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In the present study, the photocatalytic degradation of naproxen (NPX), which is a nonsteroidal anti-
inflammatory drug (NSAID), frequently detected in drinking water, was investigated. The F-doped TiO2 with
defined morphology was successfully obtained from TiOF; and applied for photocatalytic degradation under
UV-vis and visible light. All samples were characterised by X-ray diffraction, scanning electron microscopy, X-
ray photoelectron spectroscopy, zeta potential, diffuse reflectance spectroscopy, and Brunauer-Emmett-Teller
surface area analyses. The effect of morphology on the photocatalytic activity of the F-TiO, nanostructures with
exposed {1 01}, {001} and {1 0 0} facets was studied. Octahedral F-TiO, particles with exposed {1 0 1} facets
revealed the highest photocatalytic activity, and degraded 100% of the initial NPX concentration after 40 min of
the photodegradation process under simulated solar light (UV-vis). Moreover, this sample exhibited the highest
TOC removal and NPX degradation under visible light (>420 nm). Based on HPLC-MS analysis, it was assumed
that {0 0 1} facets present in fluorinated decahedral nanostructures promote the formation of a dimer, which
further hinders the mineralisation rate. Therefore, decahedral nanostructures exposing {1 0 1} and {0 0 1} facets
revealed lower photocatalytic activity than octahedral F-TiO, particles with exposed {1 0 1} facets, which is also
consistent with DFT studies. Finally, toxicity assessment of post-process suspensions using Microtox bioassay
confirmed that fluorine-doped octahedral anatase particles are non-toxic, although fluorine ions were the re-
actants of the synthesis from TiOF,. Overall results showed the possibility of application of highly efficient and
environmentally safe fluorine-doped anatase photocatalysts in improved degradation of naproxen.

1. Introduction

An excessive introduction of organic contaminants to water is a
serious environmental hazard. The effluents may contain large amounts
of toxic organic compounds, which are not susceptible to treatment
using conventional methods [1,2]. Therefore, the efficient treatment of
wastewaters is an ambitious challenge. Among the group of emerging
contaminants, pharmaceuticals and personal care products (PPCP) are
extensively and increasingly being detected in the water. PPCPs can be
further classified as antibiotics, contrast agents, hormones, and
nonsteroidal anti-inflammatory drugs (NSAIDs). Their presence in nat-
ural sediments, groundwater, surface water, and even drinking water
can hinder the proper functioning of the human body and other or-
ganisms in the natural environment. The toxicity and persistence of
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some pollutants and limited drinking water resources have made it
necessary to search for new advanced treatment technologies for envi-
ronmental protection, applying innovative nanotechnology solutions to
purify water from emerging contaminants [3].

Recently, the commonly used worldwide pharmaceuticals from the
group of nonsteroidal anti-inflammatory drugs have gained attention
due to the concern of possible effects on living aquatic organisms and
humans. An example of a pain killer from the NSAIDs group, which
occurs in the environment causing an emerging problem, is naproxen
(NPX). It is a commonly used drug for treating osteoarthritis in patients,
unlike diclofenac and other NSAIDs, because at high doses, it poses a
lower vascular risk [4]. Moreover, the prolonged duration of action
resulting from a long biological half-life and no need for a prescription
are reasons for its popularity in the pharmaceutical market and, as a
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consequence, its presence in surface waters. Caban et al. have detected
naproxen in ground and surface water in Gdansk (Poland). In this study,
naproxen, next to paracetamol, was one of the most frequently detected
active pharmaceutical ingredients in drinking water [5]. Although the
established concentration of NPX was at the ngdm™2 level, it is not
completely removed during wastewater treatment processes and can
bioaccumulate and biomagnify in living organisms, which can cause
antibiotic resistance, skin irritation, endocrine disruption or neurotoxic,
and even immunotoxic reactions [6,7]. Therefore, the elimination and
degradation methods of NPX in WWTP are highly desirable. Among
water treatment technologies, heterogeneous photocatalysis is worthy
of attention because it allows for the degradation of trace amounts (at
the level of a few mg-dm ™ to several hundreds of pg-dm~3) of organic
pollutants from water or air. If photocatalysts are active under visible
light, they open up the possibility of utilising solar irradiation instead of
highly energy-consuming UV lamps. However, so far, the low quantum
efficiency under visible light and fast charge carriers recombination are
still limiting factors in photocatalysis [8].

