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ABSTRACT

Photocatalytic reactions promoted by TiO, can be affected by a large number of oxide
features (e.g. surface area, morphology and phase composition). In this context, the role played by
the surface characteristics (e.g. surface acidity, wettability, etc.) has been often disregarded. In this
work, pristine and Ta-doped TiO, nanomaterials with different phase composition (pure anatase and
anatase/brookite mixture) were synthesized by sol-gel and characterized under the structural and
morphological point of view. A careful characterization of the acid properties of the materials has
been performed by liquid-solid acid-base titration by means of 2-phenylethylamine (PEA)
adsorption to determine the acid site density and average acid strength. Photocatalytic tests were
performed in the degradation of paracetamol (acetaminophen) under UV irradiation and results
were discussed in the light of the detailed scenarios describing the different oxides. The surface
acidity of the samples, was recognized as one of the key parameters controlling the photocatalytic
activity. A possible molecule degradation route is proposed on the ground of GC-MS and ESI-MS
analyses.
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1. INTRODUCTION

Titanium dioxide (TiO,) finds applications in several fields of material science and
nanotechnology [1,2]. Modification and/or functionalization of its surface is a widely adopted
technique for the preparation of manifold hybrid materials, inorganic-organic devices, promoted
photocatalysts [3-6].

Different modifications of TiO, can strongly affect the properties of this material. This is especially
so in the case of TiO, applications in photocatalysis where both bulk and surface oxide features can
differently, or even divergently, affect the final performance of the reaction. The choice of the
synthetic route to obtain the oxide is often crucial in this respect.

The temperature of the oxide preparation, for instance, is one of the key parameters to be controlled
or modulated in the synthesis of a photocatalyst [7]. In fact, on one side, high temperature promotes
crystallinity and surface regularity reducing recombination between charge carriers; at the same
time, however, the growth of the crystallites and their aggregation may support loss of surface area
and porosity, lowering the active photocatalyst surface.

Recently the use of metal species was proposed to promote TiO, efficiency in photocatalytic
applications [8-10]. The introduction of metal species may relevantly modify the structural,
electronic, optical and morphological properties of the material. Besides metals of the first
transition series, the doping by niobium and tantalum was recently suggested, on the grounds of
both theoretical and experimental results, to promote the oxide photocatalytic activity, due to the
electronic configuration of their 4 and 5 d orbitals [11]. In the case of Nb/N codoped materials, the
choice of the procedure adopted to dope the oxide by the guest species appeared to be decisive: the
sample obtained by including the dopants during the oxide synthesis showed the best performance
under solar irradiation while the sample obtained by impregnation appeared to be the slowest
photocatalyst even with respect to undoped TiO, [12,13].

Apart from modifications of the bulk and electronic features of a material, the surface acidity of a
photocatalyst can be expected to appreciably affect the course of the reaction. These aspects are not
extensively debated in the literature and several apparent diverging results can be found. Both
enhancement [14-16] and decreasing [17-20] of the photocatalytic performance due to a stronger
surface acidity were reported in the case of TiO, materials. Yamazaki et al. also described a
decrease of activity of the photocatalyst due to the transformation of Lewis sites to Broensted,
during the reaction [21].

In the present work, we synthesized and characterized two pristine TiO, nanostructured samples
showing different phase composition and the two relative Ta-doped samples obtained by
impregnation. Further, a comparative analysis of the intrinsic surface acidity of the nanomaterials
by acid-base titration with adsorption of 2-phenylethylamine (PEA) probe was performed [22,23].
The results of the different characterizations are discussed in the light of the samples photocatalytic
performance in the oxidative degradation of paracetamol. The choice of the target molecule is to be
considered in the context of emerging contaminants pollution of surface, ground and wastewaters,
which attracted much attention in the scientific community in the last few years [24—26].



2. MATERIALS AND METHODS

All products were purchased by Sigma-Aldrich and used without any further purification.
Solutions and suspensions were prepared adopting doubly-distilled water passing through a Milli-Q
apparatus.

2.1 Materials synthesis

The nanostructured powders were prepared by two different sol-gel procedures.

