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Photocatalytic Activity of TiO,-Containing Nanocomposites
versus the Chemical Nature of the Polymeric Matrices: A
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Environmental remediation of xenobiotic pollutants is an important issue in
industrialized society. Catalyst-mediated pollutant photodegradation using
solar light shows promising results. Titanium dioxide nanoparticles (TiO,
NPs) are a well-known standard for mineralizing organic water pollutants. Its
use as a sludge pointed out the need to support this photocatalyst to ease
both its use and recovery. Polymers represent a viable solution because of
their versatility, stability, and cheapness. The in situ radical bulk
polymerization approach to the development of TiO,-based thermoplastic
nanocomposites for xenobiotic photodegradation enhances the photocatalytic
performance of the semiconductor nanoparticles. The versatility and
efficiency of these systems pave the way for their industrial applications as
photocatalytic coatings for large-scale surfaces. To shed light on the influences
of the chemical nature of the polymer matrix on the photocatalytic efficiency of
the nanosystems, polyvinyl acetate, polymethyl methacrylate, and polystyrene
are investigated as supports for TiO, NPs. The obtained TiO,-containing
nanocomposites are characterized by thermal analyses, UV-vis, Raman, and
X-ray photoelectron spectroscopies, dynamic light scattering, and contact
angle measurements. The photocatalytic activity of the nanosystems in the
form of thin films is investigated against pollutants in water solutions, and
shows clear differences in the photodegradation efficiency among the
nanocomposites having different chemical natures of polymers.

1. Introduction

Xenobiotic pollution in aqueous and air
environmental matrices is a major crit-
ical issue of the Anthropocene era.l!l
Since the great acceleration that began
during the industrial revolution, sev-
eral new synthetic compounds (namely
xenobiotics)?! have been introduced into
the environment,[’/ causing ecological
hazards and health risks. In this frame-
work, the need to clean up vital re-
sources has led to the development of
several methods in recent years,?! such
as advanced oxidation processes. Among
these, the photodegradation of pollutants
triggered by solar light is considered the
most promising approach, also due to the
exploitation of a potentially infinite and
green energy source.[]

Titanium dioxide in the form of
nanoparticles (TiO, NPs) is one of
the most popular and promising het-
erogeneous photocatalysts for water
remediation, due to its photoreactiv-
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ity, chemical and physical stability,

bioinertness, and low cost.’! In par-

ticular, exploiting a synergistic effect
between Anatase and Rutile phases, Degussa P-25 TiO,
nanopowder was established as a standard in photocatalysis. Nev-
ertheless, the main drawbacks of this system are due to the
charge recombination and oxidation rates, which strongly de-
crease the efficiency of the photocatalyst.l®) Furthermore, its high-
est efficiency under UV illumination rather than visible light,
due to its band gap value (~3 eV),/”] reflects the low adsorption
and quantum efficiency, thus narrowing its application. To over-
come these limitations, several modifications are currently un-
der investigation, such as metal and non-metal doping,”®! and
coupling with other nanosystems.?! In addition, the use of dye
sensitizers!!% is a promising method for broadening light ab-
sorption into the visible light range. On the other hand, the de-
velopment of three-dimensionally ordered porous TiO, NPs has
shown improvements in light-absorption efficiency. This is at-
tributed to a light-harvesting effect (arising from the increased
optical path within the semiconductor macrostructure) that sup-
ports the efficient penetration of the incident photon flux into the
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photocatalytic porous nanoparticles.!'!] Recently, a combined ap-
proach involving doping of porous TiO, macrostructures has also
shown promising results in the mineralization of organic pollu-
tants, both in liquid and gas phases.['?]

Nevertheless, the use of TiO, NPs as suspended powder
points out the need to separate the catalyst from the depol-
luted fluids using expensive recovery treatments. Such an is-
sue could be avoided by anchoring TiO, NPs on solid sup-
ports. In fact, several supports (glass, concrete, plastic, etc.)
have already been investigated.l! Unfortunately, the common
approaches involve expensive procedures and methods, such as
thermal treatments,[!3] sol-gel approaches,!'* and vapor deposi-
tion techniques.[**! In this field, polymers are fascinating sup-
ports due to their chemical inertness, stability, and cheapness.
Moreover, thermoplastic polymers can be easily turned into thin
films and coatings, facilitating the use of the material in large-
scale applications. Indeed, a photocatalytic coating that is eas-
ily applicable on surfaces could support the depollution of wa-
ter and air matrices by exploiting sunlight. The simplest immo-
bilization technique might be to blend TiO, NPs with a poly-
mer using a proper solvent and to dry the mixture.['*] Never-
theless, embedding nanoparticles in a polymer matrix could re-
duce their available surface area and affect their photocatalytic
efficiency.[]

