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ARTICLE INFO ABSTRACT

Keywords: The realization of polymeric nanocomposites is a promising strategy for large-scale applications of photocatalytic
Hybrid materials nanomaterials, limiting their dispersion into the environment. In addition, in order to obtain very efficient
Nanomaterials

materials, a valid solution can be the formation of heterojunctions that, reducing the electron-hole recombination
phenomena, increases the performances of the photocatalysts. For this work, we have realized promising pho-
tocatalytic polymeric nanocomposites through the simple method of sonication and solution casting, using poly
(methyl methacrylate) (PMMA) as supporting matrix, ZnO nanoparticles as photoactive material, and MoS,
nanoflakes as co-catalyst for the realization of the heterojunction. Materials with several quantities of MoS; have
been synthetized and characterized by scanning electron microscopy (SEM), contact angle measurements, X-ray
diffraction analysis (XRD), UV-Vis spectroscopy, transmission electron microscopy (TEM), and photo-
luminescence (PL). The photocatalytic performances of the obtained materials were evaluated by the photo-
degradation under UV light irradiation of two different common pollutants: rhodamine B (RhB) and sodium
dodecyl sulfate (SDS). The mechanism of the involved photocatalytic process was studied by the investigation of
the main oxidants responsible of the photodegradation, using hole or radical scavengers. The antibacterial
properties were investigated using Escherichia coli as a model organism. The eventual toxic effects of the prepared
materials were studied on Artemia salina.

Co-catalysts
Water treatment
Photocatalysis

1. Introduction

Water quality is one of the main challenges that society will face
during the next years. The industrial/agriculture discharge and other
human activities release several kinds of chemicals into the environ-
ment, contaminating the available water resources. These chemicals
belong to different categories, such as pesticides, dyes, pharmaceuticals,
personal care products and their transformation products [1]. Most of
these organic compounds are toxic and scarcely biodegradable, and
often the conventional water treatment technologies are not able to
remove them in a satisfactory way, or they are time and energy
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consuming. Hence, the development of new and efficient methods for
water treatment is highly demanded [2-6].

Advanced oxidation processes (AOPs) are today considered effective
methods for the destruction of recalcitrant organic pollutants of water
[7]. AOPs depend on in-situ generation of reactive radicals capable of
degrading organic molecules, by using light, chemicals, or other forms of
energy. Among AOPs, heterogeneous photocatalysis has received a great
attention within the scientific community, thanks to its potential to
mineralize a wide range of organic contaminants at ambient tempera-
ture and pressure into harmless compounds [8,9]. This process employs
inorganic semiconductors that act as photocatalysts; when they are
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irradiated with photons of energies greater than their band-gap energies
the formation of electron-hole pairs occurs [8,9]. The photo-generated
holes oxidize the water molecules producing the hydroxyl radicals,
meanwhile the photo-excited electrons reduce the oxygen molecules
generating the superoxide radical anions [8,9]. These radicals, but also
the holes, are the main responsibles of the degradation processes [8,9].

Among the several studied semiconductors, zinc oxide (ZnO) has
emerged as a valid candidate for photocatalytic applications, thanks to
some intrinsic properties, such as high availability, low cost, large and
direct band-gap in the UV region, suitable valence and conduction band
edge potential with respect to the natural hydrogen electrode (NHE)
used as reference [10,11].

Compared to bulk material, nanostructured ZnO possesses additional
advantages for applications in photocatalysis. Indeed, the nanomaterials
have a higher surface to volume ratio, allowing a more efficient pho-
tocatalysis. In addition, the synthesis of ZnO nanomaterials (nano-
particles, nanotubes, nanowires, nanocubes, nanonuts, nanofibers, etc.)
is quite easy, increasing the motivation for the use of this material for
photocatalytic applications [12-14].

However, a shortcoming limits the application of pure ZnO as pho-
tocatalyst, which is the high recombination rate of the electron-hole
pairs, upon UV light irradiation, before they can reach the semi-
conductor surface [15]. Many strategies have been studied to increase
the electron-hole separation, such as the combination of the photo-
catalyst with other semiconductors [16], carbon materials [17], or noble
metals [18,19]. These co-catalysts not only extract the charges but can
also serve as active sites for molecules reduction or oxidation.

A valid co-catalyst is represented by molybdenum disulfide (MoSy).
This is a two-dimensional (2D) layered material composed by Mo atoms
sandwiched between two layers of hexagonally close-packed S atoms. A
monolayer of MoS; has a direct band-gap of about 1.8-1.9 eV; by
increasing the number of stacking layers, the band-gap decreases down
to an indirect band-gap of about 1.0-1.2 eV for the bulk material [20].
Thanks to these characteristics, MoS; is used in combination with large
band-gap semiconductors, such as ZnO [21-24]. With this configura-
tion, a heterojunction is formed at the interface region; electrons and
holes can migrate between the semiconductors, enhancing their spatial
separation and consequently increasing the photocatalytic efficiency of
the ZnO [25,26].