Titanium (IV) oxide is one of the most promising photocatalysts due
to its strong oxidising potential, low cost, and long-term stability against
photocorrosion and chemical corrosion [9,10]. However, the large
bandgap energy of about 3.2 eV for anatase, and in consequence, the
capability of being excited only by ultraviolet light is a limitation for the
application of photocatalysis in the presence of solar light. In this regard,
attention has been paid to extending the optical response of TiOs-based
photocatalyst. It is of great importance to develop photocatalysts that
can be used in both UV and visible light regions. The first attitude is
doping by using transition metal cations into TiO; lattice. However, this
approach often leads to localising d-states deep in the bandgap of tita-
nium (IV) oxide, which acts as the recombination centres for photoex-
cited electrons and holes and lowers the photocatalytic activity.
Moreover, doping may contribute to unfavourably shifting the conduc-
tion band below the redox potential of adsorbates, which inactivates the
photocatalyst [11]. Therefore, doping with anions, usually non-metal
atoms, seems to be a promising alternative for structure modification
because they result in the p-states near the valence band, much like
other deep donor levels in TiO, [12].

Among modified photocatalysts, fluorinated titanium(IV) oxide has
been reported as a promising photocatalytic material, including intro-
ducing defects to crystal lattice and surface fluorination. The great po-
tential of F-TiOg results from strong complexation between F and Ti as
well as the high electronegativity of fluorine leading to more efficient
hole-induced direct water oxidation. Next to changes in surface struc-
ture, doping of TiO5 with fluorine improves its photoreactivity through
tailoring the band structure [12]. However, fluorine is toxic to the
central nervous system, and excessive exposure to this element can cause
harmful effects such as permanent damage to all brain structures,
memory dysfunction, and behavioural problems [13]. Moreover, most
described fluorinated TiO5 were synthesised using hydrofluoric acid as a
capping agent. The HF-assisted synthesis allows for stabilising
high-energetic crystal facets, but their efficiency is low due to the
etching of the anatase structure and dissolution-recrystallisation pro-
cesses [14]. Therefore, titanium oxyfluoride (TiOF3) is a desired pre-
cursor because it naturally introduces fluorine ions inside the reaction
system. Our previous study showed that the application of TiOF; enables
to control of the growth of selected crystal facets using simple stabilising
agents [15].

In this regard, in the present study, faceted F-TiO, photocatalysts
from the combination of NH4F and TiOF; were for the first time suc-
cessfully synthesised. Furthermore, the photocatalytic activity towards
NPX degradation over F-doped titanium(IV) oxide together with the
Microtox bioassay test were studied in detail. To our best knowledge,
there are no studies of the toxicity assessment of fluorinated TiOy with
defined morphology. The efficiency of proposed photocatalysts was
studied on three parameters: (i) removal of NPX under simulated solar
and visible light, (ii) total organic carbon removal and (iii) toxicity
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assessment. Finally, the role of surface structure compared with DFT
calculations and facets exposition toward NPX degradation pathway
were discussed.

2. Experimental
2.1. Synthesis of F-TiO2

The synthesis of titanium oxyfluoride (TiOF3) by a facile and HF-free
solvothermal method was described in our previous study [15]. Tita-
nium (IV) tetrafluoride (TiF4), 1-butanol, ammonium fluoride (NH4F),
sodium fluoride, and ammonia water (25%) were used as received from
Sigma-Aldrich. The synthesis of F-TiO was performed from TiOF; pre-
cursor (0.2 g) dispersed in 50 em® of deionised water. Then, TiOF
suspension was added to 50 cm® of NH4F solution in NH4F: TiOF, molar
ratios of 1:1, 2:1, 3:1, 4:1, 5:1 and 10:1. The obtained solution was
transferred into a 200 cm® Teflon-lined stainless-steel autoclave and
kept at 200 °C for 20 h, then cooled down naturally. After each reaction,
beige precipitates were centrifuged and washed several times with water
and ethanol to remove residual inorganic ions, then dried at 80 °C. The
obtained photocatalysts were denoted as A:1, where A is the NH4F:
TiOF; molar ratio used in the synthesis. In addition, the effect of fluorine
concentration was studied. In the first series, the appropriate amount of
ammonia water was added, preserving the same volume of solution
(100 cm®) as earlier. The second part included the addition of NaF as a
source of fluoride ions. In this case, the concentration of F” was the same
as in sample 10:1. Moreover, several attempts were performed with
hydrofluoric acid but without success due to etching the anatase
structure.

