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Abstract: The photocatalytic degradation of the emerging contaminant paracetamol in aqueous
solution has been studied under 1 SUN (~1000 W m~2) in the presence of four commercial TiO,
powders, namely sub-micrometric anatase and rutile, and nanometric brookite and P25 (the popular
anatase/rutile mixture used as a benchmark in most papers). The rutile powder showed low activity,
whereas, interestingly, the anatase and the brookite powders outperformed P25 in terms of total
paracetamol conversion to carboxylic acids, which, according to the literature, are the final products
of its degradation. To explain such results, the physicochemical properties of the powders were
studied by applying a multi-technique approach. Among the physicochemical properties usually
affecting the photocatalytic performance of TiO,, the presence of some surface impurities likely
deriving from K3POy, (used as crystallization agent) was found to significantly affect the percentage
of paracetamol degradation obtained with the sub-micrometric anatase powder. To confirm the role of
phosphate, a sample of anatase, obtained by a lab synthesis procedure and having a “clean” surface,
was used as a control, though characterized by nanometric particles and higher surface area. The
sample was less active than the commercial anatase, but it was more active after impregnation with
K3POy. Conversely, the presence of Cl at the surface of the rutile did not sizably affect the (overall
poor) photocatalytic activity of the powder. The remarkable photocatalytic activity of the brookite
nanometric powder was ascribed to a combination of several physicochemical properties, including
its band structure and nanoparticles size.

Keywords: solar photocatalysis; advanced oxidation processes; paracetamol; TiO,; emerging contaminants;

water remediation

1. Introduction

Emerging contaminants, or more precisely “contaminants of emerging concern” [1], are
substances of different origins and types (e.g., dyes, herbicides, pesticides, caffeine, drugs,
and their metabolites, personal care products, etc.) that have been detected, not only in
wastewater, but also in drinking water, surface water (even in protected nature conservation
areas) [2], groundwater aquifers [3], and meltwater from three Alpine glaciers [4], thanks
to the development of extremely sensitive analytical and sensing method [1,5-9]. Emerging
contaminants, which can pose serious risks to both humans and the environment even
at small concentrations, occur as micro-pollutants [3,10,11], i.e., in concentration from a
few ng L~! to several g L™!, because current traditional treatments of urban water are
unable to remove them. Some of their properties, e.g., high solubility in water with low
adsorption in soil, leading to high mobility in the aquifer [12-14], make micro-pollutants

Catalysts 2023, 13, 434. https:/ /doi.org/10.3390/ catal13020434

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal13020434
https://doi.org/10.3390/catal13020434
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-7529-9906
https://orcid.org/0000-0002-4716-864X
https://doi.org/10.3390/catal13020434
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13020434?type=check_update&version=2

Catalysts 2023, 13, 434

20f19

kind of species that are difficult to immobilize and treat by traditional water treatment
methods.

Among the different kinds of emerging pollutants identified so far, pharmaceutical
products are of worldwide scientific concern due to their unpredictable impact on environ-
mental equilibrium and possible toxic effects on ecosystems [7,15-17]. Though different
countries have specific regulations concerning pharmaceutical production, administration,
and usage, the continuous aging of the population, and improvement of life quality are
leading to an increase in medicine consumption and, consequently, their occurrence in
wastewater will keep increasing [10,18,19].

Nowadays, the effects of pollution by emerging contaminants, in particular pharma-
ceutical and personal care products (PPCPs), are not well understood, since they can induce
mostly sub-lethal effects even at low dosages by affecting natural systems via direct or
cascading effects [7,12,20]. An example of the PPCPs’ effect on the natural system is their
contribution to enhancing the antimicrobial resistance of microorganisms which is a matter
of worldwide concern. Paracetamol (Scheme 1), also known as acetaminophen, N-acetyl-
para-aminophenol, and Tylenol, is a common analgesic and antipyretic medication for
mild-to-moderate pain and fever and is one of the most investigated drugs along with
ibuprofen, diclofenac, naproxen, and ketoprofen. Being available in different forms (pills,
effervescent tablets, suppositories, syrups, or injections) and generally without any medical
prescription, it is widely consumed. Paracetamol is one of the most frequently detected
compounds in secondary effluents among analgesics drugs [18] and appeared among one
of the highest concentrations of the active pharmaceutical ingredients (APIs) detected in
the analyses of 258 rivers spread all around the world with a detection frequency almost
constant everywhere [21]. Moreover, during the COVID-19 pandemic, paracetamol was one
of the most used self-medications [22]. For example, in Tyrol (Austria, EU) at the beginning
of the pandemic, its consumption doubled passing from 8000 mg/day/1000 inhabitants to
12,000-14,000 mg/day /1000 inhabitants [23], generating a higher probability of its occur-
rence in wastewater, drinking water, and fresh waters, gaining the third position in the list
of 3466 water micropollutants that deserve more global attention [10].

H
N N
H*
—
+H*
H 0

Scheme 1. Paracetamol (IUPAC name: N-(4-Hydroxyphenyl)acetamide) chemical structure and its
dissociation equilibrium in water (pK, = 9.5).

Already before the COVID-19 outbreak, in drinking water, for instance, in the U.S.,
0.002 pg L~ paracetamol was detected in 7 % of the analyzed samples and up to 10 pg. L~!
in a nationwide reconnaissance [24]. A paracetamol concentration between 0.260 and
0.010 pg L~! was detected in Spain, and a concentration of 0.045 pg L~! in the Marseille
area (France) [25]; 227 ng L1t paracetamol was detected in Rio Seke Bolivia, i.e., in fresh-
water [26], and other rivers all around the world [1,21].

