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1 Introduction

1.1 Atmospheric Volatile Organic Compounds Pollutants

In contemporary timesimprovingair 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
commiment 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 toBleveld1].

Togetherwith 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 haveéhe Volatile Organic Compounds (VO@sfined as

compounds having boiling points ranging from 50°C to 262]jdn particular the xenobiotiasnes

The physical and chemical properties of VOCs, along with their mean lifetime in the atmosphere
range from a few minutes to several monthajlowingthem to travel large distances from the
emission sourcg3]. VOCs contribute to the formation of ozof§ and fine particulate matte[5]

in the atmosphere These kind of substancesare 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 functiongéetc.
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 buildsedstants, both in
gaseous and particulate forms, adhere to exterior surfaces gradually deteriotéimgppearance.
[4] VOCslsoplay a significant role in the formation of acid ratinys ndirectly harmingthe built

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

XenobioticVolatile @ganicCompoundsare generatedfrom human activities and released in large
amounts intothe 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% @ VOCs in our global atmosphe®. 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

leaksfrom stoves, and the use of pesticides in agriculféie

This classf compoundsncludesaromatic 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 xylarech are together classified &TEX

(Figurel.l).
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Figurel.1 BTEX.

BTEX make up more than 60% of the VOCs in urban areasd@his 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 includesingalternative fuels, improving industrial processes and efficiencies,
and enhancing sanitatiof5]. Prevention is the most effective and efficient method, btg

applicability is limited, as it is oftedifficult to modify the industrial processes equipment|[8].

For this reason, the atmospheric VOCs treatment is usually carried out bynectzhtrol techniques
[8]. These techniques are classified into two gubups depending on thdestruction or recovery
processes involvedr{gurel.2). Recovery techniques includesorptionand absorptionprocesses
while the destructive onesncompasshermal and/or catalytic oxidatiof6], biofiltration [9] and

photocatalytic processes

Atmospheric VOCs
treatment

Destruction ’
Techniques

[ Recovery Techniques }

Th I
. . ermal o
Adsorption tAbsorptlonJ [ Oxidation ] Biofiltration
—
Thermocatalytic Photocatalysis
Zeolites Diatomaceous
Earth

Activated carbon Metal-

Oxidation

and activated Organic
carbon fibers Frameworks

Figurel.2 Treatments for atmospheric VOCs removal.
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1.3.1 Adsorption Techniques

Adsorption is the most widely used method to treatatile organic compound40] due to its high
removal efficiency, low energy consumptighl, 12] and its suitability for treating various
concentrations of waste gases. It is essentially a batch process since the adsodageatcityis
limited an should be regenerated by either heating or stripping it with st¢hBh 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)zeatites [12, 14]

Despite the positive aspects ttese techniquesfor VOCs removalnithe adsorptionprocess
generally pore saturation leads to a loss of efficienf8], making it necessary arefquent
regenerationand recovery of spent adsorbenteadingto increasedmaintenance costswaste
generationfor the disposal of saturated adsorbenf$5] and energy consumptiorMoreover,the
adsorption efficiency is closely related to the characteristics of the ma(&uiattional groups, pore

structure, hydrophobicit}f16], making adsorbentselective justor certain VOCs

Some of the most common adsorptidechniquesare presentedelow.

I. Activated carbon and activated carbon fibers

Activated carbonKigurel.3) and activated carbon fibers are the most widely used adsorbents due
to their large specific surface ar¢al] and high adsorption capacifit2]. However, in activated
carbon, the oxygeftontaining groups on the surface can lead to chemisorption tmedormation

of stable hydrogen bonds with VOCs molecules, wreshltsin difficulty in fully regeneratingthe
absorbent[10] Moreover, carbon materials are flammabJ&l, 17] and without proper vacuum
desorptionsystemg14], thermal desorptiomrmight be limited, thus narrowindhe applicationfield

of these materials



Introduction | 1
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Figurel.3 Pore structure of activated carb¢ib8].

I[I. DiatomaceousEarth

Diatomaceous earth is a diatom shell with amorphous hydrated silica, characterized by a
macroporousrigid structure that bearsa high filtering velocity andvoidsfilter cloggingwith tiny
solid particles irthe stream[14]. However, itspoor hydrothermal stabilityogether with itslarge
pore sizgthat leadso weak adsorption capacity for Ieaoncentration VOGELO] limitsits practical

application.

lll.  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[bBtgaHowever, the

expensive precursors and their poor thermal stability make them unfavourable fordaade use.

IV. Zeolites

Zeolites are microporous crystalline sitglaminates[11]. The efficiency and selectivity in VOCs
adsorption of zeolites depends on their pore size, which varies with zeolite species. Zeolites have
5



1 | Introduction

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 regexton of activated carbor{10].
However, the hydrophilic nature of aluminosilicate zeolif#8] 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 conditins [20]. Compared to other technologies for VOCs removal,
zeolites, ad in particular hydrophobic zeolite, are generally more expensive, so their use is

economically limited to applications for which activated carbon is not well s{etejd

1.3.2 Absorption Techniques

Absorptionis based orthe transferof gas molecules into a solvent (generally water or-lapatility
hydrocarbons). This takes place in an absorber tower designed to provide ttlgeiscontact

area necessary to facilitate matter transf@2]. 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 regererate the absorbent. The key to the process stands in choosing the proper abstobent
preventlow sorption capacity of VOCs, solvent degradation and corrosion of equipment. In addition,
some absorbents require a distillation process for regeneratiomangrconsuming process which

might lead to secondary contaminari&3].

1.3.3 Destructive Techniques

Destruction techniques, such as thermal oxidataord catalytic oxidation, ar@xtensivelyusedto
abateVOCs fronthe flue gasstreams with a high flow rat24] and a hight h / car@entration[25],
finding a wide use to treanhdustrial emissionsUnlike condensation and adsorption, destructive
techniques ainto fully oxidatethe VOCsrather than merely transferring them to another phase
[13] reducing the risk of potential VOCs desorptiodoreover, differently from adsorption
techniques, he oxidationof VOCsvoidsthe replacement andegeneration of thecontaminated

adsorbent thusabating maintenance costnd decreasingvaste generation.
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Thefollowingare examples of the most frequently employed destructive teghes.

I.  Thermal Oxidation

Thermal oxidation operates at high temperatures (ZI@00°C) and shows high removal efficiency
(959%699%) for high volumes of concentrated VORQg&rmal oxidation processes usuatigorporate
regenerativeor recuperativethermal energy recovery systemshesesystemsusethe heat of the
combustion exhausétream to heat the incoming gas stredmafore enteringthe combustion zone
(Figure 1.4). Despite the clear advantagesof energysaving processesthe high working
temperatures can generate secondary pollutants. Among these, halogenated compounds in the
vent stream are converted to their acidic counterparts. 8A®sult, the system may necessitate
expensivecorrosionresistantconstruction materials and additional acid gas contf@ls]. These

aspects make this technique unsuitable for urban contexts [11]

VOC laden air

30°C
‘ 305 °C | [

Cold and

Heater Thermal oxidizer clean air

Heat storage

(a)

VOC laden air

Thermal oxidizer

Recovery heater

1550 °C

’ Cold and clean air
75°C

(b)

Figurel.4 Schemes of thermal oxidation. (a) Regenerative thermal oxidation; (b) recuperative thermal oxXR&ition.
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[I.  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@noementally friendly method and

the primary choice for industrial VOCs degradat[@@]. Heat exchangers, unlikine thermal
oxidation process, operate below 400, °@ducingthe combustion energy requirements, thus
lowering both auxiliary fuel consumption and the need for advanced thermal insulation or thermally
stable construction materialg8]. In these systems, the incoming gas stream is heated and passes

through a honeycomb or monolithic support structure coated with one or more catallygisre

1.5 [21].

CO,+H,0

Insulation
Blanket

Catalyst

" [ ( Electrical
Heating

VOCs

Figurel.5 Scheme o& thermocatalytic 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

8
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of VOC$27]. Noble metalshased catalysts have excellent catalytic activity, but they are expensive
and easy to deactivate. Monoatomic catalysts, while more-effstctive, face practical limitations
due to complex preparation processes and agglomeration issues.iflsanaetal oxides and rare
earth elements are viable alternatives to precious metals, offering excellent thermal stability and

lower costs, although their losemperature reducibility needs improvemefi7].

Generally, while thermal and thermocatalytic oxidation o$fsuperior 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 plast should face strict environmental and safety regulations for their

installation, requiring additional and expensive measures.

[1l. Biofiltration

Biofiltration has emerged as an efficient (98%), andcheaptechnique for removing volatile
organic compounds (VOCSs) generated by various industrial processksc{8]sistsof a filtration
system(Figurel.6) where thecontaminated gas is directeatirough aporousfilter [21] (generally
made of sand, granulated active carbon or a synthetic carrier material), colonizeaehybic

bacteriacapableof convertingorganic carbor29] into water, carbon dioxide, and biomass

Clean air
S 1T -
N AN AN Filter material
— —_— Air distribution
Polluted O " , System
air 7 -~ )
\w BIOFILTR

o Drainage
Blower Humidifier

Figurel.6 Typical biofilter scheme.
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Biofiltration removal techniquepresentseveraladvantagexompared to the previously examined
techniques.As a starting point, ibperates inmild conditionsand does not generally transfer the
pollution problem to anotherphase (gas to solid and/or gas to liquidas inadsorption and
absorption techniquesMoreover, 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 kwesls
overcoming the need for high gaseous pollutants streambatee efficientthermo-oxidativeand

thermocatalyticprocesses

The main limitation othe biofiltration technique is thaits success depends on the degradability of
contaminants, with complex anthropogenic compounds potentially resisting microbial enzymatic
reactions andorming toxic byproducts due toa noncomplete oxidation reactionMoreover, a
successful bidiltration 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 removibgdegradable compoundsom discharges of
public wastevater treatment [29] plants but it may not fully eliminate all types of pollutants
Moreover, the climate dependencynd the aesthetiacconcernof having these plants in urban

settings exclude it as aiablemethod to depollutethe urban atmosphere.

IV.  Photocatalysis for VOCs removal

Photocatalysisisuallydescribesa process where ligl#ctivatesa substancéthe photocatalysythat
modifies the rate of a chemical reaction without itself being involved in the chemical
transformation.Thesereactions based on the phase of the photocatalyst and its medicam be
classified into homogeneousvhen the photocatalyst and the reaction medium are in the same
phasg and heterogeneous photocatalysishich occursvhen the photocatalyst and the reaction
medium are not in the same phaséhe homogenous photocatalysis requires the removal of the
catalyst material at the end of the process, increasing the cosheseparation processes may
requirelarge amounts of chemical80]. Theseimitations makeheterogeneous photocatalysis the
most usedphotocatalytictechnique, as one can easily separate the catalyst matatitle end of

the photocatalytic procesi81].

10
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The reactiormechanism for heterogeneous photocatalysis is illustrateBigurel.7. The electron
transfer takes place when the absorbed energy of the incident light equaisceedghe bandgap
energy (B). Usuallyfor semiconductors 15 g <3,0 eV and,as a result, most photocatalysts can

be excited only by UV or near UV li§B2]. 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
conductian band results in the formation of superoxide radicals. Meanwhile, the interaction of the
holes in the valence band with water molecules generates hydroxyl radighlsh are highly

reactive species capable of oxddig a wide range of organic compour{88].

Photocatalysts can be divided into different groups depending on their nature: metal oxides, metal
sulphides metal nitrides, metal hydroxide, bismutiased salts, carbehased polymers, silver (Aqg)
based halides, perovskites, and other novel materials like nogtgnic frameworks (MOFs), and

covalent organic frameworks (€&3)[32].

11
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Figurel.7. Catalytic oxidation mechanism for VOCs rem[82il

Differently from the previouslydiscussed technique®r VOCs removaphotocatalysis eliminates
the need for additional disposal methods since organic contaminantslegeadedinto harmless
substances like carbon dioxide, water, and inorganic ions. In contrast, techniques sdislogtion

with activated carbon only concentrate the pollutants by transferring them to the adsorbent
material or air, without transforming them into netoxic byproducts. Moreover, unlike other
oxidation processes that requipmstly methods, photocatalysis utilizes readily available oxygen and
water (i.e. humidity, making it more economic§0]. Usually the photocatalystis used in the form

of nanoparticles (NPs)equiring time-consuming and costlposttreatments to separatethe
photocatalystpowderfrom the reaction environmentat the end of theprocesq34]. To overcome
theseissues, photocatalytiPs are usually immobilisexh inert suppors such as glass, silica gel,
metal, ceramics, polymer, thin films, fibres, zeolite, alumina clays, activated carbon, cellulose,

reactor walls and otherghus extending the field of application pfiotodegradaton processes
12
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1.4 Glass-Based Substratesfor P o | | ut Rhatbdegdadation

In the building sector, setfleaning and antibacterigB5] glassandtiles [36] were amongthe first
applications ofhano-coatingfor photodegradationpurposes Glassbased substrates offer several
advantages fourban applicationgor their inertnessand smooth surfacenaking them ideal for air

purification and seltleaning surfaces.

A common photocatalytic coating is based on titanium dioxid&») nanoparticleswhich are

typicallydeposited on common glassirfaces using the sglel method [37]

The solgel technique, among the others, is one of the most versatile methods to prepare
homogeneousTiG thin films with moderate equipmentcost and good optical properti€S8].
However, a common issue tise agglomeration of Ti©sol particles, which makes difficult to
preparehomogeneous coatings, requiring the use of stabilizing agé8isCommercial sprayable
photo-catalytic suspensionalsocontain different additives t@nhanceperdurability,evenif they

sometimescan causea lowering of photochemical efficadyO]

¢Ahi O2 ltypidaly Sépositetld glass substrates using different technigued as spin
coating, dip coating4l], and spray coatinf2] (Figurel.8). Spin coating involvespreadinga sot
gel solution onto a spinning substrate. Dip coatiwhich is widely adoped in the production of
anti-reflection andselfcleaningfilms, is a timesavingand low-cost [41] technique. It consistsf
immersingthe substrate into the sejel solution and then withdrawing it at a controlled speed to
form a thinlayer. Spray coating is preferrefbr largersurfaces andnvolves spraying the sgiel

solution onto a glass substratesually heated tdnelp in a uniform thin filnformation.

However, usually, these methods arefollowed by a postdeposition heat treatmentat high
temperatures (45600°C[43, 44] This process, in fachducesmodification both on he crystalline
structure of TiQ[41], removing organic residues and promoting the formation of the anatase phase,
which is essential for photocatalytic activity and hydrophilicityloreover, studies conducted
depositing a sefgel solution bydip-coatinghave demonstratedhat a preliminary drying step at

100°Cheforethe finalheat treatmentimproves filmadhesionto the glasssubstrate[41]

13
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Figurel.8 Processand main characteristics of dip, spin and spray coating deposition technol@dgs.

To conclude, whilsolgel nanocoating offerseveral advantages, scaling up fréaboratory scale
to large-scale applications in urban and industrial environments using @egssubstratesemains

challengingrequiring novebkolutions.

1.5 Cementitious Materials

A common denominator in most polluted areas (such as urbamtres 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 201{46].

Cementitious materials are primarily madéwater, cement, sand and other aggregates with larger
grain sizes. To achieuyagh performances, often minor compounds can be found in concrete

formulations (additives, powdered minerals, polymeric and metdihces).

14
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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 censtanhdard EN 191, are

identified and standardized 27 common cement produ€igire 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 constituentgt7].

Groups are listed below:

1.

CEM I Portland Cemenldade by Portland cement and up to 5% of minor inorganic materials
(limestone, fly ash or ground granulatdtbstfurnace slag), added to improve the physical
properties of the cement, e.g. workability or water retention due to their particle size. These
cements areparticularly suitable for constructing prefabricated structures in reinforced and
prestressed reinforced concreteand other products that require very high strength with a

short curing time.

CEM Il Composite Portland CemehtcomprisesPortland cement and up to 35% of other single
constituents. These cements are useful for preparing simple and reinforced concrete and mortar

for normal applications.

CEM Il Blastfurnace Cemeniccording to EN 197, it consistsof 519% Portland Cement
Clinker and 8B5% blast furnace sld448]. 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 aggressisettings

CEM 1V Pozzolanic Cemeihows great resistance to acid and sulphate attack as well as to
chloride ion penetratioj49]. Comprising Portland cement and higher proportions of pozzolana
than in CEM Il cement. These cements are all suitable for preparing standard and special

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

CEM V Composite Cemer@omprising Portland cement and combinationdlafstfurnaceslag

and pozzolana or fly ash.

