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Abstract: Previously synthesized and tested water-dispersible photoactive polymeric microparticles
have been employed as heterogenous photosensitizers to evaluate their performance in generating
singlet oxygen through direct solar irradiation. This study utilizes these photocatalysts for the
degradation of Acetamiprid in INWTP wastewater effluents from an Agri-food industry, exploring,
in addition to direct or simulated solar irradiation, the influence of pH on the photooxidation process.
Over a thousand Emerging Pollutants, including pesticides like Acetamiprid, have been detected in
aquatic environments in recent years, posing challenges due to the limitations of current wastewater
treatment technologies. The developed method is particularly effective under basic or slightly basic
conditions, aligning with the natural pH of wastewater and addressing a limitation of conventional
Acetamiprid degradation methods, which typically require medium acidification to be effective.
Polymers P3 and P4 exhibited high photocatalytic activity, achieving over 99% degradation of
Acetamiprid through oxidation via singlet oxygen generated by Rose Bengal supported on the
polymer matrix, while maintaining catalytic efficiency across multiple cycles The results confirm that
Acetamiprid removal from industrial wastewater via direct solar irradiation is feasible, though
constrained by the availability of sufficient effective sunlight hours.

Keywords: Photochemistry; Solar Photocatalytic Treatment; Industrial Wastewater; Singlet Oxygen;
Emerging Pollutants; Acetamiprid; Rose Bengal.

1. Introduction

Photocatalysis provides a cost-effective and straightforward method for water purification,
particularly in regions with abundant solar irradiation. However, its application is mostly limited to
developing countries and is often associated with low levels of innovation [1-3]. In recent years,
numerous studies have explored wastewater treatment through photocatalysis under visible light
irradiation. Still, only a limited number have focused on the application of direct sunlight for this
purpose. Among these, noteworthy studies have demonstrated the successful removal of emerging
pollutants (EPs) from water using either direct sunlight or simulated solar irradiation [2-7].

The EPs, subsumed under the broader category of contaminants of emerging concern (CECs),
encompasses an extensive array of substances including pharmacological agents, personal care
products, endocrine-disrupting chemicals, and pesticides, as well as their metabolic byproducts, with
over a thousand such entities documented within aquatic settings. A notable current challenge
associated with EPs is the limitation of extant wastewater treatment technologies, such inefficacies
contribute to the sustained presence of EPs in aquatic ecosystems and in reclaimed waters utilized
for irrigation purposes, thereby harboring potential repercussions for environmental integrity and
public health [8-11]. In recent years, significant scientific efforts have focused on developing methods
for the removal of emerging pollutants from water, either targeting specific compounds or entire
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pollutant groups. A variety of approaches have been explored, with many studies employing
techniques such as adsorption and advanced oxidation processes, including photocatalysis, among
other methods. [11-19]. While many of these studies have been performed in laboratory settings,
comprehensive studies have also investigated the elimination of EPs in real wastewater from
wastewater treatment plants (WWTPs) or WWTPs processing industrial wastewater IWWTPs) [20—
24], including agri-food INWTPs due to the hazards posed by EPs related to pesticides (insecticides,
fungicides, etc.) [25-28].

In recent studies conducted by our research team on effluents from a IWWTPs of an agri-food
sector company located in the Murcia Region (one of the leading agricultural regions in Europe for
citrus and fresh vegetable production), recurrent traces of pesticides and fungicides have been
identified [29-31]. While current regulations do not require the company to carry out such analyses
to detect emerging pollutants, they occasionally choose to do so; and as a general trend, glyphosate
has been identified as the most widely used pesticide in the area. However, in recent years, other EPs,
such as Acetamiprid, Imazalil, Thiabendazole, 2-Phenylphenol, Hexythiazox, Pyriproxyfen,
Metalaxyl or 2-amino-4-hydroxy-6-methyl-pyrimidine (AHMPD), have been increasingly detected.
The potential prohibition of glyphosate may have led to an increase in the use of other families of
pesticides [32]; however in November 2023, the EU renewed the approval of the active substance
glyphosate for 10 years.

(E)-N-(6-chloro-3-pyridylmethyl)-N'-cyano-N-methylacetamidine, known as Acetamiprid is one
of the pesticides identified that appears frequently throughout the year in the effluent analyses
available, acetamiprid is a neonicotinoid insecticide widely used on leafy vegetables, citrus, grapes,
cherries, etc. [33-35]. Neonicotinoid pesticides have been used worldwide since the early 1990s, they
exhibit high target efficacy, excellent physicochemical properties, wide spectrum of efficacy and low
mammalian toxicity, making them strong candidates in a future scenario without glyphosate [32,35].
However, any chemical sprayed in the field is not free of secondary effects on aquifers, biodiversity,
and reclaimed water; this is also the case with acetamiprid, which has been associated deleterious
effects in honeybee queen production, increases in songbird mortalities or decreases in earthworm
activity, some studies even indicate toxicity in certain small mammals [33,34,36,37]. Moreover, their
use in large quantities due to intensive agriculture and multiple cropping cycles per year can still be
detrimental due to accumulation. This is particularly relevant in Spain, which leads in the use of
pesticides within the European Union [38].