For the aforementioned reasons, lowering the concentration of emerging pollutants
is important and new strategies for water remediation should be developed [27]. With
respect to non-reactive (conservative) methods, this implies the direct removal of the con-
taminant, with micro-pollutants the best results have been obtained, so far, by membranes
technology i.e., by reverse osmosis or nanofiltration [28,29]; reactive methods include ad-
vanced oxidation processes (AOPs) based on the production of highly reactive radicals,
or chemical species able to oxidize/reduce micro-pollutants may be used as stand-alone
methods or coupled to other technologies [30-32]. AOPs consist of a wide range of oper-
ative settings based on efficient redox technologies that outperform some conventional
treatments [13,33,34].
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TiO; is one of the most promising semiconductors for the photocatalytic removal
of environmental pollutants, as several organic molecules can be degraded to small frag-
ments or undergo mineralization at ambient temperature and pressure in water [31,32].
The set of reactions recognized to occur when TiO; interacts with light is reported here:

TiOy + hv — ecp +hip 1)
ecg +O2+HT — HO;»- )
ecp+ HO,-+HT — H,O, 3)
2ecp + Oy +2HT — H,0, @)
hlp + HyO - HO-+H* (5)
2 HO- — HzOz (6)
HyOy + hv - 2 HO- 7)
HyOp +ecp+HT — HO- + H,O (8)

In summary, interaction with a light of energy larger than the bandgap of TiO, pro-
motes electrons in the conduction band (CB, e) and generates holes in its valence band
(VB, hi). The photogenerated charge carriers then undergo a series of reactions producing
radical species (e.g., HO-). Two main factors decrease the photocatalyst efficiency, the
recombination of the photogenerated e, and h}j;, and the bandgap of TiO,, normally
requiring UV light, which in turn represents a small fraction of the solar spectrum. Among
AOPs methods, photocatalytic degradation [35] under solar light would be an important
challenge with an undoubtedly environmental impact, and for this application, the use
of commercially available photocatalysts could help spread this method. Simultaneously,
other photocatalysts could be engineered based on the deep knowledge of the commercially
available ones. Indeed, the photocatalytic activities of samples produced in different labs
by different syntheses are sometimes hardly comparable, whereas commercial samples
should be reliable and well-characterized to act, at least, as benchmarks, as it happens with
Degussa P25, used in most catalytic studies [36,37].

Here, we aim at studying the degradation of the emerging pollutant paracetamol under
simulated solar light (1 SUN) by using different commercial powders, namely one anatase,
one rutile, one brookite sample, and Degussa P25, hereafter referred to as P25. Notoriously,
the photocatalytic activity of TiO, is the result of several physicochemical properties. In
addition to its bandgap energy, specific surface area, porosity, type of polymorphs phase(s),
presence of heterojunctions (which can stabilize the photogenerated e and hy;,) [36-38],
the presence of Ti®* species (i.e., self-doping), surface defects, and surface charge can
contribute to the overall photocatalytic efficiency. These aspects were therefore considered
during the powders’ physicochemical characterization, along with the presence of chemical
impurities, which can have a critical photocatalytic role, as well. For this reason, a sample
of pure anatase has been obtained by a well-established lab synthesis procedure and used
as a control, as it did not contain any surface impurities [38—41].

2. Results and Discussion
2.1. Physicochemical Characterization

Figure 1 reports the XRD patterns of the studied powder samples. As expected, the
P25 sample shows the peaks of both anatase (A) and rutile (R). Furthermore, the peaks
of anatase, the Comm_A powder shows a peak at 27.43 26 value, assigned to the djq
most intense reflection of rutile (JCPDS file n° 01-071-0650), indicating the presence of
this phase, at least in traces; the Comm_R sample shows a peak at 25.3 26 value, assigned
to the djp; reflection of anatase (JCPDS file n° 01-078-2486), indicating the presence of
minor amounts of this phase, whereas the Comm_B sample only shows the peaks of
brookite. Both Comm_A and Comm_R showed sharper XRD peaks, as compared to P25,
Comm_B, and Lab_A. Accordingly, the crystallite size of the main phase, as determined by
the Williamson-Hall method (Table 1), was larger with Comm_A and Comm_R samples.
The Quantitative Phase Analysis (QPA), as carried out by Rietveld refinement, allowed
quantifying the amounts of all the occurring phases (Table 1), showing the occurrence of
some rutile (1.7 %) in Comm_A and anatase (4.6 %) in Comm_R; the phase composition of
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P25 was 88 % anatase and 12 % rutile, whereas brookite and anatase were the only phases
occurring in Comm_B and Lab_A, respectively.

A — P25

Intensity (counts/s)

20 degrees

Figure 1. XRD patterns of the studied powder samples. The main peaks of anatase, rutile, and
brookite are labeled as A, R, and B, respectively.

Table 1. Some relevant textural and surface properties of the studied powder samples as obtained by
XRD followed by ? Rietveld refinement, ® N isotherms at —196 °C, © EDX elemental analysis, ¢ XPS
elemental analysis, and € electrophoretic measurements.

Samol QPA Crystallite Size, BET SSA Viot EDX ¢ Determined XPS 9 Determined Hien ©
ample (Phase wt.%) 2 nm (£) ? (m>g-1)P (cm®g-1)P Impurities (at. %) Impurities (at. %) pHier
98.3 (A) 108.9 (0.9) K (0.16) K (2.9)
Comm_A 17 (R) 180.2 (31.7) 8.98 0.0300 P (0.27) P(27) 1.31
4.6 (A) 119.5 (12.4)
Comm_R 95.4 (R) 209.6 (8.7) 2.65 0.00554 Not detected Cl1(0.7) 2.87
Comm_B 100 (B) 23(0.7) 38.09 0.347 C1(0.03) Not detected 5.11
P25 88 (A) 19G) 51.21 0.188 C1(0.09) Not detected 6.77
12 (R) 23 (4) ’ ’ ! .
Lab_A 100 (A) 12.4 (1.3) 150 0.280 Not detected Not detected 6.07