15
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Composition [percentage by mass |
Main constituents Minor
additional
constituents
Main | Notation of the 27 products | o) ker | Blast- | Silica Pozzolana Fly ash Burnt Limestone
types | (types of common cement) furnace | fume shale
slag natural | natural | siliceous | calca-
calcine reous
d
K s p® P Q v w T L LL
CEM | |Portland CEM | 95-100 - - - - - - - - - |0to5
cement
Portland-slag|CEM IVA-S |80 to 94 |6 to 20 - - - - - - - - |otos
cement CEM Il/B-S [65t0 79 |21t035 - - - - - - - - |0tos
Portland-silica [CEM II/A-D |90 to 94 - 6to 10 - - - - - - — |0to5
fume cement
CEM II/A-P |80 to 94 - - |6to20 - - - - - - |0to5
Portland- — eepgp [65t079 | - - lettoss | - - - - - - |otos
pozzolana
cement CEM II/A-Q [80 to 94 — - - 6 to 20 - — - - — |0to5
CEM II/IB-Q |65t0 79 - - - 21 to 35| - - - - - |0to5
CEM Il/A-V |80 to 94 - - - - |6to 20 - - - - |0to5
cem |1 [Portiandfly loem By |65t079 | - - - - |21te35| - - - - |otes
ash cement
CEM I/A-W |80 to 94 - - - - - 6 to 20 - - - Oto5
CEM II/B-W [65t0 79 - - - - - 211035 - - - |0to5
Portland-  lcepm /AT [80 to 94 - - - - - - lsto20| - - |otes
burnt shale
cement CEM I/B-T |65to 79 - - - - - - 21t0 35 - - Oto5
Porland-  |CEMIVA-L [80to94 | - - - - - - - [6to20| - [oto5
limestone |oep gL [65t079 | - - - - - - — |e1to3s - |otos
cement
CEM II/A-LL |80 to 94 - - - - - - - - |6to20|0to5
CEM II/B-LL |65t0 79 - - - - - - - - |21t0350to 5
Portland- e 1AM [80t0 94 | < 610 20 > lotos
composite
cement © CEM Il/IB-M [65t079 | < 2110 35 > |0to5
CEM III/A 35to 64 (361065 - - - - - - - — |0to5
CEM lll |Blastfurnace |[CEM III/B 20 to 34 |66to 80 - - - - - - - - |0to5
cement CEMIIIC  [5to19 [81t095 - - - - - - - - |0to5s
Pozzolanic |CEMIV/IA  [6510 89 - D — 11 t0 35 =emmmmmmmmeeee > - _ - lotos
)
cemvjcement® feen v [a5t064 | - P 36 10 55 ——mmm - |- _ _ lotos
Composite CEM V/A 40 to 64 (181030 - P 18 t0 30 ---—- = — - — - lotos
)
CEM v|cement® CEMV/B  [20t0 38 311050 - R 31 to 50 —-—- > - - - - |otos
# The values in the table refer to the sum of the main and minor additional constituents.
®  The proportion of silica fume is limited to 10 %.
9 In Portland-composite cements CEM Il/A-M and CEM II/B-M, in Pozzolanic cements CEM IV/A and CEM IV/B and in composite
cements CEM V/A and CEM V/B the main constituents other than clinker shall be declared by designation of the cement
(for example see clause 8).

16

Figurel.9. The 27 products in the family of common cem¢§sits




Introduction | 1

The most widespread type is undoubtedly Portland cement, found together with other materials
also in the other cement classes. Portland cement preparataias tothe late 1700s. It is a mixture

of clayey materials, limestone, and gypsum powder, produced through an industrial process
involving the kilAfiring of natural materials (clinker) and subsequent grinding in a mill with small
amounts (48%) of dihydrate calum sulfate (CaS&2HO) or anhydrous calcium sulfate (CasO
When approximately 30% watés 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 consisgpiaa} 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 able 1.1

Mineralogical Constituent Classical Formula  Conventional Formula in Cement Chemistry  Synthetic Formula

Tricalcium Silicate (alite) CaSig 3Ca0 Si© CS
Dicalcium Silicate (belite) CaSig 2Ca0 Si® CS
Tricalcium Aluminate CaALOy 3Ca0 Ao, CA
Tetracalcium Aluminoferrite CaALFe0, 4Ca0 AD; FeOs C,AF

Tablel.1. Main constituents oflinker.

Among thesetricalcium silicate is the most important and abundant component of Portland cement
clinker,making ups0-70 wt % of the total compsition. Itrapidlyreacts with watey playing a crucial
role instrength development, particularly in the first 28 dd$4]. Its hydrationproducescalcium

silicatehydrate (abbreviated as CSH) and calcium hydroxaderding to theeaction
O WY XO0O° 00 OLUCYH TOOiI 06O
Where i standsT2NJ aa2f AR¢ @

Dicalcium silicatemakes upl5-30 wt %of clinker compositiorand representdts second most
abundant componentlt reacts slowlywith water, contributingjust in partto the cementstrength
developmentin the first28 days giving a more significant contribution thereaférl] Its hydration

reactionis:
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¢O WY UVOUO 00 WOCY TO0i 6w
CSH is a semamorphous gelike material that comprises approximately 70 wt% of the hydrated

cement and is the primary binding materi@lalcium hydroxides crystalline and comprises roughly
15-20% of the hydrated cement.

Other clinker components,present in lower percentagp, such as tricalcium aluminate and
tetracalcium aluminoferrite also undergo hydration, producing calciumaluminatehydrate,

ettringite, monosulfate, and iron hydroxidg2]

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 prevegttheir 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 resultirgpmposite (mortar or concrete) to maintain its

resistance over time.

As seen with CEM-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 fielf3] The typical amount of pozzolan used in cement
systems is aboutne-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.Iysinsbzzolan is
added to reduce cement slurry density. This reduces the amount of cement needed, which
contributes to cost reduction. Secolyd cement containing pozzolan can exhibit improved
resistance to acid attack, given sufficient curing tidemmonpozzolanic materialusedin cement
mainlyconsistof amorphous aluminosilicate and iraith spheres, crystalline and amorphous=SiO
small amounts of lime (CaO) and hematite(® The mixing of pozzolan with Portland cement
causes the reduction of Ca(Qt4) content in cement and the increase of CSH, monosulfate, and
calciumaluminiumhydroxide contents in cement during the hydration progeReactions involved

in that process are referred to as pozzolanic reactions.

The representative pozzolanic reactions are summarized below:
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¢Y®D | g0 &0 O i E00UO OWBYO o & 00 Odh
oo i 0 &b OO0 i g0 &0 O i XO0 O 66 ab O YO OO0 i
oo i 10 &0 O i WO O 6O ald O @O0 |
Where:
1 @ astands forlamorphous.
 istanccF2NJ daz2f ARE O
T Yl i ando & i are from pozzolan additives.
f 6XYQO o &0O0 G is CSH phase.

1.6 Applications of Photoactive Materials in the Construction

Industry for Atmospheric VOCs Removal: State of the Art

As discussedn Paragraphl1.3.3 photocatalysisrepresents a novel frontier in air quality
improvement due to its ability to promote the decomposition of pollutants and prevent their
accumulation in the atmospherand/or water, contributing, as a result, to satfeaningmaterials

and mitigating urban heat island effedf3].

In particular, photocatalysisechnologyhas demonstrated significargfficacy in improving life
standards[55] across various domains, including water and air quality, health maintenance (by
bactericidal and sefterilizing 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 orthe previousconsiderationsit is possible tamagne exploiting the vast cemented areas
as supports for photocatalytic systems, agto reduce pollution andpreservethe 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 oxidationreduction reactions involving the gaseous compoundsifthe contact media.

In the domain of photocatalytic building and constructioraterials, Ti@ has been investigated
widely because of its easy activation in ambient conditions, chemical stability, high catalytic
longevity and reliability, low cost and high availabi[@#p] less toxicity, and compatibility with

cement without altering its traditional propertid4].

Pioneering work on photocatalytic cement materials has been focused on its depollution effect,
antimicrobial, and sel€leaning applicationfs6]. The idedsto take advantage of external buildisig

surface exposure to sunlight to facilitate the photochemical reacticgtiucing maintenance costs,
AAYyO0S (GKS o0dzAf RAy3aQ 7T (QH6]RIuS preSdrvifg tBeladsthéti@ of theS Ot
building. These advantages represent optimal premises for an increasing potential fosdatge

application of photocatalytic materials in the construction industry.

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

three groupg57]:
1. A certain weight percentage of photocatalyst is mixed withincihrecrete matrixFigure 1.1@);
2. Theconcreteis covered by a thin layer of photoactive cementitious mateRajyre 1.1®);

3. Themortar is covered with a thin layer of photocatatynanoparticlesin this last case,he
photocatalyst iggenerallydeposited as a paint through digpating, spin coating, sprayingnd
brushing[58] or throughits floating emulsior}59] onto the pre-wet surface of the cement mortar
(Figure 1.1@).

20



Introduction | 1

. Blend: mortar photocatalyst
Blend: concrete + photocatalyst nanoparticles layer
+ photocatalyst deposited on concrete deposited on mortar

O O
SRLSTANe s ieRe
o C OO Q mortar
concrete
(b)

Figurel.10. Methods for modifyingementbased materials using photocatalysinoparticles

From a technological perspective, the simplest method is the mechanical incorporation of the
photocatalyst into thecementitiousmatrix, as shown ifrigure 1.1qa)for concrete and irFigure
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 materia[60]. The key difference betweefigure 1.1Qa) 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) séss photocatalyst, the inactive portion within the cement still
posesconcerngegarding itpotential negative impact othe mechanical stabilitj61] of the system

and the photocatalyst leadng into the environment[62]. To conclude, éspite 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 thecatled photocatalytic cement, developed by
Italcementi and proposed at Expo Milano 2015 as the main constituent material for the Palazzo Italia

(Figure 1.1}
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Figurel.11. Palazzo Italia at Expdilano 2015, constructed using photocatalytic cement.

The case evidenced Figure 1.1(c) can be divided in two stdroups. It is possible to distinguish
between layers made by only Li@eposited and TiQ deposited on cement through a support,

usuallypolymeric, to form photocatalytic coatings or paints.

In the last two decade§63], TiQ» seltcleaning coatingdiave found increasing applications in
buildings, public furniture anthe auto industry[64]. Theirsize(around 200 nm) overcomes the
iIssuesshownfor the photocatalytic cement. These systecenbe appliedalsoto existing surfaces
sincethey are often layered through spray or brushing assuring the easiness and the low price of
the applicative process. However, in commase photocatalytic paints, the use of a phaigidant

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

the polymer matrix) and the aggregationtbe nanoparticles couldccu.

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 attair[66]. A significant enhancement in existing polyntersed photocatalytic
systems can be achieved through the synthetic method employed. Unlike the common practice of
simply mixing componen{shroughthe use of aolventor using melted polymer matriceg) create

a physical blend, radical bulk in situ polymerizatiwhjch will be discussed in detail Dhapter3,
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stands out as a promising alternativepinotocatalysiscience This innovative approach guarantees
the complete embedding of the polymer matrix within the photocatalyst pores, fostering improved
chemicalphysical interactions and enhancing light propagation within, TNP’s, leading to
increased photocatalytic efficiend$7]. Compared to traditional polymdyased photocatalytic
systems, nanocomposites synthesized through this method have been demonstrated to exhibit
enhanced photocatalytic performance with a lower amount of photocatalyst NMEgrading
pollutants in both liquid67] and gaseous phag68]. In addition, this novel approach, by effectively
immobilizing NPs within the polymeric matrix, prevents their leaching into the environment. This

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

The researclactivity presented in this thesis aims to exploit the extensiuelding surfaceso

improve air quality in both urban and industrial environmerRegarding the building surfaceke

idea isto exploit existing surfacepecifically cement and glasas the most diffuse materials in
construction$ for VOCs abatement in gaseous matriaeelNS O £ OA G NI y &  LI2f  dzd I

agqueousmedia

Thisis achieved through the development and characterizatiopalmerbasedphotocatalytic

nanocomposites suitabl® be appliedon both cement and glass surfaces

The photeatalytic degradation activityof the above materialswas evaluated through
photocatalytic tests performed in the presencexainobioticmodelpollutants in both aqueous and
gaseous environments. It was verified whether the developed systeeet the chemicaphysical
properties required fol.J2 £ t dzi | y (i Za6d medhanidabsvabilifpierequisitesnandated by

regulations governing coatings for cemdydased materials.
Thestudycan be divided ito three general steps

1. Selection of the photocatalyst.

2. Choice of the polymer matrix.

3. Study of thephotooxidative activity wherthe nanomaterial isapplied onglassbasedand

cementitioussubstrates.

4. Sudy of themechanical and rheologiceEhaviourandweathering resistance

Briefly, an overview of thehesisChaptes isreported below.

Chapter2 studiesthe most suitable photocatalysfor the synthesis ohanocomposites. Various
tests have been performedisinga model pollutant in an aqueous solution to evaluate the

photoactivity ofthe photocatalyst® LJ2 4 RS N&

The synthesis and characterizations of polysbhased nanocomposites are detaileddhapter3. To
select a suitable polymeric species, specific photocatalytic tests were performed comparing the
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performance of the nanocompositesynthesized via radical bulk-gtu polymerization using
different starting monomerspn glass supports andh the presence of model pollutants the

agueous medim.

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 photocatalytrmec@mposites was

demonstrated towards air pollution in a real city environment.

Chapter5 aimsto study the behaviour of cement as a substrate for polysinased nanocomposites
in the abatement ofaqueous pollutantsThis Chapterinvestigateghe occurrence otatalytic,pH
related, and absorption phenomena anaqueousenvironmentdue to the presence of the mortar
Alsq it evaluats | KSa S LIMBuénSeloi theiaerall photocatalytic performance of the

system.

Chapter 6 describes the synthesis and characterization ofpolymethylmethacrylatdbased
nanocompositegdevelopedusingseveral kinds ophotocatalystnanoparticles.This section also
evaluates and compares the performancetioé different nanocomposite@ 02| G Ay 3a RS LJ
cement surfaceswith traditional photocatalytic systems used in the construction indugaty

gaseous/OCsbatement

Chapter7 and Chapter8 aim to bridge the gap between laboratesgale experiments anceal

world applications

In particular, inChapter 7 the durability of the nanocomposites when exposed to +eakld
environmental stresses such as solar light, humidity, and temperature is assessed, providing insights
into the longterm performance and stability of the materials in degrading atmospherilcijaoits

over time. Moreover, the mechanical strength of mortar standard specimens coated with the
nanocomposite material is assessed to ensure compliance with regulattnsonstruction

materials.

Finally,Chapter8 exploresthe rheological properties of the nanocomposites, to verify whether they
accomplisithe requirements for coatingrateriak andif they are suitable for sprayingo meetthe

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

Pollutants Abatement

2.1 Introduction

This study @amed to find alternatives to the extremely exploitefitanium oxide TiQ, also called
Titania) which in 2020 was listed by the European Union as a critical raw mdtHriahaking
necessary the exploration of nasritical (photo)catalystf?]. Titania isa welkknownsemiconductor
that exists in three crystalline phasé¢anatase, brookite, and ruti)ehavinga bandgap energy
rangingfrom 3,0 to 3,2 eVTo evaluateother substitutesto the TiQ, different materialsbased on
transition metaloxidewere comparedn the abetment ofpollutants(this aspect will baliscussed

in depth in the section dedicated to tests the gaseous phasé& hapterd).

In thisChapter particular attentionis given to metal oxideksavinga well-known catalytic activity
for VOCs oxidation, low costs and high resistanaghamicalpoisong[3]. In particular, nanganese
tetroxide (MnsOs) [2], cerium dioxide (Ceg) [4], titanium oxide (TiQ) and their combined oxides
(Mn30s-10%ZrQ and Ti@1%Ce®), along with the Titanium dioxidglicon carbide (Ti©1%SiC)
composite were investigated The aforementioned metal oxides wereselected due to their

abundance, biocompatibility, stability, and ability to generate charge cafbégrs

Degussa 25 TiQ (containingAnatase and Rutile phagasanopowderswere used as a standard
Due to itshigh bandgap energy, titanium dioxide is ultraviekattive and not active inthe 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 metalsnatals and
metal oxides, are often doped into or onto titanium dioxide teeccome the issues mentioned
above [6]. Due to this fact the combined oxides T#1%Ce®@ and TiG-1% SiGvere here also

investigated.

Cerium oxide (CeQceria) has emerged as an interesting alternative t@ f@hotocatalysis due
to its lower bandgap (2¢2.9 eV)[7]. Receny TiG-CeQ mixed oxidehas demonstratedits

promising performance in the catalytic oxidation epépanol[4] comparedto the single oxides
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andin tolueneoxidation[8], showingan improvement of 3,5 times compared to the bare nanGp
in samplesdopedwith 1 to 10 mol % of cerid@he mixed oxide has also been studied for its activity

in the photethermal approach for both VOCs removal and @@duction[2].

TiQ-1% SiC was also investigated for its application in volatile organic compounds degr§@jation

In this combined oxide, silicon carbide (SiC) has excellent chemical and thermal stability and thermal
transfer ability, making it ideal catalyst support for higimperature applications. However, the
combination with TiQ in SIETIG: nanoparticles or TigdSIC nanocomposite film is particularly

advantageous for water splitting and degrading volatile organic compoj@jds

ZrQ (zirconia)is a large bandgap semiconductor (Eg of abqQté/ or lower depending on its
synthesis). When coupled with a lower bandgap semiconductor (a®©§oan reduce the odds of
charge recombination (that causes the photocatalysts deactivation) and can synergistically exploit
MnO¢ and ZrQ photocatalytic features[2]. Studies have proved interesting photocatalytic,
thermocatalytic and phototherml-catalytic activities of Mn@ZrQ oxides in the oxidation of

gaseous tolueng?]

