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ARTICLE INFO ABSTRACT
Keywords: The pursuit of sustainable and inexpensive systems for the degradation of organic aquatic pollutants working
Titanium dioxide under sunlight or even without irradiation is still open. Herein, an amorphous titanium oxide modified with

Sol-gel synthesis

Reactive oxygen species

Solar photocatalysis
Advanced oxidation processes
Water treatment

dibenzoylmethane, an aromatic diketone, is proposed as a solar photocatalyst showing oxidative activity also in
the dark. Ti(IV)-dibenzoylmethanate (dbm) complexes form during the sol-gel synthesis and are dispersed
throughout the oxide gel structure. This ligand-to-metal charge transfer complex plays a dual role: it enables
visible light absorption, narrowing the apparent band gap, and provides localized surface charge, promoting the
spontaneous formation and stabilization of superoxide radical ions by reduction of O,. The activity of the TiO»-
dbm hybrid was assessed in the removal of methylene blue from aqueous solution. The results demonstrated a
rather stable photocatalytic activity under natural sunlight, exceeding 80% dye removal after 1 h in four sub-
sequent tests, a value that was mostly recovered after a mild regeneration. Considerable efficiencies were also
achieved in the dark, owing to the immobilized superoxide radicals acting as initiators of degradation pathways.
Finally, the influence of the operating conditions (pH, illumination, mixing method, water contact) on the ef-
ficiency and durability of the performances was evaluated to survey the long-term utilization in water decon-
tamination. The behaviour of this hybrid material resembles a “photocatalytic memory” effect and may widen
the perspectives for the development of heterogeneous advanced oxidation processes.
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1. Introduction

Water pollution represents a major concern for ecosystems and
human health. The contaminants contained in industrial and municipal
wastewaters, such as dyes, pharmaceuticals, pesticides, detergents, and
heavy metal ions, are often water-soluble, therefore they can diffuse not
only in the superficial water bodies but also in the groundwater, seri-
ously affecting the water quality. Many of these xenobiotic compounds
are toxic and an increasing number is regarded as endocrine disruptor or
carcinogenic [1-3]. Their persistence in water bodies threatens aquatic
organisms and poses the risk of their entry into the food chain. The
organic and inorganic dyes, discharged mainly by textile industries, are
known to be responsible for up to 20% of anthropogenic pollution [4].
Beyond their variable toxicity, dyes prevent the penetration of sunlight
into the water and their gradual oxidative decomposition reduces the
concentration of dissolved oxygen, negatively affecting photosynthesis,
aquatic life, and the self-purification capacity of natural waters [1]. The
study of dye adsorption or removal attracts interest also for their use as a
proxy for other compounds more difficult to track, e.g. per- and poly-
fluoroalkyl substances (PFAS) [5]. The conventional treatments to
remove dyes and other organic pollutants include ultrasonication,
ozonation, coagulation, and nanofiltration. These methods are limited
by different bottlenecks, associated with the high energy requirements,
the high operation and maintenance costs, and the generation of sec-
ondary pollutants [6]. Adsorption offers an alternative [7], however it
only transfers pollutants between different phases. Advanced oxidation
processes based on the production of reactive oxygen species appear to
be the most promising solutions for environment and health protection,
particularly for the purification and disinfection of water and air, aiming
at the transformation of the contaminants into less harmful compounds.
These technologies usually rely on semiconducting materials such as
metal oxides, which work either through a photocatalytic mechanism,
consisting in the generation of ROS following photoexcitation, or
through the activation of ROS sources, such as peroxides (Fenton and
Fenton-like process) or peroxymonosulfate [8-10]. There is a huge
research interest in the modification of TiO2 and other semiconducting
oxides to make them responsive not only to UV radiation but also to
visible light, so as to exploit a broader fraction of the solar spectrum,
possibly avoiding the use of UV lamps [11]. Doping TiO, with metals
and nonmetals and its photosensitization with dye compounds have
been widely studied to this end [12,13], sometimes with contrasting
outcomes [14]. Alternatively, the sensitization by ligand-to-metal
charge transfer complexes involving small organic molecules is a less
known, yet promising approach [15,16]. An even more convenient and
ecofriendly solution is the development of materials able to initiate
oxidation processes without a continuous light exposure or a radical
initiator. Such systems would reduce the consumption of energy and
chemicals, overcoming the constraints in the design of photoreactors or
at least improving the performances under discontinuous radiation
sources (such as solar light) [17-20]. Hence the recent interest in “round
the clock” photocatalysts, showing a catalytic memory after the illumi-
nation [21,22]. In this scope, we have discovered that hybrid materials
based on titanium or zirconium coordinated with acetylacetone (Hacac)
exhibit the unusual ability to generate superoxide radical ions in
ambient conditions and immobilize them for long times [23-25]. This
special property enabled the degradation of different organic pollutants
in the dark, aided by the formation of hydroxyl radicals in water solution
[25,26]. The stability of the superoxide radicals on these solids is due to
the role of the ligands, which form charge transfer complexes with the
metal and stabilize the excess charge at the defective oxide surface, as
corroborated by theoretical models [27]. Additionally, these complexes
originate a visible light absorption band, and, consequently, TiOy-acac
materials also showed an enhanced photocatalytic activity [28,29].
Intriguingly, the functionalization of metal-organic frameworks based
on Zr, Ti, Cr, or Al with Hacac was reported to promote the formation of
singlet oxygen even with indoor lighting [30].
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These promising results urged us to design improved materials that
could extend the efficiency and applicability of this kind of system,
seeking material compositions that ensure a higher yield of oxygen
radicals, a better stability in the working environment (water solution),
possibly using only safe chemicals (Hacac has non-negligible toxicity
and was found to be gradually released upon prolonged contact of TiO»-
acac with water [25]). Moreover, there are open questions regarding the
functionality of these hybrid materials, for example the possible
contribution of light irradiation in their activity and reuse. In this work,
dibenzoylmethane (1,3-diphenyl-1,3-propanedione, Hdbm), an aro-
matic p-diketone, was selected as the organic ligand. This molecule is
found in the root extracts of licorice and is not considered harmful to
humans and the environment [31]. Its tautomeric keno-enol equilib-
rium, shown in Scheme 1, is largely shifted toward the enol form,
providing it with extended conjugation and excellent chelating ability
toward various metals [32]. Rare earth complexes of its deprotonated
form, i.e. dibenzoylmethanate (dbm), have applications related to their
luminescence properties [33], while derivatives, such as avobenzone,
are used in sunscreen formulations owing to their UV absorption. Sur-
prisingly, there are very few reports in the literature about the interac-
tion of Hdbm with metal oxides, besides some studies about
photosensitive ZrO» films for the fabrication of diffraction gratings [34]
and the influence of the metal complex in TiO»-based layers on a pho-
topolymerization reaction [35]. We recently prepared by sol-gel tita-
nium oxide-dbm thin films [36] and powders [27], and found for the
latter an increased efficiency in the adsorption and reduction of Oj to
superoxide radicals compared to TiOp-acac, in agreement with density
functional theory (DFT) calculations. Owing to its molecular structure,
coordinated dbm can provide a large electron delocalization and change
the surface properties of the material, for example making it more hy-
drophobic [37]. Here, we synthesized a series of TiOz-dbm nano-
structured hybrid materials with multiple aims: 1) obtaining chemical
gels rather than precipitates, thus allowing better control of the struc-
ture and granulometry; 2) exploring the influence of the organic ligand
content on the properties; 3) testing the activity and stability of these
new materials in the degradation of a model pollutant without illumi-
nation; 4) assessing the effect of solar light and other operating pa-
rameters on their performance. The xerogels prepared at low
temperature were characterized to assess their main structural and
physicochemical properties. Then the activity of the selected sample was
validated in the removal of methylene blue, an extensively used and
potentially harmful cationic dye, from aqueous solution, both in the
dark and under natural sunlight. Moreover, the effects of solution pH
and mixing speed on the decolourization efficiency in the batch system
were evaluated. The results evidenced that TiOp-dbm has a better
removal activity than the reference TiO, and that a direct photocatalytic
contribution by solar light greatly improves the removal rate and pro-
longs the reusability.

