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Role of TiO, morphological characteristics in EVOH-TiO»
nanocomposite films: self-degradation and self-
cleaning properties

Konstantinos C. Christoforidis,> Anna Kubacka,® Manuel Ferrer,® Maria L. Cerrada,?
Marta Fernandez-Garcia*® and Marcos Fernandez-Garcia*?

The role of TiO, morphological characteristics in the ultimate performance of advanced, light-triggered
EVOH-TiO, nanocomposite films is analyzed using four different inorganic anatase-TiO, materials
obtained from the same initial solid precursor. Morphological variations in the inorganic component lead
to differences in the inorganic-organic interface, described here through a detailed structural
investigation using wide angle X-ray diffraction (WAXS), Raman and attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopies together with microscopy tools. Two significant properties of
these composite films induced by light absorption were studied: a) the self-degradation of the films under
sunlight and b) their self-cleaning or disinfection properties against Gram-negative (Escherichia coli) and
Gram-positive (Staphylococcus aureus) bacteria upon UV excitation. The analysis of results provides
evidence that, within the series of samples studied, the optimization of these two light-induced properties
is related to specific morphological aspects of the oxide component. The different charge carrier species
involved in the two processes allow rationalizing the self-degradation as a main function of primary
particle size of the oxide component while the self-cleaning properties seem to be related to a more
complex root on oxide morphological features, likely associated with particle-particle networking details.

Introduction

Incorporation of titania in polymeric matrices emerges as a
successful technology to fight against biological risks and
guarantee the safety of products related to foods/beverages
packaging or containers for biomedical/pharmaceutical mate-
rials/devices." TiO,-anatase is by far the most widely used
photocatalyst, being a wide band-gap (3.0-3.2 eV) semicon-
ductor that under UV illumination generates energy-rich
electron-hole pairs able to degrade cell components of
microorganisms without known weakness among bacteria,
virus, fungi and/or protozoa.'”

Here, EVOH-TiO, (EVOH, an ethylene-vinyl alcohol copo-
lymer) composite films with potential use in the food
packaging industry are considered.*® Composite EVOH-based
materials typically consist of a biocidal agent (carbonaceous
phase, oxide or metal) to control growth of microorganisms**°
within an EVOH polymeric matrix. In this context and among
potential inorganic fillers, TiO, offers unbeatable capabilities
because, first of all, its biocidal action occurs without the need
of releasing dangerous entities (on the contrary of silver, for
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example) and, additionally, because it allows degrading the
polymer after its lifetime upon sunlight excitation, opening
the gate of using a renewable energy source for an easy
disposal of the polymer.* Moreover, the oxide typically
enhances mechanical response of the final polymer based
nanocomposites without significantly modifying the thermal
ones."*'"'? Hence, TiO, appears as a multipurpose filler in
polymer matrices with a number of important advantages
concerning the improvement or maintenance of the physico-
chemical properties of the polymeric material as well as the
addition of new capabilities including self-degradation and
self-cleaning, opening a new deal of novel applications for the
polymer matrix.

In the case of light-induced properties and particularly of
the antimicrobial properties, we previously showed in the
EVOH-TiO, system that the whole external composite surface
can become biocidal by charge carrier transfer (specifically
holes) from the anatase to the polymeric component.”® This
erases the need for anatase-microorganism contact and leads
to non-contact, long-term and highly active biocidal materials.
Among the paths to optimize biocidal properties of anatase,
modification of this inorganic component by surface deposi-
tion using metals or oxides at low content has been
mentioned."** The presence of limited amounts of Ag, Cu
or Zn and other species at the anatase surface has been shown
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to produce novel (e.g. non present in the corresponding,
isolated M-TiO, and EVOH systems) effects on (UV/visible)
optical properties without altering other physico-chemical
features. However, an alternative path is to optimize the TiO,
material itself without incorporation of additional (usually
expensive ones, like silver) inorganic phases. While a number
of contributions have been devoted to this topic using a
significant number of different technologies,'""** we here
focus on the use of simple modifications of the anatase phase
in order to obtain improved light-induced self-cleaning and
self-degradation properties.