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 diffeaeisbrptioroxidation 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 Mfi and active aygen speciefL0].

The high mobility/reducibility of manganese oxide lattice oxygens is particularly useful for VOCs
removal, whereas its low bandgap (in the range;3.8 eV, depending on the crystalline structure)

allows a more efficient use of solar radiati¢?}
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2.2 Materials and Methods

2.2.1 Photocatalysty’ I y 2 LJ- Ndperiet S& Q LJ

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 irmable2.1.

BrunauecEmmetgTeller (BET) analygidetermined by N adsorptiondesorptionmeasurements
[2, 4) evidenced saslight increase in the surface aréaterminedthrough the TiQ¢CeQ mixed
oxides with respect to the bare TiO'he higher surface ardaas been #ributed to the presence

of CeQ, determining adecreasan the average pores diameteg#]

The averagecrystalline size oéll catalysts determined by applying the Scherrer formula on the
principal diffraction peaks dhe oxideg[2, 4], confirmed that allthe photocatalystsstudiedarein

the form of nanopowder¢Table2.1).

Crystallite

Catalyst -~ i Seerm* @’ dyp[nm] E,[eV]  Reference
TiQ, 24 44,7 18,1 3.2
TiQ - 1% SiC 22 50 22 2,97 i
MO, 145 99,6 14,5 3,29 2]
MO, - 10% Zrg 18,2 86,1 18,2 3,27 2]
CeQ, 142 1112 26 2,9 [4]
CeQ, - 1% TiQ 150 485 17,2 2,96 [4]

Table2.1. Featuresof the used photocatalystSrystallite size,usface area (), mean pore diameter ggland bandgap (E).

The electrical propertieof the metal oxideswere investigatedthrough U\-Visible Diffuse
Reflectance Spectroscopy (W6 DRS)n particular, he bandgap energy values of thksted
photocatalytic powderavere determinedusingthe modified KubelkaMunk function versus the
energy of the excitinight [2]. Experimental data show thahé mixed oxideTiG:¢CeQ showslower
Egvalues(2,93 eV) compared to bare Ti(3,2 eV)whichhave been attributed4] to a bathochromic

shift towards the visible regiooompared to bare Ti©Instead,no relevantvariationsin Eg values
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were doservedcomparingthe Eg values for Mi®s and MnsOs-ZrQ oxides(3,29 against3,27 eV,

respectively)

2.2.2 Photocatalytic Activityin Water of the SelectedMetal-oxides

The study begins with preliminary tests on photocatalytic systemster 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. Furtheore, the extensive literature on liqguiphase
photocatalysis provides a valuable framework for reseaxdrious tests have been performed to
identify the most effective photocatgst nanopowderausing Methylene Blue(MB) as a model

pollutant in aqueous solution in the presence of fhieotocatalystslurries.

PhotocatalysisExperimen& Setupfor Tests inthe AqueousPhase

Photocatalysis experimenisthe aqueous phaseere performednside a box having nereflective
black surfaceby empbying ahome-madesystem(Figure2.1). It employsa soladightlamp(OSRAM
Ultra-Vitalux 300 W, Radiated Power (380 nm) 13 W, (286315 nm) 30 W, Wavelength range
280-1000 nnj and a fan tacoolthe whole system.

Thecuvette containing the sampMas kept inside a glass vial, gbieldpart of the UVB and UVC
radiation The entire systernwasput 30 cm from the lampand the solution was kept under stirring

for the whole duration of the experiment

Foreach of thephotocatalystsa stock solution wagrepared bysuspendingabout 3 mg of each

sample in3 ml of water (LEMS grade) and sonicating for 30 min.

A portion of the stock solution (about 8%1) was therdiluted in 35ml of waterand 35 mLwasput
inside a 1 cm optical path cuvette. Then a proper amount of pollutant (in this dds¢éhglene Blue
a2fdziAz2y0 A& FRRSR (2 GKS a2t dM,fo3tstthe expaBentOK |

from absorbance valuesf £0,8.
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Figure2.1. Experimental setup for photocatalytic testagueousphase.

OSRAM UltraVitalux LampQ Bmission Spectrum Evaluation

Before starting the experimenthe emission spectrum of thelarlight simulatindamp Eigure2.2
a) wasexaminedo asses#s ability to activate the selected photocatalyst nanoparticles (NbBsgd
on the emitted wavelengthsChe lamp features showrange of 2861000 nm andadiated powes
in the range 315100 nm of 13 W, and the rang80-315 nmof 3,0 W.

For comparisonthe spectrum ohaturalsolar radiation on Eartis shownin Figure2.2b. Notably,

the lamp usedor the experimentemits adiscretespectrum(Figure2.2a), whereassolar radiation
ischaracterizedy a continuum spectrurfiFigure2.2b). This meansghat the photochemical activity
of the considered systemsight be improvedwhen exposed tmatural sunlightwhich offers a

broader range of wavelengths.
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Figure2.2 (a) spectral radiation distributiofor OSRAM Ultr&/italux Lampand (b) spectrum of solar radiation on Eaifthl].

It has been verifiedvhether the radiation can activate photocatalytic procesd®sgiving the
appropriate energy to overcome the Bandgap Endi@gple2.1) for the selected photocatalystBy
applying thePlanckequation Equation2.1), it is possibldo calculate the minimum wavelength

required based on the bandgap energy
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~ QG
OO —

Equation2.1 Planck Equation.

Where:

Ois energy of light (or photon energy) expressed in Joule.
"Qis Planck's constant (6,62610-340 i)

is the speed of light (2,99794.08¢ 7i)

_is the wavelengthg( &)
Using the conversioh eV = 1,6021766340°° , Planckequation can be rewritten as:

p G dhw

O Qw —
_¢€a

Applyingthe equationto each of the selected photocatalydtse following activation wavelengths

were obtained:

=

¢ A Bi2eV)[b< 387nm

=

¢ A h1Pb SiG2,97 eV)h <417nm

==

ayi BR9eV)h <377nm

1 ayi hyE: {BRheV)b <379nm

=

I SHA9eV)Ih <428nm

T / Shw: ¢A9% eVyh <419nm
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The abovecalculated values indicate thatthe UVA radiations can activateall the selected
photocatalyss NPs Noticeable TiG-basedmulti-oxidesystems ¢ A hvé™>  { A/ FIORIO/ Shi
GAOUK < FnmTYY | Y R bandgapsary doseNBvisiblS|ighiahgd Régarding the
emission spectrum for the considerezhip Figure2.2), it showsstrongpeaks in UVA (32000nm)

and UVB (28320nm) regionsthus providing sufficient energyto activatethe photocatalyst NPs
underthe experimental conditiondNevertheless, in the experimental conditions, the UVB region is

shieldedby glassbsorbance

Finally the evidence of thesolar lampemissionin the IR region (702000nm) suggests that the
sample might be subjected to heatiagdthe temperatureinside the teschambermight increase
during the test duration This madet essential ® use a fan tamaintaina constant temperature

inside the test chamber

2.3 Results and Discussion

Totake account ofhe physical adsorption phenomena to reach the equilibritime, samplewere
kept in dark conditions and under stirrifdark, in Figure2.3). Then, the system was irradiated for

2hat35+1 °C.

Theeffect of the photocatalytic systems was examinedery 20 mirby UV analysis dhe solution
through U\WVis measurements monitoring thevariations of the dye concentration (GjCas a

function of the reaction time, startinffom the end of the darkstorageperiod(t = 0, G).
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Figure2.3. Methylene Blughotolysis and photodegradation with photocatalyst nanopowders.

Plottingthe In(C/G) vs time plotEigure2.3) and considering pseudefirst-order photodegradation
Kinetic, the kinetic constant for the photodegradative processr@sultsto bethe linear fit slope of

the obtained curve.

Photocatalytic activity in aquoeus solution of Nanopowders Slurry
Photocatalyst over

Pollutant Sample k [min™] solution [%w] k normalized [mif'g"]
Photolysis - 8,60E-04 - -
TiG, 1,80E-02 0,001% 16,85
TiQ, + 1% SiC 2,85E-03 0,001% 1,91
Methylene Blue Mn;0, 9,51E-04 0,001% 0,68
Nanopowders Slurry
MnzO, + 10% Zro 8,18E-04 0,001% 0,58
CeQ 8,82E-04 0,001% 0,72
TiG, - CeQ (1%) 1,49E-03 0,001% 1,12

Table2.2. MB photolysis and photodegradatioesultsin the presence of photocatalyst nanopowders.

Table2.2 illustratesthe photolysis and photodegradatidafor Methylene Blueusingthe different
photocatalyst nanopowderdn the table, k normalized indicatéise kinetic constant normalised for
photocatalystweight
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From theobtained experimental datan water, TiQ: emerged as the most efficient photocatalyst,
outperforming other materials inlegrading MBThe addition of SiC, and C&0 TiQ reduced its
efficiency, indicating a lack of synergy under the tested conditiNnsetheless, Tigbased mixed
oxidesexhibited an improved photochemical activitpmparedto the othertested oxides MnzOas
and Ce@showed limited photocatalytic activity, either alone or in combination with othvedes
Focusing onMn30s and MnsOs-10% Zr@ oxides the slightly higher photochemical activity
expressed by théormer could bedueto its larger surface are@9,6ntg? versus 86,1 fy?).

Finally, TiG-CeQ (1%) mixed oxidevidenced a higher photochemical activity contrastto the
bare CeQ@oxide,this canbe attributedto the higher average gexhibited by the first samplevhich

facilitates pollutant access, adsorptiand decompositioril2].

2.4 Conclusions

The photochemical activitgxpressed by different photocatalyatjueousslurries was tested in the
photodegradation oMethylene Bluechosen as a model pollutarit particular, the photochemical
activity exhibited byuncoammon photocatalysts (such as M@:, CeQ, Mn:0Os-10%ZrQ, TiQ-
1%Ce®@and TiG-1%SIiC) selectefibr their abundance, biocompatibility, stability, and ability to

generate charge carriersvas assessed amgdmparedto the most popular TieXDegussa P25)

The obtained data shows thdiG remains the most efficient photocatalyst among those tested
and, generally TiG-based multioxide systemg§TiQ-1%Ce@and TiQ-1%SiCgxhibited the highest

photocatalytic perfomance compared to the test systems.

Theobtainedresults provide atarting pointfor further investigationsidentifying TiQ asthe most
effective photocatalysts for develom photocatalytic thermoplasticnanocompositesor water
remediation The limitedphotocatalyticperformanceof the other photocatalysts suggests potential
for exploring theiractivity in gasphasephotocatalysis, whemcorporatd into a suitable polymer

thusapproaching nevopportunities for optimization beyond aqueous systems.
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3 Photocatalytic Activity of TiO 2-Containing
Nanocomposites vs the Chemical Nature of the

Polymeric Matrices: A Comparison

3.1 Introduction

Titanium dioxideDegussa 25 (a mix of Anatase and Rutile phasesjhe form of nanoparticles
(TiQ 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(Chapter2) using Methylene Blueas a model pollutant in aqueous
conditions, TIQ: Degussa P28emonstrated superior photocatalytic performance compared to
other photocatalysts studied, establishirigas the most effective systennder theexperimental

conditions.

Nevertheless, the main drawbacks of this system are due to the charge recombination and oxidation
rates, which strongly decrease the efficiency of the photocatdB|sEurthermore, its highest
efficiency under UV illumination rather than visible light, due to its band gap vBRie\()|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 nanosystemig] In addition, the use of dye sensitizi8s

9] is a promising method for broadening light absorption into the visible light range. On the other
hand,the development of threedimensional ordered porous Ti®Ps has shown improvements in
light-absorption efficiency This isattributed to a lightharvesting effectarisingfrom the increased
optical path within the semiconductanacrostructure) that supportthe efficientpenetration of

the incident photon fluxnto the photocatalyticporous nanoparticle§10] Recently, a combined
approach involving doping of porous Ti@acrostructures has also shown promising results in the

mineralization of organic pollutants, both in liquid and gas ph@sgk.

Nevertheless, the use of TAQPs 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 Ti@NPs on solid support$n this topi¢ several supports (glass, concrete, plastic, etc.)
have already been investigat¢d] Unfortunately, the common approaches involve expensive
procedures and methods, such as thermal treatmdtf, solgel approache§l3] and vapour
deposition technique$§l4, 15]In this field, polymers are fascinating supports due to their chemical
inertness, stability, and cheapneséoreover, thermoplastic polymers can be easily turned into thin
films and coatings, facilitating the use of the material in lasgale applications. Indeed, a
photocatalytic coating that is easily applicable on surfaces could support the depollutiortesf wa
and air matrices by exploiting sunligiithe simplest immobilization technique might be to blend
TiG NPs with a polymer using a proper solveamd to dry the mixturg16] In this Chapter the
choice of the synthetic approach was driven by the need to obtain more efficient systems
xenobiotic gaseous pollutants abetmerdyerperformingtraditional photocatalytic coating and
paints Common [otocatalytic coatings are mixturesof solvents, photocatalyst nanoparticles
(usually Ti@), polymeric matrix and additivesHowever,embedding nanoparticles in a polymer
matrix could reduce their available surface ardatermining also aggregation phenomenon

affectingtheir photocataytic efficiency{17]

Recently,it has beenproposeda new insitu radical bulk polymerization approach to develop
polymethyl methacrylatédbased thermoplastic nanocomposites containing >TKIPs[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 resulisel photocatalytic degradation

of xenobiotic pollutant§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 bagmints; 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 dgais (TGA), differential scanning calorimetry (DSG)VislV
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Raman and Xay 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 inveséiddy batch experiments against
pollutants in solution, determining the photodegradation rate of model dyes sudidethylene
Blueand Rhodamine B. The collected data allowed a correlation between efficiency and polymeric
chemical nature. To show the effilveness of the experimental nanosystems toward rail
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 phetddation 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 industrialsaip.

3.2 Materials and Methods

3.2.1 Synthesis oNanocomposites

The nanocomposites PMMA@ BI®VAc@Tiand PS@Twere produced through free radical
bulk polymerization. Briefly, each monomer was purified through soeBuifate and further basic

alumina treatmentgFigure3.1).
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Anydrum
sodiumsulfate

Basic Alumin Inhibitor

Purified
Monomer

Figure3.1 Process of monomer purification from its inhibitor.

The purified monomer (@g, U100 mmol) was then mixed with B0mg of TIQNPs, to obtain a final
nanocomposite containing approximately 5% (w) of the active photocatalyst. Each mixture was
sonicated for 30 min before adding the AIBN initiatorQ(frity, U 1 mmol) within 8800mLflask and

each mixture was kept in a heating bath at®&5for 20 H{Figure3.2 a). Finally, theobtainedmixture
(Figure3.2 b) was dissolved in THF @L) and precipitated in-hexane 800 mL) (Figure3.2 c).

The nanocomposite was separated through filtration and dried in a vacuum ovég (20 h).
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Figure3.2 Synthesis of PMMA@Ti®anocomposite. (8] he reactiowasconducted in deating bath at 58Cfor 20 h.(b) Reaction
product.(c) Precipitation im-hexane

The homopolymers PMMA, PVAc, and PS were synthesized using the same experimental procedure,
without adding the Ti@NPs.

3.2.2 Preparation ofPhysicalMixtures

Physical mixtures of homopolymers (PMMA, PVAc and PS) andAsS@obtaining the PMMAIQ,
PVAETIQ and PSTiIQ samples) were produced by mixing each homopolymer (100 mg) and TiO
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).
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3.2.3 Thin Film Preparation for Raman Measurements

Each nanocomposite and blended mixture (1 mg) was dissolved inGb/Ok¢thyl Ether mixture
(2:1 v/v, 300 pL). 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@TIBVAc@TiDand PS@TiOwere 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 surfaarea of approximately 59 @rPhotocatalysis experiments

were performed within an opefwall homemade apparatus, employing a solar lamp [OSR g

Vitalux (OSRAM Opto Semiconductors GmBdgensburg, Germany), Wattage 300 W, Radiated
Power: (315400 nm) 13% W, (286315 nm) 30 W, Wavelength range 28000 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 agueous solutions (100 mL), having appropriate concentration
to start the photocatalytic test from absorbance values arouj@& The dye solutions were prepared

using water (L®AS 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 G to Goo) through UWis, monitoring the variations of the dye concentration ({43 a
function of the reaction time, starting at the end of the datiorage time (t = 0,4l Considering the
pseuddfirst-order photodegradation kinetic, the kinetic constant for the photodegradative process

(k) is the linear fit slope of the In(G)Gss. time plot.

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

I jdzS2dza az2ftdziAz2ya ol o2dzi yn >a0 6SNB LISNF2N)YS
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3.3 Results and Discussion

Aiming to investigate the effects of different polymer matrices on the performances of
thermoplasticbased nanocomposite photocatalysts, three different nanocomposites having

different polymeric matrices were synthesized.

A onepot synthesis was developed by exploiting assito radical polymerization (sdggure3.3).
Briefly, a suitable monomer (Methyl Methacrylate, Vinyl Acetate, or Styrene) andNP©(5 % w)
were mixed by prolonged sonication, allowing the adsorption of the monomer insidé&NPiQores.
Subsequently, the thermal initiator (Adas 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 im-hexane.