The first procedure was previously reported elsewhere [12]. In brief, in a three-necked flask,
isopropanol and Ti(IV)isopropoxide were mixed and then the Ti precursor was hydrolyzed by
dropping a HCI aqueous solution at pH = 3 in 30 min under vigorous stirring. The sol was kept
under stirring for 1 h and successively put in an oven at 90 °C to dry. The recovered powder was
finally calcined at 400 °C for 6 h under O, flux (9 NL h™). The sample was labelled T. An
impregnation method in a TaCls water-ethanol solution was adopted before the calcination step to
obtain the corresponding Ta-doped sample, with a molar ratio Ti/Ta = 1 %. The Ta-doped sample
was labelled TTa.

The second procedure [7] implied the formation of a Ti(IV)isopropoxide and acetic acid mixture in
a three-necked flask and a successive drop-by-drop hydrolysis with water under vigorous stirring,
for 30 min at 0 °C. The sol was kept under stirring for 1 h and later put in an oven at 70 °C for 3 h
and then at 100 °C to dry. Finally, the amorphous powder was calcined at 400 °C for 6 h under O,
flux (9 NL h™"). The sample was labelled TAC. The same impregnation procedure described above
was adopted to obtain the sample doped with Ta. The Ta-doped sample was named TTaAC.

2.2 Materials Characterization

X-Ray Powder Diffraction (XRPD). The nanomaterials were characterized by XRPD
experiments. A Philips PW 3710 Bragg-Brentano goniometer instrument equipped with a
scintillation counter and 1° divergence slit, 0.2 mm receiving slit, and 0.04° Soller slit systems was
adopted. Graphite-monochromated Cu Ko radiation at 40 kV x 40 mA nominal X-ray power was
employed. 0:20 scans were performed between 20° and 90°. The phase composition was determined
by a least-square approach to refine the theoretical line profile until it matches the measured XRD
pattern. In the present work, the Quanto software, developed by C. Giacovazzo, A. Gagliardi et al.
at the University of Bari, based on the Rietveld refinement, was adopted. Background was modelled
using a Young polynomial, while experimental points were interpolated using a Pearson VII
function. 26—zero shift background coefficients, cell constants, scale factor, FWHM and other terms
were refined using a least squares approach.[7]. The average crystallite size of the anatase phase
was estimated applying the Scherrer equation on the (101) peak.

High resolution transmission electron microscopy (HR-TEM). The transmission electron
analyses were performed using Zeiss Libra FE 200 keV, equipped with in column second
generation Omega filter for energy selected spectroscopy. The TEM samples were prepared
following this procedure: first the nanostructured powders were finely smashed in a mortar, then
suspended in isopropanol and finally sonicated 15 minutes. Immediately after sonication process the
suspensions were dropped onto a holey carbon coated copper TEM grid. All specimens were dried
at room temperature for 24 h. The micrograph analyses were performed using the iTEM (TEM
Imaging) Platform software (Olympus). The equivalent diameter was estimated calculating the
median of the distribution.



Specific Surface Area and Porosity Determinations. A Coulter SA3100 apparatus was used
to determine specific surface areas by the Brunauer-Emmett-Teller (BET) method. Before the
measurement the samples were outgassed at 150 °C for 2 h under vacuum. Pore size distributions
were determined from the desorption isotherms by the Barrett-Joyner-Halenda (BJH) method.

X-ray Photoelectron Spectroscopy (XPS). An M-probe apparatus (Surface Science
Instruments) was adopted to perform X-ray Photoelectron Spectroscopy (XPS) analyses, employing
a monochromatic Al Ka radiation (1.486 keV) with spot size of 200 um x 750 um and pass energy
of 25 eV. Internal referencing at C 1s (284.6 eV) was adopted to correct for charge build-up. Ta
content was determined by elaboration of Survey spectra.

