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Abstract 
 
In the last years, the use of light as a reagent has launched a huge variety of new reaction pathways 

and has consequently led to the development of many new applications. Indeed, photochemical 

reactions involve excited state species that, having different properties with respect to the ground 

state, lead to different reactivity. During my PhD, I worked on photochemical reactions. I studied 

photochemical processes in molecules and in semiconductors, working respectively with 

photoinitiators such as photoacid and photobase generators and with photocatalysis of 

semiconductors, such as TiO2. 

In the first part of this work, photoacid and photobase generators have been treated with the aim 

of controlling and localizing pH variations with light. This potentiality was exploited to obtain 

controlled precipitation and dissolution of calcium carbonate, which can lead to many new 

applications. We first focused on the development of a photoprecipitation/photodissolution 

method for application as a new technique for artwork restoration. Diphenyliodonium 

hexafluorophosphate was used as a photoacid generator to provoke the dissolution of calcium 

carbonate. Precise and controlled dissolution of CaCO3 could be achieved using a focused LED at 

365 nm. Moreover, the use of Thioxanthone as sensitizer led to a very fast dissolution with 

irradiation even at 395 nm, thus making the process more efficient and less harmful for the future 

application. Photoinduced precipitation of calcium carbonate was obtained in solution by using 

two photobase generators, Sodium tetraphenylborate and Ketoprofen, exploiting the large pH 

jump of the former and the pH increase coupled with CO2 generation in the latter. Also in this case, 

the use of Thioxanthone as a sensitizer boosted the performances of Sodium Tetraphenylborate 

using a Near-UV light source. Photoinduced crystallization of CaCO3 by Ketoprofen was also 

implemented in a gel matrix to fix CaCO3 crystals generated by the light stimulus. The possibility 

to embed CaCO3 crystals in a support will allow to write CaCO3 structures by light with high 

precision and apply this process to lithography and patterning systems. 

In the second part of this work photocatalytic behaviour of TiO2 in environmental remediation 

has been described. TiO2 colloidal nanoparticles were synthesized with an easy method and using 

different kind of surfactants. Very stable and transparent aqueous dispersions of small (5-7 nm) 

TiO2 nanoparticles were obtained, useful for water decontamination. Photocatalytic properties 

were investigated for water remediation by organic pollutants, using Rhodamine B as a model; a 

great enhancement of photocatalytic performances has been achieved with respect to commercial 

TiO2 aqueous dispersions. Moreover, TiO2 colloidal nanoparticles are also resistant to several 

irradiation cycles and thus suitable for a real application. We also modified TiO2 colloidal 

nanoparticles with Graphene and MoS2, obtaining, in some cases, a further enhancement in the 
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photocatalytic activity, depending on the surfactant used for the nanoparticle synthesis. TiO2 

nanoparticles stabilized by Pluronic F-127 were also modified with polydopamine (PDA). This led 

to an interesting system in which TiO2-PDA can be dried and re-dissolved in water without losing 

their nanoparticle nature. This also led to a stabilization of the nanoparticles at different pH 

values. Thus, it was also possible to study photocatalytic activity in different pH conditions. 

Finally, TiO2 photocatalytic coatings modified by Graphene were studied for air remediation, after 

embedment in a cement matrix. In particular, inorganic pollutants decontamination was 

investigated by using NOx gases as models. Once verified the photocatalytic activity of the new 

composite, we focused on the aging effects. We evaluated performances with 30 and 60 cycles of 

irradiation by a solar simulator lamp and with continuous refreshing of the pollutant gases. The 

photocatalytic activity remained high and stable during all the cycles of irradiation, showing a 

great resistance that made it suitable for the real application in self-cleaning cementitious 

surfaces. 
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1. Introduction: Photochemical 

reactions in molecules and 

semiconductor nanomaterials 
 

1.1. From first empirical evidence to 

photochemistry principles 
 

Photochemistry is the branch of science that explores light-matter interaction, which has always 

had a relevant role in many natural processes. The most studied photochemical transformation is 

surely photosynthesis, but many other examples can be mentioned such as bioluminescent 

organisms or the visual system of the eye. Despite the presence of many photochemical 

phenomena in nature, scientists started to observe and be interested in them mainly in the XVIII 

century. The very first case of observation of a photochemical reaction was in 1565 in which the 

alchemists observed the darkening of silver chloride, called “horny moon”, under the action of 

sunlight1. Nevertheless, only in 1727 the scientist Schultze attributed to the action of light – and 

not to the sun’s heat as previously believed - the darkening of silver salts2, 3. The Swedish chemist 

Scheele, by means of the investigation on Bestuzhev and Schultze discoveries, in 1777 proved that 

there was a difference in the darkening on silver salts depending on the wavelength of the light: 

violet rays of the solar spectrum had a more rapid effect with respect to the other rays3. In the XIX 

century, the further development of these studies built the basis of photography (Figure 1). 

 

 

 

Figure 1: First photography, “Point de vue du Gras”, by Joseph Nicéphore Niépce4 
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However, at that time, the observation of such photochemical phenomena was basically empirical, 

a real conceptualization of light and its interactions with matter was still lacking. Grotthuss in 

1817 and Draper in 1841 established the first general principle of photochemistry for which “only 

the light absorbed can produce a photochemical effect”, but only after one century it would have 

been possible to understand the interaction between the wavelength of the light absorbed by a 

species and its molecular structure5. Photochemical events started to be more deeply explored at 

the beginning of the XX century. Giacomo Ciamician is one of the scientists considered a pioneer 

of photochemistry6. He had a great impact in the scientific community thanks to his studies on the 

use of light in the chemical synthesis in plants and on how similar mechanisms could be exploited 

to obtain solar energy conversion7. Moreover, progress in modern physics allowed to give a 

theoretical explanation of photochemistry. In particular, during the XVII century, the nature of 

light was described by two main theories: the “corpuscular theory” with which Newton conceived 

light as an ensemble of very small particles8, and the “wave theory”, in which Huygens defined 

light as a wave which could propagate in a medium9. This theory was clarified in 1860 by Maxwell, 

which included light waves as part of the spectrum of electromagnetic waves10. In this vision, light 

had the same properties as an electromagnetic wave: a wavelength (𝜆) inversely proportional to 

a frequency (𝜈 ) by means of a constant speed (𝑐= 2.998 x 108 m s-1 in vacuum) (Eq.1). 

 

𝜆𝜈 = 𝑐 Eq.1 

 

The corpuscular model was developed in 1900 by Planck that described the energetic exchange 

between matter and electromagnetic field. He postulated that electromagnetic radiation 

interacted with matter only by means of discrete quantities of energy, “quanta” (called then 

“photons” in 1926 by Lewis)11. According to his theory, each photon has a specific energy (E), 

which is correlated to the frequency of the electromagnetic field (𝜈), as described in the Planck’s 

Law (Eq.2). 

 

𝐸 = ℎ𝜈 Eq.2 

 

The Energy and the frequency of the photon are correlated by means of the Planck constant ℎ= 

6.63 x 10-34 J s. In 1905, Einstein by the interpretation of the photoelectric effect, gave 

experimental evidence of the corpuscular nature of light12. At this point, light was described both 

as a wave and a particle (wave-particle dualism). This contrast was then strengthened by De 

Broglie (1925)13 that introduced the particle-wave dualism, hypothesizing that particle beams 
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could also behave as waves. Since the first decades of the XX century, these principles have made 

possible the development of photochemistry and still today they represent the basis of this field. 

All the studies on nature of light described above allow nowadays the interpretation of any 

process in which light is involved. Indeed, the first event that characterize any photochemical 

process is the absorption of a photon (Eq.3). 

 

𝐴 + ℎ𝜈 → 𝐴∗ Eq.3 

 

Equation 3 represents the light absorption process, in which A represents the species at the 

ground state, ℎ𝜈 a photon of the appropriate energy to be absorbed by A and A* the species in an 

electronically excited state. As molecular orbitals theory explains14, each electronic configuration 

of a molecule corresponds to one or more electronic states at different energies and the electronic 

configuration that characterizes one molecule at room temperature is always the one that 

corresponds to the electronic state at the lowest energy, called “ground state” (A). The absorption 

of light of a certain wavelength (UV-Vis range) leads to a change in its electronic configuration, 

thus the molecule is not in the ground state anymore, but it is in an “excited state” (A*). The energy 

and the distribution of the electrons in a molecule determine its properties such as bond length, 

spatial structure, charge distribution, electron affinity, ionization potential but also the interaction 

with other molecules and the solvent15. Therefore, the change in the electronic configuration leads 

to a change in all the properties of the molecule and thus the molecule in the excited state must 

be considered a totally new species, with characteristics that could significatively differ from the 

molecule at the ground state. Once the excited state is generated, the A* species can undergo 

photophysical or photochemical processes (Scheme 1.). 

 

 

 

Scheme 1: processes undergone by a molecule after the absorption of light. Each process is characterized by a kinetic 

constant (kr for radiative processes, knr for not-radiative processes and kp for photochemical reactions) 
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In particular, the excited molecule can return to the ground state and release energy by emitting 

light (radiative deactivation) or by producing heat (not-radiative deactivation). This kind of 

phenomena are called photophysical processes. Otherwise, the excited state can react and 

transform into another molecule (B) undergoing a photochemical process. Once the excited state 

is generated, these events always compete and the molecule usually undergo the faster pathway. 

Each process is described by a kinetic constant named respectively kr, knr and kp for radiative 

deactivation, not-radiative deactivation, and photoreaction. So far, among photochemists, the 

photophysics of a molecule is always represented by the Jablonski Diagram (Figure.2), introduced 

by Alexander Jablonski in 193316 and then completed by Lewis and Kasha in 194417, 18. 

 

 

 

Figure.2: example of Jablonski Diagram 

 

The Jablonski diagram shows the electronic states of a molecule (S0, S1…) and in this 

representation, each electronic state is displayed with its vibrational energy levels. The radiative 

and not-radiative processes are depicted respectively with straight and wavy arrows. The 

electronic states involved in photophysical and photochemical processes are usually singlet and 

triplet states, depending on the spin multiplicities of a certain electronic configuration. According 

to spin selection rules19-21, an electronic transition is allowed if it occurs between two states with 

the same spin multiplicity. As an example, a transition from a singlet state to a single state is spin-

allowed, while a transition from a singlet state to a triplet state is spin-forbidden. Not-radiative 

electronic transitions are divided in internal conversion (ic) or intersystem crossing (isc) that 

correspond respectively to spin-allowed and spin-forbidden events. The radiative processes are 

fluorescence (fluo) and phosphorescence (phos): fluorescence occurs when the electronic 

transition is spin-allowed while phosphorescence when it is spin-forbidden. Thus, internal 
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conversion (10-12-10-6 s) and fluorescence (10-9-10-7 s) are always favoured and faster with 

respect to intersystem crossing (10-12-101 s) and phosphorescence (10-6-10-3 s). Not-radiative 

processes occur also between vibrational levels in the same electronic state and are called 

vibrational relaxations; they are usually faster than any deactivation process between electronic 

states (10-13-10-12 s)22. 

 

 

 

Figure 3: Time scales, reproduced from 22 

 

If the molecule is in an excited state higher than the first (S2 in Figure 2) it usually deactivates not-

radiatively to S1 or T1. Consequently, all the radiative processes start from the first electronic 

excited state (Kasha’s rule23). As already mentioned, the pathway that the excited molecule will 

take depends on the rates of the different photophysical and photochemical processes. Thus, each 

path has a certain probability which could depend on the intrinsic properties of the molecule 

and/or the surrounding environment. The main parameters that define 

photophysical/photochemical events are the lifetime of the excited state (τ), the efficiency (η) and 

the quantum yield (Ф). The lifetime is the amount of time for which an excited state lives and it 

depends on how fast the deactivation processes are. Indeed, it is inversely proportional to the sum 

of the kinetic constants of all the deactivation pathways (Eq.4). 

 

𝜏 =
1

Σ𝑘
 

Eq.4 

 

Usually, the lifetime of a fluorescent species is few nanoseconds, while the lifetime of a 

phosphorescent species is significatively slower, in the order of microseconds. The efficiency of a 

process is defined as the ratio between the kinetic constant of the process and the sum of all the 

kinetic constants (Eq.5). It reflects how much a deactivation pathway is favoured with respect to 

the others. 
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𝜂𝑖 =
𝑘𝑖

Σ𝑘
 

Eq.5 

 

Finally, the quantum yield of a process is defined as the ratio between the number of molecules 

that undergo that process in time (
𝑑𝑛(𝑋)

𝑑𝑡
⁄ ) and the number of absorbed photons in time 

(photon flux - 𝑞𝑝,𝑎𝑠)11. 

 

Φ =

𝑑𝑛(𝑋)
𝑑𝑡

⁄

𝑞𝑝,𝑎𝑠
 

Eq.6 

 

The event in which, after the absorption of a photon, the excited molecule is just deactivated by a 

chemical transformation or by returning to the ground state, is called “primary process”. That can 

be the case of a fluorescence from the first excited state S1. If the excited molecule is first converted 

in another excited state or an instable species, there will be other events that follow the primary 

process, called “secondary processes”. In a primary process, the quantum yield will coincide with 

the efficiency, while in a secondary process, it will be the product of the efficiency of all the 

events11. 

 

 

Eq.7 

Eq.8 

 

1.2. Photochemistry of molecules 
 

Photophysical pathways, described by the Jablonski Diagram (Figure 2), are fundamental 

processes that characterize the excited state of a molecule and do not lead to a chemical 

modification of the original molecule. On the other hand, an excited species can undergo 

photochemical reactions and modify or not (i.e. photoisomerization) its chemical composition15. 

As mentioned before, the excited state must be considered as a new chemical species with its own 

properties and reactivity. Furthermore, a photochemical reaction is intrinsically different from a 

thermal reaction because the excited species are very reactive, thus the reaction occurs with low 
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or no activation energy and in very high rates, having also to compete with the other deactivation 

pathways15. 

First, it is important to divide the processes that an excited state can undergo in two main 

categories. Until now, all the mentioned photophysical and photochemical events involve only the 

behaviour of the excited molecule and are called “unimolecular processes”. However, the excited 

species (A*) could interact with another molecule present in the surroundings (B); this kind of 

events are called “bimolecular processes”. Since the reaction undergone by the molecule B is not 

given by its direct excitation but by the interaction with another excited species, the molecule A is 

usually called the “sensitizer” of B. Intermolecular interactions of molecules in the excited states 

in solution are very common and the encounters of the reactant molecules, forming the 

“encounter complex”, are governed by diffusion (Scheme 2).  

 

 

 

Scheme 2: reaction between molecules A and B via the formation of an encounter complex 

 

In scheme x kd represents the bimolecular rate constant of diffusion, k-d the first-order rate 

constant for escape from the encounter complex and kp the first-order rate constant of the product 

formation in the encounter complex22. If we consider that the concentration of the encounter 

complex (𝑐𝐴∗.𝐵) is constant during the whole process (steady-state approximation), we can 

assume that the rate of product formation depends on the diffusional constant kd, the reactants 

concentrations (𝑐𝐴∗𝑎𝑛𝑑 𝑐𝐵) and the efficiency of the product formation from the encounter 

complex22 (𝜂𝑝) as showed in Eq. 9,10,11: 

 

𝑑𝑐𝐴∗.𝐵
𝑑𝑡⁄ = 𝑘𝑑𝑐𝐴∗𝑐𝐵 − (𝑘−𝑑 + 𝑘𝑝)𝑐𝐴∗.𝐵 ≈ 0   Steady state approximation Eq.9 

𝑑𝑐𝑝

𝑑𝑡
⁄ = 𝑘𝑝𝑐𝐴∗.𝐵 

Eq.10 

𝑑𝑐𝑝

𝑑𝑡
⁄ ≈ 𝑘𝑑𝑐𝐴∗𝑐𝐵

𝑘𝑝

𝑘−𝑑 + 𝑘𝑝
≈ 𝑘𝑑𝑐𝐴∗𝑐𝐵𝜂𝑝 

Eq.11 

 

According to this approximation, when k-d<<kp the process will be “diffusion-controlled” while 

when k-d>>kp the process will be “reaction-controlled”.  

If an excited molecule A* in solution can interact with another species B, all the possible 

deactivation pathways of the excited state are in competition also with this new event. This effect 
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in evident in the fluorescence intensity decrease of the excited species; for this reason, an excited 

state involved in a bimolecular process is usually “quenched” by the other species. We can thus 

express the excited state deactivation including the bimolecular process (in which kq is the 

quenching kinetic constant), represented by a second order kinetic law (Eq 12) and derive the 

corresponding lifetime (Eq.13).  

 

− 𝑑[A∗]
𝑑𝑡

⁄ = (𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝑝 + 𝑘𝑞[𝐵])[𝐴∗] Eq.12 

τ =
1

𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝑝 + 𝑘𝑞[𝐵]
 

Eq.13 

 

At this point, we can compare the lifetime in absence (τ0) and in presence of the “quencher” B (τ) 

and express their ratio (Eq.14) 

 

𝜏0

𝜏
= 1 + 𝜏0𝑘𝑞[𝐵] Eq.14 

 

The equation that results (Eq.14) is known as Stern-Volmer equation, in which the term 𝑘𝑞[𝐵] is 

the Stern-Volmer constant (kSV)24. This linear equation is very important because allows to 

calculate the quenching kinetic constant by plotting the ratio of the lifetimes as a function of the 

quencher concentration. 

One of the most common examples of a bimolecular process is Energy transfer, in which the 

excitation energy of an excited molecule A* (donor) is transferred to a molecule B (acceptor) 

(Scheme 3).  

 

 

 

Scheme 3: Energy transfer process 

 

Two types of energy transfer processes can be distinguished: radiative (or trivial) energy transfer 

and not-radiative energy transfer (Scheme 4): 
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Scheme 4: Radiative and not-radiative energy transfer 

 

In radiative energy transfer, the molecule B is excited, not by a real sensitization, but by the 

fluorescence of A. The only requirement of this process to happen is an overlap between the 

fluorescence spectrum of A and the absorption spectrum of B. However, the most common energy 

transfer process is the not-radiative one, in which there is a radiationless transition in the 

encounter complex A*.B. The occurrence and the rate (kEn.T) of this kind of process have a 

dependence on the distance between the two molecules involved and are of two types: Förster 

resonance energy transfer25 or Dexter (or exchange) energy transfer26. Further details on energy 

transfer mechanism can be found in reference27. One of the most important example of energy 

transfer process is represented by antenna systems in natural photosynthesis. The function of 

these antenna pigments (among which chlorophyll is the most common) is to gather sunlight and 

concentrate it to the reaction centre where it is converted into chemical energy; this happens by 

means of several energy transfer processes (Figure 4)28. 

 

 

 

Figure 4: antenna system in photosynthesis: energy transfer processes between pigments deliver the excited state to 

the reaction center in which electron transfer processes take place. Reproduced from ref29. 
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Another very common bimolecular process is Electron Transfer, in which a redox process occurs 

between the excited molecule and the one in the ground state (Scheme 5): 

 

 

 

Scheme 5: photoinduced electron transfer processes 

 

Even if two molecules at the ground state would not interact by a redox process, they can have a 

photoinduced electron transfer. That is because a molecule in the excited state has a lower 

ionization potential and a higher electronic affinity, resulting in being both a better reductant and 

a better oxidant than the molecule in the ground state. When a photoinduced electron transfer 

occurs, a radical-ion pair is first formed, whose energy has to be lower than the one of the excited 

donor or acceptor30. Then two main processes compete: the radical-ion pair can be separated in 

free radicals or be recombined to regenerate the species at the ground state (back-electron 

transfer), as is displayed in Scheme 6. 

 

 

 

Scheme 6: energy diagram of photoinduced electron transfer30. keT, kbet and ksep are the kinetic constants respectively 

for electron transfer, back electron transfer and separation of radical ions.  

 

Therefore, the yield of the separation between the photogenerated radical-ion pairs depends also 

on the rate of the back-electron transfer process. Other processes that can also occur after the 



 

15 
 

formation of the radical-ion pair are proton transfer or other rearrangements like atom, group 

transfer or bond formation31. Generally, the fate of the radical-ion pair depends on factors like 

solvent polarity or magnetic field32, 33. An interesting example of these kind of processes is 

represented by proton-coupled electron transfer reactions (PCET), cases in which electron 

transfer is accompanied by a proton transfer, as it happens in the reduction of 3C60 by phenols, in 

presence of a base(Scheme 7)34. 

 

 

 

Scheme 7: PCET in the reduction of 3C60 by phenols, in presence of a base34 

 

This process is an example of a solvent polarity dependent reaction (hydrogen bond is involved) 

and of an electron transfer favoured by the occurrence of a proton transfer35. Coupling of electron 

and proton transfer mechanisms also rule in reaction centres of photosynthetic organisms29. 

Among the processes that involve excited states, photochemistry of organic molecules is one of 

the most important classes of photochemical reactions, because it opens to more accessible 

organic synthesis paths36. Indeed, several photochemical pathways are possible for every class of 

organic molecules. Some examples will be briefly described in the next paragraphs referring to a 

relevant book in the field: “Photochemistry of organic compounds: from concept to practice”37. 

One of the main photoreactions of alkenes surely are E-Z (or trans-cis) photoisomerizations 

(Scheme 8). 

 

 

 

Scheme 8: E-Z (trans-cis) photoisomerization 

 

The 180°C rotation around the C=C bond can be both a thermal and a photochemical reaction. 