Methyl Methacrylate \ PMMA@TIQ
. Stirrin -Si i
VinylAcetate — + TiG, 2 In-situ radical bulk _ Nanocomposite< PVAC@TID

Sonicatingbath polymerization
Styrene PS@TiQ

Figure3.3 Simplified scheme for the synthesis of the nanocomposites with different polymeric matrices.

The photooxidation capability of the nanocomposites is strictly related to the amount eINR©®
entrapped within. Hence, to determine the TBIONPs content in each nanocomposite,
thermogravimetric analyses were performed in air ($égure3.4 and the table therein). In this
oxidative atmosphere, the PMMA and PS homopolymers showed stepedegradation beginning

at approximately 270 °C and 350 °C, respectively, due to both unzipping and oxidative processes.
Instead, PVAc showed a mudtep thermal degradation GE314 °C, JF426°C, F485°C)
determined by deacetylation and further oxidative proceskgY. Due to the presence of
nanoparticles within the polymer matrix, PMMA@7iénd PS@TiOshowed higher thermal
stability and residues than the related homopolymers (PMMA@TI© 340 °C; residue at 800°C =

4,87 %; PS@TiOT= 380 °C; residue at 800=4,89 %). Furthermore, the multitep degradation
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of PVAc was slightly shifted to higher temperatures after the addition of the photocatalyst
nanoparticles (=319 °C, 2F424°C, F507°C, with a residue ofl3 % at 800°C).

100 4 100+ Degradation T * Residue
\ Sample °c) at 800 °C (w %)
PMMA 273 0
g PMMA@TiO, 339 4.87
£ 50 PS 348 0
[
2 PS@TIO, 377 4,89
S \\ 314
~ PVAc 426 0
£ 504 o : ‘ ‘ ‘ 485
=) 200 400 600 800
o 319
= Temperature (°C) PVAC@TIO, 424 511
507
* Degradation temperatures are
reported as onset temperature of the
weight loss step.
0- T T T T T T 1
200 400 600 800

Temperature (°C)

Figure3.4. TGA traces (air atmosphere) of PMMA@Tiack line), PVAC@Ti@yan line), and PS@7Ti@ed line). All NCx are with
5wt% of TiQadded. 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 3.5dashed lines) and their related nanocompositég(re 3.5continuous
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.

48



Photocatalytic Activity of TiGZontaining Nanocomposites vs the Chemical Nature o 3
Polymeric Matrices: A Comparist

PMMA (°C) PS(°C) PVAC (°C)
Homopolymer 127.4 87.3 42.2
126.0 83.8 41.7

Nanocomposite

Heat Flow (W/g)

T T T T
0 20 40 60 80 100 120 140 160
Temperature (°C)

Figure3.5. DSC traces of PVAc@;Ii@een solid line), PMMA@Ti(lue solid line), PS@TiM®lack solid line), PVAc (green dashed
line), PMMA (blue dashed line) and PS (black dashed line). The calculated glass transition temperatures are repansed tafike i

As a confirmation of the intimate contact between the organic matrix and the semiconductor
VEY2LI NGAOE Sazr (KS aG2N)r3S 2F (KS yly202YLI2aA
phenomena or phase separation also after a month of stofag&On the contrary, the dispersion

of TiQ 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 racgygredat about100 nm Figure 3.§, which

Is in agreement with the nominal size of the 7iI®Ps and further confirms the negligibility of

eventual seHaggregation processes.
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Figure3.6. DLS traces of THF solutions of PMMA@&(bi@ck), PS@Ti@red), and PVAc@ Ti(blue).

The band gap energy of the samples was estimated through the modified KiNdetkafunction
Cowo & | FdzyOQiAz2y 2F GKS LK20G2y SySNHE O6KAO O

The band gap of the samples shows a slight change from the value of ba(8.Z80eV[]21] due to

the interaction with the polymer matrix. The extrapolated band gap values of the blé&ngisré

3.7a) are 324 eV for PVATIQ, 319 eV for PMMATIQ, and 318 eV for PSiQ; meanwhile, those

of nanocompositesHigure3.7b) are 329 eV for PVAC@Ti(B,21 eV for PMMA@TiQand 335 eV

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

likely within theerror of the method.
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(ahn)1/2

2,5 3,0 3,5 4,0

1
/I

Energy (eV)

Sample Band Gap (eV)

TiQ 3,2

PMMA@TO 3,24

PVAC@TIO 3,35

PS@Ti© 3,37

PMMA-Tighlend 3,25

PVAc-Tioblend 3,33

PS-Ti@blend 3,23

3:0 315 ' 4,0
Energy (eV)

Figure3.7 Diffuse Reflectance spectra of: a) blends PMN& (black line), PFiQG (red line) and PVAc (blue line); b)
nanocomposites PMMA@Ti(black line), PS@TiQed line) and PVAc@TiMlue line). The table in the inset contains the Band
Gap Energy for each of the samples.

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

was investigated by Raman spectroscopy. The positions of characteristic peaks ahaigase

crystalline structure are well known in the literatuf2?] having six Raman active fundamental
modes: 144 cm (Ey1), 197 et (Bp2), 397 cmt (Byg), 518 cimt (Ag) and 640 cm (B3). 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
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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 44 cm
which is the most intense vibration of Anatase (brighter zones), while dark areas are mainly
composed of polymerHigure3.8). To highlight the effect of different preparation methods of
polymerTiG 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@filins Figure3.8, a,c,e) revealed

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

than those of the blended sampleBigure3.8, 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 fihs showed always the;Emode at 144 cm in both bright Figure3.8, g) and

dark Figure3.8, h) regions, confirming the homogeneous dispersion of iFiGhe polymer matrix.

9) h) .,
:Eg Eg 17
Si
: f\ substrate
) |
1 ) 1
! .
I \ IBlg , Eg
| . !
—_ ! \ I
=l ’_: : \ :
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1 |
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Figure3.8 Raman imaging maps of hanocomposites and blended mixture counterparts: PMMA@& B blend PMMAIG (b),
PVAc@Tig(c) and blend PVATG QG (d), PS@Tide) and blend REIG (f). Raman spectra of bright (g) and dark (h) regions of:
PMMA@Ti@(black line) and blend PMMRGQ (green line), PVAc@TiM®lue line) and blend PVA@ (orange line), PS@TiQed
line) and blend REIG (magenta line).
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In contrast, the Raman maps of the polyrie blends show segregation phenomena of JINPs

within the polymer matrices, minor for PVA®G blend Figure3.8d), and particularly evident for
PMMATIQ and PSTIQ blends Figure3.8 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 zone&igure3.8g and h, respectively) for each sample confirmed this
statement. It iswidely reported thatRaman spectral features (Raman shift, linewidth and peak
symmetry) are strongly dependent on crystal size, because of the spatial confinement of phonons
in metal oxide crystalliteR23, 24]Specifically, the pealgEshould show a lowrequency shift (red)

and a significant narrowing with the increase in the ;Té@ystallite size. Focusing on the size
distribution of the catalyst nanoparticles, although all of the investigated blends show extended
TiQ NPs rich regions, we did not observe any changes in the Raman spectra. In fact, both the
recorded i frequency and the extrapolated line width (FWHM) value remain unchanged
respectively at about 144 ctand 197 cmi, suggesting no relevant ahge in the Anatase

nanoparticles size as a result of phase segregation phenomena.

The electronic structure of théestperforming PMMA@TiI@ nanocomposite (vide infra) was
studied by XPS analyses and results were compared with those of the bafdPSOThe inelastic
YSIEYy FTNBS LI GK < F2N 0KS5A and thessepar@ignhbBrwebnSadjsgdnt S S
Ticontaining planes in the (110) main direction for NPs is 24 A[25, 26]Since XPS is a surface
G§SOKYAlLdzS GKIFG LINRPoSa 2dzaid | YFEAYdzY RSLIGK Oz

investigated.

Figure 3.9 shows the XPS spectra of the commercial> N®Ps sample (black line) and that of
PMMA@TIQ (red line), in the Ti 2p energy region. The Ti 2p feature of the commercial sample
consists of the main 2p, 2py2 spinorbit components at 452 eV and 46D eV respectively. Upon
inclusion in PMMA, we noted very lewtensity 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 lowntensity signals bthe TiQ NPs now included in the PMMA pores and to
some polymer € interactions. There are no evident colour changes nor additional XPS evidence
of low binding energy peaks and this fact suggests the subatatisence of TX species on the

XPS probed depth being the 48%V and 46® eV values typical of the TiQPs itself26, 27]In
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fact, the eventual presence of,0s 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 T8 at lower binding energy) because of the competition of various final state

screening effect§28]

100 1

[0}
o
1

Intensity (a.u.)
(o2}
o

40 -

450 455 460 465 470
Binding Energy (eV)

Figure3.9 Al K excited XPS of the commercial J$@mple (black line) and PMMA@T{@d line) in the Ti 2p binding energy
NEIA2yd { GNHzOGdzNBa RdzS G2 !t Yh aldSttAadSa 6SNB NBY20SR TN
intensity.

Figure3.10 shows the XPS spectra of tkemmercial TiI@NPs sample (black line) and that of
PMMA@TIQ (red line),in the C 1s binding energy region. The peak at 285.0 eV is due to the
adventitious carbon contamination present in allakposed materials and the weak signaRé8.6

eV is due to a few carbonates on the surface of the commercial NIR®@ sampleln the case of
PMMA@TIQ, the peak at 285.0 eV is due to the PMMA aliphatic groups anthsesignal, now at
288.9 eV, significantly increased upon the>MNP's inclusion in the polymer, is mainly due to the

COOR group of the PMMA.
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Figure3.10 Al K excited XPS of the commercial Z7MPs sample (black line) and PMMA@Ti€d line) measured in the C 1s

OAYRAY3 SySNHe& NBIA2yd { (NHzOGdzNB&a RdzS G2 !t Yh al (Sdnfer (1S4
relative intensity.

The XPS of the O 1s core level of the same samples is shé&iguie3.11 The commercial TO
NPs shows a strong signal at 530.6 eV, as expected fomEterials, with a high energy, low
intensity tail due to the presence of someQH hydroxide on the sample surfgd@s]. In contrast,
XPS of PMMA@TiGhows a broad O 1s peak centred at ®38V due to the two oxygen atoms of
the -COOR group of PMMahd to some relevant presence of surface water responsible df 885

eV component
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Figure3.11 Al K excited XPS of the commercial ;MPs sample (black line) and PMMA@Ti€d line) measured in th@ 1s
binding energy region. The spectra were normalized to the same relative intensity.

The photocatalytic efficiency of the nanocomposites was verified through batch mixidation

experiments involving model dyes and real pollutants.

The photodegradation experiments Methylene Blue(Figure3.12a, continuous lines) revealed
only a little higher efficiency of the PMMA@Ti&nhd PVAc@ Tihanocomposites (normalized k
equal to 1420 and 1517 min'g?, respectively) with respect to the PS@Jiunterpart
(normalized k 129 min'g?). Instead, considering the photodegradation experiments of
Rhodamine BRigure3.12), the PMMA@Tigsystem has shown the best performance (normalized
k 561 ming?). On the contrary, each physical mixture of PMMA, PVAc, or PS witNAFgQunder

the same experimental conditions, has shown low efficieroyure3.12a, dashed lineq)L8]
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Figure3.12 Methylene Bluga) 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 PMMRSedrfdr

blue for PVAc. The talslén 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 activialgebtoca

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 theceatration of pollutants, obtained by
monitoring the bands at 243 nm (Acetaminophen) and 257 nm (Paraquat), were repofegline

3.13a and b, respectively.
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PS@TIiQ 0.06 0.09 (0.005) 0.32 0.43 (0.03)
PVAC@TIi® 0.76 0.97 (0.05) 0.30 0.37 (0.19)

Figure3.13 Photodegradation kinetics of Acetaminophen (a) and Paraquat (b) in the absence of photocatalyst (green), and with thin
films of PS@Tidred), PVAc@Tidblue), and PMMA@ Tidblack). The insets show the Wi spectra of Acetaminophen and
Paraquat acquired during photodegradation experiments employing PMMA@ITTi®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@h#&dosystem against both pollutants.
Instead, the PVAc@Ti@anosystem was active only against Acetaminophen. On the other hand,

the PS@Tignanosystem 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 hydnadical speciefl9].
Contact angle experiments showed that the wettability of the three examined nanocomposites
(PMMA@TIQ PVAc@Tifand PS@TKpincreased in the PS<PMMA<PVAc sequencé’(8D,1°

and 774°, respectively). Please note that all nanocomposites contain an equal amount of

photocatalyst Figure3.14).

58



Photocatalytic Activity of TiGZontaining Nanocomposites vs the Chemical Nature o 3
Polymeric Matrices: A Comparist

PVAC@TIO PMMA@TIQ PS@TIiO

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

Figure3.14 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 gidahener,

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 PMMi#ces 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@xI${stem [29]

3.4 Conclusion

Present data indicate that different monomers could be used feitin radical bulk polymerization

to produce Ti@containing nanocomposites. Such an approach would ensure the homogeneity of
the TiQ 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 resperisitthe enhanced
photocatalytic performances of theamocomposites 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@i@Bocomposite, which showed the
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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@:Ii@anocomposites is reflected in its
efficiency against a noeoharged water pollutant such as Acetaminophen. However, the
PMMA@Ti@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 matrithat 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 Volatile Organic Compounds
Employing a Thermoplastic Nano -Photocatalyst

Layered on a Glass Reactor

4.1 Introduction

Filmable photocatalytic nanosystems containing -.TKIPs 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 gahase. Indeed, the filmability of the system makes it suitable to fit

different shapesnd surfaces, paving the way for novel depollution applicatioé matrix.

ThisChapteraims todesignan efficient air depollutiordeviceby using a thin film othe PMMA

based nanocompositelayered on a new glagssed photoreactor.This device representsa
laboratory-scaleexperimentto study thear behaviourwhen depositedon extensiveglassbased
surfacesin their broaderapplicabilityon glassyconstructionmaterials The photocatalytic activity

of the device was evaluated by the phetaidation of three representative VOCs (ethanol, acetone
and toluene). The obtained experimental results, reported in terms of conversion (%) and selectivity
to gas byproducts under solalight radiation, demonstrate the excellent photocatalytic activity in
VOCs abatement. The performance of the proposed system is highethtabof the weltknown

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 (FISEM) and energglispersive Xay spectroscopyEDX).

To our knowledge, this is the first exampleadhermoplastic 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 concepaind o 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 PhotocatalyticOxidation of the VOCs

Photocatalyticoxidation experiments of acetone, ethanol, and toluene were carried out at 35 °C
using the new glassasedflow photoreactor. A schematic setup of the photocatalytic experiments

Is reported in Figure 1.

hait il
R
spectrometer

(VG quadrupoles)

Photoreactor

l!/u
—

‘;.._r =i
Voo Sk

Figure4.1 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 atheamixture (0.1 vol %

VOC, 10 vol % air, balance in helium) before carrying outhtbpatalytic testsThe saturator was
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put in a cryethermostat 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 adsorptiesorption phenomena was taken into
account by fluxing the gas mixture over the photoreactor for 1 h in the dark, reaching steddy
conditions. The flow reactor was then irradiated for 5 h vattamp (OSRAMItra-Vitalux300 W,

10,7 mW/cn?, 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 analyzedioa by a GEMS, 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 wepgoducible within 3%.
The conversion and the selectivity of VOCs were calculated by applying following formulas:

N < XV I« I Y Vo)
WU @E €LQIR PRéEE——— p T TT
wL o

"YQa Q¢ oB ) QQU

where [VOGRnd [VOGHare the initial and final concentrations of the examined VOC. The selectivity
was defined as the ratio ofZ@onsumption for the VOCs photocatalytic oxidation over the total O

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 sibéshe powders can strongly affect

the absorption of incident photons, leading to an important decrease in photoactivity ovef4imne.

To overcome the above issues, a polymethyl methacrylat® (PMMA@TiI@® nanocomposite

deposited as a thin coating layer on-adc 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. Tasults of the photeoxidation experiments of

the VOCs (flow rate of 80 mL/min) are showrrigure4.2, 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 steatgte conditions, the preliminary saturation of the
reactor (with each/OC flow) was conducted in the dark for 1 h, reaching the adsorgdgsorption

equilibrium.
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Figured.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 = 2 mg (Ti@content in the nanocomposite = 5% wj6 Ong); surface area covered by the nanocomposite = 227 cm

The degradation of toluene, a wédhown aromatic pollutant, in the presence of the PMMA@TIO
nanocomposite (Tigamount = 06 mg) was around 43 %, slightly less than that obtained by using

commercial Tignanopowders (46 %) under the same experimental conditjhBut exploiting an
higher amount of Ti@ (100 mg).

CQ was detected as the main product of toluene photodegradation, with low selectivity to partial
oxidation products namely benzaldehyde, benzene and/or benzoic adéo(dssociated with the
experimental error). The G@ormation could be due to the formation of rirgpening products,

such as carboxylic acids and aldehydes, which rapidly photodegrade em@&0 Figure4.3).[6]
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Figure4.3 Reaction pathways for the photaxidation of toluene over irradiated catalysts.