In recent years, the literature has documented significant research efforts aimed at the removal
of acetamiprid from wastewater via advanced oxidation methods [39]. Therefore, the photocatalytic
degradation of acetamiprid has been studied using inorganic photosensitizers, such as titanium
dioxide (TiO2) [40,41] or sulfate-doped AgsPOs with enhanced visible light activity [42]. However, the
method that has yielded the best results is the photo-Fenton method, which is currently being
extensively studied [43], even innovating in the materials used for metals used to catalyze hydroxyl
(-OH) production, such as a-Fe2O3-pillared bentonite / L-cysteine complex [44] or NH2-MIL-88B(Fe)
with different monodentate ligands in order to increase the pH action range [45]. Notably, the photo-
Fenton method has been applied for wastewater treatment [46] and has also been combined with
other methods such as ultrasound, enhancing its performance [47]. In sum up, the state-of-the-art
many concur that acetamiprid is highly resistant to direct molecular ozone attack but reaction with
hydroxyl radicals exhibits fast kinetics [48]. The stringent acidic pH limitation is the main barrier for
Fenton implementation, taking into account that water and wastewaters effluents have a pH usually
ranging between 6.5 and 8.5.[43].

An alternative that has not been extensively studied in the literature is the acetami prid oxidation
via singlet oxygen (O2('Ag)), and that furthermore can solve the problem of application at basic
medium. M.C. Gonzalez determined in 2010 the reaction mechanism of acetamiprid with O2('Ag)
using Rose Bengal (RB) as a photosensitizer [49]. RB is a xanthene-based natural compound that
displays high absorption in the 500-600 nm range, its triplet state can be completely quenched by
oxygen and so RB is considered a highly efficient photosensitizer for generating O2('Ag) [50,51]. RB
demonstrates a high quantum yield (JA) of 0.75 for Oz('Ag) generation in water [52], therefore RB is
widely used as photosensitizers for conducting singlet oxygen reactions in aqueous media. A notable
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advancement in recent years has been the application of Rose Bengal as a photosensitizer
immobilized on organic polymers as heterogenous photocatalysts with highly effective approach for
the treatment of contaminated effluents [53] or in degradation of EPs [54-56] under visible light
irradiation. In fact, heterogenous photosensitizers with RB, which operate in the visible range, can
address the major limitation of traditional photocatalysts like TiO,, which are only active under UV
radiation [57].

In this study, hydrophilic photoactive polymeric microparticles with covalently anchored RB
were used as supported photosensitizers. The synthesis of these heterogeneous photocatalysts has
been previously reported by our research group [58], as well as their efficiency as photosensitizers in
the evaluation of repeated chemical transformations of a substrate through a mechanism involving
chemical interaction and subsequent photocatalyst regeneration [58,59]. Recently, they have been
successfully validated for the degradation of a fungicide by generating singlet oxygen under visible
light irradiation, as demonstrated with AHMPD in real wastewater samples [31].

The objective of this research is to investigate the application of these photoactive materials for
wastewater treatment through advanced oxidation processes involving singlet oxygen, while
evaluating the effect of pH and direct solar irradiation. The novelty of this study lies in the first-time
investigation of acetamiprid degradation via visible light photocatalysis using O2('As) generated from
supported RB photocatalysts; additionally, to optimize physicochemical parameters, such as pH, to
identify the optimal application range of the photoactive materials for acetamiprid degradation. Their
efficiency is evaluated under both laboratory conditions using simulated sunlight and natural
sunlight in Murcia, one of the European regions with the highest solar irradiation. Previous results
with AHMPD demonstrated the effectiveness of supported RB polymers [31], achieving high
degradation rates in basic media despite slow kinetics; this study also aims to evaluate the kinetic
O2('Ag) performance of the photoactive materials for the degradation of acetamiprid, an insecticide
with a chemical structure distinct from AHMPD (a pyrimidine-based fungicide). The effectiveness of
the photooxidation process will be compared to Fenton and photo-Fenton methods for acetamiprid
degradation, particularly in basic or slightly basic media. The application also will be studied both in
laboratory samples and in real-scenario settings using effluent samples from an (IWWTP) in the agri-
food sector.