A selected FESEM image of the Lab_A sample (Figure 2) shows the occurrence of
nanoparticles with a rather uniform size of ca. 10 nm (of the order of the crystallite
size reported in Table 1), in agreement with a previous study on a powder obtained by
the same synthesis method, which allows obtaining single phase anatase nanoparticles
of uniform shape and size [38,39]. The FESEM morphological analysis of the commer-
cial powders shows that both Comm_A and Comm_R are characterized by larger (sub-
micrometric) particles with heterogenous size. With the Comm_A sample, this was likely
due to the adopted synthesis procedure, during which K3PO; is often used as crystalliza-
tion agent [42], whereas the Comm_R particle size is because rutile tends to form larger
crystallites/particles [43]. Smaller (nanometric) particles occur in P25, forming agglom-
erates/aggregates, and small irregular nanoparticles also occur in Comm_B, confirming
the occurrence of a nanometric powder (as reported by the producer) where nanoparticles
form larger (orthorhombic) agglomerates/aggregates. With P25, Comm_R, and Comm_A,
the crystallite size (as determined by XRD) is close to the particle size (as determined by
FESEM); the larger error of the rutile crystallite size measured in Comm_A likely derives
from the small abundance of such polymorph in the sample. Comparison between the
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crystallite size and the size of the nanoparticles in Comm_B is not straightforward, due to
the peculiar nanoparticles” morphology.

Figure 2. Selected FESEM micrographs of the studied powder samples, showing particles with
different sizes, morphology, and agglomeration/aggregation.

Figure 3a reports the N, adsorption/desorption isotherms at —196 °C. The four
commercial powders show type II isotherms, typical of non-porous (or macroporous)
adsorbents; at variance with both Comm_A and Comm_R, P25 shows a (limited) hys-
teresis loop (of the H3 type), typical of non-rigid aggregates, due to the presence of ag-
glomerated /aggregated non-porous nanoparticles (vide supra), with N, condensation at
a high relative pressure (i.e., P/P? > 0.85), due to the presence of some inter-particle
meso/macropores [38,39] and, accordingly a higher SSA as compared to Comm_A and
Comm_R. The Comm_B sample shows a pronounced H1 hysteresis loop, typical of cylin-
drical pores, which may be due to nanoparticle aggregation/agglomeration, leading to the
formation of inter-particle pores, as observed by FESEM (Figure 2). The Lab_A sample
shows a type IV isotherm, with a pronounced H2 type hysteresis loop, due to inkbottle
inter-particle mesopores. A previously reported TEM study showed that the adopted
synthesis procedure brings about the formation of some intra-particle mesopores, in ad-
dition to inter-particle ones [38,39]. The BET SSA values follow the order: Lab_A >> P25
> Comm_B > Comm_A > Comm_R. Higher SSA values may be due to the occurrence of
mesopores, the size of which could affect reagents/products diffusion. The PSD (Pore
Size Distribution) curves in Figure 3b show that the three samples at higher SSA (namely,
Lab_A, P25, and Comm_B) have broad PSD and pores diameter exceeding the molecular
size of paracetamol (ca. 1.0 x 0.25 nm [44]), indicating that the whole available surface area
should be accessible to the reagent and its products (detailed in Scheme 2), not affecting
the reaction kinetics.

The physicochemical characterization reported so far showed that the commercial
powders have markedly different textural and morphological properties, which may affect
their photocatalytic performance, along with their surface properties (surface charge, func-
tional groups). Figure 4 reports the electrophoretic measurements on the studied powders;
the measured (-potential values may indicate that the particles are not very stable in suspen-
sion and tend to aggregate/agglomerate, as stable suspensions are usually characterized
by surface charge values above +30 mV and below —30 mV (dotted lines, [45]).
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Figure 3. (a) N, adsorption/desorption isotherms at —196 °C on the studied powder samples.Full
and empty symbols refer to adsorption and desorption run, respectively. (b) Pore Size Distribution of
the P25, Comm_B, and Lab_A samples, as obtained by applying the BJH method to the isotherms
desorption branch.
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Figure 4. (-potential curves of the studied powders.

P25 has a value of pH at the isoelectric point (pHjgp) equal to 6.77, in agreement
with the literature, reporting for P25 values in the 6-7 pH range [45]. The Lab_A and
the Comm_B powders have values of 6.07 and 5.11, respectively, in agreement with the
literature, reporting that brookite has slightly stronger Bronsted sites as compared to
anatase and rutile [46], leading to lower pHjgp values (as compared to anatase and rutile).

Conversely, the Comm_A and Comm_R show markedly low pHjgp values, which
could be ascribed to the presence of surface impurities, finally altering their surface charge
in water. The powders chemical composition was therefore studied using both EDX and
XPS analyses (Table 1). EDX (semi-quantitative) elemental analysis revealed the occurrence
of some K (0.16 at.%) and P (0.27 at.%) impurities with the Comm_A sample, likely due
to residues of crystallization control agents (i.e., K3PO4) that can be added during the
synthesis to obtain the anatase phase [42]; concerning the surface composition, the same
elements were detected by XPS, at a higher concentration (2.9 at.% K, and 2.7 at.% P,
respectively), confirming that the impurities are mostly located at the surface of Comm_A
particles [47], as XPS allows surface chemical analysis, whereas EDX also probes the bulk,
at least partially. Based on these results, the lower pHgp of the Comm_A sample can be
ascribed to the not negligible presence of some K3POy4-deriving impurities at the sample
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surface, in agreement with the literature showing that phosphate-rich TiO, surfaces exhibit
lower pHjgp values [48] than “clean” TiO; surfaces. No impurities were detected by XPS at
the surface of the Lab_A sample, which, accordingly, showed a pHjpp value in agreement
with literature values typical of a “clean” anatase surface.