In particular, two paths are possible: the first one includes the hydrogen abstra¢tiguré4.3,

LI GKglk & LOX FyR GKS &S02 Figure23/ fathvg Ii)& patRvaNEthe i K S
hydrogen abstraction follows this sequence: toludmgbenzyl alcoholhbenzaldehyddhbenzoic
acid[7, 8] Pathway Il 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 favo(ifgécetone, classified as a common
indoor pollutant, was converted to G49%) without any detected intermediaf:11] The
acetone degradation involves photogenerated hydroxyl radicals produced on thsduir@ce. The
photocatalytic degradation mechanism of acetone can involve the formation-pfducts in the

gas phase that rapidly degrade to £#@th complex and not yet wetlefined reactiong12]

Finally, the photocatalytic conversion of ethanol led to the formation of acetaldehyde (selectivity
higher than 85 %) as the main produEigure4.4, green line) with a minor amount of ¢@igure

4.4, orange line).
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Figure4.4 Selectivity (%) to acetaldehyde (green line) and (G@nge line) during the photoxidation of ethanol under simulated
solar light irradiation.

According to the literaturg¢l3] the ethanol photodegradation pathway follows the equations

reported below, where the indices (a), (s) and (g) stand for adsorbed, surface, and gas respectively.

2 CHCHOHa+ Osh H sCHOa+ HOa 1)
2TeOs+2MM 0 Sqd b H K (2)
H Sq2M HG Gh )
h*+ CHCHOa.+ Oslh /3/1 G lath  Gah | (4)
h*+CH 6 lalfp /sQHQ, )

In particular, the first step towards the photaxidation of ethanol involves itactivation by O
adatoms (@ on the surface of the photocatalyst to quantitatively yield ethoxides (Equati¢i]).
15] Upon irradiation of the Tig) electron and hole pairs are produced (Equation 2). The so excited

electrons reacting with @lead to the generation of & radicals (Equation 3). This step allows the
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reaction of ethoxide species with a hole to give a shiogd oxyradical 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 acetaldehidputed.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 Ti@20%)[16] The percentage of conversion obtained
during the photedegradation of these pollutants underlines the photodegradation efficiency of the
nanocompositebased photoreactor. In fact, differently from the experiment involving pi@vder
(commonly 100 mg or more), the nanocomposite here used contains only a small amount of
photocatalyst (around ® mg). This efficiency can be attributed to both the high photocatalytic
activity of the Ti@nanopatrticles, well dispersed on the surface of the material, and algedscal
waveguide effect of the PMMA matrix, which increases the photoactivity of the PMMA@TIO

nanocompositg17]

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 photoreactphotodegradation 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 ethaRa\jre4.5a, solid lines), toluend-(gure

4.5 b, solid lines) and aceton€&ifgure4.5c, 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 threefold, respectively. This phenomenon is probably due to the longer pollutanticta
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 G@nd toluene was revealed (data not shown).
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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 rateq18, 19]

It is noteworthy that, in the case of acetoqdoto-oxidation Figure4.5c, 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 othe surface affecting the adsorption and the phaigidation of the

target pollutant[9, 20-22] Thus, therecould be a slight contribution to the diffusion. However
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 + photeoxidation steps) needed for its degatibn.[23, 24]
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Figure4.5 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 experimem®G6f each
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 cyatpife4.5, 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-pRiokation experiments

with increasing flow rates2Q, 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, theeement showed a
decrease in the toluene conversion percentagey(re4.6). Indeed, when the experiment started

with an higher flow rate (80 mL/min), the toluene conversion was only 24 % after two hours of
simulated solairradiation Figure4.6, blue line), whereas it reached 32 % if the experiments athrt

at a lower flow rate (20 mL/min), as shown kigure4.5 b (solid blue line). So, the conversion
obtained with a decrease in the flow rate (from 80 to 20 mL/min) was low (IH¢ére4.6, 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 %~{gure4.5 b, solid cyan line).

25

20

15

10

Toluene Conversion (%)

T T T T T T T T T
0,0 0,5 1,0 15 2,0

Time (h)

Figure4.6 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 PMMBAQ physical mixture Kigure 4.7). After 5 hours of
irradiation, conversion values obtained with the PMMA homopolynmeigyre 4.7, red line)
remained below 2 %, while using the PMMIK> physical mixture (5 % wt of Ti(a value of about

4 % was recordedF(gure 4.7, green line). Interestingly, the nanocomposite efficiency in the
conversion of toluene increased approximately ten times over the physical mixigeré4.7, blue

line).
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Figured.7 Toluene conversion in the presence of PMMA@TiO2 nanocomposite (blue line),TROApAysical 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 morphologyEREanalyses of
the PMMA@TIQ PMMATIQ and, PMMA were performed. In addition, EDX analysis was also

carried out to confirm the formation of an impurifyee nanocomposite.
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Aiming to analyze the coating of the capillaries, the photocatalyst layered tubesbroken and
the obtained fragments were fixed on the supports. After the-odating process, these were

analyzed on their inner and outer surfaces (5égure4.8 a).

Firstly, the PMMA film (free from T#Dcoated capillary was analyzed as a blank system to define
the morphology of the surface of the polymeric matrix. SEM images shbamegeneous and
smoothed layer on the innef~{gure4.8 b) and outer Figure4.8 c) surfaces of the capillary, as

characteristic of amorphous polymeric coatings.

Capillary
section

ouT \

wi
wiy

b) inner

Figure4.8 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@slifanocomposite revealed the presence of a morphology

compatible with the formation of aRomogeneous nanocomposite. In fact, the presence of uniformly

distributed sphericakhaped particles without discontinuous regions is evidenced in the polymeric
matrix (Figure 49 a and b). According to the features of AeroXide25 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 TiO
from the PMMA matrix. Also in this case, the surfaces do not have any discontinuous regions of
coating. Additionally, the EDX analys$tgg(re4.9 c) confirms the nature of the nanopatrticles, as
evidenced by the peaks afband4pm YS+> | GONROGdzGSR (2 ¢A27 YR
YS+ A& FGONROdzil 60fS G2 GKS LREEBYSNRAO YIGNREO®
TiG 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.

a) inner

Intensity (a.u.)

0 1 2 3 s s
Energy (KeV)

Figure4.9 FESEM 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 PMM¥physical
blend has been performed and reportedfrigure4.10. In this system, the surfaces of the inner and
outer coatings show a low homogeneity of the FiOPs dispersionFgure 4.10 a and b,
respectively). The presence of noegligible segregation phenomena on both surfaces can be
asserted. This result is in agreement with the lower photocatalytic efficiency of the PM®A

physical blend coating.
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Figure4.10 FESEM images of the PMMRAO2 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 degradationTable 4.1), confirmed the feasibility of our system in meeting the
current request of limiting the amount of critical materials (such as titanii28)In fact, in our case,
with only Q6 mg of TiQefficiently embedded into PMMA and deposited in the photoreactor, better
performances were obtained than that of bare Tgowders (100 mg) in a similar experimental
setup under simulated solar light irradiati¢s] Besides, our system also showed higher efficiency

than other reported Ti@based catalysts (Tg@owder amount from 10 to 100 mg).

Samples Experimental conditions | TIQG: % wt Toluene Ref.
conversion (%)

PMMA@TIQ ppm: 1000 5 56 This work
micropipesglass Flow: 20 mL/min
reactor
Time of irradiation: 2 h
Lamp: solar
Weight of photocatalyst
12 mg
TIQ ppm: 1000 100 46 [5]

(Aeroxid®P25) | Flow: 80 mL/min

Time of irradiation: 5 h
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Lamp: solar

Weight of photocatalyst:
100 mg

TiQ/Bi/Bi2M0oOs | ppm: not indicated >5 26 [26]
Flow: not indicated
Time ofirradiation: 2 h
Lamp: xenon

Weight of photocatalyst

29
Ce, Sand N ppm: 30 >5 30 [27]
doped TiQ Flow: 30 mL/min

Time of irradiation: 5 h
Lamp: xenon

Weight of photocatalyst
500 mg

TiQ-SBA15 ppm: not indicated 20 60 [28]
Flow: not indicated
Time of irradiation: 7 h
Lamp: xenon

Weight of photocatalyst

50 mg
PUTIG -rGO ppm: 220 >5 60 [29]
aerogel Flow: not indicated

Time of irradiation: 3 h
Lamp: xenon

Weight of photocatalyst
129

Table4.1 Table of comparison with the literature for the solar photocatalytic oxidation of toluene.
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Nevertheless, it ifmportant to underline that a quantitative comparison among the various-TiO
based systems is very difficult, due to the different experimental setups, VOC concentrations,
irradiation sources and times. However, considering the limited amount efE@ examined, it is
clear that the investigated photoreactor allows to decrease the amount of m@ntaining a
noteworthy performance. The deposition of the thin film of PMMA@Ti@hocomposite and the
reactor configuration allowed to maximize the expositminthe surfaceactivesites of TiQto the

solar irradiation, boosting up the VOCs phatdadation.

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 towaargsllution

in a real city environment, the nanocomposites (PS@HUAc@Ti£and PMMA@TI€) were used

Fd Ayl G2 6NRGS (GKS 62NR da{ahDé¢ 06& ONMZAKAY3T I
white canvasKigure4.11, left-bottom). As a reference, related homopolymers free o, NBs were

also used for the same purpodéidure4.11, 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 (Mayanuary) in a sunny position. When evaluating the canvas after 9 months,

as expected, altered colours of the canvas due to theeatdf of pollution were observed.
Nevertheless, the areas covered with the photocatalytic nanocomposites maintained the original
ONRIAKG GKAGS O2f2dzNJ 2F GKS OFy @l ar (Kdzathada K2 & A
PVAc@Tigand PS@TidFigure4.11, bottom right). Instead, the canvas surface that had the same

word written with the pure homopolymers did not reveal any bright ardagyre4.11, top right).
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PS PVAC PMMA ' PVAc —  PMMA

PS@TiO2  PVAc@TIO2 PMMA@TIO2

__PS@TiO2  PVAC@TiO2 PMMA@TIO2

Figure4.11 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 theaintedg 2 NR 6 { ahDé X (GKS Ol y@gla SEI
highest photodegradation efficiency of the PMMA@xTanosystems, showing a mudhighter

written. Consideringthat all nanocomposites have the same FIIPs dispersion homogeneity

within the polymer matrix, to explain the highest efficiency of PMMA@,Tdi¥erent parameters

must be considered and the interactions of the organic matrix with the semiconductor
nanoparticles should play a key rolehas beeralreadyreported that, as well as the wettability,

the PMMA matrix induces local waveguide effects of the light arising from differences in the
material's refractive indexel80]that enhance the light propagation within the materitile electric

dipole layer originated by the electronic charge interaction at the PMMA/M@rface might

accelerate the charge separation more efficiently than in PVAefn@ PS/TiQ[31]

4.5 Conclusion

Experimental data indicate that the PMMA@7@anocomposite, layered on an dmbc 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 nanopbased

photoreactors.
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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 Ti@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, slaoslirsg
correlation between efficiencyral flow rate. The performance of the designed reactor makes it
promising for the irsitu degradation of VOCs and an ideal candidate for environmental
decontamination applicationgzurther studies on this type of reactor will focus on the loeign
behaviour of the material and its performance with more recalcitrant VOCs, enhancing the
applicability of this material/reactor configuratiofinally, he morphology and the compositional
homogeneity of the nanocomposite coating were addressed througiSEMEDX analysis.
Experimental data showed thahe nanocomposite coating has a much more homogeneous
distribution of TiQ NPs compared to the PMMAQG physical mixture.Notably, beyond this
application, theresultsobtained with the glasphotoreactor open new perspectives to apply these

systems to reaWworld building surfaces, particularly glasased structures.

In photodegradation experimentagainst realworld pollutantsabatement, performed by using
painted canvags support PMMA@Ti@confirmed its highest efficiency compared to other FiO
based nanocomposites (PS@IIPVAC@TIL)

To sum up photocatalytic hanocompositeare promising system® be appliedon glassbased
building surfacespaving thepossibility for their industrial scaleip. 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 inexpensigepositiontechniques this aspect will beliscussedn Chapter

8.
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5 Study of the Behaviour of Cement as a Substrate
for Polymer -Based Nanocomposites in the

Abatement of Pollutants in Aqueous Media

5.1 Introduction

Recently, the application of photocatalytic coatings on cementitious surfaces has gained increasing
AYGSNBalG RdzS (2 02ad0aQ NBRAzOGAZ2Y &Ayen@entAld NS |j
In fact cement is aroptimum substrate for photocatalysts due tats suitable pore structure,

stability, adhesion, processability, low cost and durabjfily

In Chapter4 the characteristics and performances of photocatalytic thin film nanocomposites
layered into a glass photoreactor weassessed fogaseougpollutant degradationThe studynow
shifts the focusto investigatinghow cementbased matricesmight influence photocatalytic
processeslf the cementporous structure can facilitate the photocatalytic proc§3jsby adsorbing

the pollutant on its matrixon the other sidehe alkalineenvironmentof the cement should be
considered, since it might influence the structure of ionic pollutantgh@ 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 stepthe cement matrix layered (and not) with thmolymerbasednano-photocatalyic
systemswas studied in the aqueous phasethe abatement oMethylene Blue chose as a model
ionic pollutant Theunexpectedbehaviourobservedduring these testsed to the investigationof
the photoactivity of cement powders in an aqueous MB solutiand thenof the effects due to

adsorption and pHelated phenomena
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5.2 Materials and Methods

5.2.1 Preparation of standard test specimens (UNI EN 1196

The specimens were prepared according to EN-1,96eping constant the water / cement / sand
ratio of 1:2:6. Due to its diffused use in residential constructi®wstlandcement CEM 42.5 N was

chosen to prepare mortar specimens.

As reported in EN 196 standard for preparing mortar it was used an amount of 452) g of

cement, 1350(x5y of sand and 22%({) g of water.

As a standard procedure, a mixer equipped with a stairdéssl bowl with a capacity obl,
according to EN 196, was used. First, water was poured into a bowl, and cement was added. The
mixer was started immediately at low speed (rotation 140%)iand after 30 s, standard sand was

steadily added for the next 30 s.

Afterwards, the mixer was switched to the higher speed (285*¥ifor 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 seprepared mortar was poured into standard moulds to obtain 40 mm x 40 mm x 160 mm
prisms, layering and compacting the mortar in the mould in two series of 60 jolts each, as described
in EN 196l.

Then, the specimens were covered with a glass plate and collocated in a humid chamber, for 24h.

After 24h standard specimens wetle-mouldedand put horizontally inside a cement curing tank,

making sure they were submerged in water ai(1,0°C and aged for 28 days.

Theabovedescribedprocedure is outlined ifrigure5.1.
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5.2.2 Preparation of mortarplates to be usedas a substrate for experimentsin

aqueous environment

To manage the mortar as a substrate for nanocomposite thin films to perform tests in an agqueous
environment, a specific specimen was designed. The mortar was prepared following the procedure
described inParagraplb.2.1, according to the EN 196 method, with the exception that home-

made system was used as a mo(figure 5.2a and b), producing mortar plates capable of fitting
inside 1cm optical path cuvettes. After 28 days of ageing in water, the mortar plates were left drying

at ambient temperature and then dmoulded(Figure 5.Z).

i
L

111}

—
[ o

Figure5.2. Representation of the different phases of mortar plates making process for tests in an aqueous environment. Freshly
prepared mortar is homogeneously distributed in a hamatle mould (a). After the ageing period, the mortar plates were left
drying (b) andhen de-moulded(c).

The resulting dried mortar plate was set iIPRIMAcuvette to perform tests in the aqueous phase.
The final system is presented kiigure 5.33, each of the mortar plates weighs4l+ 0,2 gand its
sizes are 35+ 0,01x 0,92 +0,08% 0,28 +0,01cm.
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Figure5.3. The mortar plate: Front view (a), side view (b) and mortar mlallecation inside a &m optical path PMMA cuvette (c).

5.2.3 Deposition of nanocomposite thin filnon mortar plates

A thin nanocomposite film was applied ontbe demolded specimensHgure 5.2Z). 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, unifodigiributing 60
I of the solution across the entire surface of each mortar plate, resulting in approximz@8lyng
of photocatalyst per plateAfter the deposition, thenanocompositewas air-dried firstand then

placed in a vacuum ovédor 12h at 50°C.

Once dried, the mortar samples were transferred to a clean PMMA cuvette for photocatalysic test

(Figure 5.3 For repeatability studieghree specimens were prepared for each nanocompaosite

5.3 Results and Discussion

5.3.1 Verification of photocatalyticactivity of nanocomposites on mortar platem
aqueous environment

To study the behaviour of cement used asuabstrate for photocatalytic nanocomposites in the

abatement ofaqueouspollutants, preliminary tests were conducted usig aqueoussolution of

Methylene BlugMB, chosenas a model ionic pollutajhin the presence afianocomposites layered

on mortar plates, specifically prepared for tests in aqueous phgsee Paragraph5.2.2. In
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particular, it has been compared the photochemical activatypressed by the nowaslynthetized
nanocomposites (PMMA@TIOPVAc@TiOand PS@THD layered as thin films on the cement
surface(procedure described iRaragraplb.2.3 andthe photochemical activity exhibited by O
powder suspended in thevater with the presence of the mortar platéfhe degradation of the
pollutantwas monitored over time the absorbance value at 665mire test esultsare reported in

Figure5.4.
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Figure5.4. Methylene Blugohotolysis and photodegradation in the presence of mortar plate considering the absorbance values at
665nm. Studied systems are detailed in the legend. The inset provides a zoonexgdkeionlight-time period.