2. Experimental
2.1. Sol-gel synthesis

TiO-dibenzoylmethanate (TiOz-dbm) hybrid materials were pre-
pared by a hydrolytic sol-gel route, using titanium (IV) n-butoxide
(97%) and dibenzoylmethane (1,3-diphenyl-1,3-propanedione, Hdbm,
98%) as precursors, 1-propanol (99.8%) and cyclohexane (99.5%) as
solvents and hydrochloric acid (37%) as catalyst, all purchased by
Sigma-Aldrich. The procedure was addressed to produce chemical gels
instead of precipitates. Different amounts of Hdbm were dissolved in a
mixture of cyclohexane and 1-propanol (2.4:1 v/v), in a sufficient sol-
vent volume to allow its complete dissolution (about 30 mg/mL). This
solution was added to Ti(IV) n-butoxide, and the mixture was stirred for
30 min. A hydrolytic solution, containing HCI diluted in deionized water
(0.1 mol/L), cyclohexane, and 1-propanol (1:0.6:1.2v/v) was then
gradually added to the first one, and the system was left under stirring at
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room temperature until gelation. The obtained transparent yellow gels
were aged for 2 days and then dried at 50 °C in a ventilated oven. The
granular xerogels were ground before characterization. The samples
prepared with a dbm/Ti molar ratio equal to 0.05, 0.10, and 0.20 are
named T-dbm005, T-dbm01, and T-dbm02, respectively.

2.2. Characterization of the materials

X-ray diffraction (XRD) measurements were performed using a Phi-
lips X’PERT-PRO diffractometer (Philips, Netherlands) with mono-
chromatized CuKa radiation (40 mA, 40 kV) at a step width of 0.013°
20. Fourier Transform infrared (FTIR) spectra were recorded using a
Nicolet 5700 FTIR spectrometer (Thermo Fisher, Waltham, MA, USA),
equipped with a DTGS KBr (deuterated triglycine sulfate with potassium
bromide windows) detector. The transmittance spectra were acquired by
mixing the sample in KBr pellets, collecting 32 scans with a resolution of
2 cml. Thermogravimetric and differential thermal analysis (TGA-DTA)
were performed by a SDT Q600 simultaneous thermoanalyser (TA In-
struments, New Castle, DE, USA), heating in nitrogen at 10 °C/min rate.
Diffuse reflectance ultraviolet-visible (DRUV-vis) spectra were recorded
on a Shimadzu UV-2600i double beam spectrophotometer (Shimadzu,
Kyoto, Japan) with an ISR-2600Plus two-detector integrating sphere.
The samples were dispersed in BaSO4, used as blank. The band gap
energy values were estimated by the Tauc plot method. Electron para-
magnetic resonance (EPR) spectra were acquired on the solids using an
X-band (9 GHz) Bruker Elexys E-500 spectrometer (Bruker, Rheinstet-
ten, Germany). The capillary containing the powder was placed in a
4 mm quartz sample tube. For each sample, 16 scans were collected at
room temperature with the following settings: sweep width, 140 G;
resolution, 1024 points; modulation frequency, 100 kHz; modulation
amplitude, 1.0 G; time constant, 20.5 ms; attenuation, 10 dB. The g-
factor values and the spin densities were evaluated by means of an in-
ternal standard, Mn?"-doped MgO, and calibrated with reference to a
diphenylpicrylhydrazyl (DPPH) standard solution. Zeta-potential
(¢-potential) data were obtained by measuring the electrophoretic
mobility as a function of pH at 25 °C by means of electrophoretic light
scattering (ELS) with Litesizer (Anton Paar Instruments, Worcestershire,
UK). The samples were prepared with a starting concentration of 1 mg/
100 mL, and subsequently, the pH was gradually adjusted by the addi-
tion of either 0.1 M NaOH or 0.1 M HCI. The {-potential measurements
were carried out in an Omega cuvette (Anton Paar) accessory. The
measurements were performed in triplicate. To verify the stability of the
hybrid material in water, samples were kept under stirring in deionized
water for 30 min, then separated, dried, and subjected to the same
washing step, up to three times. After each cycle, the supernatant was
analyzed by UV-vis spectrometry and after the third cycle, FTIR spectra
were recorded on the recovered powders.

