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The photoelectrocatalytic (PEC) degradation of a persistent and toxic herbicide, 

atrazine, has been investigated by using a novel and high-performance WO3 

nanostructure in the form of nanosheets/nanorods as photoanode. The nanostructure has 

been synthesized by anodization in acidic media in the presence of a very small amount 

(0.05 M) of H2O2, and its morphology, as well as its electrochemical and 

photoelectrochemical properties have been characterized. Atrazine was completely 

degraded after 180 minutes of reaction following pseudo-first order kinetics, and 2-

hydroxyatrazine was identified as the main intermediate species. Moreover, the s-

triazine ring in cyanuric acid (the final intermediate of atrazine degradation and very 

stable) was partially broken according to the obtained results, indicating the excellent 

PEC behavior of this WO3 nanostructure. 

KEYWORDS: WO3 nanostructures; anodization; photoelectrocatalysis; atrazine 

degradation. 

http://ees.elsevier.com/cej/viewRCResults.aspx?pdf=1&docID=81090&rev=2&fileID=2312570&msid={93C0B23C-99FC-4962-A0AB-BB8A26DC78C4}


 2 

1. INTRODUCTION 

 

The quality of human consumption water (for drinking, domestic purposes, food 

production, etc.) is fundamental for our daily life, due to the enormous impact it has on 

health. Because of that, drinking-water quality is one of the uppermost priorities of the 

World Health Organization [1]. However, according to the United Nations, 663 million 

people still use unimproved drinking water sources and more than the 40% of people in 

the world are affected by water scarcity, a percentage that could increase in the next 

years [1, 2]. This problem is aggravated by anthropogenic contamination of water 

resources with organic chemicals from agriculture and farming (fertilizers, pesticides...), 

chemical and pharmaceutical industry, urban wastewater, etc.  

 

Pesticides, which are chemical compounds used to kill or control agricultural pests that 

would otherwise negatively affect the productivity of crops, have had a fundamental 

role in increasing food production, both quantitative and qualitatively, during the XX 

century. Unfortunately, along with these benefits, many environmental and health 

problems have also come, some of them so serious as to threaten the long-term survival 

of major ecosystems by loss of biodiversity, as well as human safety [3]. Many of the 

most effective pesticides are at the same time the most toxic and persistent and, when 

released to the environment, they can be transported overland and through the soil by 

irrigation, rainwater and melting snow, eventually finding their way into groundwater, 

wetlands, rivers, lakes and oceans [4]. In fact, pesticide concentrations measured in 

surface water and groundwater in many countries have exceeded the national drinking 

water limits [5-11], with the corresponding ecological impact on the life of plants and 

animals, including human beings [4, 9]. 
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Atrazine is a triazine herbicide broadly used to control weeds in corn fields. It has been 

found to be very toxic to aquatic life with long lasting effects [9, 12-14]. Atrazine 

affects the reproduction of aquatic flora and fauna [9] and can act a an endocrine 

disruptor, as well as alter the reproductive systems or organs of animals [15, 16] and 

induce reproductive cancers in humans [17]. Since atrazine is very persistent (its half-

life under natural light is very long, around 250 days [18]), it can be carried by surface 

runoffs to surface and groundwater reservoirs far away from the source of pollution. 

Due to all these negative aspects of atrazine, it was banned in the European Union in 

2004, although in several communitarian countries the prohibition of atrazine was 

postponed until 2007 [19]. However, in many countries, such as USA, it is still in use 

[20]. 

 

Several techniques have been used to eliminate atrazine from aqueous solutions. Since 

conventional water treatment processes are not effective to eliminate this kind of 

persistent organic pollutants [18, 21, 22], advanced oxidation processes (AOPs) have 

been usually employed for those purposes, whose principle is the formation of the 

highly oxidant hydroxyl radicals, which can efficiently oxidize organic molecules. 