When the thermal reaction occurs a mixture of isomer is produced that depends on the 

thermodynamic stability of the two isomers (trans is usually the most thermodynamically stable). 
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When the reaction occurs photochemically the cis→trans and the trans→cis isomerizations are 

governed by irradiation with the two proper wavelengths (hν and hν’ in Figure 8). When the rates 

of formation of the two isomers are equal, a photostationary state is achieved and the mixture will 

depend on isomerization quantum yields and extinction molar coefficients of the two isomers. 

Photoisomerization reaction is very important in nature, since is the main process behind the 

mechanism of vision38. Other processes that involve excited alkenes are eletrocyclic and 

sigmatropic rearrangements and proton addition or oxidation/reduction (Scheme 9). 

 

 

 

Scheme 9: Other common photoinduced processes of alkenes 

 

Photochemical reactions that involve aromatic compounds are of high interest because of the 

intrinsic thermodynamic stability of aromatic species in the ground state; thus their light 

excitation leads to reaction pathways otherwise unexplored. As an example, substituted aromatic 

compounds, which at the ground state give only electrophilic substitutions, at the excited state 

give nucleophilic substitution (Scheme 10). 

 

 

 

Scheme 10: nucleophilic substitution of aromatic compounds. 

 

This happens because the HOMO of the aromatic structure, which is nucleophile at the ground 

state, become a half-filled electrophile HOMO (while the half-filled LUMO has a nucleophilic 

character) at the electronically excited state. There are many mechanisms for photoinduced 

nucleophile substitution (Scheme 11) such as unimolecular substitution(SN1Ar*), nucleophilic 
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attack(SN2Ar*), C-X homolysis and photoinduced electron transfer (PET) to or from (not shown in 

the figure) the aromatic moiety15. 

 

 

 

Scheme 11 : Main mechanisms of photoinduced nucleophile substitution in aromatic compounds39 

 

Electronically excited aromatic compounds can also give rearrangements; Irradiated benzene, for 

example, can give rearrangements to benzvalene40 and Dewar benzene41, two non-aromatic highly 

energetic and strained products (Scheme 12). 

 

 

 

Scheme 12: two rearrangements obtained by excitation of benzene. 

 

Carbonyl compounds are another class of very interesting photoreactive moieties. Ketones and 

aldehydes usually give a fast intersystem crossing that is particularly efficient in the case of Aryl 
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ketones, since the triplet state T1 (π,π*) is very close in energy to the singlet state S1 (n,π*), in 

accordance to El-Sayed rule42, 43. Thus, most of their photochemical reactions take place from the 

triplet excited state15. Among the possible photoinduced processes, the most common are α-

cleavage (Norrish type I reaction), intramolecular H transfer (Norrish type II reaction) and 

photoreductions as intermolecular electron transfer and intermolecular H abstraction (Scheme 

13). 

 

 

 

Scheme 13: Some photoreactions of carbonyl compounds 

 

Among carbonyl compounds, carboxylic acids always exhibit a decarboxylation pathway. Acids 

give homolytic decarboxylation while carboxylic anions give an heterolytic pathway (Scheme 14). 

 

 

 

Scheme 14: photodecarboxylation pathways 

 

Halogen molecules (X2) give photofragmentation with an homolytic mechanism, while halogen 

containing organic molecules (R-X) can undergo homolytic photofragmentation or, in Aryl halides 

(Ar-X), direct nucleophilic photosubstitution (Scheme 11), as showed in Scheme 15. 
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Scheme 15: Halogen photoreactions 

 

In particular, Aryl halides in presence of bromine and iodine substituents give efficient 

intersystem crossing because of the heavy-atom effect, thus they can undergo homolytic 

photofragmentation both from singlet and triplet excited states, if their energies are greater than 

the Ar-X dissociation energy15. All this kind of photochemical processes are generally used for 

organic synthesis, since they often allow to overcome activation barriers that would make some 

products inaccessible44 and more commonly for polymerization reactions, since they usually 

involve radical mechanisms. Photoiniziators for photopolymerization processes often are 

photoacid or photobase generators, which induce polymerization by generating an acid or a base 

in the medium45. 

 

 

 

 

1.3. Photochemistry of semiconductor 

nanomaterials 
 

A semiconductor can be defined as a solid-state material whose bandgap energy for electronic 

excitation (Eg) lies between 0 and 4 eV (in metal or semimetal we have Eg=0 eV and in insulator 

Eg>3 eV)46. An important factor that defines semiconductor properties is the Fermi level EF. It is 

the energy level that is occupied by an electron with the 50% of probability and its location 

between the upper level of the valence band and the lower level of the conduction band 

distinguishes intrinsic and extrinsic semiconductors. In an intrinsic semiconductor, the Fermi 

level is at the halfway between the valence and the conduction bands. For a doped semiconductor 

(extrinsic), the Fermi level is located more in proximity of the valence band or the conduction 

band, depending on the properties of the dopant element (p-type and n-type semiconductors). 

While the electronic structure of molecules is described by molecular orbitals theory, the one of 
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solid-state materials is described by band theory. Nevertheless, if we represent a solid as an 

assembly of many atoms, we can consider the band structure with the same interpretation that 

describes molecules behaviour. Thus, in solid state, valence band and conduction band are 

generated by the linear combination of atomic orbitals, as, in molecules, bonding and antibonding 

molecular orbitals47. While in molecules the energy is defined by orbitals, in a larger sized material 

the discrete character of the energy levels is lost, leading to bands formation (Figure 5). 

 

 

 

Figure 5: valence and conduction band represented as derived from atomic s and p orbitals. EF is the Fermi level, 

reproduced from ref47 

 

The most common and investigated semiconductors are inorganic semiconductors, such as silica 

or titanium dioxide. Nevertheless, in the last years also organic semiconductors have started to be 

studied thanks to their ease of preparation, properties tunability and lower costs. In particular, 

organic semiconductors are composed by an assembly of π-conjugated molecules connected by 

weak bonds such as Van Der Waals or π-stacking interactions48, 49. 

What happens if the size of a material becomes smaller and smaller? When the dimension of a 

material is in the orders of few nanometers, “quantum confinement effect” occurs. In 

semiconductor nanocrystals, usually called quantum dots (QDs), quantum confinement effect 

takes place when the size of the material is comparable or smaller than the length scale of the 

electronic motion in the bulk semiconductor, called the Bohr radius50. In this situation, the 

electron is confined, meaning that its mobility is limited by the size of the material. This leads to a 

quantization of the energy levels, which are not continuous as they were in the bulk; we can 

consider the nanomaterial electronic structure at the halfway between a molecule and a bulk 

material (Figure 6). 
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Figure 6: electronic energy states in a molecule, a semiconductor nanocrystal and a bulk semiconductor. Blue color 

denotes electronic occupation at the ground state. Reproduced from ref 51 

 

Furthermore, the stronger is the confinement, the larger is the separation between the energy 

levels52. In particular, the smaller is the size, the higher is the bandgap. Therefore, nanosized 

materials have optical and other chemical and physical properties that are different with respect 

to the bulk and that can be tuned by size changes. Preparation methods of semiconductor 

nanoparticles range from top-down to bottom-up approaches. Most common top-down methods 

are laser-ablation condensation, lithographic techniques52 and deposition from the vapor phase 

such as molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD)53. 

Bottom-up methods are usually based on the control of nucleation and growth of the particles in 

solution53 by means of stabilizing agents; the most common strategies are sol and sol-gel 

processes and micelle assisted synthesis50. 

When a semiconductor absorbs light of the appropriate energy (≥Eg), an electron is promoted to 

the conduction band, leaving a hole in the valence band. A bound electron-hole pair is thus 

generated, called “exciton”, and its fate defines semiconductor properties. 
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Scheme 16: primary processes of the electron and the hole after the exciton generation in a semiconductor. 

 

Once the exciton is formed, one of the main processes that occur is the electron-hole 

recombination, which can be radiative or not radiative (respectively continuous and wavy lines in 

Scheme 16). In particular, for indirect semiconductors (transitions with change in momentum) 

radiative recombination are not favoured with respect to direct semiconductors (momentum-

conserving transitions) because in the formers electronic momentum conservation occurs via a 

phonon interaction that consists of a quantum of lattice vibration54. As already mentioned, one of 

the most important features of nanomaterials are optical properties tuning. Indeed, quantum dots 

are widely used because of their broad absorption and their intense and narrow fluorescence that 

can be easily tuned with size and kind of material used55 (Figure 7). 

 

 

 

Figure 7: a) luminescent quantum dots of different size and composition (adapted from ref56 and 57) b) emission spectra 

of CdSe (blue series), InP (green series) and InAs (red series) at different sizes (adapted from ref58). 
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Their optical properties, coupled with their higher photostability, make them very convenient 

bioimaging markers with respect to organic dyes59, 60. In bioimaging field silica nanoparticles are 

surely the most investigated because of their low toxicity61. 

Besides charge recombination (usually highly favoured), another possible path of the electron-

hole pair generated inside the semiconductor nanomaterial is charge separation and trapping. 

Defects in crystal lattices and unsaturated bonds on the surface act as trapping sites51, 62. Indeed, 

the electron/hole which migrates in the semiconductor can be stabilized and thus localized, 

“trapped” in these sites. However, this phenomenon leads to a decrease both in charge mobility 

and charge recombination properties62. Charge trapped states can also give recombination, which 

occasionally results in a bathochromic-shifted emission63, 64. If the presence of unsaturated bonds 

in the surface of a semiconductor could be a disadvantage for the reasons mentioned above, it is 

one of the main features of semiconductor photocatalysis: surface defects and dangling bonds are 

the active sites of a photocatalytic process. For this reason, photocatalysis is one of the main 

applications of nano-sized materials because they are mainly defined by their surface properties 

with respect to bulk properties, due to the high surface/volume ratio. Furthermore, with small 

size, surface tension increases, rising the photocatalytic reactivity65. Since a semiconductor is 

activated when a charge separation occurs, semiconductor-mediated photocatalytic mechanisms 

mostly involve redox processes. In particular, we can distinguish two kind of mechanisms: direct 

and indirect semiconductor photocatalysis66, displayed in Figure 8. 

 

 

 

Figure 8: processes of charge transfer occurring at reactive semiconductor surfaces. Direct (left) and indirect (right) 

mechanisms. Reproduced from ref67 

 

In direct semiconductor photocatalysis, the semiconductor is activated by direct bandgap 

excitation. Then, donors D and acceptors A are respectively oxidized and reduced by the charges 

trapped on the surface. Usually electron transfer efficiency is higher if the species A and D are 

adsorbed on the semiconductor surface but redox processes involving not adsorbed species have 

also been observed66. Indirect semiconductor photocatalysis instead consists of an electron 

transfer from and excited molecule adsorbed on the surface to the conduction band of the 

semiconductor. Since semiconductor photocatalysis is based on electron transfer processes, the 
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main issue to obtain a good photocatalytic efficiency is the minimization of charge 

recombination68. In order to avoid that, semiconductor-based systems are usually designed to 

increase as much as possible charge separation and mobility. This purpose can be achieved by 

reducing trapping sites along the charge pathway69, as mentioned above, and by means of the 

combination of different materials such as the engineering of organic-inorganic hybrids70, bulk 

heterojunctions71 and modification by 2D materials, such as graphene, transition metal 

dichalcogenides and many others72 (Figure 9). 

 

 

 

Figure 9: a)charge separation/recombination mechanisms in a photoexcited organic D/A material, reproduced from 

ref73b) selective catalysis at different size mediated by reduced graphene oxide, reproduced from ref74. 

 

The most studied photocatalytic semiconductor is Titanium dioxide (TiO2), which, among its 

several applications, is the most employed photocatalyst in environmental purification75, 76. 
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2. Photoinduced dissolution and 

photoinduced precipitation of 

calcium carbonate 

 

2.1. Introduction 

 

Among photoactive molecules and, more specifically, among photoinitiators that, by means of 

their photo-induced transformation, trigger other chemical reactions, photoacid and photobase 

are assuming more and more interest from researchers, with a view to many new applications. A 

photoacid or photobase is a molecule whose excited state, populated with a light stimulus, has 

respectively a more acidic or a more alkaline pH with respect to the ground state1, 2. This kind of 

molecules, usually responsible of proton transfer processes3, have a pH change that disappears in 

the time of deactivation of the excited state (10-9-10-6 s) unless the occurrence of a reversible or 

irreversible photoreaction4. A photoacid/photobase that undergoes an irreversible process 

before its excited state deactivation is called photoacid/photobase generator (PAG/PBG)5. So far, 

many categories of molecules with PAG and PBG properties has been studied. Among photoacid 

generators, two main groups can be identified: ionic and non-ionic PAG5. Among ionic PAG, onium 

salts (diarylhalonium salts, aryldiazonium salts, triarylsulfonium salts), are the most common 

ones because of their thermal stability6. The photolysis mechanism occurring in onium salts leads 

to the generation of Brønsted acid in diaryhalonium (Scheme 1-a) and triarylsulfonium salts7, 8 

and of Lewis acid in aryldiazonium salts9. Among non-ionic photoacid generators, the most 

common are arylsulfonate esters and in particular 2-nitrobenzil esters10 (Scheme 1-b), 

imidosulfonate and iminosulfonate esters11. 
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Scheme 1: Photolysis mechanisms of a Daryliodonium salt7 (a) and of 2-nitrobenzil tosylate6, 10 (b) as examples 

respectively of ionic and non-ionic PAG 

 

Photobase generators are less common than photoacid generators but they are anyhow 

interesting, because they can have advantages with respect to PAGs in application that, for 

example, involve the use of metal substrates that could undergo corrosion with a too acidic pH12. 

Even in the field of photobase generators, ionic and non-ionic ones can be distinguished. 

Quaternary ammonium salts13 and carbamates14 are respectively the most common ionic and non-

ionic ones (Scheme 2). 
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Scheme 2: a) photolysis of a carbamate as a non-ionic PBG. Carbamates reaction can generate either a secondary or a 

tertiary amine12, 14. b) photolysis of a quaternary ammonium salt with a borate anion. Based on the counterion, the 

mechanism can change12. 

 

In addition to these molecules, another common non-ionic PBG is Ketoprofen, a drug with a 

benzophenone chromophore that undergo photodecarboxylation15 and another ionic PBG is 

Tetraphenylborate ion that is usually used in organocatalysis6. Nowadays, both photobase and 

photoacid generators have been widely developed and one of the main aim of this field is to make 

these species, which are generally excited by UV light, activated also with Near-UV or Visible light, 

in order to enlarge the application spectrum, have low cost equipment (i.e. LEDs) and more 

selectivity in the irradiation process12. Based on these considerations, PAG and PBG groups can be 

linked to chromophores or coupled with sensitizers. 

Photoacid generators and photobase generators have been investigated for several years and are 

part of many applications. Figure 1 shows the main PAG and PBG coupled with their applications. 
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Figure 1: main PAGs (Table 1) and PBGs (Table 2), their properties and applications, reproduced from 9. 

 

Figure 1 shows the main applications for which photoacid and photobase generators have been 

developed and studied, such as catalysts for polymer synthesis, crosslinking and degradation and 

photoinitiators for UV curing. One of the main fields in which these kinds of reactions are involved 

is surely photolithography. The photogenerated acid or base usually triggers a change of the 

polymer solubility or a cross-linking reaction between the polymer chains14. Moreover, they have 

also been used for other purposes, such as changing the assembly of molecules and 

nanoparticles16, 17. 

During my PhD, these molecules were studied with another aim: controlling the 

precipitation/crystallization and the dissolution of materials with the pH variations induced by 

light.  

The possibility to localize precipitation/dissolution of materials with a remote, non-invasive 

stimulus such as light can be a real improvement in many applications in advanced Materials 

Science such as micropatterning and bone and teeth restoration (if phosphate behaviour can be 

controlled). Furthermore, a deeper understanding of chemical composition of the growth units 

building the crystals and the process of crystallization can be very relevant both for biological 

mineralization and mineral synthesis. So far, our specific purpose has been to control the 

crystallization and the dissolution of Calcium Carbonate (CaCO3), because it is one of the most 
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important inorganic chemical products, with many implications in biological, environmental, 

industrial, and technological processes. Furthermore, CaCO3 can be used as a model system 

because the process of crystallization and dissolution are strongly influenced by pH variations. In 

this work, the precipitation and dissolution of calcium carbonate has been treated in the optics of 

artworks restoration. 

Cultural Heritage is to the basics of our society as it defines the identity of a civilization by telling 

its history. Furthermore, tourists interest on cultural experiences is continuously increasing18. 

Therefore, the preservation of cultural heritage is fundamental from political, sociological, 

anthropological and economical points of view19. Artworks are constantly subjected to 

deterioration that is mainly due to instability of the materials, water soluble salts, humidity and 

temperature conditions, atmospheric pollutants and biological action20. Since an artwork can be 

affected by a lot of factors, which also depend on its original components, prediction and contrast 

of their impact is always challenging. So far, many methods have been developed for restoration 

that usually involves two steps: cleaning and consolidation19. The cleaning process aims to 

remove, by means of solvents, unwanted layers from the surface of artworks that are usually dust, 

grease and natural and synthetic products used in conservation practice21. The main drawbacks 

related to the use of solvents are non-selectivity, thus the risk of dissolving also part of the original 

artwork, and toxicity21. The consolidation is performed to avoid or slow down further degradation 

of the artwork. Resins, especially acrylic polymers and silicones22, are usually employed as 

strengthen agents or water repellents23. Nevertheless, this kind of techniques often induce a 

permanent modification of the artwork and polymers are themselves subject to degradation by 

external agents, occasionally leading to yellowing of the surface24. Fresco is one of the most 

ancient artwork techniques, widely developed already by Roman civilization25. This mural 

painting is mainly obtained by lime and sand. A first plaster (arriccio), which is the richest in sand, 

is laid on the wall, followed by a finer plaster with an equal amount of lime and sand (intonaco) 

and the paint layer, in which the pigments are usually mixed with limewater and fixed on the 

surface by carbonation26, 27. Since mural paintings are always more subjected to weather 

phenomena as humidity and temperature changes, restoration of fresco is always very 

demanding. In this work, a new restoration technique based on light-controlled cleaning and 

deposition of calcium carbonate on a surface is presented, using respectively photoacid and 

photobase generators. Indeed, using photoactive molecules in the order of millimolar 

concentrations, it is possible to create a variation of two units of pH28. This change in pH is large 

enough to provoke the precipitation or dissolution of calcium carbonate phases29.  

Calcium carbonate precipitation/dissolution on fresco surfaces can be highly controlled and 

localized by this light-induced method. Moreover, the use of solvents that lead to unwanted 

modifications of the artwork or are toxic for the restorer can be avoided. In this new approach, 
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we have developed an easy and safe protocol of restoration of frescoes that is based on the precise 

modification of CaCO3, which is the main component of these kind of artworks. 

The photoinduced precipitation/dissolution process has been first studied in solution for 

artworks restoration. Then, the crystallization process was also fixed in a matrix: this allows a 

deep study of crystallization process and a future application in micropatterning.  
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2.2. Photodissolution of Calcium Carbonate by 

means of a Photoacid generator 

 

2.2.1. Materials 
 

Irradiation sources 

- LED (2.2 mmx2.2 mm light emitting surface) purchased by LED engine. The irradiation 

wavelength is 365 nm with a radiant flux of 3.3 W (Forward current 700 mA) at 25°C. The 

LED has a viewing angle (the off-axis angle from the centreline where the radiometric 

power is the 50% of the peak value) of 110°. 

- LED (3.2 mm ø) purchased by Mouser Electronics is used. The irradiation wavelength is 

365 nm with a radiant flux of 1320 mW (Forward current 700 mA) at 25°C. The LED has 

a viewing angle (the off-axis angle from the centreline where the radiometric power is the 

50% of the peak value) of 70°.  

- LED (6.4 mm ø) purchased by Mouser Electronics. The irradiation wavelength is 395 nm 

with a radiant flux of 3 W (Forward current 700 mA) at 25°C. The LED has a viewing angle 

(the off-axis angle from the centreline where the radiometric power is the 50% of the peak 

value) of 45°. 

-  Spectrofluorimeter Horiba Fluoromax 4 was used for irradiation in the study of 

sensitization of Diphenyliodonium hexafluorophosphate by Thioxanthene-9-one. 

 

Photodissolution tests in solution 

Diphenyliodonium hexafluorophosphate (DIP) purchased by Sigma Aldrich was used as a 

photoacid generator. DIP was dissolved in a water/ethanol mixture 1:1 to obtain DIP 

concentrations of 0.02M. Then CaCO3 powder (Sigma Aldrich) was placed in the solution to have 

a concentration of 0.005 M. This concentration was chosen in order to avoid CaCO3 dissolution at 

the beginning of the test, considering that CaCO3 solubility at pH 8 in water is almost 0.001 M30. 

Irradiation was performed on 4mL vials (Ø 15mmx45mm) filled respectively with 3 mL of DPI 

solution 0.02M in H2O/EtOH 1:1. 1.5 mg of CaCO3 were added to have a CaCO3 concentration of 

0.005 M. The LED (3.3W) was placed horizontally, at 3 cm from the vial. This distance corresponds 

to an irradiance of 36700 W·m-2 on a light spot with 1,1 cm of diameter, measured considering an 

angular displacement of 20°. The irradiation was performed for two hours. 
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Characterization of DIP and organic byproducts 

Absorption spectroscopy 

Absorption spectra were performed by means of a UV-Vis spectrophotometer (Perkin Elmer 

Lambda 650) on DIP in water/ethanol mixture before and after LED irradiation for two hours. 

