of 1 cm optical path length were employed for all photophysical 

measurements, which were run at room temperature. 

For the steady-state and time-resolved fluorescence experiments, increasing 

volumes of quencher solution (up to 300 L) were added to solutions of the photocatalyst 

(3 mL) prepared with absorbance 0.1-0.15 at the indicated irradiation wavelength. 

Subsequent mono-exponential fitting was applied to obtain the lifetime. 

For the Job’s plot experiments, a set of diluted mixtures (3mL) containing the 

photocatalyst (PC) and the quencher (Q) were prepared with total concentration of 10-5 

M ([PC] + [Q] = 10-5 M). The first sample contained [PC] = 10-5 and [Q] = 0 M, then, several 

samples were prepared with different XQ, up to reach a final sample with [PC] = 0 M and 

[Q] = 10-5 M. Next, absorbance spectra were recorded, and the measurement at an 

specific wavelength was multiplied by the specific concentration of Q from each sample. 

Finally, this value was represented versus the molar fraction of quencher, see Figure 14D. 

For the laser flash photolysis experiments, increasing volumes (up to 300 L) of 

quencher (at the concentration specified at each chapter), were added to 3 mL solutions 

of the photocatalyst (prepared at the concentration/absorbance specified at each 
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chapter) under N2 atmosphere. The decays were recorded after each addition. 

Subsequent mono-exponential fitting was applied to obtain the lifetime. 

9.3.5.  Quantification of 3(TPP+)*/TPP· procedure 

Species quantification was carried out from the exponential decay fitting (EDF) of 

the traces recorded at 550 nm upon LFP excitation of TPP+. In the absence of quencher, 

a monoexponential decay fitting was applied, see Eq. 31, while in the presence of 

quencher, two monoexponential terms were necessary to accurately fit the decay trace, 

Eq. 32.[231] 

Eq. 31: EDF 1: ∆𝐴 = 𝐴𝑇 ·  𝑒
−𝑡

𝜏𝑇
⁄ + ∆𝐴0 

Eq. 32: EDF 2:  ∆𝐴 = 𝐴𝑇 ·  𝑒
−𝑡

𝜏𝑇⁄ + 𝐴𝑅 ·  𝑒
−𝑡

𝜏𝑅⁄ +  ∆𝐴0 

Where, mathematically, A0 is the offset,  is the time constant and A is the 

amplitude. When analysing transient absorption spectra, T corresponds to the lifetime 

of the triplet excited state and R to that of the radical; AT represents the population of 

excited states decaying with a specific lifetime (T) and AR represents the population of 

radicals decaying with a specific lifetime (R). 

Calculation of AT and AR values procedure was as follows: 

- The trace recorded at 550 nm with [Q] = 0 M corresponds to the triplet excited 

state, therefore it was fitted according to an EDF 1, obtaining the corresponding 

amplitude (AT 0M) and the lifetime of 3(TPP+)* (T 0mM, this value must be around 

5.5 s, see Table 1 at Preamble of Part I), see Figure 67. 
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Figure 67: Kinetic trace recorded at 550 nm, obtained upon LFP excitation (exc = 355 

nm) of deaerated acetonitrile solutions of TPP+ (7 x 10-5 M) and its corresponding fitting 

according to EDF 1. 

- The traces recorded at 550 nm with [Q] = 7 x 10-5 M (maximum concentration 

used), where both remaining species (triplet and radical) may be present, were 

fitted according to EDF 2, obtaining the corresponding amplitudes (AT 0.07mM and 

AR 0.07mM) and the lifetimes of 3(TPP+)* and TPP· (T 0.07M and R). The values of R 

were 35 – 35.9 s in all cases and these values were fixed for the rest of the 

intermediate concentration fittings. See Figure 68 as an example with CAF. 

 

Figure 68: Kinetic trace recorded at 550 nm, obtained upon LFP excitation (exc = 

355 nm) of deaerated acetonitrile solutions of TPP+ (7 x 10-5 M) in the presence of CAF (7 

x 10-5 M) and its corresponding fitting according to EDF 2. 

- The decay traces recorded at 550 nm with the intermediate concentrations of 

quencher were then fitted according to EDF 2, obtaining the corresponding 
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amplitudes (AT xM and AR xM). The radical lifetime value (R) was manually fixed in 

the fitting, using the same value than in the previous step, see Figure 69 as an 

example with CAF. 

 

Figure 69: Kinetic trace recorded at 550 nm, obtained upon LFP excitation (exc = 

355 nm) of deaerated acetonitrile solutions of TPP+ (7.0 x 10-5 M) in the presence of CAF 

(2.5 x 10-5 M) and its corresponding EDF 2. 