Titanium (IV)
0 0 n-butoxide
o o )
i D —
RO ‘OR
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2.3. Methylene blue removal tests

Sunlight-driven photocatalysis experiments were conducted in
October 2022 in Naples, Italy (40° 51’ N, 14° 14’ E) with an average
solar irradiance of 320 W/m? and an average daytime temperature of
22 °C. The degradation of methylene blue (MB) was generally carried
out by using T-dbm02 powders (the most promising sample based on
characterization results) at a solid/liquid ratio R= 10 g/L for different
incubation times (usually 60 min) in a MB solution at the initial con-
centration of 0.050 g/L. The suspension was kept in an orbital shaker
(40 rpm) and the system was either exposed to solar light around
midday in sunny weather or shielded from light (dark experiments). The
tests were performed at pH values between 5 and 9. At fixed times, 2 mL
samples were taken, the liquid phase was separated by centrifugation,
and the residual MB concentration was measured spectrophotometri-
cally (A = 660 nm). The experimental curves of MB concentration as a
function of the exposure time could be described by adopting a first-
order kinetic model:

C

In— = —k-t 1
nC0 (@)

where C is the MB concentration after a given exposure time t, Cy is the
initial concentration and k is the pseudo-first order rate constant (min™).

2.3.1. Repeated batches

The repeated batch tests were carried out keeping the samples under
the same conditions previously described. After each cycle, the photo-
catalyst was collected by centrifugation, washed with deionized water,
and dried overnight, then the test was repeated.

2.3.2. Regeneration of the catalyst

After a cycle of 7 repeated batches, the photocatalyst was collected
by centrifugation and washed with deionized water. After washing in
water, the samples were kept 96 h in a ventilated oven, ensuring full
contact with air. Tests were conducted to shed light on the performance
of the photocatalyst towards MB degradation before and after the
regeneration process.

2.3.3. Long-term stability of the catalyst

Long-term stability tests were carried out keeping photocatalyst
samples in the aqueous solution at pH 9 and exposing them to solar light
for longer periods to simulate the conditions of a real application. The
experiments were carried out by adopting two different mixing tech-
niques of the suspension: an orbital shaker, at a relatively slow mixing
speed (40 rpm); and a flask with a magnetic stirrer at a faster mixing
speed (200 rpm). Periodically (every 2 days on average), the photo-
catalyst was collected by centrifugation, and then used to carry out a MB

-nH 0 woo TI\ ’Tl‘o
g %8
%
TiO,-dbm

Scheme 1. Synthesis of TiO,-dbm hybrid material: molecular structures of the keto and enol form of dibenzoylmethane (Hdbm) and proposed structure of a het-
eroleptic complex formed by the reaction of a titanium(IV) alkoxide, Ti(OR)4 (where R = Bu in case of Ti(IV) n-butoxide), with the deprotonated form, diben-
zoylmethanate (dbm); schematic illustration of hydrolysis and condensation reactions, the successive steps in the sol-gel synthesis of dbm-modified titania.
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degradation test as previously described. After each test, the photo-
catalyst was regained by centrifugation to continue the long-term
exposure to solar light.

3. Results and discussion
3.1. Synthesis of the hybrid materials

TiO2-dbm materials were prepared via a bottom-up sol-gel route that
allows the production of inorganic-organic structures with defined
stoichiometry and high homogeneity under mild operating conditions.
The process starts with the formation of Ti(IV)-dbm complexes in solu-
tion. Dibenzoylmethane easily reacts with Ti(IV) n-butoxide precursor,
replacing a butoxide group, so that a fraction of the Ti(IV) ions are
involved in heteroleptic coordination complexes, Ti(OR)4_x-dbmy, as
illustrated in a simplified way in Scheme 1. Then, upon addition of the
aqueous solution, hydrolysis and condensation reactions simultaneously
occur. In the hydrolysis, the oxygen of a water molecule attacks Ti(IV),
inserting a hydroxyl group in place of an alkoxide and producing an
alcohol molecule. This step is catalyzed by an acid that protonates the
leaving groups (here a small amount of HCl was used). In the conden-
sation, the oxygen of a hydroxyl or alkoxide group forms a bridge be-
tween two metal centers, originating Ti-O-Ti bonds [38,39].
Condensation reactions and aggregation of primary particles lead to the
growth of the Ti-O-Ti network, finally resulting in an amorphous tita-
nium oxide matrix with part of Ti(IV) ions coordinated by dbm. Such an
approach allows a uniform distribution of the organic ligands, linked to
the metal ions through strong coordination bonds. The interactions of Ti
(IV) alkoxides with several complexing organic molecules, including
p-diketones, have been widely explored in sol-gel chemistry since the
resulting oxo oligomers show variable stability and reactivity and can be
used as nano building blocks in the synthesis of hybrid materials
[39-41]. For example, in the case of zirconium alkoxides, it was re-
ported that partial Hdbm substitution reduces the condensation rate
more than Hacac, which was attributed to the bulkier structure of the
ligand, exposed on the surface of the growing particles [42]. According
to a successive general interpretation of the sol-gel transition, this latter
is governed by the aggregation of oligomers, acting as “micelles tem-
plated by self-assembly of ligands”, rather than further hydrolysis and
condensation [43]. This process was confirmed to be strongly dependent
on the chemical nature of both ligand and solvent [44]. In 1-propanol
the Ti-dbm sols, bearing exposed phenyl rings, formed precipitates
after the addition of water [27]. Conversely, the introduction of cyclo-
hexane, lowering the medium polarity with respect to pure propanol,
improved the affinity between solvent and ligand and then the disper-
sion of the surface-functionalized oligomers. This promoted the forma-
tion of homogeneous chemical gels, even at the lowest dbm/Ti ratio,
confirming the effectiveness of dbm as stabilizing ligand, likely related
to the steric hindrance and nonpolar exposed groups. The gelation times
for the three samples increased with the complexing ratio, from about
one minute (T-dbmO005) to a few hours (T-dbm02), in agreement with
the role of the ligand in modulating the growth rate of the
three-dimensional network.