Mass spectrometry 

Electronic impact mass spectrometry (GC-MS) was performed on DIP 20 mM solution after 

irradiation. 

PH measurements 

PH measurements were performed by means of a pH-meter, monitoring the pH of DIP 20mM 

solution in water/ethanol 1:1 mixture during the irradiation and in dark. 

 

Photodissolution tests on a CaCO3 spot (water/ethanol mixture) 

1μL of CaCO3 crystals (calcite) aqueous dispersion was placed on a glass slide and left drying for 

1 hour. Then, 10 µL of DIP solution 40 mM in water/ethanol 1:1 was placed on the dried spot. The 

glass slide was placed under the LED at 365 nm (distance of 2 cm) and irradiated for 40 minutes. 

This distance corresponds to an irradiance of 80487 W·m-2 on a light spot with 0.7 cm of diameter, 

measured considering an angular displacement of 20°. The test was monitored with a camera 

collecting frames each 15 seconds. 

 

Photodissolution tests on a CaCO3 spot (water/ethylene glycol mixture) 

2μL of CaCO3 2 mg/mL aqueous dispersion was placed on a glass slide and left drying for 1 hour. 

Then, 10 µL of DIP solution 40 mM in water/ethylene glycol 40:60 was placed on the dried spot. 

The glass slide was placed under the LED (1320 mW) at 365 nm (distance of 2 cm) and irradiated 

for 15 minutes. This distance corresponds to an irradiance of 32200 W·m-2 on a light spot of 0.7 

cm of diameter, measured considering an angular displacement of 20°. After irradiation, the DIP 

solution was washed with MilliQ water. 

 

Study of sensitization of Diphenyliodonium hexafluorophosphate (DIP) by Thioxanthene-9-one in 

solution. 

Diphenyliodonium hexafluorophosphate (DIP) purchased by Sigma Aldrich was used as a 

photoacid generator and Thioxanthene-9-one, purchased by Baker Chemicals, was used as 

sensitizer. DIP 0.5 mM and Thioxanthene-9-one 0.5 mM were dissolved in a water/ethanol 

mixture 1:1 and irradiated in quartz cuvette by means of a spectrofluorimeter (Horiba Fluoromax-

4) at a wavelength of 385 nm. As a reference, DIP 0.5 mM in ethanol was also irradiated with the 

spectrofluorimeter at 280 nm. 
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Absorption spectroscopy 

Absorption spectra were performed by means of a UV-Vis spectrophotometer (Perkin Elmer 

Lambda 650) on DIP 0.5 mM in water/ethanol 1:1 before and after irradiation at 280 nm and DIP 

0.5 mM and Thioxanthene-9-one 0.5 mM before and after irradiation at 385 nm. 

Mass spectrometry 

Electronic impact mass spectrometry (GC-MS) was performed on DIP 20 mM and Thioxanthene-

9-one 0.5 mM solution in water/ethanol 1:1 after an irradiation. 

PH measurements 

PH measurements were performed by means of a pH-meter, monitoring the pH variation of DIP 

0.5mM solution during irradiation at 280 nm and DIP 0.5 mM and Thioxanthene-9-one 0.5 mM 

during irradiation at 385 nm. In both the tests, the pH was monitored every minute for the first 

three measurements and then every 5 minutes and ten minutes based on the rate of the pH 

variation, until pH stabilization. 

 

Photodissolution tests on a CaCO3 spot for Diphenyliodonium hexafluorophosphate (DIP) sensitized 

by Thioxanthene-9-one. 

10μL of calcite crystals 2 mg/mL aqueous dispersion sonicated for 10 minutes was placed on a 

glass slide and left drying for 2-3 hours. Then, 10 µL of DIP solution 20 mM and Thioxanthene-9-

one 0,5 mM in water:ethanol:ethylene glycol 1:1:2 were placed on the dried spot. The CaCO3 spot 

was irradiated by a fluorescence microscope adapted for irradiation. In particular, the bottom of 

the glass slide, in which the CaCO3 and the solution were placed, was irradiated by a 365 nm/395 

nm LED (3.3W) focused by the microscope lens. After 5 minutes of irradiation, the top solution 

was washed with MilliQ water. 

Localized irradiation setup 

The irradiation was performed in a fluorescence microscope (Olympus IX71) (Figure 1). The LED 

source was placed in correspondence to the light source of the fluorescence microscope and no 

filter in excitation was set up. Irradiation was performed with a 10x objective. Images were 

collected with a camera during irradiation every minute. In particular, the irradiation was stopped 

every minute and the image was collected in backscattering by illuminating one side of the sample 

with a tungsten lamp, to see the calcite crystals, not clearly observable with the microscope 

transmission or fluorescence mode. 
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Figure 1: Irradiation setup in the fluorescence microscope (readapted from Olympus IX71 manual). Irradiation source 

at 365 nm 

 

The irradiation sources were the LED (3.3 W) at 365 nm and the LED (3W) at 395 nm. The LED-

focal plane distance in the fluorescence microscope is 25 cm and the irradiated area of the spot 

has a diameter of 0.2 mm. The irradiance in these conditions is 1.05x108 W m-2. 

The LED-focal plane distance in the fluorescence microscope is 25 cm and the irradiated area of 

the spot has a diameter of 0.4 mm. The irradiance in these conditions is 2.3x107 W m-2. 

 

2.2.2. Results  
 

A diarylhalonium salt was used for the photodissolution of calcium carbonate: diphenyliodonium 

hexafluorophosphate (DIP). As mentioned in the introduction (2.1), Diaryliodonium salts 

generate Bronsted acids under UV light irradiation and the possible mechanisms of their direct 

photolysis have been widely investigated31: a radical process has been considered as the main 

pathway32-34. 
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Scheme 1: Photodecomposition mechanism of DIP 

 

Scheme 1 shows the radical pathway given by direct photolysis of diphenyliodonium 

hexafluorophosphate. The reaction generates Iodobenzene as the main byproduct and the 

decrease in pH would induce CaCO3 dissolution.  

First, DIP solution with calcium carbonate was irradiated by a 365 nm LED, entirely in solution, to 

understand the reaction mechanism and the best conditions in which the dissolution of calcium 

carbonate could be achieved. Since DIP byproducts are not soluble in pure water, a water/ethanol 

1:1 mixture was chosen as the solvent. Calcium carbonate 0.005M solutions were used for the test. 

DIP concentration 0.02 M and LED distance 3cm were chosen as the best conditions. Test was 

performed irradiating 3 mL of the DIP solution in presence of CaCO3 for two hours. CaCO3 

dissolution was observed after 1 hour and 30 minutes. Based on this test setup, characterization 

of the photoacid generator by absorption spectroscopy (Figure 2) and mass spectrometry (Figure 

3) and study of pH variation (Figure 4) during the process were performed.  

 



 

41 
 

 

 

Figure 2: Absorption spectra of DIP in water/ethanol 1:1 before (black) and after (red) an irradiation of two hours. 

Spectra were collected after a 100-fold dilution of DIP solution (final concentration 0.2 mM). 

 

Figure 2 shows absorption spectra of DIP before and after irradiation in a water/ethanol mixture. 

The first aspect to notice is that the DIP absorption spectrum tail ends at 300 nm and almost no 

absorbance is observed at 365 nm. Thus, using a shorter wavelength to irradiate the system would 

surely lead to a more efficient DIP activation. However, we decided to use a 365 nm source for 

irradiation and increase the DIP concentration to have a higher performance because using a 

shorter wavelength could lead to a lot of disadvantages. First, sources that work below the Near-

UV wavelength range are always very expensive. Moreover, they have a significative unsafety for 

the operator, considering that the person who is going to use this kind of system for artwork 

restoration may not be used to work with powerful and dangerous lamps. In addition, our eye 

cannot perceive UV light, while it would be better to be able to clearly see the area hit by the light, 

to improve precision. Finally, since in frescoes surface a lot of pigments can be mixed with the 

calcium carbonate layer, using a UV source could also lead to an alteration of the colours of the 

fresco.  

Absorption spectra of the solution before and after irradiation, reported in Figure 2, do not show 

relevant differences in intensity but in spectral shape. In particular, both the spectra show the 

typical shape of Iodobenzen35, which represents both the DIP chromophore and the main organic 

byproduct generated after irradiation. However, the differences in the spectra shape can suggest 

a modification in the interactions which Iodobenzene moiety undergoes. This can be associated 

to the photoinduced process, after which the Iodobenzene and benzene moieties are detached.  

The process is then definitely confirmed by GC-Mass spectrometry, reported in Figure 3. 
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Figure 3: mass spectrum (GC-MS) of DIP solution irradiated for two hours. Mass spectrum representing Iodobenzen, 

corresponding to retention time 6.18, is reported.  

 

Figure 3 shows mass spectrum of Iodobenzene, corresponding to retention time of 6.18 min; this 

confirms the mechanism reported in Scheme 1 for the photodegradation of Diphenyliodonium 

hexafluorophosphate. GC-MS also detected another peak at 14.9 min of retention time. This 

corresponds to unreacted DIP. This can be expected because of the less efficient reaction given by 

the too high irradiation wavelength. 

PH variation was monitored during DIP 0.02M light irradiation and compared to pH variation of 

the sample in dark (Figure 4), in order to monitor the jump in pH which could be achieved by light 

irradiation in the test conditions. 

 

 

 

Figure 4: pH variation in DIP solution kept in dark (black) and irradiated (red) for two hours, measuring the pH each 

30 minutes. Inset: pH variation of irradiated DIP in the first 30 minutes measuring the pH every 30 seconds for the first 

14 minutes and then every minute. 
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Figure 4 shows that there is a relevant pH variation during the irradiation at 365 nm, compared 

to DIP in dark. A pH variation in dark is anyway observed: the initial pH is almost 8, but it starts 

almost immediately to decrease until a value of 5.5-6 after one hour, which is then maintained. PH 

value in dark was also measured after one day and is stable at 5.5-6. Despite the decrease of pH in 

dark, the final pH is not acidic enough to induce the dissolution of calcite in the conditions in which 

the tests are performed. Calcium carbonate dissolution is favoured at pH<436, so it is necessary to 

achieve a lower pH value in the medium in order to efficiently dissolve CaCO3. In the irradiated 

sample a very relevant decrease in pH is observed, until a value of almost 2, which induces the 

dissolution of calcite. Inset the more detailed decrease of pH in the first 30 minutes is reported. A 

very fast decrease in pH until a value of almost 4 is observed in the first 2.5 minutes, then the pH 

jump become slower and the pH value of 2.1 is obtained only after 30 minutes of irradiation. This 

trend is in accordance to tests in solution, in which the CaCO3 complete dissolution can be 

achieved only after one hour and 30 minutes. This is quite a long time for the final application, 

that can be explained by the lack of overlap between the light source and the absorption spectrum 

(Figure 2). Indeed, after having performed tests in solution to just investigate the CaCO3 

dissolution mechanism, it was necessary to test the system with a setup closer to the final 

application, and thus also reducing the time of irradiation. In artworks restoration, the aim is to 

clean a surface, thus it is necessary to have a deposition of CaCO3, on which a low quantity of the 

PAG solution must be dropped. Thus, photodissolution tests were performed on a CaCO3 spot 

made of calcite crystals deposited on a glass slide surface. A water/ethanol 1:1 solution of DIP 

0.04 M was used, instead of DIP 0.02 M used in the tests in solution, to further fasten the process. 

For the same reason, the LED was placed at 2cm from the sample, instead of 3. With this setup, the 

dissolution of calcium carbonate crystals can be achieved in 40 minutes (Figure 5).  

 

 

 

Figure 5: frames collected every 5 minutes during the irradiation process of a calcite crystal with the DIP 0.04M solution 

on top. After 40 minutes almost all the crystal is dissolved. 
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As Figure 5 shows, DIP starts to react in the first minutes of irradiation, in which the little drops 

of organic byproduct start already to appear. Nevertheless, the CaCO3 dissolution starts after 15 

minutes and become more evident after 30 minutes.  

As mentioned, the concomitant evaporation of the drop leads to the precipitation of the organic 

byproduct, which is a light brown oil. It can be easily removed afterwards by means of ethanol, 

but it still represents a problem because evaporation starts immediately and could have an 

influence on the CaCO3 dissolution process. Furthermore, it is necessary to put at least 10 µL of 

DIP 0.04 M on a 1µL drop of calcium carbonate dispersion or 5 µL of DIP 0.04 M on a 0.5µL drop 

of calcium carbonate dispersion in order to avoid DIP precipitation prior to irradiation. DIP 

precipitation prior to irradiation is observed also by increasing DIP concentration in solution. The 

scarce control on the evaporation of DIP is a relevant issue, since in this situation the process does 

not occur with the highest efficiency and it is not reproducible because it depends on many factors, 

such as temperature. In order to avoid solvent evaporation and precipitation of DIP or its organic 

byproducts during the irradiation process (Figure 5), a water/ethylene glycol 40:60 solution was 

used, instead of a water/ethanol 1:1 mixture. Furthermore, a more focused LED, which allows a 

better localization of the irradiated area, was placed at 2 cm from the sample. In these conditions, 

complete CaCO3 dissolution is achieved in 15 minutes of irradiation, considerably fastening the 

whole process. Then, the system can be efficiently washed with MilliQ water and no traces of DIP 

solution or CaCO3 spot remain on the glass slide (Figure 6). 

 

 

 

Figure 6: spots deposited on a glass slide before and after irradiation and washing. “DIP” and “W/EG” spots are covered 

respectively with 10µL of DIP 0.04M solution in water/ethylene glycol 40:60 and with 10 µL of water/ethylene glycol 

40:60. “Ref” spots aren’t covered with any solution during the irradiation and aren’t washed after irradiation. 

 

As Figure 6 shows, the CaCO3 spot covered with the DIP solution, called “DIP”, completely 

dissolves after 15 minutes of irradiation and washing. The “W/EG” spot, covered with 

water/ethylene glycol and washed after irradiation, does not disappear completely, but it is just 

partially removed by water washing. The comparison between “DIP” and “W/EG” sample confirms 

that the CaCO3 removal after the irradiation of the photoacid generator is due to CaCO3 dissolution 

and not to water washing. The process of dissolution of calcium carbonate has also been observed 
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with optical microscopy, during a 20-minute irradiation (Figure 7). The longer experiment time 

is due to the microscope setup, in which the LED is not placed perpendicularly on the spot. 

 

 

 

Figure 7: images of calcium carbonate spot with DIP solution on top, during a 20-minute irradiation. 

 

In Figure 7 the process of calcium carbonate dissolution is evident. After 20 minutes of irradiation, 

calcium carbonate is completely dissolved, thanks to the photo-induced pH drop. 

Even if the process has been considerably fastened and the setup optimized, it is still too time 

consuming for a real application because the potential efficiency of the photoacid is not totally 

exploited. For the reasons explained above, going to lower irradiation wavelengths would not be 

an improvement, but it would lead to new drawbacks. Another way to overcome this problem is 

to activate the photoacid by means of a photosensitizer which absorb in the wavelength range of 

interest, thus almost above 350 nm.  

Thioxanthene-9-one (Thioxanthone) was used as sensitizer because it has an absorption band 

with a maximum at almost 380 nm, and thus in the range of interest. Furthermore, Thioxanthone 

is known to give an electron transfer from its triplet state to onium salts37-39. 

Sensitization process of DIP by Thioxanthone was evaluated in a water/ethanol 1:1 mixture. First, 

as a reference, a DIP solution was irradiated at 280 nm. Then, the solution of DIP and 

Thioxanthone was irradiated at the wavelength corresponding to the absorption maximum of 

Thioxanthone, 385 nm. Absorption spectra of the two systems were collected before and after the 

whole irradiation process (Figure 8). 
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Figure 8: a) Absorption spectra of DIP 0.5 mM in water/ethanol 1:1 before (black) and after (red) irradiation at 280 nm. 

b) Absorption spectra of DIP 0.5 mM and Thioxanthen-9-one 0.5 mM in water/ethanol 1:1 before (black) and after (red) 

irradiation at 385 nm. 

 

As Figure 8 shows, the absorption peak of Thioxanthone goes from almost 350 nm to 410 nm and 

the absorbance is very high between 360 and 400 nm; these characteristics make it a very suitable 

sensitizer for irradiation between 365 and 395 nm, thus in the near-visible/visible range.  

pH was also monitored during the irradiation process, to compare the pH decrease caused by 

direct excitation of DIP and by sensitization of DIP by thioxanthone (Figure 9). 

 

 

 

Figure 9: a) pH trend of DIP 0.5 mM during irradiation at 280 nm. b) pH trend of DIP 0.5 mM and Thioxanthone (THX) 

0.5 mM during irradiation at 385 nm. 
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Figure 9 shows a huge difference in the behaviour of direct excitation and sensitization of DIP. In 

the former (left), pH value of 3 is reached after almost one hour, while in the latter (right) after 

only 20 minutes. It is important to notice that in DIP solution pH decrease is slower and the final 

pH value is higher with respect to the one that is usually seen in previous CaCO3 dissolution tests. 

That is because here the DIP concentration is 0.5 mM, while in the CaCO3 dissolution test it is 20 

mM. In this measurement, performed in a 1 cm cuvette, it is important not to work at too high 

concentration to avoid inner filter effect. In tests performed on CaCO3 spot, inner filter effect is 

negligible because one drop of solution (almost 1 mm thickness) is irradiated. DIP degradation in 

these conditions is further confirmed by mass spectrometry (GC-MS) that detects the presence of 

Iodobenzene in the mixture after irradiation (Figure 10). 

 

 

 

Figure 10: mass spectrum (GC-MS) of irradiated DIP 20 mM and Thioxanthone 0.5 mM solution. Mass spectrum 

represents Iodobenzene, and corresponds to retention time 5.9 min. 

 

Mass spectrum collected after irradiation shows Iodobenzene, corresponding to a retention time 

of 5.9 min. No peak referring to unreacted DIP is noticed this time. As already mentioned, the 

sensitization mechanism between Thioxanthone and onium salts usually is an electron transfer 

from Thioxanthone to the onium salt, thus we can hypothesize the same kind of mechanism 

between Thixanthone and DIP. Nevertheless, further investigation on the photosensitization 

mechanism need to be performed. 

After the evaluation of DIP sensitization by Thioxanthone and of the huge contribute to solution 

acidification, tests were performed on CaCO3 spot. A water/ethylene glycol/ethanol solution of 

DIP and Thioxanthene-2-one was used; ethanol is also present to allow thioxanthone solubility. 

The CaCO3 spot on the glass slide was irradiated by LED at 365 nm and 395 nm. Since localization 
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is very important to allow precise control of the CaCO3 dissolution, this time the LED was further 

focused. This has been possible using a fluorescence microscope for the process, focusing the LED 

by means of the microscope and objective lens (Figure 1). This setup also allowed to follow the 

process by a camera. After irradiation, the system can be efficiently washed with MilliQ water and 

no traces of DIP solution or CaCO3 spot remains on the glass slide (Figure 11). 

 

 

 

Figure 11: Irradiation at 365 nm (a) and at 395 nm (b): images collected by the camera every minute during irradiation 

of a CaCO3 spot with DIP and Tioxanthen-9-one solution on top. 
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The presence of the sensitizer and the irradiation conditions gave very promising results: CaCO3 

is almost completely dissolved after 5 minutes of illumination and the dissolution occurs in a 

defined spot of 1mm of diameter (Figure 12). 

 

 

 

Figure 12: image of the spot generated by 5 minutes of irradiation at 365 nm and at 395 nm 

 

This happens for both the wavelengths 365 nm and 395 nm, allowing the possibility to tune the 

irradiation not only to the UVA region but also to the visible wavelength range with a high 

efficiency. Indeed, without the sensitizer, the light-induced dissolution process would last 15 

minutes with a 365 nm source and would not occur at all with a 395 nm source. 

Finally, tests have also been performed exactly reproducing a final application setup. A 365 nm 

LED torch was used to irradiate a calcite layer deposited on a glass slide and a lens was used to 

better focus the light in almost 5 mm of diameter. The calcite layer was irradiated for 5 minutes 

in these conditions and, after washing with MilliQ water to remove the active solution, a defined 

spot of dissolved calcite is clearly observed corresponding to the illuminated area (Figure 13). 
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Figure 13: a) irradiation of a calcite layer deposited on glass surface with DIP + Thioxanthone solution on top, by a 365 

nm LED torch. b) Calcite layer after an irradiation of 5 minutes and washing with MilliQ water. 

 

The setup reported in Figure 13 represents a model for photoinduced precise CaCO3 dissolution 

for frescoes restoration. With this method the operator can easily move from one area to another, 

based on the necessity of cleaning. Furthermore, the use of a phosphorescent sensitizer allows to 

clearly see the area that is going to dissolve and thus have an even more precision in the cleaning 

process. 