2. Materials and Methods
2.1. Synthesis and Characterization of the Photoactive Microparticles

This study focuses on testing previously synthetized polymers for their ability to remove
acetamiprid from an IWWTP wastewater. The research emphasizes analyzing the influence of pH on
the removal mechanism and evaluating efficiency under real solar energy conditions, rather than
synthesizing new polymers. The polymeric photosensitizers, derived from a method by D.C.
Neckers, involve covalently attaching Rose Bengal to chloromethylated styrenic resins [60], with
synthesis details provided in prior studies [31,58]. The hydrophilic properties of the synthesized
materials are imparted through the incorporation of two hydrophilic functional groups—
ethylenediamine and y-gluconolactone—into the polymer matrix, following the approach outlined
by J.M.]. Fréchet [61]. Figure 1 illustrates the chemical structure of each polymeric matrix along with
a brief schematic of its synthesis procedure.
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Figure 1. Chemical structure of polymers P1-P4 along with their respective synthetic process [31].

The polymers are characterized in three stages. The first focuses on the polymerization process
using FT-IR, FT-Raman spectroscopy, and thermogravimetric analysis (TGA). The second examines
optical properties, including UV-Vis absorption, fluorescence spectroscopy, RB content
quantification, and particle size determination via granulometric analysis and SEM. Detailed
procedures are available in previous work [58].

The final stage of the characterization involves assessing the ability of the materials to generate
singlet oxygen. The singlet oxygen production capability of the materials was evaluated by analyzing
the photo-oxidation kinetics of anthracene-9,10-dipropionic acid (ADPA) in Milli-Q water. For each
polymer sample, 40 mg of the photosensitizer was mixed with 10 mL of an ADPA solution (1.2 x 10~
M) in a test tube. The heterogeneous mixture was stirred and equilibrated with air. The test tubes
were then exposed to irradiation at room temperature using a 50 W halogen lamp placed 2 cm from
the samples. Control experiments, both in the dark and without a photosensitizer, were conducted
to evaluate any potential adsorption of ADPA onto the polymeric photocatalyst. Additional controls
for polymers P1-P4 were performed under the same conditions without a photosensitizer, involving
only ADPA irradiation and the use of Rose Bengal (5 uM) as a reference photosensitizer. The progress
of the ADPA photo-oxidation was monitored using UV-Vis spectrophotometry for 60 minutes by
tracking the decrease in the ADPA absorption band at 398 nm. At each time interval, the reaction was
paused by turning off the lamp, a 1 mL aliquot was taken to measure its absorption spectrum, and
then returned to the reaction mixture before irradiation was resumed.

2.2. Kinetics of Acetamiprid Photo-Oxidation Using the Photoactive Microparticles

The photo-oxidation rate of Acetamiprid was investigated using photosensitizers P2-P4 in
aqueous solutions at a pH of 10. In each experiment, 40 mg of the photosensitizer was added to 10
mL of a 0.1 ppm Acetamiprid solution in a test tube. The heterogeneous mixture was stirred and
equilibrated with air. The test tubes were irradiated at room temperature using a 125 W medium-
pressure Hg vapor lamp, surrounded by an aqueous FeCls solution (0.1 M) acting as a filter for
wavelengths below 450 nm. The tubes were positioned 2 cm from the lamp. Control experiments
were carried out in the dark to assess potential adsorption of Acetamiprid on the polymeric
photocatalyst. Additional control tests were also conducted under the same conditions without any
photosensitizer, as well as using Rose Bengal (5 uM) as the photosensitizer. For kinetic studies at
different pH values, each sample's pH was pre-adjusted accordingly.

The method used to monitor Acetamiprid degradation involved pausing the reaction by turning
off the lamp at each time interval, followed by collecting a 20 uL aliquot of the reaction mixture. The
reaction was then resumed by switching the lamp back on to continue the process. The photo-
oxidation reaction of Acetamiprid was determined by analyzing each aliquot by HPLC
chromatography ZORBAX column Reversed-Phase Agilent 1260, using acetonitrile and water (1:2
volume ratio) as mobile phase, the acetamiprid absorption was monitored at 243 nm with a flow rate
of 1 mL-min~ and a column temperature maintained at 30 °C.

2.3. Studies of Acetamiprid Degradation with P3 and P4 Polymers as Photosensitizers in Industrial WWTP
Samples
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To evaluate the degradation of Acetamiprid in wastewater, five effluent samples have been
collected from an Industrial Wastewater Treatment Plant IWWTP) belonging to a Spanish agri-food
company that specializes in citrus products. The company processes 40,000 tons of citrus annually,
90% being lemon-based products. It operates two lines—juices/concentrates and essential oils—
consuming 20,000-30,000 m?® of water yearly, 90% of which becomes wastewater. This wastewater is
treated at the INWTP to meet regulatory standards.