Specifically, a first attempt typically pursues improvement
of the optical excitation and de-excitation properties of the
TiO, component by controlling the physico-chemical proper-
ties of the oxide."**">® While most of the previously mentioned
works modified TiO, by surface/bulk doping, here we will
concentrate on controlling light-triggered phenomena and,
particularly, the charge handling after light excitation. In
previous publications, we (and others) analyzed the synthesis
and calcination of TiO, materials observing a direct link
between calcination temperature of the materials, its morpho-
logical properties (particularly primary particle size), the defect
distribution (particularly anion vacancies in the case of titania)
and the final photocatalytic outcome.>>*” We will try to study
such effect using constant temperatures of calcination ranging
from the minimum value where the anatase crystallization is
complete (ca. 400-450 °C) to the maximum one that ensures
the absence of rutile (600 °C). These two limits assure absence
of amorphous or crystalline (other than anatase) phases and,
additionally, the lack of impurities coming from incomplete
elimination of residues from the synthesis (this being a typical
impurity/dopant at surface that is not usually taken into
account when discussing the optical properties of the solids).
Note that impurity presence strongly alters charge carrier
handling (trapping) after light excitation. Moreover, it can be
stressed that the calcination step and the concomitant
elimination of defects are critical points if highly active
photoactive materials, exceeding the performance of typical
reference ones as Evonik P25, have to be obtained.> The
second effect concerns the inorganic-organic contact within
the nanocomposite. The handling of the secondary particle
size of the calcined oxide is the more straightforward way to
improve the contact by decreasing its magnitude.” The use of
sieving procedures appears as a simple, physical-like operation
to control easily the secondary particle size.*® As mentioned,
optimum contact between the two components allows efficient
charge separation upon light absorption and the use of holes
at the whole nanocomposite surface.”™ Therefore, the
efficiency of the EVOH-TiO, nanocomposite materials is
expected to be directly related to the extent of the inorganic-
organic interface.

In this contribution, we thus analyze four different EVOH-
TiO, nanocomposite films where the morphological properties
of the oxide as well as the inorganic-organic interface are
modified in order to boost the light-triggered novel capabil-
ities of the final materials. After their detailed multi-technique
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characterization and the measurement of their light-related
novel properties, we will show that self-degradation and self-
cleaning characteristics behave in different ways due to the
fact that different charge carrier entities are involved in both
processes. We will, however, prove that optimization of these
two processes can be obtained in a single EVOH-TiO,
material, providing thus the background for modern photo-
active films with advanced properties.

Experimental section

Nanocomposite preparation

Bare TiO, (anatase) was prepared by using a microemulsion
procedure.?” Solid precursors attained from such method were
used as obtained (samples numbered as one in their name) or
sieved and subsequently selecting the portion with average
aggregate size below 50 microns (samples labeled as two).
After such treatments inorganic samples were calcined at 450
°C (samples A) or 600 °C (samples B) for a period of two hours
in air. A summary of their main structural/morphological
properties is given in Table 1. BET surface area of the bare
TiO, materials was carried out by N, adsorption at 77 K using a
Micromeritics 2010 instrument. XRD patterns of the pristine
TiO, materials were recorded in the range 10° < 20 < 120°
using 0.02° steps, using a Siemens D-501 diffractometer with
Ni filter and graphite monochromator with a Cu K, X-ray
source. The crystal size of anatase was determined from the
most intense diffraction peak (101) using Scherrer equation.