Figure5.4evidencehat, despitethe relevant adsorptiophenomenan that is visible during the dark
time period(amenable tahe porosity of the mortar matrixthe degradation of the pollutant during

the lightexposureperiodappears venrgfficient

The observedvariation suggests thathe photocatalytic oxidation of MB might not be the only
reason for s decrease in concentratidout shouldbe takeninto account alsmther phenomena,

related to thechemicalphysical properties of the mortar substrate

1 the alkaline environment (generated from the occurrenceof hydration reaction,involving
mainly silicates andluminatesin the cement matri,

1 the occurrence o&dsorption phenomendue to the paosity of the mortar
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Moreover, due to the presence of different memtides especially in the composition of cement

one could think that also the mortaouldexhibit a photochemical activity.

All these aspectare approachedn depthin the nextParagraphb.

5.3.2 Verification of photoactivity of cement powders in agueous dye solution

Firstly, the photochemical activity of cement powders was verified. Cement aqueous suspensions
were prepared according to the procedure exposedParagraph?.2.2using CEM IlIB, 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 descriliadagrapi2.2.2

0,00 k*\
1
1
-0,05

dark
-0,10

In C/C,

—=— 32,5 Cement
Pozzolanic Cement

—=— [IIB Cement
Standard Sand

-0,15

—=— Mortar (42,5 Cement)
—=— MB Photolysis

-0,20 T

T T 1
20 40 60 80 100 120
Time [min]

~
a N
: NN
Ii 42,5 Cement \. |
~

Figure5.5. Methylene Blu¢ K2 i2f @ 4A &4 FYR t K20i2RS3INIRIFGAZ2Y 6AGK Y2NIIFN IFyR
systems are in the insert.

Experimental results are shown Figure 5.5and 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, whilenade possible to investigate the potential photoactivity of these

systemsausingconcentrations alreadgmployedfor photocatalys LJ2 gPRragrERiR. 22, 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 constituesesl in this
test 6 m W), it is not possible to fully appreciate th@ossibleinfluence of thepH, nor the

absorption phenomena exhibited by the system.

5.3.3 Evaluationof Y 2 NJi ihflNdRcein the reaction environment

To have an overall view of the possible phenomena associated with the presesntagédnortar
plate in an ionic pollutar®® dolution, specific experiments were sef mortar plate (prepared
accordingly t.2.2 was placed in a cuvette containing a MB solution (initial concentr&tlo®: 10
5M). The system was kept in dark conditions under stirring for 24 holive concentration of the
pollutant was monitoredver timethrough UWis analysiand thepH solution (after 2hfrom the

start of the experimenthe pHremained constant af125).

In the first hour of the experimenthetestresult (represented ifrigure 5.$evidences thelecrease

of the main band of MB (at &&m, greendashedline inFigure 5.¢and of its shoulder at 616m

(red dashed line ifrigure 5.9, asit is expected in the presence of normal adsorption phenomena.

Theinsetin Figure 5.6showsthe U\-Vis intensity ratio between the absorption bandsG&s nm
and615nm, as a function afime. Notably,after the first hour of theexperimentit is observed a
marked variation of thentensity ratio value, probably indicating theoccurrence of molecular

structure changes over time.
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Figure5.6. Degradation oMethylene Bluén the presence of the mortar plaig@H = 12,5 In the inset, théJ\~Vis intensity ratio
between theabsorption bands at 665 nm and 615 nm, as a function of time.

5.3.4 Photolysis and photodegradation of aqueodB solution at controlled pH

To investigate the reasons behitide changein the absorbance spectruifiParagraptb.3.3, the
influence of pH in the degradation bfethylene Bluevas evaluatedTheaqueousenvironment,in
fact, had a pHof approximatelyl2,5 due tothe formation of calciurssilicatehydrate and calcium

hydroxide, according tthe following reactiongParagrapmL.5):
CO WY xOUO° g0 WLuCYI TOU i 00 ¢ O

O YR vVO0O° 00 GOOCYH TO0 i 0w O
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PNSE@JA2dza &a0dzZRASA RSY2yald Nlaffe&d®B phitdoxidatio{4s Indagt,f dzi A 2
in the presence of TiONPs,an alkaline pHenhances photocatalytic activity by increasing the
concentration of hydroxyl ion€OH) to react withthe holesini KS LIK2 G2 OF G ft8 a i Q4
form hydroxyl radicalg-OH) leading to enhanced photocatalytic activitj4, 5] Although this
phenomenon isvell-documentedin literature [4, 5], 2 far,to our knowledgejt hasnot yet been

studied inthe presenceof both photocatalyst(TiQ) slurryand a mortar plate in theaqueous

environment This aspect will be explored furtherParagrapts.3.5

Furthermore,studies[6] have demonstrated thatin alkaline pHenvironments MB can undergo
complete demethylation over time, convertirfgally into thionine according to the mechanism
presented irFigureb.7. This process involves the sequential removal of methyl groups, starting from
tetramethyl thionine(Methylene Blug andcontinuingthrough its intermediates: trimethyl thionine
(Azure B), dimethyl thionine (Azure A), monomethyl thionine (Azure C), till reaching the completely

demethylatedproduct, Thionine.

In this scenariothe spectral changes noted Paragrapltb.3.3 with a decreasing intensity at &b
nm (Figure 5.§, could correspondto 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 mortaiurther complicating the scenario.
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Figureb.7. Structures of MB and its intermediates derived from molecule demethylation process in an alkaline environment.

Giventhis evidenceto go deeper in the study of these systertsyas necessarto find a zone in
the U\LVisspectrumof Methylene Blughat isunaffectedby the demethylationprocessin the UV
Vis spectrum of MB, the absorption betweBb0;700 nm is usually attributed to a chromophore
containing a long conjugated system, whereas the absorption peak at 292dumtsthe aromatic
rings[7, 8]
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S, it can be hypothesized thatemethylationaltersthe electronic distributionn the conjugated

system, thus influencing thieandgapenergy associated with the electronic transition in the region
between 55@700 nmtogether with variations of I Y LI SQa Y 2 fFigub.100 Thepddklii A 2 v
at 292 nm, instead, is associated with (G NI y & A G A 2 yriéags[Z, B], whighSare ledP Y I

affected bypH, due to the intrinsic stability of the aromatic systems.

5.3.5 Alkaline environment due to the presence of mortar oNaOH: A
photocatalytic performance omparison
To determine whether mortar itself, in addition to its fatering effect, influences photocatalytic

activity, comparative testevaluatingMB photolyss and photodegradation in the presence of FiO

slurrywere performed.

NaOH
+

TiG, Slurry

Mortar plate
+

TiQ, Slurry
+

Figure5.8 Samples prepared to evaluate the influence of mortar presenceapaetfrom pHrelatedeffects.

Four systems were tested

a. Systema: consistedof a mortar plateimmersedin a MB solution with TiG slurry, where he
LJl ¥ m H 2dpe tadthe presence of the mortgFigure5.8a).

b. Systerrb: TiQ slurry ina MB solutionThe pH was adjustei@l 2 LJl F MH Xp dzAAYy 3 &2
(Figure5.8b).
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c. Systemc: consisted of a mortar plate immersed in a MB solutisith aLJl F MH X p R dzS
presence of the mortafFigure5.8c).

d. Systemd (Figure5.8d) consisted ofaMB solution A 1 K G KS LJ | ReNa®h. SR

In all systemgsthe initial MB concentration wak3-10°M. Systems withTiG slurry (a and b) were

preparedfollowingthe procedureexposed irParagrapt.2.2

Due to thehigherstability of the aromatic rings ithe MB structure the 292 nmabsorbanceband

was monitored(seeFigure 5.9.
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Figure5.9. Methylene Blud’hotodegradation with and without mortar plate at pH=12,5.

k
a) TiQ slurry/mortar 1,5-10°
b) TiQ slurry/NaOH 1,08-102
c) Photolysis/mortar 2,08:10°
d) Photolysis/NaOH 5,83.10°

Table5.1. Kinetic constantk) values for each photodegradation experimant representedn Figure5.9.
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The resultgFigure 5.9revealedan important adsorptiorcontribution due to the presence of the
cement matrix Moreover,comparing systema to b andcto d, photocatalytic activity was higher
when the mortar plate was preserfTable 5.). This nay be becausein NaOHadded systemslk{
andd), hydroxide ions QH) are limited in the reaction environment arate gradually consumed
over time, whereas the mortafsystemsa and c) continually generates hydroxide species through
cement hydration reactiond.hedegradation procesthereforeisheavily influenced by the solution

pH, probably following the mechanism reportedkingure5.7.

Interestingly in testsa and c, the kinetic constant for photolysis was higher than that of
photocatalysis withTiQ slurry, probably indicating thatitania preventsthe pathways for MB

degradationthroughan alkalinepathway:.

Methylene Bluedegradationunder prolongedalkaline conditions: MALDITOF Analysis

To confirmMethylene Bluedegradation undemprolongedalkaline conditionsFigure5.11 shows
MALDITOHRMatrix-Assisted Laser Desorptidonization- Time of Flight Mass Spectrometimass
spectra ofMethylene Bluebeforetreatment (Figure5.11a) and after 6-month treatmentkeeping
the solutin in dark conditions, under stirritg i LJI  usingNe@HFjgure5.11b). Notably,after
6 months,a precipitatehasformed in the alkalindgreated samplgFigure5.10, insetb), likely due
to inorganic saltsBoth samplegFigure5.10 insetsa andb) were dissolved in dichloromethane to

a concentration of approximately 3-291.
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Figure5.10 Methylene BluéJ\-Vis spectrunbefore treatment §amplea, in the insetand aftereY 2 y i K G NB I G YSy i

using NaOHs@mpleb, in the inseL

In the spectrum of the untreated sampl€igure5.11a) the molecular peak oMethylene Blues
evident & m/z = 286 detected asmolecular species minus-{hdicatedin the figure as MB. In
contrast after 6month treatment at pH 125, Figure 5.11 b shows this molecular peak's
disappearance, indicating thdethylene Bluehas degradd forming the followingde-methylated

by-products(numbered from | to I\ih Figure5.7 and Figure5.11b):

l.  Azure Aat m/z = Z0;
II.  Azure Bat m/z = B5;
lll.  Azure Cat m/z = B9;
IV.  Thionineat m/z = 23.

Notably,each pealkconcernghe M*ion species detected as molecular species minus Cl
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Figure5.11 MALDITOFmassspectra of(a) Methylene Bludeforetreatment and (bjafter 6-monthi NB I { YSy (i (NaDH)LJ F M+

Similar results tahose of Methylene Blueafter 6Y 2 y G K G NBI G YSy G Iwére LI F
obtainedrunningthe testat the same experimental conditiomsdin the presence ad mortar plate

AYYSNBSR Ay I a. az2tdziAiz2ys 6AGK (Figudbdcmu X p RdzS

5.3.6 Evaluation of thephotocatalytic performanceexpressed by polymebased

nanocomposites

Given the enhanced photocatalytic activity observed in the presence of mdéuténer tests were
performedto assesthe photooxidative capacity of polymdsased nanocomposiePMMA@TIQ
PVAc@Ti®and PS@TKY when deposited as thirfilms on mortar foragueous pollutants
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degradation. Similarly to previous testsii K S

degradation was monitored by following the absorbance at 292 nm.

AVAGAL

a. O2M GBayiis NI G A

Figure 5.12shows the results of these tests, afdble 5.2reports the corresponding kinetic

constants for each system.
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Figure5.12. Methylene Blughotolysis and photodegradatian the presence ahortar plateconsidemg the absorbance values at
292nm Swudied systems are detailed in the legemteinset provides acom ofthe light-time period

k
Photolysis/mortar = ANYNN
TiO, slurry/mortar NSPYNN
PMMA@ Tidmortar = AdY NN
PVAc@Tigmortar OaMY N N
PS@Ti@mortar ZASYNN

Table5.2. Kinetic constank values for each photodegradation experimesichis represented ifrigure5.12

Thenotabledecrease itMB concentration registereduring the lightexposureperiod Figure 5.12

might be indicative of an increase in the adsorption kinelie to temperature which could

enhance thephysisorption oMethylene Blueandits demethylated byproducten the mortar
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Despite the complexity of the studied systems, it is noteworthy thatnanocomposites deposited
on the mortar plate exhibited higher photochemical activatympared toTiQ slurry. Moreover, it
can be stated thaeven when deposited oa mortar substrae, the PMMA@TiQ@and PVAC@TO
nanocomposite confirmed the highest efficiency compared t@S@TIi®[9], likely due to its
opticalchemicatphysicaproperties[10]. Neverthelessin the case of PVAc@Bidue the alkaline
environment, the hydrolysis of PVAc backbdmeth its release in aqueous solutiongnnot be

excluded

5.4 Adsorption Phenomen on of Rhodamine B in the Presence of a

Mortar Plate

To conduct a comprehensive studshe adsorptionof 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. Generaliynce photocatalysis is an interfacial reaction, pollutares

degraded more efficiently when they diffuse to the surface of the catalyst¥l]

5.4.1 Samples preparatiomnd experimental procedure

Forthe experiment3 ml ofaRhodamine B (RBplution(Figure5.13), chosen as a model pollutant
with a concentration of approximately 1 2M, was preparedin a cuvettetogether with a bare
mortar plate. The system walsept in dark conditions and under stirriagd he R & Sd&é&entration
was followed ovelh (Figureb5.14) through UV-Vis analysisRhodamineB, amodel molecular dye
that absorbsin the visible light rangewas choserbecause preliminary tests confirmed that it

remains stable in the alkaline conditions of the experiment.
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CH3

Figure5.13Rhodamine B structure.

t =60 min t=120 min

Figure5.14 Chromatic variation of RhodaminesBlution due to adsorptioanthe baremortar 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 iRaragraplb.2.3. The same experimental procedure described above for

the bare mortar was followed.

The adsorption rate constant follows a psetiigt-order kinetic:

I 1/ Qo
Where:
n is the amouniof RBadsorbed at time t [mg/q];

f is the amounibof RBadsorbed at equilibrium [mg/g]
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Q is the firstorder rate constant [g/mg-min]

Figure 5.15hows the adsorption kinetics of Rhodamine B on the maptate (red) and on the

PMMA/mortar system (black).

-4,0 -

Intercept Slope q.[mg/g] kg R

4,57 PMMA/mortar -5,72310 -0,01624 0,00327 -0,000135 0,99821

mortar -4,98638 -0,01874 0,00683 -0,000156 0,99041

5,0 —
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Figure5.15. Adsorption pseuddirst-order kinetic model dRhodamine Bn 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 ins@tigure 5.15and the highR values confirm the
pseudcfirst-order model's validity for both system3¥he pseuddirst-order kinetic model implies
that the adsorption is a capaciyependent process, rather than being limited by tinaction of

available adsorption sitg4.2].

The adsorption capacitieg) () for both systemsare similar, evidencing slightly higher adsorption
capacity for the bare mortarj( 1t 1T @ fpiothe mortar andy 11t 1T 0 fpryPMMA/mortar)
evidence of darely perceptible barrier functioaxhibited by the coating between thaortar and

the aqueous solution
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5.5 Conclusion

In this Chapter photocatalytic tests were performed Methylene Blueagueous solutiongn the
presence of bare mortasr nanocomposite layerethortar. It has beerdemonstratedno significant
photocatalytic activity at low concentrations of mortar powders atheir constituentsin an
aqueousenvironmentusinga dyeas a model pollutantinstead,thermoplastic photocatalytic
nanocomposites layered on cement surfaces showed interesting properties ietiradationof

the dye

However, in the studied systems, the combined effect of adsorption onto the cement matrix and
thea 2t dzi A2y Qa | f Petetmingsthe egn@dtNBRIggMG 0. In fact, it has been
observedhat the alkaline pKHprimarilydue to thehydration reaction®f the mortar inwater, plays

a significant role in accelerating the degradation proecdddethylene Blueand, as an extension, of

ionic pollutants.

When comparing the effects of mortamduced 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
KERNRPEARS A2ya oO0hl éo FTNRY é&defentnath@ Ay 3 KeRNJI (A

Photocatalytic tests showed that nanocomposite thin films deposited on mortar plates
outperformed TiQ slurries under similar condition®Nonethelessfor quantitative assessments,
additionalexperiments should bperformed toaccountfor the various phenomena occurring in the

system, such as adsorption and pH effects

lfazy (GKS LRtfdzilyiQada FRaz2NLIWiAz2zy 2y (GKS Y2NI
nanocomposite, is undamentalstep in the photocatalytic reaction ariths been evaluated in this
study. It was demonstrated thathe adsorptionof Rhodamine Bn the mortar plate (underthe set

experimental conditionsfollowed a pseuddirst-order kinetic model

In conclusion, th@anocompositecoatings studied can be considergatomisingfor photocatalytic
aqueous pollutants abatementwhen layered onmortar substrates.Even hough the approach
should befurther implemented, his research provides valuable insights istomekey aspects of

these complex systems
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6 Thermoplastic Photocataly st 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 surfacethis study aimgo exploitthe unusecdhorizontaland verticakurfaces of
industrial plants andesidential buildingdo be used aghotocatalyticsubstrates In particular,

these vertical surfaces catt assubstratesto be layered withthe photocatalytic nanocomposites

investigated in this doctoral activity.