An important aspect to be considered concerns the dispersion of the
photocatalytic nanomaterials into the environment after the water pu-
rification process. The impact of nanomaterials on human health and on
ecosystem is still a matter of debate, and for this reason a carefully re-
covery is needed [27]. However, due to the low dimension of the
nanomaterials, the feasible methods for their gathering are energy and
time consuming, and this is indeed the most important limitation for
their application on a large scale. For this reason, their immobilization in
a suitable support appears the winning strategy for their use. Polymers
are considered the most promising hosting matrices for the realization of
hybrid nanocomposite materials because of their ease of production, low
cost, light weight, and ductile nature. By combining the attractive
functionalities of both components (i.e. the organic and inorganic one),
nanocomposites derived from organic polymers and inorganic nano-
materials display excellent properties, thus deserving applications in
many fields [28-31].

In this work we have used poly (methyl methacrylate) (PMMA) as
supporting matrix, due to its transparency to visible light and resistance
to UV irradiation [32]. Through the simple method of sonication and
solution casting we have realized photocatalytic nanocomposites
composed of PMMA and ZnO nanoparticles coupled with MoS; nano-
flakes, to take the advantages of the formation of heterojunctions in
terms of increasing of the photocatalytic efficiency. To our knowledge,
this is the first time that polymeric nanocomposites realized with
PMMA, ZnO, and MoS; were produced and studied for photocatalytic
applications.

Materials Today Chemistry 36 (2024) 101912
2. Experimental
2.1. Preparation methods

The photocatalytic polymeric nanocomposites studied in this work
were realized by the simple method of sonication and solution casting
[32,33].

All the materials used in this work (i.e. PMMA, ZnO, MoS, and sol-
vent) were purchased from Merck and used as-received without any
further purification. The ZnO-MoS>-PMMA composites were prepared as
follow: in a vial, indicated with A, 800 mg of PMMA powders (molecular
weight ~ 120000) were dissolved in 4 mL of acetone; in a separate vial,
indicated with B, 40 mg (corresponding to 5 % respect to the poly-
meric amount) of ZnO nanoparticles (<100 nm particle size), and an
appropriate quantity of MoS, nanoflakes (nominal size of 90 nm) were
dispersed in 4 mL of acetone and sonicated for 45 min. In detail, we
prepared three different typologies of samples corresponding to three
different weight percentages of MoS; nanoflakes (10 vt %, 20 vt %, 30 wt
%) respect to the used ZnO. After the sonication, for each sample, the
dispersion in vial B was mixed with the polymeric solution in vial A and
sonicated again for 1 h. After that, the resulting mixtures were cast into
glass Petri dishes (6 cm in diameter), and they were maintained over-
night at 4 °C to allow the evaporation of the solvent and to produce the
nanocomposite films. After this time, the prepared films were peeled off
from the Petri dish, obtaining freestanding films.

Pure PMMA films and ZnO-PMMA films, used as references, were
prepared with the same procedure. Several films of the different typol-
ogies were produced.

Hereafter, the samples will be simply called: “PMMA”, “ZnO-
PMMA?”, “Zn0-10 % MoS2-PMMA”, “Zn0O-20 % MoS3-PMMA”, “Zn0-30
% MoSy-PMMA”.

The tested samples’ surface was the back surface, i.e. the surface in
contact with the Petri dish during the evaporation of the solvent,
because it resulted richer in nanopowders, due to their sedimentation, as
observed in our previous work [32].

2.2. Characterizations

The morphology of the polymeric nanocomposites was investigated
by scanning electron microscopy (SEM), using a field emission Zeiss
Supra 25 microscope operating at 3 kV. The investigated samples were
previously coated, by sputter deposition, with a 5 nm-film of gold to
reduce the electron beam charging of the insulating polymer.

The surface wettability of the realized samples was characterized by
measuring the contact angles using a DATAPHYSICS-OCA 15 PRO de-
vice. The liquid used was deionized water. The mean value of three
measurements, in three different areas of each sample, was recorded.

X-ray diffraction (XRD) analyses were done using a Rigaku Smartlab
diffractometer equipped with a rotating anode operating at 45 kV-100
mA, and with a HyPix 3000 detector.

UV-Vis total reflectance spectra were acquired using a PerkinElmer
Lambda 1050+ UV/Vis/NIR spectrometer equipped with a 100 mm
integrating sphere in the range between 250 and 950 nm.

Transmission electron microscopy (TEM) characterization was pre-
ceded by a careful preparation of the materials. The samples were cut in
stripes (lateral dimension <1 mm) and embedded in resin using the
Poly/Bed® 812 (Luft formulations) embedding kit/DMP-30. The resin
blocks were then trimmed with a Leica EM TXP to produce a flat block
face centered on the ZnO-MoS,-PMMA composite. Finally, 100 nm thin
sections were cut using a Leica EM UC7 ultramicrotome equipped with a
Diatome ultra 35° diamond knife and collected on copper TEM grids.
TEM analyses were performed using a Jeol ARM-200F transmission
electron microscope operating in scanning mode (S/TEM) at an accel-
eration voltage of 200 kV, equipped with a cold field emission gun, a
CEOS CESCOR spherical aberration corrector, and a Gatan Imaging filter
(GIF) QuantumkER for dual Electon Energy Loss Spectroscopy (EELS).
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Spectrum Imaging (SI) mode, which combines STEM imaging and EELS
spectroscopy, was used to obtain spatially resolved chemical
information.