A commercially available ethylene-vinyl alcohol copolymer
(EVOH; Solvay), containing a nominal 71 mol% vinyl alcohol
content, was used as polymeric matrix in the preparation of
EVOH-TiO, nanocomposites at an inorganic content of 2 wt%.
These novel materials were obtained by melt blending in a
Haake Minilab twin screw extruder at 195 °C, a rotor speed of
100 rpm for 15 min. These processing conditions were
optimized taking into account the final dispersion of
nanoparticles and keeping away from EVOH degradation.
Preceding this stage, nanoparticles and EVOH copolymer were
previously sonicated (Sonics VC505) and stirred to achieve an
initial homogeneous batch. After processing, specimens were
manufactured as films of approximately 100 microns by
compression molding in a Collin press between hot plates at
210 °C and at a pressure of 1.5 MPa for 5 min. A quench was
applied to the different films from the melt to room
temperature.

Nanocomposites characterization

Transmission electron microscopy (TEM) was performed at
room temperature in a 200 kV JEM-2100 JEOL microscope to
analyze material homogeneity. Samples were cut in thin
sections (40 nm) by cryoultramicrotomy (Leica EM UCS).
Specimens were then deposited on copper grids. Scanning
electron microscopy/energy dispersive X-ray spectroscopy
(SEM/EDX) characterization of materials was carried out with
Au-Pd (80 :20) coated samples using an ESEM PHILLIPS
equipment working at 25 keV. The WAXS patterns for the neat
EVOH matrix and the distinct nanocomposites were recorded

This journal is © The Royal Society of Chemistry 2013
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Table 1 Main physico-chemical characteristics of the TiO, components?
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Sample Anatase crystal size (nm) Sger (m* g™ ) Pore volume (cm® g™ ) Pore size (nm)
TiO,-A1 9.7 94.7 0.098 3.4
TiO,-A2 10.0 84.6 0.084 3.3
TiO,-B1 17.0 31.7 0.081 7.1
TiO,-B2 17.3 26.1 0.063 6.0

“ Anatase crystal size was determined using Scherrer equation. Standard deviation (+): 5% for crystal size, 1.5% for Sggr, 10% for the
remaining observables. Total pore volume was taken at relative pressure P/P, = 0.98.

in the reflection mode at room temperature using a Bruker D8
Advance diffractometer equipped with a Goebel mirror and a
PSD Vantec detector (from Bruker, Madison, Wisconsin). Cu-
Ko radiation was used and the equipment was calibrated with
various standards. A step scanning mode was employed for the
detector, with a 20 step of 0.024° and 0.2 s per step. The WAXS
degree of crystallinity, £."**5, was determined from decom-
position of X-ray patterns into crystalline diffractions and the
amorphous halo with a fitting program. This amorphous peak
was found to be centered at 20 of 19.9 + 0.1° at the different
samples. Raman spectra of the EVOH-TiO, nanocomposite
films and the TiO, powders were collected with an inVia
Raman microscope (Renishaw) equipped with a near-IR diode
laser (785 nm) with a 1 cm™" spectral resolution.

The simulated photochemical degradation under sunlight
was performed by using a Hamamatzu lamp L8868 with an
intensity of 3500 mW cm ™ (01 type at 365 nm). Changes were
followed by Fourier transform infrared spectroscopy with an
attenuated transmission reflection (ATR) cell mounted in a
Perkin Elmer Spectrum One spectrometer (ATR-FTIR). The
samples were situated at 6 cm of distance and considering an
average daily sunlight intensity of ca. 2.72 mW cm™?, the
sample exposition during 20 h corresponds to about forty five
days of sunlight exposition.

Microbiological tests

The microorganisms used in this study include Escherichia coli
1337-H and Staphylococcus aureus 1341-H. They were obtained
from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany) and cultured and
maintained according to the recommendations of the suppli-
ers.»® Briefly, E. coli 1337-H and S. aureus 1341-H were grown
in Luria-Bertani (LB) medium at 37 °C using 100 mL flasks
filled with 10 mL of the respective medium and subsequently
used for photochemical cell viability assays. To study the
antimicrobial activity of films, a suspension containing 10 pL
of microbial cells (ca. 10° CFU mL ") suspended in 1 mL broth
solution was made.>® Aliquots of 1 mL from these suspensions
were added to a 4 mL quartz cubic cell containing 1 mL of
sterilized water and the corresponding film under continuous
stirring. The film-cell slurry was placed in the UV spectrometer
chamber (Synergy HT Multi-Mode Microplate Reader, BioTek)
and irradiated with a light at 280 nm (UV) for different time
periods. The excitation line width is lower than 10 nm in all
cases. As demonstrated by blank experiments, care was put
into using a sub-lethal, maximum radiation energy fluence of
ca. 1 k] m~? throughout the study (60 min).