Among these processes, atrazine has been degraded using Fenton, photo-Fenton and 

electro-Fenton [23-30], ozonation with UV [24, 31], photolysis [18, 32-36], 

electrochemical oxidation [18, 23, 28-30, 34, 37] and photocatalysis [18, 22, 26, 30, 32, 

35, 38-47]. Photoelectrocatalysis (PEC), which combines both electrochemistry and 

photocatalysis, has emerged as a potent tool to eliminate recalcitrant organic compounds 

in wastewater. PEC processes have several advantages over other AOPs: they require 

little to no reagents, hence minimizing the costs associated with additional treatments, 

and their operation is quite simple [18]. Besides, the fast recombination of 
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photogenerated electron-hole pairs which takes place in photocatalysis is greatly 

reduced or avoided by applying a small potential polarization to the photoanode, 

increasing significantly the efficiency of the process by extending the lifetime of holes 

for the production of hydroxyl radicals [18, 48, 49]. However, in spite of the promising 

results obtained by using PEC for the removal of several organic pollutants, this method 

has been rarely employed to eliminate atrazine from aqueous solutions [18, 34, 50], and 

these studies have all been carried out using TiO2 as semiconductor material for the 

photoanode. In this work, the photoelectrochemical degradation of atrazine has been 

successfully achieved by using high-performace WO3 nanosheets. WO3 has a narrower 

bandgap than TiO2 (2.6 eV vs. 3.1-3.2 eV), which makes it capable of absorbing in the 

blue region of the visible spectrum [51, 52]. Moreover, in contrast with almost the rest 

of semiconductor oxides used as photocatalysts, WO3 can safely operate in acidic 

environments, which is very useful in the treatment of low-pH wastewater. 

 

The objective of this study is to prove the excellent performance of a novel WO3 

nanostructure synthesized by anodization and with very high electroactive surface area 

for the degradation of the harmful pesticide atrazine. Previous to the 

photoelectrocatalytic tests, the morphological, electrochemical and 

photoelectrochemical properties of these WO3 photoelectrodes have been characterized. 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1 Reagents and materials 
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Atrazine and their intermediates were supplied by Sigma-Aldrich (Pestanal, analytical 

standard). The different stock aqueous solutions were prepared by dissolving the solid 

reagents for 24 h under vigorous magnetic stirring and then stored in the dark at 4 ºC 

until use. These stock solutions were subsequently diluted to attain the desired 

concentrations. 

 

The WO3 nanostructures used in the PEC degradation experiments were synthesized by 

electrochemical anodization of tungsten cylinders of 8 mm in diameter, in an electrolyte 

of 1.5M H2SO4 + 0.05M H2O2 [53]. Before anodization, tungsten samples were wet 

abraded using 220-4000 grit SiC papers, rinsed with distilled water and ethanol and 

dried in an air stream. Afterward, tungsten cylinders were covered with a 

polytetrafluoroethylene (PTFE) coating to expose an area of 0.5 cm
2
 to the electrolyte. 

Samples were anodized for 4 h, at 20 V and at 50 ºC, under hydrodynamic conditions 

using a rotating disk electrode (at 375 rpm) and with a platinum mesh acting as the 

cathode of the cell. A WO3 compact layer was also fabricated in order to compare its 

electrochemical and photoelectrochemical behavior with that of the WO3 nanostructure. 

The compact layer was synthesized by anodization of the same tungsten cylinders in a 

peroxide-free electrolyte (1.5M H2SO4) at room temperature, imposing 20 V for 4 h. 

After anodization, the formed nanostructures and the compact layer were annealed using 

a tubular over for 4 h at 400 ºC. 

 

2.2. Morphological and structural characterization of the WO3 nanostructure 
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Morphological characterization of the obtained nanostructure was performed by Field 

Emission Scanning Electron Microscopy (FESEM), using a voltage of 3 kV.  

 

The samples were examined by Confocal Raman Spectroscopy using a Witec Raman 

Confocal Microscope, before and after the heat treatment (annealing), in order to 

evaluate their crystalline structure. For these measurements, samples were illuminated 

with a 632 nm neon laser using 420 μW. Energy Dispersive X-ray spectroscopy (EDX) 

was also used to verify the chemical composition of the WO3 nanostructures, applying 

an accelerating voltage of 20 kV. 

 

2.3. Electrochemical and photoelectrochemical characterization of the WO3 

nanostructure 

 

All electrochemical and photoelectrochemical measurements were carried out using an 

Autolab PGSTAT302N potentiostat and a three-electrode electrochemical cell, with a 

Ag/AgCl 3M KCl reference electrode and a platinum wire counter electrode.  

 

Cyclic voltammetry of the samples was performed in a 10 mM Fe(CN)6K4 + 0.1 M 

H2SO4 solution, in the range potential between 0.15 and 0.6 V at 10 mV s
-1

. 

