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A B S T R A C T   

In this work, a resistant and toxic pesticide called diazinon was degraded through the photoelectrocatalysis (PEC) 
technique using tungsten oxide (WO3) nanostructures, applying an external bias of 1VAg/AgCl and simulated solar 
illumination. For this, WO3 nanostructures have been synthesized using electrochemical anodization in 0.05 M 
hydrogen peroxide and 1.5 M of different acidic electrolytes: H2SO4, CH4O3S or HNO3. Morphology, composition 
and crystallinity of the samples were evaluated through Field Emission Scanning Electron Microscopy (FE-SEM), 
Atomic Force Microscopy (AFM) and Raman Spectroscopy. Then, the photoelectrochemical properties of the 
samples were analyzed by Photo-Electrochemical Impedance Spectroscopy (PEIS). The conclusion obtained with 
these studies was that the nanostructures obtained in the CH4O3S-H2O2 electrolyte presented better photo-
electrochemical behavior than the others. The degradation process was checked by UV-Visible, and through Ultra 
High-Performanc liquid Chromatography and Mass Spectrometry (UHPLC-Q-TOF/MS) the courses of the ex-
periments have been controlled and five possible degradation intermediates have been identified. Finally, after 
24 h of experiment, 90% degradation efficiency has been achieved, since it has been possible to decrease from 
20 ppm to 2 ppm.   

1. Introduction 

Diazinon is an organophosphate pesticide that belongs to the phos-
phorothioate subfamily. It is an insecticide used in agriculture to control 
insects in plants, fruits and vegetables. The main physical-chemical 
properties of this pesticide are: solubility in water of around 60 ppm, 
dissociation constant (pKa) of 2.6, density of 1.1 g/mL, vapor pressure of 
11.97 mPa and Henry’s constant of 6.09⋅10− 2 Pa⋅m3/mol [1]. 

According to the World Health Organization (WHO), this pesticide is 
classified as moderately dangerous (Class II) since it has an oral LD50 for 
rats of 1250 mg/kg and a dermal LD50 of 540–650 mg/kg [2]. The 
persistence in soil is 90 days, therefore it is characterized by having a 
medium persistence in the environment. With a solubility of around 
60 ppm, it is considered moderately mobile, and therefore it causes great 
concern for the quality of groundwater and drinking water. 

To eliminate this type of emerging pollutants, advanced oxidation 
processes (AOP) are used, such as electrooxidation, Fenton processes 

and photoelectrocatalysis (PEC) that combine electrolytic and photo-
catalytic processes. Photoelectrocatalysis is a type of photocatalysis in 
which there is a control of the system potential, that is, the illuminated 
semiconductor (photocatalyst) is exposed to an adequate electrical po-
tential, which allows improving its overall performance. When a semi-
conductor is illuminated and the electrons and holes diffuse towards the 
surface, the electrons will reduce the oxidizing species on the surface or 
in solution (interface), while the holes will oxidize the reducing ones. 

Lately, the use of photoelectrocatalytic technique has obtained sig-
nificant consideration in the environmental discipline due to its capacity 
to delay the recombination of electron-hole pairs (e− CB/h+

VB) and the 
chance of increasing the useful life of the latter giving as a result, greater 
efficiency in the degradation processes of organic compounds [3]. This 
semiconductor acts as a photocatalyst for chemical reactions, absorbing 
solar radiation and transforming polluting compounds into less harmful 
ones. 

Photoelectrocatalytic processes are carried out in 
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photoelectrochemical cells, which act as reactors in order to treat 
contaminated water or to produce energy by photolysis of water [4]. A 
photoelectrocatalytic cell involves a container to hold the electrolyte, an 
anode (usually an n-type semiconductor oxide), a metallic cathode, a 
transparent window that permits the photoelectrode (semiconductor) to 
be illuminated and the materials to connect electrically both electrodes 
to potentiostats (when working in potentiostatic mode). Other elements 
that are often available are a reference electrode and one or more inputs 
and outputs for gas flow. In addition, a magnetic stirrer and a membrane 
that splits the anode and cathode sections to avoid the mixture of oxygen 
and hydrogen gases can also be found [5]. 