3.2. Physicochemical properties

The structural and chemical features of the hybrid xerogels were
studied by XRD, FTIR, and thermal analysis. A representative XRD
pattern (Fig. S1) shows that the samples have an essentially amorphous
nature, as commonly found in gels dried at low temperature. The FTIR
spectra of pure dibenzoylmethane and the hybrid samples are displayed
in Fig. 1. Due to the prevalent enol form of Hdbm in the solid state,
stabilized by the formation of an intramolecular hydrogen bond, no
evidence of C=0 groups is seen in the 1600-1800 cm! region [45]. The
lack of such bands in the spectra of the hybrids supports the expected
coordination of dbm as enolate. As a consequence, most of the dbm
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Fig. 1. FTIR spectra of pure dibenzoylmethane and the Ti-based hybrid sam-
ples. The intensities of the latter spectra are normalized with respect to the band
of Ti-O stretching, centred around 600 cm™.

vibrations are not noticeably shifted with respect to the pure molecule.
The spectra match those recorded on TiOz-dbm films and powders [27,
36]. Thus, the bands between 1595 and 1480 cm™ can be assigned to
symmetric and asymmetric stretching vibrations of C-O bonds involved
in the coordination, some of them being combined with vibration modes
of the phenyl ring [46]. It can be noted that the intensity of the bands
due to the organic ligand tends to increase relative to the Ti-O stretching
band (the broad feature below 900 cm'l) with the increase of dbm/Ti
nominal ratio. The band appearing in the hybrid samples at 1362 cm™!
follows the same trend, sustaining its attribution to the Ti-dbm complex.
Consistent with the FTIR spectra, a bidentate chelating coordination
occurs, which is the most thermodynamically favoured binding mode
according to DFT modelling of a dbm-modified TiO9 surface [27]. The
presence of Ti-OH groups is attested by the broad O-H stretching band
around 3300 cm™. The bands in the ranges 2800-3000 and
1000-1200 cm™! are associated with residual alkoxide groups and
organic solvent molecules (mainly 1-propanol) trapped in the gel
structure after the low-temperature drying (50 °C).

At the prospect of using the materials in water decontamination, the
stability of their hybrid structure in an aqueous medium was tested by
repeated washing, as detailed in the Experimental. After each contact
with water, the supernatant was analysed by UV-vis spectroscopy to
check the possible release of the organic component in the liquid phase.
The results for T-dbmO02 (Fig. S2) show the appearance of a rather weak
absorption band centred at 230-240 nm, whose intensity decreases
upon consequent washing stages, becoming very low after the third one.
That band cannot be attributed to Hdbm, as the molecule has an ab-
sorption centred around 336 nm, nor to the alcohols and cyclohexane,
which do not absorb above 200 nm, thus a possible explanation is the
occurrence of a partial self-oxidation of dbm, forming small amounts of a
by-product, for example, benzoic acid [47]. To prove that this possible
phenomenon is marginal and does not significantly affect the organic
ligand, FTIR spectra were recorded after the third washing (Fig. S3). The
signal appeared almost unaltered, except for the disappearance of the
abovesaid solvent-related bands, with only a slight reduction in the
relative intensity between the peaks of dbm and the one linked to the
oxide matrix. Similar results were confirmed for the other two samples,
attesting a good resistance of the Ti-dbm complex complex to hydrolysis,
whose strength is related the electron delocalization of chelated dbm in
the enolate form.
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Thermogravimetric and differential thermal analysis (TG-DTA) was
carried out to further examine the composition of the hybrid materials
and assess their thermal stability. The TGA curves of the three TiO-dbm
xerogels are displayed in Fig. 2a. Their mass loss occurs in three main
steps. The first, in the range of 50 — 200 °C, is due to the volatilization of
adsorbed water and solvent molecules. The major and steepest mass loss
event, around 21 wt% for all samples, with an inflection point at about
280 °C, is associated with an endothermic DTA peak (Fig. 2b) and cor-
responds to the thermal degradation of most of the organic phase,
consisting in dbm and a fraction of non-hydrolyzed alkoxide. Finally, the
third mass loss, which increases with the nominal ligand content (see
Table S1), takes place from about 350 °C to 450 °C in T-dbm0O5 or up to
520 °C in the other two samples and is likely related to the pyrolysis of
carbonaceous residues [24,48]. To confirm this interpretation, FTIR
spectra on the T-dbmO1 sample heated in nitrogen up to 240 and 300 °C
were recorded (Fig. S4). The former reflects the spectrum of the as
prepared gel, confirming the thermal stability of Ti-dbm complexes,
whereas the latter shows clear modifications, with the disappearance of
some bands related to the complex, indicating that between 240 and
300 °C the decomposition of the ligand occurs. Even if the overall mass
losses are comparable, the thermal profiles suggest that the dbm content
in the samples actually approaches the nominal values (corresponding to
9, 18, and 36 wt% for T-dbm005, T-dbm01, and T-dbm02, respectively).
The larger overall mass loss of T-dbm005 compared to T-dbmO1 can be
explained by a larger content of adsorbed water, residual solvent mol-
ecules and alkoxide ligands retained in the formed sample. Indeed,
T-dbm0O05 shows the highest mass loss below 200 °C (see also Table S1).
This observation agrees with FTIR spectra, as the features due to the
solvent and alkoxide the appear relatively more intense for T-dbm005
than T-dbmO1 (Fig. 1). The crystallization of the amorphous matrix,
evidenced by exothermic DTA peaks, occurs as soon as the removal of
organic components is completed, hence shifting from about 400 °C for
T-dbmO005 to 480-500 °C for the other two materials.

