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Unveiling the origin of the efficient photocatalytic
degradation of nitazoxanide over bismuth (oxy)
iodide crystalline phasesy
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Conventional wastewater treatment has been found to be ineffective at fully removing various antiviral
drugs and emerging pollutants from wastewater. As an advanced oxidation process, heterogeneous
photocatalysis is promising for detoxifying such water pollutants due to its mild operating conditions and
efficiency. In this study, we explore the oxidative phase transition from bismuth iodide to bismuth
oxyiodides by altering the temperature and time of thermal treatment. The influence of the temperature
change from 350 °C to 450 °C on the phase transition from bismuth iodide to bismuth oxyiodides is more
pronounced compared with the impact of time. This results in the formation of different bismuth oxyiodide
crystalline phases with varying optoelectronic properties and photocatalytic activity. The effect of the
bismuth iodide-to-bismuth oxyiodide phase transition on the efficiency of the photocatalytic removal of
nitazoxanide is investigated in this study. The significant role of the BiOI/BisOsl, heterostructure is
established in facilitating the rapid photocatalytic degradation of nitazoxanide, with respective rate
constants of k; (0.051 min™) and k» (4.225 mg g* min?) obtained for the photocatalyst sample thermally
treated at 375 °C for 1 h. Trapping experiments provide evidence that photoexcited holes and hydroxyl

Nitazoxanide is categorized as a pharmaceutical compound possessing both antiparasitic and antibacterial attributes. Despite its cost-effectiveness, the

extensive use of nitazoxanide for treating various diseases has resulted in the detection of its traces in wastewater due to its poor permeability and

solubility. Conventional wastewater treatment methods have proven to be ineffective in fully eliminating various antiviral drugs and emerging pollutants

from wastewater. Heterogeneous photocatalysis, an advanced oxidation process, is promising for the decontamination of such waterborne pollutants due to

its efficient performance under mild operational conditions. This study investigates the impact of thermal treatment on the transition from bismuth iodide
to bismuth oxyiodides and the efficacy of photocatalytic removal of nitazoxanide. The BiOI/Bi,Osl, heterostructure exhibits the highest efficiency in

photocatalytic removal of nitazoxanide. Assessment of toxicity using Aliivibrio fischeri demonstrates that the BiOI/Bi,Osl, heterostructure is effective not

only in photocatalytic removal of nitazoxanide but also in wastewater detoxification. This underscores its potential for practical application within

wastewater treatment processes.
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radicals play a crucial role in the photocatalytic degradation of nitazoxanide. The photodegradation of
nitazoxanide in aqueous solution over crystalline bismuth (oxy)iodide proceeds via hydrolysis into

acetylsalicylic acid and the respective aminonitrothiazol, followed by the deacetylation and decarboxylation
processes. Molecular dynamics simulation confirms that the high photocatalytic activity of BiOI/BisOsl; is
correlated to the higher adsorption energy due to the formation of a network of close contacts (<3.5 A)
between nitazoxanide molecules and iodine atoms.

1. Introduction

The increasing world population and the surge in various viral
infections causing either an epidemic or a pandemic are
leading to the development and usage of new types of antiviral
drugs. As an emerging class of anthropogenic pollutants, these
antiviral drugs are reaching the environment and affecting
human health." Recent studies have revealed that antiviral
drugs can travel through wastewater treatment plants with
varying degrees of biotransformation, and residues of antiviral
drugs have been observed in wastewater effluent,> surface
water,” and also groundwater." Despite their relatively low
environmental concentrations (ng L™ to pg L™") and natural
attenuation by photolysis, hydrolysis, sorption, and
biodegradation, the continuous discharge of these antiviral
drugs poses a significant risk to bio-organisms and could lead
to the formation of antiviral-resistant strains.>® Unfortunately,
conventional wastewater treatment plants do not effectively
remove antiviral drugs by existing water treatment
technologies.” Therefore, advanced water treatment processes
must be developed to completely remove these antiviral drugs.

Among the advanced oxidation processes, heterogeneous
photocatalysis holds promise for effectively removing antiviral
drugs and other emerging water pollutants thanks to its in situ
generation of reactive species, efficiency, stability, recoverability,
reusability, low energy consumption, mild operating conditions,
and cost-effectiveness.® Previously, we used SnO,@ZnS,’
elsmoreite/tungsten oxide@ZnS,'® and industrial waste-derived
multiphase photocatalysts'’ to effectively remove various
selected pharmaceuticals and antiviral drugs from the
contaminated model and real wastewater and explored the
toxicity of the photocatalytically treated lopinavir- and ritonavir-
containing water and wastewater."> Wang et al.’® studied the
photodegradation of oseltamivir phosphate using TiO,-P25 and
found that although >95% was removed after 80 min of UV-A
irradiation, the removal efficiency of total organic carbon was
only 45.6-67.0%. Various o-Fe,Oz-based heterostructures favor
the photodegradation of sulfamethoxazole, bisphenol-A,
tetracycline  hydrochloride, norfloxacin, salicylic  acid,
carbamazepine, metronidazole, tetracycline, and lomefloxacin
with efficiencies in the range of >80% to 100%."*

As photocatalytic materials, layered compounds have the
potential for solar energy conversion and environmental
remediation because of their unique layered crystal structure,
favorable electronic band structure, diverse composition, and
rich atomic coordination.”® Having a layered structure
comprising [Bi,0,]”" layers interleaved by slabs of iodine
atoms, bismuth oxyiodides (Bi,Oyl;) are visible-light-active
photocatalysts with optical bandgap energies in the range of