3. Materials characterisation

The characterisation methods applied in this work can be found in
the subsection 2.1. Material characterisation in the Supplementary In-
formation (SI).

4. Results and discussion

The powder X-ray diffraction (XRD) analyses confirmed the phase-
pure anatase crystallographic structure of the obtained photocatalysts
(see Fig. S1 in Supplementary Information). No signal for any impurities
was noticed. However, a close look into the (101) peak might suggest
that the lattice is deformed. This peak is slightly shifted, indicating the
lattice distortions due to the presence of a dopant. The more NH4F was
used in synthesis, the more remarkable shift was observed. A similar
situation occurred when NHj3 or NaF was added during the synthesis.
The lattice parameters and unit cell volumes calculated using Rietveld
refinement are presented in Table S1.

The obtained photocatalysts’ morphologies were examined using
scanning electron microscopy. Fig. 1 shows the SEM images of F-TiO;
prepared from TiOF,. Moreover, SEM observations, including the trun-
cation level and facet identification, are presented in Table S2 in SI. For
all samples, the agglomerates composed of smaller nanostructures were
observed. However, significant changes in individual photocatalysts can
be noted. Firstly, the samples from the series without additives started
the agglomeration process in hollow boxes on a bulk microparticle,
which originates from the precursor, as well as creating crystal facets.
The more NH4F was used in the synthesis, the more faces from TiOF,
cubes were unfolded, and more nanoparticles were distinguished on
microscopy analyses. Therefore, samples n:1 and 4:1 + NaF are deca-
hedral in shape with exposed {0 0 1} and {1 0 1} facets. However, this
increased tendency has a limitation. Based on Yang et al., it was assumed
that hydrothermal conditions, where water is the solvent, do not allow
to stabilise only {0 0 1} facets [16]. Therefore, there is a limitation of
synthesis nanostructures with {0 0 1} facets. There is a maximum value
of truncation level (also the {0 0 1} to {1 0 1} ratio) and even higher
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Fig. 1. (a-f) SEM images of F-TiO, nanostructures, g) Morphology evolution and transformation of F-TiO, from TiOF,.
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amount of fluorine in the reaction do not influence on the morphology of
the photocatalyst. For further growth of {0 0 1} facets, changing the
solvent from water to alcohol is needed [14].

Based on Lee and co-workers’ study [17] and the above observations,
the mechanism of anatase nanocrystals synthesis from titanium oxy-
fluoride and ammonium fluoride is proposed and can be described ac-
cording to the following equations:

TiOF, + NH4F — NH,TiOF3 (€9)
NH4TiOF; + 5H,0 — [Ti(OH)¢]*>~ + 2H* + 2HF + NH4F @)
[Ti(OH)¢]>~ + 2HT — TiO, + 4H,0 3)

According to Egs. (1)-(3), three important roles of ammonium
fluorine can be highlighted: i) a source of the intermediate product of
NH4TiOF3, which can further hydrolyse to TiO,, ii) capping agent, and
iii) fluorine ions as the self-etching agent instantaneously produced in
the system. However, the addition of NH3(,q) to the reaction system
preserved the bulk cube originating from titanium oxyfluoride and
prevented hollowing microparticles out. Ammonia molecules act as F°
scavengers, preventing adsorption on the photocatalyst’s surface.
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Fluorine ions stabilise the {0 0 1} facet [18], which explains that on the
cubes’ faces, small nanoparticles with octahedral shapes with {1 0 1}
facets are noted, as presented in Fig. 1d-e. For octahedral nano-
structures, adding more ammonia to the synthesis caused lowering the
truncation level and more distinct {1 0 1} facet exposition. So far, the
synthesis of octahedral TiO5 requires specific capping agents like a
combination of hydrazine and sulphate ions [19] or using Na,TizO7
phase [20]. The advantage of using TiOF; as a precursor is the simpli-
fication of the procedure of octahedral titanium (IV) oxide synthesis
with good reproducibility. However, as presented in Fig. 1f, adding a
high amount of NH3(,) to the reaction system caused the formation of {1
0 0} facets, which was consistent with our previous study [15].

To confirm the presence of fluorine in the photocatalyst’s structure,
Energy Dispersive X-Ray Analysis (EDX) was performed for selected
samples (Table S2 in Supplementary Information). The presence of
fluorine was confirmed in most of the analysed samples. In the case of
series + NHs, the fluorine content is lower due to decreased amount of
surface fluorine, replaced by -OH groups.