Electrochemical impedance spectroscopy (EIS) measurements were performed in a 0.1 

M H2SO4 electrolyte, at an applied potential of 0.7 V, using a potential perturbation 

amplitude of 10 mV and in the frequency range of 100 kHz to 10 mHz. EIS experiments 

were carried out under both dark and illumination conditions, in order to determine the 

electrocatalytic and photoelectrocatalytic properties of the samples. Illumination was 

provided by a 1000 W Xe light source at a wavelength of 360 nm.  The capacitance of 
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the interface, necessary to perform Mott-Schottky analysis, was calculated under dark 

conditions at a constant frequency of 5 kHz using a 10 mV amplitude signal and 

scanning the potential from 0.7 V to 0.1 V at a rate of 50 mV s
-1

. 

 

The photocurrent density was measured in a quartz glass three-electrode 

photoelectrochemical cell with a volume of 14 mL, irradiating the samples 

perpendicularly at a wavelength of 360 nm in a 0.1 M H2SO4 solution and scanning the 

potential from 0 to 1 V at a scan rate of 2 mV s
-1

. The distance between the light source 

and the sample was 5 cm (light power density of 40 mW cm
-2

). 

 

2.4. Photoelectrocatalytic experiments 

 

The PEC degradation of atrazine (20 mg L
-1

) was performed in the same quartz cell, at a 

bias potential of 1 V and irradiating the sample with a 360 nm light (equivalent to 3.44 

eV). Experiments were performed under constant magnetic stirring in an acidic 

electrolyte (0.1 M H2SO4). Prior to the irradiation, samples were immersed in the 

atrazine solution for 30 minutes at their open circuit potential to reach initial 

equilibrium conditions. 

 

2.5. Analytical methods 

 

Samples (3 mL) were withdrawn from the quartz cell at different irradiation times to 

measure their absorbance by means of a Unicam UV4 UV/Vis spectrophotometer with 

quartz cubes, in the range between 190-320 nm. After the measuring, the aliquots were 

always put back inside the reactor. 
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HPLC determinations were performed with a Jasco Model PU-2089 pump, equipped 

with a photodiode array detector MD-2018 Plus and a Kinetex XB-C18 column, 100 x 

4.6 mm, with a 2.6 m particle size and a pore size of 100 Å. The degradation of 

atrazine and the evolution of its intermediates were followed by injection of the 

different samples (20 L), using a mobile phase of water/methanol and a flow rate 

which varied during the 30 min of record: the initial composition of the mobile phase 

was 95% water/5% methanol, at 0.2 mL min
-1

. The flow rate was increased to 0.5 mL 

min
-1

 within the interval 7-10 min, and the composition was modified to 40% 

water/60% methanol between minute 5 and minute 15. UV detection of atrazine and the 

different intermediates was carried out at 223 nm. 

 

The mineralization extent of the atrazine solution was evaluated through the 

measurement of Total Organic Carbon (TOC) and ion chromatography. TOC 

measurements were performed with a Shimadzu TOC-L analyzer. The formation of 

NO3
-
 resulting from the oxidation of nitrogen atoms present in the atrazine molecule 

was monitored by suppressed ion chromatography with a Metrohm 883 Basic IC plus 

ion chromatograph equipped with a Metrosep A Supp 5
-
 (150/4 mm) separation column. 

The eluent was a carbonate/bicarbonate (3.2/1 mM) buffer solution at a flow rate of 0.7 

mL min
-1

 and the suppressor was a 0.1 M H2SO4 solution. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Morphological characterization of the WO3 nanostructure  
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Figure 1a – Figure 1c show the FESEM top images of the WO3 nanostructure used in 

the present study. The structure consisted of very small nanosheets or nanowires, 

associated forming a kind of conical macrostructure. The cross section of the 

nanostructure is shown in Figure 1d. It can be observed that many layers containing 

these minuscule nanosheets or nanowires were formed. The thickness of this 

nanostructured layer has been determined to be 2.1 ± 0.3 m. The very small size of 

these nanostructures has been related in a previous work to the presence of the bidentate 

ligands O2
2-

 in the anodization electrolyte, which inhibited the growth of the 

nanostructures during the fabrication process [53]. This particular morphology and size 

resulted in very high electroactive surface areas, providing high photoelectrochemical 

efficiencies. 