- An extra support for the T values found at each intermediate concentration was 

obtained from the corresponding Stern-Volmer fittings. With all the found 

lifetimes values of the triplet excited state (T) at each concentration, a Stern – 

Volmer adjustment was plotted. When these fittings exhibited a R2 > 0.92, the 

values were considered confident enough, and the corresponding amplitude 

values (AT and AR) were used. In case that the R2 < 0.92, the lifetimes (T) in the 

EDF 2 were manually re-adjusted, obtaining new amplitude values. As criteria, the 

EDF 2 was also considered only if its R2 > 0.92. This readjustment was made as 

many times as necessary until reaching the desired R2 minimum in both, the EDF 

2 and Stern – Volmer fittings. In the case of ACP, in which quenching is inefficient, 

an R2 = 0.87 was accepted in the Stern Volmer fitting, see Figure 70 as an example 

of the Stern – Volmer fitting obtained with the EDF values for the case of CAF. 
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Figure 70: Stern – Volmer adjustment obtained with the lifetimes obtained with 

EDF 1 and EDF 2 of the traces of CAF. 

Once the AT and AR were obtained, relative contribution of each species was 

calculated as indicated at Eq. 33 and Eq. 34 and plotted in Figure 25 at Chapter 3. 

Eq. 33: 𝑅𝐸𝐿𝐴𝑇𝐼𝑉𝐸 𝑇𝑅𝐼𝑃𝐿𝐸𝑇 𝑃𝑂𝑃𝑈𝐿𝐴𝑇𝐼𝑂𝑁 =  
𝐴𝑇

𝐴𝑇+𝐴𝑅
 

Eq. 34: 𝑅𝐸𝐿𝐴𝑇𝐼𝑉𝐸 𝑅𝐴𝐷𝐼𝐶𝐴𝐿 𝑃𝑂𝑃𝑈𝐿𝐴𝑇𝐼𝑂𝑁 =  
𝐴𝑅

𝐴𝑇+𝐴𝑅
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10. Conclusions 

 

This Doctoral Thesis explores several photocatalytic processes which look forward 

to both environmental and chemical applications. The final conclusions of each part can 

be summarized as follows: 

Part I: Oxidative Electron Transfer Processes: 

1. TPP+ and TPTP+ are efficient photocatalysts in the treatment of two real pollutants 

resulting from to the cork industry: 

- In fact, removal of GA photocatalyzed by TP(T)P+ is fast, while TCA is more 

reluctant, in good agreement with the thermodynamic calculations. 

- For the case of GA, electron transfer to the triplet excited state of the 

photocatalysts has been demonstrated by photophysical experiments. 

- In the case of TCA, formation of a ground state complex is the only operating 

mechanism. 

2. Organic photocatalysts such as TPP+ allow monitoring all the short-lived intermediates 

in a photoredox process providing valuable mechanistic data. 

- Time-resolved fluorescence measurements demonstrate the participation of 

1(TPP+)*; besides, laser flash photolysis experiments give parallel information on 

3(TPP+)*. Those experiments reveal that the oxidation of the selected pollutants 

(ACF, ACP, CAF and CBZ) is concomitant with the TPP+ reduction, therefore with 

the formation of pyranyl radical (TPP.). 

- The detection of the reduced photocatalyst (TPP·) by laser flash photolysis is a 

fingerprint of the redox nature of the photodegradation process.  

3. From the results obtained using TPTP+ as photocatalyst in the abatement of ACF, ACP, 

CAF, CBZ and CLOF, general conclusions on the features that an ideal photocatalyst 

should fulfill could be stated: 

- It should absorb in the visible region. 

- It should have appropriate redox potential from its excited states. 

- Its intersystem crossing quantum yield should be high. 

- The lifetime of its triplet excited state should be long. 
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4. From the results obtained using TPTP+ as photocatalyst in the abatement of ACF, ACP, 

CAF, CBZ and CLOF, two different scenarios to treat an industrial effluent can be found: 

- In the source of the production of the waste, when the concentration of the 

pollutants is the highest, because the efficiency of a photocatalytic treatment is 

the best. 

- Once the effluent reaches an open area, and the concentration of the pollutants 

has decreased, because although the efficiency of the triplets is low, natural 

sunlight becomes an inexpensive illumination source. 

Part II: Type I vs Type II processes: 

1. Experimental results highlight the importance of performing a careful mechanistic 

study to clarify the role of each potential pathway when more than one is, in principle, 

possible. 

2. Triplet excited states of RB and PN, are efficiently quenched by DCF and ACF and also 

by oxygen with diffusion-controlled constants. 

3. 1O2 is inefficiently quenched by selected drugs as expected from typical reactivity of 

1O2 with organic substances. 

4. The same is true for NMQ+, an example of photocatalyst with high redox potential and 

also able to produce 1O2, from the singlet excited state. 