Based on SEM and EDX analysis, the schematic synthesis procedure
of the fluorinated TiO, with defined morphology is presented in Fig. 1g.
Overall, adding ammonium fluorine without additives enables to grow
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decahedral nanoparticles with exposed {1 0 1} and {0 0 1} facets. If a
certain amount of ammonia water is introduced to the reaction system,
only {1 0 1} facets are present in octahedral nanostructures. Further-
more, the XPS analysis showed that the surface of the series with NH3(,q)
addition did not contain fluoride (see Fig. S2 in Supplementary Infor-
mation). The most photocatalytic active sample of octahedral F-TiO,
had negligible F ions on the surface. However, the fluorine atoms are
present in the lattice, which was confirmed by EDX analysis. For sample
with NaF presence, the content of F* was about 7%, and it was slightly
lower than for F-TiO, without additives.

Among the F-TiO, samples, the relatively highest surface area in the
series is noticed for NH4F: TiOF;, with a 3:1 molar ratio, see in Fig. 2a.
However, the addition of NHj to the reaction system contributed to the
growth of {1 0 1} facets and increased the surface area of photocatalysts.
However, an increase in Sggr value is limited, and the decrease of the
surface area for the 4:1 + 20 cm® NHj sample is noted, which may be a
result of nanocrystals formation with {1 0 0} facets.

To better understand the optical properties of F-TiO5 nanostructures,
DR/UV-vis spectra were analysed (Fig. S3 in SI) and compared with
theoretical calculations using the Density Functional Theory (DFT)
method. The DOS simulation is depicted in Fig. S4 in SI. The total and
partial density of states for F-doped (101) and (0 O 1) slab model is
presented in Fig. 2b. The bandgap of (0 0 1) and (1 0 1) F-doped surface
were 1.84 eV and 1.64 eV, respectively. Therefore, the {1 0 1} facets in
fluorine-doped anatase nanostructures are supposed to reveal better
visible light response than {0 O 1} facets. Similar to bulk F-doped
anatase, all models are characterised by the presence of midgap states.
However, the significant difference between these two slabs is in the
type of midgap states. A distinct DOS band in the (1 0 1) surface slab can
be noted, opposite the small two bands in (0 0 1). This change in elec-
tronic structure is a reason for enhanced light absorption in the visible
region. Therefore, the decahedral F-TiO, photocatalysts as a combina-
tion of {1 0 1} and {0 0 1} facets may exhibit lower photocatalytic ac-
tivity under visible light compared to octahedral F-TiO, with exposed
only {1 0 1} facets.

Furthermore, to study the surface properties of the F-TiOy photo-
catalysts, the electrophoretic mobility of these particles at different pH
values (zeta potential) was investigated. The isoelectric point (IEP),
which represents the pH where the electrophoretic mobility changes
from positive to negative was determined for sample 4:1 of F-TiOy
exposing {1 0 1} and {0 0 1} facets, sample 4:1 + 10 ml NH3 of F-TiOy
exposing {1 0 1} facets, and sample 4:1 + 20 ml NH3 with exposed {1
01} and {1 0 0} facets (see Fig. 2c). In the case of 4:1 + 20 ml NH3 with
exposed {1 0 0} facets, the IEP = 6.1 is close to the values reported in the
literature for anatase [21]. However, the shift towards acidic conditions
was observed and the IEP for octahedral and decahedral F-TiO, were 5.4
and 4.5, respectively. So, the following order of IEP based on the facet
exposition can be noticed: {001} < {1 01} < {1 0 0}. These results can
be explained by differences in the surface atom rearrangement and
electronic distribution on the surface. In consequence, there will be a
different rate of surface hydroxylation and protonation for particular
facets. The {0 0 1} facets, due to F~ stabilisation, are the most negatively
charged in comparison with {1 0 1} and {1 0 0} facets, which is
consistent with the existing literature [22]. The higher stability of sus-
pension was noticed at a pH of about 4 and above 7. In addition, these
results were compared with the initial pH of the photocatalyst suspen-
sion in NPX solution. The pH of the photocatalyst suspension was 4.8 for
octahedral F-TiO, (sample 4:1 + 10 ml NH3) and 4.3 for decahedral
F-TiOy (sample 4:1), whereas pure NPX solution had the initial pH of
4.9. The pKa of NPX is about 4.2, so during photocatalysis with F-TiOo,
naproxen occurs in a deprotonated form with a negative charge. During
NPX removal, the photocatalyst surface was positively charged (pH <
PHigp), which facilitated the attraction of the deprotonated form of the
naproxen molecule at the photocatalyst surface.

