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Abstract

The photoelectrocatalytic (PEC) degradation of recalcitrant and toxic organophosphorus
pesticides, fenamiphos, chlorfenvinphos and phosmet, has been performed by using an
innovative WO;3 nanostructure as photoanode. The nanostructure has been synthesized by
anodization in acidic media in the presence of a very small amount (0.05 M) of H,0,, and its
composition as well as its photoelectrochemical properties have been characterized using X-
ray Photoelectron Spectroscopy and X-ray diffraction as composition technique and
photoelectrochemical impedance spectroscopy as photoelectrochemical analysis. After 24
hours of experiment, a degradation of 95% of chlorfenvinphos, 99.9% of phosmet and 100% of
fenamiphos has been achieved following pseudo-first order kinetics, indicating the good PEC
efficiency of this WO3 nanostructure. Moreover, different intermediates have been identified

by means of Ultra-High Performance Liquid Chromatograph coupled to a Time of Flight and
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Mass Spectrometer (UHPLC-Q-TOF/MS) for each of the pesticides after 24 hours of
photoelectrocatalytic degradation. With these identified compounds, a degradation route has
been proposed for each of the pesticides in which they are decomposed into other smaller and

less toxic molecules.

Keywords: WO; nanostructures, degradation, UHPLC-Q-TOF/MS, pesticides,

photoelectrocatalysis.

1. Introduction.

Organophosphorus pesticides (OP) have become one of the most widely used groups of
chemical insecticides for pest control but include some of the most toxic pesticides used in
agriculture [1]. They are characterized by having high toxicity for fish and aquatic invertebrates
producing the inhibition of acetylcholinesterase activity. In this type of poisoning, there are
signs and symptoms corresponding to manifestations that are classified into three types:
muscarinic, nicotinicc and of the central nervous system (CNS) [2]. Additionally,
organophosphorus compounds can cause water contamination and damage to plants or
animals that were not the target of the pesticide application. Moreover, due to their intensive
use in agriculture, high levels of these products are found in groundwater and surface waters.
In addition, the repeated application of a pesticide in the same place can often influence the
activities of soil microorganisms responsible for its biodegradation, causing a greater
accumulation of the pesticide [3]. The three organophosphorus pesticides studied in this work
have been phosmet, fenamiphos and chlorfenvinphos, which are among the most widely used

worldwide.

Since crop pesticides end up in natural waters, effective and rapid disposal methods are
needed. In order to decontaminate wastewater that contains toxic organic matter, many
techniques are used such as activated carbon adsorption, ozonation or biodegradation. Among

these, Advanced Oxidation Processes (AOP) have been successfully applied to degrade organic



compounds present in contaminated water. In AOP, hydroxyl radicals (HO-) are used as an
oxidizing agent to degrade organic pollutants. These radicals are very interesting due to their

high oxidation efficiency and their non-selective reactivity [4,5].

This can be achieved by photoelectrocatalytic (PEC) technology, which is based on
electrochemical devices using nanostructured materials based on n-type metal oxides. Among
these, tungsten oxide (WOs) has exceptional properties, such as suitable bandgap, high

electron mobility, low cost and very good surface stability.

Various techniques have been used to obtain nanostructures, such as sputtering, chemical
vapor deposition, sol-gel, hydrothermal methods and electrochemical anodization. The last
one is a good option since it is a simple and low cost method, easy to control its parameters
and increases the surface-volume ratio. Often, post-anodization treatment is required to

further increase the crystallinity of WO3 nanostructures to improve their PEC performance.

So, in the present study, there are two objectives. The first one is to characterize both
structurally and photoelectrochemically the WO3 nanostructures used as photoelectrocatalysis
obtained in three different electrolytes (H,SO4, CH403S and HNOs). Then, the second objective
of this study is to degrade the three pesticides described above with the nanostructure that
presents better characteristics and properties by photoelectrocatalysis. The monitoring and

identification of possible intermediates will be followed by UHPLC-Q-TOF/MS.