An ideal photoanode must be composed of semiconductor materials 
which have the following characteristics: (i) suitable bandgap and bands 
positions, (ii) efficient separation and transport of the charge carriers in 
the semiconductor, (iii) strong catalytic activity and stability. Adequate 
and fast reaction kinetics can prevent the accumulation of surface 
charges, which otherwise would produce an electron-hole 
recombination. 

WO3 is a semiconductor with a bandgap of 2.6 eV, 0.6 eV narrower 
than that of TiO2, therefore, visible light can be better used with WO3. 
The upper edge of the valence band of WO3 exceeds the oxidation po-
tential of H2O/O2, therefore, the photogenerated holes in WO3 are able 
to oxidize an extensive variety of organic compounds [6]. Another of the 
virtues of WO3 is its extraordinary photostability in acidic aqueous 
electrolytes, making it a potent photocatalyst, for example, for the 
treatment of wastewater polluted by organic compounds [7]. 

The crystalline structure of WO3 consists of a ABO3 perovskite 
structure based on WO6 three-dimensional octahedron networks sharing 
corners. However, the structure of WO3 shows five stable phases (in the 
temperature range of 900–180 ◦C) that corresponds to the tetragonal 
(α-WO3), orthorhombic (β-WO3), monoclinic I (γ-WO3), triclinic 
(δ-WO3) and monoclinic II (ε-WO3). Observing all the crystalline 
structures, the monoclinic structure is highly stable, being the most 
efficient in photoelectrocatalytic applications [8,9]. 

Therefore, in this work, WO3 nanostructures will be obtained by 
electrochemical anodization, which will act as a photoanode in diazinon 
degradation. Diazinon has been degraded using different techniques 
[10,11], but in this work PEC using WO3 nanostructures will be 
employed, as it is a promising Advanced Oxidation Process. 

During the anodization, the acid used in the electrolyte will be varied 
in order to improve the nanostructures obtained. Subsequently, these 
nanostructures will be used to degrade the diazinon using PEC and the 
possible degradation products will be analyzed using UHPLC-Q-TOF/ 
MS. 

2. Material and methods 

The experimental procedure that has been followed in this work in 
order to achieve the objectives has been the following. 

2.1. Materials 

Tungsten (W) rods of 99.5% purity, sulfuric acid (H2SO4), nitric acid 
(HNO3), methanesulfonic acid (CH4O3S), hydrogen peroxide (H2O2), 
acetic acid HPLC quality (CH₃COOH), acetonitrile (C2H3N), diazinon 
(analytical standard) employed in this research are commercially 
available products. Some of them were purchased from Sigma–Aldrich 
and others from PanReac. All the aqueous solutions were prepared using 
distilled water. 

2.2. Synthesis of WO3 nanostructures 

WO3 nanostructures were synthetized by electrochemical anodiza-
tion using three different electrolytes, with H2O2 0.05 M in all of them. 
The first one was sulfuric acid (H2SO4) 1.5 M. The second one was nitric 
acid (HNO3) 1.5 M, and finally, the third one was methanesulfonic acid 

(CH4O3S) 1.5 M. 
Anodization was executed at a constant potential of 20 V using an 

Elektro-Automatik power source for 4 h, with W rod as the anode and a 
platinum mesh as the cathode, and the electrolyte temperature was 
50 ◦C. The velocity at which the working electrode (tungsten rod) was 
rotating was at 375 rpm by using a Rotating Disk Electrode (RDE) [12]. 

Annealing of the WO3 nanostructures occurred in a flowing air at-
mosphere using a tubular furnace at 600 ◦C during 4 h. The heating rate 
was fixed at 15 ◦C/min whereas the cooling was carried out at room 
temperature. 

