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ARTICLE INFO ABSTRACT

Keywords: This work reports a green method to produce efficient photocatalytic nanopowders. Titanium dioxide nano-
T‘itaﬂia particles were easily synthetized by an extract of Thymus vulgaris, and then decorated with commercial silver
Silver nanoparticles. A detailed morphological, structural, and chemical characterization was performed by scanning
S;Z:sz;:i‘:s electron microscopy (SEM), Brunauer-Emmett-Teller (BET) adsorption-desorption of Ny, Fourier transform

infrared spectroscopy (FTIR), X-ray diffraction analysis (XRD), Raman spectroscopy, transmission electron mi-
croscopy (TEM), and UV-Vis spectroscopy. The synthetized TiO3 nanoparticles showed a mean size of 10-15 nm,
and had the anatase crystallographic phase. The photocatalytic efficiency of the TiO2 nanoparticles was
demonstrated by the photo-degradation under UV-light irradiation of different pollutants in aqueous solution
(methylene blue, diclofenac, and sodium dodecyl sulfate). TiO, was coupled to Ag nanoparticles with different
percentage in weight (from 0.25 to 3%), to investigate an eventual improvement of its photocatalytic efficiency.
The best photocatalytic composite among the tested compositions was the one with the lowest Ag percentage
(0.25%). Zebrafish embryo toxicity tests ruled out the toxicity of the synthetized nanoparticles. The present
results offer a new, green, and easy method to prepare TiOy/Ag nanoparticles with high photocatalytic efficiency.
The proposed materials are therefore promising for applications in photocatalysis, especially for wastewater
remediation and reuse.

Water treatment

1. Introduction

Titanium dioxide (TiO3), usually called titania, is a semiconducting
metal oxide that has received a great attention since the discovery of the
photocatalytic water splitting on a TiO3 electrode under ultraviolet (UV)
light in 1972 [1]. Since then, the scientific community has reserved huge
efforts to the research of this material [2-8]. The interest in TiO; is
mainly given by its low cost, inert nature, and photocatalytic aptitude,
which make it attractive for applications in many areas, ranging from
environment [9] to energy [1]. In the last 10 years, our group has dealt
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with nanostructured TiO, as efficient photocatalyst for wastewater
treatment [10-23].

Looking for new methods for an effective removal of contaminants
from water is currently a real challenge. Due to the population growth,
the freshwater resources are less available and for this reason, the use of
reclaimed water, for example for irrigation, could be a valid solution to
reduce the problem of water scarcity. The main problem associated with
the reclaimed water is the presence of many contaminants that the
traditional water treatment methods are not able to effectively remove.
Examples of these pollutants are: polycyclic aromatic hydrocarbons,
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produced by incomplete combustion of coal, gas, wood, and oil, and
categorized as probably carcinogenic to humans; pharmaceutical and
personal care products that have potential adverse ecotoxicological
impacts or human health risks if released into environment; pesticides
that are toxic for humans and other organisms; phthalate esters, used as
plastic additives, could affect ecological conditions of water systems
[24].

Nowadays, TiOs in the form of nanoparticles is the titania most
commercially available and mainly employed in real photocatalytic
applications [4].

Many methods are traditionally used for the preparation of TiOy
nanoparticles, such as sol-gel synthesis [25], chemical reduction [26],
thermal decomposition [27], photochemical reduction [28], electro-
chemical synthesis [29], hydrothermal method [30], laser irradiation
[14], and pyrolysis [31]. However, these methods often require harsh
and energy-demanding synthesis conditions and they also involve the
use of toxic or hazardous chemicals, such as the traditional corrosive and
flammable reducing agents [32]. For all these reasons their application
in a large scale will be limited in the future, and there is a growing need
to develop new synthesis processes: economic and environmental-
friendly. Therefore, the syntheses of TiOy nanoparticles by green ap-
proaches, namely using microorganisms or plant extracts, are receiving
enormous attention [33,34]. In particular, plant extracts contain
numerous water soluble phytoconstituents (e.g. polyphenols, flavo-
noids, terpenoids, quinones, catechins, amine, etc.) that act as stabiliz-
ing agents during the formation of TiO2 nanoparticles [35-37].

The Thymus vulgaris is a plant native in the Mediterranean regions,
and it is widespread in Sicily (Italy). This perennial semi-evergreen bush
is used as an aromatic plant to flavor foods and liqueurs, and as a me-
dicinal plant for its antimicrobial and antioxidative properties to treat
various diseases such as bronchitis and gastrointestinal disorders
[38-40]. The Thymus vulgaris is also employed in cosmetics to prepare
products for hair and skin care [38,40].

In this work we reported an experimental study on a green synthesis
of TiOy nanoparticles in the anatase phase, by the original use of the
Thymus vulgaris, for application in wastewater treatment. The addition
of Ag nanoparticles helped in improving the photocatalytic efficiency of
the titania thanks to the electron-scavenger behavior of the noble metals
[3-5,8,11]. Peculiar attention was devoted to the eventual toxicity of
the synthetized nanopowders.

2. Experimental
2.1. Preparation methods

Commercial TiO nanoparticles (mixture of rutile and anatase crys-
talline phases, <100 nm particle size, 99.5% purity) were purchased
from Merck (Darmstadt, Germany) and used as reference material.

