
 

UNIVERSITY OF CATANIA  
DEPARTMENT OF CHEMICAL SCIENCES  

 

PhD Course in  

MATERIALS SCIENCE AND NANOTECHNOLOGIES  

XXXVII CYCLE  

 

Giulia Raciti 
 

 

New Photocatalytic Nanocomposites Layered on 

Building  Substrates for the Abatement  of Xenobiotic 

Pollutants   
 

 

 

Doctoral Thesis 

 

PhD Coordinator: Prof. Giuseppe Romano Compagnini 

Supervisor: Prof. Placido Giuseppe Mineo  

 





 

Table of Contents  

1 Introduction 1 

1.1 Atmospheric Volatile Organic Compounds Pollutants 1 
1.2 Most Common Xenobiotic VOCs in Urban Atmosphere 2 
1.3 Techniques for Atmospheric VOCs Removal 3 
1.4 Glass-.ŀǎŜŘ {ǳōǎǘǊŀǘŜǎ ŦƻǊ tƻƭƭǳǘŀƴǘǎΩ tƘƻǘƻŘŜƎǊŀŘŀǘƛƻƴ 13 
1.5 Cementitious Materials 14 
1.6 Applications of Photoactive Materials in the Construction Industry for Atmospheric 
VOCs Removal: State of the Art 19 
1.7 Aim of the Thesis 24 
1.8 References 26 

2 Selection of the Photocatalysts Suitable for Pollutants Abatement 30 

2.1 Introduction 30 
2.2 Materials and Methods 32 
2.3 Results and Discussion 37 
2.4 Conclusions 39 
2.5 References 40 

3 Photocatalytic Activity of TiO2-Containing Nanocomposites vs the Chemical Nature of the 

Polymeric Matrices: A Comparison 41 

3.1 Introduction 41 
3.2 Materials and Methods 43 
3.3 Results and Discussion 47 
3.4 Conclusion 59 
3.5 References 60 

4 Abatement of Volatile Organic Compounds Employing a Thermoplastic Nano-Photocatalyst 

Layered on a Glass Reactor 62 

4.1 Introduction 62 
4.2 Experimental Section 63 
4.3 Results and Discussion 65 
4.4 Evaluation of Photocatalytic Efficiency Towards Gaseous Pollutants in a Real City 
Environment 77 
4.5 Conclusion 78 
4.6 References 80 



1 Introduction 

 

II  
 

5 Study of the Behaviour of Cement as a Substrate for Polymer-Based Nanocomposites in 

the Abatement of Pollutants in Aqueous Media 82 

5.1 Introduction 82 
5.2 Materials and Methods 83 
5.3 Results and Discussion 86 
5.4 Adsorption Phenomenon of Rhodamine B in the Presence of a Mortar Plate 99 
5.5 Conclusion 102 
5.6 References 103 

6 Thermoplastic Photocatalyst Coated onto Cement: gaseous VOCs Abatement Test 104 

6.1 Introduction 104 
6.2 Nanocomposites Synthesis 105 
6.3 Mortar Specimens for Photocatalytic Tests in Gaseous Environment 105 
6.4 Results and Discussion 109 
6.5 Polymer-based samples characterization 109 
6.6 Thermal Properties Investigation 109 
6.7 UV-Vis DRS 110 
6.8 Conclusions 117 
6.9 References 118 

7 Ageing Effects on Photocatalytic Efficiency of Thermoplastic Coatings Layered onto Cement 

Surfaces for Gaseous Pollutants Abatement 119 

7.1 Introduction 119 
7.2 Materials and Methods 120 
7.3 Experimental Results 125 
7.4 PMMA@TiO2 128 
7.5 PS@TiO2 132 
7.6 PVAc@TiO2 135 
7.7 Conclusions 139 
7.8 References 140 

8 Deposition Techniques for Photocatalytic Coatings onto Cement-Based Surfaces: A 

Comparative Rheological Study 142 

8.1 Introduction 142 
8.2 Materials and Methods 143 
8.3 Results and Discussion 144 
8.4 Conclusions 158 



 Introduction 1 

 

III  
 

8.5 References 159 

9 General Conclusion and Perspectives 160 

10 Methods 162 

10.1 Spectroscopic Analyses 162 
10.2 Thermal Analysis 162 
10.3 MALDI-TOF 163 
10.4 XPS 163 
10.5 SEM-EDX 164 
10.6 Contact Angle Measurements 164 
10.7 Rheological Measurements 164 
10.8 References 167 

11 Appendix: Climatic Chamber Environmental Parameters 168 

12 Collaborations and Research Activities Between the Industrial Partner and the Hosting 

University 174 

13 Research Products 175 

13.1 Peer-Reviewed Journal Publications 175 
13.2 Conference Contributions 176 
13.3 Awards and Recognitions 176 
13.4 Training Schools 176 

14 Other Scientific Activities 177 

14.1 Teaching Activity 177 
14.2 Scientific Dissemination Activities 177 
14.3 Scientific Training Courses 177 

15 List of acronyms and abbreviations 178 





 

1 Introduct ion  

1.1 Atmospheric Volatile Organic Compounds Pollutants  

In contemporary times, improving air quality in urban and industrial environments has become a 

pressing concern. Government institutions have acted proactively in this direction, aligning with 

European Union (EU) directives to mitigate pollution. The EU increasingly shows a growing 

commitment to promoting activities and projects to improve air quality; a significant example is the 

"Green Deal" project which aims, among the goals, to reduce net greenhouse gas emissions by at 

least 55% by 2030, compared to 1990 levels [1]. 

Together with the industrial and technological progress of modern times, came an exponential 

increase in the release of pollutants into the atmosphere and surrounding ecosystems. Among these 

pollutants, particular importance have the Volatile Organic Compounds (VOCs, defined as 

compounds having boiling points ranging from 50°C to 260°C [2]), in particular the xenobiotics ones.  

The physical and chemical properties of VOCs, along with their mean lifetime in the atmosphere 

range from a few minutes to several months, allowing them to travel large distances from the 

emission source [3]. VOCs contribute to the formation of ozone [4] and fine particulate matter [5] 

in the atmosphere. These kinds of substances are toxic to human health and the environment. 

Exposure to VOCs can lead to a spectrum of adverse effects, from acute to chronic diseases, 

including atopic dermatitis, respiratory illnesses, impairment of neurobehavioral functions, etc. [6]. 

Moreover, some VOCs can pass through biological membranes with toxicity that depends on their 

biotransformation within the body [4]. In addition to human health concerns, air pollution also 

affects the survival and welfare of native flora and fauna. 

Furthermore, these issues extend to the aesthetic appeal of urban buildings: pollutants, both in 

gaseous and particulate forms, adhere to exterior surfaces gradually deteriorating their appearance. 

[4] VOCs also play a significant role in the formation of acid rain, thus indirectly harming the built 

environment. [5]   
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1.2 Most Common Xenobiotic VOCs in Urban Atmosphere  

Xenobiotic Volatile Organic Compounds are generated from human activities and released in large 

amounts into the environment [7]. VOCs come mainly from natural sources, like forest fires and the 

transformation of biogenic precursors; nevertheless, anthropogenic activities have become 

important sources of toxic VOCs emissions into the atmosphere, so much so that they account for 

25% of VOCs in our global atmosphere [6]. The major contribution to the presence of xenobiotic 

VOCs comes from petrochemical activities, the burning of fossil fuels in industries, homes and 

vehicles (including ships and airplanes), as well as chemical and industrial processes, mining, gas 

leaks from stoves, and the use of pesticides in agriculture [6]. 

This class of compounds includes aromatic and aliphatic hydrocarbons, aldehydes, ketones, ethers, 

acids and alcohols. Among the most abundant VOCs in the environment are benzene and some of 

its derivatives, such as toluene, ethylbenzene and xylene, which are together classified as BTEX 

(Figure 1.1).  

 

 

Figure 1.1 BTEX. 

BTEX make up more than 60% of the VOCs in urban areas [6], and this prominence makes them a 

valuable reference point for evaluating VOCs environmental exposure.  
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1.3 Techniques for Atmospheric VOCs Removal  

Air pollution can be addressed through the two approaches of prevention and treatment. 

Prevention strategies include using alternative fuels, improving industrial processes and efficiencies, 

and enhancing sanitation [5]. Prevention is the most effective and efficient method, but its 

applicability is limited, as it is often difficult to modify the industrial processes or equipment [8]. 

For this reason, the atmospheric VOCs treatment is usually carried out by add-on-control techniques 

[8]. These techniques are classified into two sub-groups depending on the destruction or recovery 

processes involved (Figure 1.2). Recovery techniques include adsorption and absorption processes, 

while the destructive ones encompass thermal and/or catalytic oxidation [6], biofiltration [9] and 

photocatalytic processes. 

 

Figure 1.2 Treatments for atmospheric VOCs removal. 
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1.3.1 Adsorption Techniques 

Adsorption is the most widely used method to treat volatile organic compounds [10] due to its high 

removal efficiency, low energy consumption [11, 12], and its suitability for treating various 

concentrations of waste gases. It is essentially a batch process since the adsorbent's capacity is 

limited an should be regenerated by either heating or stripping it with steam [13]. Given these 

premises, it is easy to understand why the core of the adsorption method is selecting a proper 

adsorbent with high adsorption capacity, and controlled desorption. 

The adsorbents used for VOCs gas capture are mainly porous materials, such as activated carbon 

and carbon fibers, diatomaceous earth, metalorganic frameworks (MOFs), and zeolites [12, 14]. 

Despite the positive aspects of these techniques for VOCs removal, in the adsorption process, 

generally, pore saturation leads to a loss of efficiency [8], making it necessary a frequent 

regeneration and recovery of spent adsorbents, leading to increased maintenance costs, waste 

generation for the disposal of saturated adsorbents [15] and energy consumption. Moreover, the 

adsorption efficiency is closely related to the characteristics of the material (functional groups, pore 

structure, hydrophobicity)[16], making adsorbents selective just for certain VOCs. 

Some of the most common adsorption techniques are presented below. 

I. Activated carbon and activated carbon fibers 

Activated carbon (Figure 1.3) and activated carbon fibers are the most widely used adsorbents due 

to their large specific surface area [11] and high adsorption capacity [12]. However, in activated 

carbon, the oxygen-containing groups on the surface can lead to chemisorption or to the formation 

of stable hydrogen bonds with VOCs molecules, which results in difficulty in fully regenerating the 

absorbent.[10] Moreover, carbon materials are flammable [11, 17], and without proper vacuum 

desorption systems [14], thermal desorption might be limited, thus narrowing the application field 

of these materials. 



 Introduction 1 

 

5 
 

 

Figure 1.3 Pore structure of activated carbon [18]. 

II. Diatomaceous Earth  

Diatomaceous earth is a diatom shell with amorphous hydrated silica, characterized by a 

macroporous rigid structure that bears a high filtering velocity and avoids filter clogging with tiny 

solid particles in the stream [14]. However, its poor hydrothermal stability together with its large 

pore size (that leads to weak adsorption capacity for low-concentration VOCs)[10] limits its practical 

application.  

III. Metal-Organic Frameworks 

Metal-organic frameworks are emerging porous materials with high adsorption performances due 

to the chemical functional groups exposed in their large specific surface area [11]. However, the 

expensive precursors and their poor thermal stability make them unfavourable for large-scale use. 

IV. Zeolites 

Zeolites are microporous crystalline silica-aluminates [11]. The efficiency and selectivity in VOCs 

adsorption of zeolites depends on their pore size, which varies with zeolite species. Zeolites have 
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microporous channels characterized by adjustable pore size, high hydrophobicity and good thermal 

stability making them preferable for applications in which high thermal and hydrothermal stability 

are required, solving the problem of flammability and regeneration of activated carbon [10]. 

However, the hydrophilic nature of aluminosilicate zeolites [19] can lead to a loss of performance 

in the presence of water vapour in the VOC stream. Instead, hydrophobic zeolites have been found 

to exhibit good adsorption for VOCs even in the presence of water, making them suitable for 

applications under humid conditions [20]. Compared to other technologies for VOCs removal, 

zeolites, and in particular hydrophobic zeolite, are generally more expensive, so their use is 

economically limited to applications for which activated carbon is not well suited [21]. 

1.3.2 Absorption Techniques 

Absorption is based on the transfer of gas molecules into a solvent (generally water or low-volatility 

hydrocarbons). This takes place in an absorber tower designed to provide the gasςliquid contact 

area necessary to facilitate matter transfer [22]. Absorption systems are used to treat waste gases 

with high VOCs concentrations (from 500 to 5000 ppm) and having high boiling points. Absorption 

is widely used due to its simplicity, high efficiency, low operation and investment cost, and ability 

to regenerate the absorbent. The key to the process stands in choosing the proper absorbent to 

prevent low sorption capacity of VOCs, solvent degradation and corrosion of equipment. In addition, 

some absorbents require a distillation process for regeneration an energy-consuming process which 

might lead to secondary contaminants [23]. 

1.3.3 Destructive Techniques 

Destruction techniques, such as thermal oxidation and catalytic oxidation, are extensively used to 

abate VOCs from the flue gas streams with a high flow rate [24] and a high ±h/ǎΩ concentration [25], 

finding a wide use to treat industrial emissions. Unlike condensation and adsorption, destructive 

techniques aim to fully oxidate the VOCs, rather than merely transferring them to another phase, 

[13] reducing the risk of potential VOCs desorption. Moreover, differently from adsorption 

techniques, the oxidation of VOCs avoids the replacement and regeneration of the contaminated 

adsorbent, thus abating maintenance costs and decreasing waste generation. 
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The following are examples of the most frequently employed destructive techniques. 

I. Thermal Oxidation 

Thermal oxidation operates at high temperatures (700-1500°C) and shows high removal efficiency 

(95%-99%) for high volumes of concentrated VOCs. Thermal oxidation processes usually incorporate 

regenerative or recuperative thermal energy recovery systems. These systems use the heat of the 

combustion exhaust stream to heat the incoming gas stream before entering the combustion zone 

(Figure 1.4). Despite the clear advantages of energy-saving processes, the high working 

temperatures can generate secondary pollutants. Among these, halogenated compounds in the 

vent stream are converted to their acidic counterparts. As a result, the system may necessitate 

expensive corrosion-resistant construction materials and additional acid gas controls [21]. These 

aspects make this technique unsuitable for urban contexts [11].  

 

 

Figure 1.4 Schemes of thermal oxidation. (a) Regenerative thermal oxidation; (b) recuperative thermal oxidation.[26] 
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II. Thermocatalytic Oxidation 

Thermocatalytic oxidation is a promising approach for VOCs abatement [12] due to its economic 

efficiency, excellent stability, and the relatively low temperature required for the degradation 

process, which rarely causes secondary pollution, making it an environmentally friendly method and 

the primary choice for industrial VOCs degradation [27]. Heat exchangers, unlike the thermal 

oxidation process, operate below 400 °C, reducing the combustion energy requirements, thus 

lowering both auxiliary fuel consumption and the need for advanced thermal insulation or thermally 

stable construction materials [28]. In these systems, the incoming gas stream is heated and passes 

through a honeycomb or monolithic support structure coated with one or more catalysts (Figure 

1.5) [21]. 

 

Figure 1.5 Scheme of a thermo-catalytic reactor. 

Thermocatalytic oxidation can be divided based on the type of catalyst used: supported noble metal 

catalysts and metal oxide catalysts. Both of them have different characteristics for the degradation 
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of VOCs [27]. Noble metals-based catalysts have excellent catalytic activity, but they are expensive 

and easy to deactivate. Monoatomic catalysts, while more cost-effective, face practical limitations 

due to complex preparation processes and agglomeration issues. Transition metal oxides and rare 

earth elements are viable alternatives to precious metals, offering excellent thermal stability and 

lower costs, although their low-temperature reducibility needs improvement [27].  

Generally, while thermal and thermocatalytic oxidation offers superior VOC removal efficiency for 

industrial applications, adopting them in urban settings presents several challenges. As a starting 

point, these systems have a high energy demand to reach high temperatures. Moreover, in a city 

environment, these plants should face strict environmental and safety regulations for their 

installation, requiring additional and expensive measures. 

III. Biofiltration 

Biofiltration has emerged as an efficient (95%-99%), and cheap technique for removing volatile 

organic compounds (VOCs) generated by various industrial processes [3]. It consists of a filtration 

system (Figure 1.6) where the contaminated gas is directed through a porous filter [21] (generally 

made of sand, granulated active carbon or a synthetic carrier material), colonized by aerobic 

bacteria capable of converting organic carbon [29] into water, carbon dioxide, and biomass. 

 

Figure 1.6 Typical biofilter scheme. 
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Biofiltration removal techniques present several advantages compared to the previously examined 

techniques. As a starting point, it operates in mild conditions and does not generally transfer the 

pollution problem to another phase (gas to solid and/or gas to liquid), as in adsorption and 

absorption techniques. Moreover, biological treatment is especially effective when the odours or 

toxic waste gas emissions are in the lower concentration range, i.e. at a few ppm levels, thus 

overcoming the need for high gaseous pollutants streams to have efficient thermo-oxidative and 

thermocatalytic processes.  

The main limitation of the biofiltration technique is that its success depends on the degradability of 

contaminants, with complex anthropogenic compounds potentially resisting microbial enzymatic 

reactions and forming toxic by-products, due to a non-complete oxidation reaction. Moreover, a 

successful bio-filtration process must involve microorganisms benign to the environment and 

should support the growth of the colony by controlling pH and humidity. Despite these challenges, 

biofiltration demonstrates effectiveness in removing biodegradable compounds from discharges of 

public wastewater treatment [29] plants but it may not fully eliminate all types of pollutants. 

Moreover, the climate dependency and the aesthetic concern of having these plants in urban 

settings, exclude it as a viable method to depollute the urban atmosphere.  

IV. Photocatalysis for VOCs removal 

Photocatalysis usually describes a process where light activates a substance (the photocatalyst) that 

modifies the rate of a chemical reaction without itself being involved in the chemical 

transformation. These reactions, based on the phase of the photocatalyst and its medium, can be 

classified into homogeneous (when the photocatalyst and the reaction medium are in the same 

phase) and heterogeneous photocatalysis, which occurs when the photocatalyst and the reaction 

medium are not in the same phase. The homogenous photocatalysis requires the removal of the 

catalyst material at the end of the process, increasing the cost as the separation processes may 

require large amounts of chemicals [30]. These limitations make heterogeneous photocatalysis the 

most used photocatalytic technique, as one can easily separate the catalyst material at the end of 

the photocatalytic process [31].  
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The reaction mechanism for heterogeneous photocatalysis is illustrated in Figure 1.7. The electron 

transfer takes place when the absorbed energy of the incident light equals or exceeds the bandgap 

energy (Eg). Usually, for semiconductors 1,5< Eg <3,0 eV, and, as a result, most photocatalysts can 

be excited only by UV or near UV light [32]. When the photocatalyst is exposed to suitable radiation, 

electrons in the valence band (VB) move to the conduction band (CB), thereby creating electron 

vacancies (holes) in the VB. The interaction of atmospheric oxygen with the electrons in the 

conduction band results in the formation of superoxide radicals. Meanwhile, the interaction of the 

holes in the valence band with water molecules generates hydroxyl radicals, which are highly 

reactive species capable of oxidising a wide range of organic compounds [33].  

Photocatalysts can be divided into different groups depending on their nature: metal oxides, metal 

sulphides, metal nitrides, metal hydroxide, bismuth-based salts, carbon-based polymers, silver (Ag)-

based halides, perovskites, and other novel materials like metal-organic frameworks (MOFs), and 

covalent organic frameworks (CO-Fs) [32].  
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Figure 1.7. Catalytic oxidation mechanism for VOCs removal [33]. 

Differently from the previously discussed techniques for VOCs removal, photocatalysis eliminates 

the need for additional disposal methods since organic contaminants are degraded into harmless 

substances like carbon dioxide, water, and inorganic ions. In contrast, techniques such as adsorption 

with activated carbon only concentrate the pollutants by transferring them to the adsorbent 

material or air, without transforming them into non-toxic byproducts. Moreover, unlike other 

oxidation processes that require costly methods, photocatalysis utilizes readily available oxygen and 

water (i.e. humidity), making it more economical [30]. Usually, the photocatalyst is used in the form 

of nanoparticles (NPs), requiring time-consuming and costly post-treatments to separate the 

photocatalyst powder from the reaction environment, at the end of the process [34]. To overcome 

these issues, photocatalyst NPs are usually immobilised on inert supports such as glass, silica gel, 

metal, ceramics, polymer, thin films, fibres, zeolite, alumina clays, activated carbon, cellulose, 

reactor walls and others, thus extending the field of application of photodegradation processes.  
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1.4 Glass -Based Substrates for  Pollutantsô Photodegradation  

In the building sector, self-cleaning and antibacterial [35] glass and tiles [36] were among the first 

applications of nano-coating for photodegradation purposes. Glass-based substrates offer several 

advantages for urban applications for their inertness and smooth surface, making them ideal for air 

purification and self-cleaning surfaces. 

A common photocatalytic coating is based on titanium dioxide (TiO2) nanoparticles which are 

typically deposited on common glass surfaces using the sol-gel method. [37]  

The sol-gel technique, among the others, is one of the most versatile methods to prepare 

homogeneous TiO2 thin films with moderate equipment, cost and good optical properties [38]. 

However, a common issue is the agglomeration of TiO2 sol particles, which makes it difficult to 

prepare homogeneous coatings, requiring the use of stabilizing agents [39]. Commercial sprayable 

photo-catalytic suspensions also contain different additives to enhance perdurability, even if they 

sometimes can cause a lowering of photochemical efficacy. [40] 

¢ƛhі ŎƻŀǘƛƴƎǎ ŀǊŜ typically deposited on glass substrates using different techniques such as spin 

coating, dip coating [41], and spray coating [42] (Figure 1.8). Spin coating involves spreading a sol-

gel solution onto a spinning substrate. Dip coating, which is widely adopted in the production of 

anti-reflection and self-cleaning films, is a time-saving and low-cost [41] technique. It consists of 

immersing the substrate into the sol-gel solution and then withdrawing it at a controlled speed to 

form a thin layer. Spray coating is preferred for larger surfaces and involves spraying the sol-gel 

solution onto a glass substrate, usually heated to help in a uniform thin film formation.  

However, usually, these methods are followed by a post-deposition heat treatment at high 

temperatures (450-500°C)[43, 44]. This process, in fact, induces modification both on the crystalline 

structure of TiO2 [41], removing organic residues and promoting the formation of the anatase phase, 

which is essential for photocatalytic activity and hydrophilicity. Moreover, studies conducted 

depositing a sol-gel solution by dip-coating have demonstrated that a preliminary drying step at  

100°C before the final heat treatment improves film adhesion to the glass substrate [41] 
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Figure 1.8 Process and main characteristics of dip, spin and spray coating deposition technologies. [45]. 

To conclude, while sol-gel nanocoatings offer several advantages, scaling up from laboratory scale 

to large-scale applications in urban and industrial environments using large glass substrates remains 

challenging, requiring novel solutions.  

1.5 Cementitious Materials  

A common denominator in most polluted areas (such as urban centres, industrial zones, and 

highways) is the extensive presence of cementitious surfaces.  

Cement is the second most used material after water, with global production exceeding 4,18 million 

tons per year in 2014 [46].  