2.3. Morphological and structural characterization 

The morphology of the nanostructures was analysed by FE-SEM 
using a Zeiss Ultra 55 microscope at 3 kV, and the surface topography 
of the nanostructures was evaluated by means of an Atomic Force Mi-
croscope (AFM). The images were obtained through the atomic force 
microscope WITec alpha300A operated at room temperature. AFM 
measurements have been carried out in contact mode. 

Moreover, the crystalline structure was examined using a confocal 
Raman microscope with a neon laser of 632 nm at 750 μW. 

2.4. Photoelectrochemical characterization of the WO3 nanostructures 

Photoelectrochemical properties were studied using a three- 
electrode assembly with a platinum mesh as counter electrode and a 
Ag/AgCl 3 M KCl reference electrode. The samples were electrically 
connected with a potentiostat (Autolab PGSTAT302N) exposing 0.5 cm2 

of active surface. The samples were submerged in 0.1 M H2SO4 solution. 
Photoelectrochemical impedance spectroscopy (PEIS) and Mott–-
Schottky tests were executed under illuminated conditions. PEIS mea-
surements were taken at a potencial of 1 V (10 mV of amplitude) and 
scanning frequency from 10 KHz down to 10 mHz. Mott–Schottky type 
measurements were carried out at a frequency of 5 kHz using an 
amplitude signal of 10 mV and scanning the potential from a value of 
0.5 V in the negative direction at a rate of 50 mV/s. 

2.5. Photoelectrocatalytic degradation 

For the photoelectrocatalytic (PEC) degradation analysis, the pesti-
cide diazinon was selected as a target substance to degrade with an 
initial concentration of 20 ppm. A 500 W xenon lamp was employed to 
apply the necessary visible light 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/cm2. The 
degradation of diazinon was performed in a quartz reactor with nano-
structures acting as the photoanode, platinum wire used as the counter 
electrode, and a Ag/AgCl 3 M KCl electrode performing as the reference 
electrode. The bias potential applied on the photoanode was 1 V (vs Ag/ 
AgCl). All the experiments were carried out with magnetic stirring at 
room temperature (Scheme is shown in Fig. S1 (Supplementary Mate-
rial)). The problem solution was studied by registering variations of the 
absorption spectra in the UV–vis spectra of diazinon using an UV–vis 
spectrophotometer (Unicam UV/Vis spectrometer UV4) every 30 min 
and after the measuring the aliquots were returned inside the reactor. 

2.6. UHPLC-Q-TOF/MS analysis 

Chromatographic tests was performed using an Agilent 1290 Infinity 
HPLC equipment fitted with a C-18 analytical column (Agilent ZORBAX 
Eclipse Plus C18, 50 mm × 2.1 mm, 1.8 m particle size). 10 μL of each 
sample were caught in each measurement. Two mobile phases (A and B) 
were used. Mobile phase A was milli-Q water and mobile phase B was 
acetonitrile, both with 0.1% acetic acid (v/v). The 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 
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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 HPLC system was coupled to a 
time-of flight mass spectrometer fitted with an electrospray interface 
operated in positive or negative ionization mode, employing the next 
process 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 exact mass 
spectra were registered across the range of 70–1200 m/z in positive 
ionization mode. 

3. Results and discusión 

Fig. 1 shows the current density transients during electrochemical 
anodization of tungsten for all the different type of electrolytes. All the 
curves show the characteristic trend of the formation of tungsten oxide 
nanostructures with the three typical regions: (1) formation of a 
compact tungsten oxide layer [13,14], (2) decomposition of this layer 
formed in the earlier step due to the hydrogen peroxide and the H+

present in the electrolyte and the applied potential [15,16], and (3) the 
precipitation of tungstic acids (WO3⋅H2O and WO3⋅2H2O) from perox-
owolframates in the form of nanostructures [12]. 

Despite using three different acids with the formation of their 
respective counter-anions, the curves differ little between them, except 
for small differences, such as the maximum value reached or the slope, 
since the shape is very similar. From this first analysis, it is not possible 
to deduce which acid will be the optimum in the synthesis, which in-
dicates that the nanostructures are being obtained in a similar way. 
However, with the rest of the characterizations, the differences in 
morphology, topology, crystal structure and photoelectrocatalytic 
properties of the nanostructures can be verified. 