TiO, powders were synthetized via a thyme extract [36,37]. A plant
of Thymus vulgaris was purchased from a local Sicilian market. The
leaves were collected and washed with deionized water to remove dust
and potential contaminations; then they were dried for two days at room
temperature. The dried leaves were crushed with an agate mortar so to
obtain fine powders; ~5 g of these powders were boiled in ~30 mL of
deionized water for 10 min. The obtained mixture was filtered and the
green extract was collected in a vial and kept at 4 °C for successive use.
Titanium tetra-isopropoxide (C;2H2g04Ti), used as Ti precursor, was
purchased from Merck (99.999% of purity) and used as received. A
quantity of 6 mL of this precursor were mixed with 5 mL of thyme
extract and 50 mL of deionized water. The mixture was stirred on a hot
plate equipped with a reflux condenser for 4 h at 50 °C. The obtained
precipitate was separated from the solution by centrifugation at 6000
rpm for 15 min. The precipitate, orange in color, was washed with
deionized water and then dried at 80 °C overnight. Finally, the powders
were annealed at 500 °C for 3 h, becoming white.

A quantity of 0.1 g of the as-prepared TiO2 powders were mixed in an
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agate mortar with different amount of commercial Ag nanoparticles
(<100 nm particle size, 99.5% purity, purchased from Merck). In order
to obtain a homogeneous blending of the two types of powders, few mL
of water/ethanol (with a ratio 50/50) were added during the mixing
procedure. Then the mixture was dried at 70 °C for a couple of hours and
after annealed at 450 °C for 3 h. Five different composites, with five
different percentage of Ag nanoparticles (from 0.25 to 3% in weight
respect to the TiO), were prepared with this procedure: TiOy + Ag
0.25%, TiO3 + Ag 0.5%, TiOy + Ag 1%, TiO3 + Ag 2%, TiOy + Ag 3%.

2.2. Characterizations

The morphology of the synthetized powders was investigated by
scanning electron microscopy (SEM), with a field emission Zeiss Supra
25 microscope (Jena, Germany), operating at 5 kV.

The textural properties of the materials were determined by
Brunauer-Emmett-Teller (BET) adsorption—desorption of N3 at —196 °C
using a Micromeritics Tristar II Plus 3020 (Norcross, Georgia, United
States), after a pre-treatment of out-gassing at 100 °C overnight.

Fourier transform infrared spectra (FTIR) were obtained by a JASCO
FT/IR-4700 (Tokyo, Japan) spectrometer (accuracy: + 0.01 cm™?, res-
olution: 4 cm™1). The samples were investigated in the form of tables,
obtained by mixing the studied powders (1 mg) with KBr powders (300
mg) in an agate mortar and pressing with a press.

The structural characterization was performed by X-ray diffraction
analyses (XRD), using a Smartlab Rigaku (Tokyo, Japan) diffractometer
in locked coupled mode operating at 45 kV and 200 mA, equipped with a
rotating anode of Cu K, radiation. The patterns were recorded in the
range 20-60° using a step of 0.02°.

Raman spectra were collected using an HR800 integrated system of
Horiba Jobin Yvon (Kyoto, Japan) working in back-scattering configu-
ration. A HeNe laser (632.8 nm) was employed as excitation source.
Coaxial optics with a dichroic mirror for 633 nm light were used, and the
laser light was focused via a x 100 objective onto the samples.

Transmission electron microscopy (TEM) analyses were performed
using a JEOL ARM200F (Tokyo, Japan) microscope equipped with a
cold field emission gun, a CESCOR spherical aberration corrector, a
Centurio energy dispersive X-ray spectroscopy (EDS) detector, a Gatan
Rio CMOS camera, a Gatan imaging filter (GIF) quantumER, and a Gatan
K2 Summit direct detection camera for counting electron energy loss
spectroscopy (EELS). TEM micrographs were acquired in conventional
mode (C-TEM), with parallel beam using the Rio CMOS camera, and
with convergent beam in scanning mode (S-TEM) using a Gatan High
Angle Annular Dark Field (HAADF) detector. S-TEM Spectrum Imaging
(SD) technique was used to collect spatially-resolved EDS and EELS data.
The samples were deposited as dry powders on copper TEM grids having
an ultrathin (<3 nm-thick) carbon film, supported by a lacey carbon
film.

The optical characterization was obtained by measuring the diffuse
reflectance spectra of the powders in the 300-800 nm wavelength range,
by using a spectrophotometer Perkin-Elmer Lambda 35 (Waltham,
Massachusetts, United States) equipped with an integrating sphere
(RSA-PE-20, Perkin-Elmer). The band-gap energies of the synthesized
materials were estimate by using the Kubelka-Munk approach and the
Tauc plot as reported in Ref. [41].

2.3. Photocatalytic tests

The photocatalytic aptitude of the investigated powders was tested
by different kinds of water contaminants. The first tests were performed
with the methylene blue (MB) dye, a chemical compound commonly
used to evaluate the photocatalytic efficiency of materials under UV-
light irradiation, as indicated in the ISO 10678:2010 international
standard. Before any measurement, the powders were irradiated by an
UV lamp for 60 min in order to remove the hydrocarbons from the
sample surfaces [42]. Thereafter, 6 mg of powders were immersed in 12
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mL of aqueous solution of MB, with a starting concentration of 1.5 x 10™
M. Before switching on the light, control experiments were conducted by
keeping the solution with the powders in the dark, so to evaluate the
adsorption of the MB on the beaker surface and on the sample surface.
Once the saturation was reached, the MB solution containing the TiOy
powders was irradiated by an UWAVE LED UV lamp system (Villebon-
sur-Yvette, France), with an emission centered at 365 nm (full width at
half maximum, FWHM, of 10 nm) and an irradiance of 10 mW/cm?. The
irradiated solution was measured at regular time intervals, with an
UV-Vis spectrophotometer (Lambda 45, Perkin-Elmer; Waltham, Mas-
sachusetts, United States) in a wavelength range of 500-800 nm. The
degradation of the MB was evaluated by the absorbance peak at 664 nm
in the Lambert-Beer regime [43]. The decomposition of the MB dye in
the absence of any photocatalysts was checked as reference.