The photocatalytic activity of the as-prepared F-doped TiO, was
investigated in the reaction of NPX degradation under UV-vis and
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visible (4 > 420 nm) light. The results are presented in Fig. 3. Firstly, the
photolysis of NPX was analysed to notice the differences between pro-
cesses with or without photocatalyst. The concentration of NPX
decreased rapidly during photolysis under UV-vis light (Fig. 3a and c),
and after 90 min of irradiation, the observed reduction of naproxen
concentration was 91%. The high level of photolytic processes can be
explained by deprotonation of carboxylic acid group in NPX molecule,
which occurred, when pH > pKa. This deprotonated NPX molecule,
having a n—x * conjugation system, is supposed to easily undergo
photolysis. Marotta et al. reported the photolysis of naproxen under
monochromatic irradiation with a wavelength of 254 nm (UVC light),
indicating a significant role of dissolved oxygen in a solution due to its
predominant role in the generation of singlet oxygen at aerated condi-
tions. The major by-product was 1-(6-methoxy-2-naphthyl)ethanol,
which molecule differs from NPX compound replacement of -COOH
group by -OH [23]. The photolysis of NPX in visible light was signifi-
cantly lower than NPX removal under UV-vis light. The photocatalytic
degradation process was more effective than the photolysis. All F-TiO4
photocatalysts were highly photoactive in NPX decomposition. What is
worth noticing, the removal rate was dependent on the morphology of
the F-doped TiO, photocatalyst. In the case of samples 5:1 and 10:1,
about 100% of NPX was degraded after 60 min of irradiation. Among the
nanostructures with exposed {1 0 1} and {0 0 1} facets, samples with a
higher molar ratio of NH4F to TiOF, were the most active in the series
without additives (NaF or NH3). Furthermore, the presence of sodium
fluoride in the synthesis (sample 4:1 + NaF) of decahedral fluorinated
anatase particles negatively affected NPX degradation (see Fig. 3c).
However, for octahedral F-TiO, with exposed {1 0 1} facets (sample
4:1 + 10 cm® NH3), the degradation rate markedly increased, and after
40 min, naproxen was completely degraded.

Based on NPX degradation analyses performed in the presence of
scavengers, it can be noticed that ¢OH are the predominant reactive
oxygen species in NPX degradation using octahedral F-TiOy, whereas
03~ are more important in the photodegradation in the presence of
decahedral F-TiO5 (see Fig. S5 in SI). Finally, the relative photonic ef-
ficiency was calculated and the value reached 2.94 for NPX solution.
Detailed information about these calculations are in Supporting
Information.