This journal is © The Royal Society of Chemistry 2024

1.8-2.9 eV.'® The open, layered structure of Bi,O,I, not only
favors the separation and transfer of photoexcited charge
carriers due to the internal electrostatic field vertical to the
layer direction but also reduces the surface trapping of
photoexcited charge carriers."”"® The substitution of more I
atoms by O atoms in the Bi,O)1, lattice leads to the formation
of other members: BiOI, Bi,Os],, a-BisO,I, B-BisO,1, and Bi,-
Ool3, which exhibit different optoelectronic properties and
photocatalytic activities.*® BiOI single crystal nanosheets with
dominant exposed {001} facets were synthesized by annealing
Bil; at 280 °C for 16 h, and the {001} facet-dependent
photocatalytic activity for the degradation of rhodamine B
was seven times higher than that of irregular BiOL.>' The
spherical microstructures of orthorhombic-BisO,I were
synthesized by thermal conversion of BiOI microspheres in
air, and the sample thermally treated at 450 °C exhibited
high photocatalytic activity for the degradation of rhodamine
B due to its high crystallinity, high surface area and porous
microstructure.'® Similarly, Bi,OsI, nanosheets synthesized
by thermal treatment of Bil; at 450 °C showed high
photocatalytic activity for the degradation of rhodamine B
and salicylic acid.>® Despite their high photocatalytic
activities for the degradation of organic dyes, bismuth
oxyiodides (Bi,OyI;) have not been studied for the
degradation of antiviral drugs.

Nitazoxanide [2-acetyloxy-N-(5-nitro-2-thiazolyl)benzamide)]
(C12HgN305S, CAS no. 55981-09-4) is classified as a
pharmaceutical substance with antiparasitic and antibacterial
activity. During the COVID-19 pandemic, nitazoxanide was
used as a low-cost drug, and its active metabolite can inhibit
the replication of both RNA and DNA, exhibiting action
against various viruses, including SARS-CoV-2 (severe acute
respiratory syndrome coronavirus type 2).>* The extensive use
of nitazoxanide for treating various diseases, including
cryptosporidiosis, resulted in the detection of its traces in
wastewater matrices due to its persistence, which stems from
its poor permeability and solubility (7.55 mg L7).*
Therefore, it is important to find a novel approach to
efficiently remove it from contaminated water and
wastewater. So far, no studies have been conducted to
investigate the photocatalytic removal of nitazoxanide except
for via photolysis.>® Therefore, the effect of the bismuth
iodide-to-bismuth oxyiodide phase transition on the
efficiency of the photocatalytic removal of nitazoxanide is
investigated in this study. The phase transition from bismuth
iodide to bismuth oxyiodides is explored by changing the
temperature and time of thermal treatment. The kinetics and
mechanism  behind the photocatalytic removal of
nitazoxanide are also presented.
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2. Experimental
2.1. Preparation and characterization

Bismuth(m) iodide (99%, Merck) was thermally treated in air
at temperatures in the range of 350-450 °C for 1 h and also
at 350 °C for different times (1, 3, 5, 7, and 9 h). The X-ray
diffraction (XRD) patterns were acquired with a PANalytical
X'Pert PRO diffractometer with Cu K, radiation. The bright-
field and lattice images and selected-area electron diffraction
(SAED) patterns were obtained using an EM-002B (TOPCON)
high-resolution transmission electron microscope (TEM) at
an accelerating voltage of 200 kV. The microstructures were
observed by a Carl Zeiss Gemini 982 scanning electron
microscope (SEM). The surface chemical states of elements
were analyzed by X-ray photoelectron spectroscopy (XPS, JPS-
9010MX, JEOL) using non-monochromatic Mg-K, radiation.
The UV-vis diffuse reflectance spectra were recorded on an
Evolution 220 UV/vis spectrometer (Thermo Fisher Scientific).

The photoanodes were fabricated by depositing the
synthesized bismuth (oxy)iodide powders, and the
photoelectrochemical (PEC) measurements were carried out
according to a protocol reported elsewhere.>> The geometric
area of the working electrode was 1.54 cm? the counter
electrode was a Pt wire, a reference hydrogen electrode
(RHE) was used, and 0.1 M Na,SO, (50 mL) was employed
as the supporting electrolyte. The chronoamperometry (CA)
results at 1.8 V vs. RHE and open-circuit potential decay
(OCPD) data were obtained (Princeton Applied Research
PAR263 Potentiostat). Moreover, the lifetime (z) of the
carriers was calculated according to the following equation:
t = |kgTle, (dEoc/dt)™|, where Eoc is the open-circuit
potential, ¢ is the time, kg is the Boltzmann potential
constant, T is the absolute temperature, and e, is the
elemental charge.*® Irradiation was provided by a Newport
solar simulator (150 W Xe lamp), and the light photon flux
was set to 100 mW cm™>.

2.2. Photocatalytic activity tests

The photocatalytic activity of the photocatalyst samples for
the degradation of nitazoxanide was evaluated. First, 0.4 mg
L™ of the photocatalyst sample was dispersed in an aqueous
solution of nitazoxanide (10 mg L") in a photochemical
reactor (0.7 L, Heraeus) in the dark for 30 min to achieve
adsorption-desorption equilibrium. Then, a 150 W mercury
lamp, which was vertically placed in the center of the
photoreactor, with emitting radiation centered at 500-550
nm, an intensity of 7.31-7.53 mW c¢m ">, and a photon flux of
20.83 x 10" m? s™', was turned on. Aliquots were collected at
various times before and during the photocatalytic reaction
(=30, 0, 5, 15, 30, 45, 60, and 120 min) and filtered. The
collected aliquots were analyzed using an Agilent 1260
Infinity II LC-DAD chromatograph equipped with an
InfinityLab Poroshell 120 EC-C18 column (3.0 x 150 mm, 2.7
um), using H,O + CH3COONH, (pH = 6):ACN (v/v 60:40) as
the mobile phase (flow 0.5 mL min™", temperature 30 °C),
and analyzed at Ayrz = 240 nm, Ry = 3.99 min. The fitting of
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the calibration curve was R®> = 0.9998. The ratio of the
nitazoxanide concentrations before and after the
photocatalytic reactions, C/C,, was used to indicate the
amount of nitazoxanide that had been photocatalytically
removed from the aqueous solution.