The photocatalytic experiments were conducted using the Hg vapor lamp, with each sample
adjusted to pH = 10 to assess the reaction kinetics at this specific pH. The degradation of Acetamiprid
during the photocatalytic process was monitored by HPLC chromatography at 243 nm, following the
above-described experimental protocol.

2.4. Reciclability Studies with P3 and P4 Polymers in Acetamiprid Degradation

Recyclability experiments were conducted for polymers P3 and P4 using as media IWWTP water
sample 1 adjusted at pH = 10 and following the same procedure as previously described. The time
reaction of each study was 300 minutes and cycle 2 was conducted without irradiation as a control.
10 reaction cycles were performed for each polymer.

2.5. Simulated and Direct Solar Irradiance Experiments

The effect of solar irradiation from both simulated sunlight (125 W mercury vapor lamp) and
real sunlight was analyzed. Initially, a study was conducted to determine the optimal irradiation
distance for the simulated sunlight lamp. Up to this point, all experiments had been carried out at a
fixed distance of 2 cm; however, for this study, the distance between the lamp and the test tube was
systematically varied. The experiments were performed using the P3 and P4 polymers, in
combination with the FeCl; filter, and sample 5 of wastewater from the IWWTP at pH = 10.

Subsequently, additional experiments were conducted with the P3 and P4 polymers under the
same conditions as the simulated solar setup in the laboratory (sample 5 of wastewater, pH =10, and
FeCl; filter) but exposed to real sunlight on sunny days in Murcia during midday hours across
different times of the year, to account for variations in solar irradiation. The solar irradiation incident
on the surface of the reaction medium was measured using a Fluke IRR1-SOL meter.

3. Results and Discussion
3.1. Synthesis and Characterization of the Photoactive Microparticles

The synthesis and characterization of the photoactive microparticles were reproduced as
described previously, yielding identical results to the earlier studies in terms of physical (FT-Raman,
FT-IR, SEM, particle size), optical (UV-Vis, fluorescence spectroscopy), and Rose Bengal content
characterization.

As shown in Figure 2, the polymeric matrices P2, P3, and P4 exhibit the characteristic pink color
of Rose Bengal, with P3 and P4 showing slightly brighter shades than P2. UV-Vis absorption spectra
confirm the presence of RB in all polymers, with absorption maxima between 562 nm and 571 nm,
consistent with previous studies and literature [31,58,62]. The polymers display broader spectral
profiles and longer wavelength shifts compared to free RB (Amax = 557 nm), with P3 and P4 peaking
at 561-562 nm and P2 at 571 nm. No leaching of RB was observed in any polymer.
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Figure 2. Left: Illustration of the polymers P1, P2, P3, and P4. Right: UV-Vis normalized absorption spectra for
P1-P4 polymers and Rose Bengal (Milli-Q water, 5 uM).

P2-P4 polymers demonstrated photoactivity in terms of singlet oxygen generation. The
characterization study was conducted by assessing the materials' ability to generate singlet oxygen,
which was determined by analyzing the kinetics of the model reaction of photo-oxidation of
anthracene-9,10-dipropionic acid to form ADPA-O: endoperoxide (60 min, 1.2 x 10-* M of ADPA in
Milli-Q water), which is widely studied in aqueous media. The results obtained are: P1: Maximum
conversion: 0%; P2: Maximum conversion: 85%, Kobs (min-): 0,0432; P3: Maximum conversion: >99%,
Kobs (mint): 0,0635; P4: Maximum conversion: >99%, Kobs (min): 0,0640.

3.2. Study of the Kinetics of Acetamiprid Photo-Oxidation Using the Photoactive Microparticles

The effectiveness of polymers P2, P3 and P4 was evaluated in the photo-oxidation of
Acetamiprid by monitoring the degradation of the pesticide as described in section 2.2 over time. The
experiments were conducted at pH = 10 and control experiments carried out in the absence of light
and without a photosensitizer, indicated no adsorption of Acetamiprid onto the polymers, nor any
degradation of the compound through direct irradiation. The concentration of Acetamiprid was set
at 0.1 ppm. The degradation of Acetamiprid was monitored using HPLC chromatography; the
traditional UV-Vis method employed in previous studies [31,58] cannot be applied in this case.
Although the state of the art indicates that monitoring can also be carried out using 1TH NMR and
FTIR [40,41], the HPLC approach was selected due to it is the most widely used in the literature.
Irradiation used the 125 W Hg vapor lamp with the 0.1 M FeCl; filter to block wavelengths below 450
nm, preventing Acetamiprid photolysis and Rose Bengal UV degradation.