The powders were also tested for the degradation of diclofenac, one
of the most diffused nonsteroidal anti-inflammatory drug worldwide,
now considered an emerging contaminant of water. The photocatalytic
tests were performed with the same methodology reported above for the
MB. An initial concentration of 5.5 x 10°> M of diclofenac was used so to
maximize the absorbance peak at 276 nm.

A final photocatalytic test was performed with sodium dodecyl sul-
fate (SDS), an anionic surfactant used in many cleaning and hygiene
products for its detergent properties. Consequently, SDS is one of the
main contaminant of greywater. The degradation of SDS was checked
after 4 h of UV-light irradiation using a visible spectrophotometer (Hach
DR 3900; Loveland, Colorado, United States) and LCK 432 cuvette Kits.
The starting concentration of SDS was set at 1.5 x 107> M.

The experimental error of the photocatalytic measurements was 5%.

2.4. Ecotoxicology tests

The eventual toxicity of the synthesized materials was evaluated on
fertilized Danio rerio (commonly called zebrafish) eggs, according to TG
236 of OECD (2013). Fertilized eggs were collected by spawning groups
at Fish Pathology and Experimental Centre of Sicily (CISS) of the
Department of Veterinary Science (University of Messina). Test solutions
of 0.001 g/ml for different typology of TiO2 were prepared, dispersing
the mass of 1 mg in 100 mL of osmosis water (270 pS conductivity,
26-28 °C, 6.9-7.5 pH, 6.00 ppm oxygen concentration), that is optimal
for the housing of zebrafish according to Ref. [44]. Four cycles of 10 min
of sonication were carried, with 3 min of break, using an ultrasonic bath
(FALC Labsonic LBS2) with a frequency of 40 kHz under extractor fan, in
order to disrupt any possible aggregates of nanoparticles [45]. The eggs
at the blastula stage were used to the test, while the infertile eggs were
discarded. As suggested by the protocol procedure, the eggs were
distributed over 24-well plates with one embryo per well in order to
have 20 embryos exposed to test concentration and 4 embryos in dilu-
tion water as internal plate control. Multi-well plates were set up for
each titania typology, in addition multi-well plates of positive controls
and negative controls were made. In the positive controls, embryos were
exposed to 3,4-dichloroaniline (DCA) at the concentration of 4 mg/L in
water, whereas for the negative controls embryos were exposed to water
dilution [46]. Three replicates were performed for each multi-wells
plates prepared. Every 24 h until 96 hpf (hours post fertilization) the
acute toxicological endpoints (coagulated embryos, lack of somite for-
mation, non-detachment of the tail, and lack of heartbeat) were assessed
and quantified as observed or not observed, to determine the toxicity of
the tested solutions.

3. Results and discussions

The first part of the work was dedicated to the green synthesis of
TiO4 nanoparticles by using a Thymus vulgaris extract (this material will
be simply called “TiOy” hereafter). Scientific papers on Thymus vulgaris
[38-40], and on the syntheses of ZnO nanoparticles by Thymus vulgaris
leaf extract [47,48] helped us in understanding the formation process of
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the TiO, nanoparticles in this work. Phytochemical analyses of Thymus
vulgaris leaf extract revealed the presence phenols, flavonoids, saponins,
tannins, terpenoids, and volatile oils [38,39,48]. These organic mole-
cules acted as stabilizing agents during the synthesis of the TiO3 nano-
particles, promoting the formation of small nanoparticles (average size
of about 50 nm in Refs. [47,48]. After the synthesis, the thermal treat-
ment at 500 °C was necessary to obtain the TiO in a crystalline form,
but also to remove the residual organic molecules adsorbed on the
surface of the TiO5 nanoparticles.

The TiO; nanoparticles obtained by the Thymus vulgaris leaf extract
were deeply characterized and compared to commercial TiO, nano-
particles (purchased from Merck).

Fig. 1 reports two SEM images of TiO, synthetized with the thyme
extract (a) and commercial TiOy nanoparticles (b). Both materials were
in the form of powders. The green synthesis method led to the formation
of nanoparticles with an irregular shapes and a broad size distribution,
indeed the size of the nanoparticles ranged from ~10 to ~100 nm (Fig. 1
(a)). The commercial nanoparticles showed a more regular shape
(mainly spherical) and size distribution (~40-50 nm) (Fig. 1 (b)). Both
TiO materials, and especially the TiO, obtained with the thyme extract,
appeared stuck together as agglomerates, hindering an accurate deter-
mination of their size by the scanning electron microscopy.

The textural properties of the TiO synthetized with the thyme
extract were deduced by the measurements of adsorption—desorption of
Ny and application of the BET theory. The evaluations were compared
with the ones of commercial TiO,. The BET surface area (Sggr), the pore
diameter (d,,), and the pore volume (V},) are reported in Table 1 for the
synthetized TiO2 nanoparticles and commercial TiO5 nanoparticles. The
exposed surface area of the titania synthetized with the thyme extract

Fig. 1. SEM images of TiO, nanoparticles synthetized with the thyme extract
(a), and commercial TiO5 (b).
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Table 1
BET surface area (Sggr), mean pore diameter (d,), and pore volume (V;,) of TiO,
and commercial TiO,.

Catalyst Spgr (M2 g’l) d, (nm) Vp (em® g’l)
TiOy 92+ 2 10.3 £ 0.5 0.28 + 0.02
Commercial TiO, 68 +1 15.4 + 0.8 0.32 £+ 0.02

was found to be 92 m?/g, slightly higher than the one of commercial
titania (68 mz/g). Consequently, the pore diameter and volume are
lower in the synthetized TiO in comparison to commercial TiO». In the
Supplementary material the reader can also find the Ny adsorp-
tion—desorption curves of the two TiOy powders (Fig. S1 (a)); the iso-
therms showed hysteresis loops typical of mesoporous materials [49].
Figure S1 (b) depicts the corresponding Barrett, Joyner and Halenda
(BJH) pore size distributions of the two different TiOy powders.