2. Experimental procedure.

2.1. Synthesis of WO3; nanostructures

On the one hand, WOs nanostructures were obtained by electrochemical anodization in a 2-
electrode cell with a tungsten rod anode and a platinum mesh cathode. Previously to
anodization, the tungsten rod surface was polished with 240-4000 SiC papers to achieve a

mirror finish. Then, a deep cleaning of the surface was carried out by sonication in ethanol for



2 min. Anodization was performed in three different electrolytes, with H,0, 0.05 M in all of
them. The first one was sulfuric acid (H,SO4) 1.5 M. The second one was nitric acid (HNOs) 1.5
M, and finally, the third one was methanesulfonic acid (CH403S) 1.5 M. During the process,
current density versus time was recorded. Finally, the anodized samples were annealed at 600

OC for 4 hour in air atmosphere.

2.2. Structural characterization (XRD and XPS)

The crystalline structure of the samples was analyzed by X-ray diffraction (XRD) analysis using
an D8AVANCE diffractometer (Bruker) equipped with a monochromatic Cu Kal source.
Moreover, the electronic states of the nucleus and of the valence of WO3 nanostructures were
analyzed through X-ray photoelectron spectroscopy (XPS, K-ALPHA, Thermo Scientific). Al-K_
radiation (1486.6 eV) monochromatized by a twin crystal monochromator providing a focused
X-ray spot at 3 mA x 12 kV was employed to collect the spectra. The alpha hemispherical
analyzer operated in the constant energy mode by using 200 eV survey scan pass energies for
the whole energy band measurements and 50 eV in a narrow scan for the elements. The
experimental backgrounds were approximated by using a smart background function and from
background-substracted peak areas surface elemental composition were calculated. The
system flood gun yielding from a single source low energy electrons and low energy argon ions

provided the charge compensation.

2.3. Photoelectrochemical characterization

A photoelectrochemical characterization was carried out to the nanostructures that presented
better structural properties (synthetized in CH403S). With the aim of evaluating whether the
charge transfer of holes occurs directly from the valence band or indirectly via surface states,
the interfacial charge transfer capacitance (C;) versus the applied potential was studied. All
these experiments were performed in a three-electrode configuration cell with 0.1 M H,S0, as

electrolyte. The W03 samples were used as working electrode, a platinum foil as the counter-



electrode and an Ag/AgCl electrode as the reference electrode. The electrodes were immersed
in the electrolyte and connected to a potentiostat (Autolab). The applied potential varied
between 0.3 V and 1 V with steps of 100 mV and simulated sunlight conditions were achieved

using AM 1.5 illumination.

2.4. Photoelectrocatalytic degradation

For the photoelectrocatalytic (PEC) degradation experiments, a 500 W xenon lamp was
employed as the visible light source to carry out the experiments under illumination
conditions. The distance between the photoreactor and lamp was 30 cm and the visible light
intensity was 100 mW/cm?. The degradation of the pesticides under visible light irradiation
was carried out in a quartz reactor with nanostructures acting as the photoanode, a platinum
wire serving as the counter electrode, and a Ag/AgCl 3 M KCl electrode performing as the
reference electrode. The bias potential applied to the photoanode was 1 V (vs Ag/AgCl). All the

experiments were performed with magnetic stirring at room temperature.

2.5. UHPLC-Q-TOF/MS analysis.

Chromatographic analysis was carried out using an Agilent 1290 Infinity UHPLC system
equipped with a C-18 analytical column (Agilent ZORBAX Eclipse Plus C18, 50 mm x 2.1 mm,
1.8 m particle size). 20 pL of the sample extract was injected in each run. Mobile phases A and
B were mili-Q water and acetonitrile, both with 0.1% (v/v) acetic acid. The chromatographic
method used an initial mobile phase composition of 5% of B constant for 3 min. Then, this
composition augmented until 10% of B, an finally, it was followed by a linear gradient to 100%
B up to 25 min, and kept for 3 min at 100% B. The flow rate was 0.5 mL min~*. The UHPLC
system was connected to a time-of flight (TOF) mass spectrometer equipped with an
electrospray interface operated in positive or negative ionization mode, using the following

operation parameters: capillary voltage 4000 V; nebulizer pressure 40 psi; drying gas flowrate



9 L min™?; gas temperature 325°C; skimmer voltage 65 V; octopole rf 250 V; fragmentor voltage
190 V. LC-MS accurate mass spectra were recorded across the range of 70-1200 m/z in

positive ionization mode.