Preliminarily this studyinvestigatedthe optimal amount of nanocomposite to deposit on cement
surfacesto maximse photocatalytic efficiency.To explorenew photocatalytic materialsor
environmental remediationin additionto the welkknown TiQ (used as a standardphotocatalysts
such as Ti©1% SiC, My0+-10% Zr@ CeG-1% TiQ, CeQ, and MOs were utilizedto syntheize
new PMMAbasednanocomposite® ¢ KS  Yphoio&atdlytic fe@émancewereassessed and

verifiedwhen layeredon specimens simulating buildicgmentitioussurfaces

Finally, toassess 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 simulatingecalcitrantVOC pollutant, toluene in the gas phase whesenfor photocatalytic

degradationtesting
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6.2 Nanocomposites Synthesis

Followingthe syntheticproceduredescribed irParagrapl8.2.1, novel PMMAbased photocatalytic
nanocomposites were synthetized using as photocatalyst-T¥@ SiC, My0s-10% Zr@Q CeG-1%
TiQ, CeQ, and MnO4 at 5Swt%.

6.3 Mortar Specimens for Photocatalytic Tests in Gaseous

Environment

6.3.1 Specimenpreparation

The specimens were prepared according to the procedure describedragraplb.2.1, following

the EN 1961 method, except for the mould being used.

The freshly prepared mortavas poured to fill half of the volume of the polypropylene cylinder
reactor used for photocatalytic tes{figure6.3), compacting and removing the excess. The mass of
materials used to produce a single mortar specimen is list&@bie6.1. 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 day3.he exposed surface of these samples is 6,01 £ 0,08cm x 1,25
+ 0,01cm, while the average weight is 4,7 + 0,Bhg resulting system was used as a blangure

6.2a).

Mass of Used Materials [g]

Material ; S Eos T
Specimen Without TiQ Spemmind\é\ggh S% T
CEM 42.5N 1,18 1,18
Tio, 0,00 0,24
Standard Sand 3,53 3,53
Water 0,59 0,59

Table6.1. 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, previodsiyolded. The
nanocomposite was solubilized in THF (10mg/ml). Then, it was sonicated for 30min. The deposition
was performed using an automatic pipette: 8®f the obtained solution was deposited covering
homogeneously the whole surfacEhe entire procesis resumed ifrigure6.1. After the deposition
(Figurea), the system was dried first in the air and then in a vacuum oven for 12h at EQUCe(

6.1 b). Finally, the mortar was transferred inside a clean reactor and the photocatalytic test was

performed Eigure6.1 c and Figure6.2 b).

(a) (b) (c)

Figure6.1. 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 ofconventionalphotocatalytic systems in theonstruction field.

Among the most diffuse photocatalytic systems in the construction industry are photocatalytic
mortars and systems in which BiPs are spread on the cement surface. To prepare photocatalytic
mortar, specimens were prepared by replacing 5wt% of the mass of cement + sand withPEIO
Firstly, cement and TEONPs were homogenously mixed according to the amounts report€dhie

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 Figure 6.2(c). The required amount of

materials for the preparation of each specimen is tabulated@able.

Mortar plates used as substrates for TiPowders were prepared following the procedure
employed for blank preparation. After the preparation of the bare mortar, 80mg of N3 were

physically distributed across the fresh mortar surfdéigure6.2(d) illustrates the obtained system.

ey

(@

(b)

©)

Figure6.2. Prepared specimens. (a) Blank specimen. (b) Specimemsawitbomposite 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

Photocatalyticoxidation 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-&ie mixture, was fed into the phareactor,a polypropylene

cylinder Figure6.3) filled to half its volume with the aged mortaased systems.
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GAS INPUT
e e e GAS OUTPUT

Figure6.3. 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 steastpte conditions were achieved.
Afterwards, the reactor was irradiated for 5 h with a sdlght simulatinglamp (OSRAM Ultra

Vitalux 300 W, 10,7 mW/cfhkept perpendicular at a fixed distance (30 cm) from the photoreactor.
During the photocatalytic reaction, the effluent gases were monitof®d an online gas
chromatographymass spectrometry (GKS) system. Th&C 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
Figure4.1l.

To obtain the adsorption and conversion percentage values, the following formulas were applied
[1]:
411 OATAI 1 OA] A

Ye a 0 ROIQE | N Q¢ — T
d YsaonQ:p
ovn s n Baa s e e YEOOQETNE O 0QEQ
Yé a 0 QRE QL QI H Q&+ DT

YE QO Qe Q
Where:

1 “Y¢ a 6 Qgsthainitial tolueneconcentration.

1 “Yé a 0 (reptesentsthe saturation concentratiorof toluene held in dark conditionsfor 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.

1 “Y¢ a 6 Qis e final concentration dablueneafter 5 hours of radiation.
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6.4 Results and Discussion

6.5 Polymer -based samples characterization
Aiming to develop photocatalytic polymdiased 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 cadpa the ones

of the homopolymer (PMMA).

TGA tracesHigure (a) and Table6.2) 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 PMMAcarbonyl with metaloxide NP92]. This phenomenon derives from the intercalation of
polymerchains within the nanoparticles' porous microstructure, as an effect of radical bslkuin

polymerization.

100
a
PMMA 0.0 1 b
80 —— PMMA@TIO, e
—— PMMA@TIO, + 1% SiC \
—— PMMA@CeO, =
= —— PMMA@CeO, + 1% TiO, s 051
= 604 —— PMMA@MnN,0,
g PMMA@Mn,0, + 10% ZrO, 3
° [ 10
2 404 T PMMA
£ —— PMMA@TIO,
—— PMMA@TIO, + 1% SIC
20 15| —PMmMA@Cceo,
—— PMMA@CeO, + TiO,
—— PMMA@Mn,0,
PMMA@Mn,0, + 10% Zr0,
04— T T T T T T 1 -2,0 T T T T
100 200 300 400 500 600 700 800 -50 0 50 100 150
Temperature [°C] Temperature [°C]

Figure6.4.(a) TGA traces (air atmosphergb)DSC (nitrogen atmosphere) of PMMésed nanocomposites.
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DSC analysis shows no significant difference between the glass transition (Tg) of PMMA and the

nanocompositesKigure6.4 (b) and Table6.2).

Photocatalyst

Residue (BOOQC) [(% Tg [OC] TOHSEt [OC] PDT [OC]

PMMA 0,00% 125,0 243,0 297,7
PMMA@TIQ 4,83% 1243 243,5 370,5
PMMA@TIiG-1% SiC 3,55% 121,7 252,0 368,3
PMMA@MnQ-10% ZrQ 5,32% 124,8 220,0 342,8
PMMA@Ce® 1% TiQ 5,99% 127,2 2425 363,3
PMMA@Ce® 3,36% 127,9 227,0 323,7
PMMA@MNQ 4,39% 126,2 232,5 351,8
PMMA@ZrQ 2,37% 122,3 229,6 337,8

Table6.2. Summary table of the results of ttteermal 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 estimationof the bandgap energy is crucial in predicting the photophysical and photochemical

properties of semiconductor®] With this purpose, UWis Diffuse Reflectance Spectroscopy-(UV

Vis DRS) spectra were acquired for nanocomposites and their Eg was compared to one of the parent
photocatalyst powders. The Kubelkéunk function was applied to transform the diffuse
reflectarce measurements into the equivalent absorption coefficient. Subsequently, for bandgap
energy determination, Tauc plots were generated. Results, reportdeigare6.5, 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 polymerizationpapach) and the waveguide effect of the PMMA
substrate. These plots allowed the determination of the bandgap energy of the synthesized
polymerbased nanocomposites and allowed for comparison with their respective photocatalyst

nanopowderd4, 5].
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Bandgap Energy
[eV]
PMMA@MO, - ZrQ 10% 1,6
PMMA-Based PMMAQ@MO, L7
Photocatalytic PMMA@Ce0 2,9
Nanocomposites PMMA@TISBIC 1% 3,0
deposited on Mortar PMMA@Ce0 1% Ti9 3.1
PMMA@TO 3,2
MO, - ZrQ 10% 1,7
MmO, 1,7
Photocatalyst CeQ 2,7
Nanopowders TiQ-SiC 1% 3,0
CeQ+ 1% Ti® 1,6
TG 3,2

Figure6.5. Bandgap energies comparison of studied photocatalysts, nanocomposites aptiatonatalytic systems.

6.7.1 Photocatalytic test results

Firstly, theoptimal 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 wepéoged, using

toluene as a model pollutant.

Initially, the adsorption of toluene under dark conditions was investigafeglife6.6 and Table6.3).
The phenomenon was studied considering different amounts of PIi@Vi& deposited on the
mortars. Remarkably, it was observed that the absorpt@ma the conversiorof toluene on the

surface decreased with a twofold increase in the deposited nanocomposite.
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Figure6.6 Adsorption (a) and photocatalytic conversion (b) of gaseous toluene in the presence of different amounts of PMMA@TiO
nanocomposite deposited on mortar plate as a thin film. Tests were performed at T=35°C, using helium and air as purgk gases a

maintaining a constant flow of 40 mL/min.

Deposited . Photocatalyst  Surface Toluene_ Toluene_ Relative
nanocomposite Photocatalyst . absorbed t=1h converted t=3h
Pollutant Sample deposited ~ covered \ error
on surface [Yowt] (gl 2 (dark (light exposure) [96]
[mg] g [emT conditions) [%] %] 0
PMMA@TIQ 0,6 5% 0,03 6,6 23 24
Toluene - +5%
PMMA@TIQ 1,2 5% 0,06 6,6 1 14

Table6.3. Adsorption and photocatalytic conversion values (measured after thatdberption equilibrium was established) of

gaseous toluene in the presence of different amounts of PMMAg@ai®@composite thin film deposited on mortar plate.

Figure6.6 (b)illustrates the conversion of toluene due to the photocatalytic oxidative process in the

gas

phase. As shownTable6.3, the relationship between the amount of nanocomposite deposited

on the cement surface and the conversion of toluene te & 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 polyased

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, onlar@O
water were detected as oxidation products, with a very low selectivity (within the detection limits

1¢3 %) to benzaldehydé], suggestinghe below toluene oxidation pathwdy].

YQU QO YQUIQ Q (1)
Q 0 °0) 2
Q 00O 0O U (3)
0 ¢O ¢Q ©° 00 4)
00 © ¢ O (5)
60 WFQOOH6TO 6@ (6)
60 2 960 0600 (7)
60 0 WOV TFQOOH™O 060U (8)
60 000 TV TFQO O OO0 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 produeadO
H20.

Pursuing the goal of effective VOCs degradation, the most common cedrasatl photocatalytic
systems adopted in the construction industry and various composite materialsalsytested in

their adsorption and photocatalytic conversion capabilities.

Among the cemenbased photocatalytic materials, were studied the systdviwtar + 5% Ti®
Powder in Bulkin which¢ A NRsare uniformly distributed in the mortar matri@ndMortar + TiQ
Powder on the Surfage 6 Ay GKAOK ¢Ahi bta FNB FLLXASR a2z
mixed in). Moreover, the study involved a seriexf composites PMM#Aased with different

photocatalytic nanoparticles, such as 7i0iQ-1% SiC, MW0s-10% Zr@ CeQ- 1% TiQ, CeQand
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Mn3z04, layered on the mortar surface The bareMortar and the systenMortar + PMMAwere
studied as a blanK.able6.4. reports, for each photocatalytic system deposited on mortar, the data

relating to the adsorption and subsequent photocatalytic conversion of toluene o CO

. Photocatalytic
Adsorption
toluene
Amount of (dark .
. i conversion to CQ
TiQ [mg] conditions) )
(light exposure)
(%]
[%]
CeQ 100,00 0 50
CeQ+ 1% TiQ 100,00 0 12 + 1
Mn,O, 100,00 0 15 + 1
MmO, - ZrQ 10% 100,00 0 42 + 2
TG 100,00 0 46 + 2
TiO-SIC 1% 100,00 0 56 + 3
Mortar - 20 £ 1 0
Mortar + PMMA - 25 + 1 0
Mortar + PMMA@ MO, 0,03 31 + 2 11 + 1
Mortar + PMMA@CgO 0,02 17 + 1 13 + 1
Mortar + PMMA@MDy, + 10% ZrQ 0,03 0 30 £ 1
Mortar + PMMA@Ce® 1% TiO 0,04 0 32 + 2
Mortar + PMMA@TIO 0,03 3B+ 2 36 + 2
Mortar + TiQPowder on Surface 80,00 3 38 + 2
Mortar + PMMA@Ti® 1% SiC 0,02 25 + 1 38 t 2
Mortar + 5% TiPowder in Bulk 240,00 12 + 1 66 + 3

Table6.4. Adsorption angbhotocatalytic conversion (measured once adsorptiesorption equilibrium was reached) of gaseous
toluene in the absence of photocatalyst (Mortar and Mortar + PMMA) and with different photocatalytic systems (as photocatalys
nanopowders and photocatalytiolymerbased 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 thephotocatalytic conversion remained null.

In evaluating the photocatalytic activity expressed by polyresed nanocomposite thin film

deposited on cement, a clear contrast in performance is evident when comparing PMMA@CeO
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PMMA@MnrOs and PMMA@Zr®against these same photocatalyst NPs combined with other
species (PMMA@CeQ%TiQ, PMMA@MnBO4-10%Zr@ and PMMA@1%SiC). Combined systems

led to a notable increase in photocatalytic activiggpectto the bare oxides.

In particular, comparing PMMA@Ceg@nd PMMA@CefL%TiQ, the latter exhibits superior

photocatalytic performance due to the presence of JJi€en in low percentages.

The enhanced photocatalytic properties of PMMA@WA10% Zr@ in comparison to
PMMA@MnrO4, can be explained by the demonstrated interaction between zirconium oxide)(ZrO
and manganese oxide (M@s). The introduction of a minor quantity of zirconium oxide ontosfn
facilitated ionic exchange between*Zand Mr?*[4]. This interaction gives rise tegnergistic effect
between the two oxides, leading to structural alterations in thes@nbulk. 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 volatilerganic compounds (VOCs) favoured tbl oxidation of
toluene to CQ This preference was attributed to a process governed by the ¢Wans Krevelen
(MvK) mechanismaccording to which oxygen vacancies on the oxide surface were subsequently

replenished by @in the gas phaspt].

Overall, results show significant improvements in conversion in the cases of PMMA@diO
PMMA@TIQ + 1% SiC composites. This evidence can be attributed to the effect gfSIO
heterojunction: the conduction band (CB) potential of SiC is higher than that gfSti@e phote
generated electrons of SiC have higher energy and can be transported to the conduction band of
TiQ. In addition, the valence band (VB) potential of sTiEdlower than that of SiC, so the pheto
generated holes of Tg@an be transfared to the VB of SiC. This promotes the gathering of electrons
on the TiQ 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

electronthole pairs, both on the surface of gi@nd Si(8].

Particularly relevant is the comparison between the performance exhibited kypdMder solely
deposited on surface, Ti@owder mixed in mortar bulk and PMMA@?idable6.5). Although a
higher conversion is achieved with both Tgowder mixed in mortar bulk (5w/w%) and with BiO

powder deposited on the surface, compared to the polyrhased nanocomposite (respectively,
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66% and 38% against 36%), the critical difference lies in the amount of photocatalyst enveloped, as
presented inTable6.5, providing insights into the efficiency of photocatalytic conversion per weight

of TiQ in each system.

Photocatalytic
toluene
Amount of : .
. ) Adsorption [%]  conversion to C¢
TiG [mg] .
(light exposure)
[%]
Mortar - 20 £ 1 0
Mortar + PMMA - 25+ 1 0
Mortar + PMMA@TIO 0,03 35+ 2 36 + 2
Mortar + TiQPowder on Surface 80,00 3 38 + 2
TiQ, Powder 100,00 3 46 + 2
Mortar + 5% TiyJPowder in Bulk 240,00 12 + 1 66 + 3

Table6.5. Comparison among photocatalytic conversion of toluene exhibited by different systems with respect to the amount of
TiQ.

The boosted photocatalytic activity of PMMA@7 duld arise from the differences between
organic and inorganic moieties in terms of refractive index and dielectric coefficient, accentuated
by the insitu approact9]. The insitu 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 enhancegpfigbagation

within the photocatalyst nanoparticles, consequently boosting the photocatalytic pro&ss
Considerations could arise from the different dielectric coefficients of PMMA and\NH® 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 hpghrosity, increases its exposed surface area.