 

Raman spectra of the as-anodized and annealed WO3 nanostructures are shown in 

Figure 2a. Several common peaks can be clearly discerned in both spectra: 191 cm
-1

, 

270 cm
-1

, 644 cm
-1

, 715 cm
-1

 and 815 cm
-1

, although their intensity was much more 

marked for the annealed sample. These peaks are generally associated with the 

monoclinic crystalline form of WO3 [54-57]. On the other hand, a small peak centered 

at 950 cm
-1

 can also be observed in both spectra. This peak has been related to 

amorphous WO3·n(H2O) hydrated oxide [55, 57]. These results indicate, first, that the 

as-anodized nanostructures had a crystalline structure, at least partially, and second, that 

after annealing this crystalline structure was favored through a dehydration process. In 

order to confirm the composition of the annealed WO3 nanostructure, an EDX spectrum 

is presented in Figure 2b. Peaks of tungsten and oxygen can clearly be seen, confirming 

that WO3 was formed. 
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3.2. Electrochemical and photoelectrochemical characterization of the WO3 

nanostructure 

 

The electrochemical properties of the WO3 nanostructure were investigated by means of 

cyclic voltammetry (using a Ferro/Ferri redox couple), EIS under a potential 

polarization of 0.7 V and Mott-Schottky analysis. Cyclic voltammograms of the WO3 

nanostructure and of a WO3 compact film are presented in Figure 3. It can be clearly 

seen that the voltammogram of the WO3 nanostructure showed the typical 

electrochemical response of the Ferro/Ferri redox couple, with two peaks, one anodic at 

0.46 V, and another cathodic at 0.29 V. On the other hand, the current signal of the 

WO3 compact layer was almost flat. This behavior can be attributed to the greatly 

enhanced electrochemical activity of the WO3 nanostructure due to an important 

increase of the electrode active area. 

 

Figure 4 and Figure 5 show the EIS results for the WO3 nanostructure and for the WO3 

compact layer, in the form of Nyquist and Bode-phase diagrams, under dark and 

illumination conditions, respectively. For both samples, Nyquist plots exhibited two 

unfinished semicircles (under dark conditions, Figure 4a) and two almost-finished 

semicircles (under illumination, Figure 5a), while Bode-phase plots showed two peaks 

at intermediate and low frequencies. The first semicircle, associated with the phase 

angle peak recorded within the frequency interval between 10-100 Hz, has for both 

samples a noticeably lower amplitude than the second one (see inset in Figures 4a and 

Figure 5a), associated with the phase angle peak recorded at low frequencies (0.1-0.01 

Hz). It can be observed from Figure 4a and Figure 5a that both semicircles were much 

larger for the WO3 compact layer than for the nanostructure, indicating considerably 
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higher electrochemical resistances of the former. These resistances can be determined 

by fitting the experimental EIS results with an equivalent circuit. The circuit chosen in 

this work is shown in Figure 6 (two RC time constant in parallel distributed 

hierarchically), where constant phase elements (CPEs) have been used instead of pure 

capacitors to account for frequency dispersion and non-ideal behaviors. In the 

equivalent circuit, RS represents the electrolyte resistance for both cases. The time 

constant R1/CPE1 explains the behavior of the semiconductor (WO3)/electrolyte 

interface (compact layer/electrolyte and nanostructure/electrolyte interfaces). The 

second time constant (R2/CPE2) for the compact layer explains the electrochemical 

properties of the oxide film, while for the WO3 nanostructure, R2/CPE2 can be 

associated with the charge transfer processes at the bottom of the nanostructured WO3 or 

with a compact WO3 film beneath the nanostructure [58].  

 

The values of RS, R1 and R2 are shown in Table 1 for both WO3 samples under dark and 

illumination conditions. Under dark conditions, for the compact layer, R1 and R2 are of 

the order of tens and hundreds of kΩ, respectively. For the nanostructure, R2 is of the 

same order of magnitude to that obtained for the compact layer, but R1 is significantly 

lower. Under illumination, resistance values are significantly lower than under dark 

conditions, regardless of the sample. This fact is related to the generation of charge 

carriers upon illumination of the electrodes, hence reducing charge transfer resistances. 