 

2.2.3. Conclusions 
 

A new method was developed for a precise and not invasive artworks and in particular frescoes 

restoration. Frescoes are usually very delicate artworks often subjected to unwanted 

modifications by external agents, thus a restoration method that does not alter frescoes condition 

with other materials would be very advantageous. Since the main component of these artworks is 

calcium carbonate, a cleaning method based on its localized dissolution has been developed. A 

photoacid generator (Diphenyl iodonium hexafluorophosphate) has been used to induce a pH 

decrease by light, in order to promote CaCO3 dissolution. In this cleaning method, no polymers or 

resins are involved, but only the main component of the fresco. Furthermore, also the use of 

organic solvents is avoided since the process is undergone in water-based solution. For these 

reasons, side effects that could damage the artwork are limited and the active solution can also be 

easily cleaned by water after the treatment. The use of a localized light source allows to have a 

very high precision in the restoration process. The technique was further improved by 

photosensitized activation of the photoacid generator by thioxanthone. Having a sensitizer gave 

great enhancement to the process rate, leading to an even more real applicability of the method, 
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also adding the advantages of a real time monitoring of the process, thanks to Thioxanthone 

phosphorescence, and to safer conditions for the operator, thanks to a less harmful illumination. 

Beyond the artwork restoration application, using a photoacid to control the dissolution of 

calcium carbonate can have many other applications (i.e. lithography) and it is a phenomenon that 

surely needs deeper investigation, also in order to make it applicable to other kinds of materials 

and using other kinds of photoactive molecules. 
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2.3. Photoprecipitation of Calcium Carbonate by 

means of a Photobase generator 

 

2.3.1. Materials 

 

Irradiation sources 

- LED (2.2 mmx2.2 mm light emitting surface) purchased by LED engine. The irradiation 

wavelength is 365 nm with a radiant flux of 3.3 W (Forward current 700 mA) at 25°C. The 

LED has a viewing angle (the off-axis angle from the centreline where the radiometric 

power is the 50% of the peak value) of 110°. 

- LED (6.4 mm ø) purchased by Mouser Electronics. The irradiation wavelength is 395 nm 

with a radiant flux of 3 W (Forward current 700 mA) at 25°C. The LED has a viewing angle 

(the off-axis angle from the centreline where the radiometric power is the 50% of the peak 

value) of 45°. 

-  Spectrofluorimeter Horiba Fluoromax 4 was used for irradiation in the study of 

sensitization of Diphenyliodonium hexafluorophosphate by Thioxanthene-9-one. 

 

Characterization of Ketoprofen and organic byproducts  

Absorption spectroscopy 

Absorption spectra were performed by means of a UV-Vis spectrophotometer (Perkin Elmer 

Lambda 650) on Ketoprofen 0.2 mM in water/ethanol mixture before and after LED irradiation 

for two hours. 

Mass spectrometry 

Electronic impact mass spectrometry (GC-MS) was performed on Ketoprofen 6 mM solution in 

water/ethanol 1:1 mixture after 1 hour of irradiation. 

PH measurements 

PH measurements were performed by means of a pH-meter, monitoring the pH of Ketoprofen 6 

mM solution in water/ethanol 1:1 mixture during the irradiation 

 

Photoprecipitation tests in solution (Ketoprofen) 

Ketoprofen purchased by Sigma Aldrich was used as a photobase generator. Ketoprofen 

(concentrations from 2 to 20 mM) and CaCl2 (concentrations from 0.2 M to 1 M) were dissolved 

in a water/ethanol mixture 1:1. The pH was adjusted by the addition of NH3. Irradiation was 

performed on 4mL vials (Ø 15mmx45mm) filled with 3 mL of the solution. The LED was placed 
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horizontally, at 3 cm from the vial. This distance corresponds to an irradiance of 36700 W·m-2 on 

a light spot with 1,1 cm of diameter, measured considering an angular displacement of 20°. The 

irradiation was performed for one hour. Images at the optical microscope were obtained on a 

water/ethanol solution of Ketoprofen 10 mM and CaCl2 20 mM, irradiating with the LED at 365 

nm for 5 minutes. Crystals were observed at the optical microscope (Olympus IX71) in back 

scattering mode, illuminating by a Tungsten lamp. 

 

Characterization of Sodium tetraphenylborate, Thioxanthone and organic byproducts  

Absorption spectroscopy 

Absorption spectra were performed by means of a UV-Vis spectrophotometer (Perkin Elmer 

Lambda 650) on Sodium Tetraphenyl borate 0.5 mM and Sodium Tetraphenyl borate 0.5 mM with 

Thioxanthone 0.5 mM in water/ethanol mixture before and after LED irradiation for two hours. 

Mass spectrometry 

Electronic impact mass spectrometry (GC-MS) was performed on Sodium tetraphenylborate 2 mM 

solution in water/ethanol 1:1 mixture after 1 hour of irradiation. 

PH measurements 

PH measurements were performed by means of a pH-meter, monitoring the pH of TPB (0,5 mM) 

and TPB with Thioxanthone 0,5 mM solution in water/ethanol 1:1 mixture during the irradiation 

 

Photoprecipitation tests in solution (Sodium tetraphenylborate and Thoxanthone) 

TPB dissolved in water/ethanol 1:1 with a concentration of 2 mM and THX solution was prepared 

in Ethanol with a concentration of 1 mM. A water/ethanol solution 1:1 of CaCl2 0.05 M was 

prepared in HCl 0.005M (pH almost 2,5). Then, NaHCO3 was added to have a final concentration 

of 0.005M (at higher concentration precipitation in dark was observed). Then, TPB and the THX 

were added to the solution to have a TBP concentration of 2 mM and a THX concentration of 0.05 

mM; the pH was adjusted to 7.8 with NaOH. The irradiation of 2 mL of the solution in a glass vial 

was performed by the 365 nm LED for 5 minutes, at a distance of 3 cm. 

 

Observation at optical microscope 

The observation after irradiation of crystals in Ketoprofen and Tetraphenylborate samples was 

performed in a fluorescence optical microscope (Olympus IX71). The images were collected in 

backscattering by illuminating one side of the sample with a tungsten lamp, to see the calcite 

crystals, not clearly observable with the microscope transmission mode. 
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2.3.2. Results 
 

Photobase generators studied for photoinduced precipitation of Calcium Carbonate have been 

Ketoprofen and Tetraphenylborate ion (TPB). These two molecules have demonstrated to be both 

capable to promote the CaCO3 precipitation, even if by means of two different mechanisms: TPB 

exploits the pH increase while in Ketoprofen the main contribution is given by the decarboxylation 

process. 

 

Photoinduced precipitation of Calcium Carbonate by Photo generation 

of CO2 with Ketoprofen 

 

Ketoprofen is a nonsteroidal anti-inflammatory drug that has been widely investigated for its 

photosensitivity and thus its potential toxicity40. Indeed, ketoprofen carboxylate undergoes a 

photodecarboxylation and simultaneously also behaves as a photobase generator, under UV light 

irradiation. Even if Ketoprofen is a benzophenone derivative, the photodegradation mechanism 

of the carboxylate follows a very fast decarboxylation pathway from the triplet state (lifetime 250 

ps), differently from the benzophenone-like behaviour that usually has a long-lived triplet state41. 

The decarboxylation pathway leads also to an increase in pH, thus, in presence of calcium chloride, 

these two elements favour calcium carbonate precipitation, according to the mechanism reported 

in Scheme 1. 

 

 

 

Scheme 1: mechanism of ketoprofen carboxylate degradation in presence of calcium chloride: CaCO3 photoinduced 

precipitation 

 

As Scheme 1 shows, in principle ketoprofen should act both as a photobase generator and a photo-

CO2 generator in the process of CaCO3 precipitation. However, the photodecarboxylation pathway 

is favoured for Ketoprofen carboxylate, and, in the range of Ketoprofen concentration used (2 mM-

20 mM), the pH value in which it can be almost completely deprotonated is around 9.5-10.5. This 
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means that, since a more efficient photoprecipitation reaction would happen in an already alkaline 

environment, the factor that mainly boosts CaCO3 precipitation is the CO2 generation, rather than 

the pH increase effect. 

First, Ketoprofen behaviour was studied by irradiating it in solution (water/ethanol mixture 1:1, 

in water only ketoprofen byproducts would precipitate) at alkaline pH, with a LED at 365 nm. The 

solution was characterized by absorption spectroscopy (Figure 1) and mass spectrometry (Figure 

2). 

 

 

 

Figure 1: Absorption spectra of Ketoprofen in water/ethanol 1:1, al alkaline pH, before (black) and after (red) an 

irradiation of 40 minutes. Spectra were collected after a 100-fold dilution of Ketoprofen solution (final concentration 

0.2 mM). 

 

Figure 1 shows absorption peak of Ketoprofen before and after irradiation. In particular, even if 

the irradiation occurs at 365 nm, in correspondence to the tail of Ketoprofen absorption band, it 

can be clearly seen that a modification of the intensity of the peak occurs during irradiation. A 

relevant decrease in the absorption intensity of Ketoprofen is noticed, meaning that ketoprofen 

modification occurred. Furthermore, a less intense peak is present in the absorption spectrum of 

Ketoprofen after irradiation. Since this peak is slightly hypsochromically shifted with respect to 

Ketoprofen absorbance (Figure 1- inset), it cannot be attributed only to unreacted ketoprofen but 

also to ketoprofen byproduct, 3-ethylbenzophenone. Indeed, 3-ethylbenzophenone has an 

absorption maximum at 254 nm42, thus we can hypothesize that the absorption peak of 

Ketoprofen after irradiation can be attributed to the sum of unreacted ketoprofen and 3-

ethylbenzophenone, responsible of the increase in pH. 
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The photolysis process of ketoprofen is further confirmed by GC chromatography mass 

spectrometry (Figure 2), in which only a peak is observed, corresponding to 3-

ethylbenzophenone, the main byproduct of ketoprofen photoinduced decarboxylation, which 

characterizes its photobase behaviour (Scheme 1). 

 

 

 

Figure 2: mass spectrum of Ketoprofen solution irradiated for 40 minutes. Peak with retention time at 16.43 min 

represents 3-ethylbenzophenone. 

 

pH variation was monitored during an irradiation of 40 minutes of Ketoprofen solution in 

water/ethanol 1:1 mixture starting not in an alkaline environment but from pH 7.5, in order to 

better evaluate the pH jump associated to Ketoprofen photolysis (Figure 3). 

 

 

 

Figure 3: pH variation in Ketoprofen solution at pH 7.5 kept in dark (black) and irradiated (red) for 40 minutes, 

measuring the pH each 5 minutes. Inset: pH variation of irradiated Ketoprofen in the first 20 minutes measuring the pH 

every minute. 
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As Figure 3 shows, there is a significative effect of Ketoprofen degradation process on the jump of 

pH, which goes from 7.5 to almost 10 after 40 minutes of irradiation. Figure 3 shows also (inset) 

that there is a very fast jump of almost 1 point of pH in the first minute and then the increase in 

pH is slower, for this reason at least 40 minutes are necessary to reach a sufficiently alkaline pH 

value for CaCO3 precipitation. As shown in Figure 3, even at neutral pH, the photodecarboxylation 

process occurs and pH increases. Nevertheless, even if Ketoprofen acts as a photobase generator, 

the contribution of the generation of CO2 on the pH cannot be neglected. The pH trend in Figure 3 

has been obtained by irradiating the ketoprofen solution in an open vial, to verify the pH variation 

mainly associated to the hydrogen abstraction by the 3-ethyl benzophenone moiety rather than 

to the generation of CO2. However, the presence of CO2 is essential to obtain an efficient CaCO3 

precipitation, thus it is necessary to have it in solution. In order to estimate its effect on the overall 

pH, monitoring was performed also irradiating ketoprofen solution in a closed vial, opening it only 

to measure pH (Figure 4). 

 

 

 

Figure 4: pH jump during irradiation of Ketoprofen solution in water/ethanol 1:1 in a closed vial 

 

As expected, in the closed vial and thus in presence of more photogenerated CO2, the pH increase 

is less pronounced and after 40 minutes of irradiation, starting from pH almost 7, pH increases 

only until almost 8.5, a value that could not lead to CaCO3 precipitation in these conditions. 

Photoprecipitation tests starting from neutral pH were performed by irradiating for 40 minutes a 

Ketoprofen 6 mM and CaCl2 1 M solution in water/ethanol 1:1, starting from a pH of 7-7.5 (Figure 

5). 
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Figure 5: Ketoprofen 6 mM and CaCl2 0.1 M in water/ethanol mixture starting from pH 7.3 before (left) and after (right) 

an irradiation of 40 minutes. 

 

Figure 5 shows the bottom of the vials before and after irradiation. Some precipitate can be 

noticed at the bottom of the vial but in a very little quantity. Ketoprofen and CaCl2 concentrations 

have also been tuned but the precipitation was not efficient enough. This outcome can be due to 

several events that happen once the irradiation begins. The base and CO2 generation initially 

boosts the formation of CO32- ion, which also decreases the quantity of CO2 in solution, maintaining 

the pH sufficiently high to induce some precipitation. However, when CaCO3 precipitation occurs, 

it gives another contribution to pH decrease, that, coupled with further CO2 formation during 

irradiation, stops CaCO3 precipitation. Indeed, the pH value measured after the irradiation of 

Ketoprofen and CaCl2 is 6, a value even lower than the initial one (7.5). For this reason and for the 

higher reactivity of de-protonated Ketoprofen, the best condition in which the photoinduced 

precipitation of CaCO3 can occur is in alkaline environment.  

Photoinduced precipitation of calcium carbonate was obtained by irradiating a water/ethanol 

solution of Ketoprofen for 30-40 minutes, depending on the experimental conditions (LED-sample 

distance and Ketoprofen concentration), in presence of CaCl2. The system was irradiated at 

several CaCl2 concentrations ranging from 0.1M to 1 M and at several pH values ranging from 10.5 

to 11.5 and photoinduced precipitation of CaCO3 always occurs (Figure 6). 
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Figure 6: Ketoprofen and CaCl2 in water/ethanol left in dark and irradiated at 365 nm for 30 minutes (left) at pH 11.5. 

Right- irradiated solution of Ketoprofen and CaCl2 observed at the optical microscope. 

 

Figure 6 (right) shows calcite crystals forming after irradiation of Ketoprofen and CaCl2 solution. 

In general, as CaCl2 concentration and pH increase, photoinduced precipitation is more efficient. 

Nevertheless, precipitation in dark also starts to occur. Tuning these parameters, it is possible to 

find the most performing photoprecipitation conditions and avoid the precipitation in dark. 

 

Photoinduced precipitation of Calcium Carbonate by Sodium 

Tetraphenyl Borate (TPB) as a Photobase generator 
 

Sodium tetraphenyl borate is a photobase generator which is used in organic synthesis, 

photocatalysis and transition metal chemistry43. In particular, it undergoes photolysis under UV 

light that leads to the abstraction of a proton. Therefore, here the CaCO3 precipitation is just 

caused by the increase in pH. The photodegradation mechanism44 is reported in Scheme 2. 

 

 

 

Scheme 2: Photoinduced precipitation of calcium carbonate by means of sodium tetraphenylborate. 
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Sodium Tetraphenylborate (TPB) is usually activated irradiating with 254 nm sources. Since TPB 

has not any absorbance in the Near-UV and especially at the irradiation wavelength used already 

to activate ketoprofen (365 nm), sensitization by means of Thioxanthone was performed. Indeed, 

Thioxanthone is often used as a sensitizer for TPB and sensitization mechanism is an electron 

transfer from TPB to Thioxanthone45. Sensitization process of TPB by Thioxanthone was 

evaluated in a water/ethanol 1:1 mixture. First, as a reference, a TPB solution was irradiated at 

280 nm. Then, the solution of TPB and Thioxanthone was irradiated at the wavelength 

corresponding to the absorption maximum of Thioxanthone, 385 nm. Absorption spectra of the 

two systems were collected before and after the whole irradiation process (Figure 7). 

 

 

 

Figure 7: a) Absorption spectra of DIP 0.5 mM in water/ethanol 1:1 before (black) and after (red) irradiation at 280 nm. 

b) Absorption spectra of DIP 0.5 mM and Thioxanthen-9-one 0.5 mM in water/ethanol 1:1 before (black) and after (red) 

irradiation at 385 nm. 

 

As Figure 7 shows, the absorption peak of Thioxanthone goes from almost 350 nm to 410 nm and 

the absorbance is very high between 360 and 400 nm; these characteristics make it a very suitable 

sensitizer for irradiation between 365 and 395 nm, thus in the near-visible/visible range.  

pH was also monitored during the irradiation process, to compare the pH decrease caused by 

direct excitation of TPB and by sensitization of TPB by thioxanthone (Figure 8). 
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Figure 8: a) pH trend of TPB 0.5 mM during irradiation at 280 nm. b) pH trend of TPB 0.5 mM and Thioxanthone (THX) 

0.5 mM during irradiation at 385 nm. 

 

As Figure 8 shows, sensitization significatively improves pH increase rate. Indeed, in TPB and 

Thioxanthone mixture, a pH value of almost 11 is reached after just 4 minutes, time scale which is 

highly suitable for the final application in artwork restoration. The process was also confirmed by 

GC-MS spectrometry (Figure 9), in which both in the irradiated TPB and TPB with Thioxanthone 

solutions a Biphenyl is detected, which is one of the main byproducts of TPB photodegradation. 

 

 

 

Figure 9: Mass spectrometry (GC-MS) of Biphenyl, reported in both irradiated TPB and TPB+Thioxanthone solutions, in 

correspondence of a retention time of almost 11.5 minutes. 

 

After having verified the sensitized photodegradation process, tests for calcium carbonate 

precipitation starting from neutral pH were performed. Since the photoinduced degradation of 

TPB leads just to an increase in pH, a CO32- is also needed in the solution. Indeed, trials were first 
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performed by just considering reaction of atmospheric CO2, but it was not possible to obtain any 

significative precipitation. Thus, NaHCO3, coupled with CaCl2 were the sources respectively of 

CO32- and Ca2+ ions. The solution was then irradiated, starting from pH almost 7.5-8 for 5 minutes. 

After irradiation, a turbidity in the solution was noticed that corresponds to CaCO3 precipitation 

(Figure 10). 

 

 

 

Figure 10: TPB and Thioxanthone solution before and after irradiation, in presence of CaCl2 and NaHCO3.  

 

In absence of CaCl2 and NaHCO3, the TPB 2mM and THX 0.05 mM solution has a pH value which 

goes from 8 to 12 in 5 minutes of irradiation, thus the little increase of pH showed in Figure 10 is 

due to CaCO3 precipitation. This sample was also observed at the optical microscope in order to 

better monitor the CaCO3 formation. Dark sample was observed after having kept it in dark for 

one hour; irradiated samples were observed one hour after the 5 minute-irradiation (Figure 11).  

 

 

 

Figure 11: Photoinduced precipitation of CaCO3 in presence of TPB and Thioxanthone. Sample left in dark (“dark”) and 

irradiated (“Irr”). Detail of calcite crystals formed in the irradiated sample (right). 
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Many calcite-shape crystals appeared in the irradiated sample, while very few of them were 

observed in the dark sample, demonstrating again the photo-controlled precipitation of the 

crystals. 

Irradiation of Sodium Tetraphenylborate sensitized by Thioxanthone allows to have a very fast 

jump in pH in very few minutes. Nevertheless, there is not a high quantity of CaCO3 in these 

conditions and crystals start to appear not immediately after irradiation but after some time. This 

problem could be solved by having a higher concentration of precursor ions and/or a different 

medium, in order to more easily obtain a lower supersaturation limit at the pH that is reached 

with light. 

 

2.3.3. Conclusions 
 

As already mentioned in the previous sections, frescoes are very delicate artworks that can more 

easily have the necessity to be restored. For these reasons, it is important not to use too invasive 

methods that could lead to big damages. On the contrary, restoring frescoes by using its main 

component material, CaCO3, is certainly a noticeable improvement. As CaCO3 photoinduced 

dissolution can be used to clean frescoes, CaCO3 photoinduced precipitation can be used for 

consolidation, by repairing fragile parts of the oeuvre with carbonate and avoiding 

polymers/resins.  

Photobase generator have been used to induce a pH increase by light, in order to precipitate 

CaCO3. Also in this case, the process is conducted in water based solutions, avoiding the use of 

organic solvents and it can be controlled locally, by using a not harmful irradiation light (365 nm). 

In particular, two photobase generators were exploited for this purpose: Ketoprofen and Sodium 

Tetraphenylborate. The former promotes CaCO3 formation mainly by means of CO2 release and 

the latter by means of a pH jump. 

Furthermore, sensitization of Sodium Tetraphenylborate by Thioxanthone was investigated and 

the photoinduced precipitation can be achieved with just 5 minutes of irradiation by a 365 nm 

source. In order to make this method closer to the real application in artworks restoration it is 

necessary to precipitate a higher quantity of Calcium Carbonate. This can be achieved for example 

by tuning concentration of the reactants and pH conditions. Further studies will be performed 

with this aim and other photoactive molecules and sensitizer will be studied to improve the 

process in future. However, controlling the crystallization of a material with light can already be 

really interesting for other applications, such as lithography, and also to study in detail 

crystallization processes. 
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2.4. Photoinduced crystallization of Calcium 

Carbonate embedded in a gel 
 

2.4.1. Materials 
 

Irradiation sources 

- LED (2.2 mmx2.2 mm light emitting surface) purchased by Mouser electronics with an 

irradiation wavelength of 365 nm with a radiant flux of 3.3 W (Forward current 700 mA) 

at 25°C. It has a viewing angle (the off-axis angle from the centreline where the 

radiometric power is the 50% of the peak value) of 110°  

- Hg lamp (Sylvania F8T5/BLB – Camag) that emits at 366 nm and has 8W of power 

- A pulsed Nd:YAG laser. The laser was used at 355 nm, irradiation was performed at 30 mJ, 

with 100 shots at 95 μs for each pulse. 

