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Abstract: Azo dyes such as Tropaeolin O have diverse applications in the textile, food, and biomedi-
cal industries. However, their recalcitrant properties make them toxic substances in surface waters.
Nanocatalysts are photoactive nanoparticles that generate reactive oxygen species to destroy organic
compounds. Moreover, the presence of dopant agents in the nanoparticles’ crystalline structure
efficiently enhances photocatalytic activity. Ag-doped ZnO nanoparticles were prepared in ethylene
glycol at 197 °C and characterized by UV-Vis absorption, photoluminescence, high-resolution trans-
mission electron microscopy (HRTEM), energy dispersive X-ray spectroscopy (EDX), and electron
diffraction (ED). The particles were mainly spherical with a size of ~10 nm, a hexagonal structure,
and an elemental composition of 56.2% Zn, 37.8% O, and 5.9% Ag. The particles evidenced a broad
absorption peak in the UV region and two emission peaks. Absorption analysis indicates that 92%
and 58% of Tropaeolin O were degraded using 100 and 50 ppm of Ag-doped ZnO nanoparticles,
respectively, during the first 550 min. Ion chromatograms selected using quadrupole time-of-flight
liquid chromatography-mass spectrometry (QTOF-LC-MS) indicate a complete Tropaeolin O degra-
dation (295.04 m/z) during the first 330 min. Initially, the nanocatalyst attacks the electron-rich groups
(-OH and -NH), generating the 277.03 m/z [M-OH]* and 174.02 m/z (molecule rupture on the azo
group). In addition, small oxidized fragments 167.03 m/z and 114.03 m/z confirm the nanoparticles’
photocatalytic capacity, and oxidized chains indicate the tropaeolin’s opening rings (including phtalic
acids) and mineralization.
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1. Introduction

Tropaeolin O dye, a versatile and vibrant organic compound, has wide-ranging uses
and applications across various industries, including textile, food, and biomedical indus-
tries. Its intense orange-red color makes it popular as a dye in the textile industry, where
it is employed for fabric dyeing and printing. Additionally, Tropaeolin O dye is used
as a pH indicator in laboratories, changing color based on the acidity or alkalinity of a
solution and aiding in chemical analysis and titration [1]. In the food industry, this dye
is a coloring agent in certain products, such as beverages and candies, enhancing their
visual appeal [2]. Furthermore, its distinctive properties make Tropaeolin O dye valuable
in biomedical research, where it has been employed as a staining agent to visualize and
differentiate various cellular components under a microscope for several decades [3].

Tropaeolin O belongs to the azo dyes, characterized by the presence of one or more
azo (-N=N-) chromophores, giving them their vibrant colors. The azo bonds in these dyes
are relatively stable and not easily broken down. As a result, many azo dyes, including
Tropaeolin O, persist in the environment for long periods of time. One of the concerns
associated with Tropaeolin O dye is its potential to contaminate water bodies, as its use
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in various industries may result in its discharge into rivers, lakes, or groundwater, pos-
ing a threat to aquatic ecosystems and potentially compromising the quality of drinking
water supplies.

There are several methods that can be employed to degrade dyes and mitigate their
potential environmental impact. These methods include: biological degradation—utilizing
microorganisms or enzymes to break down dye molecules [4,5]; chemical degradation—
employing chemical agents or reactions to degrade the dye; and advanced oxidation
processes (AOPs), such as ozonation, photocatalysis, or Fenton’s reagent (a mixture of
hydrogen peroxide and iron salts) [6-8]. Furthermore, other methods involve adsorption—
using adsorbents, such as activated carbon, zeolites, or clay minerals, to trap and remove
the dye molecules from water [9,10]; electrochemical degradation—applying an electric
current to facilitate the degradation of the dye [11]; and photodegradation—harnessing the
power of sunlight or ultraviolet (UV) radiation to degrade the dye [12,13]. It is important
to note that the choice of the degradation method depends on various factors, such as the
specific dye concentration, the presence of other contaminants, and the available resources
and infrastructure for treatment. Additionally, a combination of different methods might
be necessary for more efficient and complete dye degradation.