For the WO3 nanostructure, R1 and R2 values are, again, much lower than for the 

compact WO3 layer. These values mean that the WO3 nanostructure has a much lower 

resistance to charge-transfer processes than the WO3 compact layer, both under dark 

and illumination conditions, which can be explained by an increase in the number of 

electrochemically active sites due to a higher surface area exposed to the electrolyte. 
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Since R1 has been defined above as the charge transfer resistance at the semiconductor 

(WO3)/electrolyte interface, this parameter will be used to quantitatively compare the 

electrochemical and photoelectrochemical behavior of both samples. Under dark 

conditions, interfacial charge transfer resistance (R1) was 16 times higher for the 

compact WO3 layer than for the WO3 nanostructure. Under illumination conditions, R1 

was more than 43 times higher for the compact WO3 layer than for the WO3 

nanostructure. These results imply, first, that by nanostructuring the photoelectrode, the 

number of electrochemically active sites noticeably increased and, second, that there 

was a synergistic effect between increasing the surface area and illuminating the 

photoanode, since the increase in R1 was higher under illumination than under dark 

conditions. These results are also consistent with the much higher redox peaks observed 

in the voltammograms of Figure 3. 

 

Mott-Schottky analysis was also performed to study the semiconducting properties of 

the WO3 nanostructure. For n-type semiconductors, such as WO3, the capacitance of the 

semiconductor/electrolyte interface, C, can be described by the following Mott-Schottky 

relationship: 

 

                                         









e

kT
EE

eNC
FB

D0

2

21


                                    (1) 

 

where ε represents the dielectric constant of the semiconductor (a value of 50 has been 

assumed for WO3 [59]), ε0 is the vacuum permittivity (8.85·10
-14

 F cm
-1

), e is the 

electron charge (1.60·10
-19

 C), ND is the donor density, EFB is the flat-band potential, k 

is the Boltzmann constant (1.38·10
-23

 J/K) and T is the absolute temperature. 
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Figure 7 shows the Mott-Schottky plot of the WO3 nanostructure obtained at a constant 

frequency of 5 kHz and carried out under dark conditions not to modify the distribution 

of charge carriers within the semiconducting WO3 nanostructure. The ND and EFB values 

were determined from the linear region slope of the C
-2

 vs. E representation and from 

the x-intercept (at C
-2

 = 0), respectively. The calculated values were ND =  9.2 × 10
19

 

cm
-3

 and EFB = 0.203 V. The donor density (typically oxygen vacancies in the 

crystalline WO3) is somewhat lower than other values reported earlier for WO3 

nanostructures [59-64], which can be beneficial, since oxygen vacancies can act as traps 

for photogenerated electrons, thus enhancing electron/hole recombination [65, 66].  

 

On the other hand, at potential values more positive than the EFB, which is the potential 

that has to be applied to the semiconductor to eliminate the band bending, a depletion 

layer allowing the separation of the photogenerated electrons and holes is formed within 

the semiconductor. Therefore, the EFB is the onset potential for anodic photocurrents. 

Moreover, since ND is of the order of 10
19

-10
20

, the WO3 nanostructure can be regarded 

as a heavily doped semiconductor. This implies that its Fermi level is placed right below 

the lower edge of the conduction band. Since the flat-band potential denotes the position 

of that Fermi level at the surface of a given semiconductor with respect to a reference 

electrode, the EFB value can be used to give the position of the conduction band edge for 

a n-type semiconductor [67, 68]. Once the position of the conduction band is known, the 

position of the valence band can be easily placed using the band-gap of the 

semiconductor, taking into account that the relationship between the electron energy in 

the vacuum (which is the reference used in semiconductor solid-state physics to position 

the energy band edges) and a redox potential Eredox with respect to the normal hydrogen 

potential (NHE, used in electrochemistry) is [69, 70]: 
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                                  K 298.15at eVe-eV02.044.4, redoxredoxF EE                      (2) 

 

where EF,redox is the Fermi level expressed with respect to the vacuum reference (in eV). 

Therefore, a value of EFB = 0.203 VAg/AgCl (3M KCl) ≡ 0.408 VSHE can be written as                

-4.848 eV. Since the band gap for crystalline WO3 nanostructures has been reported to 

be between 2.5-2.7 eV [51, 52, 64, 71], the valence band of the WO3 nanostructure 

under study has an energy of -7.448 eV (assuming a band gap of 2.6 eV), which 

translated to the redox potential scale is 3.008 VNHE ≡ 2.803 VAg/AgCl (3M KCl), a value 

very similar to others reported in the literature [72]. This highly positive potential is the 

potential of the photogenerated holes in the WO3 valence band, which indicates the 

extreme oxidative power of these species in WO3 nanostructures. 