Photoluminescence (PL) measurements were performed at room
temperature by exciting the samples with the 325 nm line of a contin-
uous HeCd laser chopped through an acousto-optic modulator at a fre-
quency of 55 Hz. The PL signals were analyzed through a single grating
monochromator, detected with a visible photomultiplier and recorded
with a lock-in amplifier having the acousto-optic modulator frequency
as a reference.

2.3. Photocatalytic tests

The photocatalytic activity of the obtained materials was evaluated
by the degradation of rhodamine B (RhB), a common textile dye today
considered a water contaminant. At the beginning of each experiment, 1
em? of sample to be tested was immersed in 2 mL of dye aqueous so-
lution (1.5 x 10°M)ina cylindrical reactor (with a diameter of 1.5 cm)
and left in the dark to allow the physical adsorption reaches the equi-
librium. The latter was verified by picking up all the 2 mL of the solution
and measuring the variation in the dye concentration spectrophoto-
metrically, using a Lambda 45 PerkinElmer spectrophotometer, through
the absorbance peak at 554 nm. Indeed, in the Lambert-Beer regime, the
absorbance of the solution is proportional to the dye concentration.
Then, the solution was put back into the reactor. Once the saturation was
reached (usually after 60 min), the reactor was covered with a quartz
glass, to avoid the evaporation of the solution, and irradiated by an
UWAVE LED UV lamp system, with an emission centered at 365 nm (full
width at half maximum, FWHM, of 10 nm) and an irradiance of 10 mW/
cm? The RhB degradation was measured spectrophotometrically at
regular time intervals (every 30 min) for 240 min, picking up every time
all the 2 mL of the solution to be analyzed and putting back the analyzed
solution into the cylindrical reactor, containing the corresponding
sample, after the measurement. As control, the RhB photodegradation
without any sample in the solution was monitored in all the
experiments.

The stability of the nanocomposites was checked by repeating four
times the RhB degradation test, by using the same fragment of every
sample. Before each cycle, the samples were rinsed in deionized water,
arranged in clean and empty cylindrical vessels and UV-irradiated in dry
conditions for 60 min. Then, the aqueous solution of RhB was put in
contact with the samples and the photocatalytic tests were performed as
described before.

The photocatalytic properties of the samples were also tested by the
degradation of sodium dodecyl sulfate (SDS), an anionic surfactant used
in many cleaning and hygiene products that makes it one of the major
grey-water contaminants. SDS degradation was monitored, after 4 h of
UV light irradiation, using a Hach DR 3900 spectrophotometer and the
related LCK 432 cuvette kits. The starting concentration of SDS was 1.5
x 1075 M, and also in this case the SDS degradation without any sample
was verified as a control experiment. The experimental set-up was the
same to the one described for the tests with RhB.

In order to study the mechanism involved in this photocatalytic
degradation, the detection of the main oxidant was performed by using
disodium ethylenediamine tetraacetate (EDTA-2Na), as holes scavenger,
or tert-butyl alcohol (tBuOH), as radicals scavenger (i.e. oxygenous
radicals) [34,35]. In detail, the degradation of RhB was carried out with
the procedure described above but adding EDTA-2Na or tBuOH, both
1073 M, during the photocatalytic test.

The estimated experimental error for the photocatalytic tests was 5
%.

2.4. Antibacterial tests

Antibacterial activity was tested on Escherichia coli (E. coli)
ATCC8739 strain. Bacteria were routinely maintained through
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spreading on McConkey agar plates. To run the experiments, a single
colony was picked, inoculated in 30 mL of Luria-Bertani (LB) broth, and
let grown overnight at 37 °C in aerobic conditions under constant
agitation at 180 revolutions per minute (rpm). The following morning,
bacterial growth was checked through optical density measures at 600
nm. Bacteria were diluted up to 106 colony forming units per mL (CFU/
mL) in phosphate saline buffer (PBS). According to the ISO standard
27447:2019 [36], a humid chamber was realized, and samples were
protected by a quartz glass to avoid drying during irradiation. A volume
of 100 pL of the 106 CFU/mL bacterial solution was spread onto the
samples and a cover glass of the same dimensions was put on top to
flatten the solution out, thus favoring the contact between the bacteria
and the tested surface. An UV lamp, centered at 368 nm, with a FWHM
of ~10 nm, and with an irradiance of 1.1 mW/cm? was used to promote
the photocatalysis. Bacteria not exposed to UV light nor to any nano-
composites, as well as a sample exposed to PMMA and UV only, were run
in parallel as controls. After 1 h exposure, bacteria were recovered,
conveniently diluted and plated in LB Agar Petri dishes that were
incubated at 37 °C. Colonies were counted the following day. Bacterial
survival was normalized toward the untreated sample and plotted as
percentage. Experimental error was around 5 %. Experiments were
made in triplicates.