On the other hand, the lower conversion per weight of photocatalyab(e6.5) exhibited by both
the Mortar with 5% Ti@powder in bulk and Mortar with T&Powder on surface systems compared

to the Mortar + PMMA@Tifsystem can be attributed to distinct factors. In the Mortar with 5%
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TiQ Powder in Bulk system, a significant portion of;lig®mbedded within the cement matrix, so

it is not available to take part in the photocatalytic procf¥sInstead, in the Mortar + Tipowder

on the surface system, the reduction in photocatalytic activity may stem from the formation of
nanoparticle aggregatef 0], 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 proddss

6.8 Conclusions

This study focused on developing and characterizing PNA&B&d 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 offedent PMMAbased
nanocomposites comprising both traditional and uncommon photocatalysts was compared.
PMMA@TiIO2 and PMMA@TK3EC were identified as the most performing systems for gaseous

VOCs abatement, with a similar photochemical efficiency of 36%38%, respectively.

Since photocatalysis is a surfad&ven 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 lowefitigesystem 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 presumalfiyrms 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 théasar(38%) compared to

the PMMA@TiIO2 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 n@omposites 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 Photocatalytic Efficiency of
Thermoplastic Coatings Layered onto Cement

Surfaces for Gaseous Pollutants Abatement

7.1 Introduction

Havirg assessedhe performancesof thermoplastic photocatalytic nanocomposités gaseous
xenobioticLJ?2 f  dzbateyhénd when layeredn glassyChapter4)[1] and on cement surfaces
(Chapter6), the studyshifted focus to practical, realorld applicationsAs a starting pointthis
Chapterbegins by examinintihe impactof thesenanocomposite®n the natural ageing processes
of mortarfollowed by an assessment thfese systera I@ng-term stability and efficiency under real

environmentalconditions

The concern derives from the consideration thée solar lightand/or in synergy with the
photocatalyst nanoparticles couldetermine the photo-degradation of the host polymef2, 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 Meahd 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 systddjsunder environmental conditions

including time frame, weather, humidity, UV intensity, geograptaced and others.

This above landscape underlines the importantstodyingin 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

performancel6]
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In this view, exposure tests were conducted on photocatalytic polymased nanocomposites
layered on cement surfaces. Tests were carried out in a climatic chamber, customized to simulate
environmental conditions in Mediterranean regions 08& days The study aims to correlate the
chemicalphysical degradation of thermoplastic polyressed 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 acetassed foils(the polymeric supportalso help to
simulatethe use of the nanocompositen polymeric materials used building constructiohand

on cement surfaced he first group of samples alledthe study of the ageing phenomena and the
chemicalphysical variations of the film surface from a macroscopic point of view; the kttaved

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 designedverify the maintenance of photochemical activity ouane
of these nanocomposites whdayeredon cemenitious substrates and exposed to environmental

conditions

7.2.1 Specimens preparation

The & I Y LJpr8paration followed the procedure exposed irParagraph6.3.1 for mortar
preparation and nanocomposite deposition.Three different nanocomposites wereised:
PMMA@TIQ PVAc@Ti®Dand PS@THO To assess test repeatability, three samples of each
nanocomposite were tested at day 0, and different sets of three samples were exposedngtay

cycles for intervals of 31, 58 and 88 dagslditionally, for each nanocomposite and each time
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interval, three blank samples (referred to aSdntrol Samplé$ were prepared using the same

procedure but kept in the dark for the sarderation.

7.2.2 Setupfor SamplesAgingSimulation

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, huifipapnd

temperature changes.

To simulate the nanocomposite's real working conditions, ageing tests were carried out in a climatic
chamber (Vétsch VT3 4250 Temperature Test Cabinet), suitably customized to allow controlled
environmental conditiongor the Control Sampleghe climatic chamber was equipped with a zone
maintained in dark conditions for thentire experiment duration but where the samplesuld still

feel the identical humidity and temperature conditions of the samples that undergendsy

cycles.
The setup inside the climatic chambé&idure7.1) included:

1 a Duux Beam Mini Humidifier and a Nedis SmartLife Dehumidifier (20L) were used in
combination to keep the humidity within the desired range.

1 Six Sanolux lamps from Radium Lampenwerk, which emits light similar in composiiainria
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).

1 Twoilluminance and UV recorders-FRUi(from T&D Corporatio)y whichmeasurelluminance,

UV, temperature, and humidity were used to monitor #revironmentalconditions the samples
were exposed to. One detector was locatgdseto the samples on the rotating plate, and the
other one was located in a dark space together with @ntrol Samples

1 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.

1 The observation window to the climatic chamber was covered to auddexposureo the
surroundings. A Reolink RBE0A 5MP Dome camera was utilized to remotely check that the

lamps and rotating plate were working as desired.
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1 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.

Camera

Solar LighEmitting Lamps
J

De-Humidifier

Temperature
Sensor

Figure7.1. Climatic chamber setup.

The sampleSageing was designed to replicate the conditions of a spring/early summer climate in

Mediterranean regions, ove38 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 thit the sampleswith an illuminanceof about2,510% Ix, reproducing solar light
radiation during the summer seasom Mediterraneanregions(data have beercheckedthrough
Meteonorm V8.2.0.24079oftware).

The samples, both deposited on mortar and cellulose acdtated substrateywere positioned on
a rotating plate Figure 7.2inside the climatic chambetp ensure that each receivgon average)

the same amount of radiation from the solbaght lamps.
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Figure7.2. Samples organization on a rotating plate, inside the climatic chamber.
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The emission spectrum of the lamps used in the climatic chanfguire7.3a) is extremely relevant
for evaluating degradation processes due to the ageing of the sanidtbeugh the lamps used in
the experiment do not replicate the full range of natural sunlight wavelen(ghgire7.3b), yet for
this test it had been adopted the same setggnerally used fophotocatalytictests inthe gaseous

phase [1]

Important emission peaks are located in UVA (320nm) and UVB (28820nm) regions. This can

be significant because UV radiation can activate photocatalytic processes in théaS#dl
Y6IEy202YLIR2aAdSas 3IAGAYy 3T (KS | LILINE hainBabenesgy. ny S NH ¢
fact, considering the bandgap energliqure3.7) for PMMA@Ti@ PVAc@TiOand PS@TKO
(respectively 3,24eV, 3,35eV and 3,37ey applying thePlanckequation procedure described

in 2.2.2), it is possible to determine the corresponding to the wavelengtB88%nm, 370nm and

369nm respectively.
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Moreover, the emission of the solar lamp in the IR region {Z000nm) 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 theatic chamberOn the other hand

the higher temperature orthe sample$xsurfacesimulatesthe effect of direct exposure of the

nanocomposites to theunligh.
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Figure7.3 (a) Spectraradiationdistribution for Sanolux Lamfb) Thespectrum of solar radiation on Earfi8]
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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 describdaagraplo.

7.3 Experimental Results

In this section, the occurrence of phetxidative processes (due to oxygen, sdight radiation and
the presence of the photocatalyst) and hydrolysis phenomena (due to the huradéls inside the

climatic chamber) are analysed for each of the studied nanocomposites

To correlate thgohotocatalyticperformance with theeffect of the time on the nanocomposited

comparison between optad images FFIR and contact angle was performed.

7.3.1 Evaluation of photocatalytic performance

The samplePMMA@Ti@mortar, PVAc@Tig@mortar and PS@Timortar (aged and nonjvere
arranged inside theeactor useful to perfornon-line photocatalytic experimerg using toluene as
VOC modefresults arereportedin Table7.1 andFigure7.4).

40 4 404 60
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. 50
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O
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A WA

T T T T T
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Figure7.4. Gaseous Toluene conversiarthe presence di) PMMA@Ti@mortar, (b)PVAc@Tigdmortar and (c)
PS@Ti@mortar. Conversion in the presence of samples Dagded (black line), Day laged (red line) and D88 ¢ aged
(green line).
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Sample
Day ' ) :
PMMA@TIO PS@Ti® PVAC@TIO
0 36 % +2 22% +1 52 % £3
31 33%+2 26 % 1 37% 2
88 36 % £2 34 % £2 26 % +1

Table7.1. Gaseous Toluene photocatalytic conversion (after 5h light exposure) in the presence of (a) PMNA@diQqb)
PVAc@Tigmortar and (c) PS@Ti@nortar in the presence acfamplesagedfor 0, 31and88 days

GCMS analysisf the VOC streanperformed onlineafter photodegradation usingortars layered
with nanocompositesindicated that the photocatalytic performance remains almasthanged
after 88 days of ageing for PMMA@ Bi@anocomposite Kigure 7.4 a), while it increases for
PS@Ti@nanocompositekigure7.4b) and has a decline for PVAc@:n@ocompositeigure7.4

C).

The increase in photocatalytic performance observed with the system PS@vieB88 daysof
ageing can be explained on one hand to the higher hydrophilicity reached by the system during the
experimentdue to PSoxidation processegshowed inFigure7.10 and witnessed by the contact
angle value aB8 days32+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 tariwsnatic phenyl

moieties.

The decreased conversion of PVAc@®M@r the ageing period is coherent with the polymer matrix
thermal degradation observed through the oglanicroscope. 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 timéhe PVAdalegradationcould be due to the hydrolytic
processes triggered by the alkaline nature of the mqrtarming polyvinyalcoholchains with the

loss of thechemicalphysicalfeatures ofthe PVAqFigure 7.%
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Figure7.5 Polyvinyl acetate hydrolysis in alkaline environment.

Photocatalytic conversion remains almost stable for PMMA@TIi@is is in line with the optt
microscope images acquired, which do not show any significant macroscopic degradation from Day

0 toDay 88

Overall, PMMA@Tiand PS@TiKnhanosystems showed the highest efficiency at the end of the
experiment Day 8§.

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 spectroscopicpptical andcontact angle analyses are reported.

7.3.2 Spectroscopic, optical and contact angle analyséshe aged samples

Tomonitor the physical Y R OKSYA Ol f Y2RATAOLI A 2 ybotreagedanK Sy |
unagedsamples were analysagsingoptical microscopy to verify the physical degradation of the
polymeric layer and FIR spectroscopy tononitor chemical modifications. Additionallgpntact
anglemeasurementsvere performed with deionized wateto verify the change in wettabilitgue

to hydrolysis and oxidation processesy U KS LJ2 f &TYiS WN&ihod poddedFitfothtation

from the few nanometers on the surface layer, allowing to analyze a much thinner surface layer

than the FTIRATR method9], thus overcoming thartefactsgiven by the presence of the substrate.
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7.4 PMMA@TIO:

At the end of the weathering, the morphology of PMMA@yT@0atings observed by opat
microscope figure7.6) was unalteredshowingno relevant morphology change aft88 days of

ageing.

Control Day 88

» - -
Tit 0.7 deg

73°%3°

Figure7.6. Microscope image (10x) of PMMA@ji@nocomposite at Day @ay58, Day 88, andControl atDay 88 with their
respective contact anghalues

Fom O to 88 days important changes are observed in contact angle value (f@dn3° to
48+2°Figure?.6), which can be attributed to the photocatalytic effect rather than thermal cycles
degradation,as evidencedy the similarities in morphology and contact angle value observed

between PMMA@Tigx; Day 0(80+39 and its Control at Da§8 (7339 (Figure7.6).
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Figure?7.7. FTIRATR of PMMA@ Ti@anocomposite at Day 0 (black line), B&y(red line), and Support at D&3 (blue line).

PMMA@Ti@aged and unaged nanocomposite are identified in IFATR spectraHigure?.7) by the
strong C=0 stretching absorption peak at 172&camd the characteristic profiles and relative
intensities of the other diagnostic peaks, namely thgD stretching at 1270 and 1239 EmQ;
OcC stretch at 1190 and 1148 Efand GH stretching at 2995 and 2951&m

Unfortunately, ®me of the characteristic IR absorption bands of PMMA@ h&hocomposite
overlap the absorption bands of the substrate, making difficult a quantitative comparison. For
instance, the C=0 stretching absorption peak at 1728 cexisting before irradiation, at D#38
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 signas 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 fogG@ge C
O stretching at 1270 and 1239 Enof the PMMA@Ti@nanocompositewhichare masked by the
substrate, not allowing for quantitative considerations to estimate PMMA@ t&gradation.
Nonetheless, it is possible to recognise at 1785 afithe 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

lactones, as a result of PMMA photooxidative degradation and depolymeriZ&fion

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 addiibtermination groups to the main

structure would be insufficient to produce visible changes in the sp¢t@

ThePMMAphotodegradation processesultsin a random scission of the polymer chain backbone

by radical procegs[11]. Figure7.8shows he major reaction®ccurring
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a. Randomhomolysisscissionof main chaincarboncarbonbonds
CH CH CH CH
I I hA I I
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I I I
COOCH COOCH COOCH COOCH
b. Photolysis of ester side group:
ChH ChH
I I
—————— "ACH—C-—CH—CA™A + - COOCH
I
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c. Photodissociation of the methyl side chain group:
CH CH Ch
I I ha I
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I | I
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Figure7.8 Sission oPMMAchainby radical processes.
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Also, it was possible to detect some alterations by comparing the ATRRof PMMA@ T¥38 days
aged and Acetate suppo88 days aged: in PMMA@Ti@ was possible to follow the presence of
the band at 725cm, characteristic of the support, which indicates that the nanocomposite layer is

beingconsumed during irradiation exposure.

This result isalso confirmedby contact angle measurement{&igure 7.6), since the surface
wettability for the nanocomposite decreases drasticgly after 58 days of ageing, suggesting that
new carbonyland/or alcoholicgroups produced by photooxidation may contribute to the polar

component of the surface free energgj.

7.5 PS@TIiO2

OnDay 0, the low wettability of the PS matrix is due to its chemical structure containing hydrophobic
benzene moietiesvhichreducewater adsorption angas a resultits photocatalytic efficiencj12].

Over the course of 88 days afleing the wettability of the PS@ Ti@anocomposite increases, as
reflected in the contact angle measurements, which change from 98+1° on Day 0 to 32+3° on Day
88 (Figure7.9). This increase in wettability is likely due to phoxadativeageingeffectsdue to the
sampleirradiation In fact, thecontrol sample Whichwas not exposed to lighgt 88 days shows
similarities in contact angle and morphology to the sample at zero @@8s1° and97+5°,
respectively. As aconfirmation it has beerdemonstrated that the photooxidation of polystyrene
involves the buildup and degradation of hydroperoxide groups, resulting in the appearance of

carbonyl group$2], thus increasing the wettability of the system.
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Control Day 88

Figure7.9. Microscope image (10x) of PS@Tiénocompositat Day 0, Day 58, Day 88, and Control at Day 88, with their
respective contact angle values.

The photocatalytic conversionof PS@Ti@improves over time with toluene mineralization
increasingrom 22+1%on Day o 34+2%on Day88. Thisimprovementis in linewith the contact
angle results: the oxidatiooccurringon the filmQ surfacemakes it more hydrophili@llowing for a

better water catch fundamental for the photochemical process to occur

The PS degradation mechanisane summarized ifigure7.10. During the first stage of degradation

alkyl radicalsR) are formed within the polymeiThese undergdifferent pathwayq13]:

1. i scissionmay occurjeading to bothend-chain saturatios or conjugated double bonds along
the polystyrene backbone.

2. Crosslinking reactionsmight occurbetween polystyryl radicals.

3. The formation of peroxyl radical$ROO) usuallyoccurs in the presence of oxygerhis leads to
the formation ofhydroperoxidesROOH) The dissociation oD-OK & R N2 LJS beRdEgsURS & Q
in the formation ofalkoxy RO:) and hydroxyl radicalsAlkoxy radicalsplay acrucialrole in
producing variousoxidation products such ascarbonyl groupswhich can take the form of

ketones, aldehyds, carboxylic acisl estesandlactones
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Figure7.10 Photodegradation mechanism of polystyrdi8]

Unfortunately, FTIRTR for PS@Ti@anocomposite Figure7.11) is covered by support signals,

making it difficult to recognize the characteristic signals for esstem
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Figure7.11. FTIRATR of PS@Ti@anocomposite at Day O (black line), B&y(red line), and Support at D&B (blue line).

7.6 PVAC@TIO:?

At time-zero, the PVAc@Ti@anocomposite deposited on the cellulose acethtesed substrate

did not form a homogeneous coating, as evidenced in the optic microscope ifR@yee/.12). It

Is possible to suppose that there is mberfacecompatibility between the nanocomposite and the

substrate. This can explain the similarities of contact angle values between the sample and the

substrate at Day 0 &1 and 74+4, respectivelgs shown iTable7.2), since the contact angle value

keeps in both contributions. D&BB microscopic imagéFigure7.12 shows a completely different

morphologycompared tothe one at Day @Figure7.12), due possiblyto hydrolysis phenomena

(attributable to the high humidity of the systeriigurel1.7) and thermal cycles. The influence of

temperature isalsoof primary importance in PVAc@EiGince its Tg (glass transition temperature)
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is 42°C,Kigure 3.5 a temperature valueth@ 2y G KS & | hdd BeeSciiciralljredmtbddl OS
during the experiment(Figure 11.4). This phenomenon could determine the melting of the

polymeric phase, with thagglomeratiorof the nanocomposite and loss of the fistructure.

Control Day 88

77°+1° 55°+2° 38°+1°

Figure7.12. Microscope image (10x) PVAc@EitDay 0, Day 58, Day 88, and Control at Day 88, with their respective contact angle
values.

Unfortunately, FTIRATR analysis for PVAc@J(Bigure7.13 shows signals characteristic of the
substrate from Day 0, due to the low compatibility nanocompaosiiestrate, making it impossible

to make assumptions on PVAc photodegradation.
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