Photodegradation using photoactive nanomaterials such as quantum dots (QDs) and
metal oxides [14,15] offers several advantages as a method for degrading dyes such as
Tropaeolin O. Some of the advantages of using nanomaterials for photodegradation include
high photocatalytic efficiency, broad absorption spectrum, tunable properties, long-term
stability, reusability, and reduced environmental impact as it does not require the use of
harsh chemicals or generate harmful byproducts, contributing to a more environmentally
friendly degradation process. Overall, the advantages of photodegradation using quantum
dots make it a promising method for efficiently degrading dyes. However, most quantum
dots are synthesized using cadmium ions (i.e., CdSe. CdS), limiting their applicability in
photocatalytic processes.

The incorporation of metal ions into non-toxic metal-oxides nanoparticles such as ZnO
imparts unique properties. It enables a range of applications ranging from antimicrobial,
nanomedicine, photocatalysis, optoelectronic devices, and sensors. It is important to note
that the specific properties and applications of metal-doped ZnO nanoparticles can vary
depending on factors such as the dopant, doping concentration, and synthesis method
employed [16-19].

The objective of this research was to evaluate the photocatalytic degradation of Tropae-
olin O dye using photoactive silver-doped zinc oxide (Ag-doped ZnO) nanoparticles. The
presence of silver ions in ZnO crystals can cause a change in the electronic characteristic
of ZnO, enhancing its catalytic capacity. Moreover, the photodegradation pathway of
Tropaeolin O is monitored by analyzing degradation fragments using liquid chromatog-
raphy coupled to high-resolution mass spectrometry, indicating the mineralization of the
organic dye.

2. Materials and Methods
2.1. Materials

Zinc acetate dihydrate (Zn(C;H30,),.2H,0, ACS reagent > 98%, Sigma Aldrich,
St. Louis, MO, USA), sodium hydroxide (NaOH, purity 95-100.5%, Spectrum Chemi-
cal, New Brunswick, NJ, USA), polyvinylpyrrolidone (PVP, Mw: 360,000 g/mol, Sigma
Aldrich, St. Louis, MO, USA), silver nitrate (AgNO3, ACS reagent, Spectrum Chemical,
New Brunswick, NJ, USA), and ethylene glycol (spectrophotometric grade > 99%, Sigma
Aldrich, St. Louis, MO, USA) were employed in the nanocatalysts” synthesis. Tropae-
olin O (C1,H9N;NaOsS, Spectrum Chemical, New Brunswick, NJ, USA) was used for the
photocatalysis experiments. Methanol (CH30O, >LC-MS grade > 99.9% Baker analyzed,
Phillipsburg, NJ, USA), 2-propanol ((CH3);CHOH, > LC-MS hypergrade > 99.9%, Su-
pelco, St. Louis, MO, USA), and formic acid (CH,O,, LC-MS grade > 97.5-98.5% Supelco,
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St. Louis, MO, USA) were acquired for chromatographic analyses. Ultrapure water was
used in all the experiments. The reagents were used without further purification.

2.2. Synthesis/Preparation of Ag-Doped ZnO Nanoparticles

In previous works, ZnO was synthesized in the presence of ethylene glycol under
two precursors (zinc (II) acetate dihydrate and zinc (II) sulphate heptahydrate). These
samples were refluxed at a temperature of 197 °C, and the reaction times were 2, 3, 4, and
6 h. Samples synthesized in the presence of zinc acetate at a reaction time of 3 h were
selected for future studies based on their better optical properties [14]. Ag-doped ZnO
nanoparticles were produced in the presence of 0.5 M zinc (II) acetate dihydrate, 1.0 M
sodium hydroxide (NaOH), 0.015 g of Polyvinylpyrrolidone (PVP), 0.054875 g of silver
nitrate (5% of dopant agent), and 20 mL of ethylene glycol. The synthesis was performed in
a three-neck round bottom flask at 197 °C and three hours of reaction time. A dopant agent
at 5% was used because preliminary studies using concentrations of 1% and 3% of silver
ions did not evidence the generation of doped nanomaterials. As-synthesized colloidal
doped nanoparticles were washed with deionized water and centrifugated at 5000 rpm
for 15 min using Millipore centrifugal filters (50,000 MWCO). Nanoparticles were dried
overnight at 100 °C and saved for further characterization.