The chromatographic analysis of by-products
performed using an LC/MS system consisting of an ultra-
high-performance liquid chromatograph (UltiMate 3000,
Thermo Fisher Scientific) connected with a linear trap
quadrupole-Orbitrap mass spectrometer (LTQ-Orbitrap Velos,
Thermo Fisher Scientific) equipped with an ESI source. In all
analyses, a Gemini C18 column (4.6 x 100 mm, 3 um)
(Phenomenex) was used for the chromatographic separation.
During the chromatographic process, gradient elution was
used. Mobile phase A was 25 mM formic acid in water, and
mobile phase B was 25 mM formic acid in acetonitrile. The
gradient program started at 5% B, increasing to 85% by 40
min, followed by isocratic elution at 85% B for 5 min. The
total run time was 45 min at the flow rate of 0.5 mL min .
During each run, the MS spectra in the m/z range of 50-500
were continuously collected.

The effects of various parameters, such as competing
ions (Cl', NO;, and H,PO, from respective sodium salts
with a concentration of 5 x 10~ mol L™) and water
matrices (distilled water [DW], tap water [TW], and treated
wastewater [TWW]), on the efficiency of the photocatalytic
degradation of nitazoxanide over the prepared samples were
studied. TWW was collected from the “Hajdéw” municipal
wastewater treatment plant in Lublin, which is a
mechanical-biological wastewater treatment facility with
increased removal of biogenic compounds (nitrogen and
phosphorus) from wastewater. TWW was characterized by
significantly reduced biological (5.7 mg L™) and chemical
(35.1 mg L") oxygen demands, total suspended solids (up
to 6.4 mg L), and total nitrogen (10.72 mg L™) and
phosphorous (0.27 mg L") contents. TW was characterized
by total organic carbon (<3 mg L"), chlorides (35 mg L ™),
nitrates (<2 pg L"), sulfates (41 mg L) contents, and pH
of 7.2. The reusability test was performed using the sample
thermally treated at 375 °C for three repetitive cycles with
an intermediate washing with ethanol and distilled water
and drying at 105 °C.

To gain insights into the possible reaction mechanism for
the photodegradation of nitazoxanide over the prepared
samples, the trapping experiments were conducted using
isopropyl alcohol (IPA, 1000 mg L"), p-benzoquinone (PBQ, 1
mg L), and ethylenediaminetetraacetic acid disodium salt
dihydrate (Na,EDTA, 100 mg L™") as scavengers of ‘OH, O,",
and h', respectively. Toxicity towards marine bacteria
(Aliivibrio fischeri) was evaluated based on the inhibition of
bioluminescence using the Microtox® test.”” The
luminescence inhibition was determined after 5 min and 15
min of exposure of Aliivibrio fischeri to the water samples
before and after the photocatalytic reaction according to the
standard protocol (Microtox®, 1995) in a Microtox M500
analyzer using Omni software.

was

This journal is © The Royal Society of Chemistry 2024
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3. Results and discussion

3.1. Characterization of materials

The phase transition from bismuth iodide to bismuth
oxyiodides was studied by changing the temperature and time
of thermal treatment in air. Fig. 1a shows the XRD patterns of
samples thermally treated at temperatures ranging from 350 °C
to 450 °C for 1 h. The XRD pattern of the as-received bismuth
iodide indicates major reflections assignable to trigonal Bil;
with space group R3 and lattice parameters of @ = 7.5250 A and
20.7030 A (ICSD# 98-007-8791). In addition, minor
reflections belonging to tetragonal BiOI with space group P4/
nmm and lattice parameters of a = 3.9950 A and ¢ = 9.1510 A
(ICSD# 98-039-1354) are also observed. At 350 °C, tetragonal
BiOI becomes a dominating crystalline phase as a result of the
evaporation of iodine and oxidation. Monoclinic Bi,O5I, with
space group P12,1 and lattice parameters of a = 11.2630 A, b =
5.6980 A, ¢ = 14.9440 A, and § = 99.81° (ICSD# 98-041-2590)
accompanies tetragonal BiOI in the sample thermally treated at
375 °C and turns into a dominating crystalline phase at 400 °C.
At 425 °C and 450 °C, the reflections associated with monoclinic
Bi,Osl, disappear altogether, and new reflections referable to
orthorhombic BisO;I with space group Ibca and lattice
parameters of a = 5.3440 A, b = 16.2650 A, and ¢ = 23.0200 A
(ICSD# 98-041-1666). The XRD patterns in Fig. 1b confirm that
extending the time of thermal treatment at 350 °C from 1 h to 9
h led to the phase transition from trigonal Bil; to tetragonal
BiOI first and then to monoclinic Bi,Osl,. Evidently, the change
in the temperature of the thermal treatment had a stronger
impact on the phase transition than the shift in the time of the
thermal treatment. Previous studies found that the oxidative
conversion of Bil; to Bi,O; occurred either through the
formation of Bi,Osl, (and BiOI)*° or Bi;O-I (and BiOI),*! but not
both. Here, by controlling the temperature of the thermal
treatment, the oxidative conversion of Bil; proceeded according
to the following stages:

c =
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2Bil; + O, — 2BiOI + 21,1 (1)
8BiOI + O, — 2Bi, 051, + 21,1 (2)
10Bi,O5I, + 30, — 8BisO-I + 61,1 (3)

The formation of BiOI, Bi,Osl,, and Bi;O,I phases allows us
to understand the contribution of each crystalline phase to
the efficiency of the photocatalytic degradation of
nitazoxanide.