The optical properties of the hybrid materials were evaluated by
means of DR UV-vis spectroscopy (Fig. 3). Beside the typical absorption

100
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Fig. 2. (a) TGA and (b) DTA curves of the hybrid materials recorded in a ni-
trogen atmosphere.
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band of titanium oxide in the UV range [49], an additional band, centred
at about 395 nm with a tail reaching 480-500 nm, is evident in all
samples. Hdbm absorbs mainly UV light, with a maximum at 340 nm
attributed to n-n* transitions [50], therefore the new feature, whose
intensity grows with the dbm content, demonstrates the occurrence of a
ligand-to-metal charge transfer (LMCT) between dbm and titanium. It
can be described as a partial transfer of electron density from the HOMO
of the bonded molecule to the Ti 3d orbitals composing the conduction
band of the oxide. This observation is in agreement with the previously
studied gel-derived TiO3-dbm materials and with the DFT calculations
on this system [27]. The apparent band gap energy resulting from the
additional electronic transition, estimated by Tauc plot elaboration
considering an indirect gap (see Fig. S5), is about 2.6 eV. The DRUV-vis
spectra confirm that the TiOp-dbm powders can absorb a fraction of
visible light, consistent with their bright yellow colour (see the inset in
Fig. 3), owing to the LMCT complex providing photosensitization.

The ability of the TiOp-dbm hybrid xerogels to produce and immo-
bilize radicals was examined by EPR spectroscopy. All the spectra
(Fig. 4), acquired at room temperature without any pre-treatment of the
powders, show the typical lineshape and g-factor values of the super-
oxide anion radical (03") adsorbed on the TiO, surface. Similar EPR
spectra were observed after contact with HoO5 and/or photoirradiation
on TiOy as well as other Ti**-containing materials, like titanium silica-
lite TS-1 [51,52] and SrTiO3 [53], or dysprosium-doped TiO, modified
with salicylic acid [54]. Anyway, in these works neither long-term sta-
bility of the radicals nor oxidative activity without irradiation were re-
ported. The three g values that characterize the recorded signal
correspond to those of TiOz-acac samples, indicating that the O3 radi-
cals are localized on similar surface sites [25]. It can be seen that the
intensity of the signals clearly increases with the dbm/Ti ratio. The
relative spin concentrations, namely the density of radical species, are
estimated to be about 1.1e10'6, 1.9¢10'®, and 2.710'® spin/g for
T-dbm005, T-dbmO01 and T-dbm02, respectively. These values are about
one order of magnitude larger than the one found for TiOs-acac mate-
rials, confirming the superior efficiency of dbm in the generation and
stabilization of superoxide radicals [27]. Along with the increase of
radical density with the dbm content, these results point to the funda-
mental role played by the charge transfer complex and by the charge
delocalization related to the molecular structure of dbm in the reduction
of adsorbed O».

The presence of the superoxide radicals was monitored in time by
repeating the EPR measurements after storing the powders for different
times in test tubes in the lab. After about one year the EPR signals were
still visible, although with lowered intensity. The decrease was found
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Fig. 3. DRUV-vis spectra of the hybrid samples and pure dibenzoylmethane,
reported as the normalized Kubelka-Munk function of reflectance. In the inset,
the picture of a T-dbmO02 xerogel is shown.
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Fig. 4. EPR spectra of the TiO,-dbm hybrid samples, recorded in the air at
room temperature.

more significant for T-dbm005 and T-dbmO1 than for T-dbm02. In the
latter sample, the signal was clearly detectable also after 2 years of
storage, as shown in Fig. S6. This result attests to the outstanding ability
of this hybrid material to preserve reactive oxygen species on its surface,
in line with previous findings on the TiOz-acac system [25]. The
immobilization of O35 radicals was demonstrated to enable the materials
to degrade organic pollutants [24,25] and even to support anticancer
therapy, as reported for ZrO, nanoparticles modified with acac and
hyaluronic acid [55]. Ultimately, T-dbm02 proved to be the sample
providing the highest yield and stability of superoxide radicals and
showing at the same time the most intense visible light absorption, as
both these properties are related to the concentration of Ti-dbm com-
plexes. Therefore, this hybrid material composition was selected for the
investigation of the degradation activity in aqueous solution.

3.3. Removal of methylene blue dye from water

Owing to its extensive use as a dyestuff in textile industries, meth-
ylene blue (MB) was chosen as a model compound to carry out the
removal tests. MB can exert toxicity on aquatic life and cause potential
adverse effects and dermatological diseases in humans [56]. The
removal tests were carried out in batch systems using T-dbm02 and
commercial TiO5 (P25) as reference material, investigating the effect of
different operating conditions, namely pH, sunlight radiation, contact
time, and stirring, on the decolourization of the solution.

3.3.1. Effect of pH

MB is a cationic dye and its interaction and reactivity with solids are
known to be influenced by pH [57]. For this reason, the first series of
experiments was performed to individuate the optimal pH for its
removal. Fig. 5 displays the results collected by keeping the suspension
in an orbital shaker (40 rpm), under sunlight radiation, at a pH ranging
from 5 to 9. Both TiO2-dbm and P25-TiO5 could remove a considerable
fraction of MB in 1 h. In all cases, the removal percentage obtained with
the hybrid sample was higher in comparison to that observed with P25.
The removal efficiency was significantly dependent on pH, as the
amount of disappeared dye increased with pH, following a similar trend
for both materials.