2.3. Characterization of Ag-Doped ZnO Nanoparticles

The UV-visible absorption spectra of Ag-doped ZnO nanoparticles were monitored
in the spectral range of 200-900 nm using a UV-2700i spectrophotometer (Shimadzu,
Columbia, MD, USA). Additionally, photoluminescence properties were studied using
an RF-6000 spectrofluorometer (Shimadzu, Columbia, MD, USA). The morphology was
analyzed by high-resolution transmission electron microscopy (HRTEM) using a JEM-
ARM200cF (JEOL) microscope at 200 kV. The instrument is equipped with an Oxford
Aztec energy-dispersive X-ray spectrometer. The Ag-doped ZnO crystalline structure
was determined by electron diffraction (ED). Energy dispersive X-ray spectroscopy (EDX)
quantification was based on the Cliff-Lorimer factor (k-factor) and the calibration was
performed using a standard pure copper sample.

2.4. Photocatalytic Experiments of Tropaeolin O

The photocatalytic degradation of Tropaeolin O was realized in the presence of light-
activated Ag-doped ZnO nanoparticles, and the remanent concentration was monitored
using a UV-Vis spectrophotometer 2700i and a 6530 accurate-mass QTOF-LC-MS (Agilent,
Santa Clara, CA, USA). Standard solutions (1 uM, 5 uM, 10 uM, 20 uM, 30 uM, 35 uM, and
40 uM) were prepared from a 500 uM stock solution.

For the absorbance analyses, the calibration curve and the Tropaeolin O concentration
were performed at 492 nm. The initial concentration of Tropaeolin O was 35 uM, and
the concentrations of the nanoparticles were 50 mg/L and 100 mg/L. The experimental
solutions were prepared in an aqueous medium and tripled for each concentration. Addi-
tionally, control solutions were prepared, containing only the specified concentration of the
dye (35 uM) and deionized water, and were labeled as UV controls and darkness controls.

For the QTOF-LC-MS, a Zorbax CN column (Agilent Technologies, Santa Clara, CA,
USA) and a mobile phase of 68% methanol and 32% formic acid (0.1%) were used for
separation. A total ion chromatogram (TIC) and extracted ion analysis were used to
determine the Tropaeolin O concentration and the presence of degradation fragments. The
photocatalytic experiments were performed using a 35 uM aqueous solution of Tropaeolin
O and 100 mg/L of the Ag-doped ZnO nanoparticles.

The solutions (for both experiments) were placed at room temperature in a rotamix
at 20-25 rpm under an 8-watt UV Lamp (302 nm) with power irradiation of 10 mW c¢m~?2
and were irradiated for specific intervals. The darkness controls were placed in an unlit
space under the same conditions. After each interval, all samples were collected and
analyzed using the UV-Vis Spectrophotometer at 492 nm and the QTOF-LC-MS to track
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the degradation progress of the dye. The decrease in the concentration of Tropaeolin O
over time was estimated from calibration curves.

3. Results and Discussion
3.1. Morphological, Compositional, and Optical Characterization

High-resolution transmission electron microscopy (HRTEM) was used to examine the
shape and size of synthesized nanoparticles. Ag-doped ZnO agglomerated nanoparticles
are shown in Figure 1A-D. These images evidence the nanometric nature (~10 nm) of
these crystalline structures with mainly spherical morphology. The lattice spacing for the
nanomaterials in the inset (Figure 1D) was about 0.26 & 0.01 nm, corresponding to the (002)
plane of a hexagonal structure [20-22]. This average was obtained from ten measurements
using the software Image].

Figure 1. (A,B) Low magnification; and (C,D) high magnification transmission electron microscopy
micrographs of Ag-doped ZnO nanoparticles.

Electron diffraction (ED) patterns (Figure 2A) evidence the high crystallinity of the
nanoparticles, and characteristic Miller indexes (100), (002), and (101) suggest a hexagonal
wurtzite structure. An elemental composition (Figure 2B) of 56.2% Zn, 37.8% O, and
5.9% Ag for Ag-doped ZnO nanoparticles was confirmed by energy dispersive X-ray
spectroscopy (EDX).
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Figure 2. (A) Electron diffraction pattern; (B) energy dispersive X-ray spectroscopy measurement of
Ag-doped ZnO nanoparticles.