The morphological change as a consequence of the oxidative
conversion of bismuth iodide was selectively observed by means
of scanning electron microscopy (SEM). Fig. 2 shows the SEM
images of samples before and after thermal treatment at 350 °C
and 450 °C. As shown in Fig. 2a, bismuth iodide has an
irregular morphology in different sizes. In contrast, the sample
thermally treated at 350 °C contains plate-like structures of BiOI
as a result of the oxidation of bismuth iodide and evaporation
of I, (Fig. 2b). Interestingly, the thickness and shape of the
plate-like structures of BiOI are different from those reported
previously.>*' Presumably, such discrepancy arises from the
difference in internally accumulated I, vapor pressure, which
leads to peeling off the surface shells of BiOI layer by layer and
forming ultrathin nanosheets. A further increase in the thermal
treatment temperature to 450 °C resulted in the formation of
layered structures of BisO,I with pores because of the
accelerated release of I, vapor (Fig. 2c). The corresponding
energy-dispersive X-ray spectroscopy (EDX) data indicate a
lessening of the peak intensity of iodine due to its evaporation
during thermal treatment. The surface chemical states of
samples were analyzed by XPS. The XPS results for the samples
thermally treated at different temperatures are shown in Fig. 3.
Note that Bil; was not stable during the XPS analysis. In Fig. 3a,
two peaks corresponding to the Bi 4f,, and Bi 4fs), states are
observed at 159.4 eV and 164.7 eV, respectively, indicating the
+3 oxidation state of bismuth. In the I 3d XPS spectra in Fig. 3b,

OBil, V BOI < Bi,O, A BiO,l © Bil, V BiOI < Bi,04,
() A
A
A A A A “a A A AA A A Ap A 450°C
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v
) 4 asc| L 2. b4, A v A/
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= <> 3 vV oy v V v v vV A4 - vy
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Fig. 1 XRD patterns of samples thermally treated at temperatures ranging from 350 °C to 450 °C for 1 h (a) and at 350 °C for 1-9 h (b) in air.
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two peaks at 619.4 eV and 630.8 eV can be assigned to the I
3ds,, and I 3d;, states, respectively, implying the —1 oxidation
state of iodine. The O 1s XPS spectra in Fig. 3c can be
deconvoluted into two peaks at 530.1 eV and 528.4 eV, which
can be ascribed to the lattice oxygen and surface chemisorbed
oxygen, respectively. Although no significant difference can be
seen in the XPS spectra, the results of quantitative XPS analysis
in atomic percentage confirm that the contents of bismuth and
oxygen increased and the bismuth content decreased with
increasing thermal treatment temperature.

Next, the nanostructural transformation as a result of the
oxidative conversion of bismuth iodide was analyzed by
means of transmission electron microscopy (TEM). Fig. 4
shows the bright-field TEM and HRTEM images and

View Article Online

Environmental Science: Nano

corresponding selected area electron diffraction (SAED)
patterns of samples before and after thermal treatment at
350 °C, 400 °C, and 450 °C. The bright-field TEM images
clearly indicate a smooth surface with hexagonal nanosheets
for the bismuth iodide before thermal treatment, a rough
surface with plate-like nanostructures for the samples
thermally treated at 350 °C and 400 °C due to the phase
transition, crystallization, and inception of pore formation
(average pore size is about 30 nm), and plate-like nanoporous
nanostructures for the sample thermally treated at 450 °C
because of the increased emission of I, vapor. In the HRTEM
images, the lattice fringes observed in the regions of the
plate-like nanostructures show the d-spacing values of 0.303,
0.285, 0.946, and 0.832 nm, revealing the exposed (113),
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Fig. 2 SEM images and EDS spectra of samples (a) before and after thermal treatment at (b) 350 °C and (c) 450 °C for 1 h in air.
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(a) Bi 4f, (b) | 3d, and (c) O 1s XPS spectra of samples thermally treated at temperatures ranging from 350 °C to 450 °C for 1 h in air.
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Fig. 4 TEM and HRTEM images and SAED patterns of samples (a) before and after thermal treatment at (b) 350 °C, (c) 400 °C, and (d) 450 °C for 1

h in air.

(110), (101), and (200) crystal planes of Bil;, BiOI, Bi Osl,,
and BisO;I, respectively. This corroborates the oxidative
phase transition from bismuth iodide to bismuth
oxyiodides at the nanoscale. No significant defects were
observed in the analyzed areas, implying their high
crystallinity. The highly ordered SAED patterns confirm the
single-crystalline nature of Bil;, BiOI, Bi,Osl,, and BisOI.
By indexing the diffraction spots in the SAED patterns,
the trigonal, tetragonal, monoclinic, and orthorhombic
crystal structures of Bil;, BiOI, Bi,Osl,, and BisO,I were
confirmed. In addition, the SEM image of the sample
thermally treated at 375 °C is shown in Fig. S1 in the
ESL¥ indicating  the  formation of  BiOI/Bi,Osl,
heterostructures.

The oxidative phase transition from bismuth iodide to
bismuth oxyiodides influences the optical properties.
Therefore, the light absorption characteristics of the samples
were analyzed by means of UV-vis absorption spectroscopy.
Fig. 5 shows the UV-vis diffuse reflectance spectra of the
samples. Apparently, the greyish-black color of bismuth
iodide powder gradually turned into reddish-orange, orange,
yellow, milky white, and white as the thermal treatment
temperature increased to 450 °C, whereas the greyish-black
color of bismuth iodide powder slowly changed to reddish-
orange, vivid orange, and light orange with increasing time
of thermal treatment at 350 °C up to 9 h. In the UV-vis

This journal is © The Royal Society of Chemistry 2024

diffuse reflectance spectra (Fig. 5a), the absorption edges are
observed at the wavelengths of about 715, 635, 615, 520, and
388 nm, which correspond to the optical bandgap energies of
1.73, 1.95, 2.01, 2.38, and 3.19 eV, for the samples before
(Bil;) and after thermal treatment at 350 °C (BiOI), 375 °C
(BiOI + Bi,O51,), 400 °C (Bi,O;sl,), 425 °C (BisO-I), and 450 °C
(BisO,I), respectively. In contrast, the samples before and
after thermal treatment at 350 °C for different times exhibit
absorption edges at wavelengths of approximately 715, 639,
636, 628, 623, and 615 nm, which correspond to optical
bandgap energies of 1.73, 1.94, 1.95, 1.97, 1.99, and 2.01 eV,
respectively (Fig. 5b). As can be seen, most of the synthesized
samples are visible light active, harvesting solar energy
efficiently. A pronounced increase in the optical bandgap
energy to 3.19 eV in the samples thermally treated at
different temperatures is consistent with the oxidative phase
transition from Bil; to BisO;I. A gradual blueshift in the
absorption edges in the UV-vis diffuse reflectance spectra of
the samples thermally treated at 350 °C for different times is
in good agreement with the oxidative phase transition of Bil;
to BiOI with increased content of BisOsI,. This implies that
the change in the temperature of the thermal treatment
influenced the phase transition more effectively than the
time change of the thermal treatment.