This journal is © The Royal Society of Chemistry 2013

The four samples (A1, A2, B1 and B2 nanocomposite films)
together with the reference (EVOH) were measured using the
same bacterium inoculum for each microorganism tested.
After irradiation and for different time intervals, aliquots of
100 uL were transferred to a 10 mL LB broth test tube. The
order of cell dilution at this stage was 10~ >. Loss of viability
after each exposure time was determined by the viable count
procedure on LB agar plates after serial dilution (107> to 10~°).
All plates were incubated at 37 °C for 24 h prior to
enumeration after which they were scanned using a Bio-Rad
Imaging System equipped with Analysis Software 4.6.5 (Bio-
Rad) to enable enumeration of bacterial colonies among
replicates. A minimum of four experimental runs was
performed to determine antimicrobial activity; this leads to a
standard error of +0.1 log CFU mL™ ' units in the reported
results.

Results and discussion

The TiO, component used in the study is, as can be seen in
Table 1, relatively homogeneous, with rather scarce morpho-
logical modifications and always maintaining the anatase
structure (see below). The rise of calcination temperature
increases the particle size from ca. 10 to 17 nm while sieving
leads to a more general modification of the morphological
properties with a decrease ranging from ca. 10% (samples Ax)
to 20% (samples Bx) in BET surface area and concomitant
changes in pore size and volume. Although differences are, as
said, relatively modest, Bx samples are more strongly modified
by the sieving procedure.

The interfacial contact between the TiO, nanoparticles and
the EVOH polymer is illustrated in Fig. 1. This figure presents
TEM views of the materials where dispersion of the oxide into
the polymer matrix is shown. The numerical analysis of the
inorganic aggregates is included in Table 2, screening more
than 50 aggregates at each case. The Feret diameter was used
to calculate the aggregate size distribution.’® The size
distribution first moment indicates a consistent decrease of
the average aggregate size as a function of both, the increase of
the calcination temperature as well as the sieving. Considering
the primary particle size of the materials and assuming a
similar “packing” density in all samples, these data mean that
the number of primary oxides entities present in an aggregate
is reduced by calcinations (from 450 to 600 °C) in ca. 80%
while sieving decreases such number only by 13-15%. The
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Fig. 1 TEM images of Ax and Bx films.

third and four moment indicates relatively similar aggregate
size distributions although A1 sample seems to present a
larger tail (fourth moment) while samples B1 and B2 show
greater third moment differences (but always positives; e.g.
differences with respect to a normal distribution are more
acute for aggregates with size above the mean). Series Ax and

Table 2 Characteristics of organic/inorganic crystalline phases for the different
nanocomposites and for the EVOH polymer: £.VA%* (crystallinity degree
determined by WAXS at room temperature); also included the average
aggregate size (first raw order moment), variance (second raw order moment)
and higher normalized central moments of the anatase component size (Feret
diameter) distribution?

Size Variance Skewness Kurtosis
Sample ~ fiVA%S (nm) (nm?) (a.u.) (a.u.)
Al 0.45 87.3 4371.5 0.76 4.0
A2 0.45 74.0 3002.7 0.74 2.6
B1 0.40 75.9 5446.1 0.97 2.4
B2 0.45 66.4 1396.5 0.56 1.3

“ Standard deviation (+) 7% for f£,"WA*5,
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Fig. 2 WAXS patterns at room temperature of the Ax and Bx samples and EVOH
reference films.