5. Therefore, photocatalysts capable of forming singlet oxygen even with a low oxidation 

potential are in general acting as efficient Type I oxidants from their excited states, 

contributing eventually this pathway more than Type II in the photodegradation. 

Part III: Reductive Electron Transfer Processes: 

1. Time-resolved techniques provide useful data to analyse the kinetic feasibility of the 

thermodynamically allowed pathways in the photocatalytic reduction of several halides 

mediated by RF. 

2. Kinetics of the RF·- in the presence of the bromides are in agreement with the 

thermodynamic calculations and demonstrate the key role of this intermediate. 

3. Therefore, the employed methodology provides a deep understanding of the overall 

mechanism for the photocatalytic reduction of halides. 
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12. Summary/ Resumen/ Resum 

 

12.1. Summary 

In the last decades, photoinduced-redox processes mediated through visible light 

have obtained great attention due to the generally mild operating conditions that they 

offer. As a result, they constitute a real alternative within the so-called Advanced 

Oxidation processes. Besides, they are becoming an outstanding methodology in organic 

synthesis, which has opened the door to new synthetic and chemical routes. However, 

despite the growth of the field, little attention has been paid to the mechanistic pathways 

behind these processes. 

The main objective of this thesis was to gain deeper understanding of different 

photoredox processes carried out using organic photocatalysts. More specifically, the 

viability of several organic photocatalysts was studied, and besides, a careful mechanistic 

study based on time resolved techniques supported the postulated mechanisms. With 

this information, a methodology determining the key points to consider in a photoredox 

system were established. 

Firstly, in Part I, two photocatalysts, pyrylium and thiapyrylium salts, which 

operate through an oxidative electron transfer, have been used with different objectives. 

In Chapter 3, the viability of the photodegradation of two common pollutants from cork 

industry and the operating mechanism has been evaluated. In Chapter 4, the direct 

detection of all the TPP+ derived short-lived intermediates in the photocatalyzed 

oxidation of a mixture of pollutants using TPP+ is proposed as a methodology to assess 

the photodegradation extent. In the last chapter of Part I, Chapter 5, TPTP+ is used to 

establish the characteristics of an ideal photocatalyst. Besides, the study claimed the 

influence of the concentration of the target substances in the efficiency of the excited 

states or, in general, of the key short-lived intermediates. 

Secondly, in Part II, Chapter 6, rose bengal, a typical photocatalyst used in 

wastewater remediation, known for working via Type II mechanism, was evaluated for 

the removal of two common drugs. In addition, a second one, perinaphtenone, which 
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gives rise to even a higher singlet oxygen quantum yield than rose Bengal, was tested. In 

Chapter 7, NMQ+, a non-typical photocatalyst able of generate singlet oxygen from its 

singlet excited state, was used in the photooxidation of three different pollutants. In 

every case analyzed in Chapters 6 and 7, the major contribution of Type I vs Type II 

mechanism was demonstrated. 

Finally, in Part III, Chapter 8 was devoted to the photocatalytic reduction of 

organic bromides. In this case, riboflavin, a naturally occuring organic dye, was used as a 

photocatalyst. Analogously, careful attention was paid to the behavior of the 

intermediates, as well as to the thermodynamics of the steps involved in the 

photocatalytic cycle. 
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12.2. Resumen 

En las últimas décadas, los procesos redox fotoinducidos mediados por luz visible 

han recibido gran atención debido a las suaves condiciones de operación en que se llevan 

a cabo. Como resultado, se han logrado posicionar como una alternativa más dentro de 

los Procesos de Oxidación Avanzada. Además, se han convertido en una metodología 

excepcional en síntesis orgánica, que ha abierto la puerta a nuevas rutas químicas con 

aplicaciones sintéticas. Sin embargo, a pesar del crecimiento del campo, se ha prestado 

poca atención a los mecanismos por los que operan estos procesos. 

El principal objetivo de esta tesis es avanzar en la comprensión de distintos 

procesos fotoredox llevados a cabo empleando fotocatalizadores orgánicos. Más 

específicamente, se ha estudiado la viabilidad de distintos fotocatalizadores orgánicos, y 

además, se ha realizado un estudio mecanístico detallado basado en técnicas resueltas 

en el tiempo. A partir de estos resultados, se ha establecido una metodología para 

determinar los puntos clave a considerar en un sistema fotoredox. 

En primer lugar, en la Parte I, se eligieron dos fotocatalizadores, sales de pirilio y 

tiapirilio, que operan mediante transferencia electrónica oxidativa, con distintos 

objetivos. En el Capítulo 3, se evaluó su aplicabilidad en la fotodegradación de dos 

contaminantes de la industria del corcho y se estudió el mecanismo por el que se produce 

dicha fotodegradación. En el Capítulo 4, se demostró la utilidad de la detección directa 

de todos los intermedios de vida corta derivados del TPP+ implicados en la oxidación 

fotocatalizada como herramienta para evaluar el nivel de fotodegradación. En el Capítulo 

5, se empleó TPTP+ para establecer las características de un fotocatalizador ideal y la 

influencia de la concentración de las sustancias a oxidar en la eficiencia de los estados 

excitados, o en general, de los intermedios clave de vida corta. 