The effect of the oxidative conversion of bismuth iodide to
bismuth oxyiodides on the photodegradation of nitazoxanide
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Fig. 5 UV-vis diffuse reflectance spectra of samples thermally treated (a) at temperatures ranging from 350 °C to 450 °C for 1 h and (b) at 350 °C

for 1-9 h in air.

was studied. Fig. 6a and b show the change in the
concentration of nitazoxanide in an aqueous solution during
photocatalysis in the presence of the prepared photocatalyst
samples. A previous study on the photodegradation kinetics
of nitazoxanide revealed that direct UV-assisted photolysis
could degrade only 30% of nitazoxanide.”® As shown in
Fig. 6a and b, the synthesized photocatalytic materials
exhibited a poor adsorption capacity (<10%) for nitazoxanide
(Co =10 mg L") in the dark. In Fig. 6a, even though bismuth
oxide and the other two samples thermally treated at 350 °C
and 400 °C showed a higher photodegradation rate for
nitazoxanide in the initial stage (5-15 min), they did not
completely degrade nitazoxanide. In contrast, the sample
thermally treated at 375 °C fully mineralized nitazoxanide
after 60 min. The samples thermally treated at 425 °C and
450 °C showed the slowest photodegradation rates for
nitazoxanide. The discrepancy in the efficiency of
photodegradation of nitazoxanide over the samples thermally
treated at different temperatures is mainly associated with
the oxidative conversion of Bil; to BiOI, BiOI + Bi,Osl,, Bi,Osl,,
and Bi5;O;I phases with different optoelectronic properties. The
highest photocatalytic activity for the degradation of
nitazoxanide was observed for the sample thermally treated
at 375 °C due to the formation of a BiOI/Bi,Osl,
heterostructure. Similarly, the BiOI/Bi,OsI, heterostructure
showed a significantly higher photocatalytic activity for the
degradation of methylene blue due to the efficient charge
transfer and separation.”® Despite its absorption up to 715
nm, bismuth iodide showed lower photocatalytic activity in
comparison to BiOIl, BiOI + Bi Osl,, and BiOsI, because of
the presence of defects acting as the recombination centers
for photoexcited charge carriers. Changing the thermal
treatment time from 1 h to 9 h resulted in a less
differentiated but reduced photodegradation rate because of
the increased content of Bi,O5I, in the BiOI/BiO5l,
heterostructure (Fig. 6b). As shown in Fig. 5a, Bi,OsI, has
limited visible light absorption in comparison to BiOI. The
efficiency of the BiOI/Bi,Osl, heterostructure in the
photocatalytic removal of nitazoxanide cannot be compared
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with other photocatalysts due to the absence of previous
studies on the photocatalytic degradation of nitazoxanide in
the presence of photocatalysts. Nevertheless, the efficiency of
the BiOI/Bi,Osl, heterostructure was compared with the
efficiencies of other bismuth oxyiodides for the photocatalytic
degradation of various organic compounds (Table S1ft).
Apparently, the BiOI/Bi,OsI, heterostructure exhibits higher
efficiency in the photocatalytic degradation of nitazoxanide
compared with the other bismuth oxyiodide compounds in
Table S1.}

Various BiOI-based photocatalysts have shown high
efficiency in the photocatalytic of different
pharmaceuticals under visible light irradiation. For instance,
the BiOI/UiO-66 p-n heterojunction showed nearly 100%
removal efficiency for sulfadiazine (5 mg L") within 90 min
of visible light irradiation.*® Ag-decorated BiOI applied as a
counter electrode significantly enhanced the
photoelectrocatalytic removal (92%) of diclofenac sodium (10
mg L") over an Ag-BiVO,/BiOI photoanode after 2 h due to
the formation of a type II p-n heterojunction and a Schottky
barrier.*® The ClO,-added BiOI-based system achieved 100%
removal of sulfamethoxazole within 30 min because of the
activation of chlorite to chlorine dioxide.*' Very recently, an
Fe''/BiOIO; piezo-catalytic self-Fenton system was developed,
which can offer exceptional self-recyclable degradation of

removal

pollutants with a degradation rate constant for
sulfamethoxazole over 3.5 times that of the classic Fe'-based
system.g'2

The kinetics of the photocatalytic removal of nitazoxanide
by the prepared photocatalysts were estimated by applying
two different models: pseudo-first-order (Langmuir-
Hinshelwood) and pseudo-second-order, and the results are
given in Table 1 and Fig. S2a and b in the ESLf
Quantitatively, the kinetics of the photocatalytic removal of
nitazoxanide by the photocatalyst samples thermally treated
at different temperatures can be ascribed to both models,
while the kinetics of the photocatalytic removal of
nitazoxanide by the photocatalyst samples thermally treated
for different times follow the pseudo-second-order. In fact,

