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Abstract

Rhodamine B (RhB) is a harmful dye released by industrial wastewaters, thus necessitating its urgent removal. Advanced
oxidation processes constitute promising strategies to purify polluted water. Among others, photocatalysis relies on reac-
tive oxygen species (ROS) produced by photocatalytic particles, typically semiconductors like titania or zinc oxide (ZnO),
excited by solar or UV-Vis light. However, their wide band gap limits their catalytic capabilities within the absorption of
the UV spectrum and causes fast electron-hole recombination. This study presents novel strategies to overcome these
limitations: (i) doping semiconductors to increase photocatalytic efficiency; (ii) sensitization-mediated photocatalysis
for visible light activation using chemical moieties to trap dye molecules; (iii) nanosizing the photocatalysts to enhance
the surface area. ZnO nanoparticles, doped with iron or gadolinium and capped with oleic acid are here synthesized and
tested in RhB dye solutions. Remarkably, the results demonstrate an ultra-fast RhB degradation, driven by oleic acid hav-
ing crucial role in dye adsorption. The degradation mechanisms, including ROS-induced N-deethylation and xanthene
group cleavage, are also unraveled. These findings underscore the efficacy of the proposed semiconductor photocatalyst
design, highlighting a significant advancement with extensive potential applications in wastewater remediation. This
innovative approach paves the way for more efficient and practical solutions to combat industrial dye pollution.

Keywords Zinc oxide - Capping agent - Doping - Photodegradation - ROS

1 Introduction

Environmental pollution and contextually water pollution are prominent concerns, counterbalancing the positive aspects
brought by industrialization, and gaining high recognition over time [1-3]. Textile industries are one of the main responsi-
ble contributing to water pollution, particularly due to the discharge of effluents from factories. These industrial effluents
contain several polluting agents, among which dyes constitute the main contaminant of wastewater [4, 5]. Rhodamine
B (RhB), among other dyes, is attracting particular interest in recent years because of its harmful nature. It is a persistent
organic pollutant (POP) that is resistant to environment degradation and have been continuously released into the envi-
ronment. It causes increasing concerns due to its mutagenic and cancerogenic characteristics that make it extremely dan-
gerous for human beings and wildlife. Furthermore, it affects the photosynthesis and the natural purification processes of
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aquatic plants by preventing light penetration [6]. Based on these considerations, RhB removal from wastewater seems
inevitable to preserve the well-being and the balance of the ecosystem. Nowadays, the wastewater reclamation and
reuse are of prominent importance in view of the increasing water scarcity and poor water resource management [7].

Advanced oxidation processes (AOPs) represent a group of chemical oxidating methods and have been proposed
in the last decade as an effective way of purifying polluted wastewaters. They enable to overcome the major disad-
vantages related to the conventional treatment methods, namely low removal efficiency, long purification times and
post-treatments, while allowing for a fast degradation rate, the complete mineralization of organic compounds, or their
conversion to green products. Furthermore, AOP can operate under ambient temperature and pressure [8]. AOPs can
be categorized in Fenton oxidation (Fe?*/H,0,), Fenton-like oxidation (Fe**/H,0,), photo-assisted Fenton (Fe?***/H,0,/
UV); photocatalysis (TiO,/hv/O,), ozone systems (O5/H,0,, O3/UV), UV photolysis (UV/H,0,), as well as sonolysis and
sonocatalysis [9]. While the diverse AOPs are characterized by different mechanisms of action, their common outcome
is the generation of reactive oxygen species (ROS), notably hydroxyl radicals -OH, superoxide anion -O,™, and singlet
oxygen '0,, which are able to act as oxidizing agents to drive dyes decomposition.

Among several AOPs, photocatalysis has attracted interest over the past few years as a purification method for
polluted wastewater due to its non-selective oxidation capabilities, procedural simplicity, and cost effectiveness
[10, 11]. This reaction relies on the presence of a light-absorbing catalyst which, upon light irradiation, triggers the
dye degradation with whom it is in contact. Two different photodegradation mechanisms are distinguishable: the
direct photodegradation process and the sensitization-mediated one. The first one exploits the photoexcitation
of a semiconductor catalyst which promotes the shifting of an excited electron from the valence band (VB) to the
conduction band (CB); the generated electron-hole pair can react with the surrounding molecules leading to the
production of the abovementioned reactive oxygen species. ROS can then oxidize or degrade the dye molecules
adsorbed on the catalyst surface. On the other hand, the sensitization-mediated process exploits the capabilities
of the adsorbed dye to be excited under visible light irradiation, thus producing photoexcited electron at its lowest
unoccupied molecular orbital (LUMO). Electrons can transfer from the dye molecules to the catalyst, leading to the
ROS generation for initiating the photodegradation process. This last mechanism takes place when the incident
photon energy is not sufficient to excite the photocatalyst, providing that its CB is more positive than the LUMO of
the dyes [12]. Whatever the mechanism, it is however necessary that the dye molecules are adsorbed on the catalyst
surface. For this reason, it is highly favorable to have nanosized particles, i.e. in the range from 1 to 100 nm, in order
to offer a higher surface area compared to micro-particles or bulk materials.