Recently, we have proposed a new in situ radical bulk polymer-
ization approach to develop polymethyl methacrylate-based ther-
moplastic nanocomposites containing TiO, NPs.[*®] This method
ensures intimate contact between the monomers and the photo-
catalytic particles before the polymerization, which can affect the
light transmission and charge separation efficiencies. The result-
ing nanocomposites have already shown promising results in the
photocatalytic degradation of xenobiotic pollutants.'?]

Nevertheless, an investigation on the effects of the chemical
nature of the used polymeric matrices with respect to the pho-
tocatalytic efficiency of the nanosystem has not been performed
yet.

To shed light on the interactions between the polymer and the
photocatalyst, and to understand potential side effects, different
common polymeric matrices were investigated in this work: i)
polyvinyl acetate (PVAc), a polymer frequently employed as a base
in paints; ii) polymethyl methacrylate (PMMA), a material com-
monly used for optical applications; iii) polystyrene (PS), a cheap
and widely used vinyl polymer applied as an insulator. The re-
sulting nanocomposites were characterized by thermogravimet-
ric analysis (TGA), differential scanning calorimetry (DSC), UV-
vis, Raman and X-ray photoelectron spectroscopies, and dynamic
light scattering (DLS). The wettability of the nanocomposite films
was evaluated by contact angle measurements. The photocat-
alytic activity of the nanosystems in the form of thin films was
investigated by batch experiments against pollutants in solution,
determining the photodegradation rate of model dyes such as
Methylene Blue and Rhodamine B. The collected data allowed a
correlation between efficiency and polymeric chemical nature. To
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show the effectiveness of the experimental nanosystems toward
real air pollution, a canvas coated with photocatalytic nanocom-
posites 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 differ-
ent photodegradation efficiency between the polymeric matrices.
The cheap synthetic procedure and the stability of the nanocom-
posite organic solution make it a promising material for a poten-
tial industrial scale-up.

2. Results and Discussion

Aiming to investigate the effects of different polymer matrices on
the performances of thermoplastic-based nanocomposite photo-
catalysts, three different nanocomposites having different poly-
meric matrices were synthesized.

A one-pot synthesis was developed by exploiting an in situ rad-
ical polymerization (see Figure 1). Briefly, a suitable monomer
(Methyl Methacrylate, Vinyl Acetate, or Styrene) and TiO, NPs
(5% w) were mixed by prolonged sonication, allowing the adsorp-
tion of the monomer inside TiO, NPs pores. Subsequently, the
thermal initiator (2,2’-Azo-bisisobutyronitrile) was added, and
the mixture was then heated at 55 °C for 20h. Finally, the unre-
acted monomer and unwanted oligomers were removed by pre-
cipitation in n-hexane.

The photooxidation capability of the nanocomposites is strictly
related to the amount of TiO, NPs entrapped within. Hence, to
determine the TiO, NPs content in each nanocomposite, thermo-
gravimetric analyses were performed in the air (see Figure 2 and
the table therein). In this oxidative atmosphere, the PMMA and
PS homopolymers showed single-step degradation beginning at
approximately 270 and 350 °C, respectively, due to both unzip-
ping and oxidative processes. Instead, PVAc showed a multi-step
thermal degradation (T; = 314 °C, T, = 426 °C, T; = 485 °C)
determined by deacetylation and further oxidative processes.!*"’
Due to the presence of nanoparticles within the polymer ma-
trix, PMMA@TiO, and PS@TiO, showed higher thermal stabil-
ity and residues than the related homopolymers (PMMA@TiO,:
T = 340 °C; residue at 800 °C = 4.87%; PS@TiO,: T =
380 °C; residue at 800 °C = 4.89%). Furthermore, the multi-
step degradation of PVAc was slightly shifted to higher tem-
peratures after the addition of the photocatalyst nanoparticles
(T, =319°C, T, = 424 °C, T, = 507 °C, with a residue of 5.11%
at 800 °C).

The differences between the nominal loading of TiO, (W%)
and its real content within the nanocomposites are due as a con-
sequence of both the polymer fully conversion and the nanocom-
posites purification steps: the removal of unreacted monomers
and the suspended hybrid species determine a slightly different
TiO, content than the nominal one.