Bx undergo such changes displaying parallel trends. Overall,
an increase of calcination temperature surprisingly leads to a
decrease of the average aggregate particle size while sieving of
the samples makes a similar (and, in this case, more
predictable) decreasing trend. As described, other effects are
visible in the aggregate size distribution but they are of more
scarce nature. In any case, major differences appear to be
present within the Bx series as a function of the sieving. Hence
as mentioned above, both series display a relatively similar
behavior although some subtle differences associated with the
particle size distribution, third and four moments, are more
clearly observed in the Bx series.

The structural properties of the materials prepared are
analyzed using a combination of X-ray diffraction and Raman
spectroscopy. Fig. 2 displays WAXS patterns of the samples.
The EVOH copolymer is semicrystalline and, in addition, it
exhibits polymorphism.**** This polymorphism shown by
EVOH copolymers is not the usual case concerning two unit
cells with well-differentiated lattice parameters: in the present
case, a continuous change of some of the lattice constants
occurs by varying cooling rate during processing. For instance,
the angle f of the monoclinic lattice varies smoothly from an
“equilibrium” value of about 92.2° in slowly crystallized (i.e.
those cooled at 2 °C min~" from the melt) samples to a final
value in quenched (cooling rate of around 80 °C min™ ")
specimens of 90° (orthorhombic unit cell). The plot of the
parent polymer (Fig. 2) is dominated by the 101 and 200
diffraction peaks characteristic of the EVOH orthorhombic
cell.’™3> The presence of TiO, is detected in the nanocompo-
site systems by appearance of the 101 reflection ascribed to the
TiO, anatase polymorph (centered at ca. 25° JCPDS-84-1286).
No other titania phase (rutile) is visible. The anatase
diffraction width changes with the primary particle size

This journal is © The Royal Society of Chemistry 2013
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differences of the oxide component in a fully consistent way
from Ax to Bx series, as shown in Table 1. Anatase
incorporation seems to promote a change of the EVOH
crystalline lattice in the nanocomposites and, then, the
profiles represent an intermediate state between the two
modifications (i.e. orthorhombic to monoclinic cell). The
crystallinity degree found in the different nanocomposites
does not change much (see results reported in Table 2) except
for the B1 that presents a value slightly lower. Thus, the
diffraction study reveals relatively minor differences among
the samples under study.

Raman spectroscopy was also used in order to determine
the structural effects of anatase incorporation into the EVOH
polymeric matrix. The frequency region dominated by EVOH
peak contributions®*”® is represented in Fig. 3a. Normalized
intensities (considering the C-H stretching mode) confirm
that local configuration of the polymer is relatively stable in
the presence of TiO,. To provide evidence of the TiO, stability
in the incorporation process, an example of the Raman spectra
in presence or absence of the polymer matrix is also shown
(Fig. 3b). Anatase peaks at ca. 145, 395, 515 and 640 cm ™ " are
discerned in the plot but here our attention will be focused on
the lowest energy, larger intensity E, mode.>® The analysis of
this peak position shows minimal differences between the
TiO, alone and within the nanocomposite (less than 1.5 em™*,
therefore within experimental error), indicating again the
absence of major changes during the preparation procedure.

A summary of the structural characterization of these
EVOH-TiO, materials would thus point out that all samples
display rather similar oxide aggregates although a trend of
decreasing size and, then, of potentially increasing interac-
tions with the polymer matrix is observed as the oxide
calcination temperature is raised as well as sieving of the
oxide precursor is applied. Such sieving makes rather similar
effects on both series and only subtle differences were
observed in the aggregate size distribution, concerning a
minor tailing effect that appears more pronounced in the Bx
series. This general structural description of the TiO, status in
the nanocomposite films would thus indicate that a character-
istic improvement would be observed by increasing the
calcination temperature as well as sieving of the inorganic
precursor if light-triggered properties are exclusively driven by
the extent of interface contact among phases. In the first case
(calcination temperature) as mentioned in the introduction
section, higher calcination temperature would also lead to a
decrease in defects and, consequently, to a more optimum
handling of charge carrier species, in turn favoring useful
chemistry (for example, in this case, bacteria inactivation
instead of charge recombination).>