Many studies focused their attention on different semiconductors and their photocatalytic capabilities. In particular,
titanium dioxide (TiO,) has been one of the most extensively investigated materials in this regard, and it has proved
to possess excellent photocatalytic properties to degrade a large number of polluting compounds [13-15]. Zinc oxide
(ZnO) is another semiconductor that gathered great attention as a possible purifying agent for dye-contaminated waste-
water. ZnO also shows a good photocatalytic activity, low cost, and non-toxicity [16—18]. However, both materials are
characterized by a wide band gap (3.2 eV for TiO, and 3.37 eV for ZnO) which limits their optical absorption capabilities
to the ultraviolet (UV) spectrum, thus hindering their photocatalytic applicability [19, 20]. Moreover, such applicability
is further affected by the rapid recombination rate of photogenerated electron-hole pairs, which plays a pivotal role in
the photocatalytic process. In this respect, many efforts have been made to improve the photodegradation capabilities
of semiconductors through different approaches. Doping and structure modification exploiting different materials, such
as Au, Ag, Pd, Al, and Mn among others, have been investigated as viable strategies to enhance the efficacy of photo-
catalysts [21, 22]. The introduction of dopants in their crystal structure has been shown to increase photon absorption,
potentially enhancing the performance of photocatalysis [23]. Indeed, the presence of defects states given by the foreign
atom in the crystal may potentially reduce the energy required to trigger the excitation of electrons from the valence
band to the conduction band. This effect can increase the region of solar light absorbed by the photocatalysts and its
consequent feasibility in industrial applications. To further contrast the fast electron-hole pairs recombination and the
inadequate degradation efficacy of various photocatalysts, other works focused their attention on the investigation
of multicomponent heterojunctions to obtain better performing photocatalytic systems [24, 25]. Finally, other studies
focused their attention on the sensitization-mediated photodegradation process. Indeed, increasing the efficiency of
dye adsorption on the catalyst surface [26-30] can potentially increase the photodegradation performances, limiting
the chances of electron-hole recombination.

In this respect, various strategies can be adopted to physically adsorb the dye at the catalysts surface and thus main-
taining it close to the source of photogenerated ROS. In the case of metal oxide nanoparticles, like ZnO, various chemi-
cal functionalization using silane, carboxyl, phosphonate, catechol, amine or thiol group, can be adopted to modify the
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surface and improve the interaction with the adsorbing dye molecule, depending of the type of compound. Manifold
chemical moieties or coating polymers can be used on the ZnO photocatalyst, or other nanoparticles or thin coating
inorganic films can be grafted, as reported elsewhere by some of us [31].

In view of the hazardous and harmful behavior of RhB in wastewaters and with the purpose of further improving
the photocatalysis phenomenon performances, in the present work ZnO nanoparticles (NPs) were synthesized exploit-
ing a fast and cost-effective wet-chemical method. Aiming to exploit the surface adsorption of the dye, a stabilizing
agent, i.e. oleic acid, was used during the wet-chemical synthesis and its role was evaluated in the RhB adsorption
process. Furthermore, gadolinium and iron were tested as doping elements to determine whether crystal or band gap
modification of the ZnO semiconductor can be a foremost aspect in the performance of the dye photodegradation. The
synthesized nanoparticles were extensively characterized in terms of morphology, crystalline structure, surface charge,
and hydrodynamic size, and their optical properties have been assessed. UV-Vis measurements were then performed
to determine the adsorption and photocatalytic capabilities of the different NPs towards Rhodamine B in solution, also
focusing on the possible degradation mechanisms. Particular attention was put on reactive oxygen species generation
through Electronic Paramagnetic Resonance (EPR) spectroscopy and fluorescence measurement, seeking fora common
thread connecting ROS production to the adsorption and photocatalytic degradation results.

Throughout the whole process, the role of both the doping agents and the oleic acid in the photodegradation effi-
ciency was deeply examined and investigated at the nanosized scale. Different levels of efficiency in the RhB photodeg-
radation up to complete degradation were observed. Particular attention was paid to the introduction of oleic acid as a
capping agent on the NPs surface, focusing on its importance in the interaction between the nanoparticles and the dye
molecules. The contribution that this parameter brings to the initiation of the whole photocatalytic process was carefully
investigated, also in connection with the effects of ROS generation on the degradation mechanism.