Regarding the photocatalytic activity under vis light, the higher
NH4F: TiOF; ratio resulted in increased and more efficient NPX photo-
degradation in the presence of the obtained F-doped decahedral anatase
particles (see Fig. 3b and d). Furthermore, the series with F-doped
octahedral anatase particles (samples 4:1 + NHjs) revealed much more
efficient naproxen photodegradation than decahedral F-TiO, under vis
light. The highest visible-light driven photocatalytic activity was
observed for sample 4:1 + 10 ml NHs. After 120 min, 63% of naproxen
was degraded. The significant difference is noticed while comparing
samples 10:1 and 4:1 +NaF, which have the same fluorine amount in the
reaction system. For sample 10:1, 48% of NPX removal was observed
after 120 min of visible light irradiation, whereas the sample 4:1 + NaF
reached only 31% in the same process parameters. The results for this
sample can be explained by the presence of Ti>* on the 4:1 + NaF sur-
face, which may act as recombination centres and, in consequence,
decrease the photocatalytic activity. The calculated constant rates based
on a pseudo-first order model are presented in Table S3 in Supplemen-
tary Information. The visible light-driven photocatalysts towards NPX
degradation were reported previously, such as AgBr-a-NiMoO4 [24],
reduced graphene oxide/ZnIn,S, [25], Ag/Agl/ZnO [26] or TiO,
immobilised on polyacrylonitrile/multiwall carbon nanotubes compos-
ite (PAN-CNT/TiO2-NHy) [27]. These materials rapidly degraded NPX
under visible light irradiation, although the light intensity used during
the photocatalytic experiment was high (~100 mW/cm?). Herein, we
have focused on single-component photocatalyst with simple synthesis
conditions and unsophisticated modifications. Our results showed that
using photocatalysts for efficient naproxen removal without high-energy
rays is possible.
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The TOC removal in the presence of F-TiO, photocatalysts after 60
and 90 min of UV-vis irradiation is presented in Fig. 3e. During
photolysis, NPX molecules undergo partial mineralisation, but this re-
action’s mineralisation rate is slow. For the photocatalytic process, the
efficiency of TOC reduction increased for all F-TiO, materials except the
sample 4:1 + 20 cm® NHj3, probably due to the presence of {1 0 0}
facets. These observations are consistent with Xu et al., who have sug-
gested that {1 0 0} facets are strongly reductive, and electrons trans-
ferred to the surface can reduce H' into H, effectively [28]. For
NH4F+TiOF; series with decahedral nanostructures, all photocatalysts
exhibit a similar TOC removal in the range of 30-50% after 90 min of the
photocatalytic process. Similar results were obtained for the sample
4:1 + NaF, so the type of fluorine source does not influence the NPX
conversion to COy. Meanwhile, a significant enhancement in TOC
removal of about 70% was observed for series with ammonia water
addition. The most efficient photocatalyst was the sample 4:1 + 10 cm®
NHj3, for which 65% of TOC reduction was noticed after 60 min of the
photocatalytic process. This sample also revealed the highest photo-
catalytic activity under UV-vis and vis light irradiation. Such high TOC
removal rates have so far been observed for commercial P25 [29,30] or
ternary photocatalysts like single atom-dispersed silver and carbon
quantum dots co-loaded with carbon nitride [31]. However, the addition
of a higher amount of NH3(yq) contributed to growing {1 0 0} facets,
which in consequence, probably inhibited the degradation process and

CHy
HsC,

/ 2-ethyl-6-methoxynaphtalene

a)
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mineralisation. These results are in agreement with our previous study
regarding facet-dependent photocatalytic activity towards phenol
degradation using TiO, with defined morphology. The octahedral
nanostructures with exposed {1 0 1} facets are more suitable for phenol
mineralisation than decahedral ones due to the increased formation of
035~ on the {1 0 1} surface and favoured electron localisation on the
surface [15]. In this study, octahedral F-TiO, is more efficient in NPX
mineralisation than decahedral nanostructures, suggesting that the NPX
degradation pathway can be facet-dependent.

For a better understanding of the NPX degradation pathway, post-
process water after 10 and 20 min of photocatalysis and 90 min of
photolysis were analysed using liquid chromatography-mass spectrom-
etry (HPLC/MS). Table S4 shows the detected intermediate products,
and Fig. 4a depicts the detected products of NPX photocatalytic degra-
dation. In the case of photolysis, the presence of two principal pseudo-
molecular ions representing - 2-acetyl-6-methoxynaphthalene (NPX 1)
and dimer Cy¢Ho04 can be observed. It can be assumed that the
dimerisation process leads to the creation of more complex compounds
which are supposed to be less susceptible to photo-induced degradation
processes. Therefore, the TOC removal will be lower when the dimer is
formed. However, partial mineralisation during the photolytic process is
observed, which is probably a result of partial naproxen decarboxylation
[32,33]. Next to NPX 1, 1-(6-methoxy-2-naphthyl)ethanol (NPX 2) and
2-ethyl-6-methoxynaphtalene were noticed. Surprisingly, in the case of

CH,
OH
ween O
OH
Napr \ . . CO,
aproxen cH CH, ring opening -
OO I T products +
MO, M€ H,0
1-(6-methoxy-2-naphthyl)ethanol 2-acetyl-6-methoxynaphthalene
lonl_\' for F-TiO, with {0 0 1} facets
OH
DOROO W
H,C
o O/\)\Cm
dimer C,5H504
b) g c) 6 60 min 90 min
70 - — 70 - 10:1 4:1 + NaF —
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X 60 4 SIS 2 60 i -
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Fig. 4. a) Products of NPX photocatalytic degradation under UV-vis irradiation, Microtox test of b) NPX and derivatives solutions and c) post-treatment wastewater

using selected photocatalysts.
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octahedral F-TiO, with {1 0 1} facets, no products of dimerisation were
detected, in opposite to decahedral particles. These results indicate
different NPX degradation pathways depending on facet exposition.
When {0 0 1} facets are exposed in the photocatalyst, the formation of
dimer Cy6H2604 is induced, in opposite to {1 0 1} facets. By analogy to
photolysis, the dimerisation process is unfavourable for NPX removal
because it inhibits the mineralisation to CO, and H30. Therefore, the
highest TOC removal was noticed for the photocatalyst 4:1 + 10 cm®
NHs, which is octahedral in shape, and dimer compounds were not
produced during the degradation process. More detailed studies about
by-products formation are presented in Fig. S7 in Supporting
Information.