Cementitious materials are primarily made of water, cement, sand and other aggregates with larger 

grain sizes. To achieve high performances, often minor compounds can be found in concrete 

formulations (additives, powdered minerals, polymeric and metallic fibres). 
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A wide variety of common cement products are used across different EU Member States. These 

products are tailored to local manufacturing conditions, meeting specific climatic and other local 

requirements, including building practices. In the European cement standard EN 197-1, are 

identified and standardized 27 common cement products (Figure 1.9) specifying their constituents, 

proportions, and the mechanical, physical, and chemical requirements for both the products and 

their constituents. The products are categorized into five groups based on the content of non-

cement clinker constituents [47].  

Groups are listed below: 

1. CEM I Portland Cement. Made by Portland cement and up to 5% of minor inorganic materials 

(limestone, fly ash or ground granulated blast-furnace slag), added to improve the physical 

properties of the cement, e.g. workability or water retention due to their particle size. These 

cements are particularly suitable for constructing prefabricated structures in reinforced and 

prestressed reinforced concretes, and other products that require very high strength with a 

short curing time. 

2. CEM II Composite Portland Cement. It comprises Portland cement and up to 35% of other single 

constituents. These cements are useful for preparing simple and reinforced concrete and mortar 

for normal applications. 

3. CEM III Blastfurnace Cement. According to EN 197-1, it consists of 5-19% Portland Cement 

Clinker and 81-95% blast furnace slag [48]. It can be used in the most aggressive environments, 

such as exposure to chlorides and sulphates, meaning it lasts longer in marine, agricultural and 

chemically aggressive settings. 

4. CEM IV Pozzolanic Cement. Shows great resistance to acid and sulphate attack as well as to 

chloride ion penetration [49]. Comprising Portland cement and higher proportions of pozzolana 

than in CEM II cement. These cements are all suitable for preparing standard and special 

cements, and other elements that require greater resistance to chemical attack. 

5. CEM V Composite Cement. Comprising Portland cement and combinations of blastfurnace slag 

and pozzolana or fly ash. 
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Figure 1.9. The 27 products in the family of common cements [50]. 
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The most widespread type is undoubtedly Portland cement, found together with other materials 

also in the other cement classes. Portland cement preparation dates to the late 1700s. It is a mixture 

of clayey materials, limestone, and gypsum powder, produced through an industrial process 

involving the kiln-firing of natural materials (clinker) and subsequent grinding in a mill with small 

amounts (4-8%) of dihydrate calcium sulfate (CaSO4·2H2O) or anhydrous calcium sulfate (CaSO4). 

When approximately 30% water is added to Portland cement, several reactions occur, leading to 

the formation of a gel (colloidal system). The resulting paste is easily moldable and, within a few 

hours, loses its initial plasticity (setting process) before assuming the rigid consistency typical of 

natural stones (hardening process). 

Clinker is composed of about 80% calcium silicates (crucial for hardening) and 20% calcium 

aluminates. The main clinker constituents are summarized in Table 1.1. 

 

Table 1.1. Main constituents of clinker. 

Among these, tricalcium silicate is the most important and abundant component of Portland cement 

clinker, making up 50-70 wt % of the total composition. It rapidly reacts with water, playing a crucial 

role in strength development, particularly in the first 28 days [51]. Its hydration produces calcium-

silicate-hydrate (abbreviated as CSH) and calcium hydroxide according to the reaction: 

ςὅὥὛὭὕ  χὌὕᴼσὅὥὕςὛὭὕ τ Ὄὕί σὅὥὕὌ  

Where ί stands ŦƻǊ άǎƻƭƛŘέΦ 

Dicalcium silicate makes up 15-30 wt % of clinker composition and represents its second most 

abundant component. It reacts slowly with water, contributing just in part to the cement strength 

development in the first 28 days, giving a more significant contribution thereafter.[51] Its hydration 

reaction is: 

Mineralogical Constituent Classical Formula Conventional Formula in Cement Chemistry Synthetic Formula

Tricalcium Silicate (alite) Ca3SiO5 3CaO SiO2 C3S
Dicalcium Silicate (belite) Ca2SiO2 2CaO SiO2 C2S

Tricalcium Aluminate Ca3Al2O6 3CaO Al2O3 C3A
Tetracalcium Aluminoferrite Ca4Al2Fe2O10 4CaO Al2O3 Fe2O3 C4AF
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ςὅὥὛὭὕ  υὌὕᴼσὅὥὕςὛὭὕ τ Ὄὕί ὅὥὕὌ  

CSH is a semi-amorphous gel-like material that comprises approximately 70 wt% of the hydrated 

cement and is the primary binding material. Calcium hydroxide is crystalline and comprises roughly 

15-20% of the hydrated cement.  

Other clinker components, present in lower percentages, such as tricalcium aluminate and 

tetracalcium aluminoferrite, also undergo hydration, producing calcium-aluminate-hydrate, 

ettringite, monosulfate, and iron hydroxide. [52] 

Gypsum plays a fundamental role in the setting of cement; it is specifically added to prevent the 

inconvenience of rapid setting. By forming ettringite, gypsum slows the hydration rate of aluminates 

by forming crystals on their surface, temporarily preventing their contact with water. 

The proportion of the constituents in cement confers not only mechanical properties but also 

specific resistance to chemical or physicochemical attacks on the hydrated product. The type of 

cement influences the ability of the resulting composite (mortar or concrete) to maintain its 

resistance over time. 

As seen with CEM II-V, it is a common practice to add additives to Portland cement to achieve 

desirable properties. Pozzolans are one of the most common types of additives used in cement 

mixes for well sealing in oil and gas fields. [53] The typical amount of pozzolan used in cement 

systems is about one-third by weight of cement, and the upper limit of pozzolan addition can reach 

75% by volume. [54] Pozzolan is added to Portland cement for two reasons. Firstly, pozzolan is 

added to reduce cement slurry density. This reduces the amount of cement needed, which 

contributes to cost reduction. Secondly, cement containing pozzolan can exhibit improved 

resistance to acid attack, given sufficient curing time. Common pozzolanic materials used in cement 

mainly consist of amorphous aluminosilicate and iron-rich spheres, crystalline and amorphous SiO2, 

small amounts of lime (CaO) and hematite (Fe2O3). The mixing of pozzolan with Portland cement 

causes the reduction of Ca(OH)2(s) content in cement and the increase of CSH, monosulfate, and 

calcium aluminium hydroxide contents in cement during the hydration process. Reactions involved 

in that process are referred to as pozzolanic reactions.  

The representative pozzolanic reactions are summarized below: 
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ςὛὭὕ ί σὅὥὕὌ ί ὲὌὕᴼὅὥὛὭὕ σ ὲὌὕὥάȟί 

ὃὰὕ ί ὅὥὛὕςὌὕί σὅὥὕὌ ί χὌὕᴼὅὥὃὰὕὌ ὛὕφὌὕί 

ὃὰὕ ί τὅὥὕὌ ί ωὌὕᴼὅὥὃὰὕὌ φὌὕί 

Where: 

¶ ὥά stands for άamorphousέ. 

¶ ί stands ŦƻǊ άǎƻƭƛŘέΦ 

¶ ὛὭὕ ί and ὃὰὕ ί are from pozzolan additives. 

¶ ὅὥὛὭὕ σ ὲὌὕὥάȟί is CSH phase. 

1.6 Applications of Photoactive Materials in the Construction 

Industry  for Atmospheric VOCs Removal : State of the Art  

As discussed in Paragraph 1.3.3, photocatalysis represents a novel frontier in air quality 

improvement due to its ability to promote the decomposition of pollutants and prevent their 

accumulation in the atmosphere and/or water, contributing, as a result, to self-cleaning materials 

and mitigating urban heat island effects [23]. 

In particular, photocatalysis technology has demonstrated significant efficacy in improving life 

standards [55] across various domains, including water and air quality, health maintenance (by 

bactericidal and self-sterilizing processes), clean energy use (photovoltaics, hydrogen production 

and solar cells), and preserving the aesthetic of urban infrastructure.  

However, despite the mentioned advantages of photocatalytic oxidation processes, its potential 

when applied to urban and industrial infrastructures still is largely unexplored. 
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1.6.1 Photocatalytic cementitious materials 

Based on the previous considerations, it is possible to imagine exploiting the vast cemented areas 

as supports for photocatalytic systems, aiming to reduce pollution and preserve the aesthetic 

durability of buildings.  

The process involved in the abatement of gaseous VOCs is an example of heterogeneous 

photocatalysis, being mostly a surface process implying, commonly, a solid photocatalyst which can 

promote oxidation-reduction reactions involving the gaseous compounds from the contact media.  

In the domain of photocatalytic building and construction materials, TiO2 has been investigated 

widely because of its easy activation in ambient conditions, chemical stability, high catalytic 

longevity and reliability, low cost and high availability [40] less toxicity, and compatibility with 

cement without altering its traditional properties [4]. 

Pioneering work on photocatalytic cement materials has been focused on its depollution effect, 

antimicrobial, and self-cleaning applications [56]. The idea is to take advantage of external buildings' 

surface exposure to sunlight to facilitate the photochemical reactions, reducing maintenance costs, 

ǎƛƴŎŜ ǘƘŜ ōǳƛƭŘƛƴƎǎΩ ŦŀŎŀŘŜǎ Ŏŀƴ Ŝŀǎƛƭȅ ōŜ ŎƭŜŀƴŜŘ ōȅ Ǌŀƛƴ [56], thus preserving the aesthetic of the 

building. These advantages represent optimal premises for an increasing potential for large-scale 

application of photocatalytic materials in the construction industry. 

In general, the main methods for creating photoactive building materials can be divided mainly into 

three groups [57]: 

1. A certain weight percentage of photocatalyst is mixed within the concrete matrix (Figure 1.10 a); 

2. The concrete is covered by a thin layer of photoactive cementitious material (Figure 1.10 b); 

3. The mortar is covered with a thin layer of photocatalyst nanoparticles. In this last case, the 

photocatalyst is generally deposited as a paint through dip-coating, spin coating, spraying, and 

brushing [58] or through its floating emulsion [59] onto the pre-wet surface of the cement mortar 

(Figure 1.10 c). 
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Figure 1.10. Methods for modifying cement-based materials using photocatalyst nanoparticles. 

From a technological perspective, the simplest method is the mechanical incorporation of the 

photocatalyst into the cementitious matrix, as shown in Figure 1.10 (a) for concrete and in Figure 

1.10 (b) for mortar. In both cases, only the photocatalyst exposed on the external surface exhibits 

photocatalytic activity, while the photocatalyst embedded within the bulk remains inactive, leading 

to wasted material [60]. The key difference between Figure 1.10 (a) and (b) lies in the amount of 

photocatalyst used; in system (a), the photocatalyst is uniformly mixed throughout the entire 

concrete block, whereas in (b), it is applied only to the external mortar layer on the concrete 

substrate. Although case (b) uses less photocatalyst, the inactive portion within the cement still 

poses concerns regarding its potential negative impact on the mechanical stability [61] of the system 

and the photocatalyst leaching into the environment [62]. To conclude, despite the ease of 

preparation, these systems have limited applicability, particularly for existing cement surfaces, 

where they cannot be effectively applied. 

A commercial example of this system is the so-called photocatalytic cement, developed by 

Italcementi and proposed at Expo Milano 2015 as the main constituent material for the Palazzo Italia 

(Figure 1.11). 

(c)

mortar

photocatalyst

nanoparticles layer

deposited on mortar

concrete

(b)

Blend: mortar

+ photocatalyst
deposited on concrete

(a)

Blend: concrete
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Figure 1.11. Palazzo Italia at Expo Milano 2015, constructed using photocatalytic cement. 

The case evidenced in Figure 1.10 (c) can be divided in two sub-groups. It is possible to distinguish 

between layers made by only TiO2 deposited, and TiO2 deposited on cement through a support, 

usually polymeric, to form photocatalytic coatings or paints. 

In the last two decades [63], TiO2 self-cleaning coatings have found increasing applications in 

buildings, public furniture and the auto industry [64]. Their size (around 200 nm) overcomes the 

issues shown for the photocatalytic cement. These systems can be applied also to existing surfaces 

since they are often layered through spray or brushing assuring the easiness and the low price of 

the applicative process. However, in common-use photocatalytic paints, the use of a photo-oxidant 

mixed with the polymer could result in the loss of the photocatalyst itself (as it may migrate outside 

the polymer matrix) and the aggregation of the nanoparticles could occur. 

Nowadays, when trying to improve photocatalytic coating materials, high photoactivity, stability 

[65], durability and mechanical resistance are listed as desirable properties, but they are difficult to 

simultaneously attain [66]. A significant enhancement in existing polymer-based photocatalytic 

systems can be achieved through the synthetic method employed. Unlike the common practice of 

simply mixing components (through the use of a solvent or using melted polymer matrices) to create 

a physical blend, radical bulk in situ polymerization, which will be discussed in detail in Chapter 3, 
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stands out as a promising alternative in photocatalysis science. This innovative approach guarantees 

the complete embedding of the polymer matrix within the photocatalyst pores, fostering improved 

chemical-physical interactions and enhancing light propagation within TiO2 NPs, leading to 

increased photocatalytic efficiency [67]. Compared to traditional polymer-based photocatalytic 

systems, nanocomposites synthesized through this method have been demonstrated to exhibit 

enhanced photocatalytic performance with a lower amount of photocatalyst NPs, degrading 

pollutants in both liquid [67] and gaseous phase [68]. In addition, this novel approach, by effectively 

immobilizing NPs within the polymeric matrix, prevents their leaching into the environment. This 

factor is crucial for large-scale utilization, as it reduces costs and minimizes environmental impact. 
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1.7 Aim of the Thesis  

The research activity presented in this thesis aims to exploit the extensive building surfaces to 

improve air quality in both urban and industrial environments. Regarding the building surfaces, the 

idea is to exploit existing surfaces (specifically cement and glass, as the most diffuse materials in 

constructions) for VOCs abatement in gaseous matrices and ǊŜŎŀƭŎƛǘǊŀƴǘ ǇƻƭƭǳǘŀƴǘǎΩ ŘŜƎǊŀŘŀǘƛƻƴ ƛƴ 

aqueous media. 

This is achieved through the development and characterization of polymer-based photocatalytic 

nanocomposites suitable to be applied on both cement and glass surfaces. 

The photocatalytic degradation activity of the above materials was evaluated through 

photocatalytic tests performed in the presence of xenobiotic model pollutants in both aqueous and 

gaseous environments. It was verified whether the developed systems meet the chemical-physical 

properties required for ǇƻƭƭǳǘŀƴǘǎΩ ŀōŀǘŜƳŜƴǘ and mechanical stability prerequisites mandated by 

regulations governing coatings for cement-based materials. 

The study can be divided into three general steps: 

1. Selection of the photocatalyst. 

2. Choice of the polymer matrix. 

3. Study of the photooxidative activity when the nanomaterial is applied on glass-based and 

cementitious substrates. 

4. Study of the mechanical and rheological behaviour and weathering resistance. 

Briefly, an overview of the thesis Chapters is reported below. 

Chapter 2 studies the most suitable photocatalysts for the synthesis of nanocomposites. Various 

tests have been performed, using a model pollutant, in an aqueous solution to evaluate the 

photoactivity of the photocatalystsΩ ǇƻǿŘŜǊǎ.  

The synthesis and characterizations of polymer-based nanocomposites are detailed in Chapter 3. To 

select a suitable polymeric species, specific photocatalytic tests were performed comparing the 
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performance of the nanocomposites (synthesized via radical bulk in-situ polymerization using 

different starting monomers) on glass supports and in the presence of model pollutants in the 

aqueous medium. 

Chapter 4 shifts the focus to photocatalytic tests performed in the gas phase, evaluating the 

photocatalytic performance of the nanocomposites layered inside glass photoreactors in the VOCs 

abatement. Also, as a proof of concept, the efficiency of photocatalytic nanocomposites was 

demonstrated towards air pollution in a real city environment. 

Chapter 5 aims to study the behaviour of cement as a substrate for polymer-based nanocomposites 

in the abatement of aqueous pollutants. This Chapter investigates the occurrence of catalytic, pH-

related, and absorption phenomena in an aqueous environment due to the presence of the mortar. 

Also, it evaluates ǘƘŜǎŜ ǇǊƻŎŜǎǎŜǎΩ influence on the overall photocatalytic performance of the 

system. 

Chapter 6 describes the synthesis and characterization of polymethylmethacrylate-based 

nanocomposites developed using several kinds of photocatalyst nanoparticles. This section also 

evaluates and compares the performance of the different nanocompositesΩ ŎƻŀǘƛƴƎǎ ŘŜǇƻǎƛǘŜŘ ƻƴ 

cement surfaces with traditional photocatalytic systems used in the construction industry for 

gaseous VOCs abatement. 

Chapter 7 and Chapter 8 aim to bridge the gap between laboratory-scale experiments and real-

world applications.  

In particular, in Chapter 7 the durability of the nanocomposites when exposed to real-world 

environmental stresses such as solar light, humidity, and temperature is assessed, providing insights 

into the long-term performance and stability of the materials in degrading atmospheric pollutants 

over time. Moreover, the mechanical strength of mortar standard specimens coated with the 

nanocomposite material is assessed to ensure compliance with regulations for construction 

materials. 

Finally, Chapter 8 explores the rheological properties of the nanocomposites, to verify whether they 

accomplish the requirements for coating materials and if they are suitable for spraying, to meet the 

needs of cheapness and ease of use.  
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2 Selection of the Photocatalyst s  Suitable for 

Pol lutants A batement  

2.1 Introduction  

This study aimed to find alternatives to the extremely exploited Titanium oxide (TiO2, also called 

Titania), which in 2020 was listed by the European Union as a critical raw material [1], making 

necessary the exploration of non-critical (photo)catalysts [2]. Titania is a well-known semiconductor 

that exists in three crystalline phases (anatase, brookite, and rutile) having a bandgap energy 

ranging from 3,0 to 3,2 eV. To evaluate other substitutes to the TiO2, different materials based on 

transition metal-oxide were compared in the abetment of pollutants (this aspect will be discussed 

in depth in the section dedicated to tests in the gaseous phase, Chapter 4). 

In this Chapter, particular attention is given to metal oxides having a well-known catalytic activity 

for VOCs oxidation, low costs and high resistance to chemical poisons [3]. In particular, manganese 

tetroxide (Mn3O4) [2], cerium dioxide (CeO2) [4], titanium oxide (TiO2) and their combined oxides 

(Mn3O4-10%ZrO2, and TiO2-1%CeO2), along with the Titanium dioxide-silicon carbide (TiO2-1%SiC) 

composite, were investigated. The aforementioned metal oxides were selected due to their 

abundance, biocompatibility, stability, and ability to generate charge carriers [5].  

Degussa P-25 TiO2 (containing Anatase and Rutile phases) nanopowders were used as a standard. 

Due to its high bandgap energy, titanium dioxide is ultraviolet-active and not active in the visible 

light range. Besides, titanium dioxide photocatalyst is suffering from its high recombination rate and 

low quantum yield. Therefore, metal ions, including transition metals, noble metals, non-metals and 

metal oxides, are often doped into or onto titanium dioxide to overcome the issues mentioned 

above [6]. Due to this fact, the combined oxides TiO2-1%CeO2 and TiO2-1% SiC were here also 

investigated.  

Cerium oxide (CeO2, ceria) has emerged as an interesting alternative to TiO2 in photocatalysis due 

to its lower bandgap (2.7ς2.9 eV) [7]. Recently TiO2-CeO2 mixed oxide has demonstrated its 

promising performance in the catalytic oxidation of 2-propanol [4] compared to the single oxides, 
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and in toluene oxidation [8], showing an improvement of 3,5 times compared to the bare nano-TiO2 

in samples doped with 1 to 10 mol % of ceria. The mixed oxide has also been studied for its activity 

in the photo-thermal approach for both VOCs removal and CO2 reduction [2]. 

TiO2-1% SiC was also investigated for its application in volatile organic compounds degradation [9]. 

In this combined oxide, silicon carbide (SiC) has excellent chemical and thermal stability and thermal 

transfer ability, making it ideal catalyst support for high-temperature applications. However, the 

combination with TiO2, in SiC-TiO2 nanoparticles or TiO2/SiC nanocomposite film is particularly 

advantageous for water splitting and degrading volatile organic compounds [9]. 

ZrO2 (zirconia) is a large bandgap semiconductor (Eg of about 5,0 eV or lower depending on its 

synthesis). When coupled with a lower bandgap semiconductor (as Mn3O4) can reduce the odds of 

charge recombination (that causes the photocatalysts deactivation) and can synergistically exploit 

MnOx and ZrO2 photocatalytic features [2]. Studies have proved interesting photocatalytic, 

thermocatalytic and photothermal-catalytic activities of MnOx-ZrO2 oxides in the oxidation of 

gaseous toluene.[2] 

Manganese is an interesting material among the different transition metals due to its low price, 

availability and variable valence states that make it adequate for oxidation reactions. Manganese 

oxides have been used to oxidise ethanol, revealing different adsorption-oxidation sites by various 

reaction mechanisms. Manganese oxides with different morphology and crystal faces were studied, 

showing that morphology may enhance catalytic performance probably due to the formation of 

more surface Mn4+ and active oxygen species [10]. 

The high mobility/reducibility of manganese oxide lattice oxygens is particularly useful for VOCs 

removal, whereas its low bandgap (in the range 2.0ς3.5 eV, depending on the crystalline structure) 

allows a more efficient use of solar radiation. [2]  
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2.2 Materials and Methods  

2.2.1 Photocatalyst ƴŀƴƻǇŀǊǘƛŎƭŜǎΩ Ǉroperties 

To provide an overview of the photocatalysts' characteristics, including their size, electrical, and 

textural properties (such as surface area and mean pore diameter), data from the literature are 

summarized in Table 2.1. 

BrunauerςEmmettςTeller (BET) analysis (determined by N2 adsorption-desorption measurements 

[2, 4]) evidenced a slight increase in the surface area determined through the TiO2ςCeO2 mixed 

oxides with respect to the bare TiO2. The higher surface area has been attributed to the presence 

of CeO2, determining a decrease in the average pores diameter. [4] 

The average crystalline size of all catalysts, determined by applying the Scherrer formula on the 

principal diffraction peaks of the oxides [2, 4], confirmed that all the photocatalysts studied are in 

the form of nanopowders (Table 2.1). 

Catalyst
Crystallite 
Size [nm]

SBET [m
2 gҽΝ] dp [nm] Eg [eV] Reference

TiO2 24 44,7 18,1 3,2 -
TiO2 - 1% SiC 22 50 22 2,97 -

Mn3O4 14,5 99,6 14,5 3,29 [2]

Mn3O4 - 10% ZrO2 18,2 86,1 18,2 3,27 [2]

CeO2 142 111,2 2,6 2,9 [4]

CeO2 - 1% TiO2 150 48,5 17,2 2,96 [4]  

Table 2.1. Features of the used photocatalysts. Crystallite size, surface area (SBET), mean pore diameter (dp) and band-gap (Eg). 

The electrical properties of the metal oxides were investigated through UV-Visible Diffuse 

Reflectance Spectroscopy (UV-Vis DRS). In particular, the band-gap energy values of the listed 

photocatalytic powders were determined using the modified KubelkaςMunk function versus the 

energy of the exciting light [2]. Experimental data show that the mixed oxide TiO2ςCeO2 shows lower 

Eg values (2,93 eV) compared to bare TiO2 (3,2 eV) which have been attributed [4] to a bathochromic 

shift towards the visible region compared to bare TiO2. Instead, no relevant variations in Eg values 
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were observed comparing the Eg values for Mn3O4 and Mn3O4-ZrO2 oxides (3,29 against 3,27 eV, 

respectively). 