2 Materials and methods
2.1 Synthesis of undoped and doped zinc oxide nanoparticles

Undoped and gadolinium- and iron-doped zinc oxide NPs were synthesized through a wet chemical method, exploiting
oleic acid as a stabilizing agent [32, 33].

For the synthesis of the undoped zinc oxide NPs, 40 mL of ethanol (99%, Sigma-Aldrich) was put in a 100 round-bottom
flask. Then, 526 mg of zinc acetate dihydrate (Zn(CH;COO),-2H,0, ACS Reagent, = 99.0%, Sigma-Aldrich, Darmstadt, Ger-
many) was dissolved in the flask before adding 1 mL of double distilled water (obtained from a Direct Q3 system, Millipore,
Burlington, MA, USA) and 140 pl of oleic acid (= 99%, Sigma-Aldrich). The whole system, closed in refluxing conditions
with a refrigerating column, was then placed on a stirring plate (VELP Scientifica ARE Hot plate stirrer) at 350 revolutions
per minute (rpm) and heated up to 70 °C exploiting a silicon oil bath, which was put in contact with the bottom of the
flask. In the meantime, a solution made by 0.522 g of TMAH (Tetramethylammonium hydroxide, 98.5%, Sigma-Aldrich)
dissolved in 1.052 mL of double distilled water (obtained by a Direct Q3 system, Millipore) and 10 mL of ethanol was
prepared and quickly poured in the flask 10 min after the desired temperature was reached. The reaction was carried
out for further 5 min, after which 40 mL of ice-cold (0-4 °C) ethanol was added in the flask, which was then putin anice
bath for 3 min. Finally, the resulting solution was subjected to two washing steps by centrifuging it at 8000 g for 10 min,
and the obtained oleate-stabilized, zinc oxide nanoparticles (OI-ZnO NPs) were stored in fresh ethanol.

The synthesis of oleate-stabilized gadolinium-doped (Ol-ZnO-Gd, 12 at% of doping) and oleate-stabilized iron-doped
(Ol-ZnO-Fe, 6 at% of doping) NPs was performed in a similar manner, adding respectively 96.3 mg of Gadolinium(lll)
acetate hydrate (Gd(CH;C0O0);-H,0, from Sigma-Aldrich) and 58 mg of ferric nitrate nonahydrate (Fe(NO;);-9H,0, HiMedia)
in the round-bottom flask together with the zinc precursor. In both cases, the synthesis was carried out for 10 min after
the addition of the TMAH-based solution.

As a control, both the undoped nanoparticles (ZnO NPs) and the doped ones (ZnO-Gd NPs and ZnO-Fe NPs) were
synthesized without using the stabilizing agent, i.e. oleic acid, by performing the exact same procedure without the
addition of the 140 uL of oleic acid in the process.
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2.2 Physicochemical characterization of the oleate-stabilized nanoparticles

Field emission scanning electron microscopy (FESEM, SUPRA 40 from Zeiss, Oberkochen, Germany) analyses were per-
formed to evaluate the morphology and the chemical composition of the synthesized nanoparticles. The samples prepa-
ration required the use of a 100 pug/mL concentrated solution of NPs in water, from which 10 pL was spotted and dried
on a flat silicon substrate before the measurements.

To assess the crystallinity of the oleate-stabilized NPs, X-ray diffraction measurements were carried out by dispers-
ing 1 mg of nanoparticles in 50 pL of fresh ethanol, letting the prepared sample dry on a silicon wafer substrate, and
analyzing it through a Panalytical X'Pert PRO diffractometer in Bragg-Brentano configuration, equipped with a CuKa
monochromatic radiation (\=1.54059 A) as X-ray source.

Dynamic light scattering (DLS) measurements were performed to determine the hydrodynamic radius of the synthe-
sized nanoparticles. To this aim, 100 pg of NPs was dispersed in 1 mL of double distilled water, and the prepared solu-
tion was analyzed exploiting Zetasizer Nano ZS90 (Malvern Panalytical, Malvern, UK). The same instrument was used to
evaluate how the surface charge of the nanoparticles varies with the pH through Z-potential measurements. The sample
preparation was carried out as it did for the DLS analyses, and the pH was adjusted from 2 to 11 with HCl and NaOH 1 M.

Finally, the optical properties of the oleate-stabilized nanocrystals in the ultraviolet and visible region of the light
spectrum were investigated in transmission mode through a double-beam Varian Cary 5000 UV-vis-NIR spectrophotom-
eter. Specifically, a 2 mg/mL concentrated solution of NPs in ethanol was prepared and put in a quartz cuvette (350 L
volume, 1 mm optical path length). During the analysis, a pure ethanol sample as a baseline curve was analyzed for
background subtraction.