3. Results and discussion.

3.1. X-ray diffraction (XRD).

The XRD patterns of the W03 nanostructures synthesized in different electrolytes are shown in
Figure 1. All the peaks in the XRD patterns correspond to the monoclinic structure of
polycrystalline WOs. Moreover, FE-SEM images of three samples are shown in inset of Figure 1,

where it can be seen in all cases a nanorod morphology.
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Figure 1. XRD patterns of WO3; nanostructures synthesized with H,SO,, CH403S and HNOs as electrolyte. Insets
show FE-SEM images of nanostructures obtain with 1) H,SO,, 2) CH;05S and 3) HNOs.
After annealing at 600°C during 4 hours, in the three different samples, strong and sharp
diffraction peaks are observed at 20 = 23.15°,23.48°, 24.25°, 28.75°, 33.35°, 34.27°,40.3°,

48.05°, 50.52° are associated to the (002), (200), (020), (112), (022), (202), (222), (220) and



(221) crystalline planes of the monoclinic phase of WO; with good crystallization. The
predominance of triplet (002), (020) and (200) [14,15] in the patterns establishes the
monoclinic phase of the prepared samples. Moreover, it has been observed that the use of
CH40sS as electrolyte led to a considerable improvement in the crystallinity since the peaks are
more intense and defined. Such improvement in peak intensity may be related to the number
of grains oriented along these planes, and also to the improved crystallinity of the material

[16].

Furthermore, the crystallites size is one of the critical parameters that influences the metal

oxide nanostructures properties, which is calculated by using Scherrer’s equation (eq 1).

kA

- FWHM-cos6 (eq.1)

where D is the crystallite size, k is a shape factor (0.9), A is the X-ray wavelength (0.15406 nm),
FWHM is the full width at half maximum intensity in radians and 6 is the Bragg angle [17,18].
The average crystallite sizes calculated along the main principal peak (002), (020) and (200) of

the three samples analyzed are shown in the Table S1.

The decrease in crystalline-size could be suitable for transfer of photogenerated charge-
carriers to the surface of catalyst where it might play substantial role to improve
photocatalytic performance through decreasing the recombination rate of charge-carriers
[19,20]. This decrease in size is reflected in the nanostructures synthesized in CH40sS as
electrolyte, where the size of the crystals in any of the crystallographic planes is smaller than in

the other two samples.

3.2. Surface characterization of nanostructures by X-ray Photoelectron Spectroscopy (XPS).

In order to obtain qualitative and quantitative information on all the elements present in the
nanostructures an X-ray Photoelectron Spectroscopy (XPS) analysis has been carried out. The

samples analysed were three samples synthesized with three different electrolytes (H.SOs,



CH403S and HNOs) and later annealed in air at 600 °C since these were the optimal annealing
conditions. In this technique, an analysis of the electronic states of the nucleus and of the
valence (bonding electrons) is carried out, which provides information on the chemical nature

of the samples.

The elements present in the nanostructures of the three samples are tungsten, oxygen and
nitrogen. Next, a quantitative comparison of these elements will be made in the samples

analyzed.

3.2.1. Tungsten.

The first element detected in the XPS spectrum of the three samples was tungsten. Figure 2 a,
b and c show the XPS spectra of the peaks associated with tungsten for the samples
synthesized in H,SO,4, CH403S and HNOs respectively. In all three cases, two main peaks can be
observed, such as W4f;,; and WA4fs/; (in black). Furthermore, these peaks can be deconvoluted
in order to obtain independent peaks that are associated with different states of tungsten. In
this case, the deconvolution of the W4f;,, peak will be carried out, since it is the one selected
according to the bibliography. When performing the deconvolution of WA4f;;;, three peaks
associated with W were observed. The peaks appear at 34.6 eV (W4f;/; Scan A, blue in all three
graphs), 35.5 eV (W4f7/; Scan B, orange in all three graphs) and 36.4 eV (W4f;/; Scan C, green in
all three graphs). The peak associated with the generation of photoelectrons emitted by W
atoms with oxidation state +6 (WOs), that is, when stoichiometric tungsten oxide is present, is
the second peak (W4f;, Scan B), which appears at 35.5 eV [21]. Instead, the first and third
peaks are associated with vacancies or defects in the nanostructures. The first one (W4f7;
Scan A) refers to the photoelectrons emitted by the tungsten atoms near the oxygen
vacancies, where the oxidation state of W is less than +6 (substoichiometric WOs.). Finally, the
third peak (W4f;/, Scan C), is associated with local variations in the energy of the vacuum level

(Ev) caused by surface defects.