FTIR spectra of the TiO, synthetized with the green method and
commercial TiO, are reported in Fig. S2. Both spectra showed similar
features. The broad band from ~400 to ~900 cm ! is due to the titania,
indeed it is correlated to the Ti-O-Ti stretching vibrations; the band at
~1630 cm ™! is due to the physical adsorbed water, since it is related to
the H-O-H bending vibrations; while, the broad band at ~3300 cm™! can
be associated to the O-H stretching vibrations of the hydroxyl groups
[50].

The structural characterization through XRD analyses was conducted
in order to study the TiOy nanoparticle crystalline phase. Fig. 2 reports
the patterns of TiO; synthetized with the thyme extract and the patterns
of commercial TiO; nanopowders. Commercial TiO, showed well-
defined peaks at 20 = 25.4°, 37.9°, 48.0°, 54.1°, and 55.1° associated
with 101, 004, 200, 105, and 211 reflections typical of the anatase phase
(in accordance with the ICDD no.00-084-1286), but also a peak at 20 =
27.4° characteristic of the rutile phase. This confirmed the mixture of
anatase and rutile of the used commercial titania, as declared by Merck.
On the other hand, the TiO; synthetized with the thyme extract only
showed the characteristic peaks of the anatase, in accordance with the
thermal treatment at 500 °C (see the Experimental section) [51]. The

crystal size was estimated through the Scherrer equation [52]: D = ﬁﬁg,

where k is a shape factor that depends on crystallite apparent radius and
isequal to 0.9, 4 is the X-ray wavelength, j is related to the FWHM of the
peak at the angle 26. The D values were calculated for each sample
considering an average of the values obtained for the peaks at 25.4° and

B — TiO,
—— Commercial TiO,

101

Intensity [arb. unit]

20 [degrees]

Fig. 2. XRD patterns of TiO, (green line), and commercial TiO, (red line)
nanoparticles. The peak of the rutile and the peaks of the anatase are explic-
itly indicated.
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48.0°. The crystal dimensions resulted 120 + 12 nm for the commercial
TiOg, 90 + 9 nm for the TiO; synthetized with the thyme extract.

Raman spectra of the TiO, synthetized with the thyme extract and
commercial TiO2 nanopowders are shown in Fig. 3. The observed peaks
were assigned to the two most abundant TiO, phases: anatase and rutile.
The anatase can be recognized by three peaks at: 399, 518, and 640
em! assigned to Byg, Big + Ajg, and E; vibrations, respectively, while
the rutile phase is recognized by two vibrations at 448 cm™! (Eg), and at
612 cm? (A1g) [53]. The samples synthesized in presence of thyme
showed only the peaks related to the anatase phase, in agreement with
the thermal treatment at 500 °C (see the Experimental section) [51].
Thus, the Raman results confirmed the XRD analyses (the reader can
refer to Fig. 2). On the other hand, the spectrum of commercial TiO,
exhibited both the anatase and rutile features, as reported in the product
card provided by Merck.

Fig. 4 reports C-TEM micrographs, EELS and EDS spectra (Fig. 4 (a),
(b), and (c), respectively) for TiO, nanoparticles synthetized with the
thyme extract. C-TEM micrographs (Fig. 4 (a) is one of them) showed
aggregated TiO2 nanoparticles, most of them with a polyhedron shape,
having an average size of about 10-15 nm. Inset of Fig. 4 (a) shows a
high-resolution image of a single TiO3 nanoparticle, in which the (101)
atomic planes are highlighted. The relative interplanar distance of 0.35
nm is typical of anatase TiO,. An EELS spectrum, reported in Fig. 4 (b),
shows Ti L edge, rising at about 455 eV. This edge presents two features,
L3 and Ly, respectively due to the excitation of 2p3,, and 2p; /5 titanium
core electrons. Both L3 and Ly features are split: the resulting fine
structure is specific of the TiO, anatase polymorph, as reported in our
previous study [23]. Inset of Fig. 4 (b) shows a TiO4 EELS spectrum with
the aforementioned titanium L edge and the oxygen K edges at 532 eV.
EDS analyses, acquired in C-TEM and reported in Fig. 4 (c), showed ti-
tanium Ko and Kf peaks, respectively at 4.51 and 4.93 keV, and oxygen
Ka peak at 0.52 keV. Copper La, Ka and Kp peaks, respectively at 0.93,
8.05 and 8.95 keV, and carbon Ka peak, at 0.28 keV, originated from the
TEM grid. Inset of Fig. 4 (¢) is an enlargement of the EDS spectrum in the
2.5-3.5 keV energy range, showing the presence of titanium Ka and Kf
escape peaks, respectively at 2.77 and 3.21 keV. Titanium K escape
peaks occur when titanium K photons excite K-shell electrons in de-
tector’s silicon atoms, which can relax emitting Si Ka photons at 1.74
keV. Whenever these photons escape from the detector, spurious peaks
appear in the EDS spectrum at energy equal to the difference between
the analyte peak (Ti Ko or Ti KB) energy and silicon Ka peak energy.