DLS, Z-potential, and UV-Vis analyses were performed also on the control nanocrystals (the one synthesized without
oleic acid), and the results are reported in the Supporting Information file (Fig. S2).

2.3 Rhodamine B adsorption and degradation tests

The aim of this study was to investigate the photodegradation of RhB under simulated solar light utilizing the synthesized
oleate-stabilized nanoparticles (both doped and undoped) as catalysts during the reaction. To assess the potential role of
the oleic acid, and possibly of the different doping agents, within this degradation mechanism, the same nanoparticles
synthesized without the stabilizing agent were used as control.

The experiment was carried out exploiting a white lamp (Schélly Fiberoptic GMBH, Flexilux 650, Endoscopy Fiber-Optic
Light Source 150W) that emits a radiation composed mainly of visible light (150 W/m?) and about 4% of UV light (0.17 W/
m?) to simulate solar light. More specifically, a Pyrex type reactor, covered with an aluminum foil, was filled with 10 mL
of a 2.5 ppm concentrated dye solution at 5.8 pH. Each time, the different catalysts were dispersed at a concentration of
0.5 mg/mL. The photodegradation of RhB alone, i.e. without any type of nanoparticle present in the solution, was also
evaluated as control. The first assessed parameter was the adsorption of the dye on the nanoparticles surface. To this aim,
the reactor was put on a stirring plate at 350 rpm and left in complete dark for 60 min, the time necessary to secure the
establishment of an adsorption/desorption equilibrium of the dye on the surface of the catalyst. After this time, 300 pL
of the solution was collected, centrifuged at 14000 g for 10 min and two replicates of 100 pL of the supernatant were
analyzed with a UV-Vis spectrophotometer (Multiskan FC, Thermo Scientific), coupled with the Thermo Scientific Skanlt
Software for data collection. Considering the corresponding absorbance value, the adsorption values were calculated
for each catalyst through the following equation:

C
Adsorption (%) = (1 - M) % 100
RhBO

where Cypp0 is the dye concentration at the end of the adsorption phase and Cgy,5, represents the initial Rhodamine B
concentration. The maximum amount of dye adsorbed on the NPs surface (q,,,,) Was also calculated.

Once the adsorption of the dye on the different catalysts was evaluated, the photodegradation test was performed.
The solution in the reactor was left under stirring conditions, the lamp was switched on, and the RhB degradation was
measured at 2, 4, 6, 8, 10, 20, and 30 min. After each time step (starting from time 0, corresponding to the end of the
60 min of the adsorption phase), 200 pL of the solution was collected and directly analyzed in two replicates with the
UV-Vis spectrophotometer. Since no centrifugation step was provided in this case, a different calibration curve for each
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catalyst in the dye solution was used to determine the concentration of RhB after each time step (Supporting Informa-
tion file, Fig. S1). The dye degradation was measured as C/C,, where C s the concentration of RhB in the solution in which
the catalyst was dispersed at the considered time step, and C; is the dye concentration in the same solution at time 0.
Such concentrations were measured each time considering the absorbance value at the wavelength corresponding to
the absorbance peak of Rhodamine B.

2.4 Analysis of the degradation mechanism

To better understand the mechanism underlying the dye degradation in presence of the different catalysts, the charac-
teristic RhB absorbance peak was analyzed throughout the photocatalysis process. The photodegradation experiment
was repeated with the same setup and parameters for all the types of nanoparticles, and after 2 and 30 min 100 pL of
the solution was collected and directly analyzed with the UV-Vis spectrophotometer, where the absorbance spectrum
between 450 and 700 nm was recorded. This procedure allowed to investigate if a peak shift occurred together with the
corresponding lowering of its absorbance value.

2.5 Analysis of reactive oxygen species generation

Reactive oxygen species seem to play an important role in RhB degradation [34-36]. To better understand if some
of these species are generated during the dye photodegradation process, two different experiments were carried
out. The first one was aimed at the detection of the generated hydroxyl radicals -OH through Electron Paramagnetic
Resonance (EPR) spectroscopy, exploiting an EMXNanoX-Band spectrometer (Bruker) assisted by the spin-trap mol-
ecule 5,5-dimethyl-1-pyrroline-N-Oxide (DMPO, Sigma-Aldrich). For these measurements, 1.8 mL of RhB solution,
in which the catalyst was dispersed, was mixed with 200 pL of a solution of DMPO in double distilled water. The
final 2 mL solution, whose concentrations were 2.5 ppm for the dye, 0.5 mg/mL for the catalyst, and 10 mM for the
spin-trap molecule, was put in a 24-well plate, which was left in the dark for 60 min (to establish the adsorption/
desorption equilibrium) before being subjected to the same radiation conditions used for the photodegradation
experiment. After 10 min, 50 pL of the solution was transferred in a quartz capillary tube and analyzed to investigate
the production of the DMPO-OH adduct.