After analyzing the three graphs together, it can be observed that the peak associated with
W*® (W4f;, Scan B), and therefore with the stoichiometric tungsten oxide, presents greater
intensity and greater area in the case of the sample synthesized with H,SO,, followed by the
sample anodized with HNOs, and finally, those with the lowest intensity are those of the
sample synthesized with CH40sS. The lower the intensity of the peaks, the lower the amount of
W?*, and therefore, the greater amount of non-stochiometric tungsten oxide (WOs.) will be

found, resulting in a greater amount of vacancies in the structure.

In addition, this finding is confirmed by analyzing the data obtained from the peak associated
with oxygen vacancies (W4f;;, Scan A), since the peak with the highest intensity is that of the
sample obtained with CH40sS, followed by that of the sample synthesized in HNOs and finally
the one with the lowest intensity is the one obtained in H,SO4. Therefore, by analyzing both
peaks, it can be stated that the sample with the greatest amount of oxygen vacancies is the

one synthesized in CH40sS.

Finally, if the peak associated with surface defects (W4f;, Scan C) is analyzed, it can be
concluded that the sample with the highest density of surface defects is the one synthesized in
HNO3, followed by the sample synthesized in H,SO4, and finally the one that less density of
superficial defects is obtained in CH403S. This result can be associated with the incorporation
of the nitrogen present in the electrolyte, resulting in nitrogen-doped nanostructures. In

addition, this effect will also be reflected in the peaks associated with oxygen.
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Figure 2. High resolution XPS spectra of peak W4f of the samples synthesized with a) H,SO4, b) CH,03S and c)

HNOs.
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Table S2 shows the normalized area of the WA4f;, peak of the three samples, where it is
verified that the W4f7;, Scan B peak of the sample anodized in CH405S presents a smaller area
and therefore, a lower amount of W in state oxidation +6, resulting in a greater number of

vacancies in its structure.

3.2.2. Oxygen

Another element detected in the XPS analysis of the three samples was oxygen. Figure 3 a, b
and c show the results of the deconvolution (decomposition into three peaks) of the O1s line
for the tungsten oxide samples synthesized in H,SO4, CH403S and HNOs. In all three cases, the

shape of the spectra is similar, with three differentiated peaks.

The peak that appears at a binding energy of 529.92 eV (O1s Scan A) corresponds to the
oxygen atoms O% in the lattice, however, the peaks that appear at a binding energy of 531.5
(O1s Scan B) and 532.9 eV (O1s Scan C) are related to defects in nanostructures. The first of
them is associated with hydroxyl groups (-OH) present on the surface of the samples, while the
second of them is related to the adsorbed species and oxygen atoms in the O state, that is,

oxygen vacancies [22,23].

The increased content of -OH groups on the surface of non-stoichiometric tungsten oxides can
be explained by the possibility of filling oxygen vacancies by the -OH group. In that case, the

W>* cation must be in the center of the octahedron of five 0% ions and one OH- anion.

In addition, according to Shpak research [22], a direct connexion is shown between the
catalytic and electrochemical activity of compounds with hydroxyl groups, leading to better

catalytic behaviors as the amount of hydroxyl groups increases.

Once it is explained what each peak corresponds to, the spectra of the three studied samples

will be analyzed.

11



The peak associated with the oxygen atoms O% in the lattice (529.92 eV) is higher in the
sample synthesized in H,SO,, followed by the sample synthesized in HNOs, and finally, the
sample with a lower peak is the one synthesized in CH40sS, indicating that it is the sample with
the higher amount of oxygen vacancies, since it has a lower density of oxygen atoms 0% in the

network.

Furthermore, if the two remaining peaks are analyzed, it can be concluded that the sample
synthesized in CH4,O3S presents a greater amount of oxygen vacancies since the peak
associated with these vacancies (O1s Scan C) is greater than that of the rest of the samples.
Finally, when comparing the second peak (O1s Scan B) it can be observed that the one with the
greatest area (as observed in Table S3) and intensity is the one obtained with the sample
synthesized in HNO3, indicating that it has a greater amount of -OH group on the surface and
therefore greater surface defects, as predicted when analyzing the peak of tungsten W4f;,
Scan C. The second sample with greater intensity in this peak is the one synthesized in CH403S

being the one with the smallest area the one synthesized in H.SO,.

12



140000

120000

100000

80000

Intensity / AU

60000

40000

20000

a)

Ols Scan A

0O1s Scan B

Ol1sSean C

70000

50000

40000

Intensity / A.U.