2.5. Ecotoxicology tests

Artemia salina dehydrated cysts are commercially available (Artemio
Pur® JBL GmBh&Co., Germany) then they were purchased from a local
aquarium. They were placed in a beaker containing ASPM artificial sea
water (35 g in 1 L of deionized water under stirring) to select the sink
cysts and discard those that floating. All cysts collected (1 g) were
incubated in ASPM water (NaCl 26.4 g/L, KCl 0.84 g/L, CaCly-H20 1.67
g/L, MgCly-6H,0 4.6 g/L, MgS04-7H,0 5.58 g/L, NaHCO5 0.17 g/L,
H3BO3 0.03 g/L in MilliQ water) [37,38]. They were left under condi-
tions of gentle aeration and continuous illuminations at room temper-
ature (28-30 °C), and within 36-48 h they hatched. Subsequently,
nauplii at stage II and III were selected and transferred using a micro-
pipette to 50 mL glass beakers. We set up 3 beakers: two for exposed
groups (ZnO-PMMA and ZnO-30 % MoS,-PMMA), and one for the un-
exposed group (i.e., the control). Both types of nanomaterials were
placed inside the beakers, each one filled with 10 mL of ASPM water; a
number of 30 nauplii were placed in all beakers as in the exposed groups
as in the control ones. Control nauplii were exposed only to ASPM water.
The incubation period was 24/48 h at 26 °C, to evaluate the endpoint of
immobility, i.e. death. Using a stereomicroscope the number of surviv-
ing and dead nauplii were counted at 24 h and 48 h. The death % of the
nauplii for each group was calculated as follow: (n. Dead nauplii/n.
Total animal treated) x 100. A nauplium is considered dead when it
does not move its antennae and remain immobile for at least 10
continuous seconds of observation even if there is a slight agitation of
the water. At the end of the test, for each group nauplii were collected
randomly. They were sacrificed and fixed with formalin at 4 % (Bio--
Optica); the development and any morphological alterations of nauplii
were evaluated through an optical microscope (Set E200 Nikon)
equipped with a camera (CMOS Nikon). Images were acquired for all the
groups (both exposed and control), therefore any malformations or
growth alteration of the exposed nauplii were compared to control.

3. Results and discussion

The morphological characterization of the nanocomposites was
performed by SEM analyses. Fig. 1 reports a SEM in plan-view of the
reference material, i.e. ZnO-PMMA (Fig. 1a), and of the sample with 30
wt% of MoSs, Zn0-30 % MoS,-PMMA (Fig. 1b). The first image clearly
shows the ZnO nanoparticles emerging from the polymeric surface,
while in the second one it is possible to distinguish the presence of MoS,
nanoflakes, as expected, with the evidence of nanoparticles aggregation.
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Fig. 1. Plan-view SEM images of (a) ZnO-PMMA and (b) ZnO-30 % MoS,-
PMMA composites. The scale bar in (b) refers to both images.

The size of ZnO and MoS; nanopowders seems to be in agreement with
the nominal values provided by the manufacturer and reported in the
Experimental section. In both plan views, the presence of superficial
cavities ascribable to the solvent evaporation are visible.

Since the wettability of the surfaces influences their photocatalytic
aptitude (affecting the initial adsorption of the pollutants on the sample
surface), the contact angle of each sample typology was estimated.
Table 1 reports the mean values of contact angles measured on the
surfaces of the samples with different quantity of MoS, nanoflakes and
of the reference material. It is worth noting that the presence of MoS did
not influenced the wettability of the surfaces; the contact angle values

Table 1
Contact angle values for all the investigated samples: ZnO-PMMA,
Zn0O-10 % MoSy-PMMA, ZnO-20 % MoS2-PMMA, ZnO-30 %

MoS,-PMMA.
Sample Contact angle (°)
ZnO-PMMA 68.9 + 6.9
Zn0-10 % MoS,-PMMA 86.8 + 8.7
Zn0-20 % MoS,-PMMA 70.0 7.0
Zn0-30 % MoS,-PMMA 73.6 7.4
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are indeed comparable within the experimental errors for all the sam-
ples. In addition, considering the contact angle values, all the samples
showed a hydrophilic nature [39].

Fig. 2 compares the diffraction patterns of the two samples made of
ZnO-PMMA and Zn0O-30 % MoSy-PMMA. In the first case (blue line in
Fig. 2), ZnO peaks arise from a zincite structure with lattice parameters
a=0.326 nm, b =0.326 nm, ¢ = 0.522 nm. In the second case (magenta
line in Fig. 2), a blend of materials is detected. In addition to ZnO
contributions, peaks associated to hexagonal MoS; were detected with
lattice parameters a = 0.316 nm, b = 0.316 nm, ¢ = 1.231 nm. In this
sample, we also noticed a slight change of the lattice parameters in the
ZnO structure, with a = 0.325 nm, b = 0.325 nm, ¢ = 0.521 nm. This
slight contraction of the unit cell (DV/V = —0.8 %), ascribed to strains
due to the presence of MoS,, caused a rightwards shift of all peaks with
respect to what detected in the ZnO-PMMA sample.