RB
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Figure 3. First-order kinetics of Acetamiprid photo-oxidation over time (C) relative to the initial concentration
(Co), for RB and P2, P3 and P4 (HPLC absorption maximum at 243 nm) at pH = 10.

The results obtained confirmed first-order kinetics in all cases for the degradation of
Acetamiprid by singlet oxygen generated by Rose Bengal, as reported in the literature [49]. The
kinetics of polymers P3 and P4, which are more hydrophilic, were superior to those of P2 and
comparable to free RB. This confirms the successful incorporation of ethylenediamine and v-
gluconolactone through grafting into the polymeric matrix, enhancing the hydrophilicity of the
microparticles; these results are consistent with prior research [31,58]. The values for the first-order
kinetics are shown in Table 1, with the observed rate constants (kes) derived from fitting the
conversion data over time. Additionally, the final conversion rates achieved for Rose Bengal and
photosensitizers P2-P4 at pH = 10 are also reported. Conversions exceeding 99% were achieved with
RB, P3 and P4 within a time frame of approximately 300 minutes (Figure 4).

Table 1. First-order constants and conversions for RB, P1, P2, P3 and P4 at pH = 10.

Photosensitizer % Degradation Kobs (min-1)
Conversion (%) >99
RB .0151
t (min) 305 0.015
Conversion (%) 85
P2 .0054
t (min) 350 0.005
Conversion (%) >99
P .0147
3 t (min) 330 00
Conversion (%) >99
P4 .014
t (min) 325 0.0148
1 \ —e— RB
09 | —— P1
0.8
0.7
0.6
J 05
<
O o4
0.3
0.2
0.1
0

0 50 100 150 200 250 300 350
t (min)

Figure 4. Degradation ratio of Acetamiprid over time (C) relative to the initial concentration (Co), for RB and P2,
P3 and P4 (HPLC absorption maximum at 243 nm) in pH = 10.

The influence of pH on the degradation kinetics of Acetamiprid was studied assessing the
Acetamiprid photo-oxidation at different pH scenarios. In this case, only polymers P3 and P4 were
used, as they, as previously mentioned, exhibit higher performance than the nonpolar polymer P2.
The effectiveness of RB, P3 and P4 is presented in Table 2 in different pH reaction media.

Table 2. Conversions and first-order constants for RB, P3, and P4 at different pH media (t = 300 min).

pH Photosensitizer % Degradation Kobs (min)
RB >99 0.0159
12 P3 >99 0.0159

P4 >99 0.0159
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RB >99 0.0158

11 P3 >99 0.0157
P4 >99 0.0158

RB >99 0.0154

10 P3 98 0.0147
P4 >99 0.0148

RB 98 0.0130

9 P3 96 0.0107
P4 96 0.0107

RB 92 0.0084

8 P3 90 0.0075
P4 90 0.0076

RB 85 0.0063

7 P3 82 0.0057
P4 83 0.0059

RB 72 0.0042

6 P3 68 0.0038
P4 68 0.0038

RB 53 0.0025

5 P3 50 0.0023
P4 50 0.0023

Figure 5 compares the degradation rates of Acetamiprid at different pH values. As observed,
Acetamiprid degradation is considerably more efficient in highly pH media, achieving in all cases
degradation rates above 99% after 300 minutes of reaction for pH = 10 and higher; and degradation
rates above 90% for pH = 8.

100

80

60

40

% Degradation

20 —e— RB
—o— p3
Pa

4 5 6 7 8 9 10 11 12 13
pH

Figure 5. Degradation ratio of Acetamiprid for RB, P3 and P4 (t = 300 min) at different pH media.

This effectiveness in Acetamiprid degradation suggests that the photooxidation mechanism is
more efficiently promoted under alkaline conditions. This observation aligns with previously
established literature, which interprets the mechanism of the photo-oxidation reaction of O2('Ag) with
substituted amines [63,64]. Gonzalez supports this mechanism by indicating that the positive charge
density is located on the nitrogen atom of the tertiary amine in the Acetamiprid and does not at the
pyridine ring [49,65]. On the other hand, in previous study we have reported that Oz('Ag) quenching
increases in higher basicity of the solvent [31]. This is also suggested to occur in this reaction, where
the positively charged form of Acetamiprid is favored as the pH becomes more basic, thereby
enhancing the quenching with singlet oxygen (which possesses a negative charge density).
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The literature reports that in the case of Acetamiprid, oxidation leads to the formation of various
secondary amines and aldehyde hydrates. Under strong oxidizing conditions, these aldehyde
hydrates readily oxidize to their corresponding acids such as chloronicotinic acid [43,45,49,66].
Furthermore, some authors describe those organic by-products from degradation of Acetamiprid,
ultimately can be mineralized into purely inorganic compounds, such as carbon dioxide, water, nitric
acid, and hydrochloric acid [40,45,48]. This is highly notable and aligns with the sustainability goals
of total eliminating an organic emerging pollutant like the insecticide Acetamiprid in water.