10000

528 529 530 531 532 533 534
Binding energy/ eV

o
o
]

01s Scan A

01s Scan B

Ols Scan C

70000

60000

Intensity / A.U.
2
]

g
&

30000 4

20000 A

528 529 530 531 532 533 534 535 536 537
Binding energy/ eV’

01sScan B

0l1sScan C

528 529 530 531 532 533 534 535 536 537
Binding energy/ eV

Figure 3. High resolution XPS spectra of O1s peak of samples synthesized with a) H,SO, b) CH403S and c) HNOs.
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3.2.3. Nitrogen

The third and last element identified in the XPS analysis was nitrogen, but unlike the other two
elements, it was only detected in samples synthesized in CH403S and HNOs. Figure 4 a and b
shows deconvolution results (decomposition into three peaks) of the N1s line for the tungsten

oxide samples synthesized in CH403S and HNOs.

Theoretically, the spectrum associated with nitrogen N1s is separated into three different
peaks, but in the case of the sample synthesized in CH405S only the first appears, while in the
spectrum of the sample synthesized with HNOs the first and the second appear, being the third

practically negligible.

The first peak appears around 399.4 eV and the second at 401.02 eV. Both peaks indicate the
presence of nitrogen in the nanostructures, but in a different way. Although the peak at 399.4
eV corresponds to nitrogen bound to tungsten oxide, indicating the presence of nitrogen in the
films, the second peak centered at 401.7 eV corresponds to nitrogen adsorbed on the surface

and nitrogen trapped in the surface layers as N, [24,25].

Analyzing the spectra obtained for both samples, it can be concluded that the nanostructures
with the highest nitrogen concentration are those obtained in HNOs, followed by the sample
obtained in CH405S, and finally the one obtained in H.SO4, which do not present nitrogen in
the structure (as observed in Table S4). This is mainly due to the effect of the electrolyte used
in the synthesis of the nanostructures since when anodizing in HNOs, nitrogen is incorporated
into the network, forming W-O-N. In addition, the fact that the second sample with the highest
nitrogen content is the one synthesized in CH405S is logical since it is the sample with the
greatest number of defects (as seen above) and causes the nitrogen present in the atmosphere
(due to the samples submitted to heat treatment in air) is easier to incorporate into the

network than in the case of the sample synthesized in H,SO4, which has fewer defects.

14



In addition, the fact that the second peak only appears in the spectrum of the sample
synthesized in HNOs is coherent since the adsorption of nitrogen compounds on the surface is
mainly due to the electrolyte used, which contains nitrogen, and therefore, this peak does not
appear in the other two samples since the electrolytes used in their synthesis do not contain

nitrogen in their structure.
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Figure 4. High resolution XPS spectra of peak N1s of samples synthesized with a) CH,03S and b) HNOs.
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3.3. Photoelectrochemical (PEC) analysis

The photoelectrochemical characterization of the WOs nanostructures obtained in CH40sS,
since they are the ones that have shown the best structural properties, was performed
through EIS measurements under light conditions. In order to complement the
photoelectrochemical characterization carried out in other studies [25] in this work the charge
transfer mechanism at the semiconductor/electrolyte interface upon illuminating the
photoanode, has been analyzed. This study was carried out at different applied potentials

(versus Ag/AgCl) under AM 1.5 simulated sunlight.

The data obtained with PEIS tests were adjusted to the equivalent electrical circuit presented
by Bisquert [26] and the different values associated with both resistances and Constant Phase
Element (CPE) elements of the circuit were obtained. To analyze the charge transfer
mechanism, the value of the CPE associated with the second R-CPE time constant is needed.
Once this value is obtained, using the Brug's expression (equation 2) [27], the capacity value
associated with each CPE can be found, to later represent it against the applied potential and

analyze the form of the obtained graph [28].

(i) (1-a3)
C, = CPE,"*" -R, (eq.2)

16
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Figure 5. Charge transfer capacitance versus applied potential beyond the flat band potential.