Surface acidity measurements. Experiments were performed in a modified liquid
chromatograph (HPLC), equipped with a UV detector coupled to a personal computer for the
collection, storage and processing of the data, especially set-up for realizing acid-base titrations in
liquid-solid phase [23]. For each experiment, a weighed amount (ca. 0.1 g) of fresh sample was
introduced into the sample holder maintained in an oven for 4 h at 150 °C under flowing air, then
evacuated and filled with cyclohexane under vacuum. In each adsorption test performed at 25 + 1
°C, pulses (50 uL) of 2-phenyethylamine (PEA) solution in cyclohexane of known concentration
were sent at fixed time intervals (10 min) onto the sample at a constant solvent flow rate (5 mL min’
1). The non-adsorbed amounts of PEA after each pulse were detected up to sample saturation,
corresponding to the obtainment of chromatographic peaks of equal area.

The amount of amine adsorbed on the catalyst sample after the i-th pulse was calculated via the
following equation:

(amine adsorbed); [meq g™] = (V-C/w) (Aav- Ai) Aav Q

where V (mL) corresponds to the volume a single pulse, C (mol L™) is the concentration of the
amine solution, w (g) is the mass of the sample, A, is the mean chromatographic area at saturation
and A, is the area corresponding to the i-th pulse.

If a 1:1 adsorption stoichiometry is assumed, the total number of acidic sites corresponds to the total
amount of amine adsorbed on the sample surface.

acidic sites [meq g™'] = =i (amine adsorbed); [meq g™ (2)

After the 1 run adsorption on the fresh sample, a 2" run was performed after elution of pure
solvent for 30 min, to determine the strong acidity of the samples by subtracting the acid sites
titrated in the 2" run (weak acid sites) from those of the 1% run adsorption (total acid sites).

Suspension stability tests. The different samples were suspended in water (about 7 g L™) and
sonicated for 15 min. Successively the absorbance of the suspension at 500 nm was recorded by a
Shimadzu UV-2600 UV-vis spectrophotometer as a function of time.

2.3 Photocatalytic tests

All samples were tested in the photocatalytic degradation of paracetamol in ultrapure water,
under UV irradiation, adopting a Jelosil HG500 lamp (30 mW cm™). A 600 mL jacketed reactor
termostated at 20 °C was used. An initial paracetamol concentration of 35 mg L™ and a catalyst
amount of 0.5 g L™ were selected. An O, flux was bubbled in the reactor during the reaction (9 NL
h™). The molecule degradation was followed by UV-vis spectroscopy by detecting the decreasing
intensity of the typical absorption peak of paracetamol at 243 nm with respect to time, while Total
Organic Carbon (TOC) measurements allowed the mineralization degree to be calculated. The
reaction was followed for 2 h.



Gas Chromatography-Mass Spectroscopy (GC-MS) and Electronspray lonization Mass
Spectroscopy (ESI-MS) analyses. In order to identify reaction intermediates of paracetamol
photocatalytic degradation, both GC-MS and ESI-MS measurements were performed by using an
ISQ™ QD Single Quadrupole GC-MS (Thermo Fisher) and a Thermo Finnigan (MA, USA) LCQ
Advantage system MS spectrometer with an electrospray ionization source and an ‘lon Trap’ mass
analyser. Regarding GC-MS, the injection temperature was fixed at 250 °C with a flow of 1.2 mL
min™ and a ZB-1MS 60 m (0.25 pm 1.D.; 0.25 um thickness) column, fixing at 260 °C the transfer
line temperature and at 250 °C the ion source temperature. ESI-MS analyses were performed by
solubilizing the samples in methanol. Formic acid was added in order to enhance the sample
volatility. MS spectra were obtained by direct infusion of the sample solutions under ionization, ESI
positive by applying +3.0 kV at the entrance of the capillary with the drying gas heated to 350 °C.
Full-scan mass spectra were recorded in the mass/charge (m/z) range of 50 — 1000.