For the second experiment a detection reagent, namely Singlet Oxygen Sensor Green (SOSG, TermoFisher), was
exploited to examine the generation of singlet oxygen ('0,). To this aim, 2 uL of SOSG dissolved in methanol was
added to 2 mL of the 2.5 ppm concentrated dye solution in which the catalyst was dispersed at 0.5 mg/mL concen-
tration, in order to reach a final molar concentration of the detection reagent equal to 5 uM. The solution was put in
a well of a 24-well plate, left in the dark for 60 min and then irradiated at the same radiation conditions as before. At
the end of the dark phase (before the irradiation procedure), 100 uL of the solution was collected, put in a 96-well
plate and analyzed through a fluorescence signal measurement with a SynergyTM HTX Multi-Mode Microplate Reader
(BioTek). The same procedure was repeated after 10 min of irradiation.

Both the abovementioned experiments were performed with all different types of nanoparticles redispersed both
in RhB solution at 2.5 ppm and in double distilled water, to investigate if the presence of the dye in the solution
influences the possible ROS generation. Control measurements in absence of the catalysts were also performed.

3 Results and discussion
3.1 Physicochemical characterization of the oleate-stabilized nanoparticles

The synthesis of oleic acid capped ZnO NPs with Iron or Gadiolinum as doping agents was performed with awet-
chemical method and comparative synthesis were performed without capping agent or without doping. After their
synthesis, a complete physicochemical characterization was performed on the nanoparticles.

FESEM measurements (Fig. 1a) on Ol-ZnO, Ol-ZnO-Gd, Ol-ZnO-Fe NPs show round-shaped nanoparticles in all
three samples, with a diameter of around 6-10 nm. The absence of differences in size and morphology between
the undoped and the doped nanoparticles may be attributed to the dominance of the steric effects of the reagents
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Fig. 1 Characterization of the oleate-stabilized, undoped and doped zinc oxide nanoparticles: a Field emission scanning electron micros-
copy (FESEM) images; b X-ray diffraction pattern of the synthesized NPs; ¢ Size distribution resulting from Dynamic Light Scattering (DLS)
measurements in double distilled water; d Trend of the Z-potential values of the analyzed nanoparticles varying the pH of the solution
between 2 and 11; e UV-visible spectra with the Tauc’s plots for the evaluation of the optical band gaps (Eg) represented in the upper right
square

exploited in the synthesis procedure, which contrast the tendency, reported in the literature [37], of a decrease of
the particles size upon doping.

The crystallinity of the oleate-stabilized nanoparticles was investigated through X-ray diffraction, and the results
are reported in Fig. 1b. The spectra resulting from these analyses highlight the presence of the characteristic diffrac-
tion peaks of the ZnO wurtzitic structure (JCPDS-ICDD (card No. 89-1397)). Furthermore, it confirms the successful
doping procedure of the ZnO structure since no additional peaks related to the formation of new crystalline phases
are observable. Also, XPS analyses performed on similarly obtained NPs in other works [32, 33] indicate the presence
of the doping element for OI-ZnO-Gd and OI-ZnO-Fe, with the presence of both the iron oxidation states (Fe** and
Fe3*) in the iron-doped ZnO NPs.
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Table 1 Adsorption values in

% and in mass (g, expressed Catalyst RhB adsorption (%) ?r;]nagx/g o

in mg per g of NPs) of NPs)

Rhodamine B on the different

nanoparticles surface 0l-Zno 80.9 4.05
Ol-ZnO-Gd 83.6 4.18
Ol-ZnO-Fe 82.6 413
Zn0O 46.5 233
ZnO-Gd 46.1 231
ZnO-Fe 43.1 2.16

DLS measurements were performed to evaluate the hydrodynamic diameter and the colloidal stability of the
nanoparticles in double distilled water (Fig. 1c). The graph exhibits a narrow size distribution for all the three samples
analyzed, with peaks at 106, 91.3, and 78.8 nm and polydispersity indexes (PDI) of 0.094, 0.143, and 0.161 for Ol-ZnO,
OI-Zn0O-Gd, and Ol-ZnO-Fe NPs, respectively. The discrepancy between the values of the hydrodynamic diameters
and the ones derived from FESEM analyses may be explained by the fact that DLS measurements are performed on
NPs suspended in water, thus their steric hindrance, as well as adsorption of ions on their surface, should be consid-
ered. However, the possibility of the formation of small aggregates cannot be excluded. Similar results were obtained
for the uncapped ZnO NPs, as reported in Figure S2a of the Supporting Information.