When analyzing Figure 5, it can be concluded that the photo-generated holes are directly
extracted from the valence band since the shape of the graph is characteristic of this type of
mechanism (resembling an s) according to the theoretical studies performed by Bisquert [26].
In case of being produced from superficial states, the graph would adopt a mountain or peak
shape. The fact that the charge transfer of holes takes place via valence band instead of being
a process mediated to surface states can be beneficial in the photoelectrochemical behaviour
since the recombination of the electron-hole pairs may be reduced, giving a better

photoelectrocatalytic efficiency [29,30].
3.4. Photodegradation pesticides (UHPLC-Q-TOF/MS)

The three pesticides mentioned above have been degraded using the nanostructures obtained
in CH40sS as electrolyte, which have been the ones that presented the best structural

properties in this work, and photoelectrochemically in previous works [31].

The results obtained from the degradation of the three chosen organophosphorus pesticides
are shown below. These results have been obtained after analyzing the samples with UHPLC-
Q-TOF/MS.

17



3.4.1. Clorfenvinphos.

First, a calibration curve was obtained after analyzing 4 chlorfenvinphos standards, whose m/z
value is 358.9772, using UHPLC-Q-TOF/MS [32-34], in order to obtain the concentrations of
pesticide after degradation. Two calibration curves were obtained since two peaks associated
with a different enantiomer of the molecule (E (levorotary) and Z (dextrorotary)) appeared in

the chromatogram.

The first line corresponds to the enantiomer that appears at a retention time of 20.2 min (eq.
3) and the second to the enantiomer that appears at 21.4 min (eq. 4). Thus, the degradation of

each enantiomers can be followed.

Area (counts) = 366555.02 X concentration (eq. 3)

Area (counts) = 1290695.1 X concentration (eq.4)

In Figure S1 (supplementary material), the Total lon Chromatogram (TIC) chromatogram of the
degraded samples is shown, as well as a magnification of the peaks associated with
chlorfenvinphos. This degradation has been carried out for 24 hours, in order to subsequently

obtain a complete degradation route.

It can be seen how the concentration of chlorfenvinphos decreased with time until it
practically disappeared after 24 hours of testing. Table 1 shows the concentration of each

enantiomer of the pesticide in the different samples analyzed.

18



Table 1. Chlorfenvinphos concentration in each degraded sample.

Concentration

Concentration

Area peak 1 Area peak 2
peak 1 (E) (ppm) peak 2 (Z) (ppm)
1h | 5265392.73 14.36 13959456.24 11.81
2h | 5037167.08 13.74 13146945 10.18
3h | 4682438.64 12.77 12860103.59 9.96
4h | 4223297.95 11.52 11986513.59 9.28
5h | 3598339.29 9.81 10340218.04 7.01
6h | 2742050.91 7.48 5954599.91 4.61
24h | 69531.,93 1.89 193730.56 0.15

It can be seen how after 24 hours of degradation, the concentration of the first enantiomer

decreased to a concentration below 2 ppm, while the second enantiomer practically

disappeared since its concentration was practically zero.

Furthermore, with the concentrations obtained it has been possible to find the degradation
kinetics, that is, the velocity with which the pesticide was degraded. In Figure 6 a, the
linearization of the data related to the first peak is shown, according to pseudo-first order
kinetics, where the Y-axis represents the logarithm of the quotient between the concentration
at time t and the initial concentration versus time. The adjustment obtained is adequate since
the R%obtained is greater than 0.99, therefore, it can be stated that the degradation kinetics of

chlorfenvinphos is also pseudo-first order. The equation of the line obtained is the one shown

in equation 5.

In(C/Cy) = —0.1354 - t

19

(eq. 5)




Furthermore, Figure 6 b shows the linearization of the data obtained with the second peak.
Due to the good fit it can be concluded that it also follows a pseudo-first order degradation

kinetics, whose equation is the following:

In(C/Cy) = —0.1995-t  (eq.6)
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Figure 6. Pseudo-first order kinetic fit a) first peak (E enantiomer) and b) second peak (Z enantiomer) of
chlorfenvinphos samples.

Finally, possible degradation intermediates have been identified during the tests. These
intermediates have been identified through bibliography and by analyzing the m/z value of the

peaks obtained in the chromatogram of Figure S1 [35].

Therefore, according to the literature, 4 degradation intermediates have been detected, while

when analyzing the obtained peaks, 5 more intermediates have been identified.

The proposed degradation pathway for chlorfenvinphos after 24 hours of experiment is shown
in Figure 7. It can be seen how the pesticide degrades to give three different routes. On the
one hand, the molecule breaks to give the phosphate group (molecule 6 in Figure 7) and the
part of aromatic ring (molecule 1 in Figure 7) characteristic of chlorfenvinphos. These two
compounds also degrade with time to give smaller molecules. Finally, the third route of

degradation of the pesticide was the breakdown of the chlorfenvinphos molecule by the bond
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with phosphorus, but in this case, giving rise to a compound without chlorine atoms and with

longer aliphatic chains. Both routes end with the opening of the aromatic ring [36].