Raman spectra of the different samples after annealing were similar 

even though the acid used during anodization is different. Raman 
spectra of all samples synthetised in different electrolytes are shown in 
inset of Fig. 1. The peaks that arise at approximately 125 cm− 1, 
195 cm− 1, 275 cm− 1, 715 cm− 1 and 822 cm− 1 indicate the presence of 
crystalline WO3 [17]. These peaks were the result of the vibration of the 
bending of the crystalline (O-W-O) bonds (both monoclinic and ortho-
rhombic) of WO3 [18]. 

Again, no significant differences are found between the Raman 
spectra obtained for the 3 different samples, suggesting that the crys-
talline structure of all of them was similar and they presented a similar 
degree of dehydration, since no characteristic bands of amorphous 
structures are observed. 

3.1. Morphological characterization WO3 nanostructures 

Fig. 2 shows FE-SEM images of the nanostructures obtained with the 
three different acids, at 1000 and 20,000 magnifications. This 
morphology is related to the recorded transient of current density, which 
defined the characteristic behavior of the formation of nanostructures. 

Broadly speaking, in the case of the sample anodized in H2SO4 
(Fig. 2a and b) it is observed that very small nanoplates grow in the form 
of nanofilaments creating a kind of spongy layer. These aggregated 
nanostructures form clusters in the form of cones or "mountains" as seen 
in images at 1000 magnifications. 

With the use of CH4O3S as electrolyte (Fig. 2c and d), nanostructures 
are obtained with a morphology of tiny nanowires, creating a spongy 
layer too. The morphology of these very small nanostructures may be 
associated to the tendency of the bidentate ligand O2

2- to create very 
robust bonds with tungsten, which makes it difficult for the nano-
structures to grow during anodization, as mentioned in other publica-
tions [19–21]. However, the morphology of the nanostructures in this 

Fig. 1. Current density transient recording during anodization of tungsten in different acids as electrolyte. Insets show Raman spectra of annealed samples as 
an example. 
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case is more uniform than in the case of employing H2SO4 as electrolyte. 
The formation of this type of layer, will produce higher current densities 
[22–24] and consequently, this nanostructure could be more efficient in 
degrading pesticides than nanowires obtained in H2SO4. 

This can occur due to the high surface area of the nanostructures 
obtained with CH4O3S, which allows the effective capture of sunlight 
and the production of electron-hole pairs. The photogenerated holes exit 
quickly of the nanostructure and reach the electrolyte. Furthermore, 
electrons travel to the metal substrate easily due to the low presence of 
spaces between the nanostructures and making the path less impeded 
[25,26]. Therefore, the high probability of recombination is reduced 
[27,28]. 

The morphological results obtained when using HNO3 in the elec-
trolyte (Fig. 2e and f) are nanostructures similar to those obtained with 
H2SO4 where the nanostructures are more compact leading to less 
porosity, so the properties of these nanostructures should be similar at 
the samples obtained with H2SO4. However, the morphology that was 
obtained was much more disordered, with nanowires appearing in the 
form of small agglomerates. 

Another form to characterize the nanostructures is with the atomic 
force microscopy (AFM), a technique that shows the topography of the 
samples. In Fig. 3 the topography of the different samples is showed. As 
it can be seen in these images, the samples are made up of spherical 
nanograins of the order of 400 nm in the case of nanowires obtained 

with H2SO4 and CH4O3S, and the order of 800 nm for those obtained 
with HNO3, all of them making good contact with each other. The im-
ages also manifest a greatly porous organization with conglomerates of 
grains, which are separated by large irregular gaps that vary between 
approximately 300 and 600 nm. Tungsten oxide films synthesized with 
CH4O3S are more porous than films made with HNO3, but similar to 
H2SO4. This type of structure is regarded crucial for the efficient func-
tioning of photoelectrochemical materials, since it exhibits good charge 
transfer electrical conductivity [29,30]. 