3. RESULTS

3.1 Characterization results

For all samples the phase composition was assessed by Rietveld refinement by adopting the
Quanto software [7]. XRPD analyses revealed the predominant polymorph to be anatase for all
synthesized samples (Fig. 1). The series of samples prepared by hydrolysis with HCI solution (T
and TTa) contained both anatase and brookite (ca. 60% anatase and 40% brookite), with small
variations between the Ta-doped and the undoped samples (Tab. 1). In Fig. 1 the most intense peak
of the anatase phase, (101), was labelled (6 = 25°). In the case of brookite, the (121) peak was
marked since it is the only isolated peak of this phase, not overlapping with the anatase lines (6 =
31°). Differently, the nanostructured materials synthesized in the presence of acetic acid (TAC and
TTaAC) are mainly composed by anatase, due to the action of acetic acid as promoting species, as
reported elsewhere [27]. In both cases, the presence of Ta did not seem to modify the phase
composition of the samples. Conversely, the effect of the guest species is clear on the average
crystallite dimensions, calculated by applying the Scherrer equation to (101) anatase reflections:
while pristine samples had a crystallite diameter of ca. 7 nm, Ta-doped nanomaterials reached
slightly bigger dimensions (ca. 9 nm) (Tab. 1; Fig. S1). TEM images allowed to recognize a certain
aggregation among the crystallites, found to be comparable for all samples (Fig. 2; Figs. S2-S4).
HR-TEM analyses confirmed the information retrieved by XRPD about the crystallites dimension
and the trend upon impregnation treatment (Tab. 1). We reported both the average and the mode of
the equivalent crystallites diameter, because the mode represents the more probable value and it is
more representative of the morphology of the nanocrystals. Anyway, it is not worthless to consider
also the mean size because this parameter was fully comparable with the results obtained by the
Scherrer equation (Tab. 1). The phase composition of the different samples previously obtained by
XRPD analyses, was confirmed also by the electron diffraction (ED) powder pattern (Fig. S5). Both
anatase and brookite monocrystals were identified for the T and TTa biphasic samples, by applying
Fast Fourier Transform, clearly exhibiting the typical patterns of the two titania polymorphs (Fig.
2).
N, adsorption-desorption isotherms of all samples present the typical profile of mesoporous
materials, classified as IV-type according to the IUPAC classification (Fig. 3a). The B.E.T.
calculation revealed higher specific surface area for the TAC sample (173 m? g), with respect to
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the corresponding mixed phase powder, T (153 m? g™*). In both cases, the doping procedures affect
the surface area parameter by a decrease of ca. 40 m? g (Tab. 1), in agreement with the increase of
the crystallite sizes observed by XRD and with particle aggregation shown by TEM images.
Regarding hysteresis loop shapes, TAC exhibited a strong H2-type shape, characteristic of bottle-
neck shaped pores. This profile is less marked for T, even if characterized by H2 hysteresis loop, in
its turn (Fig. 3a). Under this point of view, no significant difference was found upon Ta-doping. The
position of the hysteresis loop revealed TAC sample to have smaller pores with respect to T.
Moreover, the total porosity of the samples is observed to decrease appreciably upon Ta
impregnation in the case of the mixed phase T sample (Fig. 3b).

In the case of the Ta-impregnated samples the amount of Ta was analysed by XPS. These analyses
appear to be affected by a large noise, possibly due to the low amount of the added Ta species. Fig.
S6 reports the XPS Ta 4f region in the case of TTa. For the doped samples the experimental atomic
Ta/Ti ratio was found in the range 0.02-0.06 indicating a surface Ta enrichment due to
impregnation procedure.

The surface acidity of the four samples was evaluated by liquid-solid acid-base titration by using
PEA as basic probe. All the obtained results are collected in Fig. 4, in which the adsorbed PEA is
reported for all samples (1% run adsorption) as a function of the injected PEA. The collected curves
have hyperbolic shape with attainment of a plateau value for the adsorbed PEA, which corresponds
to saturation of all surface acid sites. In particular, the three samples, TAC, TTa, and TTaAC
showed high acidity, while T sample did not possess acid surface. As expected, the most acidic
samples correspond to those synthesized in the presence of acetic acid (TTaAC and TAC); also, the
Ta-doped sample (TTa) showed a well-developed surface acidity. Table 2 reports the results in
terms of total acid sites (meq g*) including the strong acid sites which correspond to 77%, for TTa,
84% for TAC, and 90% for TTaAC, evaluated comparing the 1% and 2" runs of PEA adsorption. As
the samples have different surface area values (Table 1), the acid site density of the samples,
calculated for surface unity (ueq m), does not follow the same ranking (Table 2, second and third
columns). The Ta-doped sample has higher acid site density than TAC with a lower percent of
strong acid sites than TAC (Table 2, fourth column).