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Photocatalytic activity for the degradation of nitazoxanide of samples thermally treated (a) at temperatures ranging from 350 °C to 450 °C
for 1 h and (b) at 350 °C for 1-9 h in air. Effects of (c) inorganic ions and (d) water matrices on the photocatalytic removal of nitazoxanide by the
sample thermally treated at 375 °C for 1 h. (e) Inhibition of Aliivibrio fischeri bioluminescence for the water samples (1) before and after the
photocatalytic treatment with samples (2) before and after thermal treatment at (3) 350 °C, (4) 375 °C, (5) 400 °C, (6) 425 °C, (7) and 450 °C. (f)
Trapping experiments conducted without scavenger (no RS) and with scavengers: p-benzoquinone (PBQ) for O,", ethylenediaminetetraacetic acid
disodium salt dihydrate (Na,EDTA) for h™, and isopropyl alcohol (IPA) for -OH.

the different kinetic models can all describe the
photocatalytic degradation, implying the complex nature of
the reaction kinetics. Therefore, the effects of adsorbed
states, intermediates, inhibition, and physicochemical
phenomena within the photocatalysts must be considered to
understand such complex reaction kinetics.>* In addition,
exploring the effect of the type of substance to be degraded
and its concentration according to proper kinetic models
(i.e., Langmuir-Hinshelwood) could help to elucidate these
aspects.®™® In all cases, the changes induced by the
synthesis process on the surface of the photocatalysts make
it possible to modulate the reaction rate. Among the samples
thermally treated at different temperatures and times, the
highest k; (0.051 min™") and k, (4.225 mg g min™") were

This journal is © The Royal Society of Chemistry 2024

observed for the sample thermally treated at 375 °C for 1 h,
manifesting the important role of the BiOI/Bi Osl,
heterostructure.

To substantiate the impact of various competing inorganic
ions on the efficiency of the photocatalytic removal of
nitazoxanide by the synthesized photocatalysts, additional
experiments were conducted with Cl”, NO;~, and PO,* ions
and the samples thermally treated at 375 °C. As shown in
Fig. 6c, the presence of CI" and NO; ions drastically
hindered the photocatalytic removal of nitazoxanide. This
necessitates the removal of CI° and NO; ions before the
photocatalytic treatment of water contaminated with
nitazoxanide. In contrast, the PO,*>” ions slightly reduced the
efficiency of the photocatalytic removal of nitazoxanide with
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Table 1 Kinetic parameters for the photocatalytic removal of nitazoxanide by the synthesized photocatalysts

Pseudo-first-order

Pseudo-second-order

Photocatalyst k, (min™) t1 (min) R? k, (mg g™ min™) R?

Bil; 0.01041 42.14307 0.95244 0.029292 0.925258
350 °C 0.01645 66.54891 0.89953 0.052519 0.956483
375 °C 0.05115 128.3145 0.75580 4.225691 0.790836
400 °C 0.01310 49.52926 0.84657 0.029078 0.942764
425 °C 0.00540 13.55094 0.96187 0.028774 0.914537
450 °C 0.00512 12.03420 0.82674 0.026824 0.893217
1h 0.05115 128.3145 0.75580 4.225691 0.790836
3h 0.01142 65.53 0.50838 0.07649 0.66903
5h 0.01135 63.45 0.43380 0.06954 0.68673
7h 0.01092 61.04 0.41180 0.05205 0.84927
9h 0.01057 60.69 0.34705 0.04790 0.87584

respect to the absence of inorganic ions. Similar results were
noted during the removal of sulfamethoxazole by ClO,-
assisted BiOlI-based photocatalysis.*’ Such a dramatic effect
of inorganic ions on the efficiency of the photocatalytic
removal of nitazoxanide by the prepared photocatalytic
materials may be explained by the change in pH, stemming
from the presence of inorganic ions or the scavenging effect
of ions and the formation of radicals: HOCI™ (1.49 V, k = 6.1
+0.8%x10°M " s71), Cl' (2.03V, k=4.3x10° M s71),*° NO;’
(k=1.4x10°M" s"),” and HPO,” (k = 8 x 10° M* s ')**
with lower oxidizing power than 'OH (2.8 V vs. NHE at pH =
0), thus reducing the efficiency of the photocatalytic
activity.®® Similarly, the efficiency of the photocatalytic
removal of ritonavir was decreased by introducing Cl°, NO;",
and H,PO, " Fig. 6d shows the influence of water matrices
on the efficiency of the photocatalytic removal of
nitazoxanide by the synthesized samples. Apparently, the
photocatalytic removal of nitazoxanide was more efficient in
distilled water (DW) in comparison to tap water (TW) and
treated wastewater (TWW). Although the compositions of TW
and TTW significantly differ from that of DW, their efficiency
in the photocatalytic removal of nitazoxanide was at least
75%. In the case of TW, the presence of CI” (35 mg L™
according to the supplier of the TW samples), not NO;™ (<2
mg L), was the main reason for hindering the
photocatalytic removal of nitazoxanide. The presence of
dissolved organic matter and nitrogen in TTW was
responsible for lowering the efficiency of the photocatalytic
removal of nitazoxanide. The reusability test was conducted
for the photocatalytic degradation of nitazoxanide over the
BiOI/Bi,Osl, heterostructure for three consecutive cycles. As
shown in Fig. S3,f the BiOI/Bi,OslI, heterostructure has good
stability in the photocatalytic degradation of nitazoxanide for
three consecutive cycles.