The variation of pH affects the charge distribution of both the dye
and the titania particles. MB is mainly found in its undissociated form
(MBO) in an acidic solution, whereas its cationic form (MB™) pre-
dominates in the neutral and basic environment [58]. The effects of the
ligand (dbm) on the surface charge of TiOs-based materials were
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Fig. 5. Effect of pH on the sunlight-mediated removal of MB after 60 min in the
presence of TiO-dbm and P25-TiO,.

evaluated by measuring the surface zeta ({) potential of T-dbm02 and
P25 as a function of pH, as reported in Fig. 6. The surface charge of
hydrous oxides is influenced by the presence of the “charge determining
ions” (H" and OH"), hence by the acidity of the established hydroxyl
groups. Therefore, when pH < PZC (point of zero charge) the surface is
positively charged, while in the case of pH > PZC it is negatively
charged. Fig. 6 shows that the {-potential curve of P25 is coherent with
the behaviour reported in the literature, with a PZC of about 7 [59-61].
The presence of dbm in the hybrid structure shifts the PZC value of
T-dbmO02 towards a lower pH value (about 4.5). The overall result is a
negatively charged surface over a wider pH range, compared to the bare
titania. This behaviour is reflected in a higher affinity, due to electro-
static attraction, between the dye (MB™) and the hybrid sample,
compared to MB' and P25. Further experiments to assess the effects of
other process parameters were performed keeping a pH value of 9.0,
being the removal of MB more efficient under alkaline conditions.
However, it is worth noting that at pH 8 the efficiency is very close to
that observed at pH 9, also in repeated cycles (see Section 3.3.3), indi-
cating that the material can be effective also in a system not far from real
environmental conditions, as the pH of natural freshwater is often
slightly alkaline, depending on the dissolved species, temperature and
other variables [62].
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Fig. 6. Zeta potential of synthetized T-dbm02 (square red line). The zeta-pot
curve of P25-TiO, (circle black line) is also reported as reference material.
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3.3.2. Effect of sunlight exposure

To understand the effect of light on the dye removal mechanism,
experiments were conducted under natural sunlight and in the dark. As
reported in Fig. 7a, the results indicate that under sunlight exposure, T-
dbm02 leads to a higher MB removal (up to 98% after 2.5 h) than in the
dark. In the control photolysis test, no MB degradation was observed
under sunlight radiation in the absence of a catalyst (data not shown).
Therefore, the hybrid material can be considered as a photocatalyst
active in the degradation of MB under solar radiation. Again, the ob-
tained removal fraction was higher than that recorded with P25 TiOj:
for example, after 1 h, the percentage of removed dye was 73% for T-
dbmO02 and 52% for P25. The relatively good activity of the latter is
probably due to the portion of UV radiation contained in the solar
spectrum. P25 TiO4 does not usually show photocatalytic activity under
visible light, however, it is known to be highly efficient under UV irra-
diation, which can lead to the degradation rate observed in the adopted
experimental conditions.

It is important to remark that the hybrid titania showed significant
efficiency also when the tests were performed in the dark. As a matter of
fact, about 56% of the MB was removed in 2 h in the presence of T-
dbmO02, whereas the dye concentration was almost unchanged in the
presence of P25 (Fig. 7a). The occurrence of a chemical transformation
of MB rather than its simple surface adsorption also in the absence of
light, suggested by the combination of EPR and zeta potential analysis
(vide supra), is also supported by the results of repeated removal ex-
periments (see Section 3.3.3). After each batch test, the water used to
wash the catalyst has been analysed for the concentration of MB
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Fig. 7. (a) Effect of the sunlight exposure time on the MB removal at pH 9 on T-
dbm02 and P25 TiO, as reference. (b) Repeated batches of MB sunlight-
mediated removal in the presence of T-dbm02 at pH 9. After the 7th reuse, a
regeneration treatment of the catalyst was performed. The dotted lines are
guides for the eye.
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released. The amount of MB released was in any case less than 1% of the
amount removed from the liquid solution during the previous batch test.
This result is inconsistent with the hypothesis of adsorption equilibrium
and suggests that a negligible fraction of MB is removed by pure
adsorption.

The trends of the experimental data in Fig. 7a were reasonably
described by adopting a first-order kinetic model (Eq. 1 in the Experi-
mental), showing a correlation coefficient higher than 0.88. The corre-
sponding values of the apparent first-order rate constants are reported in
Table 1. It can be observed that the first-order rate constant (k) of T-
dbmO02 is 62% higher than that of P25. Comparable rate constants were
reported for the photodegradation of MB over a large number of TiO»-
based heterostructures [4]. Representative results from publications
about the degradation of MB under sunlight or visible light using
modified TiO, (doped, metal-loaded, coupled with other semi-
conductors, sensitizing dyes or carbon materials) are summarized in
Table S2. It is worth noting that the removal rate constant in the absence
of light is still almost one third of the value found under sunlight.
Because of the activity of TiOy-dbm in the dark, in contrast to conven-
tional photocatalytic materials, here the relative contribution of
adsorption and chemical degradation on the decay of MB concentration
are difficult to distinguish, so the apparent rate constants are referred to
both phenomena that likely occur simultaneously. In the case of
TiOz-acac particles embedded in a PVP-silica electrospun mat, a similar
MB concentration decay in the dark was better fitted by a modified
pseudo-first order model [63], possibly because of the contribution of
the SiO3 nanoparticles to the adsorption step.