2.2.2 Photocatalytic Activity in Water of the Selected Metal-oxides  

The study begins with preliminary tests on photocatalytic systems in water before approaching the 

study in the gaseous phase. This decision stems from the inherent advantages offered by liquid 

environments, including easier modelling and control over reaction conditions such as pH, 

temperature, and reactant concentrations. Furthermore, the extensive literature on liquid-phase 

photocatalysis provides a valuable framework for research. Various tests have been performed to 

identify the most effective photocatalyst nanopowders using Methylene Blue (MB) as a model 

pollutant in aqueous solution in the presence of the photocatalyst slurries. 

Photocatalysis ExperimentǎΩ Setup for Tests in the Aqueous Phase 

Photocatalysis experiments in the aqueous phase were performed inside a box having non-reflective 

black surfaces by employing a home-made system (Figure 2.1). It employs a solar light lamp (OSRAM 

Ultra-Vitalux, 300 W, Radiated Power (315-400 nm) 13,6 W, (280-315 nm) 3,0 W, Wavelength range 

280-1000 nm) and a fan to cool the whole system.  

The cuvette containing the sample was kept inside a glass vial, to shield part of the UVB and UVC 

radiation. The entire system was put 30 cm from the lamp, and the solution was kept under stirring 

for the whole duration of the experiment. 

For each of the photocatalysts, a stock solution was prepared by suspending about 3 mg of each 

sample in 3 ml of water (LC-MS grade) and sonicating for 30 min. 

A portion of the stock solution (about 350 Ƴl) was then diluted in 35ml of water and 3,5 mL was put 

inside a 1 cm optical path cuvette. Then a proper amount of pollutant (in this case a Methylene Blue 

ǎƻƭǳǘƛƻƴύ ƛǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǎƻƭǳǘƛƻƴ ǘƻ ǊŜŀŎƘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ŀōƻǳǘ мϊмл-5 M, to start the experiment 

from absorbance values of Ғ0,8. 
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Figure 2.1. Experimental setup for photocatalytic tests in aqueous phase. 

OSRAM Ultra-Vitalux LampΩǎ Emission Spectrum Evaluation 

Before starting the experiment, the emission spectrum of the solar-light simulating lamp (Figure 2.2 

a) was examined to assess its ability to activate the selected photocatalyst nanoparticles (NPs) based 

on the emitted wavelengths. The lamp features show a range of 280-1000 nm and radiated powers 

in the range 315-400 nm of 13,6 W, and the range 280-315 nm of 3,0 W. 

For comparison, the spectrum of natural solar radiation on Earth is shown in Figure 2.2 b. Notably, 

the lamp used for the experiment emits a discrete spectrum (Figure 2.2 a), whereas solar radiation 

is characterized by a continuum spectrum (Figure 2.2 b). This means that the photochemical activity 

of the considered systems might be improved when exposed to natural sunlight, which offers a 

broader range of wavelengths. 

Solar-light 
simulatinglamp

MagneticStirrer

Thermometer

Fan

30 cm
Sample
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Figure 2.2 (a) spectral radiation distribution for OSRAM Ultra-Vitalux Lamp and (b) spectrum of solar radiation on Earth [11]. 

It has been verified whether the radiation can activate photocatalytic processes by giving the 

appropriate energy to overcome the Bandgap Energy (Table 2.1) for the selected photocatalysts. By 

applying the Planck equation (Equation 2.1), it is possible to calculate the minimum wavelength 

required based on the bandgap energy.  
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Ὤ ὧ

‗
 

Equation 2.1 Planck Equation. 

Where: 

Ὁ is energy of light (or photon energy) expressed in Joule.  

Ὤ is Planck's constant (6,6261 · 10-34 ὐί) 

ὧ is the speed of light (2,9979 · 108 άȾί) 

‗ is the wavelength (ὲά) 

Using the conversion 1 eV = 1,602176634·10ҍ19 ὐ, Planck equation can be rewritten as: 

Ὁ Ὡὠ  
ρςσωȟψ 

‗ ὲά
   

Applying the equation to each of the selected photocatalysts the following activation wavelengths 

were obtained: 

¶ ¢ƛhі (3,2 eV) Ҧ ˂  387nm 

¶ ¢ƛhі - 1% SiC (2,97 eV) Ҧ ˂ 417nm 

¶ aƴїhј (3,29 eV) Ҧ ˂ 377nm 

¶ aƴїhј - мл҈ ½Ǌhі (3,27 eV) Ҧ ˂ 379nm 

¶ /Ŝhі (2,9 eV) Ҧ ˂ 428nm 

¶ /Ŝhі - м҈ ¢ƛhі (2,96 eV) Ҧ ˂ 419nm 
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The above-calculated values indicate that the UVA radiations can activate all the selected 

photocatalysts NPs. Noticeable, TiO2-based multi-oxide systems (¢ƛhі - м҈ {ƛ/ ŀƴŘ /Ŝhі - 1% TiO, 

ǿƛǘƘ ˂ ҒпмтƴƳ ŀƴŘ пмфƴƳΣ ǊŜǎǇŜŎǘƛǾŜƭȅ) bandgaps are close to visible light range. Regarding the 

emission spectrum for the considered lamp (Figure 2.2), it shows strong peaks in UVA (320-400nm) 

and UVB (280-320nm) regions, thus providing sufficient energy to activate the photocatalyst NPs 

under the experimental conditions. Nevertheless, in the experimental conditions, the UVB region is 

shielded by glass absorbance. 

Finally, the evidence of the solar lamp emission in the IR region (700-2000nm) suggests that the 

sample might be subjected to heating and the temperature inside the test chamber might increase 

during the test duration. This made it essential to use a fan to maintain a constant temperature 

inside the test chamber. 

2.3 Results and Discussion  

To take account of the physical adsorption phenomena to reach the equilibrium, the samples were 

kept in dark conditions and under stirring (dark, in Figure 2.3). Then, the system was irradiated for 

2 h at 35 ± 1 °C. 

The effect of the photocatalytic systems was examined every 20 min by UV analysis of the solution 

through UV-Vis measurements, monitoring the variations of the dye concentration (C/C0) as a 

function of the reaction time, starting from the end of the dark-storage period (t = 0, C0).  
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Figure 2.3. Methylene Blue photolysis and photodegradation with photocatalyst nanopowders. 

Plotting the ln(C/C0) vs time plot (Figure 2.3) and considering a pseudo-first-order photodegradation 

kinetic, the kinetic constant for the photodegradative process (k) results to be the linear fit slope of 

the obtained curve. 

 

Pollutant k [min-1]
Photocatalyst over 

solution [%w]
k normalized [min-1g-1]

Photolysis - 8,60E-04 - -

TiO2 1,80E-02 0,001% 16,85

TiO2 + 1% SiC 2,85E-03 0,001% 1,91

Mn3O4 9,51E-04 0,001% 0,68

Mn3O4 + 10% ZrO2 8,18E-04 0,001% 0,58

CeO2 8,82E-04 0,001% 0,72

TiO2 - CeO2 (1%) 1,49E-03 0,001% 1,12

Nanopowders Slurry
Methylene Blue

Photocatalytic activity in aquoeus solution of Nanopowders Slurry

Sample

 

Table 2.2. MB photolysis and photodegradation results in the presence of photocatalyst nanopowders. 

Table 2.2 illustrates the photolysis and photodegradation k for Methylene Blue using the different 

photocatalyst nanopowders. In the table, k normalized indicates the kinetic constant normalised for 

photocatalyst weight. 
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From the obtained experimental data in water, TiO2 emerged as the most efficient photocatalyst, 

outperforming other materials in degrading MB. The addition of SiC, and CeO2 to TiO2 reduced its 

efficiency, indicating a lack of synergy under the tested conditions. Nonetheless, TiO2-based mixed 

oxides exhibited an improved photochemical activity compared to the other tested oxides. Mn3O4 

and CeO2 showed limited photocatalytic activity, either alone or in combination with other oxides. 

Focusing on Mn3O4 and Mn3O4-10% ZrO2 oxides, the slightly higher photochemical activity 

expressed by the former could be due to its larger surface area (99,6m2g-1 versus 86,1 m2g-1). 

Finally, TiO2-CeO2 (1%) mixed oxide evidenced a higher photochemical activity in contrast to the 

bare CeO2 oxide, this can be attributed to the higher average dp exhibited by the first sample, which 

facilitates pollutant access, adsorption and decomposition [12]. 

2.4 Con clusions  

The photochemical activity expressed by different photocatalyst aqueous slurries was tested in the 

photodegradation of Methylene Blue, chosen as a model pollutant. In particular, the photochemical 

activity exhibited by uncommon photocatalysts (such as Mn3O4, CeO2, Mn3O4-10%ZrO2, TiO2-

1%CeO2 and TiO2-1%SiC) selected for their abundance, biocompatibility, stability, and ability to 

generate charge carriers, was assessed and compared to the most popular TiO2 (Degussa P25). 

The obtained data shows that TiO2 remains the most efficient photocatalyst among those tested 

and, generally, TiO2-based multi-oxide systems (TiO2-1%CeO2 and TiO2-1%SiC) exhibited the highest 

photocatalytic performance compared to the tested systems. 

The obtained results provide a starting point for further investigations, identifying TiO2 as the most 

effective photocatalysts for developing photocatalytic thermoplastic nanocomposites for water 

remediation. The limited photocatalytic performance of the other photocatalysts suggests potential 

for exploring their activity in gas-phase photocatalysis, when incorporated into a suitable polymer, 

thus approaching new opportunities for optimization beyond aqueous systems.  
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3 Photocatalyt ic A ct iv i ty of TiO 2-Containing 

Nanocomposites vs the Chemical  Nature of the 

Polymeric Matr ices: A  Comparison  

3.1 Introduction  

Titanium dioxide Degussa P-25 (a mix of Anatase and Rutile phases) in the form of nanoparticles 

(TiO2 NPs) is one of the most popular and promising heterogeneous photocatalysts for water 

remediation, due to its photoreactivity, chemical and physical stability, bioinertness, and low 

cost.[1] In previous tests (Chapter 2) using Methylene Blue as a model pollutant in aqueous 

conditions, TiO2 Degussa P25 demonstrated superior photocatalytic performance compared to 

other photocatalysts studied, establishing it as the most effective system under the experimental 

conditions. 

Nevertheless, the main drawbacks of this system are due to the charge recombination and oxidation 

rates, which strongly decrease the efficiency of the photocatalyst.[2] Furthermore, its highest 

efficiency under UV illumination rather than visible light, due to its band gap value (Ғ3 eV),[3-5] 

reflects the low adsorption and quantum efficiency, thus narrowing its application. To overcome 

these limitations, several modifications are currently under investigation, such as metal and non-

metal doping,[5, 6] and coupling with other nanosystems.[7] In addition, the use of dye sensitizers[8, 

9] is a promising method for broadening light absorption into the visible light range. On the other 

hand, the development of three-dimensional ordered porous TiO2 NPs has shown improvements in 

light-absorption efficiency. This is attributed to a light-harvesting effect (arising from the increased 

optical path within the semiconductor macrostructure) that supports the efficient penetration of 

the incident photon flux into the photocatalytic porous nanoparticles.[10] Recently, a combined 

approach involving doping of porous TiO2 macrostructures has also shown promising results in the 

mineralization of organic pollutants, both in liquid and gas phases.[11] 

Nevertheless, the use of TiO2 NPs as suspended powder points out the need to separate the catalyst 

from the depolluted fluids using expensive recovery treatments. Such an issue could be avoided by 
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anchoring TiO2 NPs on solid supports. In this topic, several supports (glass, concrete, plastic, etc.) 

have already been investigated.[2] Unfortunately, the common approaches involve expensive 

procedures and methods, such as thermal treatments,[12] sol-gel approaches,[13] and vapour 

deposition techniques.[14, 15] In this field, polymers are fascinating supports due to their chemical 

inertness, stability, and cheapness. Moreover, thermoplastic polymers can be easily turned into thin 

films and coatings, facilitating the use of the material in large-scale applications. Indeed, a 

photocatalytic coating that is easily applicable on surfaces could support the depollution of water 

and air matrices by exploiting sunlight. The simplest immobilization technique might be to blend 

TiO2 NPs with a polymer using a proper solvent and to dry the mixture.[16] In this Chapter, the 

choice of the synthetic approach was driven by the need to obtain more efficient systems for 

xenobiotic gaseous pollutants abetment, overperforming traditional photocatalytic coating and 

paints. Common photocatalytic coatings are mixtures of solvents, photocatalyst nanoparticles 

(usually TiO2), polymeric matrix and additives. However, embedding nanoparticles in a polymer 

matrix could reduce their available surface area determining also aggregation phenomenon, 

affecting their photocatalytic efficiency.[17]  

Recently, it has been proposed a new in-situ radical bulk polymerization approach to develop 

polymethyl methacrylate-based thermoplastic nanocomposites containing TiO2 NPs.[18] This 

method ensures intimate contact between the monomers and the photocatalytic particles before 

the polymerization, which can affect the light transmission and charge separation efficiencies. The 

resulting nanocomposites have already shown promising results in the photocatalytic degradation 

of xenobiotic pollutants.[19]  

Nevertheless, an investigation on the effects of the chemical nature of the used polymeric matrices 

with respect to the photocatalytic efficiency of the nanosystem has not been performed yet.  

To shed light on the interactions between the polymer and the photocatalyst, and to understand 

potential side effects, different common polymeric matrices were investigated in this work: i) 

polyvinyl acetate (PVAc), a polymer frequently employed as a base in paints; ii) polymethyl 

methacrylate (PMMA), a material commonly used for optical applications; iii) polystyrene (PS), a 

cheap and widely used vinyl polymer applied as an insulator. The resulting nanocomposites were 

characterized by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), UV-Vis, 
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Raman and X-ray photoelectron spectroscopies, and dynamic light scattering (DLS). The wettability 

of the nanocomposite films was evaluated by contact angle measurements. The photocatalytic 

activity of the nanosystems in the form of thin films was investigated by batch experiments against 

pollutants in solution, determining the photodegradation rate of model dyes such as Methylene 

Blue and Rhodamine B. The collected data allowed a correlation between efficiency and polymeric 

chemical nature. To show the effectiveness of the experimental nanosystems toward real air 

pollution, a canvas coated with photocatalytic nanocomposites was exposed for several months to 

a city environment (a busy road). The results showed, by simple optical observation, the excellent 

performance of the nanosystems, evidencing a different photodegradation efficiency between the 

polymeric matrices. The cheap synthetic procedure and the stability of the nanocomposite organic 

solution make it a promising material for a potential industrial scale-up. 

3.2 Materials and Methods   

3.2.1 Synthesis of Nanocomposites 

The nanocomposites PMMA@TiO2, PVAc@TiO2 and PS@TiO2 were produced through free radical 

bulk polymerization. Briefly, each monomer was purified through sodium-sulfate and further basic 

alumina treatments (Figure 3.1).  



3 Photocatalytic Activity of TiO2-Containing Nanocomposites vs the Chemical Nature of the 
Polymeric Matrices: A Comparison 

 

44 
 

 

Figure 3.1 Process of monomer purification from its inhibitor. 

The purified monomer (10 g, Ǖ100 mmol) was then mixed with 500 mg of TiO2 NPs, to obtain a final 

nanocomposite containing approximately 5% (w) of the active photocatalyst. Each mixture was 

sonicated for 30 min before adding the AIBN initiator (170 mg, Ǖ1 mmol) within a 300 mL flask, and 

each mixture was kept in a heating bath at 55 °C for 20 h (Figure 3.2 a). Finally, the obtained mixture 

(Figure 3.2 b) was dissolved in THF (100 mL) and precipitated in n-hexane (800 mL) (Figure 3.2 c). 

The nanocomposite was separated through filtration and dried in a vacuum oven (50 °C, 20 h).  

Purified
Monomer

Anydrum
sodium-sulfate

InhibitorBasic Alumina
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Figure 3.2 Synthesis of PMMA@TiO2 nanocomposite. (a) The reaction was conducted in a heating bath at 55°C for 20 h. (b) Reaction 
product. (c)  Precipitation in n-hexane. 

The homopolymers PMMA, PVAc, and PS were synthesized using the same experimental procedure, 

without adding the TiO2 NPs. 

3.2.2 Preparation of Physical Mixtures 

Physical mixtures of homopolymers (PMMA, PVAc and PS) and TiO2 NPs (obtaining the PMMA-TiO2, 

PVAc-TiO2 and PS-TiO2 samples) were produced by mixing each homopolymer (100 mg) and TiO2 

NPs (5 mg) in THF (5 mL) and keeping the mixture in an ultrasonic bath for 30 minutes. Then, each 

obtained mixture was dried with a nitrogen stream and in a vacuum oven (50 °C, 12 h).  

b ca
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3.2.3 Thin Film Preparation for Raman Measurements 

Each nanocomposite and blended mixture (1 mg) was dissolved in a CH2Cl2/Diethyl Ether mixture 

(1:1 v/v, 300 µL). A few drops of the solution were dropped onto a silicon plate and dried under 

nitrogen (24 h).  

3.2.4 Photocatalytic Experiments  

Thin films of each nanocomposite PMMA@TiO2, PVAc@TiO2 and PS@TiO2 were prepared by 

dissolving about 15 mg of each sample in THF (1.5 mL) and depositing the resulting solution on the 

inner wall of a glass test tube (150 mL). Particular care was taken to cover only 180° of the inner 

circumference, obtaining a final surface area of approximately 59 cm2. Photocatalysis experiments 

were performed within an open-wall homemade apparatus, employing a solar lamp [OSRAM Ultra-

Vitalux (OSRAM Opto Semiconductors GmbH, Regensburg, Germany), Wattage 300 W, Radiated 

Power: (315-400 nm) 13,6 W, (280-315 nm) 3,0 W, Wavelength range 280-1000 nm] and a fan to 

cool the whole system. The test tube was fitted 30 cm from the lamp, onto a magnetic stirrer. 

Each batch experiment involved dye aqueous solutions (100 mL), having appropriate concentration 

to start the photocatalytic test from absorbance values around 0,8. The dye solutions were prepared 

using water (LC-MS grade) without any further degassing or aerating process.  

A preliminary dark storage period (60 min) was performed under stirring to equilibrate the physical 

adsorption of the dye on the photocatalytic thin film. The system was then irradiated for 2 h under 

stirring (temperature 35 ± 1 °C). 

The efficiency of the catalytic systems was examined by UV analysis of aliquots collected every 20 

min (from C0 to C120) through UV-Vis, monitoring the variations of the dye concentration (C/C0) as a 

function of the reaction time, starting at the end of the dark-storage time (t = 0, C0). Considering the 

pseudo-first-order photodegradation kinetic, the kinetic constant for the photodegradative process 

(k) is the linear fit slope of the ln(C/C0) vs. time plot.  

Following the same procedure, photodegradation experiments of Paraquat and Acetaminophen in 

ŀǉǳŜƻǳǎ ǎƻƭǳǘƛƻƴǎ όŀōƻǳǘ ул ˃aύ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘΦ 
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3.3 Results and Discussion  

Aiming to investigate the effects of different polymer matrices on the performances of 

thermoplastic-based nanocomposite photocatalysts, three different nanocomposites having 

different polymeric matrices were synthesized. 

A one-pot synthesis was developed by exploiting an in-situ radical polymerization (see Figure 3.3). 

Briefly, a suitable monomer (Methyl Methacrylate, Vinyl Acetate, or Styrene) and TiO2 NPs (5 % w) 

were mixed by prolonged sonication, allowing the adsorption of the monomer inside TiO2 NP pores. 

Subsequently, the thermal initiator (Azo-bis isobutyronitrile) was added, and the mixture which was 

then heated at 55°C for 20h. Finally, the unreacted monomer and unwanted oligomers were 

removed by precipitation in n-hexane.  

 

 

Figure 3.3 Simplified scheme for the synthesis of the nanocomposites with different polymeric matrices. 

The photooxidation capability of the nanocomposites is strictly related to the amount of TiO2 NPs 

entrapped within. Hence, to determine the TiO2 NPs content in each nanocomposite, 

thermogravimetric analyses were performed in air (see Figure 3.4 and the table therein). In this 

oxidative atmosphere, the PMMA and PS homopolymers showed single-step degradation beginning 

at approximately 270 °C and 350 °C, respectively, due to both unzipping and oxidative processes. 

Instead, PVAc showed a multi-step thermal degradation (T1=314 °C, T2=426°C, T3=485°C) 

determined by deacetylation and further oxidative processes.[20] Due to the presence of 

nanoparticles within the polymer matrix, PMMA@TiO2 and PS@TiO2 showed higher thermal 

stability and residues than the related homopolymers (PMMA@TiO2: T = 340 °C; residue at 800°C = 

4,87 %; PS@TiO2: T = 380 °C; residue at 800°C = 4,89 %). Furthermore, the multi-step degradation 

TiO2

Stirring In-situ radical bulk 
polymerization

Nanocomposites
Sonicatingbath
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of PVAc was slightly shifted to higher temperatures after the addition of the photocatalyst 

nanoparticles (T1=319 °C, T2=424°C, T3=507°C, with a residue of 5,11 % at 800°C).  
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Figure 3.4. TGA traces (air atmosphere) of PMMA@TiO2 (black line), PVAc@TiO2 (cyan line), and PS@TiO2 (red line). All NCx are with 
5wt% of TiO2 added. Inset shows the TGA traces of the homopolymers PMMA (black line), PVAc (cyan line), and PS (red line). The 

degradation step temperatures and the residue values at 800°C are reported in the table. 

Glass transition temperatures (Tg) obtained by DSC analyses show negligible differences between 

homopolymers (Figure 3.5, dashed lines) and their related nanocomposites (Figure 3.5, continuous 

lines). Thus, it could be assumed that the nanoparticles embedded within the polymer matrix do 

not affect the organization of the polymer chains in the solid state.  

 

* Degradation temperatures are 
reported as onset temperature of the 
weight loss step. 
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Figure 3.5. DSC traces of PVAc@TiO2 (green solid line), PMMA@TiO2 (blue solid line), PS@TiO2 (black solid line), PVAc (green dashed 
line), PMMA (blue dashed line) and PS (black dashed line). The calculated glass transition temperatures are reported in the inset table. 

As a confirmation of the intimate contact between the organic matrix and the semiconductor 

ƴŀƴƻǇŀǊǘƛŎƭŜǎΣ ǘƘŜ ǎǘƻǊŀƎŜ ƻŦ ǘƘŜ ƴŀƴƻŎƻƳǇƻǎƛǘŜǎΩ ¢IC ǎǳǎǇŜƴǎƛƻƴǎ ŘƻŜǎ ƴƻǘ ǊŜǎǳƭǘ ƛƴ ǇǊŜŎƛǇƛǘŀǘƛƻƴ 

phenomena or phase separation also after a month of storage.[18] On the contrary, the dispersion 

of TiO2 NPs within a solvent suffers precipitation after a few minutes, as well as its blended mixture 

with the polymers.  

The capability of the nanocomposites to increase the dispersibility of the embedded nanoparticles 

was further confirmed by DLS analysis performed on the THF suspensions of the nanocomposites. 

The data showed a high scattering intensity in the range centred at about 100 nm (Figure 3.6), which 

is in agreement with the nominal size of the TiO2 NPs and further confirms the negligibility of 

eventual self-aggregation processes. 
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Figure 3.6. DLS traces of THF solutions of PMMA@TiO2 (black), PS@TiO2 (red), and PVAc@TiO2 (blue). 