Fig. 3a shows the diffuse reflectance spectra of ZnO-PMMA and ZnO-
30 % MoS,-PMMA samples. The sharp increases in the reflectance of
ZnO-PMMA sample at about 400 nm indicates the ZnO adsorption edge,
while the weak and smooth decrease of the signal for wavelengths
higher than 450 nm is related to the light scattering phenomena of the
agglomerated ZnO nanoparticles. The band-gap energy of ZnO was
estimated by using the procedure reported in ref. [40], applying the
Kubelka-Munk and Tauc plot approaches. Indeed, in Fig. 3b, we re-
ported the (F(R)hv)” as a function of the photon energy from which it
was possible to estimate an optical band-gap of (3.19 + 0.16) eV for the
ZnO-PMMA sample. This result is in agreement with the values reported
in the literature for ZnO [41-43]. In Fig. 3a, the spectra of the ZnO-30 %
MoS,-PMMA sample was also reported. The small but sharp increase of
the reflectance at about 400 nm is related to the ZnO absorption feature.
The estimated optical band-gap (Fig. 3b) was (3.22 + 0.16) eV, that is
equal within the experimental error to the band-gap estimated for the
ZnO-PMMA sample. In the region between 1.7 and 2 eV of Fig. 3b, the
curve of ZnO-30 % MoS,-PMMA shows a linear increase with the energy
that is associated to the band-gap of MoS,. The procedure reported in
ref. [40] allowed us to estimate a band-gap of (1.68 + 0.08) eV. This
value is compatible with the presence of a mixture of mono and
multi-layer MoS, nanoflakes [20].

s *ZnO
° MoS,

(101) *

*
—~
(=3
S
—
~

Zn0-30% MoS,-PMMA

Intensity [arb. unit]

ZnO-PMMA

1 . 1 . 1 . 1 N
32 34 36 38 40

20 [degree]

Fig. 2. XRD patterns of ZnO-PMMA (blue line below) and ZnO-30 % MoS,-
PMMA (magenta line above). The diffraction peaks of the two inorganic
nanomaterials are explicitly indicated. Reference patterns are taken from MoS;
(JPC2.2CA:00-037-1492) with hexagonal lattice structure and Space group 194
(P63 mmc); ZnO (JPC2.2CA:01-070-2551) with hexagonal lattice structure and
Space group 186 (P63mc). The lattice parameters are reported in the main text.
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Fig. 3. Total reflectance spectra (a), and Tauc plot of the Kubelka-Munk

function (b) of ZnO-PMMA (blue line) and ZnO-30 % MoS,-PMMA (magenta
line) samples.
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Fig. 4a presents a high-angle annular dark field (HAADF) STEM
image of the composite film showing both ZnO nanoparticles and MoS,
nanoflakes. ZnO nanoparticles possess regular and faceted shape
because of their close-packed crystal structure with size in the 50-100
nm range. MoS, nanoflakes exhibited elongated shape with wrinkled
structure, with typical lateral size in the 100-500 nm range. The HAADF
STEM analysis highlighted the close contact between ZnO nanoparticles
and MoS; nanoflakes, which is pivotal for the improved photocatalytic
activity.

Fig. 4b reports the chemical analysis obtained by SI-EELS. Chemical
maps of single elements are reconstructed using Zn L-edge at 1020 eV,
Mo M-edge at 227 eV, O K-edge at 532 eV, and S L-edge at 165 eV. These
maps showed an exact correspondence between Zn and O and between
Mo and S signals, allowing to clearly distinguish ZnO nanoparticles from
MoS; nanoflakes, also confirming their intermixing at the nanoscale, as
evidenced by the aggregated colour map reported in Fig. 4c.

In Fig. 5 the PL spectra measured at room temperature for a ZnO-
PMMA sample and for the samples having also different concentra-
tions of MoS; nanoflakes are reported. A detail of the PL spectra limited
to the visible part of the spectra is reported in the inset. The PL spectrum
of the ZnO-PMMA sample (black line) consists of two peaks, one in the

18
16
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Tl
Euwol
£z
rary] 2 08 -
E =L
e 04
S, 02
Z‘ 0.0 - - L
‘7 450 500 550 600 650
[=] Wavelength [nm]
a8
= ZnO-PMMA
ﬂ_]- Zn0-10% MoS,-PMMA
Zn0-20% MoS,-PMMA
Zn0-30% MoS,-PMMA
1 1 .
350 400 450 500 550 600 650 700

Wavelength [nm]

Fig. 5. PL spectra of ZnO-PMMA (black line), ZnO-10 % MoS,-PMMA (red
line), ZnO-20 % MoS2-PMMA (green line), ZnO-30 % MoS,-PMMA (blue line).

Fig. 4. HAADF STEM image of the ZnO-30 % MoS,-PMMA composite film (a); Zn (yellow), Mo (cyan), O (green) and S (blue) chemical maps obtained from the
corresponding EELS signals in SI mode (b); aggregated chemical map showing ZnO nanoparticles and MoS; nanoflakes (c).



M. Cantarella et al.

UV (at 388 nm) and one at around 500 nm and both peaks can be
attributed to an electron-hole recombination in the ZnO nanoparticles
[44]. In particular, the UV peak is associated to a band-to-band
recombination in the ZnO nanostructures, while the visible peak is
due to defect bands [41,44]. When MoS, nanoflakes are added at a
concentration of 10 % (red line), the shape of the PL spectrum is not
modified but the intensity of both the UV and visible peaks decreases by
almost a factor of 3. A further increase in the MoS, nanoflakes con-
centration produces only a slight further decrease of the PL emission,
without any change in the shape of the spectra or the appearance of any
further emission lines assignable to MoS,. Therefore, in the presence of
MoS; radiative recombination phenomena are drastically reduced, as
testified by the reduction of UV emission, due to the charge separation in
the heterojunction between ZnO and MoS,.