3.3. Acetamiprid Degradation Studies with P3 - P4 Microparticles as Photosensitizers in Industrial WWTP
Samples

To evaluate the degradation potential of Acetamiprid in Agri-food wastewater, five effluent
samples from the INWTP were analyzed. The pesticide concentrations in these samples were notably
elevated, ranging between 0.045 ppm and 0.092 ppm, according to the analytical data provided by
the IWWTP manager. The samples dates coincide with peak production periods for the agri-food
company. Although current regulations do not require the company to perform such analyses to
determine the presence of insecticides EPs, they conduct them occasionally. Consequently, the
occurrence of high Acetamiprid concentrations in the IWWTP effluent, along with the underlying
causes, remains unclear. This uncertainty is likely attributed to the pesticide's seasonal application
on the citrus farms that supply the company.

Photosensitizers P3 and P4 were utilized in degradation tests of Acetamiprid using the real water
samples in two pH conditions: the actual pH of the sample and pre-adjusted at pH = 10. Table 3
presents the degradation results of Acetamiprid using P3 and P4 as photosensitizers under the two
described pH conditions (reaction time of 360 minutes). The first-order kinetic constant obtained is
also shown, along with the results for both controls: free RB and P1 (lacking RB in its structure).

Table 3. Acetamiprid degradation rates using P3 and P4 as photosensitizers in INWTP samples.

P3 P4 Control
% Deg
[Acmp] % De Kobs % De Kobs % De
Sample pH ppnf GoOmin) (min®) (60min)  (mind) (Rﬁgj’fo (P1, 360 min)
L7 oo 92 0.0070 93 0.0074 93 0
10 >99 0.0131 >99 0.0138 >99 0
s 7T s 91 0.0069 92 0.0072 93 0
10 >99 0.0129 >99 0.0132 >99 0
3 78 o 90 0.0064 93 0.0075 94 0
10 >99 0.0125 >99 0.0139 >99 0
. 75 Lo 93 0.0073 94 0.0077 94 0
10 >99 0.0139 >99 0.0145 >99 0
7 92 0.0071 94 0.0079 95 0
10 >99 0.0135 >99 0.0147 >99 0

The degradation rates observed in the industrial effluent samples closely align with the results
obtained during the initial kinetic experiments at both pH = 7-8 and pH = 10 media, using P3 and P4
as photosensitizers. As expected, degradation was more effective at pH = 10 for all samples. It is
significant to note that the monitoring of Acetamiprid degradation by HPLC did not show any
interference, likely due to the possible presence of organic matter. Figure 6 presents a comparison of
the Acetamiprid degradation rates over time for effluent sample 1, utilizing the two polymeric
photosensitizers P3 and P4, under both pH conditions.
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Figure 6. Degradation ratio of Acetamiprid over time (C) relative to the initial concentration (Co), for effluent
sample 1, with P3 and P4 as photosensitizers in pH conditions pre-adjusted to pH = 10 (measured in HPLC

absorption maximum at 243 nm).

The results demonstrate that the supported photosensitizers can be effectively used for the
degradation of Acetamiprid in effluent wastewater at its natural pH and more efficiently at pH = 10.
In all cases, the degradation kinetics ranged from 300 to 360 minutes under such conditions. It is
important to note that the proposed solution in this study addresses the limitations of traditional
Fenton and Photo-Fenton methods regarding their applicability at the effluent's natural pH. This also
can minimize the risk associated with pH adjustments, which require ions that can interfere with the
reaction mechanism and affect the degradation rate of Acetamiprid [67,68].

Table 4. Comparison of different Acetamiprid degradation techniques at different pH media.