In this respect, we observed that all the NPs synthesized via this wet-chemical synthesis with or without oleic acid
have comparable characteristics and sizes. In particular, no aggregation is evidenced for ZnO NPs synthesized without
capping agents. We can assume that the surface properties of the samples synthesized in our work are optimal in the
used reaction condition, avoiding heavy aggregation of the nanoparticles. However, the use of oleic acid in chemical
synthesis is highly beneficial and preferrable as it stabilizes the NPs against aggregation, even for long time periods, and
greatly improves the RhB adsorption, as reported below.

Since it has been reported in the literature that RhB photocatalytic degradation proceeds on the catalyst surface
rather than in the bulk solution [38], the surface charge of the synthesized nanoparticles is an important parameter to
take into consideration, given that it could also influence the adsorption of molecules on the catalyst surface [39, 40].
Therefore, Z-potential measurements were performed on the oleate-stabilized nanoparticles, and the surface charge was
monitored at different pH values. The results (Fig. 1d) highlight positive surface charge values for all the samples up until
a pH of around 10, where the Z-potential starts to become negative before reaching highly negative values (~—30 mV)
at pH 11. At the pH conditions of the photodegradation experiment (pH=5.8), the analyzed nanoparticles thus exhibit a
positive surface charge value of around +20 mV for all the samples, which also explains the high monodisperse degree
gathered from the DLS measurements. Similar data were also recorded for the uncapped NPS, as reported in Figure S2b.

Finally, the optical properties of the oleate-stabilized NPs were analyzed, since their analysis could be of great impor-
tance in better understanding the photocatalytic degradation process. To this aim, the absorption spectra of Ol-ZnO,
Ol-Zn0O-Gd, and Ol-ZnO-Fe NPs were recorded, and the results are shown in Fig. 1e. All the samples display a strong
absorption in the ultraviolet region, with the Ol-ZnO-Fe nanoparticles that present a modest absorption increase in
the visible region, which is slightly more evident for the Gd-doped NPs. The Tauc’s plot was exploited to calculate the
optical band gaps through the direct semi-conductor equation, and the resulting values are 3.41, 3.38, and 3.39 eV for
Ol-Zn0O, OlI-Zn0O-Gd, and OI-ZnO-Fe NPs respectively. The absorption spectra were also recorded for the uncapped NPs
(Fig. S2c), and the resulting band gap values are 3.29, 3.27, and 3.33 eV for ZnO, ZnO-Gd, and ZnO-Fe NPs respectively.

3.2 RhB adsorption and photodegradation

Before investigating the photocatalytic process of Rhodamine B, its adsorption on the catalysts surface at the end of the
dark phase was evaluated to possibly gather more insights about the photodegradation efficiency obtained in the next
experiments. The adsorption percentage and q,,,, values are reported in Table 1.

While there is no appreciable discrepancy of the adsorption values between the undoped and the doped nanopar-
ticles, a marked adsorption increase is observable for the NPs synthesized exploiting the capping agent. The aliphatic
chain of oleic acid can indeed easily interact with the organic and aromatic groups present in the Rhodamne B molecules,
allowing an easier accommodation of such molecules on the OI-ZnO NPs surface than on the ZnO NPs one without oleic
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acid. These results seem to suggest that oleic acid plays a pivotal role in the dye adsorption mechanism on the catalysts
surface, which may lead to different photocatalytic performances.

Once the adsorption rate was assessed on the catalysts surface, the photodegradation experiments were carried out
as reported in Sect. 2.3.

The results, shown in Fig. 2, raise several different discussion points and observations. First of all, it is clear that the
presence of whatever type of nanoparticle is necessary to obtain the dye degradation: in fact, no RhB photodegradation
is noticeable under the applied experimental conditions in absence of a catalyst in the solution.

The clearest feature inferable from the graph analysis is the extremely significant improvement in RhB photodegrada-
tion performances of the oleic-acid capped nanoparticles. In particular, an effective dye degradation is reached already
within the first 2 min of the reaction, with RhB degradation values of 85%, 87%, and 81% for Ol-ZnO, Ol-Zn0O-Gd, and
OI-ZnO-Fe, respectively, compared to values of 0%, 5%, and 17% for their counterparties synthesized without the
stabilizing agent. After 30 min of solution photoirradiation, the complete dye degradation was obtained exploiting
OI-ZnO-Gd and OI-ZnO-Fe nanoparticles, and a 95% degradation with the undoped OI-ZnO ones. In contrast, the use
of ZnO, ZnO-Gd, and ZnO-Fe NPs as photocatalyst leads to a photodegradation of 65%, 80%, and 55%, respectively, at
the end of the reaction.