Figure 3A shows the UV-absorption spectrum of Ag-doped ZnO nanoparticles in a
colloidal solution. A characteristic peak in the UV region (350—400 nm) due to intrinsic
absorption when electrons from the valence band jump to the conduction band [23,24] is
observed. The band gap energy was estimated at 3.20 eV, following the Tauc equation. Ad-
ditionally, Figure 4A shows the UV -absorption spectrum of non-doped ZnO nanoparticles
for comparison purposes. The band gap value was the same as for the doped nanoparticles
(3.20 eV). The band gap values for doped and non-doped ZnO are slightly lower than those
for the bulk ZnO (3.30 eV), which could be attributed to the presence of surface defects in
ZnO [25,26].
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Figure 3. (A) Absorbance spectrum and band gap estimation (inset); (B) Photoluminescence spectrum
of Ag-doped ZnO nanoparticles.
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Figure 4. (A) Absorbance spectrum and band gap estimation (inset); (B) Photoluminescence spectrum
of non-doped ZnO nanoparticles.

Figure 3B shows the photoluminescence spectrum of Ag-doped ZnO nanoparticles,
which were recorded at an excitation wavelength of 300 nm. A main peak (band gap
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emission peak) was observed at around 395 nm and attributed to the exciton recombination
in ZnO. A secondary peak (trap peak) in the visible range near 630 nm is attributed to the
presence of structural defects in the crystal. These defects, such as oxygen vacancies and
zinc interstitials, promote the radiative recombination of electrons and photogenerated
holes in the crystals. Silver doping can promote excessive cations and, consequently, more
anion vacancies (O%) might appear in the crystal conducting to tune the structure of the
energy level of ZnO. The doping of ZnO induces the replacement of Zn?* ions by Ag* ions
in the crystals, which was evidenced by the presence of low concentrations of silver ions
(5.9%) in the nanoparticles. The presence of Ag* ions in the crystals should have promoted
the charge transfer from a donor-derived impurity band to unoccupied 3D states at the
ZnO Fermi level [27-29]. Figure 4B shows the fluorescence spectrum for non-doped ZnO
nanoparticles for comparison purposes. The absence of the trap peak near to 630 nm is
evident in the doped particles. The main peak is observed in the region between 395 nm
and 470 nm.

3.2. Photodegradation of Tropaeolin O

The photodegradation mechanisms of Ag-doped ZnO nanoparticles involve several
processes that contribute to the degradation of organic compounds or pollutants. Some
mechanisms associated with the photodegradation using these particles include the photo-
catalytic generation of reactive oxygen species (ROS) [30-32], charge transfer processes [33],
direct interaction with adsorbed molecules, and surface plasmon resonance [34-36], among
others. The specific mechanisms involved in the photodegradation using Ag-doped ZnO
nanoparticles can depend on factors such as the nanoparticle size, doping concentration,
morphology [37,38], and the nature of the organic compounds being degraded [39,40].
Additionally, parameters like light intensity, wavelength, and the presence of co-catalysts
or electron donors in the system can influence degradation efficiency. In this research, the
small sizes of doped nanoparticles (around 10 nm) and the subsequent high surface area
should have enabled a larger catalytic site to destroy azo dyes.

The photodegradation of Tropaeolin O can be explained by the generation of reactive
oxygen species (ROS) promoted by the presence of light-activated Ag-doped ZnO nanopar-
ticles, which act as nanocatalysts. When Ag-doped ZnO nanoparticles are irradiated by
electromagnetic radiation (i.e., 302 nm), the electrons from the valence band (VB) are excited
and suffer electronic transitions to the conduction band (CB). Silver ions (Ag*) in the ZnO
crystals act as an electron sink, trapping the electrons from the CB of the host and promoting
interfacial charge-transfer kinetics that prevent electron-hole recombination. Then, VB
holes and CB electrons react with water and oxygen molecules to generate hydroxyl and
superoxide anion radicals, which promote the destruction of Tropaeolin O in the aqueous
phase [41,42].