In the nanostructures obtained with H2SO4 and CH4O3S a great 
growth of the nanograins (whitish peaks) can be seen in Fig. 3, while in 
those obtained with HNO3 they are much less pronounced, giving rise to 
a lower roughness. The average roughness values of the WO3 films are 
shown in Fig. 3 with the abbreviation of Sa. The highest value of 
roughness of the films is shown by the sample synthesized in CH4O3S, 
this may be due to the agglomeration of the microcrystals with this acid. 
In addition, a rougher surface morphology is beneficial for adsorption of 
organic compounds, so, it is suitable for enhancing photoelectrocatalytic 
degradation due to a larger surface area [31–33]. 

The morphology observed in the AFM images is slightly different 
from that obtained in the FE-SEM images. This is because the AFM works 
with a confocal microscope and the resolution to see the morphology of 
the nanostructures is not as high as that of the FE-SEM. Nevertheless, 
AFM results are very important, since they confirm the greater 

Fig. 2. Field Emission Scanning Electron Microscopy (FE-SEM) images of nanostructures obtained with (a) H2SO4 at 1000 augments, (b) H2SO4 at 20,000 augments, 
(c) CH4O3S at 1000 augments, (d) CH4O3S at 20,000 augments, (e) HNO3 at 1000 augments, (f) HNO3 at 20,000 augments. 
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roughness of the sample anodized in the methanesulfonic electrolyte 
and its superior porosity. 

3.2. Photoelectrocatalytic characterization of the WO3 nanostructures 

In order to analyse the photoelectrochemical characteristics of the 
three different samples, Photoelectrochemical Impedance Spectroscopy 
(PEIS) tests were carried out. First of all, a stability test that lasted 
30 min was carried out in which the stability of the samples under 
illumination was evaluated. Then, through PEIS tests, Nyquist diagrams 
are obtained, from which the photoelectrochemical processes that are 
occurring can be characterized, and finally, Mott–Schottky analysis 
were performed. These results are shown in Fig. 4. 

From the present study, it can be concluded that the sample syn-
thesized with CH4O3S presents better results than the others, since in the 
Nyquist diagram it is the one that shows the lowest amplitude of the 
semicircle. The amplitude of the semicircle is directly related to the 
resistance to charge transfer and therefore, the smaller this amplitude, 
the lower the resistance will be [34,35]. Therefore, it is expected that 

this sample has a better photoelectrochemical behavior than the nano-
wires obtained with the other acids. These results might be associated to 
the morphology of the nanostructures since they present a greater 
contact between them, which improves the interfacial electrochemical 
and photoelectrochemical transfer [36,37]. The values of the photo-
current density and PEIS show that the nanowires synthetized with 
CH4O3S present the best separation efficiency of photogenerated charge 
carriers, as well as the fastest electron transport between the electrolyte 
and the nanostructures [38–41]. 

Regarding Mott-Schottky tests, the number of defects (ND) of the 
three different samples has been obtained, being 20.4 ± 8.6⋅1019 cm− 3 

in case of the samples obtained for H2SO4, 52.4 ± 6.5⋅1019 cm− 3 for the 
samples obtained with CH4O3S and 6.51 ± 0.21⋅1019 cm− 3 for those 
obtained with HNO3. So, the highest value is obtained with nano-
structures synthetized with CH4O3S. This has been seen in the Mott- 
Schottky plots (Fig. 4c), where the sample anodized in CH4O3S elec-
trolyte showed the lowest slope. This slope is inversely proportional to 
the amount of defects in the nanostructures, and therefore, this sample is 
the one with the highest number of defects, making it more 

Fig. 3. AFM images in two and three dimensions of the nanostructures obtained with (a) H2SO4, (b) CH4O3S y (c) HNO3.  
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photocatalytically active [42–44]. Consequently, it can be concluded 
that these nanostructures are the optimal to be used as photo-
electrocatalysts since charge-transfer processes and electronic conduc-
tivity are enhanced [45–48]. 