 

Gel preparation 

Agarose (20 mg/mL) is added to a sucrose (Sigma Aldrich) 60% w/v aqueous solution. The system 

is heated at 85°C to dissolve agarose. The hot solution is left cooling in between two glass slides 

to obtain a very smooth and uniform gel with a thickness of 1 mm. CaCl2 has been embedded in 

the gel with two methods: the gel can be stored in a CaCl2 aqueous solution 20 mM for 1 hour or 

CaCl2 20 mM can be added in the gel preparation solution. With the second method a better 

uniformity of the precipitated crystals is obtained. The irradiation performed by the UV lamp was 

performed by putting the lamp on top of a vial with the gel merged in 350 μL of Ketoprofen 

solution at 5 cm of distance. The irradiation lasted 10 minutes.  

 

Photoprecipitation of Calcium carbonate embedded in a gel (lamp irradiation) 

The irradiation with the lamp at 366 nm was performed on top of a vial with the gel (CaCl2 20 mM) 

merged in 350 μL of Ketoprofen 20 mM, 10 mM, 5 mM and 2 mM solution and lasted 10 minutes 

Crystals were observed with polarization microscopy (Zeiss Axioimager in reflected light mode) 

and SEM/EDX (Hitachi TM3000). 

 

Photoprecipitation of Calcium carbonate embedded in a gel (laser irradiation) 

The irradiation performed with the laser was performed on top of a vial with the gel (CaCl2 20 

mM) merged in 350 μL of Ketoprofen 2 mM solution and lasted 10 seconds (100 shots, 95μs each 
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shot). Crystals were observed with polarization microscopy (Zeiss Axioimager in reflected light 

mode) and SEM/EDX (Hitachi TM3000).  

 

Photoprecipitation of Calcium carbonate embedded in a gel (LED irradiation in the fluorescence 

microscope) 

Irradiation and crystals observation were performed also with a fluorescence optical microscope 

(Olympus IX71) adapted for irradiation (Figure 1). The LED source at 365 nm was placed in 

correspondence to the light source of the fluorescence microscope and no filter in excitation was 

set up. Irradiation was performed with a 10x or a 20x objective. After irradiation, images were 

collected in backscattering by illuminating one side of the sample with a tungsten lamp, to see the 

calcite crystals, not clearly observable with the microscope transmission or fluorescence mode. 

 

 

 

Figure 1: Irradiation setup in the fluorescence microscope (readapted from Olympus IX71 manual) 

 

2.4.2. Results  
 

Once it was verified that calcium carbonate could be precipitated by a light induced process in 

solution, there was the necessity to embed the precipitate on a support, to write fixed structures 

with light. An agarose hydrogel was chosen as the most proper matrix to fix the calcium carbonate 
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crystals since agarose is transparent to UV light and thus it does not interfere with the light-

induced process. In addition, scattering effects due to agarose gel turbidity were avoided by 

adding sucrose (Figure 2) which reduces the degree of gel helix aggregation and leads to a 

matching of the refractive indexes46.  

 

 

 

Figure 2: agarose gel (right) and agarose gel modified by sucrose (left). A very smooth and uniform gel is obtained. 

Modification of the gel with sucrose lead to a higher transparency. 

 

Low thickness (1 mm) and high transparency of the gel are important features to obtain an 

efficient and uniform crystallization. Having a low thickness means reducing the optical path that, 

together with concentration, enhances the absorption intensity (according to Lambert-Beer law), 

thus Ketoprofen reactivity. These features allow to use a 365 nm light to excite ketoprofen with 

sufficient efficiency for the crystallization process, even if that wavelength overlaps just with the 

tail of the absorption band of Ketoprofen. The gel, in which CaCl2 is previously embedded, is 

merged in an aqueous solution of Ketoprofen in alkaline pH and the whole system can be then 

irradiated at 365 nm (Figure 3).  
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Figure 3: crystallization mechanism of calcium carbonate after UV light irradiation of agarose gel, in which Ca2+ ions are 

embedded, merged in aqueous solution of Ketoprofen at pH 10.3. 

 

UV light irradiation induces ketoprofen decarboxylation (Scheme 1 in section 2.3.2), generating 

CO2 that, in presence of alkaline pH, is converted to CO32-. Carbonate ions can thus migrate on the 

surface and through the gel and, by encountering Ca2+ ions, trigger CaCO3 precipitation. The pH 

value, which depends on CaCl2 and Ketoprofen concentration and ranges from 10.3 to 10.6, allows 

to have the precipitation of calcium carbonate selectively under light irradiation and avoid 

precipitation in dark, which happens in the case of a higher pH, because of CO2 in air. A lower pH 

does not allow enough precipitation under light irradiation. Having ketoprofen only in solution 

and Ca2+ ions in the gel helps crystallization process and uniform crystals distribution. Indeed, 

diffusion plays an important role in the CaCO3 precipitation and if the whole process in carried on 

inside the gel matrix, the lack of diffusion leads to less precipitation. Furthermore, Ketoprofen 

byproduct precipitates inside the gel, further contrasting the crystallization process and leading 

to a lack of uniformity in crystals distribution. On the contrary, in a double system made by the 

gel and the solution, the decarboxylation reaction and the ketoprofen byproduct precipitation 

take place mostly in solution, enhancing the precipitation efficiency and uniformity by the higher 

diffusion and lack of organic byproduct in the gel. In addition, it is possible to easy clean the final 

gel from the organic byproducts without a real washing step but just removing the solution in 

which the gel is merged right after irradiation. After 10 minutes of irradiation, a lot of calcium 

carbonate crystals form through all the gel, while in dark almost no precipitation is noticed, as 

polarization microscopy and SEM show (Figure 4).  
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Figure 4: a) polarization microscopy images of agarose-sucrose gel, previously stored in CaCl2 20 mM, after having been 

covered with ketoprofen aqueous solution 20 mM at pH 10.6, left 10 minutes in dark (left) and under a UV Hg lamp (366 

nm) irradiation (right). b) SEM images of the same gels, in dark (left) and irradiated (right). 

 

Figure 4 shows the light-controlled precipitation of calcium carbonate on the surface of the gel. 

Polarization light microscopy shows also that crystals are present through all the gel thickness 

and thus confirms that the transparency of the gel allows the light to penetrate in all the volume 

of the solution and that the carboxylic moiety released from Ketoprofen manage to migrate inside 

the gel. SEM and EDX confirmed CaCO3 crystallization after irradiation. Calcite crystals are usually 

obtained, even if in some cases also vaterite was noticed (Figure 5). 
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Figure 5: SEM image of calcium carbonate crystals obtained after 10 minutes of UV light irradiation of Ca2+-agarose gel 

merged in ketoprofen aqueous solution. 

 

Once having obtained light-controlled calcium carbonate crystallization and having fixed the 

crystals in a gel the aim was to localize the crystallization process, to write calcium carbonate 

structures with light. For this purpose, the gel system was irradiated with powerful and localized 

light sources, such as a focalized LED and a laser. With these sources it is possible to induce 

localized crystallization in few seconds to one minute, depending on the power of the source. In 

order to obtain more uniformity in crystals distribution in the gel, Ketoprofen concentration and 

CaCl2 embedment method were changed. In particular, while at first agarose-sucrose gel was 

stored in CaCl2 20 mM solution before the irradiation process, then CaCl2 was directly added 

during the gel preparation procedure to have a more homogeneous distribution of calcium ions 

inside the gel. Furthermore, because of the high power of the laser, a lot of Ketoprofen byproduct 

is precipitated along the light path in the solution and in the gel, even with very short time of 

irradiation. This causes a less effective irradiation inside the gel because of lack of transparency 

and a less effective CaCO3 precipitation, caused by byproduct presence in the gel. Hence, in laser 

tests, Ketoprofen concentration was decreased from 20 mM to 2 mM. In particular, a Nd:YAG 355 

nm pulsed laser was used as a source and a spot of crystals was generated in the gel, after 10 

seconds of irradiation of the gel/solution system (Figure 6). Less ketoprofen byproduct formation 

was observed in solution and almost no byproduct formation was observed in the gel. 
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Figure 6: localized crystallization mechanism of calcium carbonate after laser irradiation at 355 nm of agarose gel, in 

which Ca2+ ions are embedded, merged in aqueous solution of Ketoprofen at pH 10.3. 

 

After irradiation, the solution was promptly removed; no further steps of washing have been 

performed. Polarization microscopy shows calcite crystal spots that usually range from 1 mm to 

1,5 mm of diameter (Figure 7). 

 

 

 

Figure 7: Polarization microscopy images of Ca2+-agarose gel after having been covered with ketoprofen 2 mM aqueous 

solution at pH 10.3 and irradiated with laser at 355 nm: image of the crystals spot (left) and detail of crystals in the spot 

(right). 

 

Localization of photoinduced precipitation of calcium carbonate was also performed by a 

focalized LED at 365 nm. The irradiation was performed by means of a fluorescence microscope 

modified for irradiation: the LED was focalized by the objective of the microscope and the sample 
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was irradiated from the bottom. The size of the beam could be considerably reduced by using 

objectives with higher magnifications. With this method, the irradiation lasts one minute and a 

white spot, probably corresponding to Ketoprofen byproduct and observed both with Ketoprofen 

20 mM and Ketoprofen 2 mM, is generated in the gel, exactly where the light beam passes. 

Nevertheless, despite the byproduct formation in the gel, crystals are efficiently produced. This 

can happen because of the lower power with respect to the laser and the different irradiation 

setup, from the bottom of the sample, in which there is a thinner layer of solution between the 

light source and the gel. Furthermore, in the case of Ketoprofen 20 mM, also irradiation of 10 

seconds has been tested and byproduct followed by crystals formation are still visible. The more 

focused spot and the use of a microscope as the irradiation setup allow to follow the formation of 

crystals in time. Indeed, right after irradiation and removal of the solution, the gel and the area in 

which the spot is formed can be monitored. In particular, crystals growth can be followed and are 

reported in Figure 8 for Ketoprofen 20 mM and an irradiation time of 10 seconds, using a 10x 

objective. 

 

 

 

Figure 8: Crystals formation in the gel after irradiation. Crystals start to appear after 15 minutes from the end of 

irradiation. 
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Figure 8 shows what happens right after the irradiation process. The white spot in the image after 

irradiation correspond to the Ketoprofen organic byproduct that forms during irradiation. An 

interesting phenomenon is the gradual disappearance of this white spot, as if the byproduct starts 

to re-dissolve in the medium. This event was not observed before and the reason why it is visible 

in this case can be related to the fact that in all the experiments performed before a very high 

quantity of byproduct was formed, because of Ketoprofen concentration, irradiation time and type 

of source. At the contrary, with this setup and these times of irradiation, it was possible to 

precipitate less byproduct and observe its disappearance. Then, first crystals start to be visible 

after 15 minutes; at first their shape is not distinguishable but then calcite crystals growth is 

clearly visible. After almost 1 hour, crystals growth stops and a crystals spot of almost 1,5 mm of 

diameter is obtained. Thus, even with the irradiation of a smaller spot of the gel and the generation 

of less organic byproduct, it seems that the crystal formation is localized in the same scale. Thus, 

it surely is very important to deeper investigate the whole process, in order also to understand if 

there is a connection between the byproduct disappearance and the crystal growth and diffusion. 

 

2.4.3. Conclusions 
 

In this part of the work, we investigated the light-induced CaCO3 precipitation process by means 

of Ketoprofen as a photo-generator of CO2, that had been studied and verified only in solution, in 

a gel matrix. This was done in order to fix the calcium carbonate generated by light on a support. 

This could be a start point to develop a system in which CaCO3 structures can be selectively 

written and developed by light for lithography or micropatterning application. The first step to 

achieve this purpose was to find a proper matrix and an agarose/sucrose gel was, among all the 

system tested, such as gelatin or alginate gels, the best support in which this kind of process could 

be undergone. Indeed, agarose/sucrose developed gel does not have any absorption in the 

irradiation range (350-365 nm) and scattering effect, is easy to prepare, stable in the proper 

humidity conditions, uniform and sufficiently thin. Since the main aim is to selectively induce 

precipitation by light, another challenge to overcome was precipitation in dark, which it was 

possible to avoid by adjusting CaCl2 concentration and pH. In addition, our other purpose was to 

localize the process, in order to literally “write” with light. Both focused LEDs and lasers were 

used, and a certain localization was obtained. Nevertheless, more studies need to be done for this, 

in order to better control the localization and deal with diffusion that could not be totally avoided. 

Concluding, we developed a new promising system for photo-induced crystallization processes 

that were studied for calcium carbonate precipitation but could also be used to write structures 

based on other materials. Furthermore, this system in which crystals are formed and fixed can 

also lead to a deeper investigation on crystallization and diffusion phenomena.  
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3. TiO2 based materials as 

photocatalysts for water and air 

remediation 
 

3.1. Introduction 

 

Semiconductor photocatalysis is one of the biggest fields in photochemistry and Titanium Dioxide 

(TiO2) surely represents the most known photocatalytic material. Indeed, its properties have been 

studied for almost one century1 and in the last years a lot of common use applications are based 

on it, such as sunscreens, pigments and toothpastes2. Its growth of interest is due to its 

characteristics as a material and, more specifically as a photocatalyst. TiO2 is a earth abundant, 

thus low cost and industrially scalable material, it is also chemically and thermically stable3 and 

has a high photocatalytic efficiency with respect to other semiconductors.  

TiO2 polymorphs are rutile, anatase and brookite1. Rutile and brookite types have respectively a 

tetragonal crystalline structure with prismatic habit and an orthorhombic crystalline structure. 

Anatase has a tetragonal crystalline structure with a bipyramidal habit and it is the one with the 

major photocatalytic activity, because of high photostability, high specific area and a more 

negative conduction band edge potential that leads to a higher potential energy of the 

photogenerated electrons4. Since anatase TiO2 bandgap is Eg ≈ 3.2 eV5, it is activated by UV light. 

Once the exciton is generated, the electron and the holes could be trapped on TiO2 surface and 

react with the nearest species. Photocatalytic mechanism of TiO2 is reported in Figure 1. 

 

 

 

Figure 1: General photocatalytic behaviour of TiO2. 
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Figure 1 shows the photocatalytic behaviour of TiO2. Once the exciton is generated, it can give a 

charge recombination or a charge separation, in which the electron and the hole can migrate on 

the surface. Here redox processes start to happen with the molecules in the surroundings and/or 

with the molecules adsorbed on the surface. From redox processes in presence of oxygen and/or 

water, reactive oxygen species (ROS) are formed. Detailed mechanisms of ROS generation are still 

not totally understood but generally involve molecular oxygen reduction and water oxidation 

processes. Thus, the reactivity of TiO2 with a molecule in the surroundings is given by two main 

processes. A photoinduced electron transfer can happen for a molecule adsorbed on TiO2 surface, 

which directly undergoes oxidation or reduction; alternatively, the molecule is not directly 

transformed by TiO2 excitation, but in a second moment by the generation of ROS. These two paths 

are at the basis of TiO2 use as photocatalyst for environmental remediation. This has been one of 

the main issues worldwide for many years, since anthropic activities contaminate more and more 

water and air with toxic agents, threating environment and human health. Common sources of air 

pollution are household combustion devices, motor vehicles, industrial facilities and forest fires; 

the most important pollutants caused by these factors are carbon dioxide and monoxide, nitrogen 

dioxide and sulfur dioxide6. Water is usually contaminated by solvents, volatile organics, 

chlorinated volatile organics etc. that come mainly from industrial waste and groundwater 

represents one of the primary source of human contact with toxic agents7. 

TiO2 use for pollutants degradation in water and air has been widely developed for many years 

but still represents a challenge. Besides the qualities that permit its use in various photocatalytic 

application, TiO2 also presents some relevant drawbacks: a low absorption ability of visible light 

due to its high bandgap and a rapid electron-hole recombination8, which lead to the loss of the 

90% of irradiation light9; these drawbacks significatively decrease TiO2 performances in 

environmental remediation. For example, TiO2 for air remediation can only be exploited outdoor 

because of the UV component of solar light. Moreover, outdoor photocatalytic performances are 

also limited because of effects regardless of the nature of the photocatalyst, such as continuous 

refresh of the polluted air and sunlight intensity variations. Considering these issues, it is 

necessary to improve TiO2 intrinsic photocatalytic performance. This can be achieved in mainly 

two ways. First, having TiO2 nanomaterials, thus increasing the surface/volume ratio, favours 

surface-related processes rather than charge recombination. Second, TiO2 can be modified with 

materials that enhance the mobility of the charges, such as graphene and other 2D materials 

(Figure 2). 
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Figure 2: Main 2D materials and their bandgaps, in a wavelength/bandgap scale, reproduced from ref10 

 

Graphene is one of the most investigated and used materials because of its 2D honeycomb 

structure11 and its physical, chemical and electronic properties. It is a zero-bandgap 

semiconductor with a high thermal conductivity, good mechanical stability, large specific surface 

area and a superior electron conductivity and mobility12, 13. In particular, graphene and graphene 

related materials give to TiO2 improvement of charge separation12, increase of the surface-active 

sites14 and also a bandgap tuning towards higher wavelengths, even if this mechanism is not clear 

yet15. Moreover, organic pollutants adsorption on the surface is increased by π-π stacking 

interactions with the 2D material layer (Figure 3). 
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Figure 3: Role of graphene during the degradation of Methylene Blue by TiO2 activation, reproduced from ref16 

 

In this part of my PhD, TiO2-based photocatalysts were studied for environmental remediation. 

TiO2 nanoparticles were developed and studied for water remediation and photocatalytic cement 

coatings were studied for air pollutants degradation. In particular, inorganic and organic 

pollutants were represented by respectively NOx (NO2 and NO) and Rhodamine B as models. 
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3.2. Transparent TiO2 nano-systems as efficient 

photocatalysts for water remediation. 
 

3.2.1. Materials 
 

Synthesis of colloidal TiO2 nanoparticles 

Colloidal TiO2 nanosystems synthesis was performed following the procedure reported in ref17. 

We performed several syntheses following the same procedure, but using TritonX-100 (Sigma 

Aldrich), Pluronic F-127(Sigma Aldrich), Sodium Cholate (Sigma Aldrich) and 

Hexadecyltrimethylammonium bromide (CTAB) (Sigma Aldrich) as surfactants. Surfactant 

(concentration 16 mM) and HCl 37% (1,4mL) were placed in a 500 mL round bottom flask with 

250 mL H2O. The solution was heated up at 50 °C and it was kept stirring for almost 30 minutes 

waiting for the surfactant to dissolve completely. Then, 17,4 mL of TIP (Titanium isopropyl oxide), 

corresponding to a concentration of 1,5% p/p, were added very rapidly. A white precipitate was 

immediately noticed. The reaction was left stirring at 50 °C overnight. The day after a slightly 

milky solution was obtained. In the case of Sodium Cholate, a white precipitate is also present, 

which is then separated by the milky top solution. 

 

Nanoparticles characterization 

Nanoparticles were characterized by Absorption spectroscopy (Perkin Elmer Lambda 650, DLS 

and HR-TEM. Absorption spectra (Perkin Elmer Lambda 750) were collected for 0.02 mg/ml 

dispersions of colloidal TiO2 nanosystems and for commercial titania (AHP). For the analysis 

quartz cuvettes were used, and the absorpion range set up was 200-800 nm, with a scan speed of 

414 nm/min. DLS (Malvern Zetasizer Nano-ZS) samples preparation was carried out by 1:100 

diluition of 15 mg/mL TiO2 nanoparticles solutions and filtration (PVDF filters, 450 nm) to avoid 

precipitates or any sort of impurities during analysis. HR-TEM were performed on samples 

deposited on a copper grid holey carbon and left drying at 50°C. 

 

Rhodamine B degradation tests with TiO2 photocatalysts 

Rhodamine B (RhB) photodegradation tests were performed by irradiating TiO2 photocatalysts 

aqueous solution (TiO2 concentration 0.2 mg/mL) in presence of RhB 1μM with an Hg lamp at 313 

nm in a quartz cuvette. Irradiation was performed for 15 minutes and absorption spectra were 

collected each 5 minutes. 
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Rhodamine B degradation tests for several irradiation cycles 

Aqueous solution of TiO2 photocatalysts and in presence of RhB 3x10-5M were prepared in 

disposable wells. They were left in dark for 40 minutes before irradiation. In each cycle, 

irradiation was performed by a solar simulator lamp (for 3 Mercury lamp Radium Sanolux HRC 

300-280 E27) 30 minutes. After each cycle RhB was added to the solution in order to re-obtain a 

concentration of 3x10-5M. 

 

Rhodamine B degradation test by real time fluorescence monitoring 

Tests of RhB degradation by fluorescence monitoring were performed by irradiating the 

nanoparticles solutions at 0.2 mg/mL of TiO2 in presence of RhB 1μM (absorbance of 0.1 in these 

conditions). The irradiation was performed in a spectrofluorimeter (Fluoromax Horiba). A 3mL 

glass vial filled with the solution was irradiated under stirring at 340 nm (excitation slit= 20). In 

the meantime, Rhodamine fluorescence spectra were continuously collected during the 

irradiation.  