 

The photocurrent density-potential (iph-E) behavior of the WO3 nanostructure under a 

constant illumination at 360 nm is presented in Figure 8. A curve under dark conditions 

is also shown. Without illumination, the sample exhibited very low current densities, 

especially at high polarization (i = 4.8 A cm
-2

 at E = 1 V). However, under 

illumination, photocurrent density values started increasing at potentials more positive 

than the onset potential for photocurrent densities,  0.2 V, which coincides with the 

EFB calculated above. At 1 V, the iph value was 0.88 mA cm
-2

, almost 200 times higher 

than the corresponding dark current density. 

 

3.3. Photoelectrodegradation of atrazine 

 

3.3.1. UV absorbance 
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Figure 9 shows the temporal change in the UV absorption spectra of the 20 ppm 

atrazine solution in 0.1 M H2SO4 after irradiation at 360 nm with an external potential 

polarization of 1 V. It can be observed that the initial spectrum of atrazine has a 

maximum absorbance peak at 220 nm and a less intense peak centered at 277 nm. The 

220 nm band has been assigned in the literature to the excitation of an electron from a π-

bonding orbital to an antibonding π* orbital (a π to π* transition) [33, 36], while the 

band observed at 277 nm has been related to the promotion of a non-bonding electron 

from a lone-pair orbital of a nitrogen atom to a π-bonding orbital of the s-triazine ring 

[73]. 

 

The peak at 277 nm progressively decreased with irradiation time until its complete 

disappearance at  150 min, while the high-absorbance peak at 220 nm decreased with 

time and underwent a gradual bathochromic shift or red-shift, which stopped at 233 nm 

(Figure 9 (a)). This red-shift can be associated with the incorporation of auxochrome 

groups (like –OH and/or –NH2) in the ring, hence modifying the ability of the 

chromophore s-triazine ring to absorb light and increasing to some extent its absorption 

wavelength. Therefore, that shift can be explained by the formation of primary 

substitution products, like 2-hydroxy intermediates due to a dechlorination-

hydroxylation mechanism (such as 2-hydroxyatrazine) and dealkylated derivatives due 

to 4,6-lateral chain oxidation (such as de-ethyl atrazine or de-isopropyl atrazine). These 

products have been reported as intermediates in the literature on the photocatalytic 

degradation of atrazine with TiO2 [18, 32, 35, 38-43].  
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The disappearance of the peak at 233 nm upon prolonged photoelectrocatalysis (Figure 

9 (b)) indicates further reaction of those intermediate species to form secondary by-

products. The growth of absorbance values in the 200-215 nm at longer irradiation 

times (from 150 minutes on, see Figure 9 (b)), which eventually led to the formation of 

a new absorption band centered at 204 nm, can be related to the formation of these 

secondary intermediates, such as ammeline, ammelide or cyanuric acid [36]. 

 

3.3.2. HPLC analysis 

 

HPLC chromatograms obtained during atrazine photoelectrocatalytic degradation at 

different times are shown in Figure 10. The initial chromatogram shows a single peak, 

at a retention time of tR = 22.3 min, which corresponds to atrazine (peak A). This peak 

decreased with irradiation time until completely disappearing at t > 180 min. The 

degradation of atrazine resulted in the formation of intermediate species, since 

additional peaks could be observed in the chromatograms. After 30 min of irradiation, a 

peak at tR = 18.4 min was clearly observed (peak B), which decreased gradually and was 

almost eliminated after 360 min of PEC reaction. After comparing the retention times 

and the UV absorption spectra, this peak has been identified as 2-hydroxyatrazine. 

 

At retention times between 4-6 min, other peaks evolved, indicating the formation, 

accumulation and degradation of further intermediate products. Finally, after 1320 min 

of irradiation, an intense single peak could still be observed between 4.7-4.8 min (the 

much smaller peak at tR = 12 min can be associated with the elution of the solvent front 

upon changing its composition and flow rate, as explained in the experimental 

procedure). All these peaks, seen at relatively short retention times, could be related to 
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the formation of hydroxylated and dealkylated derivatives, such as ammeline, ammelide 

and cyanuric acid. The retention times of these compounds were all located within the 

range 4-5.5 min, but their accurate identification was not possible, probably due to co-

elution between them. 

  

Figure 11a illustrates the atrazine photoelectrodegradation over time. It can be seen that 

the degradation process was very fast within the first 30 minutes, and after that it 

somewhat slowed down. Degradation efficiencies reached values close to 100 % after 

180 min of irradiation. 