Figure 5A shows the degradation pattern of Tropaeolin O analyzed by absorption
at 492 nm using two different concentrations of the Ag-doped ZnO nanocatalyst. The
control solution in a dark environment (black line) indicates that none of the Tropaeolin O is
adsorbed on the nanocatalyst, and the irradiated control solution (yellow line) confirms the
recalcitrant property of the molecule, which is not affected by the UV-irradiation. Azo dyes
are synthetic molecules that have high photolytic stability and low biodegradability [43].
The degradation is dependent on the nanocatalyst concentration and irradiation time.
Around 58% of the Tropaeolin O was degraded using 50 ppm of the Ag-doped ZnO
nanocatalyst, which was increased to 92% using 100 ppm during the first 550 min. In
previous studies using 500 ppm of non-doped ZnO nanoparticles, 81% of the destruction
of Tropaeolin O was achieved during the first 420 min, and no more degradation was
observed after this time [14]. These findings suggest that the presence of silver ions
at low concentrations in the ZnO crystals enhances the photocatalytic capacity of these
nanoparticles. The results suggests the capacity of the nanocatalyst to produce ROS or
interact directly with the Tropaeolin O molecule through the electron-hole pair, producing
its degradation. The degradation efficiency of a nanocatalyst can also be explained by
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the point of zero charge (PZC) of the particle. The PZC is a significant parameter for
determining the point where the positive charge and negative charge sites on the surface
of the nanoparticles are equal. Based on the synthesis method, ZnO nanoparticles should
have basic PZC values (PZC > 7.0) [44]. Tropaeolin O is considered an anionic dye because
of the sulfonic group in its structure. This characteristic generates negatively charged
tropaeolin O molecules after its dissolution in water with a high affinity to positively
charged nanostructures.
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Figure 5. (A) Photodegradation of Tropaeolin O measured by spectrophotometry at 492 nm and
(B) selected ion chromatogram (fragment 295.04 m/z).

Figure 5B shows the degradation pattern for the Tropaeolin O (C1,HoN,;OsSH*)
molecule (295.04 m/z) analyzed by extracted ion chromatogram on QTOF-LC-MS us-
ing 100 ppm of Ag-doped ZnO nanocatalyst. Also, the figure shows the pattern of two
additional peaks corresponding to Tropaeolin O fragments with sodium (C1,H9N,;OsSNa*
and C1pHy9N,OsSNaH™). Evidently, the Tropaeolin O (C1,H9N,OsSH™) degradation time
in this analysis is shorter and more complete than the absorption analysis. The spectropho-
tometric analysis measures the absorbance of all species in the solution at 492 nm, including
the two fragments in Figure 5B and some small fragments in Figure 6B. In contrast, the
chromatographic column of the QTOF-LC-MS allows the separation of the components
based on their polarity, and the extracted ion analysis allows the fragment separation by
their m/z rate.
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Figure 6. (A) Selected ion chromatograms and (B) photodegradation patterns of the degradation
products of Tropaeolin O.

Figure 6 shows the chromatogram and the pattern of degradation and production
of fragments shorter than the Tropaeolin O during the degradation. The larger fragment
(277.03 m/z) appears around 6.4 min in the chromatograms because it is the more non-polar
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compound. The other compounds with low m/z and more polarity appear between 4.5 and
5.0 min (Figure 6A). A selected ion analysis allowed their identification and integration.
It is evident that traces of these compounds are initially present in the pure Tropaeolin O
reagent. The increase and decrease of their concentration during the exposure time indicate
that they are products related to the photodegradation process. The 174.02 m/z fragment
indicates that the diazo group of the Tropaeolin O is an important key and an initial step of
the degradation path. The ROS species and the electrons around the nitrogens in the diazo
group should generate radicals on the molecule, producing a reorganization and rupture of
the molecule between the nitrogens. A parallel step is the loss of an -OH of the sulfonic
group on Tropaeolin O, generating the 277.03 m/z fragment. Some authors have suggested
mechanisms by which the ROS affects functional groups with electronegative elements
like N and O [45]. The 167.03 m/z fragment confirms the oxidative effect of the ROS on
the degradation route. The 114.03 m/z fragment shows the capacity of the Ag-doped
ZnO nanocatalyst to break the phthalic acid (167.03 m/z fragment) and the opening of the
aromatic ring, which suggests the mineralization of the Tropaeolin O.

4. Conclusions

The optical characterization of Ag-doped ZnO nanoparticles evidenced a broad ab-
sorption peak in the UV region and two emission peaks at 395 nm and 630 nm. The presence
of silver ions in the ZnO crystals acts as a sink of electrons and enhances the nanoparti-
cles” photocatalytic capacity. Around 92% of Tropaeolin O was degraded by Ag-doped
ZnO nanoparticles under UV irradiation. Selected ion MS analysis confirmed that the
degradation of Tropaeolin O occurs by photooxidation and subsequent mineralization.
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