Concerning the Comm_R powder, which showed a low pHigp, a previous systematic
literature study [49] showed that rutile particles with extremely rough surfaces may suffer
a reduction of several units of pHgp as compared to rutile particles with flat crystalline
surfaces; however, XPS analysis detected the presence ca. 0.7 at. % Cl at the surface of
Comm_R particles, and such surface impurities could contribute to the low pHjgp value
of the sample [50]. Concerning the Comm_B and P25 powders, EDX analysis probed the
presence of some Cl species, but in a small amount (0.03 at. % in Comm_B and 0.09 at %
in P25) and limitedly to some spots of the samples (the EDX data in Table 1 are, indeed,
an average of at least four/five measurements in as many different spots). XPS did not
detect impurities at the surface of P25 and of Comm_B, aside from naturally occurring
adventitious carbon. Accordingly, the measured pHipp values agree with the literature
values for brookite [46] and P25 [45], respectively.

The occurrence of surface impurities could also affect the overall photocatalytic perfor-
mance, especially if phosphate species at the surface of Comm_A are concerned [48,51-53].

Concerning High-Resolution XP spectra, the curve-fitting procedure on the Ti 2p and
Ols lines (not shown) led to the determination of the lines assigned to the surface species
reported in Table 2, showing the occurrence of Ti** ions, and of some oxygen species
expected at the surface of TiO,, namely lattice O>~, surface OH groups and O species
due to adsorbed H,O and/or C-containing compounds [54,55]. The Ti 2p spectral region
showed the typical spin-orbit splitting doublet of Ti 2p3,, and Ti 2pq, species (Table 2).
The observed splitting between the two Ti 2p lines is constant and equal to 5.7, confirming
the sole presence of surface Ti** species [56]. The line at 532.44 eV observed with Comm_A
could be due to the presence of phosphate-related oxygen atoms; correspondingly, with the
same sample, an additional line was observed at 292.5 eV, a BE typical of K* in K3PO, [57,58]
and therefore ascribed to the K 2p line.

Table 2. Results of XPS analysis concerning the surface chemical composition and the curve-fitting of
the Ti 2p and Ols lines; band-gap values, as obtained from DR-UV-Vis spectra by applying the Tauc’s
plot method and by extrapolation of the absorption onset; VB value as obtained by XPS analysis and

calculated CB energy.
Ti 2pypp/ Tauc’s Plot .
Sample O 1s BE (eV) Ti 2p3» Determined/Onset XPS;e:rerm(I:‘j;i vB CB Energy (eV)
BE (eV) Extrapolated Eg (eV) 8y
Lattice 0%~ 529.52
Comm_A OH~ 53047 Tit+ 4465‘;0366/ 3.30/3.28 254 5.83
Phosphate O 532.44 ’
Lattice O~ 529.77 ) 464.27/
Comm_R OH- 531.10 Tid+ 458 57 3.02/3.03 2.49 5.52
Lattice O*~ 529.70
P25 OH~ 531.95 T+ i%‘;ﬂ%/ 333/3.31 2.70 6.02
H,0/organic 533.51 :
Lattice O?~ 529.20 . 463.66/
Comm_B OH- 530.20 Ti%+ 457.94 3.30/3.32 2.40 5.36
Lattice 0% 529.78 y 464.28/
Lab_A OH- 531.08 Ti%+ 458 58 3.20/3.18 2.58 5.78

Figure 5a reports the Diffuse Reflectance (DR) UV-Vis spectra of the studied powders.
As expected, all the UV-Vis spectra are dominated by a strong absorption in the UV range,
due to charge transfer transition from O?~ to Ti** ions. P25 (absorption onset at A = 373 nm)
and Comm_B (onset at A = 368 nm) absorb in slightly narrower range as compared to
Comm_A (onset at A = 378 nm), Lab_A (onset at A = 388 nm) and Comm_R (onset at
A =406 nm). Figure 5b compares the corresponding Tauc’s plots, as obtained by assuming
direct transition ((F(R)*hv)?) with both Comm_R (95.0 % rutile, direct semi-conductor) and
Comm_B (100% brookite, direct semi-conductor) and indirect transition ((F(R)* hv)'/2)
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with Lab_A (100 %anatase, indirect semi-conductor), Comm_A (97.7 % anatase, indirect
semi-conductor) and P25 (88 %anatase). Table 2 compares the corresponding bandgap
values (Eg, eV) as calculated from the onset of absorption (Eg, = 1240/A) and by applying
Tauc’s plot method, showing a good agreement between the two sets of values.

a) - b) 40
N

x | §‘ 3.5
:C’ % 3.0
=] K o
o — =25
X x e
© | = R \ ¥ 20
'g 360 375 390 405 420 435 %
Yo Wavelength/nm & 1.5
E L 1.0
b 0.5

T T T T T 7 - 0.0

250 300 350 400 450 500 550 600 275
Wavelength/nm Energy/eV

Figure 5. (a) DR UV-Vis spectra of the studied powders, where dotted lines allow determination of
the bandgap energy from the onset of absorption. (b) The Corresponding Tauc’s plot, as obtained
by considering Comm_B and Comm_R as direct semiconductors, and Comm_A, Lab_A, and P25 as
indirect semiconductors, and where dotted lines allow determination of the bandgap energy from
the plot.

By considering the mathematical average of the two bandgap values calculated for
each sample and the VB (valence band) energy, as obtained by XPS, the CB (conduction
band) energy values have been calculated and reported in Table 2. The values show that the
studied powders differ not only in terms of type(s) of polymorph(s), NPs size/morphology,
surface area, porosity, and light absorption properties but also in terms of surface compo-
sition, which could, in turn, affect the photocatalytic properties, at least for the anatase
sample, as phosphate ions are recognized to have a prominent role in the photocatalytic
properties of TiO, [51,52].

2.2. Photocatalytic Degradation of Paracetamol under 1 SUN

Figure 6 reports the spectra concerning the experiments of paracetamol degradation
in the presence of 1 g L™! photocatalyst, as obtained with the four commercial samples
and with the Lab_A sample. The dotted curve is the UV-Vis spectrum of the starting
paracetamol solution. As reported in the literature, the UV-Vis spectrum of paracetamol in
water (dotted line) shows two bands at 194 and 243 nm, due to the 1 — 7* and to the n — 7t*
electronic transitions of the aromatic ring and the C=0 group, respectively [59]. A blank test
was carried out in the same conditions, but in the absence of any photocatalyst, showing,
as expected, the near nihil contribution of solar photolysis to paracetamol degradation
(Figure S1).