The toxicity of water samples after the photocatalytic
reaction in the presence of the sample thermally treated at
375 °C was evaluated for Aliivibrio fischeri. As shown in
Fig. 6e, the initial aqueous solution containing nitazoxanide
shows the highest toxicity to Alitvibrio fischeri and >35%
bioluminescence is inhibited. Apparently, the photocatalytic
treatment reduced the toxicity, and the final aqueous

344 | Environ. Sci.: Nano, 2024, 11, 336-350

solutions after photocatalytic treatment were slightly toxic,
inhibiting the bioluminescence from >10 up to >25%. This
confirms that the photocatalytic treatment in the presence of
the synthesized photocatalysts is effective not only in the
removal of nitazoxanide but also in the detoxification of
wastewater. The observed inhibition of bioluminescence for
the samples thermally treated at 425 °C and 450 °C possibly
resulted from the formation of toxic by-products during the
photodegradation of nitazoxanide since no traces of
nitazoxanide were detected after the photocatalytic reaction.
In the photocatalytic process, various reactive species are
involved, including photoexcited holes, hydroxyl, and
superoxide radicals. To verify their impact on the photocatalytic
removal of nitazoxanide by the synthesized photocatalysts, the
trapping experiments were parallelly conducted using isopropyl
alcohol (IPA, 1000 mg L"), p-benzoquinone (PBQ, 1 mg L),
and ethylenediaminetetraacetic acid disodium salt dihydrate
(Na,EDTA, 100 mg L) as the scavengers of ‘OH, O, and h”,
respectively. As shown in Fig. 6f, photoexcited holes and
hydroxyl radicals played an important role in the photocatalytic
removal of nitazoxanide by the synthesized photocatalyst.
Unlike in previous reports,**** superoxide radicals were not the
main driving force in the photocatalytic reaction, presumably
due to the low content of Bi,Osl,, resulting in a smaller number
of the BiOI/Bi,OsI, heterostructures. The photocatalytic
performance of the BiOI/Bi,O;l, heterojunctions was previously
studied.*”** In the context of photocatalytic performance, it is
noteworthy that the conduction band (CB) and valence band
(VB) potentials reported for BiOI and Bi,Os], in previous studies
offer valuable information. BiOI exhibits more positive
potentials (Ecg = 0.07 V vs. NHE and Eyg = 1.91 V vs. NHE)*
than Bi,Osl,, where the CB potential is negative (Ecg = —0.68 V
vs. NHE),"* although with a similar VB potential (Eys = 1.78 V
vs. NHE)** (Fig. 7a). It is important to recognize that, for the
crystals synthesized by applying different synthesis routes, these
band potential values can vary depending on various factors,
including crystal structure, size, crystallinity, defects, and
density of electronic states. Therefore, the synthesis method
used in this work may influence these potential values.
Therefore, it is prudent to consider these reported potentials as
initial approximations for our analysis, which allows us to

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Band structures and redox potentials in BiOI/Bl4Osl, heterostructure (potentials in V vs. NHE at pH = 7) and (b) possible
photodegradation pathways>? of nitazoxanide by the synthesized photocatalyst.

discern relative trends. For example, the relatively positive VB
potential of BiOI suggests the feasibility of oxidizing hydroxyl
ions to generate hydroxyl radicals (1.9 V vs. NHE at pH = 7 for
HO/HO)*»* within this photocatalyst. Meanwhile, in the CB
of Bi Osl,, the processes, such as oxygen reduction reaction
(-0.18 V vs. NHE at pH = 7 for 0,/0,)** and/or redox reactions
associated with nitazoxanide photochemistry (Fig. 7b), can
potentially complete the charge balance.*®*”

Exploring the photoelectrochemical behavior of bismuth
(oxy)iodides  provides insights into the underlying
mechanisms and photocatalytic processes. Fig. 8a shows the
chronoamperometric (CA) response at high overpotential in
several dark-light cycles. When the light is supplied, the
current transiently increases for all samples studied, defining
an intense peak or spikes and then decaying to a steady state
value. When the light is turned off, the current tends to zero,
defining a negative overshoot. This evidence is characteristic
of semiconductor-electrolyte interfaces, where the so-called
“band edge unpinning” occurs.”®* Therefore, surface
recombination is important, and there may be some changes
in the chemical composition of the interface. The electron
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transfer reactions are relatively slow, and the concentration
of minority carriers increases to levels that modify the
potential drop across the Helmholtz layer in the electrolyte.*®
The trend observed in the stationary value of the
photocurrent at high overpotential follows the order: 375 °C
> 350 °C > Bil;3 > 400 °C = 425 °C = 450 °C, which is in good
agreement with the results of the photocatalytic kinetics
study. Fig. 8b shows the lifetime during open-circuit potential
decay (OCPD). The OCPD condition manifests as a scenario
wherein the PEC response of the interface tends to a low
overpotential.>® Therefore, behaviors can be differentiated
due to the differences in the recombination processes.’® In
fact, the sample thermally treated at 375 °C exhibits higher
lifetime values for lower potentials compared to other
samples. For all samples studied, the trend of the
semilogarithmic graph of lifetime versus open-circuit
potential is linear, which is consistent with an electron
transfer theory.®® A longer lifetime suggests a slower
recombination rate, which infers a greater availability of
charge carriers for photocurrent collection.®® Therefore, the
PEC results support the idea that electron transfer increases

Open circuit potential (V vs. RHE)

Fig. 8 Results of photoelectrochemical measurements: (a) CA at 1.8 V vs. RHE and (b) lifetime vs. open-circuit potential.
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at the expense of recombination, and the BiOI/Bi Osl,
heterojunction formed in the sample thermally treated at 375
°C results in a higher photocurrent at high overpotential and
longer lifetimes during deactivation under OCPD conditions.
It is worth noting that the surface photoredox reactions and
photocorrosion are the processes that require further
investigations through comprehensive PEC studies.’>"

The chemical of nitazoxanide
hydrogen-bonding acceptor sites: the O atom in the ester and
-NO, capable of forming N-O---H with the solvent molecules
and the N atom in the -NH groups capable of forming N-
H---O bonds.>® The -NO, and -NH groups are the principal
sites of electrophilic and nucleophilic attacks on the
nitazoxanide molecule, respectively.”> The presence of
conjugated double bonds and nitro and amide groups being
chromophores indicates that the nitazoxanide molecule
should be susceptible to light.>* During the photocatalytic
process, the nitazoxanide molecule underwent decomposition
via hydrolysis into acetylsalicylic acid (1) and the respective
aminonitrothiazol (2) (Fig. 7b). In the MS analysis, the
appearance of a fragment at m/z = 266 confirmed the
deacetylation process, which was followed by the cleavage of
the amide according to the fragment at m/z = 121. The
fragment at m/z = 163 indicated the cleavage of the amide
without the deacetylation process.”> The formed
acetylsalicylic acids underwent further oxidation, which led
to the formation of the ring-opening products due to the
cleavage of a C-C bond (with a cyclopentane-1,3-dione core).
Further decarboxylation (ascribed to the photo-Kolbe
reaction) that is initiated by hole oxidation of the carboxylic
acids resulted in the release of CO, and radicals.