Concerning the NPs doping, slight improvements in the photocatalysis performances are visible when Gd and Fe atoms
are added to the ZnO lattice. This is more evident in the first 10 min in the case of the NPs synthesized without oleic acid.
Differently, for the oleate-stabilized NPs,the use of doping elements has a minor difference on the photodegradation
efficiency, appreciable at the end of the experiment. The band gap values of the NPs synthesized with and without oleic
acid allow to make some further considerations: firstly, the values obtained for the uncapped nanoparticles are in accord-
ance with the results of the photodegradation tests, in which ZnO-Gd NPs were the most efficient, followed by ZnO and
ZnO-Fe NPs. These discrepancies are however minimal and the role of the band gap fades into the background when
compared to the role of oleic acid. In fact, the oleate-stabilized NPs were extremely more efficient in RhB degradation
with respect to their doping and band gap value. This behavior confirms the oleic acid role in the dye adsorption at the
nanoparticles surface and in turn its main effect in the overall photodegradation process.

These results, together with the ones obtained in the adsorption tests, seem to suggest that the dye adsorption on
the catalysts surface is of great importance for its photodegradation, with oleic acid, more than the doping agent, play-
ing a pivotal rolein it.

3.3 Analysis of the degradation mechanism

To better understand the mechanism underlying the photodegradation process, the variation of the absorption spectra
was analyzed after 2 and 30 min of irradiation for all samples (Fig. 3).

It has been reported in the literature [38-40] that two different behaviors of the absorbance peak can take place,
related to two different mechanisms of RhB degradation. The first one involves a blue-shift of the peak (hypsochromic
shift) and it is related to N-deethylation of the dye with the formation of a series of N-deethylated intermediates, while the
second one, more strictly related to the color decay of the solution, consists in a decrease of intensity of the absorbance
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Fig.3 UV-Vis spectra variation after 2 and 30 min of irradiation of RhB solution using a OlI-ZnO, b Ol-ZnO-Gd, ¢ OlI-ZnO-Fe, d ZnO, e ZnO-
Gd, and f ZnO-Fe nanoparticles as catalysts. g The spectrum of RhB alone was also collected

peak without any shift in wavelength. This last phenomenon is indicative of the cleavage of the xhantene group, which
is the chromophore group.

On that basis, the absorbance spectra in Fig. 3 suggest that for both oleate-stabilized and uncapped NPs the two
underlined mechanisms take place simultaneously. In particular, a marked blue-shift of the absorbance peak, comple-
mented by a significant intensity reduction, is already noticeable after 2 min in the case of the oleate-stabilized NPs,
with the peak completely disappearing after 30 min as a sign of a complete dye degradation (Fig. 3a, b and c). This whole
process is way slower and smoother when ZnO, ZnO-Gd, and ZnO-Fe nanoparticles are exploited as catalysts (Fig. 3d,
eandf).

The collective behavior of the different catalysts in relation to the two different mechanisms of RhB degradation
are compared: Fig. 4a highlights the values of UV-Vis peak shift for all types of nanoparticles after 2 min of irradiation,
claiming for the high hypsochromic shift and thus of the N-deethylation of the dye when using oleate-stabilized NPs.
Figure 4b illustrates the great difference of the RhB solution color decay at the end of the 30 min irradiation, exploiting
OI-ZnO (upper panel) and ZnO (lower panel) NPs as catalysts. This phenomenon also highlights the important splitting
of the chromophore group, as a result of the cleavage of the xhantene group of RhB, mainly operated by the oleate-
stabilized NPs.
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3.4 Analysis of reactive oxygen species generation

Since ROS are demonstrated to play an important role in RhB degradation, their generation was investigated through
EPR (in the case of hydroxyl radicals -OH, in Fig. 5) and fluorescence (in the case of singlet oxygen) measurements, Fig. 6.

The graph derived from the -OH generation analysis in Fig. 5 exemplary shows the spectra related to the OlI-ZnO and
ZnO samples, as well as the RhB solution without any catalyst, all compared to a reference DMPO-OH adduct spectrum.
Itis worth noting that all EPR measurements carried out for all the analyzed catalysts, both in RhB solution and in double
distilled water, resulted in flat spectra as the ones examined and representatively depicted in the graph. This implies
that no -OH radicals were generated during the photocatalysis process, and that the dye degradation was not due to the
action of this type of reactive oxygen species. In the case of ZnO nanoparticles, slight peaks attributable to the DMPO-OH
adduct are noticeable, but their negligible intensity does not justify the comparably higher degree of RhB degradation.

Concerning the investigation of '0, generation, the results are shown in Fig. 6: the fluorescence signals are reported
for all the analyzed samples both in RhB solution and double distilled water. They were recorded both after the dark
phase and after 10 min of light irradiation and referred to the control, namely the signal derived from RhB solution
after the 60 min of dark phase.