I 1 Y I M I
—TiO,

- —— Commercial TiO, E 1

Raman Intensity [arb. units]

300 400 500 600 700 800
Raman Shift [cm™']

Fig. 3. Raman spectra of TiO, (green line), and commercial TiO, (red line)
nanoparticles. The modes of the anatase and rutile phase are explic-
itly indicated.
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Fig. 4. (a) Conventional-TEM micrograph of TiO, nanoparticles, with inset
showing a high-resolution image of a single nanoparticle with (101) lattice
fringes; (b) EELS spectrum of Ti L edge in TiO, nanoparticles, with inset
showing TiO, EELS spectrum with characteristic titanium and oxygen edges; (c)
EDS spectrum for TiO, nanoparticles with inset showing an enlargement in the
2.5-3.5 keV energy range, evidencing the presence of titanium Ko and Kf
escape peaks.
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Fig. 4 (c) also reports a low-intensity potassium Ka peak at 3.31 keV,
probably coming from the thyme extract. The synthesis with the thyme
produced overall pure anatase TiO, nanoparticles.

Fig. 5 (a) shows the diffuse reflectance spectra of TiO, synthetized
with the thyme extract and commercial TiO, powders. A weak decrease
of the reflectance for wavelengths higher than 450 nm is apparent, and
can be related to scattering phenomena. On the other hand, the abrupt
increase of the reflectivity between ~350 and ~450 nm is due to the
TiO4 adsorption edge. A blue shift of the absorption edge was observed
in the TiO samples presented in this work, indicating already a slightly
higher band-gap energy than the one of the commercial powders. The
band-gap energies of the investigated nanopowders were estimated by
using the Kubelka-Munk approach and the Tauc plot as reported in

Ref. [41]. Fig. 5 (b) shows (F(R)hv)l/ 2 as a function of the photon energy

hv, where F(R) is the Kubelka-Munk function: F(R) = (1;{;)2 (being R the
reflectance). In the region above 3 eV, the curves show a linear increase
with the energy. The x-axis intersections of the linear fits allowed the
estimations of the band-gap energies: 3.23 + 0.05 eV and 3.02 + 0.05
eV for TiO3 and commercial TiO,, respectively. The estimated variation
in the band-gap energy is surely related to the different phases of the two
measured materials. Indeed, the TiO2 nanopowders synthetized with the
thyme extract are in the anatase phase (see Figs. 2, 3, and 4), having
notoriously band-gap of about 3.2 eV [2]. On the other hand, com-
mercial TiOy powders have a mixed phases (rutile and anatase, as
declared by Merck and demonstrated by the XRD pattern reported in
Fig. 2 and the Raman spectrum reported in Fig. 3), having the typical
band-gap of rutile of about 3.0 eV [2].

Fig. 6 reports the photocatalytic degradation of the MB dye by means
of the nanoparticles under investigations. The graph displays C/Cy as a
function of the irradiation time t, where C is the concentration of the MB
after UV-light irradiation for time ¢, Cp is the starting concentration of
the dye. The control experiment led in the dark did not revealed any
important contribution of the adsorption process. Once switched on the
UV light, no degradation was observed in the case of the aqueous so-
lution containing only MB, as expected. On the other hand, almost all the
dye was degraded in only 2 h thanks to the titania synthetized with the
thyme extract. A comparison with the commercial TiO, showed a
remarkable response of the synthetized titania. In order to compare the
photocatalytic activity of the two different nanopowders typologies, we
applied the Langmuir-Hinshelwood model assuming a first-order
degradation mechanism [54]; only the linear part of the degradation
curves were fitted, as indicated in the ISO 10678:2010 protocol. A value
of (1.25 + 0.06) x 1072 min~! was found for the synthetized nano-
particles, while a value of (1.41 + 0.07) x 102 min~! was found for the
commercial ones (Table 2). In an effort to correlate these result with the
morphological and structural properties of the powders, we can say that
despite the higher surface area of the titania synthetized with the thyme
extract than the one of commercial titania (see Table 1), the mixed
anatase/rutile phase of the commercial material in comparison with the
anatase phase of the titania synthetized with the thyme (see Figs. 2 and
3) makes the commercial powders slightly more performing than the
powders synthetized by the authors, since the synergistic effects of the
two different polymorphs [55,56].

Considering a possible future use of the titania powders here re-
ported, the eventual toxicity of the nanoparticles was investigated. Fig. 7
shows the results of the toxicity tests of the TiO, nanoparticles synthe-
tized with the thyme extract. In detail, Fig. 7 reports three microscopic
images: a zebrafish embryo unexposed (a), a zebrafish embryo exposed
to TiO2 nanoparticles (b), a larva of zebrafish exposed to TiOy nano-
particles after hatching (c). The TiO2 did not cause a significant per-
centage of coagulated eggs, which was < 3% and it remained unchanged
until the end of the tests. A sedimentation of the TiO5 nanoparticles on
the bottom of the well was observed, but anyway the embryos were
mostly located on the bottom of the wells and then continually exposed
to the nanoparticles. Before hatching, observations with the binocular
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Fig. 5. (a) Diffuse reflectance spectra, and (b) Tauc plot of the Kubelka-Munk function of TiO, (green line) and commercial TiO, (red line) nanoparticles.
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Fig. 6. MB photo-degradation under UV-light irradiation for three aqueous
solutions: MB alone (squares), MB with TiO, synthetized with the thyme extract
(triangles), MB with commercial TiO, (squares).

Table 2
Kinetic constant of the photocatalytic degradation of MB by TiO,
synthetized with the thyme extract and by commercial TiO5.

Catalyst k (min~1)
TiO, (1.25 + 0.06) x 102

(1.41 £ 0.07) x 102

Commercial TiO5

microscope showed the deposition of the nanoparticles on the surface of
the embryonic chorion (Fig. 7 (b)), that were not observed on the
chorion of the unexposed embryo (Fig. 7 (a)). However, the constant
permanence of the titania nanoparticles on the embryonic chorion did
not interfere with the hatching of the embryos (Fig. 7 (c)). After 72 hpf
almost all eggs were hatched. In addition, after hatching, the larvae
appeared viable and with good shape of body despite being exposed to
the nanoparticles.