Later on, the two more important light-induced new
properties presented by the polymer-based films in presence
of the oxide have been tested. Firstly, the self-degradation of
the composite materials upon sunlight exposition was
analyzed. Photo-degradability using a renewable energy source
and, consequently, the production of environmentally friendly
polymeric materials is a plus expected from TiO, addition to

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Raman spectra in the A) frequency region dominated by the EVOH
polymer; B) frequency region of TiO, for the AT sample (black spectrum)

(polymer contribution has been subtracted for the sake of clarity) and the
corresponding bare TiO, material (red spectrum).

the EVOH matrix. A simulated period of about one and a half
months was studied. Fig. 4 displays selected ATR-FTIR spectra
obtained during the process. While UV light is known to have a
rather limited aging effect on EVOH polymers,’” the progres-
sive degradation of the polymeric matrix is evidenced in the
case of the TiO,-containing nanocomposites by the spectra
displayed in the figure.

It is noticeable the apparent reduction in intensity and shift
toward higher wavenumber (of ca. 60 cm ™ ") of the broad band
centered at around 3310 cm™'. This latest trend is observed
with increasing irradiation time, as clearly depicted in Fig. 5.
This band is assigned to EVOH hydrogen bonded O-H
stretching vibrations (negligible contribution of TiO, accord-
ing to the average composition of the materials) and its
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Fig. 4 ATR-FTIR spectra of composite films subjected to sunlight aging for
specific time treatments. Full spectra are presented at 1 h of treatment while
selected regions are presented for other times.

broadness is thought to arise from a distribution of hydrogen
bonded O-H groups of varying strength and geometry, coming
from intra and intermolecular hydrogen bonded OH dimmer
and multimers.*® Some other changes that support transfor-
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Fig. 5 Frequency position of the OH region maximum (displayed in Fig. 4) as a
function of sunlight treatment time.
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mation of these OH groups are noticed in the spectra (this
range only shown in Fig. 4 for spectra taken at 1 h), at about
1330 and 1455 cm ™', variations being associated with O-H
deformation modes and showing a tendency to vanish as
irradiation time is increased. Moreover, the vibration at
around 1085 cm™ ' related to C-O stretching also appears to
decrease. Nevertheless, a thorough analysis of the broad peaks
in this “low frequency” spectroscopic range is complicated
because of the large number of overlapped molecular
vibrations. The shift of the band at 3310 em™' to higher
wavenumbers, represented in Fig. 5, is attributed to contribu-
tions of two different effects,®® on one hand, the physical
transformation of the hydroxyl groups vicinity and, on the
other hand, the corresponding contribution originated from
changes of dipolar and other intermolecular interactions. The
overall variation suggests that there is a weakening of the
inter- and intra-chain hydrogen-bonding interactions related,
in one way or another, to the decrease of hydrogen-bonding
elements with irradiation time because of their transforma-
tion.

The infrared spectra displayed in Fig. 4 show, simulta-
neously to all of the hydroxyl-related modifications, an obvious
increase of intensity in the band appearing at around 1725-
1710 em™ " as irradiation time rises. This band is attributed to
presence of C=0 stretching modes because of appearance of
carbonyl groups*®*" during UV irradiation. Such contribution
is the most visible evidence of the oxidation process of the
polymer matrix induced by sunlight.

In summary, all of these changes in the ATR-FTIR spectra
provide evidence that the TiO, presence in the OH-rich
hydrophilic zones of the EVOH polymer, where the degrada-
tion starts, leads to the formation of -CO moieties. The
degradation by oxidation can be followed by the -CO peak/
region intensity (Fig. 6) allowing establishing that the kinetics
of the degradation process occurs in two main steps, with an
initial, relatively slow period, followed by a faster, exponential-
like behavior. Series Bx appears to exhibit a quicker first

3.0
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Fig. 6 Intensity of the C=0 stretch region displayed in Fig. 4 as a function of
sunlight treatment time.
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period while series Ax likely displayed a faster process for the
second stage. Overall, the degradation degree of the polymer
matrix observed by the end of the experiment is significantly
larger in the Bx series.