 

The previous results can be approximated to pseudo-first order kinetics to estimate the 

apparent kinetic coefficient, kapp, which can be extracted from the slope of the linear 

representation ln (C/C0) vs. t (Figure 11b). In this case, kapp = 0.0233 min
-1

 or 1.398 h
-1

, 

which is higher than most kinetics coefficients found in the literature for the 

photodegradation and photoelectrodegradation of atrazine [32, 34, 42-45, 50].  

 

Moreover, if some factors such as the amount of photocatalyst used are taken into 

account, the good behavior of WO3 photoanodes developed in this work is still more 

remarkable. For example, in the works referenced above, photocatalyst concentrations 

between 500-1500 mg/l were used. In the present study, assuming that the 

nanostructured WO3 layer is a compact cylinder, the mass of WO3 used in the present 

work can be calculated as 0.756 mg. Dividing that value by the volume of atrazine 

solution used (14 ml), the photocatalyst concentration is 54 mg/L. Notice that this 

value is a maximum value, since the nanostructured layer has been assimilated to a 

compact one in order to calculate the volume of the cylinder, so the real photocatalyst 
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mass would be significantly lower than the 0.756 mg written above. These results 

demonstrate that in spite of using an amount of photocatalyst 10-30 times lower than in 

other studies, the kinetic coefficient was higher in this work. 

 

Another factor that needs to be contemplated when comparing kinetic coefficients in 

PEC is the exposed area of the photoanode and the ratio between this area and the 

solution volume. In the present work, both the photoanode area (0.5 cm
2
) and the ratio 

between this area and the volume solution (35.7 cm
2
 L

-1
) were lower than in other 

studies dealing with the PEC degradation of atrazine with TiO2-based photoanodes [18]. 

 

In view of these explanations, it can be said that WO3 nanosheets employed in this work 

are efficient for their use as photoanodes in PEC degradation of atrazine. 

 

3.3.3.Extent of mineralization: TOC and  Ion chromatography 

 

The overall process of atrazine mineralization can be described by the following 

reaction [28, 30]: 

 

             
--

3

-

225148 e 70  H 76  NO 5  Cl  CO 8  OH 31  (atrazine) ClNHC  
        (3) 

 

The TOC of the initial atrazine solution (20 ppm) was determined as 8.951 ppm (very 

similar to the theoretical value of 8.902 ppm). After 22 h of PEC degradation (1320 

min), the measured TOC was 2.518 ppm. This means that 2.26 out of 8 carbon atoms 

remained in the solution, i.e., the five carbon atoms of the lateral chains were 

completely mineralized and the triazine ring was partially broken. 
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On the other hand, the NO3
-
 evolution with reaction time can provide further 

information on the extent of the atrazine mineralization reaction. Figure 12 shows the 

time evolution of the NO3
-
 moles/initial atrazine moles ratio, measured by ion 

chromatography. It can be observed that NO3
-
 concentration increased with irradiation 

time, at first slowly, but after 90 min of reaction, it began to increase faster, until 

reaching an approximately constant ratio value of 2.5 at 240 min. At longer reaction 

times (1320 min, not shown in this figure), the molar ration was about 3. These results 

imply that a total atrazine mineralization was not achieved (the molar ratio should be 5), 

as was deduced from the peaks which were still present in the UV absorption spectra 

and in the HPLC chromatograms at long reaction times. However, values of that ratio 

higher than 2 indicate that, apart from the oxidation of the two nitrogen atoms of the 

lateral-chain amino groups, the s-triazine ring in cyanuric acid, which is widely 

regarded as the final intermediate in the degradation of atrazine, was also broken to 

some extent due to the carbon-amino bond cleavage. This result is consistent with the 

TOC measured after 1320 min of PEC degradation.   

 

3.3.4. Degradation mechanism 

 

In general, two routes have been described in the literature for the atrazine degradation 

mechanism: (1) dechlorination-hydroxylation followed by dealkylation and subsequent 

deamination, and (2) dealkylation as the first step and then deamination and/or 

dechlorination-hydroxylation. In many studies dealing with the photolytic degradation 

of atrazine, the first route has been frequently reported, with 2-hydroxyatrazine and 

hydroxylated compounds as main intermediate products [32, 33, 35, 36, 41], while in 
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photocatalytic processes using TiO2, the main degradation route is normally the second 

one, i.e., the dealkylation by 4,6-lateral chain oxidation [32, 35, 38, 39, 41, 42, 46]. In 

the present study, and according to the HPLC results presented above (Figure 10), it 

seems clear that the main intermediate product of PCE atrazine degradation using a 