Glass transition temperatures (Tg) obtained by DSC analyses
showed negligible differences between homopolymers (Figure 3,
dashed lines) and their related nanocomposites (Figure 3,

PMMA@TiO,
— Nanocomposites < PVAc@TiO,
PS@TiO,

Figure 1. Simplified scheme for the synthesis of the nanocomposites with different polymeric matrices.
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100 —\ 100
R sample Degradation T * Residue
£ 50/ P (°c) at 800 °C (w %)
2 PMMA 273 0
<°\ PMMA@TiO, 339 4.87
<
“— PS 348 0
£ 504 0- . - - ]
.% 200 400 600 800 PS@TiO, 377 4.89
; Temperature (°C) 314
PVAc 426 0
485
319
PVAc@TiO, 424 5.11
507
* Degradation temperatures are reported as onset temperature of the
0 - weight loss step
T T T T T 1
200 400 600 800

Temperature (°C)

Figure 2. TGA traces (air atmosphere) of PMMA@TIO, (black line), PVAc@TiO, (cyan line), and PS@TiO, (red line). 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.

continuous lines). Thus, it could be assumed that the nanopar-
ticles embedded within the polymer matrix do not affect the or-
ganization of the polymer chains in the solid state.

As a confirmation of the intimate contact between the organic
matrix and the semiconductor nanoparticles, the storage of the
nanocomposites’ THF suspensions does not result in precipi-
tation phenomena or phase separation also after a month of
storage.'¥] On the contrary, the dispersion of TiO, NPs within
a solvent suffers precipitation after a few minutes, as well as its
blended mixture with the polymers.

i PMMA (°C)  PS (°C) PVAc (°C)
I Homopolymer 127.4 87.3 422
== Nanocomposite 126.0 83.8 41.7

Heat Flow (W/g)

T T T T
0 20 40 60 80 100 120 140 160

Temperature (°C)

Figure 3. DSC traces of PVAc@TiO, (green solid line), PMMA@TIO,
(blue solid line), PS@TiO, (black solid line), PVAc (green dashed line),
PMMA (blue dashed line) and PS (black dashed line). The calculated glass
transition temperatures are reported in the inset table.
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The capability of the nanocomposites to increase the dis-
persibility of the embedded nanoparticles was further confirmed
by DLS analysis performed on the THF suspensions of the
nanocomposites. The data showed a high scattering intensity in
the range centered at about 100 nm (Figure 4), which is in agree-
ment with the nominal size of the TiO, NPs and further confirms
the negligibility of eventual self-aggregation processes.

The band gap energy of the samples was estimated through
the modified Kubelka-Munk function F(R) as a function of the
photon energy (hv). For what concerns the homopolymers, the
optical properties are listed in Figure 5c.
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Figure 4. DLS traces of THF solutions of PMMA@TIO, (black), PS@TiO,
(red), and PVAC@TIO, (blue).
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Figure 5. Diffuse Reflectance spectra of a) blends PMMA-TiIO, (black line), PS-TiO, (red line), and PVAc (blue line); b) nanocomposites PMMA@TiO,
(black line), PS@TiO, (red line) and PVAc@TiO, (blue line); c) The Table reports the optical properties of the homopolymer films.[22]

The bandgap of the samples shows a slight change from the
value of bare TiO, (3.20 eV)[2!l due to the interaction with the
polymer matrix. The extrapolated band gap values of the blends
(Figure 5a) are 3.24 eV for PVAc-TiO,, 3.19 eV for PMMA-
TiO,, and 3.18 eV for PS-TiO,; meanwhile, those of nanocom-
posites (Figure 5b) are 3.29 eV for PVAc@TiO,, 3.21 eV for
PMMA@TiO,, and 3.35 eV for PS@TiO,. Nevertheless, the
slight differences between these bandgap values are negligible,
and likely within the error of the method.