3.3. Photoelectrodegradation of diazinon 

Once the optimal sample for its use as photoanode in the degradation 
of organic compounds had been chosen (nanostructures obtained by 

CH4O3S), the photoelectrochemical degradation of the organophosphate 
pesticide diazinon was carried out. The degradation was followed by 
both ultraviolet-visible spectroscopy and UHPLC-Q-TOF/MS. 

3.3.1. UV absorbance 
Fig. 5 shows the UV spectrum of samples taken every half hour 

during photoelectrochemical degradation. The initial pesticide solution 
had a concentration of 20 ppm of diazinon in 0.1 M H2SO4. It can be 
seen that the spectrum of the initial solution of diazinon has a maximum 

Fig. 4. (a) Stability test for 30 min, (b) Nyquist diagram of the different samples and (c) Mott–Schottky plots obtained with different acids.  

Fig. 5. Variation with time of the UV-Vis spectrum of diazinon in PEC degradation. Inset show UV-Vis spectrum of diazinon at 20 ppm.  
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absorbance band at 250 nm (inset in Fig. 5) which has been associated in 
the literature with the characteristic diazinon aromatic ring. This peak is 
related to the excitation of an electron from a π-bonding orbital to an 
antibonding π* orbital [49] and is usually employed to track the 
degradation of this organic compound. Moreover, the band observed at 
330 nm has been related to n-π* transition referring to the sulfur atom 
where an electron coming from non-bonding orbital is upgraded to 
anti-bonding π* orbital [50]. 

The band at 250 nm progressively decreased with irradiation time 
until 270 min, where it remained practically constant (Fig. 5). However, 
a new band emerged with the time at 230 nm, which corresponds to the 
formation of degradation intermediates, although this band slightly 
decreased when the experiment ended. This degradation intermediate 
may be a smaller molecule because of the breakdown of the pesticide 
through ethanothiol bond or phosphoramidate bond [51], resulting in a 
smaller and less polar molecule, or the incorporation of auxochromes 
groups like - OH and –NH2 in the ring [52]. This could be the reason 
why, at a smaller wavelength, the band emerges to the left, because both 

perform as auxochromes. 

3.3.2. UHPLC-Q-TOF/MS analysis 
Subsequently, by UHPLC-Q-TOF/MS tests, the standards and the 

diazinon samples picked up every hour were evaluated. Firstly, the 
standards were evaluated to obtain a calibration line (shown in Eq. (1) 
with a R2 of 0.9914) which will be employed to calculate the concen-
tration of diazinon in the experimental samples. Moreover, in Fig. S2 
(Supplementary Material), it can be seen the calibration line. 

Area (counts) = 3, 310, 267.7854 × concentration (1) 

In Fig. 6, the Total Ion Current (TIC) chromatograms of the diazinon 
standards at 1 ppm, 5 ppm, 10 ppm and 20 ppm are shown, as well as a 
zoom in the peak area to analyze better the results and the corre-
sponding spectrum. 

However, if the m/z value of the spectrum is observed, it does not 
correspond to the m/z of the diazinon (m/z = 305.108), since the m/z 
obtained is 153.1029. This m/z corresponds to the product 2-isopropyl- 

Fig. 6. TIC chromatogram of diazinon standards. Insets show a magnification of this peak and its mass spectra.  

Fig. 7. Pathway of Diazinon hydrolysis under acidic conditions.  
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6-methylpyrimidin-4-ol (IMP) [53,54]. This can be explained according 
to the study by Ku et al. which concluded that IMP (2) and O, 
O-dimethylphosphorothioate (DETP) (3) were obtained as derivatives 
of the hydrolysis of diazinon in an acid medium [55], as shown in Fig. 7. 