Overall, toxicity can be excluded for this new TiO, nanoparticles
because no embryo deaths or hatched larvae deaths were recorded.
Despite, the embryonic chorion acts as a special structure surrounding

the embryo to prevent the entry of pollutants [57]; the chorion pores
have diameters between 300 nm and 1 um, thus nano-pollutants with a
certain size could pass through these to enter the embryo [58,59]. The
synthetized TiO, showed a size of 10-15 nm (the reader can refer to the
discussion of Fig. 4), for this reason the probability of its passage
through the pores could be high; however, because of the agglomeration
of the nanoparticles (see Fig. 1 (a) and 4 (a)) no alteration in embryonic
development or body malformation were recorded in the embryos and
hatched larvae.

In order to improve the photocatalytic efficiency of the synthetized
titania, we decorated the TiOy powders with Ag nanoparticles (pur-
chased from Merck), as reported in the Experimental section. SEM
analysis of the commercial Ag (reported in Fig. S3) revealed nano-
particles with an irregular shapes and an average size lower than 100
nm, in agreement with what reported by Merck in the product specifi-
cation. A more detailed investigation was performed thanks to TEM, and
the results are shown in Fig. S4. HAADF-STEM analyses of commercial
Ag nanoparticles (Fig. S4) highlighted a size distribution ranging from
few nanometers to tens of nanometers. The silver was added because
noble metals are notoriously efficient electron-scavenger thanks to the
formation of a Schottky junction between the TiO, and the metal that
improves the separation of the charge carriers, and hence the photo-
catalytic efficiency [3-5,8,11]. Several percentages of Ag nanoparticles
(from 0.25 to 3% in weight, respect to the TiO3) were investigated.

Table 3 reports the BET surface area (Sggr), the pore diameter (d,),
and the pore volume (V}) of the different TiO2 nanoparticles: pure TiO,
TiOy + Ag 0.25%, TiO5 + Ag 0.5%, TiO5 + Ag 1%, TiO5 + Ag 2%, TiO,
-+ Ag 3%. Comparing the experimental results obtained for TiO, and
TiOg + Ag 0.25%, the surface areas, neither the pore diameters nor the
pore volumes changed; this is probably due to the low percentage of
silver. Figure S5 (a) reports the Ny adsorption—desorption curves, while
Fig. S5 (b) shows the BJH pore size distributions of TiO; and TiOy +
0.25% Ag powders. Both the isotherms and the BJH distributions are
very similar for the two different powders, further supporting the pre-
vious conclusion. On the other hand (Table 3), by increasing the silver
percentage (from 0.5 to 3%) the surface area slightly decreases, prob-
ably due to an agglomeration process driven by the silver presence;
while the pore diameters and the pore volumes are equal within the

experimental error for the different silver percentage (from 0.5 to 3%).

FTIR spectra of the TiO5 synthetized with the green method and
enriched with the Ag nanoparticles are reported in Fig. S6. All the
spectra showed similar features (for additional details the reader can
refer to the discussion of Fig. S2). The presence of silver was not evi-
denced by the FTIR characterization [50].
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Fig. 7. (a) Zebrafish embryo unexposed to TiO, nanoparticles; (b) zebrafish embryo exposed to TiO, nanoparticles; (c) larva of zebrafish exposed to TiO5 nano-

particles after hatching.

Table 3

BET surface area (Sggt), mean pore diameter (dp), and pore volume (V) of TiOo
synthetized with the thyme extract and decorated with several Ag percentage
(from 0.25 to 3%).

Catalyst Sger (m* g™ 1) d, (nm) Vp (em® g™
TiOy 92 + 2 10.3+ 0.5 0.28 + 0.02
TiO, + Ag 0.25% 90 +2 11.0 + 0.6 0.30 £ 0.02
TiO, + Ag 0.5% 88 +2 11.1 £ 0.6 0.31 £+ 0.02
TiO, + Ag 1% 82+ 2 11.5+ 0.6 0.31 £+ 0.02
TiO, + Ag 2% 78 £ 2 11.9+ 0.6 0.30 £+ 0.02
TiO, + Ag 3% 75+ 2 11.6 +£ 0.6 0.28 + 0.02

XRD analyses were also conducted for the TiO2/Ag powders in order
to check their crystalline phase. Figure S7 shows the patterns of TiO2
synthetized with the thyme extract and enriched with the silver nano-
particles. All the powders evidenced the peaks typical of the anatase
phase. The absence of the Ag peaks maybe be due to the low concen-
tration of the element and the small size of the silver nanoparticles. The
crystal sizes, estimated by the Scherrer equation [52] were reported in
Table S1. The dimensions are in the range between 85 and 94 nm for all
the synthetized TiO2 powders, regardless of the presence of silver. Thus,
the Ag doping did not affect the crystallite sizes.

Raman investigations of the TiO, powders decorated with the silver
nanoparticles, reported in Fig. S8, did not show any variation with
respect to the spectra of the TiO; synthetized with the thyme extract.
Indeed, all the spectra presented the typical peaks of the anatase phase.