The crystallographic structure of TiO, NPs, including the pres-
ence of defects or lattice distortions, was investigated by Ra-
man spectroscopy. The positions of characteristic peaks of TiO,
Anatase crystalline structure are well known in the literature,?!
having six Raman active fundamental modes: 144 cm™ (E,,),
197 cm™ (Ey,),397 cm™ (By,), 518 cm™ (A;,) and 640 cm™" (E,;).
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 nanocomposite materials. Thus, each nanocompos-
ite was deposited by drop casting onto a silicon substrate and
imaging maps were recorded, obtaining the intensity maps of
the peak at 144 cm™!, which is the most intense vibration of
Anatase (brighter zones), while dark areas are mainly composed
of polymer (Figure 6). To highlight the effect of different prepa-
ration methods of polymer-TiO, composites on the distribution
of nanoparticles within the polymer matrix, imaging maps of the
corresponding blend mixtures were also collected.
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In general, the chemical maps of the nanocomposite
polymer@TiO, films (Figure 6a,c,e) revealed that the TiO, NPs,
represented by the bright yellow spots, are more homogeneously
distributed than those of the blended samples (Figure 6b,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 nanocom-
posites films showed always the E, mode at 144 cm™ in
both bright (Figure 6g) and dark (Figure 6h) regions, con-
firming the homogeneous dispersion of TiO, in the polymer
matrix.

In contrast, the Raman maps of the polymer-TiO, blends show
segregation phenomena of TiO, NPs within the polymer ma-
trices, minor for PVAc-TiO, blend (Figure 6d), and particularly
evident for PMMA-TiO, and PS-TiO, blends (Figure 6b,f, re-
spectively), as demonstrated by the large bright yellow areas sur-
rounded by areas devoid of catalyst. The Raman spectra obtained
from the two different bright and dark zones (Figures 6g,h, re-
spectively) for each sample confirmed this statement. It is widely
reported that Raman spectral features (Raman shift, linewidth,
and peak symmetry) are strongly dependent on crystal size,
because of the spatial confinement of phonons in metal ox-
ide crystallites.l**] Specifically, the peak E,; should show a low-
frequency shift (red) and a significant narrowing with the in-
crease in the TiO, crystallite size. Focusing on the size distribu-
tion of the catalyst nanoparticles, although all of the investigated
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Figure 6. Raman imaging maps of nanocomposites and blended mixture counterparts: PMMA®@TIO, a) and blend PMMA-TIO, b), PVAc@TiO, c)
and blend PVAc-TiO, d), PS@TiO, e) and blend PS-TiO, f). Raman spectra of bright g) and dark h) regions of PMMA@TiO, (black line) and blend
PMMA-TiO, (green line), PVAc@TiO, (blue line), and blend PVAc-TiO, (orange line), PS@TiO, (red line) and blend PS-TiO, (magenta line).

blends show extended TiO, NPs rich regions, we did not observe
any changes in the Raman spectra. In fact, both the recorded
E,, frequency and the extrapolated line width (FWHM) value re-
main unchanged respectively at ~144 and 197 cm™, suggesting
no relevant change in the Anatase nanoparticles size as a result
of phase segregation phenomena.

The electronic structure of the best performing PMMA@TiO,
nanocomposite (vide infra) was studied by XPS analyses and re-
sults were compared with those of the bare TiO, NPs. The inelas-
tic mean free path 4 for the Ti 2p core level electrons is 12.5 A and
the separation between adjacent Ti-containing planes in the (110)
main direction for TiO, NPs is 3.24 A.I»’] Since XPS is a surface
technique that probes just a maximum depth corresponding to 3
A, =11 ionic planes can be investigated.

Figure 7 shows the XPS spectra of the commercial TiO, NPs
sample (black line) and that of PMMA@TiO, (red line), in the
Ti 2p energy region. The Ti 2p feature of the commercial sam-
ple consists of the main 2p;,, 2p;,, spin-orbit components at
459.2 and 465.0 eV, respectively. Upon inclusion in PMMA, we
noted very low-intensity Ti 2p XPS signals and a 0.1 eV shift of
both spin-orbit components at higher energy with a concomitant
band broadening. This band broadening is mainly due to the low-
intensity signals of the TiO, NPs now included in the PMMA
pores and to some polymer C-Ti interactions. There are no evi-
dent color changes nor additional XPS evidence of low binding
energy peaks and this fact suggests the substantial absence of
TiO,-x species on the XPS probed depth being the 459.2 and 465.0
eV values typical of the TiO, NPs itself.?>»?¢] In fact, the eventual
presence of Ti, O, species, in which the Tiions 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 Ti**
at lower binding energy) because of the competition of various
final state screening effects.[?’]

Adv. Mater. Technol. 2023, 2300391 2300391 (5 of 10)

Figure 8 shows the XPS spectra of the commercial TiO, NPs
sample (black line) and that of PMMA@TiO, (red line), in the C
1s binding energy region. The peak at 285.0 eV is due to the ad-
ventitious carbon contamination present in all air-exposed ma-
terials and the weak signal at 288.6 eV is due to a few carbon-
ates on the surface of the commercial TiO, NPs sample. In the
case of PMMA@TiO,, the peak at 285.0 eV is due to the PMMA
aliphatic groups, and the last signal, now at 288.9 eV, significantly
increased upon the TiO, NPs inclusion in the polymer, is mainly
due to the -COOR group of the PMMA.