This is mainly because at low pH, the attack on the aromatic carbon 
and (or) phosphorus could be realized more easily, since H2O, as the 
softer nucleophile, would be probable to select the attack on the softer 
carbon site [56,57]. Therefore, in acidic media, a multiplicity of pro-
tonation sites occurs, as shown in Fig. 8a). Fig. 8b) shows the difference 
between the diazinon peak at 20 ppm observed with and without acidic 
media and its respective spectrum where the m/z corresponds to the m/z 
of diazinon. It can be seen that the peak of the diazinon in an acid me-
dium is much smaller than the peak corresponding to the diazinon 
without an acid medium, since the diazinon has been hydrolyzed when 
it comes into contact with H2SO4. 

The protonation of the diazinon on the aryloxy oxygen, generating O- 
H, would improve the reaction by providing a better leaving group after 
attack on the phosphorus. Otherwise, protonation of the nitrogen of the 
ring of diazinon to give N1-H or N2-H would also generate a more suit-
able leaving group and therefore could improve the reaction. Proton-
ation at P = S to give S-H would rise the P electrophilicity, improving 
the attack of nucleophiles on phosphorus. Therefore, hydrolysis in fairly 
acidic media may be due to as a result of any of these protonations or 
through the interaction of various simultaneously [55,58]. In conclu-
sion, in a H2SO4 electrolyte, diazinon hydrolyzes rapidly to give IMP and 

DETP, so the peak observed in the chromatogram corresponds to IMP 
instead of diazinon. Therefore, this could be regarded as the first step in 
PEC diazinon degradation, where IMP and DETP would be the initial 
species. 

Fig. 9 shows the UHPLC-Q-TOF/MS TIC chromatograms of diazinon 
and its intermediates present in the samples taken every hour. In the 
magnified chromatogram it can be observed that after 24 h of experi-
ment the pesticide concentration is around 1 ppm. The concentration of 
IMP present in all samples can be calculated from the calibration line 
(Eq. (1)). Table 1 shows the concentration of IMP in each samples. 

Therefore, the kinetics of diazinon degradation when applying the 
PEC technique is a pseudo-first order kinetics with the following equa-
tion and an R2 of 0.991. 

Fig. 8. (a) Protonation pathways of Diazinon and (b) Chromatogram of diazinon with and without H2SO4 and its masa’s spectra.  

Fig. 9. TIC chromatogram of all degraded samples. Inset shows a magnification of the principal peak.  

Table 1 
Concentration of IMP at each time of degradation.   

Area Concentration (ppm) 

1 h 54,680,909.9 16.51 
2 h 48,509,678.5 14.65 
3 h 45,618,361.2 13.78 
4 h 40,668,829 12.28 
5 h 36,600,076.9 11.05 
6 h 35,095,441.8 10.60 
24 h 6,980,753.64 2.10  
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ln
(

C
C0

)

= − 0.0969⋅t (2)  

where t is in hours (so the kinetic coefficient has units of h− 1). 
From the last chromatogram, degradation intermediates have been 

identified thanks to literature, as well as the identification of peaks 
present in that chromatogram. Fig. 10 shows the identified in-
termediates. The intermediates found, following to other studies that 

analyzed possible intermediates of the pesticide, are 2-isopropanol-6- 
methylpyrimidin-4-ol (referred as 4 in Fig. 10) [59] and 1-hydroxyiso-
propyl diazoxon (referred as 6 in Fig. 10) [53,60]. In both cases, the 
concentration of the intermediate increases as the degradation time goes 
forward. However, in the case of 2-isopropanol-6-methylpyrimidin-4-ol 
(4), this compound practically disappears after 24 h. This may be 
because once the intermediate is formed, it was degraded into smaller 
molecules. 

Furthermore, from the peaks present in the degradation TIC chro-
matogram, two new intermediates were identified, such as products 5 
(2-hydroxy-N-((2E,3Z)-4-hydroxybut-3-en-2-ylidene)acetimidamide) 
and 7 (N-((2E,3Z)-4-hydroxybut-3-en-2-ylidene)acetimidamide), shown 
in Fig. 10. Again, the concentration of compound 5 increases with time, 
while compound 7 reaches its maximum value after 1 h and subse-
quently a third part of the maximum concentration is degraded. 