The photocatalytic activity of all the prepared nanocomposites (ZnO-
PMMA, ZnO-10 % MoSy-PMMA, ZnO-20 % MoS,-PMMA, Zn0-30 %
MoS,-PMMA), 1 cm? in size, was evaluated by the degradation of RhB,
monitoring spectrophotometrically the absorption peak at 554 nm.
Fig. 6 reports the variation in the dye concentration, proportional to the
absorbance (Lambert-Beer law), as a function of the irradiation time.
The grey zone in the graph represents the initial step of preconditioning
led in the dark, which allows the physical adsorption to reach the
equilibrium. This saturation level was reached within 60 min for all the
tested samples. The white area in the graph represents, instead, the
variation in the RhB concentration under UV light irradiation. All the
nanocomposites showed a remarkable photocatalytic efficiency. The
best performance was obtained with the sample containing the highest
quantity of MoS; (i.e., ZnO-30 % MoS,-PMMA), that was able to degrade
in 4 h of illumination ~75 % of the dye (down triangles), while the
reference material (i.e., ZnO-PMMA) in the same time frame degraded
~55 % of the RhB (squares). The other two samples (i.e., ZnO-10 %
MoS5-PMMA and ZnO-20 % MoS>-PMMA) showed an intermediate ef-
ficiency between the samples mentioned before. Thus, it is possible to
highlight an increase in the efficiency proportional to the quantity of
MOSQ.

The photodegradation reaction rates [9] of RhB by the different
investigated samples are reported in Table 2. In particular, the estimated
kinetic constant resulted (2.41 + 0.12) x 1072 min~! for the best
performer (i.e., ZnO-30 % MoS,-PMMA), versus (1.59 + 0.08) x 1073
min~! for the reference material (i.e., ZnO-PMMA).
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Fig. 6. Degradation of RhB by: ZnO-PMMA (squares), ZnO-10 % MoS»-PMMA
(circles), ZnO-20 % MoS,-PMMA (up triangles), ZnO-30 % MoS,-PMMA (down
triangles), and pure RhB as control (diamonds). Grey area: test in the dark;
white area: test under UV light; light blue area: test without photocatalysts.
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Table 2

Kinetic constants of the photocatalytic degradation of RdB by the
polymeric nanocomposites with different quantity of MoS, nano-
powders (0, 10, 20, 30 %).

Sample Rate costant (min’l)

(1.59 + 0.08) x 1072
(1.81 +0.09) x 1073
(2.08 +0.10) x 1072
(2.41 £0.12) x 1072

ZnO-PMMA

Zn0O-10 % MoS,-PMMA
Zn0-20 % MoS,-PMMA
Zn0-30 % MoS,-PMMA

In order to investigate an eventual release of nanomaterials from the
polymeric matrix during the photocatalytic process, the following test
was performed. The samples were removed from the solutions after 240
min of irradiation and the irradiation with the UV-lamp was maintained
for further 90 min. No reduction of RhB was observed (light-blue area in
the graph), so indicating that not enough nanomaterials were released
that would lead a detectable photodegradation.

The discoloration of pure RhB, without any photocatalyst, was also
performed as a control (diamonds), and no variation was observed, as
expected.

To evaluate the stability of the investigated materials, we re-used the
same fragment of each sample for the degradation of RhB and checked
the photocatalytic efficiency for several cycles. The results are summa-
rized in Fig. 7. We found that the photocatalytic efficiency does not
significantly change after four cycles, suggesting that such nano-
composites can be efficiently reused for repeated cycles.

With the aim of confirming the photocatalytic efficiencies obtained
by the degradation of RhB and to test the capacity of our samples in
degrading other organic pollutants, the photocatalytic degradation of
SDS was studied. The obtained results were reported in Fig. 8. The figure
shows the percentage of removed SDS after 4 h of UV light irradiation for
all the investigated samples. Also with this pollutant the best perfor-
mance was obtained by the sample with 30 % of MoS,, that was able to
degrade ~75 % of the organic compound. On the contrary, without the
presence of MoS, the sample ZnO-PMMA degrades just under 20 % of
SDS. The observed low efficiency in the degradation of SDS with respect
of RhB is probably due to the recalcitrant nature of the SDS [45]. It is
possible to note, again, an increase of the efficiency with the MoS,
quantity.

Table 3 reports the photodegradation reaction rates of SDS by the
different investigated samples. The kinetic constant resulted (2.32 +
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Fig. 7. Recyclability of ZnO-PMMA, ZnO-10 % MoS,-PMMA, ZnO-20 % MoS,-
PMMA, and ZnO-30 % MoS,-PMMA after four tests of RhB photodegradation.
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Fig. 8. Degradation of SDS after 4 h under UV light irradiation in the presence
of ZnO-PMMA, ZnO-10 % MoS,-PMMA, ZnO-20 % MoS,-PMMA, ZnO-30 %
MoS2-PMMA.