 

Synthesis of Graphene and MoS2 doped colloidal TiO2 nanoparticles 

In a 20mL glass vial 15 mL aqueous dispersion was prepared with 9,4 mL of TiO2 colloidal 

dispersion 15 mg/ mL and 15 mg of graphite/MoS2. Dispersion was sonicated in the bath sonicator 

for 6 h at 40-50 °C, stirring manually for 1 minute every 30 minutes. Temperature was controlled 

by ice addition directly in the sonication bath. At this point the dispersion was centrifugated for 5 

minutes at 9500 rpm. Finally, we collected the 65% of the top solution for analysis 

 

3.2.2. Results 
 

TiO2 colloidal nanosystems: synthesis, characterization, and 

photocatalytic activity 
 

TiO2 nanoparticles (NP), have been widely used for ROS generation in the form of powder, film or 

solid dispersion but very rarely as stable water dispersed NPs, mostly for the difficulty of 

achieving a transparent suspension of monodispersed, small, photoactive NPs. Here we describe 

colloidal TiO2 nanoparticles dispersions synthesized accordingly to a highly environmental 

friendly templated method17 (no high temperature or pressures or solvent other than water are 

needed) that forms extremely transparent water dispersions stable for months. 

TiO2 NPs were syntheses as schematized in Figure 1 (a) using micelles as templating agents to 

control the growth of TiO2 formed from the hydrolysis and condensation of the molecular 

precursor TIP. The reaction, carried on in mild condition (50 °C during stirring), was performed 
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to obtained TiO2 nanoparticles with common non-ionic (Pluronic F-127 and Triton X-100) and 

ionic (Cethyltrimethylammonium bromide-CTAB and Sodium Cholate) surfactants (Figure 1-b). 

 

 

 

Figure 1: a) surfactant-assisted method for TiO2 nanoparticles synthesis in the case of Pluronic-F127. b) Surfactants 

used to obtain different TiO2 NPs. 

 

Using all the surfactants (Figure 1- b), very stable and transparent TiO2 nanoparticles are 

obtained. Using TiO2 photocatalyst in this form can be really improving for water remediation 

(Figure 2). 

 

 

 

Figure 2: Comparison between a dispersion of commercial AHP TiO2 in water obtained by sonication and a dispersion 

of TiO2 colloidal nanoparticles. 
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Indeed, the main difficulties of commercial TiO2 powders for water remediation are connected to 

the fact that nanoparticles, usually obtained by sonication, are not stable, thus they easily tend to 

aggregate, forming very turbid dispersions. This uncontrollable aggregation leads to a lower 

surface area, that does not promote the migration of the charges to the surface, enhancing the 

electron-hole pair recombination rate. Furthermore, the high turbidity makes TiO2 activation by 

light less efficient and inhomogeneous because of relevant scattering effects due to particle size. 

All these aspects inevitably lower TiO2 photocatalytic performance. Therefore, having a 

transparent, stable dispersion with small and homogeneously distributed nanoparticles is a great 

advantage for the TiO2 reactivity.  

The four nano-systems were previously characterized by absorption spectroscopy, reported in 

Figure 3. 

 

 

 

Figure 3: absorption spectra of all the synthesized TiO2 colloidal nanoparticles and comparison with commercial TiO2 

AHP 

 

In Figure 3 colloidal TiO2 nanosystem absorption bands are showed and they are also compared 

with the absorption band of commercial TiO2 powder (AHP) dispersed in water by sonication, 

prepared at the same TiO2 concentration of the colloidal samples. 

First, absorption spectra highlight the transparency of colloidal TiO2 nano-dispersions with 

respect to commercial TiO2, in which a scattering contribute to the absorption band is evident. 

Furthermore, the absorption band of TiO2 colloidal systems is far more intense than the one of 

commercial TiO2; this is another consequence of their transparency and their stability with 
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respect to commercial powder. Another interesting difference that must be noted stays in the 

absorbance wavelength of the two species. Indeed, colloidal systems absorb at a slightly lower 

wavelength. This can be related to a quantum confinement effect and thus to particles with a very 

small size. The four TiO2 nanosystems have almost the same absorption band shape. Only in the 

case of TiO2@Triton X-100 a peak corresponding to the absorption peak of the surfactant can be 

distinguished. 

TiO2 nanoparticles dimension was characterized by DLS (Table 1) and HR-TEM (Figure 4).  

 

 

 

Table 1: DLS of colloidal TiO2 nanoparticles 
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Figure 4: HR-TEM of TiO2 colloidal nanoparticles. 

 

As it can be noticed both in Table 1 and in Figure 4, the TiO2 colloidal nanosystems size do not 

depend on the surfactant used but are all almost the same and they have a quite unform size 

distribution. However, DLS and HR-TEM report different sizes: from DLS an average size between 

22 and 28 nm is observed, while the TEM shows smaller sizes, almost around 7-5 nm. The size 

observed from the TEM images represents the TiO2 core, while probably the higher size in the DLS 

is due to the presence of a surfactant sphere. TiO2 core is crystalline and EDX confirms that we 

have anatase polymorph that is the most active one for photocatalysis.  

Photocatalytic performance in water remediation was evaluated by testing the degradation of a 

highly used model of organic pollutant, Rhodamine B (RhB), under the action of TiO2 

photocatalyst. The test was performed by observing the decrease of absorbance peak of RhB 

during irradiation at 313 nm, in presence of TiO2 nanoparticles (Figure 5). 
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Figure 5: evaluation of RhB degradation under light irradiation in presence of TiO2 photocatalysts by means of 

absorbance decrease. 

 

The absorbance change of RhB can indeed be correlated to the change of its concentration by the 

Lambert-Beer law and thus to the degradation of the dye. 

TiO2 colloidal nanosystems were then compared by considering the intensity variation of RhB 

absorbance maximum during the irradiation time, as reported in Figure 6. 

 

 

 

Figure 6: RhB absorption maximum (557 nm) decrease during irradiation at 313 nm, in presence of colloidal TiO2 

nanosystems and comparison wit commercial TiO2 (AHP). 
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Based on these trends, the degradation percentage of the dye can be obtained as reported in the 

following equation. 

 

𝑅ℎ𝐵 𝑑𝑒𝑔𝑟𝑎𝑑. % = 1 −
𝐴𝑏𝑠(𝜆𝑚𝑎𝑥, 𝑡)

𝐴𝑏𝑠(𝜆𝑚𝑎𝑥, 𝑡 = 0)
∙ 100 Eq.1 

 

According to Eq.1, RhB degraded percentage can be calculated to compare the photocatalytic 

performances of the TiO2 colloidal nanosystems and commercial TiO2 powder dispersed in water 

(Table 2). 

 

 

 

Table 2: RhB degraded percentage in all the TiO2 colloidal nanodispersion and in commercial TiO2 dispersed in water 

after 15 minutes of irradiation at 313 nm. 

 

Looking at Table 2, we can notice that the difference between the activity of the commercial 

powder dispersion and colloidal nanosystems is evident, indeed, commercial TiO2 degrades only 

the 33% of RhB in 15 minutes of irradiation, while the other systems all degrade always more at 

least the 60% of the dye, so at least twice as the performance of the dispersed powder. 

Furthermore, TiO2@Triton X-100 and TiO2@CTAB show a very high activity: their performance is 

enhanced respectively of almost 160% and 200% compared to commercial TiO2. These results 

thus confirm the advantages that colloidal nano dispersions bring to the photocatalytic activity of 

TiO2. 

After having verified the efficiency of TiO2 colloidal nanosystems in Rhodamine B degradation, we 

tested the resistance of the photocatalyst in RhB degradation for several cycles of irradiation. In 

particular we performed these tests irradiating colloidal TiO2 dispersions in water with RhB by 

means of a solar simulation lamp for 5 cycles of irradiation, monitoring the process with a camera 

and correlating the camera pixel intensity variation during the process with RhB degradation. 

After each cycle new dye was added in order to always start from the same concentration. Figure 
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7 shows the decrease of RhB absorption, correlated to pixel intensity, during irradiation in the five 

cycles. 

 

 

 

Figure 7: RhB absorbance variation during 5 irradiation cycles with colloidal TiO2 nanoparticles  

 

We can notice from Figure 7 that the photocatalytic activity remains very high for the first three 

cycles in every sample and has a decrease in the last two cycles. However, even at the fifth cycle, 

all the samples apart from TiO2@Sodium Cholate, still degrade more than the 50% of RhB. These 

studies on photocatalytic performance under several cycles of irradiation highlight differences 

between the stability of TiO2 photocatalysts based on the surfactant used. RhB degradation 

percentages for every cycle for all the samples are reported in Figure 8. 

 

 

 

Figure 8: RhB degradation percentages for 5 cycles of irradiation 
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Figure 8 shows that there are some differences between the photocatalysts in the performance 

during different cycles of irradiation. As expected, for the first two cycles, TiO2@Triton X-100 and 

TiO2@CTAB show the best photocatalytic activity like it was observed in the first performance 

test (Figure 6). Instead, in the last three cycles TiO2@CTAB and mainly TiO2@Pluronic F-127 are 

the most stable ones under irradiation cycles. 

Photocatalytic activity of TiO2 colloidal nanoparticles in the degradation of Rhodamine B was also 

studied by means of another method: correlating the decrease in Rhodamine B fluorescence with 

degradation. With this method TiO2 nanoparticle solutions are irradiated in a spectrofluorimeter 

at 340 nm. The use of this wavelength allows to activate the photocatalyst and observe Rhodamine 

B fluorescence, since RhB has an absorbance peak at that wavelength (Figure 9). Then, the 

fluorescence decrease can be correlated to a concentration decrease and thus to degradation. 

Indeed, emission intensity (𝐼𝑒𝑚 )is directly proportional to the absorbed intensity (𝐼𝑎𝑠𝑠 ), and 

knowing the correlation between transmitted light intensity and absorbance (Eq.2) we can obtain 

the dependence of the emission intensity to absorbance (Eq3, 4). 

 

𝐼𝑡 = 𝐼0 ∙ 10−𝐴 

 
Eq.2 

𝐼𝑎𝑠𝑠 = 𝐼0 − 𝐼𝑡 = 𝐼0(1 − 10−𝐴) 

 
Eq.3 

𝐼𝑒𝑚 ∝ 𝐼0(1 − 10−𝐴) 

 
Eq.4 

 

Here, 𝐼𝑡 and 𝐼0 stay respectively for transmitted light intensity and incident light intensity, while 

A represents absorbance. 

In particular, for absorbance values below 0.1, the following equations can be written, according 

to Lambert-Beer law: 

 

𝐴 ≤ 0.1  ;   1 − 10−𝐴 ≈ 𝐴𝑙𝑛10 

 

Eq.5 

𝐼𝑒𝑚 ∝ 𝐴 ∝ 𝑐 Eq.6 

 

Therefore, in these conditions of absorbance the emission intensity can be directly correlated to 

concentration (c) and thus to degradation. This method is advantageous with respect to the one 

that exploits absorbance signals (Figure 5) because irradiating and detecting with the same source 

permits to follow the degradation process in real time.  
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Figure 9: method of RhB degradation obtained by irradiation at 340 nm, in which also RhB can be excited (left) and 

monitored by Rhodamine decrease of fluorescence. 

 

Therefore, this method allowed to better monitor the Rhodamine B degradation and to obtain 

information about the mechanism of degradation. Typical degradation mechanisms of Rhodamine 

B are reported in Figure 10. 
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Figure 10: Possible Rhodamine B degradation pathways, reproduced with permission from ref18 

 

From fluorescence spectroscopy it is possible to have some information about the Rhodamine B 

degradation mechanism. Indeed, in Rhodamine B fragmentation are often observed de-ethylation 

mechanisms. These processes always lead to a blue shift in the absorption and emission spectra 

19. Thus, a study of the emission of RhB during degradation can help to recognize these 

intermediates because of higher sensitivity of the fluorescence with respect to absorbance. 

Rhodamine B degradation monitoring by fluorescence spectroscopy was performed for all the 

TiO2 colloidal nanosystems. What is usually observed is a decrease of emission intensity during 

irradiation, with trends like the one reported in Figure 9-right. This trend is common for all the 
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photocatalyst but TiO2@CTAB for which, almost one minute after the beginning of the irradiation, 

a very intense emission peak starts to appear at 530 nm. 

 

 

 

Figure 11: TiO2@CTAB sample irradiated in presence of Rhodamine B at 340 nm. a) Observation of fluorescence 

spectroscopy: spectra are collected continuously during irradiation. Each spectrum is collected almost every 40 

seconds. b) map of time resolved emission spectroscopy (TRES) of Rhodamine B degradation in presence of 

TiO2@CTAB. 

 

The emission peak at 530 nm could be attributed to the de-ethyled forms of Rhodamine B which 

usually absorbs between 510 and 540 nm19. From these data we could not distinguish which is 

the precise mechanism. We can say that a de-ethylation process probably occurred and mainly 

that TiO2@CTAB nanosystem promotes a different RhB degradation mechanism with respect to 

the other colloidal nanoparticles. This means that the surfactant used can have an influence on the 

mechanism of degradation, probably having a role in contrasting or favouring the adsorption of 

the species on the photocatalyst surface. Further investigation needs to be performed to better 

understand these phenomena, but the emission monitoring is a significant technique to obtain 

more information on photocatalytic behaviour. 

 

 

Modification of TiO2 colloidal nanoparticles by means of Graphene and 

MoS2 
 

Modification of TiO2@Triton X-100, TiO2@CTAB and TiO2@Sodium Cholate was performed by 

means of Graphene and MoS2 to study the effect that these 2D could have had TiO2 photocatalytic 

activity. Indeed, doping with these materials should contrast the electron-hole pair recombination 

favouring the photocatalytic performance. We performed a one pot exfoliation-doping reaction. 
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That means that 2D graphene related material is exfoliated by TiO2 colloidal dispersions and thus 

dopes the photocatalyst directly during the exfoliation. In particular, TiO2 colloidal nanoparticles 

dispersions in presence of Graphene or MoS2 were prepared by a 6-hour sonication and 

centrifugation. The top solution was then collected and characterized (Figure 12). 

 

 

 

Figure 12: a) TiO2@Sodium Cholate, TiO2@CTAB and TiO2@Triton X-100 doped with Graphene. b) TiO2@Triton X-100, 

TiO2@Sodium Cholate and TiO2@CTAB doped with MoS2 

 

First, we could immediately notice that graphene and MoS2 exfoliations have led to good results 

for both TiO2@Sodium Cholate and TiO2@CTAB cases. Indeed, solution has become dark grey in 

graphene-doped samples and pale yellow in MoS2 ones. Doping seems successful in TiO2@Triton 

X-100 for MoS2, while no presence of Graphene is observed. Samples were characterized by 

absorption spectroscopy to better understand their properties. 

 

 

 

Figure 13: Absorption spectra of TiO2 colloidal nanoparticles by graphene and MoS2 
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Figure 13 shows how absorption spectra change after the exfoliation of TiO2 colloidal 

nanosystems with Graphene and MoS2. Indeed, it is clear that the surfactant influences the 

exfoliation effectiveness and the stability of TiO2 with sonication. Indeed, in most samples, the 

exfoliation process obtained by sonication and centrifugation led to a TiO2 nanoparticles 

aggregation, as absorbance decrease highlights. Indeed, probably part of TiO2 colloidal 

nanoparticles aggregate and precipitate during the sonication/centrifugation and are then 

eliminated. 

Photocatalytic activity was determined by monitoring RhB degradation by means of the decrease 

of its fluorescence intensity (Figure 9), irradiating at 340 nm (Figure 14-16). 

 

 

 

Figure 14: TiO2@Triton X-100 RhB degradation trends, comparison between doping with Graphene and MoS2 

 

In TiO2@Triton X-100 (Figure 14), modification with 2D materials bring enhance the 

photocatalytic efficiency, mainly in the case of Graphene doping. This is surprising, because, from 

the result of the exfoliation process, a very low quantity of graphene is present in the final 

dispersion and TiO2 absorbance has a decrease. This effect must be further investigated, changing 

the ratios between graphene and TiO2 concentration or graphene and surfactant concentration. 

 



 

96 
 

 

 

Figure 15: TiO2@Sodium Cholate RhB degradation trends, comparison between doping with Graphene and MoS2 

 

In contrast to effect on Triton X-100 stabilized TiO2 nanoparticles, TiO2@Sodium Cholate 

nanoparticles are negatively affected by modification both with Graphene and MoS2. Looking at 

the absorption spectra, decrease of the activity in presence of Graphene can be due to a decrease 

in TiO2 concentration due to aggregation. Instead, MoS2 does not compromise TiO2 aggregation, 

thus the decrease in activity is due to another effect, that could be a hindrance of MoS2 on TiO2 

surface that inhibits Rhodamine B adsorption; if this hypothesis is verified, it can give information 

on the degradation mechanism, which could happen mainly by adsorption. 

 

 

 

Figure 16: TiO2@CTAB RhB degradation trends, comparison between doping with Graphene and MoS2 
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As already mentioned, TiO2@CTAB has a different mechanism with respect to the other TiO2 

photocatalysts, since in this system a byproduct formation (probably de-ethyled RhB) is observed 

during irradiation, if fluorescence is observed. This makes the photocatalytic activity evaluable 

only in the first 50 seconds of the reaction. The performances observed in the first 50 seconds are 

slightly lower for Graphene doping and slightly higher for MoS2 doping, but a bigger difference is 

noticed in the mechanism. For graphene modification, no byproduct fluorescence appearance is 

noticed. Also in this case, this can be connected to a steric hindrance of graphene on TiO2 surface, 

but this hypothesis needs further verifications and investigations. 

 

3.2.3. Conclusions 
 

Colloidal TiO2 nanosystems were obtained by an easy surfactant assisted methods, using ionic and 

not ionic surfactants. Very small nanoparticles are obtained (5-6 nm of TiO2 core) that confer a 

very high transparency and photocatalytic activity in water. Furthermore, they can also be stable 

for months. Photocatalytic activity for water decontamination was evaluated by considering 

Rhodamine B as a model of organic pollutant. These colloidal aqueous dispersions of 

nanoparticles show not only very good photocatalytic performances but also resistance to several 

irradiation cycles, maintaining their photocatalytic properties. A new method for photocatalytic 

activity evaluation was also developed. This method is based on correlation between Rhodamine 

B decrease of fluorescence and its degradation. This allows to perform a real time monitoring of 

Rhodamine B degradation, by using a spectrofluorimeter as the irradiation source, while 

observing the fluorescence of the dye. With this method is possible to obtain more information on 

the Rhodamine B degradation mechanism which depends on the surfactant used to stabilize TiO2 

nanoparticles. Doping of TiO2 colloidal nanoparticles with Graphene and MoS2 was also 

performed, in order to study an enhance in photocatalytic activity by the reducing of charge 

recombination process usually given by 2D materials. Surprising results came out from these 

modifications that highlight the complexity of these TiO2 systems, which photocatalytic properties 

can deeply change based on the surfactant used in the synthesis of the nanoparticles and that 

surely needs more investigation. 
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3.3. Colloidal TiO2 nanoparticles modified by 

melanin 
 

3.3.1. Materials 
 

PDA-TiO2@Pluronic F-127 nanoparticles synthesis, drying processes and re-dissolution 

A solution 1 mg/mL of L-Dopa and 1 mg/mL of Plu-TiO2 was prepared, then NaOH was added to 

this solution, in order to obtain a pH almost 9 and let the L-Dopa polymerize to form melanin. As 

the base is added, the solution immediately become orange and after few hours of reaction it starts 

to assume a dark brown colour, typical of melanin. The solution was dried by heating or by 

lyophilization just after the addition of the base (orange solution) and after 24 hours from the 

beginning of the reaction (dark brown solution). Samples dried by heating were stored in an oven 

at 50°C for one day, while lyophilized samples were left in the freeze-drying until a powder was 

obtained. Powder were dissolved in water considering a concentration of 2 mg/mL. 

 

Nanoparticles characterization by DLS and Absorption spectroscopy 

DLS analysis were performed by means of Malvern Zetasizer Nano-ZS on aqueous solution of PDA-

TiO2@Pluronic F-127 nanoparticles with a concentration 0.2 mg/mL calculated on TiO2 quantity. 

Absorption spectroscopy was performed on a Perkin Elmer Lambda 650 spectrophotometer on 

solution with TiO2 concentration 0.2 mg/mL. 

 

RhB photodegradation tests 

RhB photodegradation test was performed by irradiating the TiO2-Melanin solution in presence 

of RhB 1x10-6 M. A medium pressure Hg lamp at 365 nm (wavelength selected by a bandpass filter) 

was used. Absorption spectra were collected during the irradiation and the degradation was 

observed by monitoring the decrease of Rhodamine B maximum (555nm). Tests were performed 

also on samples without Rhodamine, to see if melanin would have been degraded. 

 

3.3.2. Results 
 

TiO2 colloidal nanosystems developed and studied in section 3.2 are prepared and stable at acidic 

pH. Indeed, whether the pH increases aggregation of the system starts to occur. In particular, going 

gradually from acidic to neutral pH leads to visible aggregation and precipitation, while if the pH 

of the solution is directly brought from acidic to alkaline, there are no precipitation phenomena, 

but the size and the polydispersity of the nanoparticles increases. However, it would be very 
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useful for the real application to stabilize and study TiO2 nanoparticles in other pH conditions. In 

this part of my PhD, we managed to stabilize TiO2@Pluronic F-127 nanoparticles, the most stable 

ones among the previously described systems (1.2.1 “TiO2 colloidal nanosystems: synthesis, 

characterization, and photocatalytic activity”), with melanin.  