N

|
| HO L!J

HO

OH

Figure 7. Proposed route of degradation of chlorfenvinphos by PEC.

As a summary, Table 2 shows the molecular formula of each compound, as well as the

retention time and the m/z value associated with each intermediate.
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Table 2. Summary table of the identified intermediates with their m/z and retention time for chlorfenvinphos.

Compound Molecular Retention time
Compound m/z value
number formula (s)

2,4- Dichlorobenzoic-
1 CgHsOCl, 0.87 203.97
methylester acid

2,4- Dichlorobenzoic
2 C7H40,Cl; 1 189.958
acid

1-Chlor-propan-1,2,3-
3 C4Hs05Cl 1.04 127.0157

triol

4- Hidroxybenzoic

4 C7H605 0.88 136.9402
acid

5 Dicarboxilic acid C4H404 0.95 116.011

6 Trietil phosphate CsH1304P 1.26 182.069

7 Etildimetil phosphate  C4H1:04P 1.55 155.047

4-butoxymetil-2-
8 C12H1503 9 210.11
metoxy-phenol

9 1-octen-1,2-diol CsH160: 1.37 144.98

3.4.2 Phosmet

The second organophosphorus pesticide chosen to degrade photoelectrochemically has been

phosmet, whose m/z value is 318 [37-39].

Four standards were analyzed with the same concentrations as in the previous pesticide to

obtain the following calibration curve (eq. 7) :

Area (counts) = 326844 X concentration (eq.7)
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In Figure S2 a) the EIC chromatogram of the degraded samples is shown together with the
mass spectrum associated with this peak (Figure S2 b)), which corresponds to the phosmet. It
can be observed how after 24 hours of degradation, there is practically no phosmet, producing

a 99.9% of pesticide degradation.

Table 3 shows the concentration of phosmet in each solution, found from the calibration curve
(eq 7), where it it can be seen that after 24 hours of degradation the concentration of phosmet

is zero.

Table 3. Phosmet concentration in each degraded sample.

Area Concentration/ ppm

0 6242460.05 19.55
1 4587684.49 14.37
2 3540926.89 11.09
3 2536377.09 7.95
4 1583506.65 4.96
5 1199270.97 3.76
6 499695 1.57
24 10.5 0

According to Figure 8, the degradation kinetics of this pesticide is again adjusted to pseudo-

first order kinetics since a good fit has been obtained.
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Figure 8. Pseudo-first order kinetic fit of phosmet degradation.

Then, degradation intermediates have been identified and a degradation route has been
proposed (Figure 9). It can be observed how in the first place an oxidative desulfurization
occurs, where sulfur is replaced by an oxygen atom. This compound is degraded to give
compound number 2, where the molecule has been broken by bonding with phosphorus, and
sulfur has also been replaced by another oxygen atom. This compound can be degraded to
result in compound number 3, where the new compound has lost an OH. And finally, that

compound degrades into two possible intermediates (compound 4 and 5 in Figure 9) [11,38].

In addition to this main degradation route, another degradation intermediate (compound 6)
has also been identified that would be a direct product of the degradation of phosmet to later

degrade into smaller molecules [39—-41].
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As a summary, Table 4 shows the molecular formula, the retention time and the m / z value

associated with each intermediate.

Table 4. Summary table of the identified intermediates with their m/z and retention time of phosmet

degradation.

Compound Molecular Retention
Compound m/z value
number formula time (s)
1 Fosmet-oxon C11H1205NPS 13.25 302.025
2 N-Hidroxymethylphthalimide CoH;NO3 2.4 178.05
3 N-Methylphthalimide CoH7NO2 3.85 162.055
4 Cyclohexyl(methyl) amine CsHi6N 1 113
5 Phthalamic acid CsH7NO3 2.1 166.05
6 Dimethyltryptamine CioH16N2 9.1 188.13
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3.4.3. Fenamiphos

Finally, the third pesticide chosen to degrade has been fenamiphos whose m/z value is 304.01

[42-44].

The calibration curve (eq. 8) was obtained to find the concentration of fenamiphos in each

degraded sample.