The XPS of the O 1s core level of the same samples is shown
in Figure 9. The commercial TiO, NPs show a strong signal at

100 -
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Intensity (a.u.)

40

20

460 465 470

Binding Energy (eV)

450 455

Figure 7. Al Ka excited XPS of the commercial TiO, sample (black line)
and PMMA@TIO, (red line) in the Ti 2p binding energy region. Structures
due to Al Ka satellites were removed from the spectra. The spectra were
normalized to the same relative intensity.
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Figure 8. Al Ka excited XPS of the commercial TiO, NPs sample (black
line) and PMMA@TiO, (red line) measured in the C 1s binding energy

region. Structures due to Al Ka satellites were removed from the spectra.
The spectra were normalized to the same relative intensity.

530.6 eV, as expected for TiO, materials, with a high energy, low-
intensity tail due to the presence of some Ti-OH hydroxide on the
sample surface.[”*?! In contrast, XPS of PMMA@TiO, shows a
broad O 1s peak centered at 533.0 eV due to the two oxygen atoms
of the -COOR group of PMMA and to some relevant presence of
surface water responsible of the ~535 eV component.

The photocatalytic efficiency of the nanocomposites was veri-
fied through batch photo-oxidation experiments involving model
dyes and real pollutants (Figures 10 and 11).

The adsorption of the dyes onto the polymer-based sys-
tem was considered through preliminary dark storage under
stirring (Figure 10c). The photodegradation experiments of
Methylene Blue (Figure 10a, continuous lines; Figure 10d) re-
vealed only a little higher efficiency of the PMMA@TiO, and
PVAc@TiO, nanocomposites (normalized k equal to 14.20 and
15.17 min~tg~!, respectively) with respect to the PS@TiO, coun-

terpart (normalized k 12.29 min~'g™"). Instead, considering the
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Figure 9. Al Ka excited XPS of the commercial TiO, NPs sample (black
line) and PMMA@TIO, (red line) measured in the O Ts binding energy
region. The spectra were normalized to the same relative intensity.
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photodegradation experiments of Rhodamine B (Figure 10b,d),
the PMMA@TiO, system has shown the best performance (nor-
malized k 5.61 min~!g™!). On the contrary, each physical mixture
of PMMA, PVAc, or PS with TiO, NPs, under the same experi-
mental conditions, has shown low efficiency (Figure 10a, dashed
lines).!8]

To confirm the stability and reusability of the nanocomposites,
each thin film was used for three photodegradation cycles of both
Methylene Blue (inset in Figure 10a) and Rhodamine B (inset in
Figure 10b). After each photocatalytic cycle, the thin films were
copiously washed with water (LC-MS grade) to remove any resid-
ual adsorbed dye and/or intermediate species. The experiments
revealed a decrease of normalized k of ~1% per cycle.

The photodegradation efficacy of our nanosystems was also
scrutinized against two common classes of environmental pollu-
tants (pesticides, e.g. Methyl Viologen also named Paraquat, and
drugs, e.g. Acetaminophen) in an aqueous solution. Variations
in the concentration of pollutants, obtained by monitoring the
bands at 243 nm (Acetaminophen) and 257 nm (Paraquat), were
reported in Figure 11a,b, respectively.

The data highlighted the highest efficacy of the PMMA@TiO,
nanosystem against both pollutants (Table in Figure 11). In-
stead, the PVAc@TiO, nanosystem was active only against Ac-
etaminophen. On the other hand, the PS@TiO, nanosystem
showed the lowest efficiency in all experiments.

These behaviors could be explained by considering the differ-
ent chemical natures of the polymer matrices and/or their inter-
action with the photocatalyst and the solvent/pollutant.

In particular, the surface wettability of the nanocomposite
might be a key parameter, as heterogeneous photocatalytic degra-
dation of organic molecules is a surface process that takes ad-
vantage of the presence of water to induce the production of the
hydroxyl radical species.['l Contact angle experiments (Figure
12) showed that the wettability of the three examined nanocom-
posites (PMMA@TiO,, PVAc@TiO, and PS@TiO,) increased in
the PS<PMMA<PVAc sequence (97.6°, 80.1° and 77.4°, respec-
tively).