The suspension stability in water was evaluated by spectrometry. All samples give rise to relatively
stable suspensions, the absorbance decreasing at maximum by about 6% after 1 h. The T sample
revealed to be the most stable photocatalyst. The Ta-doping procedure resulted in an increased
instability in aqueous suspension, the more so for the TTaAC sample (Fig. 5).

3.2 Photocatalytic results

While most of the literature uses dyes as model water pollutants [28,29], the present samples
were tested in the photocatalytic degradation of paracetamol under UV irradiation. In a short time-
scale (2 h) 70-80% of degradation was achieved, together with high mineralization degrees,
between 44 and 59%, depending on the sample (Fig. 6, Tab. 3). T sample revealed to be the most
efficient regarding both molecule disappearance and mineralization, although not showing the
highest surface area among the different samples. The oxidative photodegradation proceeded more
slowly for the other three samples, with small differences concerning the molecule disappearance.
Under the mineralization point of view, the TTa sample showed the lowest performance (44%),
while the other two samples exhibited similar behaviour in terms of mineralization.



While the molecule disappearance reaches values of 70-80% at the end of the photocatalytic test,
TOC data showed that only 40-60% of the organic carbon is fully mineralized in the considered
reaction time, suggesting significant presence of reaction intermediates. Figs. S7 and S8 shows the
ESI-MS spectra in the positive ion mode of the initial paracetamol solution and after 120 min of
irradiation during tests with both T and TAC samples. All spectra exhibit as main features two
peaks at m/z = 152 and m/z = 174, which can be attributed to protonated paracetamol [M + H]" and
[M + Na]", respectively. At the end of the degradation process, the intensity of the paracetamol
peaks decreases as expected. Similar results were obtained in ESI-MS spectra in the negative ion
mode (data not shown), where the main peak was at m/z = 150 (deprotonated paracetamol, [M - H]
). Upon light irradiation (spectra after 65 min, not shown, and 120 min), the presence of other ions
in the mass spectra (m/z = 79, 95, 108 and 130) becomes appreciable; these peaks, which are in
good agreement with the literature, may represent reaction intermediates, although their attribution
is difficult due to their low concentrations [30]. It is noteworthy that no significant differences in
the detected peaks could be observed between the different samples, although their relative
concentration varies. GC-MS analyses were also carried out to identify the degradation
intermediates of the reaction for the two undoped samples after 0, 65 and 120 min of irradiation.
Fig. 7 reports the MS fragmentation profiles of the main identified intermediates which are in good
agreement with previous investigations of paracetamol degradation by TiO,/UV and UV/H,0, [30-
33]. The contemporary presence of aminophenol and acetamide suggests the parallel occurrence of
competitive reaction pathways involving ‘OH radicals. In particular, the presence of acetamide
suggests an early cleavage of the -NHCOCH; moiety of the paracetamol molecule, possibly
following the attack of hydroxyl radicals at a para position with respect to the —OH group of
paracetamol [30,33,34]. The resulting hydroguinone intermediate is known to produce p-
benzoquinone by successive ‘OH oxidation, which is known to be unstable and tends to undergo
ring rupture giving rise to open ring dicarboxylic acids [35]. The detection of aminophenol supports
instead the alternative degradation mechanism proposed by Moctezuma et al. [31], involving a
deacylation reaction pathway.