Table 3

Kinetic constants of the photocatalytic degradation of SDS by the
polymeric nanocomposites with different quantity of MoS, nano-
powders (0, 10, 20, 30 %).

Sample

Rate costant (min~1)

ZnO-PMMA

Zn0O-10 % MoS,-PMMA
Zn0-20 % MoS,-PMMA
Zn0-30 % MoS,-PMMA

(0.34 £ 0.02) x 1073
(1.58 =+ 0.08) x 1073
(212 +0.11) x 1073
(2.32+0.12) x 103

0.12) x 1072 min~! for the Zn0O-30 % MoS,-PMMA samples, versus
(0.34 + 0.02) x 1073 min~! for the ZnO-PMMA sample, with an
increment of a factor of ~7. It worth to note that the effect of the
presence of MoS; is now more evident than in the case of RhB, maybe
due to the recalcitrant nature of the SDS [45].

Photocatalytic tests were also performed under visible light, using a
solar simulator Verasol-2 ORIEL LSS-7120 (400-1100 nm, irradiance: 1
kW,/m?); no activity was revealed because the small band-gap of MoS,
induces a fast recombination rate of the photo-generated charge carriers.
Moreover, it is known that the valence band edge potentials for bulk
MoS; and monolayer MoS; were estimated to be 1.40 eV and 1.78 eV,
respectively, which are not oxidative enough to generate free radicals
for the decomposition of pollutants [46].

The knowledge of the main oxidant responsible of the photocatalytic
process is important to know the mechanism involved during the pho-
todegradation process, namely if it is due to photo-generated holes
directly or it is mediated by oxygenous radicals. This investigation can
be performed through radicals and holes trapping experiments. For this
purpose, in this work, we used EDTA-2Na as holes scavenger and tBuOH
as radicals scavenger, during the photodegradation of RhB [34]. In
particular, we prepared two different solutions of RhB, in one of these
solutions we added the needed amount of EDTA-2Na to obtain a con-
centration of 10~2 M, in the other one we added the needed amount of
tBuOH to obtain a concentration of 10~> M, too. Then, with the
as-prepared solutions, the photocatalytic tests were performed with the
same procedure described in the Experimental section, and compared
with the results obtained with a solution of pure RhB. The obtained
results are summarized in Fig. 9, in which we reported the kinetic
constant for the degradation reaction of RhB by using ZnO-PMMA
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Fig. 9. Photodegradation of RhB by ZnO-PMMA and ZnO-30 % MoS,-PMMA
immersed in a solution of pure RhB or adding EDTA-2Na (hole scavenger) or
tBuOH (radical scavenger).

sample or the most efficient one, i.e. ZnO-30 % MoSy-PMMA,
immersed in a solution of pure RhB, or in a RhB solution containing the
hole scavenger or in a RhB solution containing the radical scavenger. In
addition, for an easier understanding of the results, in Table 4 the
photodegradation reaction rates of RhB in the different experimental
conditions are reported. It is worth to note that, for all the solutions, the
pH was measured before each experiment and in each solution it was
around 7.5, independently from the presence of the scavenger. For both
materials, the photodegradation process was decelerated whether in the
presence of EDTA-2Na or tBuOH. However, a higher decrease was
observed with the EDTA-2Na, so indicating that the photo-generated
holes were the main oxidant involved in the photodegradation of the
pollutant. Hence, the photodegradation caused by the holes was the
dominant process for the prepared materials.

Antibacterial properties were studied using Escherichia coli as a
model organism, a well-known Gram-negative bacterium considered as
an indicator of water fecal contamination. The ATCC8739 strain, chosen
for this experimental set up, is not a genetically modified strain for
molecular biology purposes, and it is used for a number of quality
control applications. Among nanocomposites containing MoS,, possible
antibacterial activity was explored for the ZnO-30 % MoSy-PMMA
sample, which is the one showing best photocatalytic activity, as
described before. PMMA and ZnO-PMMA samples were used as refer-
ences. After 1 h of exposure to the nanocomposites, bacteria survival was
reduced up to ~35 % by the ZnO-PMMA sample, while in the case of
Zn0-30 % MoS,-PMMA it was reduced up to ~10 % (Fig. 10). In line
with the results obtained by photocatalysis testing, the sample ZnO-30 %
MoSy-PMMA showed an increase in the antibacterial activity, if
compared with nanocomposites containing only ZnO. Possibly, the ef-
fect of the enhanced photo-generated electron-holes separation, due to

Table 4

Kinetic constants of the photocatalytic degradation of RhB by ZnO-PMMA and
Zn0-30 % MoS,-PMMA immersed in a solution of pure RhB or adding EDTA-2Na
or tBuOH.