On the other hand, the wettability is strongly dependent on the
chemical structure of the polymer, and the low wettability of the
PS matrix is due to the polymer chemical structure containing
hydrophobic benzene moieties that, in turn, reduces the water
adsorption and thus its photocatalytic efficiency. Instead, in the
cases of PVAc and PMMA matrices, despite the PVAc showing 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@TiO, system.[?]

Finally, as a proof of concept of the efficiency of photocat-
alytic nanocomposites also towards air pollution in a real city
environment, the nanocomposites (PS@TiO,, PVAc@TiO, and
PMMA@TiO,) were used as ink to write the word “SMOG” by
brushing the same amount of their dispersion in THF onto a
white canvas (Figure 13, left-bottom). As a reference, related ho-
mopolymers free of TiO, NPs were also used for the same pur-
pose (Figure 13, left-top).

The canvas was exposed in an open environment in front of
the busy ring road of the city of Catania (Italy) for 9 months
(May-January) in a sunny position. When evaluating the can-
vas after 9 months, as expected, altered colors of the canvas
due to the effects of pollution were observed. Nevertheless,
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PMMA@TIO, 4.7 (0.3) 2.0(0.1) PMMA@TiO,  14.20 (0.83) 5.61(0.34)
PS@TiO, 6.9 (0.2) 2.5(0.3) PS@TiO, 12.29 (0.70) 3.35(0.19)
PVAc@TiO, 4.1(0.2) 1.7 (0.1) PVAc@TiO, 15.17 (0.87) 2.43 (0.14)
PMMA-TiO, 4.1(0.3) 4.7 (0.3)
PS-TiO, 1.3(0.1) 1.1(0.2)
PVAC-TiO, 0.2 (0.04) 0.6 (0.1)

Figure 10. Methylene Blue a) and Rhodamine B b) photodegradation in the presence of nanocomposites (continuous lines) and blended mixtures
(dashed lines) thin films. Each polymer matrix is reported with a different color: black for PMMA, red for PS, and blue for PVAc. Inset: normalized rate
constant for the weight of the catalyst obtained during the reuse of each nanocomposite thin film with Methylene Blue and Rhodamine B, respectively.
The tables show, respectively: c) the adsorbed dye amount (%mol) with different nanocomposite and blends during the dark storage time, and d) the
normalized k for each photodegradation experiment (the standard deviation errors are reported in the brackets). The normalized k represents the kinetic

constant normalized by the weight of the active photocatalyst.

the areas covered with the photocatalytic nanocomposites main-
tained the original bright white color of the canvas, thus show-
ing “SMOG” words brighter white for PMMA®@TiO, than
PVAc@TiO, and PS@TiO, (Figure 13, bottom right). Instead,
the canvas surface that had the same word written with the pure
homopolymers did not reveal any bright areas (Figure 13, top
right).

Finally, based on the bright intensity of the word “SMOG”, the
canvas experiment confirmed the highest photodegradation effi-
ciency of the PMMA@TiO, nanosystems, showing a much more
bright written. We want to stress that all nanocomposites have
the same TiO, NPs dispersion homogeneity within the polymer
matrix.

Therefore, to explain the highest efficiency of PMMA@TIO,
over PVAc@TiO,, different parameters must be taken into ac-
count, and the interactions of the organic matrix with the semi-
conductor nanoparticles should play a key role. It has been re-
ported that, as well as the wettability, the PMMA matrix induces
local waveguide effects of the light arising from differences in
the material’s refractive indexes,[?! that enhance the light propa-
gation within the material. Finally, the electric dipole layer origi-
nated by the electronic charge interaction at the PMMA/TiO, in-
terface might accelerate the charge separation more efficiently
than in PVAc/TiO, or in PS/TiO,.53%

Adv. Mater. Technol. 2023, 2300391 2300391 (7 of 10)

3. Conclusion

Present data indicate that different monomers could be used for
in-situ radical bulk polymerization to produce TiO,-containing
nanocomposites. Such an approach would ensure the homogene-
ity of the TiO, NPs dispersion within the polymer matrix, de-
spite the different nature of the monomers used. The growth of
the polymer chains within the pores of the semiconductor pho-
tocatalyst nanoparticles, which is induced by the synthetic ap-
proach, might be responsible for the enhanced photocatalytic per-
formances of the nanocomposites with respect to those of the re-
lated blended mixture.