The results acquired in Q-TOF measurements are summarized in  
Table 2. This table shows the molecular formula, retention time and 
observed mass of each intermediate compound measured in positive 
ionization mode. 

Therefore, according to the identified intermediates, the proposed 
diazinon degradation route is shown in Fig. 9. 

Intermediates 6 and 7 are the degradation products of diazinon that 
remained in the unhydrolyzed solution (Fig. 11a shows the Extracted Ion 
Chromatogram (EIC) of the diazinon present in the standards and 
Fig. 11b shows the chromatogram of all the degraded samples in order to 
demonstrate that diazinon does not fully hydrolyze when enter in con-
tact with H2SO4) [61]. 

If the results obtained with UV-Vis and UHPLC-Q-TOF/MS are 
compared, it can be assumed that the band at ≈230 nm in ultraviolet 

Fig. 10. Proposed PEC degradation pathway of diazinon.  

Table 2 
Exact mass values and elemental composition of diazinon and its degradation 
intermediates using UHPLC/MS-Q-TOF analysis.  

Proposed 
compound 

Compound Molecular 
formula 

Retention 
time (s) 

Observed 
mass 
([M + H]+) 

2 IMP C8H13N2O  5.68  153.1029 
4 2-isopropanol-6- 

methylpyrimidin-4- 
ol 

C8H13N2O2  5.38  169.097 

5 2-hydroxy-N- 
((2E,3Z)-4- 
hydroxybut-3-en-2- 
ylidene) 
acetimidamide 

C5H8N2O3  0.92  144.982 

6 1-hydroxyisopropyl 
diazoxon 

C12H22N2O5P  22.32  305.12 

7 N-((2E,3Z)-4- 
hydroxybut-3-en-2- 
ylidene) 
acetimidamide 

C6H10N2O  1.55  155.046  
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spectrum corresponds to the appearance of species 5 (according Fig. 10). 
This is due to the new compound is a molecule with a lower polarity and 
a smaller size and this could be the motive why the band arises shifted to 
the left. 

These results show that the photoanode obtained using CH4O3S as 
electrolyte is an excellent photoelectrocatalyst since it is possible to 
efficiently degrade the diazinon, resulting in less toxic and harmful 
compounds with an environmentally friendly process. Therefore, with 
these excellent results, a promising horizon opens in which to continue 
investigating in this field of great technological potential, such as the 
photoelectrochemical degradation technique, and with which great re-
sults can be achieved in the environmental area. 

4. Conclusions 

In this work, the electrolyte effect on the anodization of tungsten 
oxide to obtain nanostructures was investigated with the aim to syn-
thesize the optimal nanostructures for being used as photo-
electrocatalyst in the degradation of organic compounds. Results 
showed that the highest and most stable photocurrent densities were 
achieved for the nanostructures synthesized with CH4O3S as electrolyte. 
FE-SEM images indicated that this nanostructure showed a porous 
morphology with nanowires above the surface, which could enhance its 
photoelectrocatalytic activity since electron-hole separation was 
improved. Furthermore, AFM tests revealed that the nanostructures 
obtained by CH4O3S present a greater roughness, thus providing an 
excellent active surface area. Finally, the Mott-Schottky tests pointed out 
that this sample showed a high number of defects (ND) leading to an 
improvement in their electrical conductivity. 

Moreover, the performances of photoelectrocatalytic degradation of 
diazinon, using the optimal nanostructures obtained with CH4O3S, were 
examined. Based on the HPLC/MS measurements, five degradation in-
termediates were detected during the PEC degradation, which proposed 
possible degradation pathways. The obtaining of 1-hydroxyisopropyl 
diazoxon by the replacement of sulfur by oxygen on the P˭S bond 
through oxidation was the first part of diazinon degradation. Then, the 
formation of IMP and 2-isopropanol-6-methylpyrimidin-4-ol (4), was 
the second part of the degradation pathway. The results presented in this 
study shown that this procedure can be employed to successfully 
degrade diazinon and decrease its toxicity. 
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