Sample Rate costant (min’l)

(1.70 + 0.09) x 1073
(1.44 +0.07) x 1073
(0.70 £ 0.04) x 1072
(2.64 +0.13) x 1073
(2.19 £0.11) x 1073
(0.78 4+ 0.04) x 1072

ZnO-PMMA (RhB)

ZnO-PMMA (RhB + t-BuOH)
ZnO-PMMA (RhB + EDTA)

Zn0-30 % MoS,-PMMA (RhB)

Zn0-30 % MoS,-PMMA (RhB + t-BuOH)
Zn0-30 % MoS,-PMMA (RhB + EDTA)




M. Cantarella et al.

100 -

80 -

60 -

40 -

Bacterial survival [%]

20 - -l

()
\)(\\"@\

Fig. 10. Bacterial survival after 1 h exposure to nanocomposites. Results were
normalized toward the untreated sample and reported as percentages.

the heterojunction between ZnO and MoS,, also stems in an improved
antibacterial activity.

Considering all the obtained results we can state, without any doubt,
that the increment in the photocatalytic and antibacterial aptitude in the
presence of MoS; nanoflakes is due to the formation of a heterojunction
between ZnO and MoS,. The intimate contact between the two nano-
materials was indeed testified by the TEM analyses (see Fig. 4). It is
important to underline that the contact between the ZnO and MoS;
nanomaterials, responsible of the formation of the heterojunction, was
obtained by simply blending the two materials with the method of
sonication, without the need to involve any chemical reactions or long
and complicated procedures. No variations in the wettability and, as a
consequence, in the adsorption properties of the nanocomposites were
observed through the contact angle measurements (see Table 1). The
role of MoS; in the investigated samples is as a valid co-catalyst. This
was verified by PL measurements (see Fig. 5), which indicated a pro-
motion of the photo-generated electrons-holes separation in the pres-
ence of MoS; nanoflakes. The above discussed outcomes together with
the absence of activity under visible light, and the energy level diagrams
depicted in the literature [22,23,25] allow to outline the following
mechanism: when the ZnO-MoS,-PMMA composite is irradiated by UV
light, the photo-generated holes are transferred from the valence band of
ZnO to the valence band of MoS,, leaving the photo-exited electrons in
the conduction band of ZnO. In this way, the electron-hole recombina-
tion is reduced and the holes are highly available for the photocatalytic
process.

After a careful analysis of the works present in the literature, we
found only one work [47] on a similar material realized by coupling
TiO3, M0S,, and PMMA for photocatalytic applications. A comparison
between ref. [47] and the present work evidenced a more simple, rapid
and low-cost realization procedure in the present case. Made a com-
parison between the photocatalytic aptitudes of our composites with
respect to the material described by Li et al. [47] is difficult, due to the
different materials (ZnO in the present work, TiO» in ref. [47]), different
experimental conditions (such as the power lamp used, the organic
contaminants, etc.), and different surface to volume ratio of the used
materials. In any case, it is worth noting that Li and co-workers [47]
studied a material in the form of powders, which requires the removal of
the photocatalyst after the water treatment. On the contrary, we pre-
sented here nanomaterials well anchored to the polymers, more suitable
for large scale application.
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Even if the nanomaterials resulted anchored to the PMMA matrix, we
investigated the eventual toxic of the studied materials through the
microcrustacean Artemia salina. Artemia-based assays are a key tool for
toxicology because of the rapidity, low cost and easy to carry out. In
addition, there is a tendency to use Artemia salina assay in toxicological
tests to screen different types of nanoparticles and nanomaterials in
order to provide more information on their acute toxicity [37].

As regard the % dead nauplii, it was observed that at 24 h of exposure
they were: 3 % for control and ZnO-30 % MoS»-PMMA group, 6 % for
ZnO-PMMA group. At 48 h the percentage of deaths for all groups
remained unchanged. No alterations in growth were observed, since all
nauplii eye and well-organized appendices: moreover at 48 h for the
exposed groups as well as for the control group, no morphological al-
terations on mandibles and gut were observed as shown in Fig. 11.
Nauplii use mandibles to filter water therefore small food particles can
be uptake into the gut [48]. Although several studies have shown that
nanoparticles and microplastics pollution can damage gut and life cycle
of nauplii [37,49], our results pointed out the nontoxicity of the nano-
materials tested on Artemia salina nauplii.

4. Conclusions

The ZnO-MoS2-PMMA composites realized in this work, by the
simple method of sonication and solution casting, combine several fac-
tors carrying out to the realization of materials potentially useable for
photocatalytic applications on a large scale. Thanks to the created het-
erojunction between ZnO and MoS,, the polymeric nanocomposites
showed a significant photocatalytic efficiency towards the degradation
of RhB and SDS (with an increase higher than 50 %, with respect to the
materials without MoS,). The antibacterial properties, tested through
E. coli, were considerable, too (with an increase of 25 % of dead bacteria
with respect to the materials without MoS,). In addition, the realization
of the nanocomposites with PMMA as supporting matrix prevent the
dispersion of nanomaterials into the environment overcoming one of
their main limits. The eco-safety of the nanocomposites was demon-
strated by tests on Artemia salina. In conclusion, the nanocomposites
here presented offer an innovative and promising alternative to the
conventional materials for photocatalytic applications, such as for water
treatment.
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Fig. 11. Artemia salina larvae at 48 h: (a) nauplio unexposed, (b) nauplio exposed to ZnO-PMMA sample, (c) nauplio exposed to ZnO-30 % MoS,-PMMA sample (10
x magnification).
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