Fig. 7 displays the biocidal action of the materials for E. coli
and S. aureus under UV light. Both Gram-negative (E. coli) and
Gram-positive (S. aureus) bacteria have been tested in order to
show the potential of these nanocomposites in the killing of
microorganisms. The relatively innocuousness of the UV
radiation is demonstrated by the blank experiments in
presence of the EVOH matrix. This is due to the limited
illumination fluences used in the experiments (see experi-
mental section). The performance of the A1 samples has been
previously analyzed with a total of 10 microorganisms
including bacteria and yeasts, indicating the high biocidal
potential of the nanocomposite even when comparing with
other biocidal agents like silver, chemical compounds as
hypochlorite and others.*®'*'7?° 1t can be observed (Fig. 7)
that the sample numbered 1 shows significantly superior
activity with respect to sample named 2 in both series of films.

Comparison with previous results concerning efficiency of
inorganic/organic biocidal agents is easy in the case of E.

coli**™*° and S. aureus.’®”" There is also a significant number
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of works devoted to both pathogens.'®'"*>*! Although
antimicrobial tests are strongly dependent on the specific
experimental conditions used, for a simple comparison we can
indicate that our maximum log reduction of ca. 8.5/8.0,
attained after 60 min upon UV light for, respectively, E. coli/S.
aureus, could be compared, for example, with previous results
on E. coli using polymer-TiO, nanocomposite films, with ca.
6.3, 4, 1, and 3 log-reduction for, respectively, 1,°* 1,°" 1,>* and
0.3' hour(s) of treatment. Moreover, it is interesting to stress
that previous results using visible light for polymer-TiO, films
gave relatively low (40%/1 h) deactivation performance against
E. coli, far from that here presented.*’ Similarly, ca. 0.8, 1.0
and 3.0 log-reductions were reported after, respectively, 0.5,>*
12°° and 0.3 hours of treatment in the case of S. aureus. As a
summary, we can thus highlight the fact that A1/B1 samples
appear highly biocidal while A2/B2 samples only render
maximum values of the biokilling activity that are roughly
half compared to the other (A1/B1) nanocomposite films. Even
in the latter case, the final outcome is a competitive biocidal
action, at least with respect to a significant number of previous
works.*?"®* This fact can be attributed to the photo-chemical
properties of the oxide component and, particularly, to an
efficient charge handling after photo-excitation.

It is evident from results of Fig. 5 to 7 that the
nanocomposite films perform quite differently in the two
light-triggered properties analyzed. While the Bx series seems
to undergo a faster and deeper self-degradation process, the
biocidal action seems superior for samples numbered 1 (A1/
B1). Differences between the performance of the samples in
the two light-induced processes, e.g. self-degradation and self-
cleaning, can be rationalized by the fact that both are related
to two different charge carrier species. While degradation
(essentially an oxidation process) has been demonstrated to
occur primarily by using electrons, the biocidal action is
exclusively related to holes, the single species reaching the
external film surface and responsible for the biokilling
action. 1718

In anatase-titania, charge separation and handling after
light absorption occurs through a multi-trapping process of
electron while holes seem to have a faster decay as well as a
faster travelling to the oxide surface.” Moreover, accumulation
of trapped electrons at the bulk of the material is a well-known
process that is, as mentioned, intimately connected with the
number and nature of defects present.>* As a primary rule, it
can be noted that the number of defects is inversely
proportional to the primary particle size of the oxide
component and would thus give a rationalization for the
faster and deeper degradation of the Bx nanocomposite films
with respect to Ax ones. Electrons, responsible for the
production of CO moieties in presence of oxygen, are thus
driving the oxidation process of the polymer matrix with
differences among nanocomposites systems related exclusively
to the primary particle size of the oxide component.