Before illumination with 1 SUN, in each experiment, the solution was left equilibrating
with the powders for 1 h in dark conditions and without altering the pH. At the natural pH
of the solution (pH = 5.7), the paracetamol molecule is neutral (pK; = 9.5), being negatively
charged at pH > 9.5 due to deprotonation of the phenolic group (Scheme 1). No relevant
adsorption of paracetamol was observed, as the spectrum intensity in dark conditions (not
shown) did not vary appreciably with the studied powders, indicating that the molecule
does not strongly interact with the samples surface. This is an important finding that affects
both the kinetic order of the reaction and the effect of surface impurities, especially with
the Comm_A powder, as discussed later.

Figure 6 shows that, except for Comm_R, in the adopted reaction conditions all
the photocatalysts led to (almost) complete degradation of paracetamol, as both the 194
and 243 nm bands are nearly absent after 5 h irradiation, indicating that the powders
can efficiently exploit the UV fraction of the solar spectrum. Concerning paracetamol
degradation, according to the literature, aromatic by-products form at the beginning of the



Catalysts 2023, 13, 434

90f19

photocatalytic degradation, and the final products are carboxylic acids [59-61]. Concerning
the plausible degradation mechanism(s) of paracetamol, two of them are acknowledged in
the literature [59,62], and are summarized in Scheme 2. The Scheme shows that the two most
common pathways involve either elimination of the -NH-CO-CHj group, followed by the
formation of hydroquinone and 1,2,4-trihydroxybenzene and carboxylic acids (pathway a),
or elimination of the CO-CHj group, followed by the formation of 4-aminophenol and
4-nitrophenol, before the formation of hydroquinone and 1,2 4-trihydroxybenzene and
carboxylic acids (pathway b) [59]. According to the literature, pathway a is slower and less
probable than pathway b [62].

In Figure 6, while paracetamol bands decrease, additional bands form and then
disappear, indicating the occurrence of different by-products that are, in turn, degraded
to a different extent, i.e., poorly by Comm_R, which was the least active powder, but
very efficiently by the other powders, leading to the formation of carboxylic acids, which
are the final products expected from paracetamol degradation, whatever its degradation
mechanism (Scheme 2). More specifically, with Comm_A, after 1 h reaction, the main bands
of paracetamol are removed, with the formation of by-products characterized by bands
at 215, 290, and 315 nm, which are, in turn, degraded in the next hour, when a new band
forms at 205 nm, and finally residual products absorb at 195 nm. The band at 215 nm can be
due to the formation of 1,2,4-trihydroxybenzene, forming by loss of the NH-CO-CHj3 group
(pathway b in Scheme 2) and oxidation by photogenerated hydroxyls radical, whereas the
bands at 290 and 315 nm can be due to the formation of hydroquinone and 4-nitrophenol,
respectively [59]. At a longer time, the band occurring at 205 nm can be due to carboxylic
acids, which are then degraded, and the band at 195 nm to residual acetamide molecules
deriving from the elimination of the NH-CO-CHj3 group. Comm_B, P25, and Lab_A seem
to follow the pathway b, but with Comm_B (similar to Comm_A) no residual band was
present at 290 nm after 5 h, suggesting the presence of carboxylic acids, only.

With Comm_R, a slower paracetamol degradation was observed (pathway a in
Scheme 2 [62]) in that after the formation of hydroquinone and 1,2,4-trihydroxybenzene
the carboxylic acids band was not observable.
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Figure 6. UV-Vis spectra of the starting 0.01 mM paracetamol solution and of the supernatant aliquots
withdrawn after 1, 2, 3, 4, and 5 h solar illumination with the following samples: Comm_A, Comm_R,
Comm_B, P25, and Lab_A. The photocatalyst concentration was 1.0 g L~!. The written wavelengths
indicate some bands due to the formation of possible by-products based on Scheme 2.
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Scheme 2. Paracetamol degradation pathways according to the literature, adapted from refs. [59,62].
Compounds in the boxes correspond to possible by-products identified by UV-Vis spectroscopy and
forming during the experiments in Figure 6.

Summarizing, except for Comm_R, all the powders were active toward the degrada-
tion of paracetamol, indicating a fair exploitation of the UV fraction of the solar spectrum,
especially by Comm_A and Comm_B.

Formation of by-products and their simultaneous degradation along with that of
(residual paracetamol molecules) did not allow us to carry out a more detailed kinetic study
on the data obtained with 1 g L~! photocatalyst, therefore another set of experiments was
made at a lower photocatalyst concentration, namely 0.15 g L. As expected, at a smaller
photocatalyst concentration, the degradation of paracetamol occurred to a lower extent
with the formation of some by-products that were, in turn, degraded, very efficiently with
Comm_A and Comm_B, and less efficiently with the other samples. As expected, Comm_R
was poorly active under solar illumination, due to its very low specific surface area and
the fact that electron/hole recombination easily occurs, being a direct semiconductor [43];
however, the presence of surface impurities could have a role in the activity, and thus the
powder was treated in O, atmosphere at 450 °C to remove the surface Cl species. The
procedure led to partial removal of surface Cl species (the surface at % Cl decreased from
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Absorbance

Absorbance

Absorbance

0.7 to 0.3, as determined by XPS analysis) with the oxidized sample, however, only a slight
decrease of the intensity of the 194 nm band was observed (Figure S2), indicating the
removal of some -CH3-CO groups (pathway b in Scheme 2), but the same remained poorly
active, indicating that surface Cl impurities marginally affect the (overall poor) Comm_R
activity.