3.3.3. Long-term stability and regeneration of the hybrid material

To assess the activity and stability of TiOy-dbm under long-term
operation and cycling, two sets of experimental tests were performed.
The first consisted of repeated batches lasting 1 h and performed at
different pH values, to verify whether the performances of the material
change during the reuse in different environments. The results gathered
at pH 9, depicted in Fig. 7b, highlight a progressive reduction of the MB
removal capacity, which was initially slow and then became marked
after 5 cycles. A gradual decay of the performances was observed
whatever the pH adopted, though it was relatively milder at low pH
(Fig. S7). At the 7th reuse, a regeneration procedure was carried out by
simply washing in water and fully drying the powders, as described in
the Experimental. Consequently, in the successive batch, the MB
removal capacity of the samples used in alkaline conditions was
remarkably improved (90% of the initial removal efficiency was
recovered at pH 9), whereas no appreciable changes were observed in
the samples tested in acidic solution, namely at pH values close to the
PZC of the material (see Fig. 7b and S6). The deactivation of the catalyst
can be caused by several factors. The likely accumulation of strongly
adsorbed dye molecules and degradation products on the surface and in
the pores of the material could be partially counteracted by the regen-
eration treatment, useful for removing adsorbed species. In addition, a
gradual modification of the surface chemistry of the hybrid titania,
depending also on pH, cannot be excluded considering the involvement
of dbm ligands in charge transfer complexes and the consequent possi-
bility of their self-oxidation after prolonged processing [64].

To further investigate the long-term stability of the catalytic material
under operating conditions, the second set of experiments was carried

Table 1
The pseudo-first order rate constants of the MB removal experiments reported in
Fig. 7a.

Sample Conditions k-10%, min™
T-dbm02 sunlight 2.31
P25 sunlight 1.43
T-dbm02 dark 0.69
P25 dark 0.02
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out keeping it in water at pH 9, either exposed to sunlight, following the
natural diurnal cycle, or in the dark. The samples were periodically used
for a MB removal test and then stored in water again. The role of me-
chanical stirring of the suspension was also examined. A series of long-
term runs was performed using an orbital shaker, at a relatively slow
mixing speed (40 rpm). The experimental results, reported in Fig. 8a,
show that, under sunlight, increasing levels of removal were obtained in
the first 3 batches. In the subsequent batches, a slow reduction of dye
removal was observed. It can be noted that this trend is quite different
than the one previously analysed (Fig. 7a). It is tricky to interpret the
initial lower activity observed in these conditions. The apparent acti-
vation of the photocatalyst in the first runs could be related to the
progressive removal of some residual organics adsorbed on the xerogel
surface, leading to the exposure of more active surface sites, whereas the
subsequent decrease might be explained assuming that the dbm ligands
undergo progressive self-degradation and depletion during long-term
operation and recycling. In any case, it should be considered that in
the sunlight-driven experiments the weather (hence the solar radiation
intensity and continuity) is an additional variable that can cause fluc-
tuations in the measured activity. Still, the extended storage in water
allowed the removal of high fractions of MB, even after 6 cycles. The
tests carried out by keeping the system in the dark showed lower MB
removal efficiencies, which undergo a progressive reduction after the
second batch. This is probably due to a decrease in the superoxide
radical concentration, as their possible regeneration in solution from
dissolved O is less effective than in air. The light irradiation is supposed
to play a role, even if indirect, in the process, by activating the interfacial
charge transfer. When carrying out the test in the absence of titania, no
significant decolouration of the solution was observed.

A subsequent series of tests was performed using a magnetic stirrer at
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Fig. 8. MB sunlight-mediated removal obtained in the presence of TiO,-dbm at
pH 9, keeping the material in water in different stirring conditions: (a) rotary
shaker at 40 rpm mixer speed; (b) magnetic stirrer at 200 rpm.
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a faster mixing speed (200 rpm). In this case, T-dbm02 reached a
maximum MB removal capacity at the first batch, both with and without
sunlight exposure (Fig. 8b). This behaviour could be explained consid-
ering that the mechanical stress due to the magnetic mixing caused a
partial fragmentation of the hybrid titania microparticles, as visually
observed after these experiments. Consequently, the surface/volume
ratio of the particles was increased, and the surface activity was thus
promoted. The fraction of MB removed after the first batch (about 95%)
was comparable to the maximum value observed when using the lower-
speed mixing. On the other hand, the subsequent decrease of the MB
removal efficiency is faster, leading to a complete loss of activity after 6
batches under sunlight and 4 in the dark. This faster deactivation can be
attributed to the acceleration of all the contributing processes, including
the poisoning of the active sites and the alteration of the organic
component of the hybrid catalyst. However, it is worth noting that the
cumulative MB removed during 4 batches in the dark with stronger
stirring is almost double than that obtained with slow mixing. When
evaluating the role of mechanical stirring in the degradation process, the
lately emerging concept of tribocatalysis can also be considered. It relies
on the ability of some solids to harvest and use mechanical energy to
promote chemical reactions, and it was recently demonstrated that even
non-piezoelectric materials, such as TiOj, can benefit from the energy
input of magnetic stirring to enhance degradation processes [65]. The
role of the stirring system and parameters as well as that of the reactor
configuration are worth of further investigation.

3.3.4. Possible degradation mechanism over TiOz-dbm

The results of the MB removal tests presented above clearly indicate
that the disappearance of the dye in a suspension of the TiOy-dbm
particles cannot be ascribed to mere surface adsorption, since it would
not be consistent with the enhanced activity under sunlight (though the
adsorption on a semiconductor can be influenced by irradiation [16])
and the quite repeatable removal capacity in long-term experiments.
Adsorption is indeed considered a fundamental step in heterogeneous
degradation reactions, as the action of the reactive oxygen species
produced at the surface of the catalyst is supposed to be exerted mainly
on adsorbed substrates. MB can adsorb on solid surfaces not only by
electrostatic attraction but also through hydrogen bonding, n-n electron
interaction, and hydrophobic interactions [7]. Hence the functionali-
zation of oxide surfaces is often employed to improve the adsorption,
and studies on silica modification showed that the introduction of hy-
drophobic groups favours MB physisorption [66,67]. The TiO-dbm
xerogel surface is negatively charged already at neutral pH (see Fig. 6)
and presents both abundant hydroxyl groups (see Fig. 1) and exposed
aromatic rings of the dbm molecules, which provide it with a marked
hydrophobic behaviour. All these features can promote the adsorption of
the dye by different kinds of interaction.