The band gap energy of the samples was estimated through the modified Kubelka-Munk function 

Cόwύ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǇƘƻǘƻƴ ŜƴŜǊƎȅ όƘ˄ύΦ  

The band gap of the samples shows a slight change from the value of bare TiO2 (3.20 eV)[21] due to 

the interaction with the polymer matrix. The extrapolated band gap values of the blends (Figure 

3.7a) are 3,24 eV for PVAc-TiO2, 3,19 eV for PMMA-TiO2, and 3,18 eV for PS-TiO2; meanwhile, those 

of nanocomposites (Figure 3.7b) are 3,29 eV for PVAc@TiO2, 3,21 eV for PMMA@TiO2, and 3,35 eV 

for PS@TiO2. Nevertheless, the slight differences between these band gap values are negligible, and 

likely within the error of the method. 
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Figure 3.7 Diffuse Reflectance spectra of: a) blends PMMA-TiO2 (black line), PS-TiO2 (red line) and PVAc (blue line); b) 
nanocomposites PMMA@TiO2 (black line), PS@TiO2 (red line) and PVAc@TiO2 (blue line). The table in the inset contains the Band 

Gap Energy for each of the samples. 

The crystallographic structure of TiO2 NPs, including the presence of defects or lattice distortions, 

was investigated by Raman spectroscopy. The positions of characteristic peaks of TiO2 Anatase 

crystalline structure are well known in the literature,[22] having six Raman active fundamental 

modes: 144 cm-1 (Eg1 ), 197 cm-1 (Eg2 ), 397 cm-1 (B1g ), 518 cm-1 (A1g) and 640 cm-1 (Eg3 ). The analysis 

by Raman spectroscopy coupled with the 2D Raman imaging map gives powerful and detailed 

spectral information about the spatially resolved chemical composition and crystalline structure of 

a b 

Sample Band Gap (eV)

TiO2 3,2
PMMA@TiO2 3,24
PVAc@TiO2 3,35
PS@TiO2 3,37

PMMA-TiO2 blend 3,25
PVAc-TiO2 blend 3,33
PS-TiO2 blend 3,23
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nanocomposite materials. Thus, each nanocomposite was deposited by drop casting onto a silicon 

substrate and imaging maps were recorded, obtaining the intensity maps of the peak at 144 cm-1, 

which is the most intense vibration of Anatase (brighter zones), while dark areas are mainly 

composed of polymer (Figure 3.8). To highlight the effect of different preparation methods of 

polymer-TiO2 composites on the distribution of nanoparticles within the polymer matrix, imaging 

maps of the corresponding blend mixtures were also collected.  

In general, the chemical maps of the nanocomposite polymer@TiO2 films (Figure 3.8, a,c,e) revealed 

that the TiO2 NPs , represented by the bright yellow spots, are more homogeneously distributed 

than those of the blended samples (Figure 3.8, b,d,f), without any phase separation phenomenon 

of the catalyst from the polymer. This observation was further confirmed by the Raman spectra 

recorded in bright and dark regions of the nanocomposites and blend films. The spectra of the 

nanocomposites films showed always the Eg1 mode at 144 cm-1 in both bright (Figure 3.8, g) and 

dark (Figure 3.8, h) regions, confirming the homogeneous dispersion of TiO2 in the polymer matrix.  

 

Figure 3.8 Raman imaging maps of nanocomposites and blended mixture counterparts: PMMA@TiO2 (a) and blend PMMA-TiO2 (b), 
PVAc@TiO2 (c) and blend PVAc-TiO2 (d), PS@TiO2 (e) and blend PS-TiO2 (f). Raman spectra of bright (g) and dark (h) regions of: 

PMMA@TiO2 (black line) and blend PMMA-TiO2 (green line), PVAc@TiO2 (blue line) and blend PVAc-TiO2 (orange line), PS@TiO2 (red 
line) and blend PS-TiO2 (magenta line). 
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In contrast, the Raman maps of the polymer-TiO2 blends show segregation phenomena of TiO2 NPs 

within the polymer matrices, minor for PVAc-TiO2 blend (Figure 3.8d), and particularly evident for 

PMMA-TiO2 and PS-TiO2 blends (Figure 3.8 b and f, respectively), as demonstrated by the large 

bright yellow areas surrounded by areas devoid of catalyst. The Raman spectra obtained from the 

two different bright and dark zones (Figure 3.8 g and h, respectively) for each sample confirmed this 

statement. It is widely reported that Raman spectral features (Raman shift, linewidth and peak 

symmetry) are strongly dependent on crystal size, because of the spatial confinement of phonons 

in metal oxide crystallites.[23, 24] Specifically, the peak Eg1 should show a low-frequency shift (red) 

and a significant narrowing with the increase in the TiO2 crystallite size. Focusing on the size 

distribution of the catalyst nanoparticles, although all of the investigated blends show extended 

TiO2 NPs rich regions, we did not observe any changes in the Raman spectra. In fact, both the 

recorded Eg1 frequency and the extrapolated line width (FWHM) value remain unchanged 

respectively at about 144 cm-1 and 197 cm-1, suggesting no relevant change in the Anatase 

nanoparticles size as a result of phase segregation phenomena.  

The electronic structure of the best-performing PMMA@TiO2 nanocomposite (vide infra) was 

studied by XPS analyses and results were compared with those of the bare TiO2 NPs. The inelastic 

ƳŜŀƴ ŦǊŜŜ ǇŀǘƘ ˂ ŦƻǊ ǘƘŜ ¢ƛ нǇ ŎƻǊŜ ƭŜǾŜƭ ŜƭŜŎǘǊƻƴǎ ƛǎ мн,5 Å and the separation between adjacent 

Ti-containing planes in the (110) main direction for TiO2 NPs is 3,24 Å.[25, 26] Since XPS is a surface 

ǘŜŎƘƴƛǉǳŜ ǘƘŀǘ ǇǊƻōŜǎ Ƨǳǎǘ ŀ ƳŀȄƛƳǳƳ ŘŜǇǘƘ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ о ˂Σ ŀōƻǳǘ мм ƛƻƴƛŎ ǇƭŀƴŜǎ Ŏŀƴ ōŜ 

investigated. 

Figure 3.9 shows the XPS spectra of the commercial TiO2 NPs sample (black line) and that of 

PMMA@TiO2 (red line), in the Ti 2p energy region. The Ti 2p feature of the commercial sample 

consists of the main 2p3/2, 2p1/2 spin-orbit components at 459,2 eV and 465,0 eV respectively. Upon 

inclusion in PMMA, we noted very low-intensity Ti 2p XPS signals and a 0.1 eV shift of both spin-

orbit components at higher energy with a concomitant band broadening. This band broadening is 

mainly due to the low-intensity signals of the TiO2 NPs now included in the PMMA pores and to 

some polymer C-Ti interactions. There are no evident colour changes nor additional XPS evidence 

of low binding energy peaks and this fact suggests the substantial absence of TiO2-x species on the 

XPS probed depth being the 459,2 eV and 465,0 eV values typical of the TiO2 NPs itself.[26, 27] In 
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fact, the eventual presence of Ti2O3 species, in which the Ti ions are in a 3+ valence state, should 

give origin to an XPS spectrum consisting of a pair of overlapping Ti 2p doublets (with the new 

doublet due to Ti3+ at lower binding energy) because of the competition of various final state 

screening effects.[28] 

 

Figure 3.9 Al Kh  excited XPS of the commercial TiO2 sample (black line) and PMMA@TiO2 (red line) in the Ti 2p binding energy 
ǊŜƎƛƻƴΦ {ǘǊǳŎǘǳǊŜǎ ŘǳŜ ǘƻ !ƭ Yʰ ǎŀǘŜƭƭƛǘŜǎ ǿŜǊŜ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ ǎǇŜŎǘǊŀΦ ¢ƘŜ ǎǇŜŎǘǊŀ ǿŜǊŜ ƴƻǊƳŀƭƛȊŜŘ ǘƻ ǘƘŜ ǎŀƳŜ ǊŜƭŀǘƛǾŜ 

intensity. 

Figure 3.10 shows the XPS spectra of the commercial TiO2 NPs sample (black line) and that of 

PMMA@TiO2 (red line), in the C 1s binding energy region. The peak at 285.0 eV is due to the 

adventitious carbon contamination present in all air-exposed materials and the weak signal at 288.6 

eV is due to a few carbonates on the surface of the commercial TiO2 NPs sample. In the case of 

PMMA@TiO2, the peak at 285.0 eV is due to the PMMA aliphatic groups and the last signal, now at 

288.9 eV, significantly increased upon the TiO2 NPs inclusion in the polymer, is mainly due to the -

COOR group of the PMMA. 
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Figure 3.10 Al Kh  excited XPS of the commercial TiO2 NPs sample (black line) and PMMA@TiO2 (red line) measured in the C 1s 
ōƛƴŘƛƴƎ ŜƴŜǊƎȅ ǊŜƎƛƻƴΦ {ǘǊǳŎǘǳǊŜǎ ŘǳŜ ǘƻ !ƭ Yʰ ǎŀǘŜƭƭƛǘŜǎ ǿŜǊŜ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ ǎǇŜŎǘǊŀΦ ¢ƘŜ ǎǇŜŎǘǊŀ ǿŜǊŜ ƴƻǊƳŀƭƛȊŜŘ ǘƻ ǘƘŜ ǎame 

relative intensity. 

The XPS of the O 1s core level of the same samples is shown in Figure 3.11. The commercial TiO2 

NPs shows a strong signal at 530.6 eV, as expected for TiO2 materials, with a high energy, low-

intensity tail due to the presence of some Ti-OH hydroxide on the sample surface [26]. In contrast, 

XPS of PMMA@TiO2 shows a broad O 1s peak centred at 533,0 eV due to the two oxygen atoms of 

the -COOR group of PMMA and to some relevant presence of surface water responsible of the Ғ 535 

eV component.  
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Figure 3.11 Al Kh  excited XPS of the commercial TiO2 NPs sample (black line) and PMMA@TiO2 (red line) measured in the O 1s 
binding energy region. The spectra were normalized to the same relative intensity. 

The photocatalytic efficiency of the nanocomposites was verified through batch photo-oxidation 

experiments involving model dyes and real pollutants.  

The photodegradation experiments of Methylene Blue (Figure 3.12a, continuous lines) revealed 

only a little higher efficiency of the PMMA@TiO2 and PVAc@TiO2 nanocomposites (normalized k 

equal to 14,20 and 15,17 min-1g-1, respectively) with respect to the PS@TiO2 counterpart 

(normalized k 12,29 min-1g-1). Instead, considering the photodegradation experiments of 

Rhodamine B (Figure 3.12b), the PMMA@TiO2 system has shown the best performance (normalized 

k 5,61 min-1g-1). On the contrary, each physical mixture of PMMA, PVAc, or PS with TiO2 NPs, under 

the same experimental conditions, has shown low efficiency (Figure 3.12a, dashed lines).[18] 
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Figure 3.12 Methylene Blue (a) and Rhodamine B (b) photodegradation in the presence of nanocomposites (continuous lines) and 
blended mixtures (dashed lines) thin films. Each polymer matrix is reported with a different colour: black for PMMA, red for PS, and 
blue for PVAc. The tables in the inset contain the normalized k for each photodegradation experiment (the standard deviation error 
is reported in the brackets). The normalized k represents the kinetic constant normalized by the weight of the active photocatalyst. 

The photodegradation efficacy of our nanosystems was also scrutinized against two common classes 

of environmental pollutants (pesticides, e.g. Methyl Viologen also named Paraquat, and drugs, e.g. 

Acetaminophen) in an aqueous solution. Variations in the concentration of pollutants, obtained by 

monitoring the bands at 243 nm (Acetaminophen) and 257 nm (Paraquat), were reported in Figure 

3.13 a and b, respectively.  
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Figure 3.13 Photodegradation kinetics of Acetaminophen (a) and Paraquat (b) in the absence of photocatalyst (green), and with thin 
films of PS@TiO2 (red), PVAc@TiO2 (blue), and PMMA@TiO2 (black). The insets show the UV-Vis spectra of Acetaminophen and 
Paraquat acquired during photodegradation experiments employing PMMA@TiO2. The table contains the normalized k for each 

photodegradation experiment (the standard deviation error is reported in the brackets). 

The data highlighted the highest efficacy of the PMMA@TiO2 nanosystem against both pollutants. 

Instead, the PVAc@TiO2 nanosystem was active only against Acetaminophen. On the other hand, 

the PS@TiO2 nanosystem showed the lowest efficiency in all experiments.  

These behaviours could be explained by considering the different chemical natures of the polymer 

matrices and/or their interaction with the photocatalyst and the solvent/pollutant.  

In particular, the surface wettability of the nanocomposite might be a key parameter, as 

heterogeneous photocatalytic degradation of organic molecules is a surface process that takes 

advantage of the presence of water to induce the production of the hydroxyl radical species [19]. 

Contact angle experiments showed that the wettability of the three examined nanocomposites 

(PMMA@TiO2, PVAc@TiO2 and PS@TiO2) increased in the PS<PMMA<PVAc sequence (97,6°, 80,1° 

and 77,4°, respectively). Please note that all nanocomposites contain an equal amount of 

photocatalyst (Figure 3.14). 
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Figure 3.14 The images show water droplets deposited on thin films of different nanocomposites. The measured contact angles are 
reported in the table. 

On the other hand, the wettability is strongly dependent on the chemical structure of the polymer, 

and the low wettability of the PS matrix is due to the polymer chemical structure containing 

hydrophobic benzene moieties that, in turn, reduces the water adsorption and thus its 

photocatalytic efficiency. Instead, in the cases of PVAc and PMMA matrices, despite the PVAc shows 

a slightly higher wettability, the better photocatalytic performance of the PMMA matrix may be due 

to a better carry of photons into the porosity of the PMMA@TiO2 system. [29] 

3.4 Conclusion  

Present data indicate that different monomers could be used for in-situ radical bulk polymerization 

to produce TiO2-containing nanocomposites. Such an approach would ensure the homogeneity of 

the TiO2 NPs dispersion within the polymer matrix, despite the different nature of the monomers 

used. The growth of the polymer chains within the pores of the semiconductor photocatalyst 

nanoparticles, which is induced by the synthetic approach, might be responsible for the enhanced 

photocatalytic performances of the nanocomposites with respect to those of the related blended 

mixture.  

Nevertheless, a combined influence from the optical properties of the polymer and the wettability 

of the matrix must be taken into account. Indeed, the PS@TiO2 nanocomposite, which showed the 

Homopolymer 78.82° ± 3.19 80.22° ± 1.26 97.81° ± 1.75

Nanocomposite 77.43° ± 1.21 80.12° ± 3.29 97.55° ± 1.10

PVAc@TiO2 PMMA@TiO2 PS@TiO2
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lowest wettability, was also negligibly active against all the model pollutants in water solution. On 

the other hand, the highest wettability of the PVAc@TiO2 nanocomposites is reflected in its 

efficiency against a non-charged water pollutant such as Acetaminophen. However, the 

PMMA@TiO2 showed the best photodegradation efficiency towards all the model pollutants used 

in this work, regardless of the chemical nature of the pollutant. This result may be attributed to the 

optical properties of the PMMA matrix that ensure a better photon carry effect into the 

photocatalyst nanoparticles that, in turn, boosts the photodegradation efficiency of the 

semiconductor.  
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4 Abatement of Volat i le Organic Compounds 

Employing a Thermoplastic Nano -Photocatalyst 

Layered on a Glass Reactor  

4.1 Introduction  

Filmable photocatalytic nanosystems containing TiO2 NPs have shown high efficiency in the 

photodegradation of recalcitrant pollutants in aqueous media and can be a valid alternative for the 

photo-oxidation of VOCs in gas-phase. Indeed, the filmability of the system makes it suitable to fit 

different shapes and surfaces, paving the way for novel depollution applications in air matrix. 

This Chapter aims to design an efficient air depollution device by using a thin film of the PMMA-

based nanocomposite layered on a new glass-based photoreactor. This device represents a 

laboratory-scale experiment to study their behaviour when deposited on extensive glass-based 

surfaces, in their broader applicability on glassy construction materials. The photocatalytic activity 

of the device was evaluated by the photo-oxidation of three representative VOCs (ethanol, acetone 

and toluene). The obtained experimental results, reported in terms of conversion (%) and selectivity 

to gas by-products under solar light radiation, demonstrate the excellent photocatalytic activity in 

VOCs abatement. The performance of the proposed system is higher than that of the well-known 

photocatalyst systems, as confirmed by the comparison with current literature data. 

Finally, to correlate the efficiency of the system with its structure, morphological and structural 

studies of the obtained layered microtubes were performed by field emission scanning electron 

microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDX).  

To our knowledge, this is the first example of a thermoplastic photocatalyst used as a coating of a 

glass reactor used for environmental remediation purposes, exploiting solar light irradiation as an 

energy source. 

As a proof of concept, and to show the effectiveness of the experimental nanosystems toward real 

air pollution, a canvas coated with photocatalytic nanocomposites was exposed for several months 
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to a city environment (a busy road). The results showed, by simple optical observation, the excellent 

performance of the nanosystems, evidencing a different photodegradation efficiency between the 

polymeric matrices.  

4.2 Experimental Section  

4.2.1 Photocatalytic Oxidation of the VOCs 

Photocatalytic oxidation experiments of acetone, ethanol, and toluene were carried out at 35 °C 

using the new glass-based flow photoreactor. A schematic setup of the photocatalytic experiments 

is reported in Figure 1. 

 

Figure 4.1 Simplified scheme of the experimental photocatalytic setup. 

The reactant mixture was fed to the reactor by flowing helium (He) stream through a saturator 

containing the VOC (acetone, toluene or ethanol) and then mixing with an air-He mixture (0.1 vol % 

VOC, 10 vol % air, balance in helium) before carrying out the photocatalytic tests. The saturator was 
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put in a cryo-thermostat set at the suitable temperature (5°C for toluene, 10°C for ethanol and 0°C 

for acetone), chosen on the VOCs vapour pressure.  

Photocatalytic runs were performed at atmospheric pressure with different flow rates (20, 40 and 

80 mL/min) modulated with mass flow controllers (MFC) and using He as carrier gas.  

Before sampling the products, the occurrence of adsorption-desorption phenomena was taken into 

account by fluxing the gas mixture over the photoreactor for 1 h in the dark, reaching steady-state 

conditions. The flow reactor was then irradiated for 5 h with a lamp (OSRAM Ultra-Vitalux 300 W, 

10,7 mW/cm2, OSRAM Opto, Semiconductors GmbH, Regensburg, Germany) simulating the solar 

light radiation, kept at a fixed distance (30 cm) and perpendicular to the photoreactor. During the 

photocatalytic reaction, the effluent gases were analyzed on-line by a GC-MS, utilizing a packed 

column (10% FFAP on Chromosorb W), with a FID detector coupled with a quadrupole mass 

spectrometer (VG quadrupoles). The carbon balance was always higher than 95%. Approaching 

these experimental conditions, conversion and selectivity were reproducible within 3%.  

The conversion and the selectivity of VOCs were calculated by applying following formulas: 

ὠὕὅ ὧέὲὺὩὶίὭέὲ Ϸ ȡ
ὠὕὅ ὠὕὅ

ὠὕὅ
ρππ 

ὛὩὰὩὧὸὭὺὭὸώ Ϸ ȡ
ὴὶέὨόὧὸί

ὠὕὅ ὠὕὅ
ρππ 

where [VOC]i and [VOC]f are the initial and final concentrations of the examined VOC. The selectivity 

was defined as the ratio of O2 consumption for the VOCs photocatalytic oxidation over the total O2 

consumption.   
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4.3 Results and Discussion  

4.3.1 Photocatalytic degradation of VOCs through the photocatalyst layered on the 

glass reactor surfaces 

Photodegradation of VOCs is usually performed using a powdered photocatalyst placed in a suitable 

photoreactor.[1-3] Nevertheless, this approach requires the use of a large amount of photocatalyst, 

affecting the cost of the overall process and also limiting its industrial scalability. Furthermore, the 

influence of internal diffusion related to the different grain sizes of the powders can strongly affect 

the absorption of incident photons, leading to an important decrease in photoactivity over time.[4] 

To overcome the above issues, a polymethyl methacrylate-TiO2 (PMMA@TiO2) nanocomposite 

deposited as a thin coating layer on ad-hoc designed glass reactor surfaces was developed. 

To investigate the efficiency of the system, the photocatalytic oxidation of three common VOCs 

(ethanol, acetone, and toluene) was performed. The results of the photo-oxidation experiments of 

the VOCs (flow rate of 80 mL/min) are shown in Figure 4.2, reporting the obtained data in terms of 

conversion percentage as a function of irradiation time. To exclude the occurrence of physisorption 

or chemisorption phenomena and reach steady-state conditions, the preliminary saturation of the 

reactor (with each VOC flow) was conducted in the dark for 1 h, reaching the adsorption-desorption 

equilibrium. 
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Figure 4.2 Conversion (%) during photocatalytic oxidation experiments of ethanol (black line), toluene (red line) and acetone (blue 
line). Operating conditions: VOC concentration = 1000 ppm; flow rate = 80 mL/min; reactor temperature = 35 °C; nanocomposite 
amount = 12 mg (TiO2 content in the nanocomposite = 5% wt, 0,6 mg); surface area covered by the nanocomposite = 217 cm2. 

The degradation of toluene, a well-known aromatic pollutant, in the presence of the PMMA@TiO2 

nanocomposite (TiO2 amount = 0,6 mg) was around 43 %, slightly less than that obtained by using  

commercial TiO2 nanopowders (46 %) under the same experimental conditions,[5] but exploiting an 

higher amount of TiO2  (100 mg).  

CO2 was detected as the main product of toluene photodegradation, with low selectivity to partial 

oxidation products namely benzaldehyde, benzene and/or benzoic acid (1-3% associated with the 

experimental error). The CO2 formation could be due to the formation of ring-opening products, 

such as carboxylic acids and aldehydes, which rapidly photodegrade to CO2 and H2O (Figure 4.3).[6] 
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Figure 4.3 Reaction pathways for the photo-oxidation of toluene over irradiated catalysts. 

In particular, two paths are possible: the first one includes the hydrogen abstraction (Figure 4.3, 

ǇŀǘƘǿŀȅ LύΣ ŀƴŘ ǘƘŜ ǎŜŎƻƴŘ ƻƴŜ ŎƻƴǎƛŘŜǊǎ ǘƘŜ ɢhI ŀŘŘƛǘƛƻƴ όFigure 4.3, pathway II). In pathway I, the 

hydrogen abstraction follows this sequence: toluene Ҧ benzyl alcohol Ҧ benzaldehyde Ҧ benzoic 

acid.[7, 8] Pathway II involves the oxidation of the aromatic ring that occurs in the presence of the 

photogenerated hydroxyl radical; in this case, the aromatic ring is usually more difficult to be 

oxidized than the side group and, for this reason, is not favoured.[7] Acetone, classified as a common 

indoor pollutant, was converted to CO2 (49%) without any detected intermediate.[9-11] The 

acetone degradation involves photogenerated hydroxyl radicals produced on the TiO2 surface. The 

photocatalytic degradation mechanism of acetone can involve the formation of by-products in the 

gas phase that rapidly degrade to CO2 with complex and not yet well-defined reactions.[12] 

Finally, the photocatalytic conversion of ethanol led to the formation of acetaldehyde (selectivity 

higher than 85 %) as the main product (Figure 4.4, green line) with a minor amount of CO2 (Figure 

4.4, orange line). 
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Figure 4.4 Selectivity (%) to acetaldehyde (green line) and CO2 (orange line) during the photo-oxidation of ethanol under simulated 
solar light irradiation. 