Figure 7 also reports the In(C/Cp) (for Comm_A) and the C/Cj trends with time (for
the other four powders), as obtained by considering the intensities of the 243 nm band, to
determine the kinetic constants reported in Table 3. Interestingly, with Comm_A a pseudo-
first-order kinetic was observed, whereas, with the other powders, a pseudo-zero-order kinetic.
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Figure 7. UV-Vis spectra of the starting 0.01 mM paracetamol solution and of the supernatant aliquots
withdrawn after 1, 2, 3, 4, and 5 h solar illumination with the following samples: Comm_A, Comm_R,
Comm_B, P25, and Lab_A. The photocatalyst concentration was 0.15 g L~!. The insets refer to
kinetics curves as obtained by following the 243 nm band intensity (red symbols) and the 194 nm
band (black symbols).
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Table 3. Observed reaction order; kinetic constant values as determined by considering the intensity
of the 243 nm band (kp43); total paracetamol conversion as determined by considering the intensity of
the 243 nm band after 300 min during the photocatalytic tests with 0.15 g L~! powder in 0.01 mM
paracetamol solution.

Photocatalyst Re;(a)c?ii)e:v(gfder Kinetic Constant (kp3) Value Paracetjge(;lsgyocr;)ﬁlversmn
Comm_A 1 7.2 x 1073 mol L~! min~1 95 %
Lab_A 0 1.2 x 1073 min—! 34 %
Comm_R 0 5.1 x 10~* min~! 15 %
Comm_B 0 3.5 x 1073 min ! 96 %
P25 0 2.5 x 1073 min~! 63 %

In the literature, a pseudo-first-order kinetic is usually obtained for the photodegrada-
tion of paracetamol. Most papers, however, report results obtained in markedly different
conditions, i.e., under UV illumination, at different starting pH and/or by bubbling Oy,
and, therefore, careful comparison with those data is not straightforward [59,60]. The
pseudo-zero-order kinetics observed in this work with all the studied samples, except
Comm_A, is compatible with the limited supply of oxygen to the reaction, which is one
of the possible reasons for zero-order kinetic processes [63]. With the Comm_A sample,
a pseudo-first-order kinetic was observed, which can be ascribed to the different surface
charge of the sample at the natural pH of the paracetamol solution (i.e., 5.7). Indeed,
Lab_A, P25, and Comm_B are near to their pHjgp, whereas the surface of Comm_A is
negatively charged, thus can interact more strongly with some positively charged portion
of the paracetamol molecule, although this does not lead to strong adsorption processes
during the dark part of the experiments (vide supra).

Table 3 also reports the overall percentage of degraded paracetamol, as determined by
considering the intensity of the 243 nm band, showing that both Comm_A and Comm_B
outperform P25. Concerning Comm_B, this behavior may be due to the nanometric size
of its particles, whereas concerning Comm_A there is very likely a prominent role of the
surface impurities.

Concerning the evaluation of the parameters in Table 3 by following the 243 nm band,
i.e., as usually made in the literature [59], one may object that the formation of by-products
characterized by UV bands around 243 nm may affect the calculation with other types of
contaminants [64,65]. Other authors have been able to determine the actual contribution
of the bands of the contaminant (phenol) and the by-products through a careful curve-fit
procedure, not possible with the broad bands observed in our UV-Vis spectra. Therefore,
to confirm the values in Table 3, we reported as black dots the intensities of the other
paracetamol band at 194 nm in the conditions when the formation of by-products did not
perturb its position, except for P25, the 194 nm band symbols are fairly superposed to
those of the 243 nm band, confirming that at least under these adopted conditions (type
of reactor and photocatalyst, paracetamol concentration, etc.) the values in Table 3 are
reliable. With P25, ky43 is in fair agreement with the literature values [66]; the slope of the
line obtained from the intensity of the 194 nm band was higher (i.ee., 5.79 x 1073 min~!),
but with Comm_A and Comm_B only the bands of carboxylic acids were observed after
5 h reaction, confirming that the two powders outperformed P25.

2.3. About the Remarkable Photocatalytic Activity of the Comm_A and the Comm_B Powders

As compared to the Lab_A sample, the Comm_A sample is characterized by a lower
SSA, a larger Eg value larger and sub-micrometric particles, i.e., by a set of physicochemical
properties that should worsen its photocatalytic performance. To confirm that this behavior
is likely due to the occurrence of surface phosphate species, two additional experiments
were made. The Comm_A powder recovered after 5 h (Recycled Comm_A) was contacted
with a fresh paracetamol solution; in the latter, an aliquot of the Lab_A sample was



Catalysts 2023, 13, 434

13 0of 19

impregnated with an aqueous solution of K3POy (the compound used as crystallization
agent of commercial anatase) and the resulting powder (Lab_A_imp) was contacted with a
fresh paracetamol solution. Impregnation with K3PO, did not alter the phase composition,
mesoporosity, and morphology of the Lab_A_imp, but led to a slight decrease in the SSA
as compared to the parent sample (Figures S3 and S4).

Figure 8 reports the comparison of the spectra of the supernatant solutions obtained af-
ter a 1 h reaction with the Comm_A, the Recycled Comm_A, the Lab_A, and the Lab_A_imp
powders. Interestingly, the Recycled Comm_A was less active than the Comm_A, and,
accordingly, the residual surface P concentration was 0.9%, as measured by XPS analysis.
The Lab_A_imp sample was more active than the Lab_A sample, notwithstanding the low
P content (0.5 at % as determined by XPS) and the decrease of the SSA as compared to the
parent powder. Moreover, with the Lab_A_imp sample a pseudo-first-order kinetic was
observed (Figure S5), similar to the Comm_A powder, and the sample was more active
than the parent powder, at least in the first 2 h of the reaction.

f---- Paracetamol sol.
Comm_A
0.2a.u. Recycled Comm_A
Lab_A
Lab_A_imp

Absorbance

260 2&5 2%0 2;5 360 325 3%0 3;5 400
Wavelength/nm

Figure 8. Comparison of the UV-vis spectra (190-400 nm range) of the supernatant solutions taken
after 1 h reaction under 1 SUN with1 g L1 of Comm_A, Recycled Comm_A, Lab_A, and Lab_A_imp
powders in the presence of 0.01 mM paracetamol solution.