4. DISCUSSION

The synthetic procedure adopted to prepare the present TiO, samples is found to markedly
affect the final oxide features and, consequently, their photocatalytic activity. The sol-gel T sample
obtained in the presence of HCI shows the best activity, although presenting a specific surface area
of 20 m? g lower than TAC (largest surface area of all samples). The photocatalytic activity is
often due to an interplay of different properties [36]. In the present case, morphological properties
alone cannot explain the observed activity sequence, as shown by the comparison of the
photocatalytic performance of the two undoped samples. The sol-gel T sample obtained in the
presence of HCI shows the best activity. Several factors can be invoked to interpret these finding.
The oxide is composed by both anatase and brookite and the presence of different polymorphs has
often been invoked to reduce recombination due to charge separation effects [37]. Moreover, the T
aqueous suspension shows the best stability in time, supporting a fast approach by the pollutant and
its intermediates. A relevant role is played by the acidity features of the present samples. The T
sample is definitely the sample showing the lowest content of acid sites. The relevant acidity of
TAC may be traced back to the large amount of acetic acid adopted to promote the anatase
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structure. The selective promotion of a given structural crystalline lattice is the result of strong
chemisorption phenomena occurring at given facets [38]. In the case instead of the Ta-promoted
samples, the pentavalent guest species promote the formation of Lewis acid Ti®" moieties, thus
enhancing the surface acidity. On the grounds of XPS results, the prevailing surface enrichment of
Ta species supports an appreciable modification of the surface properties of the metal doped
samples. The acidic features, together with the lowest value of the specific surface area, may be
invoked to be responsible for the low photocatalytic efficiency of the TTa sample. The role played
by the acid features of a photocatalyst is poorly discussed in the literature with controversial results.
For example, Kozlov et al. reported promotion of acetone photodegradation in the gas phase by
increasing the acidity of sulphate-doped TiO, [16]. Conversely, in the case of the photodegradation
of phenol in the liquid phase, Colén et al. showed a decreasing performance by increasing the
acidity of sulphated TiO, [20]. The degradation of paracetamol may show similarities with that of
phenol supporting the agreement between the present results and those by Colén et al.. The
paracetamol molecule shows a pK, of 9.38 and therefore at the pH adopted in the present
experiment (pH = 5.5) the molecule is neutral and simple electrostatic effects can be excluded. No
indications of different reaction routes among the different samples are given by GC-MS and ESI
results. Since the increasing acid features affect to a larger extent the final mineralization than the
molecule disappearance (Tab. 3), we can suggest that basic intermediates (p-aminophenol,
acetamide, etc.) may remain strongly bound at the photocatalyst acid surface sites, thus blocking the
access at the active surface.

On the grounds of the mass characterizations, the parallel reaction pathways reported in Scheme 1
can be proposed, also according to previous reports concerning TiO,/UV and H,0,/UV degradation
of paracetamol [31,34].

CH5

A

0

0
HSC/U\NHZ OH
= . | and Jor | | — OpEnTng
-H" 5
OoH

0

intermediates

0

HO'
CHy
NH NH.,
} > = HO' o
== Hy0 o
CH, OH OH

Scheme 1 — Proposed reaction pathways of paracetamol degradation.

This suggested mechanism may allow us to interpret the different role played by Ta-doped TiO, on
the photocatalytic degradation of different pollutants under UV irradiation. In a previous work, Ta-



promoted samples showed an improved performance with respect to pristine TiO, in the gas phase
degradation of ethanol, which proceeds by acidic intermediates [12].

5. CONCLUSIONS

Different TiO, samples, both pristine and Ta-doped, were obtained in the laboratory by sol-
gel procedures combined with mild calcinations. The two pure TiO, samples are composed either
by an anatase/brookite mixture or by pure anatase. The addition of Ta species by impregnation does
not modify the phase composition with respect to the relative pure oxide but it provokes an increase
in the crystallite sizes with an ensuing decrease of the specific surface area and an increase of the
surface acidity.

All samples give rise to relatively stable suspensions in water the more so in the case of the pristine
anatase/ brookite mixture. This latter sample is the one showing the lowest content of acidic groups,
while all other samples show markedly acidic features.

The photocatalytic degradation of paracetamol, an emerging pollutant, was studied in aqueous
suspensions of the photocatalysts. A balance of different factors can be proposed as the origin of the
best performance shown by the anatase/brookite pristine sample:

- highly accessible surface sites (large surface area and pore volume, excellent stability in
water);

- the presence of the two TiO, polymorphs which can reduce charge carrier recombination
effects;

- the very low content of acid sites.

The first two points can be considered to bear a general significance in the case of photocatalytic
reactions performed in aqueous media. The effects, instead, introduced by the surface acidity,
appear to be more strictly related to the physicochemical pollutant features and, mainly, to its
degradation intermediates. In fact, the study of the reaction pathway suggests the occurrence of
basic intermediate species which might remain strongly adsorbed at the oxide acid sites, thus
reducing the total mineralization of the process.
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