According to the literature,[13] the ethanol photodegradation pathway follows the equations 

reported below, where the indices (a), (s) and (g) stand for adsorbed, surface, and gas respectively. 

 

2 CH3CH2OH a + O s Ҧ н /I3CH2O a + H2O a      (1) 

2 Tis-Os + 2 h˄  Ҧ н Ŝɋ Ҍ н Ƙ +        (2) 

н Ŝɋ Ҍ н h2 Ҧ н h2ɢɋ          (3) 

h + + CH3CH2O a + O s Ҧ /I3/ɢIh a Ҍ ɢhI a       (4) 

h + + CH3/ɢIh a Ҧ /I3CHO g         (5) 

 

In particular, the first step towards the photo-oxidation of ethanol involves its activation by O 

adatoms (Os) on the surface of the photocatalyst to quantitatively yield ethoxides (Equation 1).[14, 

15] Upon irradiation of the TiO2, electron and hole pairs are produced (Equation 2). The so excited 

electrons reacting with O2 lead to the generation of O2ɢɋ radicals (Equation 3). This step allows the 
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reaction of ethoxide species with a hole to give a short-lived oxy-radical species (Equation 4), 

determining a second reaction with holes to give acetaldehyde in the gas phase as a stable by-

product (Equation 5).[13] This process justifies the high selectivity in acetaldehyde (Figure 4.4, green 

line).  

Noticeably, under these experimental conditions, the degradation of ethanol after 5 h (32 %) in the 

presence of the nanocomposite thin film under simulated solar irradiation results higher than that 

reported in the literature for commercial TiO2 (20%).[16] The percentage of conversion obtained 

during the photo-degradation of these pollutants underlines the photodegradation efficiency of the 

nanocomposite-based photoreactor. In fact, differently from the experiment involving TiO2 powder 

(commonly 100 mg or more), the nanocomposite here used contains only a small amount of 

photocatalyst (around 0,6 mg). This efficiency can be attributed to both the high photocatalytic 

activity of the TiO2 nanoparticles, well dispersed on the surface of the material, and a possible local 

waveguide effect of the PMMA matrix, which increases the photoactivity of the PMMA@TiO2 

nanocomposite.[17] 

4.3.2 Flow rate effect 

Usually, the photocatalytic conversion rate is strongly influenced by the contact time between the 

photocatalyst and the VOCs, which is determined by the pollutant feed flow rate in the reactor. To 

evaluate the effect of the contact time in our photoreactor, photodegradation experiments were 

performed using three different flow rates (20, 40, and 80 mL/min), increasing the flow rate every 

two hours. The photocatalytic conversion results of ethanol (Figure 4.5 a, solid lines), toluene (Figure 

4.5 b, solid lines) and acetone (Figure 4.5 c, solid lines) revealed an higher conversion efficiency at 

lower flow rates (Figure 4.5, cyan lines), especially in the case of ethanol and toluene: the 

comparison of the data obtained at 20 and 80 mL/min shows a conversion efficiency decrease of 

four- and three-fold, respectively. This phenomenon is probably due to the longer pollutant/catalyst 

contact time at lower flow rates, whereas saturation of the catalyst is usually observed at higher 

flow rates of the pollutant. Indeed, by sending a flow of He after the abatement of toluene at 80 

mL/min, small desorption of CO2 and toluene was revealed (data not shown).  



4 Abatement of Volatile Organic Compounds Employing a Thermoplastic Nano-Photocatalyst 
Layered on a Glass Reactor 

 

70 
 

Considering these photocatalytic activity trends, the possible influence of external diffusional 

limitations can be excluded, because in that case, the conversion should be almost independent 

from the flow rates.[18, 19] 

It is noteworthy that, in the case of acetone photo-oxidation (Figure 4.5c, solid lines), there is a 

negligible decrease in conversion varying the flow rates. Although no water was added in this study, 

a possible explanation is that the catalyst surface becomes hydrophilic under irradiation, and the 

humidity forms monolayers on the surface affecting the adsorption and the photo-oxidation of the 

target pollutant.[9, 20-22] Thus, there could be a slight contribution to the diffusion. However, a 

decrease in conversion was observed while decreasing the contact time; in fact, the residence time 

of acetone inside the photoreactor was shortened at high flow rates, limiting the reaction time 

(adsorption + photo-oxidation steps) needed for its degradation.[23, 24] 

 

Figure 4.5 Catalytic oxidation of ethanol a), toluene b) and acetone c) having the following flow rates: 20 mL/min (cyan lines), 40 
mL/min (orange lines), 80 mL/min (blue lines). The dashed lines report the second cycle photodegradation experiments of each VOC 

degradation. 

The deactivation and stability over time are key parameters in evaluating the reusability of a 

photocatalyst and determining its potential maintenance costs. Therefore, each photoreactor 

involved in the flow rates study was used for a second cycle (Figure 4.5, dashed lines). Preliminary 

to the second cycle, to allow the desorption of the adsorbed pollutants, the reactor was placed in 

an oven (50 °C, 12 hours) after the first cycle. Then, it was reused in photo-oxidation experiments 

with increasing flow rates (20, 40, and 80 mL/min, increasing the rate stepwise every two hours). 

All experiments showed that there is a conversion decrease of about 20 % during the reuse: this 
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could be due to both catalyst surface active sites saturation with the adsorbed VOC and partial 

deactivation of the sites, gradually inducing a loss of efficiency.  

To confirm the hypotheses above, toluene photodegradation was further performed using 

decreasing flow gas rates (80, 40 and 20 mL/min) rather than growing ones. As a confirmation of 

the saturation phenomena of the catalytic sites at high flow rates, the experiment showed a 

decrease in the toluene conversion percentage (Figure 4.6). Indeed, when the experiment started 

with an higher flow rate (80 mL/min), the toluene conversion was only 24 % after two hours of 

simulated solar irradiation (Figure 4.6, blue line), whereas it reached 32 % if the experiments started 

at a lower flow rate (20 mL/min), as shown in Figure 4.5 b (solid blue line). So, the conversion 

obtained with a decrease in the flow rate (from 80 to 20 mL/min) was low (13 %, Figure 4.6, cyan 

line) because the sample surface was already saturated by the VOC, whereas better performances 

were obtained starting the tests with the lower flow rate (20 mL/min), obtaining a toluene 

conversion of 56 % (Figure 4.5 b, solid cyan line).  

 

Figure 4.6 Effect of decreasing flow rates in toluene photocatalytic degradation: 80 mL/min (blue line), 40 mL/min (orange line) and 
20 mL/min (cyan line). 
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Based upon the best results obtained using a flow rate of 20 mL/min, toluene was taken as a model 

compound to compare the effectiveness of the nanocomposite with respect to both the 

homopolymer (PMMA) and the PMMA-TiO2 physical mixture (Figure 4.7). After 5 hours of 

irradiation, conversion values obtained with the PMMA homopolymer (Figure 4.7, red line) 

remained below 2 %, while using the PMMA-TiO2 physical mixture (5 % wt of TiO2) a value of about 

4 % was recorded (Figure 4.7, green line). Interestingly, the nanocomposite efficiency in the 

conversion of toluene increased approximately ten times over the physical mixture (Figure 4.7, blue 

line).  

 

Figure 4.7 Toluene conversion in the presence of PMMA@TiO2 nanocomposite (blue line), PMMA-TiO2 physical blend (green line) and 
PMMA homopolymer (red line) using a flow rate of 20 mL/min. 

4.3.3 Characterization of the photocatalysts 

To correlate the high efficiency of the nanocatalyst with its surface morphology, FE-SEM analyses of 

the PMMA@TiO2, PMMA-TiO2 and, PMMA were performed. In addition, EDX analysis was also 

carried out to confirm the formation of an impurity-free nanocomposite.  
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Aiming to analyze the coating of the capillaries, the photocatalyst layered tubes were broken and 

the obtained fragments were fixed on the supports. After the Au-coating process, these were 

analyzed on their inner and outer surfaces (see Figure 4.8 a).  

Firstly, the PMMA film (free from TiO2) coated capillary was analyzed as a blank system to define 

the morphology of the surface of the polymeric matrix. SEM images show a homogeneous and 

smoothed layer on the inner (Figure 4.8 b) and outer (Figure 4.8 c) surfaces of the capillary, as 

characteristic of amorphous polymeric coatings.  

 

Figure 4.8 Simplified capillary section scheme (a). SEM images of the PMMA layered inner (b) and outer (c) of the capillary surfaces. 

The SEM images of the PMMA@TiO2 nanocomposite revealed the presence of a morphology 

compatible with the formation of a homogeneous nanocomposite. In fact, the presence of uniformly 

distributed spherical-shaped particles without discontinuous regions is evidenced in the polymeric 

matrix (Figure 4.9 a and b). According to the features of Aeroxide® P25 titanium dioxide 

nanoparticles used for the nanocomposite synthesis, the nanoparticles show dimensions of the 
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order of tens of nanometers on the outer coating, and slightly bigger on the inner surface. Notably, 

the contours of the NPs are not well defined, indicating a complete embedding process of the TiO2 

from the PMMA matrix. Also in this case, the surfaces do not have any discontinuous regions of 

coating. Additionally, the EDX analysis (Figure 4.9 c) confirms the nature of the nanoparticles, as 

evidenced by the peaks at 0,45 and 4,рм YŜ±Σ ŀǘǘǊƛōǳǘŜŘ ǘƻ ¢ƛ [ ŀƴŘ Yʰ ƭƛƴŜǎΦ ¢ƘŜ / Yʰ ǎƛƎƴŀƭ ŀǘ л,27 

YŜ± ƛǎ ŀǘǘǊƛōǳǘŀōƭŜ ǘƻ ǘƘŜ ǇƻƭȅƳŜǊƛŎ ƳŀǘǊƛȄΦ ¢ƘŜ h Yʰ ǎƛƎƴŀƭ ŀǊƛǎŜǎ ƛƴǎǘŜŀŘ ŦǊƻƳ ōƻǘƘ ǘƘŜ taa! ŀƴŘ 

TiO2 components, and the Au signal is due to the coating carried out to obtain SEM images. The O, 

Na, Mg, Al and K signals arise instead from the glass of the capillary. 

 

Figure 4.9 FE-SEM images of the PMMA@TiO2 layered inner (a) and outer (b) of the capillary surfaces. EDX analysis of the inner 
capillary surface (c). 

Moreover, the morphological characterization of the capillary coated with the PMMA-TiO2 physical 

blend has been performed and reported in Figure 4.10. In this system, the surfaces of the inner and 

outer coatings show a low homogeneity of the TiO2 NPs dispersion (Figure 4.10 a and b, 

respectively). The presence of non-negligible segregation phenomena on both surfaces can be 

asserted. This result is in agreement with the lower photocatalytic efficiency of the PMMA-TiO2 

physical blend coating. 
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Figure 4.10 FE-SEM images of the PMMA-TiO2 physical mixture layered inner (a) and outer (b) of the capillary surfaces. 

Finally, a brief comparison with other systems reported in the literature, used for the toluene 

photocatalytic degradation (Table 4.1), confirmed the feasibility of our system in meeting the 

current request of limiting the amount of critical materials (such as titanium).[25] In fact, in our case, 

with only 0,6 mg of TiO2 efficiently embedded into PMMA and deposited in the photoreactor, better 

performances were obtained than that of bare TiO2 powders (100 mg) in a similar experimental 

setup under simulated solar light irradiation.[5] Besides, our system also showed higher efficiency 

than other reported TiO2-based catalysts (TiO2 powder amount from 10 to 100 mg). 

Samples Experimental conditions TiO2 % wt Toluene 

conversion (%) 

Ref. 

PMMA@TiO2 

micropipes-glass 

reactor 

ppm: 1000 

Flow: 20 mL/min 

Time of irradiation: 2 h 

Lamp: solar 

Weight of photocatalyst: 

12 mg 

5  56 This work 

TiO2  

(Aeroxide® P25) 

ppm: 1000 

Flow: 80 mL/min 

Time of irradiation: 5 h 

100 46 [5] 
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Lamp: solar 

Weight of photocatalyst: 

100 mg 

TiO2/Bi/Bi2MoO6 ppm: not indicated 

Flow: not indicated 

Time of irradiation: 2 h 

Lamp: xenon 

Weight of photocatalyst: 

2 g 

> 5  26 [26] 

Ce, S and N  

doped TiO2 

ppm: 30 

Flow: 30 mL/min 

Time of irradiation: 5 h 

Lamp: xenon 

Weight of photocatalyst: 

500 mg 

> 5  30 [27] 

TiO2-SBA-15 ppm: not indicated 

Flow: not indicated 

Time of irradiation: 7 h 

Lamp: xenon 

Weight of photocatalyst: 

50 mg 

20 60 [28] 

Pt/TiO2 -rGO  

aerogel 

ppm: 220 

Flow: not indicated 

Time of irradiation: 3,5 h 

Lamp: xenon 

Weight of photocatalyst: 

1,2 g 

> 5  60 [29] 

Table 4.1 Table of comparison with the literature for the solar photocatalytic oxidation of toluene. 
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Nevertheless, it is important to underline that a quantitative comparison among the various TiO2-

based systems is very difficult, due to the different experimental setups, VOC concentrations, 

irradiation sources and times. However, considering the limited amount of TiO2 here examined, it is 

clear that the investigated photoreactor allows to decrease the amount of TiO2 maintaining a 

noteworthy performance. The deposition of the thin film of PMMA@TiO2 nanocomposite and the 

reactor configuration allowed to maximize the exposition of the surface-active sites of TiO2 to the 

solar irradiation, boosting up the VOCs photo-oxidation. 

4.4 Evaluation of Photocatalytic Efficiency Towards Gaseous 

Pollutants in a Real City Environment  

As a proof of concept of the efficiency of photocatalytic nanocomposites also towards air pollution 

in a real city environment, the nanocomposites (PS@TiO2, PVAc@TiO2 and PMMA@TiO2) were used 

ŀǎ ƛƴƪ ǘƻ ǿǊƛǘŜ ǘƘŜ ǿƻǊŘ ά{ahDέ ōȅ ōǊǳǎƘƛƴƎ ǘƘŜ ǎŀƳŜ ŀƳƻǳƴǘ ƻŦ ǘƘŜƛǊ ŘƛǎǇŜǊǎƛƻƴ ƛƴ ¢IC ƻƴǘƻ ŀ 

white canvas (Figure 4.11, left-bottom). As a reference, related homopolymers free of TiO2 NPs were 

also used for the same purpose (Figure 4.11, left-top).  

The canvas was exposed in an open environment in front of the busy ring road of the city of Catania 

(Italy) for 9 months (May-January) in a sunny position. When evaluating the canvas after 9 months, 

as expected, altered colours of the canvas due to the effects of pollution were observed. 

Nevertheless, the areas covered with the photocatalytic nanocomposites maintained the original 

ōǊƛƎƘǘ ǿƘƛǘŜ ŎƻƭƻǳǊ ƻŦ ǘƘŜ ŎŀƴǾŀǎΣ ǘƘǳǎ ǎƘƻǿƛƴƎ ά{ahDέ ǿƻǊŘǎ ōǊƛƎƘǘŜǊ ǿƘƛǘŜ ŦƻǊ taa!Ϫ¢ƛh2 than 

PVAc@TiO2 and PS@TiO2 (Figure 4.11, bottom right). Instead, the canvas surface that had the same 

word written with the pure homopolymers did not reveal any bright areas (Figure 4.11, top right).  
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Figure 4.11 Photos of canvas covered with thin films of homopolymers (top) and nanocomposites (bottom) just installed (image on 
the left) and exposed to air pollution for 9 months (image on the right). 

Based on the bright intensity of the painted ǿƻǊŘ ά{ahDέΣ ǘƘŜ ŎŀƴǾŀǎ ŜȄǇŜǊƛƳŜƴǘ ŎƻƴŦƛǊƳŜŘ ǘƘŜ 

highest photodegradation efficiency of the PMMA@TiO2 nanosystems, showing a much brighter 

written. Considering that all nanocomposites have the same TiO2 NPs dispersion homogeneity 

within the polymer matrix, to explain the highest efficiency of PMMA@TiO2, different parameters 

must be considered, and the interactions of the organic matrix with the semiconductor 

nanoparticles should play a key role: it has been already reported that, as well as the wettability, 

the PMMA matrix induces local waveguide effects of the light arising from differences in the 

material's refractive indexes,[30] that enhance the light propagation within the material; the electric 

dipole layer originated by the electronic charge interaction at the PMMA/TiO2 interface might 

accelerate the charge separation more efficiently than in PVAc/TiO2 or in PS/TiO2.[31] 

4.5 Conclusion  

Experimental data indicate that the PMMA@TiO2 nanocomposite, layered on an ad-hoc designed 

photocatalytic reactor, used to oxidize some volatile organic compounds using solar light as an 

energy source, showed an excellent performance with respect to the common nanopowder-based 

photoreactors.  

PS

PS@TiO2 PVAc@TiO2 PMMA@TiO2

PVAc PMMA

PS@TiO2 PVAc@TiO2 PMMA@TiO2

PS PVAc PMMA
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In addition, the optimized nanocomposite applied for the abatement of ethanol, toluene, and 

acetone, showed better photocatalytic performance towards ethanol oxidation, with respect to the 

results obtained with TiO2 used in the nanopowder form. The photocatalytic abatement efficiency 

toward VOCs was also examined in terms of VOCs degradation using three different flow rates. The 

obtained results demonstrated that low flow rates enhance the conversion of VOCs, showing a close 

correlation between efficiency and flow rate. The performance of the designed reactor makes it 

promising for the in-situ degradation of VOCs and an ideal candidate for environmental 

decontamination applications. Further studies on this type of reactor will focus on the long-term 

behaviour of the material and its performance with more recalcitrant VOCs, enhancing the 

applicability of this material/reactor configuration. Finally, the morphology and the compositional 

homogeneity of the nanocomposite coating were addressed through FE-SEM-EDX analysis. 

Experimental data showed that the nanocomposite coating has a much more homogeneous 

distribution of TiO2 NPs compared to the PMMA-TiO2 physical mixture. Notably, beyond this 

application, the results obtained with the glass-photoreactor open new perspectives to apply these 

systems to real-world building surfaces, particularly glass-based structures. 

In photodegradation experiments against real-world pollutants abatement, performed by using 

painted canvas as support, PMMA@TiO2 confirmed its highest efficiency compared to other TiO2-

based nanocomposites (PS@TiO2, PVAc@TiO2). 

To sum up, photocatalytic nanocomposites are promising systems to be applied on glass-based 

building surfaces, paving the possibility for their industrial scale-up. This possibility is strongly 

supported by the simple and cheap synthetic approach. Moreover, the versatility of the 

thermoplastic films allows them to be applied onto different surfaces exposed to sunlight, through 

conventional easy and inexpensive deposition techniques, this aspect will be discussed in Chapter 

8.  
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5 Study of the B ehaviour of Cement as a Substrate 

for Polymer -B ased Nanocomposites in the 

A batement of Pol lutants  in A queous Media  

5.1 Introduction  

Recently, the application of photocatalytic coatings on cementitious surfaces has gained increasing 

ƛƴǘŜǊŜǎǘ ŘǳŜ ǘƻ ŎƻǎǘǎΩ ǊŜŘǳŎǘƛƻƴ ǎƛƴŎŜ ƛǘ ǊŜǉǳƛǊŜǎ ƭŜǎǎ ǇƘƻǘƻŎŀǘŀƭȅǎǘ ǘƘŀƴ ǇƘƻǘƻŎŀǘŀƭȅǘƛŎ cement [1]. 

In fact, cement is an optimum substrate for photocatalysts due to its suitable pore structure, 

stability, adhesion, processability, low cost and durability [2]. 

In Chapter 4 the characteristics and performances of photocatalytic thin film nanocomposites 

layered into a glass photoreactor were assessed for gaseous pollutant degradation. The study now 

shifts the focus to investigating how cement-based matrices might influence photocatalytic 

processes. If the cement porous structure can facilitate the photocatalytic process [3] by adsorbing 

the pollutant on its matrix, on the other side the alkaline environment of the cement should be 

considered, since it might influence the structure of ionic pollutants in the solution, further 

influencing the overall process. 

To approach the issue, the study began with the investigation of the system in an aqueous media. 

As a first step, the cement matrix layered (and not) with the polymer-based nano-photocatalytic 

systems was studied in the aqueous phase in the abatement of Methylene Blue, chosen as a model 

ionic pollutant. The unexpected behaviour observed during these tests led to the investigation of 

the photoactivity of cement powders in an aqueous MB solution, and then of the effects due to 

adsorption and pH-related phenomena.  
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5.2 Materials and Methods  

5.2.1 Preparation of standard test specimens (UNI EN 196-1). 

The specimens were prepared according to EN 196-1, keeping constant the water / cement / sand 

ratio of 1:2:6. Due to its diffused use in residential constructions, Portland cement CEM 42.5 N was 

chosen to prepare mortar specimens. 

As reported in EN 196-1 standard, for preparing mortar it was used an amount of 450(±2) g of 

cement, 1350(±5) g of sand and 225(±1) g of water. 

As a standard procedure, a mixer equipped with a stainless-steel bowl with a capacity of 5l, 

according to EN 196-1, was used. First, water was poured into a bowl, and cement was added. The 

mixer was started immediately at low speed (rotation 140 minҍ1) and after 30 s, standard sand was 

steadily added for the next 30 s. 

Afterwards, the mixer was switched to the higher speed (285 minҍ1) for an additional 30 s. To 

remove all the mortar adhering to the wall and the bottom part of the bowl, the mixer was stopped 

for 90 s. Ultimately, the mixing was continued at high speed for 60 seconds.  

The so-prepared mortar was poured into standard moulds to obtain 40 mm × 40 mm × 160 mm 

prisms, layering and compacting the mortar in the mould in two series of 60 jolts each, as described 

in EN 196-1. 

Then, the specimens were covered with a glass plate and collocated in a humid chamber, for 24h. 

After 24h standard specimens were de-moulded and put horizontally inside a cement curing tank, 

making sure they were submerged in water at 20,0±1,0°C and aged for 28 days. 

The above-described procedure is outlined in Figure 5.1. 
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Figure 5.1 {ǘŀƴŘŀǊŘ ǎǇŜŎƛƳŜƴǎΩ ǇǊŜǇŀǊŀǘƛƻƴ ŀŎŎƻǊŘƛƴƎ ǘƻ 9b мфс-1. 

Water

Standard 
Sand

Cement

Mixer

1. Stirring: 140 minҍм for 30s.

2. Stirring: 285 minҍмfor 30s and 
addition of standard sand.

3. Stop stirring: 90s to remove the 
ƳƻǊǘŀǊ ŦǊƻƳ ǘƘŜ ōƻǿƭΩǎ ǿŀƭƭΦ 

4. Stirring: 285 minҍмfor 60.s. 
Fresh mortar is poured into the mould.

The mouldis transferred in a jolting
apparatus.

Jolting: two series of 60 jolts each.

The mouldis transferred in a curing 
chamber.

Water and cementare poured into the 
mixer.

Jolting apparatus

Cement and water are stirredin 
the mixer while sand is added.

Curing: 1 day at controlled temperature and 
humidity.

Mortar standard specimens are 
transferred in a curing tank.

Curing: 28 days in water at a controlled 
temperature.