Holes availability at the external surface of the nanocom-
posite films seems, on the other hand, to be larger for A1/B1
samples, despite the fact that the aggregate particle size of the
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oxide component displays the two larger values in these two
films (Table 2). As the contact with the polymer seems to be
carried out in all cases with the same polymer region
(hydrophilic, non-crystalline part of the polymer, which
according to Raman is essentially equal in all samples) and
the Ax, Bx samples present a constant inorganic primary
particle size within the corresponding series (Table 1), we can
suggest that a different hole charge handling occurs as a
function of the morphological properties of the inorganic
phase. The morphology of the oxide components (Table 1,
pore volume and size) seems to vary in a larger degree in the
Bx series than the Ax ones but no clear trend can be spotted to
justify the results. Although a definitive answer cannot be
given here, it can be nevertheless suggested that details of the
oxide particle-particle contact are critical to allow the
adequate charge separation and subsequent holes transfer to
the oxide-polymer interface. Of course, such morphological
details cannot be easily studied even with the help of high
resolution microscopy, which would demand an extensive
study of the oxide and composite films.

To summarize, it can be mentioned that although the
inorganic-organic interface contact plays a key role to allow
charge transfer within the nanocomposite components after
light excitation,™®**' in our samples, where the compo-
nents contact is relatively similar, important performance
differences nevertheless appear in self-degradation and self-
cleaning properties. Such differences can be rationalized as a
function of the oxide morphological properties as above
discussed. The combined analysis of the self-cleaning and
self-degradation properties indicates that the A1 samples may
be the optimum choice for obtaining novel, dual-action food
packaging films as it controls the damage of the polymer to a
reasonable extent in a period of ca. one and a half months and
has an outstanding biocidal capability against both Gram-
negative and Gram-positive bacteria. It can be particularly
mentioned that the self-degradation of the polymer is rather
slow for the initial period of about one month of continuous
sunlight exposure, further demonstrating the suitability of the
system for the mentioned application. The B1 sample is also
highly biocidal but renders both a faster and more extended
damage of the polymeric matrix. So, the present study provides
two highly biocidal samples with adjustable effect on the
polymeric matrix as a function of the lifetime required.

Conclusions

In this report, the effect of TiO, morphology on the
performance of EVOH-TiO, nanocomposite films under light
for producing self-sterilized and self-degradation materials is
investigated. From a single preparation of the inorganic
component, four different titania samples are obtained by
sieving (or not) and calcination at two different temperatures.
Anatase materials are observed in all cases with primary
particle size ranging from 9.7 to 17.3 nm.
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The inclusion of the four TiO, fillers in the EVOH matrix
yields four nanocomposite materials with relatively similar
structural characteristics. All samples display similar oxide
aggregates, below 100 nm, although a trend to lower size and,
thus, to potentially (moderately) promoting larger interaction
with the polymer matrix is observed while increasing the oxide
calcination temperature as well as by sieving the oxide
precursor. Such sieving makes, to a first approximation,
similar effects on both series and only subtle differences are
observed in the aggregate size distribution concerning a minor
tailing effect that appears more pronounced in the Bx series.
Due to the fact that the oxide phase does not show large
differences within nanocomposite samples and that the
polymeric component is similarly affected by the oxide
inclusion in all materials, the inorganic-organic interface is
expected to display rather analogous properties in all the
samples studied and its surface would be proportional to the
average aggregate particle size of the nanocomposite films. Of
note, strong performance differences are nevertheless
observed in the light-induced self-cleaning and self-degrada-
tion properties of the nanocomposite films here studied
without apparent correlation with the inorganic-organic
interface extent. Instead, both (differential among our
samples) properties are mostly rationalized in terms of the
specific morphological properties of the oxide component
dispersed into the polymeric matrix. An optimum perfor-
mance, concerning minimum degradation of the polymeric
matrix and high biocidal activity, is achieved with the A1l
composite film. Such nanocomposite material appears thus as
a striking, dual-action material with high light-triggered
capabilities.
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