It has been reported that anatase and brookite are capable of both O, reduction to
HO;- and H,O oxidation to HO;,- [67]. On the other hand, Scheme 3 reports computational
values (Eyac) of the valence and conduction band (VB, CB) energy of the three polymorphs
of TiO, [68] addressed in this paper (namely, brookite, anatase, and rutile) and of the
paracetamol molecule HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) levels [69]. Based on such computational values, the po-
sition of the VB of the three polymorphs can help direct the oxidation of paracetamol by
photogenerated h; 5, especially by brookite, having the closest VB to the paracetamol’s
HUMO. In the present case, however, no adsorption was observed, and the direct oxidation
process seems unlikely.

Concerning the Comm_A sample, it has to be remarked that the positive effect of sur-
face phosphate ions on the photocatalytic activity of anatase has been already documented
by the literature [52] reporting that TiO, surface modification by phosphate affects the
photocatalytic degradation of some contaminants, in terms of both rates and pathways
of degradation; specifically, adsorbed phosphate ions improve the photocatalytic degra-
dation of substrates weakly interacting with the surface, akin to the present case, where
no adsorption of paracetamol has been observed, whereas the effect is opposite, if the
interaction is stronger, i.e., phosphate ions can decrease the photocatalytic activity of TiO,.
According to the literature, surface phosphate ions largely accelerate the hydroxyl radicals
attack, hindering, instead, the direct hole oxidation pathway (Scheme 3). Furthermore, the
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negatively charged surface ions are responsible for the lower pHigp [52], but also give rise
to a negative electrostatic field that promotes the separation between the charge carriers
and hampers their recombination as compared to a “clean” TiO; surface.

Calculated E . (eV)

-9 1 1 1 1
Paracetamol Brookite Anatase Rutile

Scheme 3. Calculated VB and CB values of brookite, anatase, and rutile TiO, polymorphs and
calculated HOMO and LUMO values of paracetamol [56].

Concerning the remarkable photocatalytic activity of the Comm_B sample, on the one
hand, Scheme 3 shows the favorable band alignment with the HOMO and LUMO levels
of the paracetamol molecule, which could favor the direct oxidation of paracetamol by
photogenerated h;; on the other hand, no adsorption phenomena were observed in our
experimental conditions. Therefore, we are inclined to ascribe the very good photocatalytic
performance of the Comm_B powder to a combination of its physicochemical properties,
i.e., the particle nanometric size and the peculiar (i.e, moderate) depth of brookite electron
trapping states, which, according to the literature, can reduce the recombination of photo-
generated ecp and h%; [70]. The results obtained with the Comm_B sample are indeed in
agreement with the previous literature reports on the efficient photocatalytic degradation
of other environmental pollutants by nanometric brookite samples [71,72].

3. Materials and Methods

The following commercial powders were studied: Aeroxide® TiO, P25 (P25, purity > 99.50 %,
Evonik, Frankfurt, Germany); an anatase powder (Comm_A, 99.8 % purity based on trace
metal analysis, metal traces < 2500.0 ppm, CAS number 1317-70-0, Merck-Sigma-Aldrich,
Schnelldorf Distribution); a rutile powder (Comm_R, purity > 99.9 %, based on trace
metal analysis, metal traces < 1000.0 ppm, CAS number 1317-80-2, Merck-Sigma-Aldrich,
Schnelldorf Distribution) and a brookite powder (Comm_B, nanopowder, purity = 99.99 %,
metal traces < 150.0 ppm, CAS number 12188-41-9, Merck Sigma-Aldrich, Schnelldorf
Distribution).

A sample of mesoporous pure anatase according to a micelle template assisted sol-gel
procedure detailed in refs. [35,58] (Lab_A). Briefly, two solutions, A and B, were prepared:
solution A was obtained by drop-wise adding 5.0 g Ti(OC(CHs)3)4 (titanium(IV) tert-
butoxide, 97%) to 30.0 mL acetic acid solution (20%, v/v) and vigorously stirring for about
4 h; solution B was obtained by mixing 3.0 g Pluronic P123 and ca. 20.0 mL ethanol. Solution
B was, then, dropwise added to solution A and the resulting mixture was sealed, stirred
for 24 h at room temperature, and transferred into a Teflon autoclave for hydrothermal
treatment at 85 °C for 48 h. The resulting precipitate was centrifuged, dried at 80 °C, and
calcined in air at 450 °C for 4 h.



Catalysts 2023, 13, 434

15 0f 19

An aliquot of the Lab_A powder was contacted with a 0.0 M K3POy4 aqueous solution
for 5 h under stirring at 80 °C. The powder was then kept in the oven for 1 night at 80 °C
and repeatedly washed with Milli-Q bidistilled water and finally dried at 80 °C.

An X'Pert Philips PW3040 diffractometer (Panalytical, Almelo, Netherland)using Cu
Ko radiation (20 range = 20-70°; step = 0.026° 26; time per step = 0.8 s) was used to
collect X-ray powder diffraction (XRD) patterns, which were indexed with Powder Data
File database (PDF 2000, International Centre of Diffraction Data, Pennsylvania). The
X'Pert High Score Plus 3.0e software was used to obtain both Quantitative Phase Analysis
(QPA) by applying the Rietveld method and the crystallite average size (D) through the
Williamson-Hall plot.

FE-SEM (Field Emission Scanning Electron Microscopy) micrographs were taken on
a Merlin FESEM instrument (Carl-Zeiss AG, Oberkochen, Germany) equipped with an
EDX (Energy Dispersive X-ray Analysis) probe (Oxford instruments) for semi-quantitative
elemental analysis. Typically, the sample composition has been analyzed by EDX in
four/five spots of the samples and average values have been measured.