Mould for 
standard 

specimens

Curingchamber

Curingtank
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Standard specimens are de-moulded
to obtain the final product.
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5.2.2 Preparation of mortar plates to be used as a substrate for experiments in 

aqueous environment 

To manage the mortar as a substrate for nanocomposite thin films to perform tests in an aqueous 

environment, a specific specimen was designed. The mortar was prepared following the procedure 

described in Paragraph 5.2.1, according to the EN 196-1 method, with the exception that a home-

made system was used as a mould (Figure 5.2 a and b), producing mortar plates capable of fitting 

inside 1 cm optical path cuvettes. After 28 days of ageing in water, the mortar plates were left drying 

at ambient temperature and then de-moulded (Figure 5.2 c).  

 

Figure 5.2. Representation of the different phases of mortar plates making process for tests in an aqueous environment. Freshly 
prepared mortar is homogeneously distributed in a hand-made mould (a). After the ageing period, the mortar plates were left 

drying (b) and then de-moulded (c). 

The resulting dried mortar plate was set in a PMMA cuvette to perform tests in the aqueous phase. 

The final system is presented in Figure 5.3 a, each of the mortar plates weighs 1,4 ± 0,2 g and its 

sizes are 3,35 ± 0,01 × 0,92 ± 0,08 × 0,28 ± 0,01cm. 
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Figure 5.3. The mortar plate: Front view (a), side view (b) and mortar plate collocation inside a 1 cm optical path PMMA cuvette (c). 

5.2.3 Deposition of nanocomposite thin film on mortar plates 

A thin nanocomposite film was applied onto the de-molded specimens (Figure 5.2 c). The chosen 

nanocomposite was first dissolved in THF at a concentration of 10 mg/ml and then sonicated for 30 

minutes. Deposition was performed by casting with an automatic pipette, uniformly distributing 60 

µl of the solution across the entire surface of each mortar plate, resulting in approximately 0,03 mg 

of photocatalyst per plate. After the deposition, the nanocomposite was air-dried first and then 

placed in a vacuum oven for 12h at 50°C. 

Once dried, the mortar samples were transferred to a clean PMMA cuvette for photocatalytic tests 

(Figure 5.3). For repeatability studies, three specimens were prepared for each nanocomposite. 

5.3 Results and Discussion  

5.3.1 Verification of photocatalytic activity of nanocomposites on mortar plates in 

aqueous environment 

To study the behaviour of cement used as a substrate for photocatalytic nanocomposites in the 

abatement of aqueous pollutants, preliminary tests were conducted using an aqueous solution of 

Methylene Blue (MB, chosen as a model ionic pollutant) in the presence of nanocomposites layered 

on mortar plates, specifically prepared for tests in aqueous phase (see Paragraph 5.2.2). In 
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particular, it has been compared the photochemical activity expressed by the novel-synthetized 

nanocomposites (PMMA@TiO2, PVAc@TiO2 and PS@TiO2) layered as thin films on the cement 

surface (procedure described in Paragraph 5.2.3) and the photochemical activity exhibited by TiO2 

powder suspended in the water with the presence of the mortar plate. The degradation of the 

pollutant was monitored over time the absorbance value at 665nm. The test results are reported in 

Figure 5.4. 
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Figure 5.4. Methylene Blue photolysis and photodegradation in the presence of mortar plate considering the absorbance values at 
665 nm. Studied systems are detailed in the legend. The inset provides a zoom of the exposition light-time period. 

Figure 5.4 evidence that, despite the relevant adsorption phenomenon that is visible during the dark 

time period (amenable to the porosity of the mortar matrix), the degradation of the pollutant during 

the light exposure period appears very efficient.  

The observed variation suggests that the photocatalytic oxidation of MB might not be the only 

reason for its decrease in concentration but should be taken into account also other phenomena, 

related to the chemical-physical properties of the mortar substrate: 

¶ the alkaline environment (generated from the occurrence of hydration reaction, involving 

mainly silicates and aluminates in the cement matrix);  

¶ the occurrence of adsorption phenomena due to the porosity of the mortar.  
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Moreover, due to the presence of different metal oxides, especially in the composition of cement, 

one could think that also the mortar could exhibit a photochemical activity. 

All these aspects are approached in depth in the next Paragraphs. 

5.3.2 Verification of photoactivity of cement powders in aqueous dye solution 

Firstly, the photochemical activity of cement powders was verified. Cement aqueous suspensions 

were prepared according to the procedure exposed in Paragraph 2.2.2 using CEM IIIB, CEM 42,5, 

CEM 32,5, Pozzolanic Cement, Sand and Mortar (with CEM 42,2 as cement matrix) powders. MB was 

used as a model pollutant. The experimental setup used is fully described in Paragraph 2.2.2. 
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Figure 5.5. Methylene Blue tƘƻǘƻƭȅǎƛǎ ŀƴŘ tƘƻǘƻŘŜƎǊŀŘŀǘƛƻƴ ǿƛǘƘ ƳƻǊǘŀǊ ŀƴŘ ƳƻǊǘŀǊ ŎƻƴǎǘƛǘǳŜƴǘǎΩ ǇƻǿŘŜǊǎΦ 5Ŝǘŀƛƭǎ ƻŦ ǘƘŜ ǘŜǎǘŜŘ 
systems are in the insert. 

Experimental results are shown in Figure 5.5 and evidence that cementitious powders, at the 

concentration used, do not express any photochemical activity, since the decrease in concentration 

observed for MB is only due to the dye photolysis.  
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The obtained results, while made possible to investigate the potential photoactivity of these 

systems using concentrations already employed for photocatalystΩ ǇƻǿŘŜǊǎ όParagraph 2.2.2), they 

do not fully explain the processes involved when mortar is in contact with water and in the presence 

of an ionic pollutant. In fact, at the low amount of mortar powders and its constituents used in this 

test όмϊмл-3 w/w%), it is not possible to fully appreciate the possible influence of the pH, nor the 

absorption phenomena exhibited by the system. 

5.3.3 Evaluation of ƳƻǊǘŀǊΩǎ influence in the reaction environment 

To have an overall view of the possible phenomena associated with the presence of an aged mortar 

plate in an ionic pollutantΩǎ solution, specific experiments were set. A mortar plate (prepared 

accordingly to 5.2.2) was placed in a cuvette containing a MB solution (initial concentration Ғ1,8·10-

5M). The system was kept in dark conditions under stirring for 24 hours. The concentration of the 

pollutant was monitored over time through UV-Vis analysis and the pH solution (after 2h from the 

start of the experiment the pH remained constant at Ғ12,5). 

In the first hour of the experiment, the test result (represented in Figure 5.6) evidences the decrease 

of the main band of MB (at 665nm, green dashed line in Figure 5.6) and of its shoulder at 615 nm 

(red dashed line in Figure 5.6), as it is expected in the presence of normal adsorption phenomena. 

The inset in Figure 5.6 shows the UV-Vis intensity ratio between the absorption bands at 665 nm 

and 615 nm, as a function of time. Notably, after the first hour of the experiment it is observed a 

marked variation of the intensity ratio value, probably indicating the occurrence of molecular 

structure changes over time. 
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Figure 5.6. Degradation of Methylene Blue in the presence of the mortar plate (pH = 12,5). In the inset, the UV-Vis intensity ratio 
between the absorption bands at 665 nm and 615 nm, as a function of time. 

5.3.4 Photolysis and photodegradation of aqueous MB solution at controlled pH 

To investigate the reasons behind the change in the absorbance spectrum (Paragraph 5.3.3), the 

influence of pH in the degradation of Methylene Blue was evaluated. The aqueous environment, in 

fact, had a pH of approximately 12,5 due to the formation of calcium-silicate-hydrate and calcium 

hydroxide, according to the following reactions (Paragraph 1.5): 

ςὅὥὛὭὕ  χὌὕᴼσὅὥὕςὛὭὕ τ Ὄὕί σὅὥὕὌ  

ςὅὥὛὭὕ  υὌὕᴼσὅὥὕςὛὭὕ τ Ὄὕί ὅὥὕὌ  

  

300 400 500 600 700

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

0 1 2 3 4 5 6 7

1,0

1,2

1,4

1,6

1,8

A
b

s
o

rb
a
n

c
e
 r

a
ti
o

 v
a

lu
e
 6

6
5

/6
1

5

Time (h)

A
b

s
o

rb
a
n

c
e

Wavelength [nm]

 t = 0

 t = 0,30 h

 t = 1,00 h

 t = 1,30 h

 t = 2,00 h

 t = 4,30 h

 t = 5,30 h

 t = 6,30 h

 t = 7,00 h

 t = 24,00 h

665 nm

615 nm



 Study of the Behaviour of Cement as a Substrate for Polymer-Based Nanocomposites in 
the Abatement of Pollutants in Aqueous Media 

5 

 

91 
 

PǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ǘƘŜ ǎƻƭǳǘƛƻƴΩǎ ǇI ƘŜŀǾƛƭȅ affects MB photooxidation [4]. In fact, 

in the presence of TiO2 NPs, an alkaline pH enhances photocatalytic activity by increasing the 

concentration of hydroxyl ions (OH-) to react with the holes in ǘƘŜ ǇƘƻǘƻŎŀǘŀƭȅǎǘΩǎ ǾŀƭŜƴŎŜ ōŀƴŘ to 

form hydroxyl radicals (·OH), leading to enhanced photocatalytic activity [4, 5]. Although this 

phenomenon is well-documented in literature [4, 5], so far, to our knowledge, it has not yet been 

studied in the presence of both photocatalyst (TiO2) slurry and a mortar plate in the aqueous 

environment. This aspect will be explored further in Paragraph 5.3.5. 

Furthermore, studies [6] have demonstrated that, in alkaline pH environments, MB can undergo 

complete demethylation over time, converting finally into thionine according to the mechanism 

presented in Figure 5.7. This process involves the sequential removal of methyl groups, starting from 

tetramethyl thionine (Methylene Blue) and continuing through its intermediates: trimethyl thionine 

(Azure B), dimethyl thionine (Azure A), monomethyl thionine (Azure C), till reaching the completely 

demethylated product, Thionine. 

In this scenario, the spectral changes noted in Paragraph 5.3.3, with a decreasing intensity at 665 

nm (Figure 5.6), could correspond to the demethylation of MB, indicated by the growing shoulder 

at 550 nm. In addition to that, there could be simultaneous physisorption of MB and its 

demethylated byproducts onto the mortar, further complicating the scenario. 
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Figure 5.7. Structures of MB and its intermediates derived from molecule demethylation process in an alkaline environment. 

Given this evidence, to go deeper in the study of these systems, it was necessary to find a zone in 

the UV-Vis spectrum of Methylene Blue that is unaffected by the demethylation process. In the UV-

Vis spectrum of MB, the absorption between 550ς700 nm is usually attributed to a chromophore 

containing a long conjugated system, whereas the absorption peak at 292 nm is due to the aromatic 

rings [7, 8]. 
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So, it can be hypothesized that demethylation alters the electronic distribution in the conjugated 

system, thus influencing the bandgap energy associated with the electronic transition in the region 

between 550ς700 nm together with variations of ǎŀƳǇƭŜΩǎ ƳƻƭŀǊ ŀōǎƻǊǇǘƛƻƴ όFigure 5.10). The peak 

at 292 nm, instead, is associated with -̄ˉϝ ǘǊŀƴǎƛǘƛƻƴǎ ƻŦ ǘƘŜ ŀǊƻƳŀǘƛŎ rings [7, 8], which are less 

affected by pH, due to the intrinsic stability of the aromatic systems. 

5.3.5 Alkaline environment due to the presence of mortar or NaOH: A 

photocatalytic performance comparison 

To determine whether mortar itself, in addition to its pH-altering effect, influences photocatalytic 

activity, comparative tests evaluating MB photolysis and photodegradation in the presence of TiO2 

slurry were performed.  

 

Figure 5.8 Samples prepared to evaluate the influence of mortar presence over/apart from pH-related effects. 

Four systems were tested: 

a. System a: consisted of a mortar plate immersed in a MB solution with TiO2 slurry, where the 

ǇIҒмнΣр ǿŀǎ due to the presence of the mortar (Figure 5.8 a). 

b. System b: TiO2 slurry in a MB solution. The pH was adjusted ǘƻ ǇIҒмнΣр ǳǎƛƴƎ ǎƻŘƛǳƳ ƘȅŘǊƻȄƛŘŜ 

(Figure 5.8 b). 
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c. System c: consisted of a mortar plate immersed in a MB solution, with a ǇIҒмнΣр ŘǳŜ ǘƻ ǘƘŜ 

presence of the mortar (Figure 5.8 c). 

d. System d (Figure 5.8 d) consisted of a MB solution ǿƛǘƘ ǘƘŜ ǇI ŀŘƧǳǎǘŜŘ ǘƻ ҒмнΣр ǳǎƛƴƎ NaOH. 

In all systems, the initial MB concentration was Ғ3·10-5M. Systems with TiO2 slurry (a and b) were 

prepared following the procedure exposed in Paragraph 2.2.2. 

Due to the higher stability of the aromatic rings in the MB structure, the 292 nm absorbance band 

was monitored (see Figure 5.9). 
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Figure 5.9. Methylene Blue Photodegradation with and without mortar plate at pH=12,5. 

a) TiO2 slurry/mortar 1,5·10-2

b) TiO2 slurry/NaOH 1,08·10-2

c) Photolysis/mortar 2,08·10-2

d) Photolysis/NaOH 5,83·10-3

k

 

Table 5.1. Kinetic constant (k) values for each photodegradation experiment are represented in Figure 5.9. 
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The results (Figure 5.9) revealed an important adsorption contribution due to the presence of the 

cement matrix. Moreover, comparing systems a to b and c to d, photocatalytic activity was higher 

when the mortar plate was present (Table 5.1). This may be because, in NaOH-added systems (b 

and d), hydroxide ions (OH-) are limited in the reaction environment and are gradually consumed 

over time, whereas the mortar (systems a and c) continually generates hydroxide species through 

cement hydration reactions. The degradation process therefore is heavily influenced by the solution 

pH, probably following the mechanism reported in Figure 5.7. 

Interestingly, in tests a and c, the kinetic constant for photolysis was higher than that of 

photocatalysis with TiO2 slurry, probably indicating that titania prevents the pathways for MB 

degradation through an alkaline pathway. 

Methylene Blue degradation under prolonged alkaline conditions: MALDI-TOF Analysis 

To confirm Methylene Blue degradation under prolonged alkaline conditions, Figure 5.11 shows 

MALDI-TOF (Matrix-Assisted Laser Desorption Ionization - Time of Flight Mass Spectrometry) mass 

spectra of Methylene Blue before treatment (Figure 5.11 a) and after 6-month treatment keeping 

the solution in dark conditions, under stirring ŀǘ ǇI Ғ мнΣр using NaOH (Figure 5.11 b). Notably, after 

6 months, a precipitate has formed in the alkaline-treated sample (Figure 5.10, inset b), likely due 

to inorganic salts. Both samples (Figure 5.10, insets a and b) were dissolved in dichloromethane to 

a concentration of approximately 3·10-5M. 
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Figure 5.10 Methylene Blue UV-Vis spectrum before treatment (sample a, in the inset) and after 6-ƳƻƴǘƘ ǘǊŜŀǘƳŜƴǘ ŀǘ ǇI Ғ мнΣр 
using NaOH (sample b, in the inset).  

In the spectrum of the untreated sample (Figure 5.11 a) the molecular peak of Methylene Blue is 

evident at m/z = 286, detected as molecular species minus Cl- (indicated in the figure as MB+). In 

contrast, after 6-month treatment at pH 12,5, Figure 5.11 b shows this molecular peak's 

disappearance, indicating that Methylene Blue has degraded forming the following de-methylated 

by-products (numbered from I to IV in Figure 5.7 and Figure 5.11 b): 

I. Azure A, at m/z = 270;  

II. Azure B, at m/z = 255; 

III. Azure C, at m/z = 239; 

IV. Thionine, at m/z = 223.  

Notably, each peak concerns the M+ ion species detected as molecular species minus Cl-. 
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Figure 5.11 MALDI-TOF mass spectra of (a) Methylene Blue before treatment and (b) after 6-month ǘǊŜŀǘƳŜƴǘ ŀǘ ǇI Ғ мнΣр (NaOH). 

Similar results to those of Methylene Blue after 6-ƳƻƴǘƘ ǘǊŜŀǘƳŜƴǘ ŀǘ ǇI Ғ мнΣр όbŀhIύ were 

obtained running the test at the same experimental conditions and in the presence of a mortar plate 

ƛƳƳŜǊǎŜŘ ƛƴ ŀ a. ǎƻƭǳǘƛƻƴΣ ǿƛǘƘ ŀ ǇIҒмнΣр ŘǳŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ƳƻǊǘŀǊ (Figure 5.8 c). 

5.3.6 Evaluation of the photocatalytic performance expressed by polymer-based 

nanocomposites 

Given the enhanced photocatalytic activity observed in the presence of mortar, further tests were 

performed to assess the photooxidative capacity of polymer-based nanocomposites (PMMA@TiO2, 

PVAc@TiO2 and PS@TiO2) when deposited as thin films on mortar for aqueous pollutants 
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degradation. Similarly to previous tests, ǘƘŜ ƛƴƛǘƛŀƭ a. ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ Ғоϊмл-5M, and its 

degradation was monitored by following the absorbance at 292 nm. 

Figure 5.12 shows the results of these tests, and Table 5.2 reports the corresponding kinetic 

constants for each system. 
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Figure 5.12. Methylene Blue photolysis and photodegradation in the presence of mortar plate considering the absorbance values at 

292nm. Studied systems are detailed in the legend. The inset provides a zoom of the light-time period. 

Photolysis/mortar ΞЯΝҶΝΜ-2

TiO2 slurry/mortar ΝЯΡҶΝΜ-2

PMMA@TiO2/mortar ΞЯΦҶΝΜ-2

PVAc@TiO2/mortar ΟЯΜҶΝΜ-2

PS@TiO2/mortar ΞЯΣҶΝΜ-2

k

 

Table 5.2. Kinetic constant k values for each photodegradation experiment which is represented in Figure 5.12. 

The notable decrease in MB concentration registered during the light exposure period (Figure 5.12) 

might be indicative of an increase in the adsorption kinetic due to temperature, which could 

enhance the physisorption of Methylene Blue and its demethylated byproducts on the mortar.  
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Despite the complexity of the studied systems, it is noteworthy that the nanocomposites deposited 

on the mortar plate exhibited higher photochemical activity compared to TiO2 slurry. Moreover, it 

can be stated that even when deposited on a mortar substrate, the PMMA@TiO2 and PVAc@TiO2 

nanocomposites confirmed the highest efficiency compared to PS@TiO2 [9], likely due to its 

optical/chemical-physical properties [10]. Nevertheless, in the case of PVAc@TiO2, due the alkaline 

environment, the hydrolysis of PVAc backbone (with its release in aqueous solution) cannot be 

excluded. 

5.4 Adsorption Phenomen on  of Rhodamine B in the Presence of a 

Mortar Plate  

To conduct a comprehensive study, the adsorption of the pollutant into the mortar must be 

considered. Adsorption is a crucial step in photocatalytic degradation processes, particularly when 

the photosensitive material (thermoplastic nanocomposite) is layered on an absorbent substrate 

such as mortar or concrete. Generally, since photocatalysis is an interfacial reaction, pollutants are 

degraded more efficiently when they diffuse to the surface of the catalysts [4, 11]. 

5.4.1  Samples preparation and experimental procedure 

For the experiment, 3 ml of a Rhodamine B (RB) solution (Figure 5.13), chosen as a model pollutant, 

with a concentration of approximately 1 10-5 M, was prepared in a cuvette together with a bare 

mortar plate. The system was kept in dark conditions and under stirring and the ŘȅŜΩǎ concentration 

was followed over 2h (Figure 5.14) through UV-Vis analysis. Rhodamine B, a model molecular dye 

that absorbs in the visible light range, was chosen because preliminary tests confirmed that it 

remains stable in the alkaline conditions of the experiment. 
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Figure 5.13 Rhodamine B structure. 

 

Figure 5.14 Chromatic variation of Rhodamine B solution due to adsorption on the bare mortar plate. 

To evaluate the influence of a thin polymeric coating on the mortar surface, the dye absorption 

kinetic was also investigated using a mortar plate coated with a PMMA thin film (the sample 

preparation is described in Paragraph 5.2.3). The same experimental procedure described above for 

the bare mortar was followed. 

The adsorption rate constant follows a pseudo-first-order kinetic: 

ÌÎή ή ÌÎή Ὧὸ 

Where: 

ή is the amount of RB adsorbed at time t [mg/g]; 

ή is the amount of RB adsorbed at equilibrium [mg/g]; 
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Ὧ is the first-order rate constant [g/mg·min]. 

Figure 5.15 shows the adsorption kinetics of Rhodamine B on the mortar plate (red) and on the 

PMMA/mortar system (black). 
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Figure 5.15. Adsorption pseudo-first-order kinetic model of Rhodamine B on the mortar plate substrate (red) and the system 
PMMA/mortar plate (black). The parameters for the fitting curves are reported in the inset. 

The fitting parameters are reported in the inset (Figure 5.15) and the high R2 values confirm the 

pseudo-first-order model's validity for both systems. The pseudo-first-order kinetic model implies 

that the adsorption is a capacity-dependent process, rather than being limited by the fraction of 

available adsorption sites [12]. 

The adsorption capacities (ή) for both systems are similar, evidencing slightly higher adsorption 

capacity for the bare mortar (ή πȟππφψσ for the mortar and ή πȟππσςχ for PMMA/mortar), 

evidence of a barely perceptible barrier function exhibited by the coating between the mortar and 

the aqueous solution. 
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5.5 Conclusion  

In this Chapter, photocatalytic tests were performed in Methylene Blue aqueous solutions in the 

presence of bare mortar or nanocomposite layered mortar. It has been demonstrated no significant 

photocatalytic activity at low concentrations of mortar powders and their constituents in an 

aqueous environment using a dye as a model pollutant. Instead, thermoplastic photocatalytic 

nanocomposites layered on cement surfaces showed interesting properties in the degradation of 

the dye. 

However, in the studied systems, the combined effect of adsorption onto the cement matrix and 

the ǎƻƭǳǘƛƻƴΩǎ ŀƭƪŀƭƛƴŜ ŜƴǾƛǊƻƴƳŜƴǘ determines the extent of MB degradation. In fact, it has been 

observed that the alkaline pH, primarily due to the hydration reactions of the mortar in water, plays 

a significant role in accelerating the degradation process of Methylene Blue and, as an extension, of 

ionic pollutants. 

When comparing the effects of mortar-induced alkalinity with NaOH solutions at the same pH, MB 

degraded faster in the presence of the mortar. This is likely due to the continuous generation of 

ƘȅŘǊƻȄƛŘŜ ƛƻƴǎ όhIѐύ ŦǊƻƳ ǘƘŜ ƻƴƎƻƛƴƎ ƘȅŘǊŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎ ƛƴ ǘƘe cement matrix. 

Photocatalytic tests showed that nanocomposite thin films deposited on mortar plates 

outperformed TiO2 slurries under similar conditions. Nonetheless, for quantitative assessments, 

additional experiments should be performed to account for the various phenomena occurring in the 

system, such as adsorption and pH effects. 

!ƭǎƻΣ ǘƘŜ ǇƻƭƭǳǘŀƴǘΩǎ ŀŘǎƻǊǇǘƛƻƴ ƻƴ ǘƘŜ ƳƻǊǘŀǊ ǎǳǊŦŀŎŜΣ ŀƴŘΣ ŀǎ ŀ ǊŜǎǳƭǘΣ ƻƴ ǘƘŜ ǇƘƻǘƻŎŀǘŀƭȅǘƛŎ 

nanocomposite, is a fundamental step in the photocatalytic reaction and has been evaluated in this 

study. It was demonstrated that the adsorption of Rhodamine B on the mortar plate (under the set 

experimental conditions) followed a pseudo-first-order kinetic model. 