En segundo lugar, en la Parte II, Capítulo 6, se evaluó el potencial del rosa bengala 

en la eliminación de dos fármacos. Éste es un fotocatalizador típico en la remediación de 

aguas residuales conocido por actuar via mecanismo Tipo II. Se incluyó además un 

segundo fotocatalizador, perinaftenona, cuyo rendimiento cuántico de oxígeno singlete 

es incluso mayor a rosa bengala. En el Capítulo 7, se llevó a cabo la fotooxidación de tres 

contaminantes, usando NMQ+, un fotocatalizador inusual, capaz de generar oxígeno 
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singlete desde su estado excitado singlete. En todos los casos analizados en los Capítulos 

6 y 7, se pudo demostrar la mayor contribución del mecanismo Tipo I sobre el mecanismo 

Tipo II en la fotodegradación de los diferentes contaminantes. 

Finalmente, en la Parte II, el Capítulo 8 se dedicó a la reducción fotocatalítica de 

bromuros orgánicos, empleando riboflavina, un colorante orgánico natural, como 

fotocatalizador. De nuevo, se prestó especial atención a la detección y comportamiento 

de las especies intermedias, lo que resultó de acuerdo a los datos termodinámicos. 
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12.3. Resum 

En les últimes dècades, els processos redox fotoinduïts mitjan per llum visible han 

rebut gran atenció degut a les suaus condicions d'operació en que es donen. Com a 

resultat, s'han aconseguit col·locar com una alternativa mes dins dels Processos 

d'Oxidació Avançada. A més, han estat convertint-se en una metodologia excepcional en 

síntesi orgànica, que ha obert la porta a noves rutes químiques amb aplicacions 

sintètiques. No obstant això, a pesar del creixement del camp, s'ha prestat poca atenció 

als mecanismes pels que operen aquests processos. 

El principal objectiu d'esta tesi va es avançar en la comprensió de diferents 

processos fotoredox duts a terme emprant fotocatalitzadors orgànics. Més 

específicament, es va estudiar la viabilitat de distints fotocatalitzadors orgànics, i a més, 

es va realitzar un estudi mecanístic al detall basat en tècniques resoltes en el temps. Amb 

aquests resultats, es va establir una metodologia per a determinar els punts clau a 

considerar en un sistema fotoredox. 

En primer lloc, en la Part I, es van elegir dos fotocatalitzadors, sals de pirili i tiapirili, 

els quals operen per mitjà de transferència electrònica oxidativa, amb distints objectius. 

En el Capítol 3, es va avaluar la seua aplicabilitat en la fotodegradació de dos 

contaminants de la indústria del suro i es va estudiar el mecanisme pel qual es produeix 

dita fotodegradació. En el Capítol 4, es va demostrar la utilitat de la detecció directa de 

tots els intermedis de curt temps de vida derivats del TPP+ implicats en l'oxidació 

fotocatalitzada com a ferramenta per avaluar el nivell de fotodegradació. En el Capítol 5, 

es va emprar TPTP+ per a establir les característiques d'un fotocatalitzador ideal i 

l’influencia de la concentració de les substàncies a oxidar en la eficiència dels estats 

oxidats, o en general, del intermedis claus de vida curta. 

En segon lloc, en la Part II, Capítol 6, es va avaluar el potencial del rosa bengala en 

l'eliminació de dos fàrmacs. Aquest es un fotocatalitzador típic en la remediació d'aigües 

residuals conegut per actuar via mecanisme Tipus II. Es va incloure a més un segon 

fotocatalitzador, perinaftenona, el del qual rendiment quàntic d'oxigen singlet és inclús 

major a rosa bengala. En el Capítol 7, es va dur a terme la fotooxidació de tres 

contaminants, usant NMQ+, un fotocatalitzador inusual, capaç de generar oxigen singlet 
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des del seu estat excitat singlet. En tots els casos analitzats als Capítols 6 i 7, es va poder 

demostrar la major contribució del mecanisme Tipus I sobre el mecanisme Tipo II en la 

fotodegradació dels diferents contaminants. 

Finalment, en la Part II, el Capítol 8 es va dedicar a la reducció fotocatalítica de 

bromurs orgànics, emprant riboflavina, un colorant orgànic natural, com fotocatalitzador. 

De nou, es va prestar especial atenció a la detecció i comportament de les espècies 

intermèdies, el que va resultar d’acord amb les dades termodinàmiques. 

 

.
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