Nevertheless, a combined influence from the optical proper-
ties of the polymer and the wettability of the matrix must be
taken into account. Indeed, the PS@TiO, nanocomposite, which
showed the lowest wettability, was also negligibly active against
all the model pollutants in the water solution. On the other hand,
the highest wettability of the PVAc@TiO, nanocomposites is
reflected in its efficiency against a noncharged water pollutant
such as Acetaminophen. However, the PMMA@TiO, showed the
best photodegradation efficiency towards all the model pollutants
used in this work, regardless of the chemical nature of the pollu-
tant. This result may be attributed to the optical properties of the
PMMA matrix that ensure a better photon carry effect into the

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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PVAc@TiO, 0.76 0.97 (0.05) 0.30 0.37 (0.19)

Figure 11. Photodegradation kinetics of Acetaminophen a) and Paraquat b) in the absence of photocatalyst (green), and with thin films of PS@TiO, (red),
PVAc@TIO, (blue), and PMMA@TIO, (black). The insets show the UV-vis spectra of Acetaminophen and Paraquat acquired during photodegradation
experiments employing PMMA@TiO,. The table contains the normalized k for each photodegradation experiment (the standard deviation error is

reported in the brackets).

photocatalyst nanoparticles that, in turn, boosts the photodegra-
dation efficiency of the semiconductor. Moreover, this hypothe-
sis is furtherly supported by the photodegradation experiments
against air pollutants performed through a coated canvas, where
the PMMA@TIiO, confirmed its highest efficiency compared to
the other polymer matrices. A favorable outlook for these mate-
rials is given with regard to their potential industrial scale-up.
This possibility is strongly supported by the simple and cheap
synthetic approach. Moreover, the versatility of the thermoplastic
films allows them to be applied onto different surfaces exposed to
sunlight, through conventional easy and inexpensive techniques,
such as brushing or dipping.

4. Experimental Section

Methyl methacrylate, Vinyl acetate, Styrene, 2,2’-Azobisisobutyronitrile
(AIBN), sodium sulfate, basic alumina, THF, n-hexane, water (LC-MS

PVAC@TIO,

PMMA@TiO, PS@TiO,

97.81° £ 1.75
97.55°+1.10

78.82° +3.19
77.43°+1.21

80.22° £ 1.26
80.12° +3.29

Homopolymer

Nanocomposite

Figure 12. The images show water droplets deposited on thin films of dif-
ferent nanocomposites. The measured contact angles are reported in the
table.
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grade), titanium dioxide nanoparticles (Degussa P25, 21 nm primary par-
ticle size (TEM), 35-65 m? g~! (BET)), Rhodamine B, Methylene Blue, Ac-
etaminophen, and Methyl Viologen (Paraquat) were provided by Sigma—
Aldrich.

Instruments: A Pyris TGA 7 supplied with a TAC 7/DX (Perkin Elmer)
was used to perform thermogravimetric analyses, throughout a tempera-
ture range from 50 to 800 °C (heating rate 10 °C min~"), and air flux (60 mL
min~'). Degradation temperatures were calculated as the Onset’s point.

Differential scanning calorimetry (DSC) analyses were performed em-
ploying a DSC Q20 (TA Instruments) coupled with a Refrigerant Cooling
System (heating rate 10 °C min~'), and dry nitrogen flux (60 mL min~").

A Cary60 UV-vis spectrophotometer (Agilent Technologies) was used
to acquire UV-vis spectra (temperature 25 + 0.1°C, quartz cuvettes with 1
cm path length), using water as solvent.

Dynamic light scattering (DLS) measurements were performed with a
miniDAWN Treos multi-angle light scattering detector equipped with a Wy-
att QELS-DLS module (Wyatt Technology), and performing the data anal-
ysis with the ASTRA software (version 6.0.1.10, Wyatt Technology).

The crystalline phase of TiO, NPs and their dispersion homogeneity in
the polymeric films were also investigated by analyzing Raman scattering
data and Raman imaging maps obtained at 144 cm~' (corresponding to
the most intense vibrational signal of the Anatase phase). Raman spectra
have been excited with a 532 nm laser line of a Coherent Compass Sap-
phire Laser (Coherent Inc., Santa Clara, CA, USA) mounted on a WITec
alpha 300 (Wissenschaftliche Instrumente und Technologie GmbH, Ulm,
Germany) confocal Raman apparatus. Spectra have been collected with a
50x objective (spot size of ~2 pum).