To calculate the Specific Surface Area (SSA) Brunauer-Emmett-Teller (BET) method was
applied on N, adsorption/desorption isotherms measured at —196 °C (Micromeritics ASAP
2020Plus, Micromeritics, Norcross, GA, USA) on powders pre-outgassed at 150 °C for 4 h to
remove atmospheric contaminants and water. A Cary 5000 UV-Vis-NIR spectrophotometer
(Varian instruments) equipped with a Diffuse Reflectance (DR) sphere was used to acquire
DR UV-vis spectra of powder samples.

A dynamic light scattering (DLS) Zetasizer Nano-ZS (Malvern Instruments, Worces-
tershire, UK) was used to obtain (-potential curves by measuring their electrophoretic
mobility as a function of pH through the addition of either 0.1 M NaOH or 0.1 M HCI
solutions. The powders were suspended in ultrapure water and then, sonicated for 2 min
(10 W/mL, 20 kHz, Sonoplus, Bandelin, Berlin, Germany) and magnetically stirred for
5 min before each measurement.

X-Ray Photoelectron Spectroscopy (XPS) has been performed on a PHI 5000 VersaProbe
(ULVAC-PHI, Physical Electronics Inc., Kanagawa, Japan) instrument, equipped with
monochromatic Al K« radiation (1486.6 eV energy) as an X-ray source. Two different pass
energy values have been used for the survey (187.75 eV) and the HR spectra (23.5 eV).
During the measurements, the charge compensation has been obtained with a combination
of electron beam and low-energy Ar beam system.

All the photocatalytic tests were carried out by adding a proper amount of photocata-
lyst (corresponding to either 1.0 g L™! or 0.15 g L™! concentration) to 50 mL of 0.01 mM
aqueous solution of paracetamol (natural pH = 5.7). Simulated solar light (AM 1.5G,
100 mW cm~2) was obtained by a plasma lamp (LIFI STA-40, LUXIM, Santa Clara, CA,
USA). The illumination conditions were as follows: 1 SUN, i.e., ~1000 W m~2 in the visible
range and ~22 W m~?2 in the UV range. During the tests, the liquid /solid suspension inside
the testing tube has been continuously stirred by a magnetic stirrer at ca. 300 rpm, as re-
ported elsewhere [40]. The reaction mixture was not de-aerated although the reacting tube
was sealed, with the consequence that the atmospheric O, was always present. At constant
time intervals, aliquots of the suspension were withdrawn and immediately centrifugated
at 12,000 rpm for 12 min (Thermo Fisher Scientific SL 16R centrifuge, Thermo Electron
LED GmbH, Osterode am Harz, Germany) to obtain the supernatant solution, which was
analyzed on UV-Vis-NIR spectrophotometer (Cary 5000, Varian Instruments, Mulgrave,
Australia) to get UV-Vis spectra in the 190-800 nm range. With (more volatile) P25, the
supernatant has been re-centrifuged at 12,000 rpm for 12 min and then, separated from the
powder.

4. Conclusions

A commercial sub-micrometric powder of anatase, with a low specific surface area,
was very active towards the photocatalytic degradation of paracetamol under simulated
sunlight, likely due to the presence of surface residues of K3POy, a common crystallization
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agent. As measured in the same conditions, the powder was more active than P25, the
anatase/rutile mixture adopted as a benchmark in most of the literature studies, especially
toward the degradation of paracetamol by-products. The commercial anatase powder was
also more active than a nanometric anatase sample obtained by a lab synthesis procedure,
with a clean surface and characterized by physicochemical properties that should lead to a
higher activity as compared to the commercial anatase powder, namely a higher specific
surface area, a smaller bandgap and smaller particles. Moreover, the lab-synthesized pow-
der resulted to be more effective when modified with K3POy, confirming our hypothesis,
and agreeing with the previous literature studies on the subject. Concerning the rutile
powder, the presence of surface chlorine did not affect appreciably its poor photocatalytic
activity.

A nanometric brookite powder resulted to have a remarkable photocatalytic activity,
in terms of paracetamol degradation, despite its broader energy gap and its low specific
surface area, likely due to a combination of its physicochemical properties, namely the
nanometric particles size and the peculiar (moderate) depth of its electron trapping states,
in agreement with previous the literature reports on the degradation of other environmental
pollutants. The studied commercial powders have been characterized by a multi-technique
approach, to be able to relate their textural and surface properties to their photocatalytic
activity, to find those properties affecting the overall photocatalytic performance and that
could be developed by engineering new photocatalysts, possibly able to overcome the
limitations of commercial ones.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13020434/s1, Figure S1. UV-Vis spectra of the starting
0.01 mM paracetamol solution and of the supernatant aliquots withdrawn after 1, 2, 3,4, and 5 h
under solar illumination without any photocatalyst.; Figure S2. Trends of the C/ CO values as obtained
from the UV-Vis spectra of the starting 0.01 mM paracetamol solution (C% and of the supernatant
aliquots withdrawn at regular time intervals under solar illumination in the presence of the oxidized
Comm_R sample; Figure S3. (a) XRD patterns of the Lab_A_imp sample, showing only the peaks of
the anatase phase (A); (b) N adsorption/desorption isotherms at —196 °C of the Lab_A_imp sample,
showing type IV isotherm, with a pronounced H2 type hysteresis loop, due to inkbottle inter-particle
mesopores and a BET SSA =105 m? gfl ; Figure S4. Selected FESEM micrograph of the Lab_A_imp
sample, showing the same morphology of the parent Lab_A sample; Figure S5. Trends of the C/Cy
values as obtained from the UV-Vis spectra of the starting 0.01 mM paracetamol solution (Cy) and of
the supernatant aliquots withdrawn at regular time intervals under solar illumination in the presence
of 1 gL~! Lab_A_imp powder.
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