In conclusion, the nanocomposite coatings studied can be considered promising for photocatalytic 

aqueous pollutants abatement when layered on mortar substrates. Even though the approach 

should be further implemented, this research provides valuable insights into some key aspects of 

these complex systems.  
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6 Thermoplastic Photocataly s t Coated onto Cement : 

gaseous VOCs  Abatement  Test  

6.1 Introduction  

Since the most polluted areas, such as industrial settlements and cities, are characterized by 

extensive cement surfaces, this study aims to exploit the unused horizontal and vertical surfaces of 

industrial plants and residential buildings to be used as photocatalytic substrates. In particular, 

these vertical surfaces can act as substrates to be layered with the photocatalytic nanocomposites 

investigated in this doctoral activity. 

Preliminarily, this study investigated the optimal amount of nanocomposite to deposit on cement 

surfaces to maximise photocatalytic efficiency. To explore new photocatalytic materials for 

environmental remediation, in addition to the well-known TiO2 (used as a standard), photocatalysts 

such as TiO2-1% SiC, Mn3O4-10% ZrO2, CeO2-1% TiO2, CeO2, and Mn3O4 were utilized to synthetize 

new PMMA-based nanocompositesΦ ¢ƘŜ ƳŀǘŜǊƛŀƭΩǎ photocatalytic performances were assessed and 

verified when layered on specimens simulating building cementitious surfaces.  

Finally, to assess the potential of these systems as alternatives to conventional photocatalytic 

materials used in the construction industry, a comparative analysis of their performance was 

conducted. 

As a simulating recalcitrant VOC pollutant, toluene in the gas phase was chosen for photocatalytic 

degradation testing.  
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6.2 Nanocomposites Synthesis  

Following the synthetic procedure described in Paragraph 3.2.1, novel PMMA-based photocatalytic 

nanocomposites were synthetized using as photocatalyst TiO2-1% SiC, Mn3O4-10% ZrO2, CeO2-1% 

TiO2, CeO2, and Mn3O4 at 5wt%. 

6.3 Mortar Specimens for Photocatalytic Tests  in Gaseous 

Environment  

6.3.1 Specimen preparation 

The specimens were prepared according to the procedure described in Paragraph 5.2.1, following 

the EN 196-1 method, except for the mould being used. 

The freshly prepared mortar was poured to fill half of the volume of the polypropylene cylinder 

reactor used for photocatalytic tests (Figure 6.3), compacting and removing the excess. The mass of 

materials used to produce a single mortar specimen is listed in Table 6.1. Molds containing freshly 

prepared samples were cured for 24 h, and then the specimens were immersed in tap water at a 

controlled temperature for 28 days. The exposed surface of these samples is 6,01 ± 0,08cm × 1,25 

± 0,01cm, while the average weight is 4,7 ± 0,6 g. The resulting system was used as a blank (Figure 

6.2 a). 

Specimen Without TiO2
Specimen With 5% TiO2 

Added

CEM 42.5N 1,18 1,18

TiO2 0,00 0,24

Standard Sand 3,53 3,53

Water 0,59 0,59

Material

Mass of Used Materials [g]

 

Table 6.1. Mass of materials used to produce a single mortar specimen. 
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Preparation of mortars for photocatalytic coatings 

To prepare specimens for photocatalytic coatings deposition, after the curing process in water, the 

specimens underwent a drying period of 3 days at a temperature of 25°C. Then, a thin 

nanocomposite film was applied onto the prepared specimens, previously demolded. The 

nanocomposite was solubilized in THF (10mg/ml). Then, it was sonicated for 30min. The deposition 

was performed using an automatic pipette: 60µl of the obtained solution was deposited covering 

homogeneously the whole surface. The entire process is resumed in Figure 6.1. After the deposition 

(Figure a), the system was dried first in the air and then in a vacuum oven for 12h at 50°C (Figure 

6.1 b). Finally, the mortar was transferred inside a clean reactor and the photocatalytic test was 

performed (Figure 6.1 c and Figure 6.2 b). 

 

Figure 6.1. Deposition of photocatalytic nanocomposites on mortar plate with a micropipette. (a) Nanocomposite thin film 
homogeneously covers the mortar plate surface and undergoes a drying phase. (c) Mortar is transferred inside a clean reactor. 

It is noteworthy that, for each variant of nanocomposite thin film, three specimens were produced. 

Preparation of conventional photocatalytic systems in the construction field. 

Among the most diffuse photocatalytic systems in the construction industry are photocatalytic 

mortars and systems in which TiO2 NPs are spread on the cement surface. To prepare photocatalytic 

mortar, specimens were prepared by replacing 5wt% of the mass of cement + sand with TiO2 NPs. 

Firstly, cement and TiO2 NPs were homogenously mixed according to the amounts reported in Table 

6.1. Then it was entirely followed the procedure for blank preparation described above. A schematic 
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representation of the resulting system is illustrated in Figure 6.2(c). The required amount of 

materials for the preparation of each specimen is tabulated in Table . 

Mortar plates used as substrates for TiO2 powders were prepared following the procedure 

employed for blank preparation. After the preparation of the bare mortar, 80mg of TiO2 NPs were 

physically distributed across the fresh mortar surface. Figure 6.2(d) illustrates the obtained system. 

 

Figure 6.2. Prepared specimens. (a) Blank specimen. (b) Specimens with nanocomposite thin film deposited on the surface. (c) 
Photocatalytic mortar: photoactive particles are embedded in the cementitious materials. (d) Specimens with TiO2 nanopowders 

deposited on the surface. 

6.3.2  Experimental Photocatalytic Setup 

Photocatalytic oxidation experiments were performed at atmospheric pressure and at 35 °C, with a 

gas flow rate of 40 mL/min. Toluene was selected as a model recalcitrant gaseous pollutant. The gas 

stream, consisting of toluene and an air-He mixture, was fed into the photoreactor, a polypropylene 

cylinder (Figure 6.3) filled to half its volume with the aged mortar-based systems. 

 

(b)

(c)

(d)

(a)
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Figure 6.3. Scheme of the reactor used for photocatalytic tests 

To account for potential adsorption effects, the gas mixture was first fluxed through the 

photoreactor for 1 h, under dark conditions, until steady-state conditions were achieved. 

Afterwards, the reactor was irradiated for 5 h with a solar-light simulating lamp (OSRAM Ultra-

Vitalux 300 W, 10,7 mW/cm2) kept perpendicular at a fixed distance (30 cm) from the photoreactor. 

During the photocatalytic reaction, the effluent gases were monitored by an online gas 

chromatography-mass spectrometry (GC-MS) system. The GC was equipped with a packed column 

(10% FFAP on Chromosorb W), a flame ionization detector (FID) and a quadrupole mass analyzer 

(VG quadrupoles). A simplified scheme of the experimental photocatalytic setup is reported in 

Figure 4.1. 

To obtain the adsorption and conversion percentage values, the following formulas were applied 

[1]: 

ὝέὰόὩὲὩ ὥὨίέὶὴὸὭέὲ Ϸ
4ÏÌÕÅÎÅ4ÏÌÕÅÎÅ

ὝέὰόὩὲὩ
Ͻρππ 

ὝέὰόὩὲὩ ὧέὲὺὩὶίὭέὲ Ϸ
ὝέὰόὩὲὩὝέὰόὩὲὩ

ὝέὰόὩὲὩ
Ͻρππ 

Where: 

¶ ὝέὰόὩὲὩ is the initial toluene concentration. 

¶ ὝέὰόὩὲὩ represents the saturation concentration of toluene held in dark conditions for 1 

hour. At this point, no variations in the VOC signal were detected by the quadrupole mass 

spectrometer. This value corresponds to the initial concentration just before the irradiation of 

the system begins. 

¶ ὝέὰόὩὲὩ  is the final concentration of toluene after 5 hours of radiation.  

  

GAS INPUT

GAS OUTPUT
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6.4 Results and Discussion  

6.5 Polymer -based samples characterization  

Aiming to develop photocatalytic polymer-based nanocomposites to be applied on cementitious 

surfaces for the abatement of atmospheric pollutants, the synthetized nanocomposites were 

suitably characterized. 

6.6 Thermal Properties Investigation  

Thermal properties of the synthetized nanocomposites were investigated through 

Thermogravimetric Analysis (TGA) in the air atmosphere and Differential Scanning Calorimetry (DSC) 

in the nitrogen atmosphere. The results obtained for nanocomposites were compared to the ones 

of the homopolymer (PMMA).  

TGA traces (Figure  (a) and Table 6.2) evidence that the peak degradation temperatures (PDT) 

registered for all the synthetized nanocomposites are higher compared to the one of PMMA, 

indicating a stabilizing effect due to the presence of the NPs, probably arising from the interaction 

of PMMA-carbonyl with metal-oxide NPs [2]. This phenomenon derives from the intercalation of 

polymer chains within the nanoparticles' porous microstructure, as an effect of radical bulk in-situ 

polymerization.  
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Figure 6.4.(a) TGA traces (air atmosphere). (b) DSC (nitrogen atmosphere) of PMMA-based nanocomposites. 
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DSC analysis shows no significant difference between the glass transition (Tg) of PMMA and the 

nanocomposites (Figure 6.4 (b) and Table 6.2). 

PMMA 0,00% 125,0 243,0 297,7

PMMA@TiO2 4,83% 124,3 243,5 370,5

PMMA@TiO2-1% SiC 3,55% 121,7 252,0 368,3

PMMA@MnOx-10% ZrO2 5,32% 124,8 220,0 342,8

PMMA@CeO2- 1% TiO2 5,99% 127,2 242,5 363,3

PMMA@CeO2 3,36% 127,9 227,0 323,7

PMMA@MnOx 4,39% 126,2 232,5 351,8

PMMA@ZrO2 2,37% 122,3 229,6 337,8

PDT [°C]
Photocatalyst 

Residue (800°C) [%]
Tg [°C] Tonset [°C]

 

Table 6.2. Summary table of the results of the thermal analyses. For each system are presented: glass transition temperature (Tg), 
onset temperature (Tonset), peak degradation temperature (PDT), and the percentage residue at 800°C. 

6.7 UV-Vis DRS  

An estimation of the bandgap energy is crucial in predicting the photophysical and photochemical 

properties of semiconductors.[3] With this purpose, UV-Vis Diffuse Reflectance Spectroscopy (UV-

Vis DRS) spectra were acquired for nanocomposites and their Eg was compared to one of the parent 

photocatalyst powders. The Kubelka-Munk function was applied to transform the diffuse 

reflectance measurements into the equivalent absorption coefficient. Subsequently, for bandgap 

energy determination, Tauc plots were generated. Results, reported in Figure 6.5, show similar 

bandgap energy values between the nanocomposites and their photocatalyst powders, suggesting 

that the enhanced performance is due to factors such as nanoparticle homogeneous distribution 

(resulting from radical bulk in situ polymerization approach) and the waveguide effect of the PMMA 

substrate. These plots allowed the determination of the bandgap energy of the synthesized 

polymer-based nanocomposites and allowed for comparison with their respective photocatalyst 

nanopowders [4, 5].  
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Bandgap Energy 
[eV]

 PMMA@Mn3O4 - ZrO2 10% 1,6
PMMA@Mn3O4 1,7
PMMA@CeO2 2,9

PMMA@TiO2-SiC 1% 3,0
PMMA@CeO2 - 1% TiO2 3,1

PMMA@TiO2 3,2

Mn3O4 - ZrO2 10% 1,7
Mn3O4 1,7
CeO2 2,7

TiO2-SiC 1% 3,0
 CeO2 + 1% TiO2 1,6

TiO2 3,2

PMMA-Based 
Photocatalytic 

Nanocomposites 
deposited on Mortar

Photocatalyst 
Nanopowders

 

Figure 6.5. Bandgap energies comparison of studied photocatalysts, nanocomposites and non-photocatalytic systems. 

6.7.1 Photocatalytic test results 

Firstly, the optimal amount of nanocomposite, and thereby of the photocatalyst, was determined 

to be deposited on the cement surface. This involved the execution of preliminary photocatalytic 

tests, where specimens with varying amounts of deposited nanocomposite were employed, using 

toluene as a model pollutant. 

Initially, the adsorption of toluene under dark conditions was investigated (Figure 6.6 and Table 6.3). 

The phenomenon was studied considering different amounts of PMMA@TiO2 deposited on the 

mortars. Remarkably, it was observed that the absorption and the conversion of toluene on the 

surface decreased with a twofold increase in the deposited nanocomposite.  
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Figure 6.6 Adsorption (a) and photocatalytic conversion (b) of gaseous toluene in the presence of different amounts of PMMA@TiO2 
nanocomposite deposited on mortar plate as a thin film. Tests were performed at T=35°C, using helium and air as purge gases and 

maintaining a constant flow of 40 mL/min.  

 

PMMA@TiO2 0,6 5% 0,03 6,6 23 24

PMMA@TiO2 1,2 5% 0,06 6,6 1 14
± 5 %

Pollutant

Toluene

Photocatalyst 

deposited 

[mg]

Surface 

covered 

[cm2]

Toluene 

absorbed t=1h 

(dark 

conditions) [%]

Sample

Deposited 

nanocomposite 

on surface 

[mg]

Photocatalyst 

[%wt]

Relative 

error     

[%]

Toluene 

converted t=3h 

(light exposure) 

[%]

 

Table 6.3. Adsorption and photocatalytic conversion values (measured after that the adsorption equilibrium was established) of 
gaseous toluene in the presence of different amounts of PMMA@TiO2 nanocomposite thin film deposited on mortar plate. 

Figure 6.6 (b) illustrates the conversion of toluene due to the photocatalytic oxidative process in the 

gas phase. As shown in Table 6.3, the relationship between the amount of nanocomposite deposited 

on the cement surface and the conversion of toluene to CO2 [%] within an irradiation period of 3h 

has been verified. Results demonstrate that the system exhibits a lower pollutant conversion with 

a higher quantity of nanocomposite deposited on the cement surface. This phenomenon can be 
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attributed to the reduction in the exposed surface area of the mortar, caused by the polymer-based 

nanocomposite filling the roughness and pores of the mortar sample.  

Consequently, a decreased efficiency in pollutant adsorption (from 23% to 1%) and conversion (from 

24% to 14%) is evidenced.  

Regarding the degradation pathway, under the employed experimental condition, only CO2 and 

water were detected as oxidation products, with a very low selectivity (within the detection limits, 

1ς3 %) to benzaldehyde [6], suggesting the below toluene oxidation pathway [7].  

ὝὭὕὬ’O ὝὭὕὩ Ὤ  (1) 

Ὡ ὕ ϽOὕ  (2) 

Ὤ ὌὕᴼὌ ὕ  (3) 

ὕ ςὌ ςὩ ᴼὌὕ  (4) 

Ὄὕ ᴼςϽὕὌ (5) 

ὅὌ ϽὕὌȾὬ ᴼὅὌ ὅὌὕὌ (6) 

ὅὌ Ͻὕ ᴼὅὌ ὅὌὕ (7) 

ὅὌ ὅὌὕὌ ϽὕὌȾὬ ᴼὅὌ ὅὌὕ (8) 

ὅὌ ὅὌὕϽὕȾϽὕὌȾὬ ᴼὅὕ Ὄὕ (9) 

 

According to the proposed degradation pathway, the ring opening of benzaldehyde generates short-

chain alcohols, aldehydes, and other intermediates, which are further degraded to produce CO2 and 

H2O. 

Pursuing the goal of effective VOCs degradation, the most common cement-based photocatalytic 

systems adopted in the construction industry and various composite materials were also tested in 

their adsorption and photocatalytic conversion capabilities. 

Among the cement-based photocatalytic materials, were studied the systems Mortar + 5% TiO2 

Powder in Bulk (in which ¢ƛhі NPs are uniformly distributed in the mortar matrix) and Mortar + TiO2 

Powder on the SurfaceΣ όƛƴ ǿƘƛŎƘ ¢ƛhі btǎ ŀǊŜ ŀǇǇƭƛŜŘ ǎƻƭŜƭȅ ǘƻ ǘƘŜ ƳƻǊǘŀǊ ǎǳǊŦŀŎŜΣ ǊŀǘƘŜǊ ǘƘŀƴ 

mixed in). Moreover, the study involved a series of composites PMMA-based with different 

photocatalytic nanoparticles, such as TiO2, TiO2-1% SiC, Mn3O4-10% ZrO2, CeO2- 1% TiO2, CeO2 and 
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Mn3O4, layered on the mortar surface. The bare Mortar and the system Mortar + PMMA were 

studied as a blank. Table 6.4.  reports, for each photocatalytic system deposited on mortar, the data 

relating to the adsorption and subsequent photocatalytic conversion of toluene to CO2.  

Amount of 
TiO2 [mg]

CeO2 100,00 0 5 ± 0

 CeO2 + 1% TiO2 100,00 0 12 ± 1

Mn3O4 100,00 0 15 ± 1

Mn3O4 - ZrO2 10% 100,00 0 42 ± 2

TiO2 100,00 0 46 ± 2

TiO2-SiC 1% 100,00 0 56 ± 3

Mortar - 20 ± 1 0

Mortar + PMMA - 25 ± 1 0

Mortar + PMMA@Mn3O4 0,03 31 ± 2 11 ± 1

Mortar + PMMA@CeO2 0,02 17 ± 1 13 ± 1

Mortar + PMMA@Mn3O4 + 10% ZrO2 0,03 0 30 ± 1

Mortar + PMMA@CeO2 + 1% TiO2 0,04 0 32 ± 2

Mortar + PMMA@TiO2 0,03 35 ± 2 36 ± 2

Mortar + TiO2 Powder on Surface 80,00 3 38 ± 2

Mortar + PMMA@TiO2 + 1% SiC 0,02 25 ± 1 38 ± 2

Mortar + 5% TiO2 Powder in Bulk 240,00 12 ± 1 66 ± 3

Adsorption 
(dark 

conditions) 
[%]

Photocatalytic 
toluene 

conversion to CO2 

(light exposure) 
[%]

 

Table 6.4. Adsorption and photocatalytic conversion (measured once adsorption-desorption equilibrium was reached) of gaseous 
toluene in the absence of photocatalyst (Mortar and Mortar + PMMA) and with different photocatalytic systems (as photocatalyst 

nanopowders and photocatalytic polymer-based thin films). 

As expected, the mortar alone exhibited a modest adsorption capacity (20%) but it lacked significant 

photocatalytic activity (0%). The introduction of PMMA onto mortar increased the adsorption value 

(25%) but the photocatalytic conversion remained null. 

In evaluating the photocatalytic activity expressed by polymer-based nanocomposite thin film 

deposited on cement, a clear contrast in performance is evident when comparing PMMA@CeO2, 
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PMMA@Mn3O4 and PMMA@ZrO2 against these same photocatalyst NPs combined with other 

species (PMMA@CeO2-1%TiO2, PMMA@Mn3O4-10%ZrO2 and PMMA@1%SiC). Combined systems 

led to a notable increase in photocatalytic activity respect to the bare oxides. 

In particular, comparing PMMA@CeO2 and PMMA@CeO2-1%TiO2, the latter exhibits superior 

photocatalytic performance due to the presence of TiO2, even in low percentages.  

The enhanced photocatalytic properties of PMMA@Mn3O4-10% ZrO2, in comparison to 

PMMA@Mn3O4, can be explained by the demonstrated interaction between zirconium oxide (ZrO2) 

and manganese oxide (Mn3O4). The introduction of a minor quantity of zirconium oxide onto Mn3O4, 

facilitated ionic exchange between Zr4+ and Mn2+ [4]. This interaction gives rise to a synergistic effect 

between the two oxides, leading to structural alterations in the Mn3O4 bulk. These modifications 

have been shown to significantly enhance the photocatalytic activity compared to the unmodified 

oxides. Specifically, the employment of reducible oxides, characterized by mobile or reducible 

oxygens, in the oxidation of volatile organic compounds (VOCs) favoured the total oxidation of 

toluene to CO2. This preference was attributed to a process governed by the MarsςVan Krevelen 

(MvK) mechanism, according to which oxygen vacancies on the oxide surface were subsequently 

replenished by O2 in the gas phase [4].  

Overall, results show significant improvements in conversion in the cases of PMMA@TiO2 and 

PMMA@TiO2 + 1% SiC composites. This evidence can be attributed to the effect of TiO2ςSiC 

heterojunction: the conduction band (CB) potential of SiC is higher than that of TiO2, so the photo-

generated electrons of SiC have higher energy and can be transported to the conduction band of 

TiO2. In addition, the valence band (VB) potential of TiO2 is lower than that of SiC, so the photo-

generated holes of TiO2 can be transferred to the VB of SiC. This promotes the gathering of electrons 

on the TiO2 surface, while holes are enriched on the SiC surface. The efficient separation of 

photogenerated electrons and holes by the heterojunctions weakens the recombination ratio of 

electron-hole pairs, both on the surface of TiO2 and SiC [8]. 

Particularly relevant is the comparison between the performance exhibited by TiO2 powder solely 

deposited on surface, TiO2 powder mixed in mortar bulk and PMMA@TiO2 (Table 6.5). Although a 

higher conversion is achieved with both TiO2 powder mixed in mortar bulk (5w/w%) and with TiO2 

powder deposited on the surface, compared to the polymer-based nanocomposite (respectively, 
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66% and 38% against 36%), the critical difference lies in the amount of photocatalyst enveloped, as 

presented in Table 6.5, providing insights into the efficiency of photocatalytic conversion per weight 

of TiO2 in each system. 

Amount of 
TiO2 [mg]

Mortar - 20 ± 1 0

Mortar + PMMA - 25 ± 1 0

Mortar + PMMA@TiO2 0,03 35 ± 2 36 ± 2

Mortar + TiO2 Powder on Surface 80,00 3 38 ± 2

TiO2 Powder 100,00 3 46 ± 2

Mortar + 5% TiO2 Powder in Bulk 240,00 12 ± 1 66 ± 3

Adsorption [%]

Photocatalytic 
toluene 

conversion to CO2 

(light exposure) 
[%]

 

Table 6.5. Comparison among photocatalytic conversion of toluene exhibited by different systems with respect to the amount of 
TiO2. 

The boosted photocatalytic activity of PMMA@TiO2 could arise from the differences between 

organic and inorganic moieties in terms of refractive index and dielectric coefficient, accentuated 

by the in-situ approach [9]. The in-situ polymerization synthetic approach produces deep chemical-

physical interactions, determining, among the different consequences, a local waveguide effect of 

the light based on the different refractive indices of the moieties. This enhances light propagation 

within the photocatalyst nanoparticles, consequently boosting the photocatalytic process [2]. 

Considerations could arise from the different dielectric coefficients of PMMA and TiO2 NPs since a 

strong electronic charge interaction will occur at their interface, producing an electric dipole layer 

that accelerates the separation of the charges. Moreover, the nanocomposite layer, by taking 

advantage of the cement surface's inherent high porosity, increases its exposed surface area. 

On the other hand, the lower conversion per weight of photocatalyst (Table 6.5) exhibited by both 

the Mortar with 5% TiO2 powder in bulk and Mortar with TiO2 Powder on surface systems compared 

to the Mortar + PMMA@TiO2 system can be attributed to distinct factors. In the Mortar with 5% 
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TiO2 Powder in Bulk system, a significant portion of TiO2 is embedded within the cement matrix, so 

it is not available to take part in the photocatalytic process [9]. Instead, in the Mortar + TiO2 powder 

on the surface system, the reduction in photocatalytic activity may stem from the formation of 

nanoparticle aggregates [10], which reduces the exposed superficial area available for catalysis. 