A detailed TEM investigation of the TiO, + Ag 0.25% nanoparticles is
reported in Fig. 8. HAADF S-TEM imaging (Fig. 8 (a)) showed aggre-
gated TiO, nanoparticles having a mean size of about 10-15 nm, as
observed in the case of the TiO, materials (see Fig. 4 (a)), but now
decorated with Ag nanoparticles with a diameter of 1-2 nm. The Ag
nanoparticles appear brighter compared to TiO, because in HAADF S-
TEM imaging the signal intensity roughly varies with the square of the
atomic number (Z-contrast). The inset of Fig. 8 (a) reports a magnified

view of a single TiOy nanoparticle in which the (101) atomic planes
with characteristic spacing of 0.35 nm are highlighted. The TiOz + Ag
0.25% nanoparticles were investigated in SI mode with EELS (Fig. 8 (b))
and EDS (Fig. 8 (c)) techniques. SI mode combines the spatial infor-
mation acquired through the S-TEM detector with EELS and EDS data:
for every spatial pixel acquired, one EELS spectrum and one EDS spec-
trum are simultaneously collected. This technique therefore provides
spatially-resolved chemical information. To increase the signal-to-noise
ratio, EELS and EDS data can be integrated over defined areas. SI
technique was used to analyse the two areas enclosed by the boxes
depicted in Fig. 8 (a). The red box was centred on a single Ag nano-
particle lying above a TiO, nanoparticle, while the light blue box
enclosed a region of the same TiO2 nanoparticle. Fig. 8 (b) reports the
EELS spectra of TiO; obtained from the two different areas: the spectrum
in red and in light blue are respectively related to the red and the light
blue boxes. Similarly to Fig. 4 (b), EELS spectra both showed a split Ti L
edge, starting at 455 eV, with the characteristic profile of anatase TiOa,
and a O K edge starting at 532 nm (inset of Fig. 8 (b)). No difference on
the EELS fine structure can be noticed between the red and the light blue
spectra, just a small change on the integral due to different specimen
thickness. This is even confirmed by the inset of Fig. 8 (b) where the
same EELS spectra is represented with a larger energy range just to
include O K edge. This gave the evidence that the presence of the Ag
nanoparticles has not a measurable effect since the distribution density
of unoccupied states of the TiO5 are practically unchanged when it is in
contact with the Ag nanoparticles. This implies that the synthesis pro-
cess did not induce a strong chemical bond between Ag and TiO,, but
weaker surface contact forces. Fig. 8 (c) shows two EDS spectra relative
to the two boxes of Fig. 8 (a). Both spectra are characterized by signals
coming from the TiO5 nanoparticle (titanium Ko and Kf peaks and ox-
ygen Ka peak) and from the TEM grid (carbon Ka and copper Ka and Kf
peaks); the red EDS spectrum clearly shows the Ag L peak at 2.98 keV,
originating from the silver nanoparticle enclosed in the red box (Fig. 8

(a)).
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Fig. 8. (a) HAADF S-TEM micrograph of TiO, + Ag 0.25% nanoparticles,
showing the TiO, nanoparticles decorated with the Ag nanoparticles. Inset
shows a magnified view of a single TiO, nanoparticle, highlighting the (101)
atomic planes; (b) EELS spectra of Ti L and O K edges of TiOy + Ag 0.25%
nanoparticles. Red and light blue spectra respectively resulted from the red and
light blue boxes depicted in Fig. 8 (a); (c) EDS spectra of TiO5 + Ag 0.25%
nanoparticles. Red and light blue spectra respectively resulted from the red and
light blue boxes depicted in Fig. 8 (a). Red spectrum is characterized by the
presence of Ag L peak at 2.98 keV.
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From what observed with the TEM, we can deduce that during the
preparation process of the TiOy/Ag composites a size selection of the Ag
nanoparticles takes place, indeed only the smallest ones (about 1-2 nm)
were deposited on the surface of the TiO, (the reader can compare the
Ag images reported in Fig. S4 and Fig. 8 (a). This is probably due to the
higher surface-to-volume ratio of the smallest Ag nanoparticles, which
make them more reactive and hence inclined to decorate the TiO,.

HAADF-STEM analyses were also performed on TiOy + Ag 3%, and
reported in Fig. S9. The image shows aggregated TiO, nanoparticles
decorated with the Ag ones (3%).

The photocatalytic aptitude of the different composites (TiOy + Ag
0.25%, TiOy + Ag 0.5%, TiO5 + Ag 1%, TiOy + Ag 2%, TiOs + Ag 3%)
was firstly investigated by the MB dye discoloration. The control
experiment under dark condition did not show any remarkable
adsorption process. Fig. 9 reports the photocatalytic tests under UV light
for the five composites compared to mere TiO2 (we remind the reader
that all the titania was synthetized with the thyme extract). A reference
test was performed with an aqueous solution containing only the MB
dye, and no response was obtained in this case (squares), as expected. On
the other hand, the silver nanoparticles induced a clear enhancement of
the photocatalytic behavior. In particular, the best result was obtained
in the case of silver at 0.25%, which was able to degrade ~95% of the
MB in 2 h (down triangles). The photo-degradation reaction rates of the
MB contaminant by the different investigated samples were reported in
Table 4. In particular, the kinetic constant was estimated at: (2.81 +
0.14) x 102 min! for the TiOy + Ag 0.25% samples, versus (1.43 +
0.07) x 102 min " for the TiO, reference samples. It is worth noting that
by increasing the content of silver nanoparticles the photocatalytic ef-
ficiency decreases, even if always better than the one of mere TiOy; this
is the effect of a higher coverage of the titania surface by silver, that
hinder the adsorption of the pollutant on the photocatalytic surface
[11,60,61]. As a consequence, it is important to find the right quantity of
metal nanoparticles in order to maximize their electron-scavenger ef-
fect. In this experiment, the best composite resulted the one with the
lowest percentage of silver (only 0.25%).