Method Characteristics % Degradation t (min) pH Reference
TiO2 Heterogeneous >99 1600 3 41,43
Fenton Homogeneous >99 40 3 43, 66
Fenton Homogeneous, >99 90 3 43,66
wastewater
Photo-Fenton Homogeneous >99 10 2.8 43, 69
Photo-Fenton Heterogeneous >99 60 3 43, 45
Photo-Fenton Heterogeneous 78 240 9 43, 45
Fenton Homogeneous, >99 60 3 46
wastewater
Photo-Fenton Homogeneous, >99 30 3 46
wastewater
Fenton Heterogeneous >99 60 3 70
Fenton Heterogeneous 30 60 8 70
H
Singlet Oxygen sterogeneous, 94 360 75-8
wastewater .
Heterogeneous This study
Singlet Oxygen & ’ >99 300 10
wastewater

Table 4 compares examples of different methods for the degradation of Acetamiprid, with the
operational pH media and the kinetic times required to achieve complete degradation of the
insecticide. The table provides examples of Fenton methods from key studies in the literature. In
general, Fenton and Photo-Fenton methods achieve Acetamiprid degradation rates exceeding 99%
within approximately 1 hour. These methods usually operate in a homogeneous medium and have
been successfully applied on multiple occasions to wastewater treatment [43,46,66]. As discussed in
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the introduction section, the state of the art describes significant innovations in order to enhance
efficiency of Fenton processes, particularly in terms of kinetics, achieving degradation within a few
minutes. Additionally, some innovations have focused on expanding the pH operational range of the
Fenton, such as the work by Zhao, which improved materials using monodentate ligands to extend
the pH range of action [45] or Tabasum who utilized graphene-oxide-based metal ferrites as Fenton-
like as heterogeneous photocatalysts, successfully increased the operational pH range [70].

The results obtained in this study should be compared with the described examples of applying
the Fenton method at the natural pH of wastewater effluents, even with higher % degradation. As
outlined in the objectives, this work successfully describes an alternative to the Fenton and Photo-
Fenton methods for the removal of Acetamiprid at both the effluent pH and basic pH levels. Although
this study demonstrates slower kinetics than the acidic pH Fenton method, the kinetics at mildly
basic pH are comparable in terms of time.

3.4. Reciclability Studies with P3 and P4 Polymers in Acetamiprid Degradation

Recyclability experiments were conducted for polymers P3 and P4 using IWWTP water sample
1. The samples were adjusted at pH = 10 and the time reaction was set at 300 minutes. This assay aims
to determine the number of reaction cycles the polymeric photosensitizer can perform before
experiencing any degradation. Cycle 2 was conducted without irradiation as a control. The results of
the recycling experiments demonstrated that both heterogeneous photocatalysts, P3 and P4, retained
over 99% conversion efficiency across ten catalytic cycles when tested for the photo-oxidative
degradation of Acetamiprid. Additionally, the absence of leaching was verified by analyzing the
absorption spectra of the corresponding supernatants following the second catalytic cycle. Figure 7
presents a time-based graph of cycles in which polymer P4 was used over 10 reaction cycles in the
photo-oxidation of Acetamiprid without showing any degradation.

100

80 +

60 +

40

% Degradation

20+

0o 1 2 3 4 5 6 7 8 9 10 11
Reaction cycles

Figure 7. Scheme of the conversions achieved in successive reaction cycles of Acetamiprid photo-oxidation
(IWWTP sample 1, pH = 10, reaction time per cycle = 300 min), using polymer P4 as the photosensitizer. Cycle 2
was conducted without irradiation.

3.5. Experimental Study with Simulated and Direct Solar Irradiance on IWWTP Samples

After conducting optimization experiments to determine the optimal irradiation distance for the
simulated sunlight lamp, the results indicate that a photocatalyst saturation effect occurs at a distance
of less than approximately 8 cm from the light source. These laboratory-scale experiments
demonstrate that beyond this distance, an increase in the reaction time required to achieve over 99%
acetamiprid removal was observed.
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Figure 8. Effect of distance (d) on reaction time (t) for >99% photocatalytic degradation of acetamiprid using P3
and P4 (sample 5 of wastewater, pH =10).

As shown in Figure 8, when exceeding the photocatalyst saturation distance limit at
approximately 8 cm, the reduced light intensity lowers the kinetic constant and drastically increases
the time required to achieve more than 99% conversion of acetamiprid. This suggests that the optimal
distance for conducting experiments with simulated sunlight in the laboratory is less than 8 cm,
where the full energy emitted by the lamp is effectively utilized. The results obtained for the reaction
time as a function of distance fit well with a second-order polynomial regression model. The
regression can be justified considering that the irradiance varies inversely with the square of the
distance from the emitting source.

Regarding the experiments with direct solar irradiation, these were conducted similarly to those
with simulated sunlight, using the P3 and P4 polymers, sample 5 of wastewater from the INWTP at
pH = 10, and the FeCl; filter. Table 5 presents the results of the photo-oxidation experiments of
acetamiprid conducted under solar irradiation during different times of the year in Murcia, with the
average solar irradiation values recorded during the reaction time.