Additionally, when using photocatalyst NPs inside the cement matrix, challenges arise with the 

dispersion of nanoparticles into the environment through the leaching process [11]. 

6.8 Conclusions  

This study focused on developing and characterizing PMMA-based photocatalytic nanocomposites 

to be applied as thin coatings on cement surfaces, aiming at reducing gaseous VOC emissions in 

urban and industrial environments. The photocatalytic activity of different PMMA-based 

nanocomposites comprising both traditional and uncommon photocatalysts was compared.  

PMMA@TiO2 and PMMA@TiO2-SiC were identified as the most performing systems for gaseous 

VOCs abatement, with a similar photochemical efficiency of 36% and 38%, respectively.  

Since photocatalysis is a surface-driven process, the study demonstrated that doubling the amount 

of the deposited nanocomposite (from 0,60 mg to 1,20 mg) reduced toluene adsorption, leading to 

a decrease in its conversion (from 23% to 14%). The lowering of the system with a higher amount 

of nanocomposite could be due to the nanocomposite filling and enclosing the mortar pores, thus 

reducing the available surface for photocatalysis. In contrast, the system with half of the 

nanocomposite deposited presumably forms a thinner layer, taking advantage of mortar porosity 

and creating a thin photocatalytic coating inside the pores, thus increasing the available surface. 

A key comparison was made between these nanocomposites and traditional photocatalytic systems 

in the construction industry. Although higher conversions are achieved with both TiO2 powder 

mixed into the mortar (66%) and with TiO2 powder deposited on the surface (38%) compared to 

the PMMA@TiO2 nanocomposite (36%), the critical difference lies in the amount of photocatalyst 

enveloped, (240, 80 and 0,03 mg, respectively). The study highlights an enhancement in 

photocatalytic efficiency of all the synthetized nanocomposites compared to traditional 
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photocatalytic systems in the construction industry, also addressing environmental concerns related 

to nanoparticle dispersion and leaching. 
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7 Ageing Effects on Photocatalyt ic Eff ic iency of 

Thermoplastic Coatings Layered onto Cement 

Surfaces for Gaseous Pollutants Abatement  

7.1 Introduction  

Having assessed the performances of thermoplastic photocatalytic nanocomposites in gaseous 

xenobiotic ǇƻƭƭǳǘŀƴǘǎΩ abatement when layered on glassy (Chapter 4)[1] and on cement surfaces 

(Chapter 6), the study shifted focus to practical, real-world applications. As a starting point, this 

Chapter begins by examining the impact of these nanocomposites on the natural ageing processes 

of mortar followed by an assessment of these systemǎΩ long-term stability and efficiency under real 

environmental conditions. 

The concern derives from the consideration that the solar light and/or in synergy with the 

photocatalyst nanoparticles could determine the photo-degradation of the host polymer, [2, 3] 

losing the system's overall performance over time. In addition, due to the polymer 

photodegradation phenomenon, the photocatalyst itself could be released through leaching into 

the ecosystem together with toxic products (potentially harmful to human health and the 

environment) deriving from polymeric matrix degradation. 

Nowadays, most of the studies on photocatalytic coatings, despite the effective photocatalytic 

performance, do not examine the durability of these systems [4] under environmental conditions 

including time frame, weather, humidity, UV intensity, geographical area, and others. 

This above landscape underlines the importance of studying in deep the degradative processes over 

time, in relation to environmental conditions, to obtain more active and stable photoactive 

materials when used over urban infrastructures, to safeguard the environment and reduce 

maintenance costs [5], thus improving the nanocomposite system's overall oxidative 

performance.[6] 



7 Ageing Effects on Photocatalytic Efficiency of Thermoplastic Coatings Layered onto Cement 
Surfaces for Gaseous Pollutants Abatement 

 

120 
 

In this view, exposure tests were conducted on photocatalytic polymer-based nanocomposites 

layered on cement surfaces. Tests were carried out in a climatic chamber, customized to simulate 

environmental conditions in Mediterranean regions over 88 days. The study aims to correlate the 

chemical-physical degradation of thermoplastic polymer-based nanocomposite films layered on 

cement surfaces, in specific environmental ageing processes, to their photocatalytic performance 

over time. 

Given the concrete's complex nature, it was impossible to directly observe the nanocomposite 

system layered on this substrate. In reason of that, photocatalytic thermoplastic nanocomposites 

have been deposited both on cellulose acetate-based foils (the polymeric support also help to 

simulate the use of the nanocomposite on polymeric materials used in building construction) and 

on cement surfaces. The first group of samples allowed the study of the ageing phenomena and the 

chemical-physical variations of the film surface from a macroscopic point of view; the latter allowed 

to verify the photochemical activity of the nanocomposites over time against a gaseous model 

pollutant. 

7.2 Material s  and Methods  

Specific ageing tests were designed to verify the maintenance of photochemical activity over time 

of these nanocomposites when layered on cementitious substrates and exposed to environmental 

conditions. 

7.2.1 Specimens preparation 

The ǎŀƳǇƭŜǎΩ preparation followed the procedure exposed in Paragraph 6.3.1 for mortar 

preparation and nanocomposite deposition. Three different nanocomposites were used: 

PMMA@TiO2, PVAc@TiO2 and PS@TiO2. To assess test repeatability, three samples of each 

nanocomposite were tested at day 0, and different sets of three samples were exposed to day-night 

cycles for intervals of 31, 58 and 88 days. Additionally, for each nanocomposite and each time 
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interval, three blank samples (referred to as "Control Samples") were prepared using the same 

procedure but kept in the dark for the same duration. 

7.2.2 Setup for Samples Aging Simulation 

At environmental conditions, nanocomposite degradation could occur by a combination of physical 

and chemical effects related to the UV radiation of the solar spectrum, oxygen, humidity [7] and 

temperature changes.  

To simulate the nanocomposite's real working conditions, ageing tests were carried out in a climatic 

chamber (Vötsch VT³ 4250 Temperature Test Cabinet), suitably customized to allow controlled 

environmental conditions. For the Control Samples, the climatic chamber was equipped with a zone 

maintained in dark conditions for the entire experiment duration but where the samples could still 

feel the identical humidity and temperature conditions of the samples that undergo day-night 

cycles. 

The setup inside the climatic chamber (Figure 7.1) included: 

¶ a Duux Beam Mini Humidifier and a Nedis SmartLife Dehumidifier (20L) were used in 

combination to keep the humidity within the desired range. 

¶ Six Sanolux lamps from Radium Lampenwerk, which emits light similar in composition to natural 

sunlight were used to simulate daylight. A Phillips Hue smart plug was used to automatically turn 

on and off the solar lamps to simulate day and night cycles (13 h on and 11 h off). 

¶ Two illuminance and UV recorders TR-74Ui (from T&D Corporation), which measure illuminance, 

UV, temperature, and humidity were used to monitor the environmental conditions the samples 

were exposed to. One detector was located close to the samples on the rotating plate, and the 

other one was located in a dark space together with the Control Samples. 

¶ A Govee H5179 thermometer and hydrometer, was utilised to measure temperature and 

humidity inside the climatic chamber, not located in direct exposure of the solar lamps. 

¶ The observation window to the climatic chamber was covered to avoid UV exposure to the 

surroundings. A Reolink RLC-520A 5MP Dome camera was utilized to remotely check that the 

lamps and rotating plate were working as desired.  
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¶ A Mill Generation 3 smart plug was used as an overheating protection, to ensure that the lamps 

(which generate a significant amount of heat) were turned off if the climatic chamber stopped. 

 

Figure 7.1. Climatic chamber setup. 

The samplesΩ ageing was designed to replicate the conditions of a spring/early summer climate in 

Mediterranean regions, over 88 days.  

Experimental conditions: Temperature, alternated between 25°C (light period, 13 hours) and 10°C 

(dark period, 11 hours), with a constant humidity level of 70%.  

Lamps were set to hit the samples with an illuminance of about 2,5·104 lx, reproducing solar light 

radiation during the summer season in Mediterranean regions (data have been checked through 

Meteonorm V8.2.0.24079 software). 

The samples, both deposited on mortar and cellulose acetate-based substrate, were positioned on 

a rotating plate (Figure 7.2) inside the climatic chamber, to ensure that each received (on average) 

the same amount of radiation from the solar-light lamps. 

Rotating Plate Humidifier 

De-Humidifier 

Solar Light-Emitting Lamps 
Camera 

Light Sensor 

Temperature 
Sensor 
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Figure 7.2. Samples organization on a rotating plate, inside the climatic chamber. 

7.2.3 [ŀƳǇǎΩ 9Ƴƛǎǎƛƻƴ {ǇŜŎǘǊǳƳ 9Ǿŀƭǳŀǘƛƻƴ 

The emission spectrum of the lamps used in the climatic chamber (Figure 7.3 a) is extremely relevant 

for evaluating degradation processes due to the ageing of the samples. Although the lamps used in 

the experiment do not replicate the full range of natural sunlight wavelengths (Figure 7.3 b), yet for 

this test it had been adopted the same setup generally used for photocatalytic tests in the gaseous 

phase. [1] 

Important emission peaks are located in UVA (320-400nm) and UVB (280-320nm) regions. This can 

be significant because UV radiation can activate photocatalytic processes in the TiO2-based 

ƴŀƴƻŎƻƳǇƻǎƛǘŜǎΣ ƎƛǾƛƴƎ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ ŜƴŜǊƎȅ ǘƻ ƻǾŜǊŎƻƳŜ ǘƘŜǎŜ ǎȅǎǘŜƳΩǎ bandgap energy. In 

fact, considering the bandgap energy (Figure 3.7) for PMMA@TiO2, PVAc@TiO2 and PS@TiO2 

(respectively 3,24eV, 3,35eV and 3,37eV), and applying the Planck equation (procedure described 

in 2.2.2), it is possible to determine the corresponding to the wavelength of 383nm, 370nm and 

369nm, respectively. 
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Moreover, the emission of the solar lamp in the IR region (700-2000nm) suggests that the sample 

might be subjected to heating processes due to the presence of the lamps, thus the temperature of 

the samples might be higher than the one registered by the climatic chamber. On the other hand, 

the higher temperature on the samplesΩ surface simulates the effect of direct exposure of the 

nanocomposites to the sunlight. 

a 

 

b 

 

Figure 7.3 (a) Spectral radiation distribution for Sanolux Lamp. (b) The spectrum of solar radiation on Earth [8]  
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7.2.4 Photo-oxidation tests 

The photochemical efficacy of aged and unaged nanocomposites deposited on mortar substrates 

was verified in the degradation of toluene, a model xenobiotic recalcitrant pollutant.  

The experimental setup and procedure were entirely described in Paragraph 0. 

7.3 Experimental Results  

In this section, the occurrence of photo-oxidative processes (due to oxygen, solar-light radiation and 

the presence of the photocatalyst) and hydrolysis phenomena (due to the humidity levels inside the 

climatic chamber) are analysed for each of the studied nanocomposites. 

To correlate the photocatalytic performance with the effect of the time on the nanocomposites, the 

comparison between optical images, FT-IR and contact angle was performed. 

7.3.1 Evaluation of photocatalytic performance 

The samples PMMA@TiO2/mortar, PVAc@TiO2/mortar and PS@TiO2/mortar (aged and non) were 

arranged inside the reactor useful to perform on-line photocatalytic experiments, using toluene as 

VOC model (results are reported in Table 7.1 and Figure 7.4). 

 

 

Figure 7.4. Gaseous Toluene conversion in the presence of (a) PMMA@TiO2/mortar, (b) PVAc@TiO2/mortar and (c) 
PS@TiO2/mortar. Conversion in the presence of samples Day 0 ς aged (black line), Day 31 ς aged (red line) and Day 88 ς aged 

(green line). 
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0 36 % ±2 22 % ±1 52 % ±3

31 33 % ±2 26 % ±1 37 % ±2

88 36 % ±2 34 % ±2 26 % ±1

Sample

PMMA@TiO2 PS@TiO2 PVAc@TiO2
Day

 

Table 7.1. Gaseous Toluene photocatalytic conversion (after 5h light exposure) in the presence of (a) PMMA@TiO2/mortar, (b) 
PVAc@TiO2/mortar and (c) PS@TiO2/mortar in the presence of samples aged for 0, 31and 88 days. 

GC-MS analysis of the VOC stream, performed online after photodegradation using mortars layered 

with nanocomposites, indicated that the photocatalytic performance remains almost unchanged 

after 88 days of ageing for PMMA@TiO2 nanocomposite (Figure 7.4 a), while it increases for 

PS@TiO2 nanocomposite (Figure 7.4 b) and has a decline for PVAc@TiO2 nanocomposite (Figure 7.4 

c). 

The increase in photocatalytic performance observed with the system PS@TiO2 over 88 days of 

ageing can be explained on one hand to the higher hydrophilicity reached by the system during the 

experiment due to PS oxidation processes (showed in Figure 7.10 and witnessed by the contact 

angle value at 88 days 32±3°) that allows the system to capture more humidity, essential for the 

occurrence of the photochemical reactions. On the other hand, the PS chemical structure allows for 

better adhesion of the probe pollutant (toluene) over the surface, thanks to its aromatic phenyl 

moieties. 

The decreased conversion of PVAc@TiO2 over the ageing period is coherent with the polymer matrix 

thermal degradation observed through the optical microscope. The degradation of the polymer 

matrix might be accompanied by the loss of the photocatalyst into the environment, thus justifying 

the decrease in conversion over time. The PVAc degradation could be due to the hydrolytic 

processes triggered by the alkaline nature of the mortar, forming polyvinyl alcohol chains, with the 

loss of the chemical-physical features of the PVAc (Figure 7.5). 



 Ageing Effects on Photocatalytic Efficiency of Thermoplastic Coatings Layered onto 
Cement Surfaces for Gaseous Pollutants Abatement 

7 

 

127 
 

 

Figure 7.5 Polyvinyl acetate hydrolysis in alkaline environment. 

Photocatalytic conversion remains almost stable for PMMA@TiO2. This is in line with the optical 

microscope images acquired, which do not show any significant macroscopic degradation from Day 

0 to Day 88.  

Overall, PMMA@TiO2 and PS@TiO2 nanosystems showed the highest efficiency at the end of the 

experiment (Day 88). 

These behaviours could be explained by considering the different chemical natures of the polymer 

matrices and/or their interaction with the photocatalyst and the solvent/pollutant. 

In the following, the spectroscopic, optical and contact angle analyses are reported. 

7.3.2  Spectroscopic, optical and contact angle analyses of the aged samples 

To monitor the physical ŀƴŘ ŎƘŜƳƛŎŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ƴŀƴƻŎƻƳǇƻǎƛǘŜǎΩ ǎǳǊŦŀŎŜΣ both aged and 

unaged samples were analysed using optical microscopy to verify the physical degradation of the 

polymeric layer and FT-IR spectroscopy to monitor chemical modifications. Additionally, contact 

angle measurements were performed with deionized water to verify the change in wettability due 

to hydrolysis and oxidation processes ƻƴ ǘƘŜ ǇƻƭȅƳŜǊǎΩ ǎǳǊŦŀŎŜ. This method provides information 

from the few nanometers on the surface layer, allowing to analyze a much thinner surface layer 

than the FTIR-ATR method [9], thus overcoming the artefacts given by the presence of the substrate. 

  

Alkaline
Environment
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7.4 PMMA@TiO 2 

At the end of the weathering, the morphology of PMMA@TiO2 coatings observed by optical 

microscope (Figure 7.6) was unaltered, showing no relevant morphology change after 88 days of 

ageing. 

 

Figure 7.6. Microscope image (10x) of PMMA@TiO2 nanocomposite at Day 0, Day 58, Day 88, and Control at Day 88, with their 
respective contact angle values. 

From 0 to 88 days, important changes are observed in contact angle value (from 80±3° to 

48±2°Figure 7.6), which can be attributed to the photocatalytic effect rather than thermal cycles 

degradation, as evidenced by the similarities in morphology and contact angle value observed 

between PMMA@TiO2 ς Day 0 (80±3°) and its Control at Day 88 (73±3°) (Figure 7.6). 

Day 0 Day 88 Control Day 88

80°±3° 48°±2° 73°±3°

Day 58

56°±4°
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Figure 7.7. FTIR-ATR of PMMA@TiO2 nanocomposite at Day 0 (black line), Day 88 (red line), and Support at Day 88 (blue line). 

PMMA@TiO2 aged and unaged nanocomposite are identified in FTIR-ATR spectra (Figure 7.7) by the 

strong C=O stretching absorption peak at 1728 cmҍ1 and the characteristic profiles and relative 

intensities of the other diagnostic peaks, namely the CςCςO stretching at 1270 and 1239 cmҍ1, Cς

OςC stretch at 1190 and 1148 cmҍ1, and CςH stretching at 2995 and 2951cmҍ1. 

Unfortunately, some of the characteristic IR absorption bands of PMMA@TiO2 nanocomposite 

overlap the absorption bands of the substrate, making difficult a quantitative comparison. For 

instance, the C=O stretching absorption peak at 1728 cmҍ1, existing before irradiation, at Day 88 

widened and its intensity increased. When considering the PMMA matrix alone, this could be the 

result of the creation of different types of carbonyl groups, but in this specific case, although we 

attend the increase of this signal as a result of photooxidative degradation, the signal is covered by 
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the carbonyl group deriving from the substrate. Similar considerations could be made for the CςCς

O stretching at 1270 and 1239 cmҍ1 of the PMMA@TiO2 nanocomposite, which are masked by the 

substrate, not allowing for quantitative considerations to estimate PMMA@TiO2 degradation. 

Nonetheless, it is possible to recognise at 1785 cm-1 of the 88-Days sample a very weak signal that 

was not present in the unaged sample and that can be assigned to open chain anhydrides or -ɹ

lactones, as a result of PMMA photooxidative degradation and depolymerization [9].  

Nevertheless, since PMMA degrade through chain scission, the degradation products maintain the 

same molecular structure except for additional termination groups. With the high molecular weights 

of the cast nanocomposite sheet, the proportion of the additional termination groups to the main 

structure would be insufficient to produce visible changes in the spectra [10]. 

The PMMA photodegradation process results in a random scission of the polymer chain backbone 

by radical processes [11]. Figure 7.8 shows the major reactions occurring. 
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Figure 7.8 Scission of PMMA chain by radical processes. 
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Also, it was possible to detect some alterations by comparing the FTIR-ATR of PMMA@TiO2 88 days 

aged and Acetate support 88 days aged: in PMMA@TiO2 it was possible to follow the presence of 

the band at 725cm-1, characteristic of the support, which indicates that the nanocomposite layer is 

being consumed during irradiation exposure. 

This result is also confirmed by contact angle measurements (Figure 7.6), since the surface 

wettability for the nanocomposite decreases drastically yet after 58 days of ageing, suggesting that 

new carbonyl and/or alcoholic groups produced by photooxidation may contribute to the polar 

component of the surface free energy [9]. 

7.5 PS@TiO2 

On Day 0, the low wettability of the PS matrix is due to its chemical structure containing hydrophobic 

benzene moieties which reduce water adsorption and, as a result, its photocatalytic efficiency [12]. 

Over the course of 88 days of ageing, the wettability of the PS@TiO2 nanocomposite increases, as 

reflected in the contact angle measurements, which change from 98±1° on Day 0 to 32±3° on Day 

88 (Figure 7.9). This increase in wettability is likely due to photooxidative ageing effects due to the 

sample irradiation. In fact, the control sample (which was not exposed to light) at 88 days shows 

similarities in contact angle and morphology to the sample at zero days (98±1° and 97±5°, 

respectively). As a confirmation, it has been demonstrated that the photooxidation of polystyrene 

involves the buildup and degradation of hydroperoxide groups, resulting in the appearance of 

carbonyl groups [2], thus increasing the wettability of the system. 
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Figure 7.9. Microscope image (10x) of PS@TiO2 nanocomposite at Day 0, Day 58, Day 88, and Control at Day 88, with their 
respective contact angle values. 

The photocatalytic conversion of PS@TiO2 improves over time, with toluene mineralization 

increasing from 22±1% on Day 0 to 34±2% on Day 88. This improvement is in line with the contact 

angle results: the oxidation occurring on the filmΩǎ surface makes it more hydrophilic, allowing for a 

better water catch, fundamental for the photochemical process to occur. 

The PS degradation mechanisms are summarized in Figure 7.10. During the first stage of degradation 

alkyl radicals (R·) are formed within the polymer. These undergo different pathways [13]: 

1. ʲ scission may occur, leading to both end-chain saturations or conjugated double bonds along 

the polystyrene backbone. 

2. Cross-linking reactions might occur between polystyryl radicals. 

3. The formation of peroxyl radicals (ROO·) usually occurs in the presence of oxygen. This leads to 

the formation of hydroperoxides (ROOH). The dissociation of O-O ƘȅŘǊƻǇŜǊƻȄƛŘŜǎΩ bond results 

in the formation of alkoxy (RO·) and hydroxyl radicals. Alkoxy radicals play a crucial role in 

producing various oxidation products, such as carbonyl groups, which can take the form of 

ketones, aldehydes, carboxylic acids, esters and lactones. 

Day 0 Day 88 Control Day 88

98°±1° 32°±3° 97°±5°

Day 58

39°±3°
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Figure 7.10 Photodegradation mechanism of polystyrene.[13] 

Unfortunately, FTIR-ATR for PS@TiO2 nanocomposite (Figure 7.11) is covered by support signals, 

making it difficult to recognize the characteristic signals for each system. 

ketones, aldehydes, carboxylic 
acids, esters and lactones
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Figure 7.11. FTIR-ATR of PS@TiO2 nanocomposite at Day 0 (black line), Day 88 (red line), and Support at Day 88 (blue line). 

7.6 PVAc@TiO 2 

At time-zero, the PVAc@TiO2 nanocomposite deposited on the cellulose acetate-based substrate 

did not form a homogeneous coating, as evidenced in the optic microscope image (Figure 7.12). It 

is possible to suppose that there is no interface compatibility between the nanocomposite and the 

substrate. This can explain the similarities of contact angle values between the sample and the 

substrate at Day 0 (77±1 and 74±4, respectively, as shown in Table 7.2), since the contact angle value 

keeps in both contributions. Day 88 microscopic image (Figure 7.12) shows a completely different 

morphology compared to the one at Day 0 (Figure 7.12), due possibly to hydrolysis phenomena 

(attributable to the high humidity of the system, Figure 11.7) and thermal cycles. The influence of 

temperature is also of primary importance in PVAc@TiO2, since its Tg (glass transition temperature) 
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is 42°C, (Figure 3.5) a temperature value thatΣ ƻƴ ǘƘŜ ǎŀƳǇƭŜǎΩ ǎǳǊŦŀŎŜΣ has been cyclically reached 

during the experiment (Figure 11.4). This phenomenon could determine the melting of the 

polymeric phase, with the agglomeration of the nanocomposite and loss of the film structure. 

 

Figure 7.12. Microscope image (10x) PVAc@TiO2 at Day 0, Day 58, Day 88, and Control at Day 88, with their respective contact angle 
values. 

Unfortunately, FTIR-ATR analysis for PVAc@TiO2 (Figure 7.13) shows signals characteristic of the 

substrate from Day 0, due to the low compatibility nanocomposite-substrate, making it impossible 

to make assumptions on PVAc photodegradation. 

Day 0 Day 88 Control Day 88

77°±1° 55°±2° 76°±2°

Day 58

38°±1°






















































