The TiOy + Ag 0.25% samples were optically characterized, and a
band-gap energy of 3.24 + 0.05 eV was estimated. This value resulted
equal within the experimental error to the value obtained for the mere
TiO5 powders, probably due to the low percentage of the added silver
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Fig. 9. MB photo-degradation under UV-light irradiation for seven samples: a
solution of MB alone (squares), a solution of MB with TiO, (up triangles), with
TiO, + Ag 0.25% (down triangles), with TiO, + Ag 0.5% (diamonds), with
TiO, + Ag 1% (left triangles), with TiO, + Ag 2% (right triangles), or with TiO,
+ Ag 3% (hexagons) nanopowders.
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Table 4
Kinetic constants of the photocatalytic degradation of MB by TiO,
synthetized with the thyme extract and with several Ag

percentages.
Catalyst k (min~1)
TiO, (1.43 £ 0.07) x 102

(2.81 + 0.14) x 102
(2.43 +£0.12) x 102
(2.58 + 0.13) x 102
(1.91 + 0.10) x 102
(1.54 + 0.08) x 102

TiO, + Ag 0.25%
TiO, + Ag 0.5%
TiO, + Ag 1%
TiO, + Ag 2%
TiO, + Ag 3%

nanoparticles.

The best composite (i.e., TiO2 + Ag 0.25%) was also tested for the
degradation of diclofenac in comparison to mere TiO,. The results re-
ported in Fig. 10 indicated, again, the best performance of the samples
decorated with the Ag nanoparticles (down triangles). Table 5 reports
the photo-degradation reaction rates of diclofenac by the investigated
samples. A worse efficiency was observed with respect to the MB dye
(the reader can easily compare Fig. 9 and Fig. 10). This can be due to a
higher quantity of diclofenac used (5.5 x 10> M) in the aqueous solution
with respect to MB (1.5 x 10° M) necessary to maximize the absorbance
peak, but it can be also due to the recalcitrant nature of the diclofenac
[62].

A final photocatalytic test was performed with the SDS contamina-
tion. SDS is one of the main pollutant in greywater, being an anionic
surfactant found in most personal hygiene products. Fig. 11 shows the
experimental results obtained after a UV-light irradiation for 4 h for
three samples typologies: an aqueous solution of SDS, an aqueous so-
lution of SDS with TiO3 nanopowders, and an aqueous solution of SDS
containing TiO2 + Ag 0.25% nanopowders. The TiO2 + Ag 0.25%
nanopowders were notably effective in degrading SDS: after 4 h almost
all the SDS was degraded, indicating again the beneficial effect of the
silver nanoparticles as effective electron-scavenger.
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Table 5
Kinetic constants of the photocatalytic degradation of diclofenac
by TiO; and TiO, + Ag 0.25%.

Catalyst k (min~1)

(0.52 £ 0.03) x 102
(0.89 £ 0.04) x 102

TiO,
TiO, + Ag 0.25%
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Fig. 11. SDS photo-degradation after 4 h of UV-light irradiation for three
samples: a solution of SDS alone (squares), a solution of SDS with TiO,, or with
TiO, + Ag 0.25% nanopowders.

The toxicity tests were repeated in the case of the TiO5 + Ag 0.25%
nanoparticles, which arose the best photocatalytic composite among the
tested compositions. The results are reported in Fig. 12. Even in embryos
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Fig. 10. Diclofenac photo-degradation under UV-light irradiation for three samples: a solution of diclofenac alone (squares), a solution of diclofenac with TiO» (up
triangles), a solution of diclofenac with TiO, + Ag 0.25% (down triangles) nanopowders.
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Fig. 12. (a) Zebrafish embryo unexposed to TiO, + Ag 0.25% nanoparticles; (b) zebrafish embryo exposed to TiO, + Ag 0.25% nanoparticles; (c) larva of zebrafish

exposed to TiO5 + Ag 0.25% nanoparticles after hatching.

exposed to the TiOy + Ag 0.25% nanoparticles no egg coagulation and
interference in hatching were observed. The nanoparticles adhered to
the embryonic chorion as evidenced in the micrograph in Fig. 12 (b).
After 72 hpf almost all eggs were hatched. Nanoparticles diffusion may
be toxic to embryo development during the period of organogenesis
[58]. Several studies have shown that single Ag nanoparticles (5-46 nm
in size) are transported into embryos through chorion pore canals and
caused effects on embryonic development that include fin fold abnor-
mality, tail and spinal cord flexure and truncation, cardiac malforma-
tion, yolk sac edema, head edema, and eye abnormality [63-66]. The
lack of similar anomalies highlighted the no toxicity of the investigated
TiOz + Ag 0.25% nanoparticles.

4. Conclusions

In conclusion, we presented an original, simple, and green method to
synthesize TiO, nanoparticles. The preparation of the powders was
performed by Thymus vulgaris leaf extract. The green titania nano-
particles revealed a mean size of ~10-15 nm and a crystallographic
phase of the anatase. They also showed a remarkable photocatalytic
aptitude compared to the one of commercial TiO,. To improve the
photocatalytic efficiency of the green TiO, powders, they were deco-
rated with commercial Ag nanoparticles (<100 nm particle size).
Several silver percentages (in weight compared to the titanium dioxide)
were investigated (from 0.25 to 3%). During the preparation process of
the TiOp/Ag composites a size selection of the Ag nanoparticles took
place, indeed only the smallest ones (about 1-2 nm) were deposited on
the surface of the TiO,. The TiO2/Ag composite with the lowest silver
percentage (0.25%) resulted the best photocatalyst, able to efficiently
degrade several organic contaminants. Thus, the best result was ob-
tained with the lowest price. The safety of the nanopowders was
demonstrated by the zebrafish embryo toxicity tests. This work opens
the route to the use of the green titania as photocatalyst for an efficient
and environmental-friendly wastewater remediation.
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