Melanins are pigments of diverse structure and origin that result from the enzymatic oxidation 

and polymerization either of tyrosine in animals or of phenolic derivatives in other organisms20-

22.Different kind of melanin are present in nature, such as eumelanin and pheomelanin. The 

synthetic analogue of eumelanin is usually obtained by Dopamine or L-Dopa and it is called 

Polydopamine (PDA). Even though the synthetic pathway of PDA differs from the one of natural 

melanin, PDA displays optical, electronic and magnetic properties identical to those of natural 

eumelanin being characterized also by excellent biocompatibility. Additionally, PDA owns many 

functional groups, such as catechol, amine, and imine, that can either covalently bind or non-

covalently load through π-π stacking, hydrogen bonding, van der Waals forces, etc., and different 

active agents. With these benefits, PDA can be used for a wide range of application acting as 

coating material, as carrier or as the active component for bio-application23. 

L-Dopa oxidation and subsequent polymerization is favoured at alkaline pH24 and exploits the 

oxygen present in the air. The polymerization pathway is reported in Figure 1. 

 

 

 

Figure 1: polymerization pathway of melanin formation from L-Dopa oxidation, reproduced from ref25  
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As Figure 1 shows, there are many intermediates during the oxidation-polymerization of 

eumelanin from L-DOPA. The first intermediated to be formed is Dopaquinone that, after a step of 

rearrangement and oxidation forms Dopachrome. Then, the building blocks of the polymerization 

are formed such as Dihydroxyindole (DHI) and Indolequinone. Their polymerization then leads to 

the formation of melanin. 

Different polymerization mechanisms are suggested but so far, little experimental evidence has 

been reported. In general, it seems that PDA is composed by the coexistence of supramolecular 

structures in which unpolymerized dopamine is self-assembled with its main oxidative products 

and covalent-bonded oxidative polymerization products26. 

 

 

 

Figure 2: PDA possible polymerization mechanisms from dopamine oxidation, reproduced by ref26. 

 

In this work, L-Dopa oxidation and polymerization process was performed in presence of 

TiO2@Pluronic F127. L-Dopa was added to the colloidal TiO2 nanoparticles dispersion in acidic 

conditions (pH almost 3). Then, NaOH was added in order to achieve a pH value of almost 9 and 

thus induce the L-Dopa reaction. First, our interest was to understand if TiO2 could be stabilized 

by melanin at alkaline pH and also if TiO2 had a role in the oxidation mechanism of L-Dopa. Thus, 
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the PDA-TiO2 system was characterized by DLS (Table 1) and Absorption spectroscopy (Figure 3) 

and it was compared to TiO2@Pluronic F-127 at acidic and alkaline pH. 

 

 

 

Table 1: DLS measurements of PDA-TiO2@Pluronic F-127, prepared at pH 9.5, compared with TiO2@Pluronic F-127 at 

pH 3 and at pH 9.5. 

 

DLS analysis highlights the difference between TiO2 colloidal nanoparticles with and without PDA 

modification at alkaline pH. TiO2@Pluronic F-127 aggregates at alkaline pH, going from a size of 

23 nm to a size of 100 nm, and has a high polydispersity index that denotes a lack of stability. 

Modification with PDA lead to a stabilization of the TiO2 nanoparticles in alkaline environment. 

Indeed, nanoparticles have a size of almost 40 nm and a good size distribution. The 40 nm size is 

still higher with respect to the one of TiO2@Pluronic F-127 at acidic pH and it can be due both to 

a contribute of melanin to the size of the particle and to a partial aggregation that cannot be totally 

avoided. 

 

 

 

Figure 3: Absorption spectra of PDA-TiO2@Pluronic F-127, prepared at pH 9.5, compared with TiO2@Pluronic F-127 at 

pH 3 and at pH 9.5. 
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In the absorption spectra of Figure 3 TiO2@Pluronic F-127 (pH 9.5) has a lower absorption 

intensity with respect to TiO2@Pluronic F-127 (pH 3). This is expected because of TiO2 

aggregation visible also by DLS analysis. Unfortunately, given the high Dopa concentration, in 

PDA-TiO2@Pluronic F-127 it is not possible to clearly observe TiO2 peak that is under the 

polydopamine band. Observing the peaks and comparing them with the literature27, the peak at 

almost 300 nm could belong to a polydopamine formation intermediate, for example Dopachrome 

that has a peak at 302 nm, or also to a polydopamine oligomer. In order to study TiO2 effect on 

polydopamine polymerization absorption spectroscopy was performed on PDA- TiO2@Pluronic 

F-127 each 5 minutes after the beginning of the L-Dopa oxidation (corresponding to the change of 

pH to 9.5) and compared to L-Dopa oxidation process in the same conditions but without TiO2 

nanoparticles in the solution (Figure 4). 

 

 

 

Figure 4: absorption spectra of L-Dopa aqueous solution at pH 9.5 (a) and PDA- TiO2@Pluronic F-127 aqueous solution 

at pH 9.5 (b) collected every 5 minutes. 

 

Absorption spectra in Figure 4 show the change in the absorption band during the formation of 

melanin typical broadband monotonic absorbance in all the UV-Visible up to near-infrared (NIR) 

range28. Recent investigation of the electronic properties of synthetic melanin based on ultrafast 

transient absorption (UF-TA) spectroscopy revealed that this broadband is given by the presence 

of a subset of chemically heterogeneous chromophores29. Indeed, this can be in accordance with 

the hypothesized structure of melanin that is made by aggregation of different oligomers. At the 

beginning of the reaction a peak at almost 440 nm is observed in both the samples. This peak can 

be attributed to an intermediate of melanin formation. In particular, this peak can be attributed 

to Dopachrome (usually having a peak at 434 nm in alkaline conditions27 or a π conjugation in a 

Dihydroxiindole (DHI) polymer30. Both in the sample with and without TiO2 nanoparticles the 

process of Melanin formation is analogous in terms of absorption band shape. Absorbance at 600 
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nm was considered, in order to be sure that no absorption of TiO2 was present and that the 

increase was only due to melanin polymerization; absorbance variation at 600 nm was monitored 

in time, obtaining trends in Figure 5. 

 

 

 

Figure 5: absorbance increase at 600 nm during L-Dopa polymerization reaction with (red) and without (black) TiO2 

nanoparticles in solution. 

 

Figure 5 shows a change in the polymerization pathway of melanin in presence or not in presence 

of TiO2 nanoparticles. In particular, even if the rate of absorbance increase is very similar between 

the two samples, it has to be noticed that the melanin absorbance increase of L-Dopa oxidation is 

more irregular with respect to the one of PDA-TiO2@Pluronic F-127. This suggests that, in 

presence of TiO2 there is an interaction between TiO2 and L-Dopa and/or intermediates of PDA 

formation that lead to a certain control in the polymerization reaction. The interaction is observed 

also in DLS analysis (Table 1) but further investigation needs to be conducted on the precise 

influence of this interaction in melanin formation. The nature of this interaction can be due to the 

presence of the catechol group in L-Dopa that could bond with TiO2 surface. 

PDA-TiO2@Pluronic F-127 solutions were left drying in different conditions, to obtain different 

pigments and check the stability of these powders after re-dissolution. During oxidation reactions, 

the L-Dopa solution goes from a light-yellow colour to orange and dark brown when the 

polymerization is complete (Figure 6).  
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Figure 6: Melanin formation steps in PDA-TiO2@Pluronic F-127 

 

Drying the solution at different steps of the polymerization reaction can lead to powders of 

different colours. PDA-TiO2@Pluronic F-127 solutions were dried by heating (samples “Heat”) or 

lyophilization (samples “Lyo”), right after the beginning of polymerization (addition of the base) 

and after 24 hours, when the polymerization was complete. The lyophilised samples, as expected, 

were dark brown and orange respectively for lyophilization at the beginning of the reaction 

(Lyo0) and lyophilization after 24 hours (Lyo24). For the samples heated the colour was dark 

brown/black for both the conditions (Heat0 and Heat24). This means that the process of drying 

does not stop the polymerization reaction that continues to occur, leading to the typical brown 

colour also in the case of heating after base addition. This kind of results can be obtained also 

treating L-Dopa solution without TiO2 in the same way. However, in the case of PDA-

TiO2@Pluronic F-127 heated after 24 hours a surprising result come out. Indeed, while in the 

other cases a powder is obtained after the drying process, in Heat24 black fibres form (Figure 7). 

 

 

 

Figure 7: sample Heat24, obtained by heating after 24 hours from the melanin formation reaction in sample PDA-

TiO2@Pluronic F-127. 

 



 

105 
 

The reason why these fibres are formed surely depends on TiO2 nanoparticles interaction with 

melanin, but more investigation is needed to deeply understand the mechanism by which this 

process occurs. At this point the powders were dissolved in water, to understand if a stabilization 

of the TiO2 nanoparticles is maintained even after a drying process. Indeed, it could be very 

advantageous to have a solid material that can be dispersed in water in form of nanoparticles and 

this could not be achieved simply with TiO2 colloidal nanosystems, that were stable only in acidic 

solution. All the samples but Lyo0 dissolved after 5 hours of vigorous stirring. All the samples 

were then characterized by DLS (Table 2) and absorption spectroscopy (Figure 8). 

 

 

 

Figure 8: Absorption spectra of PDA-TiO2@Pluronic F-127 dried in different conditions and re-dissolved in water. 

 

 

 

Table 2: DLS analysis of PDA-TiO2@Pluronic F-127 dried in different conditions and re-dissolved in water. 

 

Figure 8 shows that spectra shapes and absorbances are similar for Heat24 and Lyo24 which are 

respectively the samples dried by heating and lyophilization after 24 hours. In these samples, 

melanin and TiO2 concentration is the same. This means that the processes by which they have 

been dried did not influence the melanin formation and the TiO2 particles aggregation. This 
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hypothesis can be confirmed also by the DLS data, which show 40 nm nanoparticles in the case of 

Heat24 and Lyo24 while bigger aggregates are present in the sample treated at the beginning of 

the reaction. Instead, Heat0 and Lyo0, dried respectively by heating and lyophilization show 

different shapes and absorbances. The absorbance corresponding to the melanin band is not as 

intense as in Heat24 and Lyo24 and a peak at almost 270 nm is observed, that is attributed to L-

Dopa or to melanin formation intermediates. This can be expected because both the solutions 

have been dried at the beginning of the reaction, in which the melanin did not form completely. 

The difference in the spectra of Heat0 and Lyo0 highlights that the heating process let the reaction 

proceed more than the lyophilization, since Lyo0 spectrum can be attributed to an earlier phase 

of the process than Heat0, because in the latter melanin typical band is more visible.  

The absorbance corresponding to TiO2 band (not clearly visible but part of the band below 300 

nm) is also less intense in Heat0 and Lyo0 than Heat24 and Lyo24. This can mean that in the 

solutions dried at the beginning of the reaction lead TiO2 to aggregate. This event seems not to 

happen in the case of Heat24 and Lyo24, in which DLS shows the presence of nanoparticles rather 

than bigger aggregates. This means that melanin, rather than reaction intermediates of melanin 

formation, contribute to the stabilization of TiO2 and maintain it in form of nanoparticles even 

after drying and re-dissolution. DLS measurements on PDA-TiO2@Pluronic F-127 nanoparticles 

re-dissolved in water were performed also one day and 6 days after the re-dissolution to check 

their stability (Table 3). Lyo0 was totally precipitated after one day and Heat0 was precipitated 

after 6 days, thus DLS monitoring for Heat24 and Lyo24 are reported (Table 3). 

 

 

 

Table 3: DLS results of Heat24 and Lyo24 one day and six days after the re-dissolution 

 

Samples dried after 24 hours from the beginning of the oxidation reaction of L-Dopa have a 

completely different behaviour with respect to samples dried before the complete polymerization 

of L-Dopa. Indeed, while the latter once re-dissolved in water are unstable in time, nanoparticles 

of Heat24 and Lyo24 increase their stability in time. Indeed, DLS shows that the nanoparticles 

dimension and the polydispersity index decrease. Therefore, by modifying TiO2 colloidal 

nanoparticles with melanin, we managed to obtain nanoparticles stable in alkaline pH and that 
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can be dried and re-dissolved without a radical change in their aggregation properties. This can 

be very useful as a storage method for these photocatalyst. Having verified the nanoparticles 

stability, we tried to study them by changing the pH of the solution. In particular, we focused on 

the sample Heat24 which is the most stable and small sized one. The dissolution of Heat24 in 

water leads to a pH value of 8, thus we monitored their stability by bringing the pH at 7 and at 5. 

DLS analysis was performed in these conditions after one day, two days and six days (Table 4).  

 

 

 

Table 4: DLS analysis performed on Heat24 nanoparticles solution at pH 7 and at pH 5 after 1 day, 2 days and 6 days 

after the dissolution of the fibers of PDA-TiO2@Pluronic F-127 

 

DLS shows a very good stability of the Heat24 nanoparticles both at pH 7 and pH 5. Furthermore, 

at different pH values also the nanoparticles size is maintained with a good polydispersity index 

(PDI). 

Photocatalytic activity of PDA-TiO2@Pluronic F-127 nanoparticles (Heat24 samples) stabilized at 

pH 7 and pH 5 was also studied. Degradation of Rhodamine B was performed by monitoring its 

absorbance decrease during irradiation (as explained in section 3.2.2 – Figure 5). Rhodamine B 

degradation trend was also compared to irradiation of samples without Rhodamine, to monitor if 

irradiation led to melanin modifications (Figure 9). 
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Figure 9: Rhodamine B degradation by PDA-TiO2@Pluronic F-127 nanoparticles stabilized at pH 7 and pH 5, during 

irradiation at 365 nm. Comparison also with reference (ref) samples without Rhodamine B. 

 

Figure 9 shows that pH conditions lead to a difference in TiO2 reactivity. Indeed, while at pH 7 only 

almost the 10% of Rhodamine B is degraded, twice of it is degraded at pH 5. Irradiation of the 

nanoparticles without Rhodamine show that melanin, which also absorbs at 550 nm, the 

wavelength at which the absorbance of Rhodamine b is considered for the degradation (1.2.1 

“TiO2 colloidal nanosystems: synthesis, characterization, and photocatalytic activity”- Figure 5), 

does not display any modification with TiO2 activation. Not a lot of quantity of Rhodamine B is 

degraded, but it has to be considered that, in this case, the irradiation wavelength was at 365 nm, 

in which TiO2 does not have a high absorbance. Therefore, further investigation at other 

wavelengths need to be performed in order to confirm and observe a more significative result.  

 

3.3.3. Conclusions 
 

TiO2 nanoparticles were modified with Melanin by the polymerization reaction of L-Dopa in 

presence of TiO2@Pluronic F-127 (PDA-TiO2@Pluronic F-127). Polydopamine (PDA) formation is 

controlled and stabilized by TiO2 nanoparticles, that seem to act as templates. Indeed, because of 

the interaction between PDA and TiO2, nanoparticles are stabilized also at alkaline pH, while TiO2 

colloidal dispersions are usually stable only at acidic pH (pH 3). Furthermore, it was possible to 

dry PDA-TiO2@Pluronic F-127 obtaining either powder or fibres depending on the drying method. 

Here nanoparticles are preserved and re-obtained once the powder is dissolved in water. 

Furthermore, nanoparticles are stable in time and with pH change, so that it is possible to stabilize 

them both at alkaline, neutral, and slightly acidic pH. The PDA-modified TiO2 nanoparticles also 
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show an interesting photocatalytic activity which varies with pH that deserves deeper 

investigation. Thus, melanin modification of TiO2 photocatalyst allowed the development of a new 

interesting system stable at different pH values and that can maintain its properties also after 

drying and re-dissolving processes, offering also a good storage method for these photocatalysts 

that can in principle be removed from the solution and re-used more easily. 
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3.4. Cementitious photocatalytic coatings: study 

of aging effects 
 

3.4.1. Materials 

 

LAG10S photocatalyst preparation 

LAG10S photocatalyst was prepared adding G2Nan paste purchased by Nanesa (4% dry graphene 

like matter) and TiO2 powder (AHP200 from Sachtleben Chemie with average surface area of 160-

240 m2/g and anatase purity>90%) to water to produce an aqueous slurry, in the ratio 

TiO2/G2Nan(w/w) dry matter 10:1. The slurry was then mixed in a laboratory blender at 11000 

rpm for 40 minutes and was dried at 60°C. Then the obtained powder was sonicated for 4 hours 

in 2-propanol and subsequently dried at 60°C. 

 

Mortar sample preparation 

The fresh cementitious mixture is mortar prepared according to the procedure described in the 

standard UNI EN 196-1 and replacing part of the cement with the photocatalyst. All the 

photocatalytic compounds were incorporated in a binder matrix: white cement i.design Italbianco 

52.5R. The following composition were used: 1 part of cement binder, 3 parts of sand, 0.5 parts of 

water, 0.36%w/w (with respect of the binder) of cellulose and the photocatalyst (1.5%w/w of 

TiO2 content with respect of the binder). The fresh mortar was poured into the lid of a Petri 

capsule and maintained in a conditioned room at 20°C and 90% relative humidity (RH) for 7 days. 

Then the sample was left at 20°C and 60% of RH for all the time before the measurement. 

 

NOx abatement method 

The photocatalytic activity of TiO2 photocatalyst in incorporated cement-based materials was 

evaluated by NOx abatement adopting the recirculation procedure. The gas flow method is 

compared using the apparatus reported in the Italian standard UNI 11247 that describes a method 

aimed at assessing the index of photocatalytic abatement due to the action of inorganic materials. 

The sample to be investigated was collocated inside a reaction chamber containing an irradiation 

system that provides an average irradiance (in UV-A band) of (20±1) W/m2 on the specimen 

surface (64cm2) during the test. The irradiation source is a Mercury lamp Radium Sanolux HRC 

300-280 E27 UV-lamp, with an irradiance (I) both in UVA (280nm- 315nm; I=3W/m2 at 0.5m) 

and UVB (315nm- 400nm; I=13.6W/m2 at 0.5m). In the UV (λ<400 nm) irradiance spectrum the 

main component is the 365 nm line signal brought by the presence of mercury inside of the lamp 
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(according the standard UNI 11247 irradiance integrated at λ <350 nm is forecast to be 10% lower 

than the irradiance integrated between 350 and 400 nm). In the standardized continuous flow 

procedure according to UNI 11247, the flow of polluted air containing 0.55ppm of NOx (of which 

NO2=0.15ppm and NO=0.4ppm) was constant (1.5 litre/min). The first phase of the test was 

performed in dark conditions and it was necessary to equalize the adsorption processes and to 

achieve a constant gas flow and NOx concentration. During this first phase in dark conditions, the 

concentration of the gas entering and leaving the reactor is constantly measured. When the 

concentration of the outlet gas from the reactor is stable, the second phase of the test starts the 

lamp is switched on. At this stage, the system is allowed to balance for a certain time to reach an 

equilibrium gas concentration. 

 

3.4.2. Results 
 

This part of my PhD was performed in the European Project Graphene Flagship Core 2. The role 

of our group in the project was focused on the development of photocatalytic cementitious 

coatings for air remediation. The use of TiO2 as photocatalyst in this field is already exploited31 

and our aim was to improve photocatalytic performance of TiO2 in order to obtain a material that 

could efficiently work in the real conditions, thus with light and pollution variations, and that 

could be suitable for industrial applications. The increase of the photocatalytic behaviour of TiO2 

can be enhanced by its modification with 2D materials such as graphene and transition metal 

dichalcogenides. In the first part of the project (Core 1) several TiO2 photocatalytic cementitious 

coatings modified by 2D materials were studied and tested for degradation of inorganic pollutants 

(NOx) and organic pollutants (Rhodamine B). At first, tests on powder or powder dispersions 

were always performed. The various photocatalysts were then implemented in several 

cementitious matrixes with different chemical compositions and physical properties. Testing all 

these materials in several matrixes allowed to choose the best TiO2-based photocatalyst in term 

of efficiency, costs, and industrial scalability. Among all the studied materials, a TiO2:Graphene 

10:1 material (called LAG10S) was chosen as the best photocatalytic coating for cement matrixes 

in outdoor applications. In the second part of the project (Graphene Flagship Core 2) aging of this 

photocatalyst during several irradiation cycles was investigated.  

LAG10S photocatalysts is prepared by an easy, low cost and scalable procedure in which first an 

aqueous slurry with TiO2 and pre-exfoliated graphite is mixed in a blender for 40 minutes. After 

drying at 60°C, the obtained powder is further sonicated in 2-propanol for 4 hours and dried again 

at 60°C. Mixing in the blender allows to exfoliate graphite by means of shear forces and a following 

step of sonication further enhances TiO2-Graphene interaction. After the characterization of the 

LAG10S powder by XRD, UV-Vis spectroscopy and SEM, it was embedded in cement matrix, by 
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replacing a part of the mortar prepared cementitious mixture by the photocatalyst (standard UNI 

EN 196-1) (Figure 1). 

 

 

 

Figure 1: a) preparation of cementitious mixture in presence of the photocatalyst by mortar. b) deposition of the 

cementitious mixture in petri dishes, where it is left drying for 7 days at 20°C and 90% of relative humidity and then at 

20°C and 60% of relative humidity. 