Area (counts) = 1280777.89 X concentration (eq.8)

The EIC chromatogram associated with fenamiphos of all the degraded samples, as well as the
mass spectrum is represented in Figure S3. It can be seen that after two hours of degradation
the concentration of pesticide decreased until 1 ppm approximately. The exact concentration

of fenamiphos in each sample is shown in Table 5.

Table 5. Fenamiphos concentration in each degraded sample

Area Concentration/ppm
0 24774548.1 19.34
1h 3691487.39 2.88
2h 1369919.35 1.07
3h 706272.27 0.55
4h 355661.18 0.27
5h 191351.81 0.14
6h 97792.98 0.707
24 h 0.46 0

These data have been approximated a pseudo-first order kinetics (Figure 10), as occurs with

the two previous pesticides, getting a good fit due to the value of R2.
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Figure 10. Pseudo-first order kinetic fit of fenamiphos pesticide.

After analyzing the data related to fenamiphos, the possible degradation intermediates
produced during 24 hours have been identified. Figure 11 shows the degradation pathway

proposed for fenamiphos after analyzing the data obtained by UHPLC-Q-TOF/MS.
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Figure 11. Proposed degradation pathway of fenamiphos by PEC.

This route has two main degradation pathways. The first of them is the formation of the
compound fenamiphos sulfoxide (1 in Figure 11) to later degrade and give fenamiphos
sulfoxide phenol (3 in Figure 14) and fenamiphos sulfone (2 in Figure 11). Once produced,
these intermediate compounds degrade to finally give fenamiphos sulfone phenol (4 in Figure

11) [45-47].

The second degradation route is the formed by the breakdown of the molecule by the P-O
bond to give two different molecules (5 and 6 in Figure 11), one of them containing the

aromatic ring and the other containing the phosphorus with the rest of the oxygens [48,49].
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As a summary, Table 6 shows the molecular formula, retention time, and m/z value of each

identified intermediate.

Table 6. Summary table of the identified intermediates with their m/z and retention time of fenamiphos.

Compound Molecular Retention
Compound m/z value
number formula time (s)
1 Fenamiphos sulfoxide Ci3H2:NO4PS 0.8 302.025
2 Fenamiphos sulfone Ci3H2:NOsPS 5.3 336.10
3 Fenamiphos sulfoxide phenol CgH10S0; 0.92 170.04
4 Fenamiphos sulfone phenol CsH10S03 1.4 186.03

Ethyl hydrogen isopropyl
5 CsH1405PN 1.05 168
phosphoramidate

4-methyl-5-(methylthio)benzene-
6 CsH1002S 0.85 171
1,2-diol

4. Conclusions.

Once the nanostructures obtained with the different acids have been characterized and the
three organophosphate pesticides have been degraded, the following conclusions have been

obtained.

According the XRD study, highly crystalline WO3; monoclinic nanostructures with preferential
orientation along the (200) plane were obtained after annealing at 600 °C in an air

atmosphere.
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Regarding the XPS results, the nanostructures synthesized in CH,03S as electrolyte present a
greater number of oxygen vacancies and a greater amount of non-stoichiometric tungsten
(WOsx) than the nanostructures made in H,SOs and HNOs; thereby resulting in better charge

transfer and photoelectrocatalytic behaviour.

Furthermore, the photoelectrochemical study showed that the charge transfer mechanism for
photogenerated holes in the WOs nanostructures occurs through the valence band, which
might be beneficial in order to avoid the recombination between electron-holes at surface

states and then, to obtain higher photocurrent densities.

Finally, the three selected pesticides have been degraded using the nanostructures obtained in
CH,0sS, since they were the ones with the best morphological, structural and
photoelectrochemical properties. In case of chlorfenvinphos, it has been possible to degrade
up to 90% since the concentration after 24 hours of degradation has been below 2 ppm
identifying 9 intermediate compounds. Phosmet has degraded 99% and 6 compounds have
been identified, and finally, fenamiphos has been degraded 100% after 24 hours of
degradation and another 6 intermediate compounds have been identified, following a pseudo-
first order kinetics in all cases. With all of them, a degradation route has been proposed for

each compound.

With these results, the excellent behavior of these nanostructures in the degradation of the
three selected subfamilies of organophosphorous pesticides is verified, being able to affirm
that they are also capable of effectively degrading the rest of pesticides that belong to these

subfamilies.
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