The adsorption of molecules on the photocatalyst surface
is an important step for heterogeneous photocatalysis. To
gain insights into the photodegradation of nitazoxanide in
aqueous solution, its adsorption was studied using numerical
molecular dynamics (MD) simulations and stochastic Monte
Carlo (MC) simulations.> In these MD and MC simulations,
the interaction among the nitazoxanide and water molecules
was taken into account as forces and energy changes related
to the random movement of the components, respectively.

structure contains
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The MD simulation of nitazoxanide in an aqueous solution
was performed by Forcite and Adsorption Locator modules in
Materials Studio (BIOVIA). The detailed methodology for the
modelling was  described elsewhere,>**® and the
crystallographic CIF files for Bil;, BiOIl, Bi Osl,, and BisO,I
(ref. 56-59) were used. Their predominant crystallographic
planes were chosen for modelling according to the XRD and
TEM data. The affinities of nitazoxanide and water molecules
were evaluated through the distribution field density,
adsorption energy (E.qs), and differential adsorption dE,q/dN;
of the components (Table S2t). The E,qs values of the
nitazoxanide model are much higher on the BiOI surface
than the E, 4 values on the Bil;, Bi,Os1,, and BisO,I surfaces
in the following order: -138.92 keal mol™ for BiOI (1 0 2) >
-46.81 kcal mol™ for Bi,OsI, (1 0 1) > —43.61 kcal mol™* for
BisO,1I (2 0 0) > —42.94 kecal mol ™" for Bil; (2 1 3).

According to the data shown in Table S2,f the water
molecules have a better affinity for the BiOI surface than for
the Bil;, Bi,Osl,, and BisO-I surfaces. The calculated E,q4
values for the crystallographic planes of BiOI are different
and significantly exceeded the similar values for Bil;, Bi,Osl,,
and Bi5O,I in the following order: —138.92 kcal mol " for BiOI
(1 0 2) > -124.54 kecal mol™* for BiOI (1 1 0) > —-122.20 keal
mol™ for BiOI (1 1 0). The experimental data and
degradation constants (k; and k,) showed that the BiOI and
Bi,O5I, has a higher photocatalytic activity for the
degradation of nitazoxanide than individual Bi,OsI, and BiOI
(Table 1). Considering the localization of the nitazoxanide
and water molecules at the interface formed between two
predominant crystallographic planes of BiOI and Bi Osl,, it
was found that the adsorption of nitazoxanide molecules has
a preference on the BiOI surface (Fig. 9a) via the formation of
a network of close contacts (<3.5 A) between nitazoxanide
molecules and iodine atoms (Fig. 9b). This leads to the re-
distribution of field density near BiOI (1 1 0) away from Bi,-
Os1, (1 0 1). The high photocatalytic activity of BiOI/Bi,Os], is
correlated to its higher adsorption than that of Bi,OsI, but is
similar to BiOI according to the data for the adsorption
energy (Fig. 9b) and differential adsorption energy of
nitazoxanide and water molecules (Fig. 9¢) on different

B;I, 35:0°C 37=5°C 40?°C 45?°C (C) Bil; 350°C 375°C_400°C_ 450°C

I 0.05
[ nitazoxanide
-60 EZ2 water
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(a) Visualization of adsorption of nitazoxanide and water molecules onto the BiOI/BisOsl, interface. The red, violet, and brown spheres

represent oxygens, bismuth, and iodine. Isosurface field density: green is water and red is nitazoxanide. (b) Effect of adsorption energy on
degradation constants for different bismuth (oxy)iodide phases. (c) Differential adsorption energy of nitazoxanide and water molecules on different

bismuth (oxy)iodide phases.
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crystallographic planes (Table S21). This confirms that the
incorporation of BiOI can enhance the photocatalytic activity
of Bi,Osl, for the degradation of nitazoxanide.

4. Conclusions

To sum up, the effect of thermal treatment on the phase
transition from bismuth iodide to bismuth oxyiodides was
studied at temperatures ranging from 350 °C to 450 °C.
Compared with thermal treatment time, the thermal
treatment temperature showed a more pronounced effect on
phase transition, resulting in the formation of different
bismuth oxyiodide crystalline phases with varying
optoelectronic properties and photocatalytic activity. Thermal
treatment at 375 °C for 1 h led to the formation of the BiOl/
Bi,OsI, heterostructure, which exhibited the highest
photocatalytic activity for the degradation of nitazoxanide,
with respective rate constants of k; (0.051 min™) and k,
(4.225 mg g min™"), highlighting the importance of the
presence of multiple phases based on bismuth oxyiodides.
Trapping experiments confirmed the involvement of
photoexcited holes and hydroxyl radicals as the major
reactive species in the photodegradation of nitazoxanide. The
results of photoelectrochemical measurements showed that
the electron transfer and recombination processes are
inversely linked in the sample with the BiOI/Bi Osl,
heterojunction. The photodegradation of nitazoxanide
proceeded via hydrolysis into acetylsalicylic acid and the
respective aminonitrothiazol, which were followed by the
deacetylation and decarboxylation processes. According to
the MD simulation, the high photocatalytic activity of BiOI/
Bi,0sl, is correlated to its higher adsorption. The toxicity test
conducted with Alitvibrio fischeri revealed that the BiOl/Bi,Os-
I, heterostructure is effective not only in the removal of
nitazoxanide but also in the detoxification of wastewater,
demonstrating its potential for practical application in the
wastewater treatment process.
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