Fig.5 EPR spectra obtained
exploiting the DMPO spin trap
after 10 min of light irradia-
tion

Reference
DMPO-OH
spectrum
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Intensity (a.u.)

01-Zn0

ZnO
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Magnetic field (Gauss)

@ Discover



Discover Nano (2024) 19:126 | https://doi.org/10.1186/511671-024-04077-7 Research

a RhB solution (2.5 ppm) b Double distilled water
124 777 darkness 1. 777 darkness
2 [ ]10 min sun-light irradiation 2 [ 110 min sun-light irradiation
2 10- £ 10-
2 2
8 2 g
= ] = ]
e =
= 6 =6
(0] 0]
N o
S 4 S 41
g g
Yt
S 2. o
Z Z
0-

S O,eb & 4P 0,66 &
N4 I N s
S o\’q’ O\fb 45 D

Fig. 6 Fluorescence signal analysis related to singlet oxygen generation exploiting SOSG detection reagent

These results highlight a significant difference in singlet oxygen generation between the oleate-stabilized catalysts
and the ones synthesized without oleic acid. Furthermore, this radical production is limited to the irradiation phase and
only occurs in presence of RhB in solution (Fig. 6a). The fact that no '0, generation is detected in double distilled water
(Fig. 6b) indicates that RhB presence in the solution is crucial for its production, as well as the presence of catalysts in
the solution, specifically the oleate-stabilized ones. It is worth mentioning that for the catalysts synthesized without
the stabilizing agent, the measured fluorescence values and their inter-sample discrepancy is limited within the noise
measurements, being these values equal or slightly below the one obtained irradiating the RhB solution alone. Consid-
ering these results and the ones derived from the adsorption tests, it becomes clear that the significantly higher singlet
oxygen generation detected for Ol-ZnO, Ol-ZnO-Gd, and Ol-ZnO-Fe NPs is strictly related to the considerably greater
adsorption rate measured for these catalysts compared to the one calculated for the NPs without oleic acid. The high
adsorption rate of RhB on the oleate-stabilized catalysts surface triggers singlet oxygen production upon light irradia-
tion, which leads to a great photodegradation efficiency, in line with the degradation tests results.

Taken together, all these considerations shed light on the dye degradation process. In particular, the adsorption, deg-
radation, and ROS generation tests suggest that RhB degradation occurs through the dye-sensitization phenomenon,
in which a dye (Rhodamine B in this case), adsorbed on a nanosized catalyst surface, can be excited at the wavelengths
of light in the solar spectrum, leading to the electron transfer from the highest occupied molecular orbital (HOMO) to
the LUMO of the photocatalyst, thus triggering its own degradation pathway [12, 41].

For the catalysts analyzed in this work, 1O2 seems the main responsible for RhB degradation, at least in the case of the
oleate-stabilized nanoparticles. No singlet oxygen production is in contrast detected in the case of the NPs synthesized
without oleic acid. However, it should be mentioned that these measurements are related to a 10 min irradiation, which
is the most relevant time in the present work. Furthermore, this is a time after which the dye degradation rate exploiting
Zn0O, ZnO-Gd, and ZnO-Fe NPs is minimal. Thus, the generation of reactive oxygen species could still be an important
factor in RhB degradation at longer light exposures.

4 Conclusions

In the present paper, we have proposed the use of nanosized photocatalysts made of zinc oxide nanoparticles to degrade
a polluting dye under simulated solar radiation. To enhance the mechanism of RhB degradation, here used as a repre-
sentative pollutant of industrial wastewater, we exploited the role of doping and surface functionalization. Spherical
ZnO NPs were fabricated with different doping elements (gadolinium and iron) and their photocatalytic performance
compared their undoped counterparts. A rapid dye adsorption on the photocatalyst surface was obtained by surface
modification through oleic acid, with outstanding increase in terms of dye degradation. Indeed, an efficient generation
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of ROS, in particular singlet oxygen, was detected and an ultra-rapid degradation of the RhB dye was then achieved
within 10 min of simulated solar light irradiation conditions. ZnO NPs were shown to be very efficient photocatalysts in
all the analysed forms, still the surface modification plays a major role in the degradation of the dye almost doubling
the performance of uncapped ZnO NPs. Interestingly, the doping induces only very slight enhancements in the photo-
degradation process, indicating that the surface properties are of foremost importance in the overall characteristics of
the photocatalyst. This work thus proposes an extremely promising tool for wastewater remediation and shows how the
fine control of surface properties and nanosized structures can greatly enhance the photocatalytic efficiency up to the
complete degradation of organic pollutants.
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