Table 5. Photocatalytic acetamiprid degradation kinetic results under different solar irradiation values,.

Date Solar irradiation = Photosensitizer Time to >9.9% Kobs (min)
Degradation

June 27 772k b Somin 000791
Joly 180 7,9 ke o amn  ooorsi
Auguststh 716 kWi o smin o007
S o T imn owow
P 775 mi . 41

October 17th 5,21 kWh/m? PZ 77; Eiz 8882241
R S

The results obtained under Murcia's real sunlight, in the best-case scenario, with a degradation
time of 585 minutes, correspond to an equivalent distance of 10.5 cm under simulated sunlight.
Moreover, the solar irradiation experimental values are consistent with the historical average values
of Murcia’s solar irradiation, with an annual average of 5 kWh/m?/day [71]. During months with
higher solar irradiation and extended daylight hours, such as from June to October, the daily sunlight
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duration is sufficient to achieve pesticide removal using the direct irradiation method, making the
approach particularly effective during the summer.

On the other hand, it is important to note that while these distances are equivalent in terms of
the kinetic values obtained in laboratory experiments under artificial sunlight and real sunlight, no
direct equivalence can be established. It should be considered that the irradiation is different in each
scenario due to the irradiated area on the test tube (illuminating only one side under artificial sunlight
compared to all sides under direct sunlight). Additionally, for the 125W mercury vapor lamp, only a
small fraction of its power is emitted as usable light within the absorption range of RB. Furthermore,
in both cases, the FeCl; filter is applied, blocking wavelengths below 450 nm, which further reduces
the effective power, albeit with different components in each scenario.

Considering that in previous studies [31,58], these polymers were already optimized in terms of
the ratio of RB incorporation into the polymer matrix and the amount introduced per reactor volume,
further improvement of the kinetic parameters under real sunlight conditions is not possible. This
limitation stems from the inability to increase the amount of anchored RB photosensitizer to extend
the kinetics. As a conclusion for real-world applications and as a continuation of previous studies, it
is determined that the removal of acetamiprid from wastewater in industrial WWTPs is feasible,
particularly during the summer and in months when the effective daylight hours with solar radiation
intensity exceeding the acetamiprid degradation time, which occurs for approximately 7-8 months
per year. Given that this method works, albeit with the limitation of the amount of photosensitizer
per polymer weight, future work should focus on innovating the polymer matrix to achieve faster
and more efficient kinetics under simulated and real sunlight conditions, while also ensuring
compatibility with the pH range of wastewater plants. Additionally, further studies will explore the
degradation of other pesticides compounds such as EPs.

4. Conclusions

Water-dispersible photoactive polymeric microparticles has been employed in this study as
heterogenous photocatalysts in the degradation of the pesticide Acetamiprid in IWWTP wastewater
effluents. The designed polymers are active for the photocatalytic degradation of Acetamiprid under
mildly basic and basic pH conditions. In all cases, employing polymers P2-P4 across various pH
levels, both with laboratory samples and real effluent samples from IWWTP wastewater, the
degradation kinetics of Acetamiprid exhibited a first-order behavior. P3 and P4 materials allows
attaining higher photochemical conversions than P2, demonstrating Acetamiprid degradation rates
exceeding 99% in basic media after 300 minutes of reaction, and degradation rates above 90-95% at
the natural pH of wastewater effluents. The new polymers are capable of maintaining their catalytic
activity for more than 10 cycles in an aqueous solution. The direct solar removal of acetamiprid from
industrial wastewater is feasible but constrained by the availability of effective sunlight hours, which
is not sufficient during 4-5 months of the year. Future work should focus on optimizing the polymer
matrix to enhance reaction kinetics under simulated sunlight conditions.

The kinetics observed in this study are slower than those described in the literature for
traditional Fenton and Photo-Fenton methods under acidic pH conditions. However, the method
developed successfully describes an alternative to Fenton and Photo-Fenton approaches for the
removal of Acetamiprid at effluent's natural pH, which is noteworthy with very high Acetamiprid
removal rates achieved. The photoactive materials demonstrate faster kinetics with the chemical
structure of Acetamiprid than with the pyrimidine structure of AHMPD studied earlier. This
comparison will provide insights into the general applicability and efficiency of RB-supported
polymers in the degradation of various types of contaminants and other photo-transformations of
environmental value. Further work will be oriented towards the use of improved polymeric systems
of those herein described for evaluate their performance in the degradation of additional EPs
structures; additionally, future research will explore structural modifications of the polymeric
materials to extend maximum efficiency to neutral pH and enhance the reaction kinetics in direct
solar irradiation.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/sl,.
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