To study the toxicity of NPX mixture in the presence of F-TiOy
photocatalysts, Microtox bioassays were performed. The results are
presented in Fig. 4. Firstly, the NPX initial solution and two by-products
were analysed. It can be observed that the toxicity of NPX is moderate
(49%). The presented results of the NPX solution are comparable with
the literature [29]. However, there is a lack of information about the
toxicity of main by-products. In this regard, additional measurements
were performed in the maximum concentration detected by HPLC
analysis. Remarkably, 2-acetyl-6-methoxynaphthalene (NPX 1) is simi-
larly toxic to naproxen, although the concentration of this intermediate
is just 5 mg - dm 2. This effect may be a result of changes in the aliphatic
chain (-CH(CH3)-COOH for NPX and -C(0O)-CHs for NPX 1). The toxicity
assessment for 1-(6-methoxy-2-naphthyl)ethanol (NPX 2) showed lower
inhibition of Vibrio fisheri bioluminescence than two previous com-
pounds, which may be a result of replacing the ketone group with the
hydroxyl group.

What is worth noticing the direct NPX removal during the photolysis
process did not decrease the toxicity (see Fig. 4c). In the case of pho-
tocatalysis using F-doped TiOs, the rise in toxicity after 60 min of the
photocatalytic degradation process is observed for 4:1 and 10:1 samples.
Two reasons for this effect can be indicated. Firstly, F-TiO5 decahedral
nanostructures had fluorine ions on the surface, necessary to create {0
0 1} facets, which are supposed to be toxic. Secondly, {0 0 1} facets
promote the formation of a dimer, which may be more toxic than other
compounds presented in Figure 5a. Remarkably, no inhibition of bac-
terias’ bioluminescence is observed in the presence of octahedral F-TiO4
in NPX solution, which also correlates well with the high TOC removal of
this sample. This photocatalyst also had negligible F" ions on the surface,
confirmed by the XPS analysis. Therefore, the application of F-TiOy with
exposed {1 0 1} facets is supposed to be environmentally friendly. On
the other hand, the post-treatment wastewater after the photocatalytic
process in the presence of sample 4:1 + NaF is the most toxic in the
series. By analogy to HPLC analysis, these nanostructures promote
different degradation pathways without NPX 1 formation; therefore,
these by-products may be more toxic than from other series.

5. Conclusions

Fluorine-doped anatase nanostructures synthesised from titanium
oxyfluoride with defined morphology were for the first time obtained
and applied for efficient naproxen photocatalytic degradation under
UV-vis and vis light. The effect of NHs, NaF and NH4F introduced during
solvothermal synthesis on preparation of F-TiO, nanocrystals with
exposed {0 0 1}, {1 0 1} and {1 O O} facets was investigated. The
octahedral F-TiO, with exposed {1 0 1} facets and fluorine-free surface
exhibited the highest photocatalytic activity. Moreover, this sample
(4:1 + 10 cm® NH3s) revealed the highest efficiency of NPX removal
under visible light (> 420 nm) and the highest TOC removal under
simulated solar light. The high photocatalytic activity can be explained
by DFT calculations, which suggest the presence of additional surface
states when fluorine atoms are introduced to the (1 0 1) surface as well
as a lower surface bandgap than (0 0 1). The facet dependence was
crucial in changes in the concentration of 2-acetyl-6-methoxynaphtha-
lene. Remarkably, our study showed that {0 0 1} facets of F-doped
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decahedral anatase particles promote the dimerisation process, inhib-
iting efficient NPX removal. Finally, Microtox bioassay tests confirmed
that the application of octahedral fluorine-doped anatase particles is
safe for the environment. In view of the excellent photocatalytic per-
formance and non-toxicity, the fluorinated TiO5 nanomaterial has the
potential for practical application, thus providing a new idea for
wastewater treatment from active pharmaceutical ingredients.
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