Under solar radiation, a typical photocatalytic mechanism can be
envisaged to occur, as illustrated in Scheme 2: dbm acts as a photo-
sensitizer through a direct interfacial charge transfer, enabling the ab-
sorption of a portion of visible light by the hybrid titania, and the
consequent separation of electron/hole pairs. Then photogenerated
holes in the valence band can produce hydroxyl (*OH) radicals from
water or hydroxide ions, while photogenerated electrons in the con-
duction band can generate O3 radicals from dissolved O,. Both these
ROS were reported to be active in the MB degradation processes,
depending on the tested material and conditions, and the direct oxida-
tion of adsorbed molecules by holes cannot be excluded [4].

On the other hand, the oxidative degradation activity observed in the
absence of light, previously reported for ZrOj-acac and TiOy-acac hy-
brids, is rather uncommon. In these conditions, the stably adsorbed
superoxide radicals detected by EPR (see Fig. 4) are expected to play a
leading role. It is known that O3™ tends to be protonated to hydroperoxyl
(HO3) radical in water solution and then to be converted into *OH [8], as
was proven to occur also in suspensions of TiOz-acac and rosin-modified
TiO5 kept in the dark by EPR spin trapping measurements [25,26].
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Scheme 2. Possible general mechanism of dye degradation by TiO,-dbm hybrid material under solar radiation and in the darkness.

However, in a work showing that rutile-rich TiO2 may preferentially
produce and stabilize O3~ during the photocatalytic run, superoxide was
proposed to be more efficient and selective in the oxidation of MB
because of steric effects [68]. The prevalent role of O3 /HO3 was re-
ported also by researchers dealing with non-irradiated TiO2-H20> sys-
tems, which were found to be able to degrade MB, though less effectively
than in ambient light [69,70]. It should be emphasized that the
diketone-containing hybrid oxides do not need any radical source except
O, for the generation of ROS. Ideally, the redox cycle could be closed by
an electron donor in solution (such as an organic compound) that re-
stores the initial electron distribution at the hybrid surface. It may be
supposed that, beside carrying a certain amount of superoxide radicals
adsorbed on its surface, the material is able to generate them also in
water suspension, by reduction of dissolved oxygen molecules, thus
sustaining the oxidative degradation during prolonged contact with
water. This hypothesis is supported by a stoichiometric calculation,
indicating that the number of pollutant molecules degraded in the dark
tests is orders of magnitude higher than the number of adsorbed O3
radicals estimated from EPR spectra, as previously reported [25]. The
importance of the contact with Oz on the redox activity of the material is
highlighted by the observations that a simple regeneration by washing
in water and drying in air can extend its utilization.

The behaviour of these hybrid materials bears some resemblance to
the “photocatalytic memory” effect that has recently attracted interest in
the field. It is exhibited by heterostructures with a component capable of
acting as electron storage, accumulating electrons during irradiation
and releasing them during the dark cycle, thus maintaining considerable
activity even in a few hours of darkness [21,22]. Such “round-the-clock”
photocatalytic systems were obtained also coupling TiOy with some
other semiconductors and used for degradation processes [18,20]. In the
studied hybrid semiconductors, the organic ligand can be seen as a
source of additional charge and the surface-immobilized superoxide
radicals as a kind of electron storage, however, their generation seems to
be possible both under ambient light and in the absence of photoexci-
tation, as illustrated in Scheme 2. The development of hybrid
oxide-based heterojunctions and their immobilization on suitable sup-
ports are among the possible steps to further advance the efficiency and
applicability of these systems.

4. Conclusions

The coordination of titanium by dibenzoylmethane in an amorphous
oxide network results in a solar photocatalyst able to trigger oxidative
degradation even in the absence of light. The Ti-dbm charge transfer
complex simultaneously activates visible light absorption and promotes
the formation of extremely stable superoxide radicals by reduction of
molecular oxygen. Higher is the organic ligand content, larger is yield of
radicals, and longer their storage on the material’s surface. The TiO2-

dbm xerogel with a nominal dbm/Ti ratio of 0.2 exhibits a superior ef-
ficiency in the removal of methylene blue from aqueous solution
compared to the reference P25 TiO5 under natural sunlight (62% higher
apparent rate constant). Intriguingly, it has also a considerable activity
in the dark. Repeated batch tests show that in optimal conditions TiO»-
dbm can keep a removal efficiency above 80% for at least four consec-
utive cycles and recover most of the activity after a simple regeneration
treatment by washing in water and drying in air. The negative surface
charge at near-neutral pH makes TiO,-dbm suitable for the removal of
cationic contaminants, taking advantage of electrostatic interactions,
while the phenyl rings exposed at the particles’ surface may promote the
adsorption of nonpolar organic pollutants through hydrophobic and n-n
electron interactions.

The peculiar features of this hybrid semiconductor open new per-
spectives in the development of extremely versatile catalysts, able to
work under low-intensity and intermittent light sources, such as natural
sunlight, or in systems that cannot be easily illuminated (e.g., packed
bed reactors). These materials may be suitable for a variety of applica-
tions, not only sustainable and energy-saving advanced oxidation pro-
cesses for water remediation and treatment, but also more selective
reactions that require the prevalent formation of superoxide radicals.
Furthermore, these findings may inspire the design of nanomaterials for
high-performing biological and medical methodologies, for example
antimicrobial devices and photodynamic or chemodynamic therapy,
based on the controlled generation of reactive oxygen species.
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