Imaging maps were recorded to perform grid measurements (100
points and 100 lines) of 15 X 15 um and 25 X 25 um, obtaining images
in false color in which bright spots are related to TiO, NPs, while dark
areas are mainly composed of the polymer.

X-ray photoelectron spectra (XPS) were measured on the as-prepared
samples at 45° take-off angles relative to the surface plane with a PHI
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Figure 13. 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).

5000 Versa Probe system (base pressure of the main chamber 1 x 1078
Pa).125331] Samples were excited with a Al-Ka X-ray radiation using a pass
energy of 5.85 eV. Calibration was achieved by fixing the C 1s peak of the
aliphatic carbon at 285.0 eV. The XPS peak intensities were obtained af-
ter Shirley’s background removal.[2>231] The atomic concentration analy-
sis was performed by taking into account the relevant atomic sensitivity
factors. The instrumental energy resolution was < 0.5 eV.

Synthesis of Nanocomposites: The nanocomposites PMMA@TIO,,
PVAc@TiO, and PS@TiO, were produced through free radical bulk poly-
merization. Briefly, each monomer was purified through sodium sulfate
and further basic alumina treatments. The purified monomer (1 g, 10
mmol) was then mixed with 50 mg of TiO, NPs, to obtain a final nanocom-
posite containing ~5% (w) of the active photocatalyst. Each mixture was
sonicated for 30 min before adding the AIBN initiator (17 mg, ~0.1 mmol)
within an 8 mL vial, and each mixture was kept in a heating bath at 55 °C
for 20 h. Finally, the mixture was dissolved in THF (10 mL) and precipitated
in n-hexane (60 mL). The nanocomposite was separated through filtration
and dried in a vacuum oven (50 °C, 20 h).

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

Preparation of Physical Mixtures: Physical mixtures of homopolymers
(PMMA, PVAc, and PS) and TiO, NPs (obtaining the PMMA-TiO,, PVAc-
TiO,, and PS-TiO, samples) were produced by mixing each homopolymer
(95 mg) and TiO, NPs (5 mg) in THF (5 mL) and keeping the mixture in
an ultrasonic bath for 30 min. Then, each obtained mixture was dried in a
vacuum oven (50 °C, 20 h).

Thin Film Preparation for Raman Measurements: Each nanocomposite
and blended mixture (1 mg) was dissolved in a CH,Cl,/Diethyl Ether mix-
ture (1:1 v/v, 300 pL). A few drops of the solution were dropped onto a
silicon plate and dried under nitrogen (24 h).

Photocatalytic Experiments: Thin films of each nanocomposite
PMMA@TIO,, PVAc@TiO, and PS@TiO, were prepared by dissolving
~15 mg of each sample in THF (1.5 mL) and depositing the resulting
solution on the inner wall of a glass test tube (150 mL). Particular care
was taken to cover only 180° of the inner circumference, obtaining a
final surface area of approximately 59 cm?. Photocatalysis experiments
were performed within an open-wall homemade apparatus, employing a
solar lamp [OSRAM ultra vitalux (OSRAM Opto Semiconductors GmbH,
Regensburg, Germany), Wattage 300 W, Radiated Power: (315-400 nm)
13.6 W, (280-315 nm) 3.0 W, Wavelength range 280-1000 nm] and a fan
to cool the whole system. The test tube was fitted 30 cm from the lamp,
onto a magnetic stirrer.

Each batch experiment involved dye aqueous solutions (100 mL), hav-
ing appropriate concentration to start the photocatalytic test from ab-
sorbance values around 0.8 (Methylene Blue 10 uM, Rhodamine B 7 uM).
The dye solutions were prepared using water (LC-MS grade) without any
further degassing or aerating process.

A preliminary dark storage period (60 min) was performed under stir-
ring to equilibrate the physical adsorption of the dye on the photocatalytic
thin film. The system was then irradiated for 2 h under stirring (tempera-
ture 35 + 1°C).

The efficiency of the catalytic systems was examined by UV analysis of
aliquots collected every 20 min (from Cj to Cy,) through UV-vis, monitor-
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ing the variations of the dye concentration (C/Cy) as a function of the reac-
tion time, starting at the end of the dark-storage time (t =0, C;). Consider-
ing the pseudo-first-order photodegradation kinetic, the kinetic constant
for the photodegradative process (k) is the linear fit slope of the In(C/Cy)
versus time plot.

Following the same procedure, photodegradation experiments of
Paraquat and Acetaminophen in aqueous solutions (~80 uM) were per-
formed.
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