 

Aging effect of LAG10S embedded in cement matrix was investigated by performing several 

irradiation cycles for NOx abatement as model of inorganic pollutants in air. Evaluation of NOx 

abatement was performed using a NOx reaction chamber. The sample (cement dish – Figure 1-b) 

is irradiated by a solar simulator lamp with an irradiance both in UVA and UVB. A constant flux of 

polluted air (NOx) flows inside the chamber in order to reproduce the real condition of pollutants 

refreshing. 

Aging effects on LAG10S were tested by 30 cycles of irradiation of the cement sample. Each cycle 

was characterized by 40 minutes in dark (lamp switched off) and 40 minutes in irradiation (lamp 

switched on). Photocatalytic activity was evaluated by detecting the NOx flux variations during all 

the process (Figure 2). 

 

 

 

Figure 2: NOx flux variation during 1 cycle of irradiation (40 minutes of dark followed by 40 minutes of irradiation). 
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Monitoring the NOx flux, the abatement percentage of NOx for each cycle can be calculated, 

considering the flux variation between the dark and the irradiation parts of the cycle, as written 

in Eq.1. 

 

Abatement % = 
𝑋(𝑑𝑎𝑟𝑘)−𝑋(𝑙𝑖𝑔ℎ𝑡)

𝑋(𝑑𝑎𝑟𝑘)
 ∙  100 Eq.1 

 

Where X(dark) and X(light) are respectively the average value of NO, NO2 or total NOx 

concentration during the dark and during the irradiation parts of the cycle. Based on the 

abatement percentage calculated for each cycle it is possible to obtain a trend of NOx degradation 

during all the cycles. First, the photocatalytic activity was monitored for 30 cycles of irradiation 

(Figure 3) in samples with 1% and 3% of photocatalyst, calculated on cement quantity. 

 

 

 

Figure 3: trend of photocatalytic NOx abatement by LAG10S embedded in cement matrix at 3% (a) and at 1% (b). 

 

As Figure 3 reports, there is not a significative decrease in NOx degradation during the 30 cycles 

of irradiation. Thus, the photocatalyst is resistant to aging for both the 1% and the 3% dosages. 

The abatement percentage mediated on all the 30 cycles were calculated and reported in Table 1. 
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Table 1: total NOx abatement percentage calculated on 30 cycles for LAG10S 3% and LAG10S 1% 

 

LAG10S 3% photocatalytic activity was also tested for 60 cycles of irradiation and also in this case 

there is not a significative variation of photocatalytic performance in NOx degradation (Figure 4). 

 

 

 

Figure 4: trend of photocatalytic NOx abatement by LAG10S embedded in cement matrix at 3% during 60 cycles of 

irradiation 

 

 

 

Table 2: total NOx abatement percentage calculated on 60 cycles for LAG10S 3%  

 

As expected, Table 2 shows almost the same average abatement percentage of NOx abatement in 

the previous cases. Therefore, LAG10S photocatalyst embedded in a cement matrix denotes a very 
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high resistance to aging effects due to prolonged and periodic light irradiation and continuous 

refresh of the pollutants on the photocatalytic surface. 

 

3.4.3. Conclusions 
 

TiO2 based photocatalytic cementitious coatings were studied for air remediation, by irradiation 

in presence of NOx gases or by staining Rhodamine B on the cement surface respectively models 

for inorganic and organic pollutants. In order to enhance TiO2 photocatalytic performances, 

already studied for application in cementitious coatings, modification with Graphene and 

Graphene related materials were developed. Among the various photocatalysts studied, a coating 

with TiO2:Graphene 10:1, called LAG10S was chosen as the most performing one. Indeed, this 

photocatalyst gave very good results and it represent a suitable candidate for application in 

cement industry because its preparation involves low-cost materials and is easily scalable. Aging 

effect of this photocatalyst embedded in cement matrix was evaluated for inorganic pollutants 

degradation. In particular, the performances of these photocatalytic cements were monitored 

during several irradiation cycles and by a continuous refresh of NOx gases on the surface. LAG10S 

embedded in cement showed unchanged photocatalytic performances after 30 and 60 irradiation 

cycles, denoting a great resistance. 
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4. Conclusions 
 

My PhD work has been focused on two main projects: Photoinduced precipitation and dissolution 

of calcium carbonate by means of photoacid and photobase generators and development of TiO2 

photocatalysts for water and air remediation. 

For the first project, I investigated the mechanism behind the behaviour of photoacid and 

photobase generators in order to develop a system for local pH control. This feature can be very 

useful to induce the precipitation or the dissolution of materials by light. The processes in which 

my work focused are precipitation and dissolution of calcium carbonate. This kind of process can 

be very useful for frescoes restoration. Indeed, since their main component is calcium carbonate, 

a restoring method that involves the controlled precipitation and dissolution of the same material 

of which the artwork is made represents a great advantage, because the use of other materials like 

polymers or resins that can potentially damage the artwork is avoided. The photoinduced 

dissolution process of calcium carbonate was successfully obtained by using Diphenyiodonium 

hexafluorophosphate. The process was first developed in solution to study its mechanism and 

improve it. Then, it was adapted to the cleaning of a surface in order to be closer to the real 

application, obtaining a localized dissolution of calcium carbonate with an easy method and in 

mild conditions. The photoprecipitation process of calcium carbonate was studied by using two 

photoacid generators: Ketoprofen and Sodium tetraphenyl borate. These molecules correspond 

to two different photoprecipitation mechanism. Indeed, while the main mechanism inducing 

CaCO3 precipitation using Sodium tetraphenyl borate is the pH jump, using Ketoprofen CaCO3 

precipitation is mainly induced by CO2 generation rather than pH increase, thus leading to a more 

complex mechanism. However, in both cases is possible to obtain a controlled precipitation of 

CaCO3 in a water-based solution. In both photodissolution and photoprecipitation processes it 

was possible to couple a sensitizer to the active molecules, which led to the use of light sources at 

350-400 nm, thus in the Near-UV- Vis range. Furthermore, photoinduced precipitation of CaCO3 

by Ketoprofen was also studied for application in lithography and patterning. Indeed, with this 

system it is possible to literally write CaCO3 structures with light. In particular, a gel system was 

implemented to locally precipitate calcium carbonate, contemporary fixing CaCO3 crystals in a 

matrix. Irradiation was performed both with a laser and a LED focalized source and it was also 

possible to study localized crystal growth in the gel. 

In the other part of my PhD my work focused on TiO2 as photocatalytic semiconductor for 

environmental remediation. In particular, TiO2 nanomaterials were developed both for water and 
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air remediation. Very small (5-7 nm) TiO2 colloidal nanoparticles were synthesized by a 

surfactant-assisted method, using 4 different surfactants (Pluronic F-127, Triton X-100, CTAB and 

Sodium Cholate), for water cleaning. Very transparent and stable dispersions were obtained. 

Their photocatalytic activity was tested for degradation of organic pollutants using Rhodamine B 

as a model. All the systems are efficient photocatalysts with respect to commercial TiO2 powder 

dispersions and are also resistant to different irradiation cycles. Rhodamine B degradation was 

also evaluated by monitoring its fluorescence decay during the time of irradiation, performed in 

a spectrofluorimeter. This method allows to follow the degradation process in real-time and to 

obtain information on the degradation mechanism. Modification with Graphene and MoS2 were 

also performed for TiO2 colloidal nanoparticles with an easy one pot exfoliation in which TiO2 

nanoparticles act in the graphite and MoS2 exfoliation. These modifications lead to an increase or 

a decrease of the photocatalytic activity depending on the surfactant used for nanoparticles 

synthesis. TiO2 colloidal nanoparticles obtained with Pluronic F-127 surfactant were also 

modified by polydopamine, by carrying on the L-Dopa oxidation and polymerization reaction in 

presence of TiO2 nanoparticles. with this method it has been possible to obtain nanoparticles 

modified by polydopamine that can be dried and re-dissolved without losing their nanoparticles 

nature and that can be stable at different pH values. Therefore, it was also possible to evaluate 

differences in photocatalytic activity based on the pH of the medium. Finally, photocatalytic 

activity for inorganic pollutants degradation for air remediation was also investigated. A 

TiO2/Graphene photocatalyst was embedded in cement matrix and its photocatalytic activity was 

studied. In particular, I focused on aging tests, evaluating photocatalytic behaviour with several 

cycles of irradiation and continuous refreshing of NOx gases, used as models of inorganic 

contaminants. 
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5. Technical features and theoretical 

background  
 

Absorption spectroscopy 

 

The acquisition of absorption spectra was carried out by a Perkin Elmer Lambda 650 

spectrophotometer that has a wavelength range of 900-190 nm and a precision on the wavelength 

values of ±1 nm.  

The UV-Vis absorption spectrum derives from electronic transitions occurring when a molecule 

in the ground state absorbs a photon, going to an excited state. So, the absorption spectrum is 

characteristic of each molecule and that is why it is one of the first experiments carried on 

investigating a sample1. The extent of absorption, with the same instrumental factors, depends on 

cell size, absorption coefficient and concentration, provided by Lambert-Beer law. Beer’s law is 

known as:  

 

𝐼𝑡 = 𝐼010−𝜀𝑐𝑙 Eq.1 

 

Where: 

- It: intensity of the transmitted light 

 - I0: intensity of the incident light 

- l: length of the optical path (cm)  

- c: concentration 

- ε molar extinction coefficient [M-1
 
cm-1]. 

Since absorbance is defined as A= - log (It/ I
0
), Lambert-Beer Law can be also written as:  

 

𝐴 = 𝜀𝑐𝑙  Eq.2 

 

A spectrophotometer is composed by a polychromatic light source, followed by a monochromator 

that selects the excitation wavelength, a cell holder, and a detector. The spectrophotometer used 

in this work is a double beam instrument (Figure 1). Here, after the monochromator, the light 

beam is split and follows two paths, passing through the sample and the blank at the same time. 

This method is useful to minimize fluctuation of the light source and drift in the detection system. 
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Figure 1: Block diagram of a double beam spectrophotometer 

 

Fluorescence spectroscopy 

 

Emission spectra were obtained with a Horiba Fluoromax-4 spectrofluorimeter.  

Lots of information on the nature of the emitting excited state can be provided by luminescence. 

Indeed, luminescence spectroscopy is a very sensitive technique for the detection of chemical 

species in solution. Steady state luminescence measurements are carried on with a 

spectrofluorimeter.  

 

 

 

Figure 2: Block diagram of a spectrofluorimeter 
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The instrumentation is composed by a radiation source in the UV and visible spectrum (Xenon 

lamp), an emission and an excitation monochromator, a sample holder and a detection system 

composed by a reference photomultiplier to correct the emission spectrum of the lamp and a 

photomultiplier used to detect the emission signal of the sample.  

When an emission spectrum is recorded, the sample is excited at a certain wavelength, typically 

corresponding to the maximum of the absorption peak of the fluorophore of interest. The 

excitation wavelength is selected by positioning the excitation monochromator, and, in the 

meanwhile, a scan (through wavelengths higher than the excitation one) is performed with the 

emission monochromator, generating the emission spectrum of the molecule. As it is showed in 

Figure 2, emission light is usually collected from the center of the cell with an angle of 90° with 

respect to the excitation beam, to minimize the contribution of transmitted excitation light1. 

 

Dynamic light scattering 

 

Dynamic light scattering is a technique that permits to obtain information about the size of the 

objects present in solution exploiting the scattering of the light, according to the law of scattering 

of Rayleigh. 

Rayleigh scattering is the elastic scattering of light or other electromagnetic radiation by particles 

much smaller than the wavelength of the light. This phenomenon can be measured, and its 

intensity gives information on microscopic parameters, as reported in the following equation:  

 

𝐼𝑠𝑐𝑎𝑡𝑡 =  𝐼0

𝑉2(1 + 𝑐𝑜𝑠2𝜃)

𝜆4𝑅2
 𝑁𝑓(𝑛1, 𝑛2) Eq.3 

 

Where I
0 is the intensity of the analysis beam, λ is incident laser wavelength, V is the volume of 

the scattering spherical object (related to the third power of the radius, and so to the third power 

of the diameter), R is observation distance (from the particle), θ is the scattering angle, N is the 

number of particles, and the last term takes into account the refractive indices of the particle(n1) 

and the media(n
2
). For the purposes of discussion it is sufficient to remember that the scattering 

intensity(Iscatt) is directly proportional to the sixth power of the diameter (from the above 

mentioned relation to the volume) and inversely proportional to the fourth power of the 

wavelength of the light analyzing and observation distance:  

 

𝐼𝑠𝑐𝑎𝑡𝑡𝛼 
𝑑(ℎ)6

𝜆4𝑅2
 Eq.4 
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The scattering intensity fluctuates over time because it depends on two factors:  

- Rayleight law, then the diameter of the particles at the same analysis conditions. 

- Destructive / constructive scattering interference due to Brownian motion. 

Small molecules in solutions are undergoing Brownian motion, so the distance R between the 

scatterers in the solution is constantly changing with time. This scattered light then undergoes 

either constructive or destructive interference by the surrounding particles, and within this 

intensity fluctuation, information is contained about the time scale of movement of the scatterers. 

The instrument thus uses an algorithm to determine the signal source despite fluctuations: the 

correlation function. The correlator, which builds the correlogram, measure the degree of 

similarity between two signals I, or one signal with itself, at varying time intervals t and t+τ . The 

digital correlator analyses the fluctuations in the scattered light. Signals correlation as a function 

of time gives the correlation function G(τ) (or correlogram): 

 

𝐺(𝜏) =  ∫ 𝐼(𝑡) ∙ 𝐼(𝑡 + 𝜏)𝑑𝑡
∞

0

 Eq.5 

 

As the time delays become longer, the correlation decays exponentially and if the sample is 

monodispersed, the decay is simply a single exponential. G(τ) can be written as: 

  

𝐺(𝜏) = 𝑒−𝐷𝑞𝜏 Eq.6 

 

Where τ is the delay time, q is a parameter dependent from: λ (incident laser wavelength), the 

refractive index of the sample and θ (angle at which the detector is located). D is the translational 

diffusion coefficient and can be calculated by exploiting the Brownian motion in Einstein-

Smoluchowski relation. The parameters of the analysis depend on the Einstein-Smoluchowski 

relation on diffusion: 

 

𝐷 = 𝑘𝐵𝑇/6𝜋𝜂𝑟 Eq.7 

 

used by the instrument in this form: 

 

𝑑(𝐻) =  𝑘𝐵𝑇/3𝜋𝜂𝐷 Eq.8 

 

where d(H) is the hydrodynamic diameter, T is the absolute temperature, kB is Boltzmann’s 

constant (linked to the Avogadro number N
A and to the gas constant R: kB = R / N

A
), η(eta) is the 
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dispersant viscosity, D is the diffusion coefficient. The factor 6 in the definition of D is conventional 

because it considers 3 dimensions (in one dimension it would be 2 instead of 6), but here we found 

a factor 3 because we consider a diameter analysis (radius (r)= 1⁄2 d(H)). As mentioned before, 

d(H) is the diameter of a sphere with the same diffusion coefficient as the particles, which is 

dependent from the charge of the particle, and the number of solvent molecules required to 

stabilize the particle. If the sample is monodispersed, the decay G(τ) is simply a single exponential. 

If, within the sample, there are two or more species of particles, the variations in intensity of the 

analysis scattering light will be of two different types; it will be obtained diffusion coefficients 

consistent to the particle diameter which generate different dynamic scattering. The difference in 

the correlogram between large and small particles is that for the former the correlation will 

persist for a long time (slow particles motion) and the signal will be changing slowly, for the latter 

the correlation will disappear more rapidly (fast particles motion) and the signal will be changing 

quickly. So, sample preparation either by filtration or centrifugation is critical to remove dust and 

artifacts from the solution.  

 

Fluorescence microscopy 

 

Measurements were performed by the fluorescence microscope Olympus IX71. 

Fluorescence microscopy is an optical microscopy used to observe fluorescence of samples. 

Indeed, the specimen is excited with an excitation wavelength that causes the emission of the 

fluorophore/fluorophores present. Thus, fluorescence is exploited to produce a contrast in 

intensity with the background. 
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Figure 3: scheme of a fluorescence microscope 

 

In this instrument, the light source is normally a Xenon lamp with excitation filters or a laser. 

Furthermore, emission filters are necessary to separate the emission light from the excitation 

light. This analysis brings many advantages, for instance it makes possible to observe objects in 

solution, analyze the motions and get the size and state of aggregation. 

 

Sonochemistry 

 

Most of the samples in the part of my PhD related to TiO2 photocatalysis were treated with 

sonication, using a sonication bath ELMA transonic T460/H-35kHzin, order to have a 

homogeneous aqueous dispersion of the material in some cases and to exfoliate compounds in 

other cases. 

Indeed, when a soundwave is emitted into a liquid, it creates micro-cavity bubbles due to the 

compression caused by the sinusoidal wave’s oscillations2. Then, this bubbles collapse, generating 

a spot with very high temperature and pressure. This phenomenon could produce active radicals 

(chemical activation) or shear stresses and shock waves (physical or mechanical effects)3. 

To have the sonication effect of interest, it is important to control some relevant parameters3:  

- Acoustic parameters (power density, power intensity etc.) 

- Geometrical parameters (geometry and size of the reactor, liquid filling etc.) 

- Standard operation parameters (temperature and pressure) 

- Investigated system properties  
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In particular, it was demonstrated that high frequencies (> 100 kHz) are efficient for radical 

chemistry, while low frequencies (< 100 kHz) for mechanical and physical effects4. 

 

Transmission electron microscopy (TEM) 

 

High resolution transmission electron microscopy (HR-TEM) was performed with a FEI Tecnai 

F20T HR-TEM instrument. 

Transmission electron microscopy (TEM) is a technique where an electron beam (20-1000 KeV) 

goes through a thin layer of sample. The interaction with the sample affects the electron beam, 

generating an image that is focused on a fluorescent screen or a CCD. The resolution of TEM 

images reaches the Angstrom scale by the very low wavelength of the electron beam. 

 

 

 

Figure 4: TEM instrument scheme 

 

The typical TEM instruments is composed by an electron gun, a sample holder, a set of lens and 

magnifiers and a detector. The electron gun is based on a thermoionic emission of a tungsten wire 

of LaB6 that generates an electron beam, accelerated by an electric field. The electron gun has also 

condenser lens that align the electron beam on a small region of the sample. The electron beam 

hit the sample and is diffracted by the crystal reticulum of it, creating the images and the 

diffraction patterns. The image produced by the objective lens is then magnified from several 

lenses. Three imaging methods have been developed: Bright field, Dark field and High resolution. 
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Bright field imaging is based on the inelastic scattering phenomena that occur when the electron 

beam passes through the sample. The contrast is given by the weakening of the electron beam 

after passing trough the sample. Dark field is based on elastic scattering undergone by crystalline 

samples with the interaction of the electron beam. Beams diffracted from the sample generate the 

image. High resolution imaging is obtained by the interference of the diffracted beam with the 

direct beam obtained by the interaction with the sample. This can be obtained with a larger 

objective aperture and permits to observe lattice images5. 

 

Scanning electron microscopy (SEM) 

 

Scanning electron microscopy (SEM) was performed with a tabletop Hitachi TM3000. 

In SEM technique, an electron beam is focused on the sample surface (spot of almost 1 nm of 

diameter) and scanned over the sample in a rectangular raster. The image is created by the 

interaction between the electron beam and the sample and the signal gives information about the 

surface features of the specimen. Indeed, the voltage of the electron beam (50-30000 V) is lower 

than the one of the TEM because it is not necessary to penetrate the sample.  

 

 

Figure 5: SEM general scheme 

 

Imaging of the surface is given by secondary electrons and backscattered electrons. When one of 

the electrons of the electron beam collides with a conduction or valence band electron of the 

specimen, the latter is knocked out of its shell and is called “secondary electron”. In 

correspondence to a depression or hole of the samples, less secondary electrons can escape the 

surface and the image is darker, thus a topography of the surface can be obtained with secondary 

electrons. When the incident beam collides with the nucleus of an atom, the incident electron 

bounces back out of the sample and is called backscattered electrons. Heavier atoms are stronger 
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scatterer; thus, the image contrast is given by the atomic number. SEM (or TEM as well) can be 

coupled with Energy dispersive X-Ray spectroscopy (EDX). The emission of a secondary electron 

results in a vacancy which is filled with an electron of a higher shell. These processes emit X-rays, 

which are used to characterize the elemental composition of the sample6.  

 

Mass spectrometry (GC-MS) 

 

Characterization of organic byproducts during my PhD was performed by GC-Mass spectrometry 

(Agilent technologies 6890N). Gas Chromatography (GC) coupled with Mass spectrometry (MS) is 

one of the most used techniques to characterize organic molecules. This technique is composed 

by a gas chromatograph (capillary column) in which the molecules of the analyzed mixture, that 

must be volatile above 350°C, are separated and the mass spectrometer.  

 

 

 

Figure 6: GC- MS scheme 

 

When the mass is coupled with the GC an electron impact (EI) technique is used to detect the mass 

of the species. Here, a high energy (almost 70 eV) electron beam hits the molecule of interest “M” 

and leads to the removal of an outer electron, forming the ion radical M+. The energy level of M+ is 

sufficiently high to generate a series of fragmentations via unimolecular dissociation processes. 

The fragments that are usually neutral and ion radical species, are subjected to electric potential 

variations that push the charged species into the mass analyzer. Here, they are separated by 

electromagnetic forces, depending on their mass-charge ratio (m/z), and the mass spectrum is 

thus obtained. The molecular mass of the molecule M is thus obtained by the fragments observed 

in the spectrum7. 
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