WO3 nanostructure was 2-hydroxyatrazine, so the main degradation route for atrazine 

involved first the dechlorination-hydroxylation of the molecule, followed by the 

oxidation of the lateral chains to form dealkylated species, and the substitution of the 

amino groups by hydroxyl molecules, resulting in ammelide and cyanuric acid. On that 

basis, a simplified scheme showing the reaction sequence from atrazine to cyanuric acid 

is shown in Figure 13. The same conclusion has been reached by other authors using 

photoelectrocatalytic processes to remove atrazine from aqueous solutions [18]. Finally, 

and in line with the TOC and ion chromatography results, the s-triazine ring in cyanuric 

acid seemed to be partially open and further oxidized. It is important to remark that, in 

spite of the small amount of photoelectrocatalyst used, cyanuric acid was partially 

degraded. Cyanuric acid degradation has been reported before in the literature by using 

anodic oxidation and electro-Fenton with a BDD anode [27, 29]. However, partial 

degradation results presented in this work represent an important advance in PC and 

PEC mineralization of atrazine.  

 

4. CONCLUSIONS 

 

 

 

A high electroactive WO3 nanostructure was synthesized by anodization in acidic media 

and in the presence of a small amount (0.05 M) of H2O2, as it was demonstrated by 

cyclic voltammetric measurements using the Fe(CN)6
4-/3-

 system. Moreover, the 
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resistance of this nanostructure to charge-transfer processes was much lower than that of 

a WO3 compact layer. 

 

From Mott-Schottky analysis, the flat-band potential of the WO3 nanostructure was 

determined and, from that value, the position of its conduction and valence bands. The 

redox potential of photogenerated holes was calculated to be 3.008 VNHE, indicating the 

extremely oxidant properties of these species in WO3 nanostructures. 

 

Atrazine was completely eliminated after 180 min of PEC reaction following pseudo-

first order kinetics, and intermediate species evolved subsequently with reaction time. 

The major intermediate species formed during the PEC degradation of atrazine using a 

WO3 nanostructure was found to be 2-hydroxyatrazine. Hence, the main degradation 

pathway was dechlorination-hydroxylation followed by dealkylation.  

 

 

The PEC method using a nanostructured WO3 photoanode is capable of partially 

breaking down the atrazine molecule, possibly rupturing the heterocyclic ring, a step 

that is often considered as difficult. 
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Table caption 

 

Table 1. Resistance values obtained from fitting the EIS experimental results with the 

circuit shown in Figure 6. 

 

Figures captions 

 

Figure 1. FESEM images of the WO3 nanostructure used in this study: (a) at 1000X, (b) 

at 5000X, (c) at 15000X, (d) cross section (15000X). 

 

Figure 2. Raman spectra of the as-anodized and annealed WO3 nanostructure (a); EDX 

spectrum of the annealed sample (b). 

 

Figure 3. Cyclic voltammetry characterization of the WO3 nanostructure and of a WO3 

compact layer in 10 mM Fe(CN)6K4 + 0.1 M H2SO4. 

 

Figure 4. EIS results of the WO3 nanostructure and of a WO3 compact layer under dark 

conditions in 0.1 M H2SO4, in the form of (a) Nyquist plots, and (b) Bode-phase plots. 

 

Figure 5. EIS results of the WO3 nanostructure and of a WO3 compact layer under 

irradiation conditions in 0.1 M H2SO4, in the form of (a) Nyquist plots, and (b) Bode-

phase plots. 
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Figure 6. Equivalent circuit used to analyze the EIS results. 

 

Figure 7. Mott-Schottky plot of the WO3 nanostructure. 

 

Figure 8. Dark current and photocurrent densities of the WO3 nanostructure as a 

function of the applied potential. 

 

Figure 9. UV absorption spectra obtained during PEC degradation of 20 ppm of 

atrazine at different reaction times: (a) from 0-150 min, (b) from 210-1320 min. 

 

Figure 10. HPLC chromatograms of atrazine and its intermediates recorded at different 

reaction times. Peaks of atrazine (A) and 2-hydroxyatrazine (B) have been identified in 

the plots. 

 

Figure 11. (a) Degradation profiles and efficiencies, and (b) pseudo-first order kinetics 

for the PEC degradation of 20 ppm of atrazine.  

 

Figure 12. Time evolution of the NO3
-
 moles/initial atrazine moles ratio during PEC 

degradation of 20 ppm of atrazine. 

 

Figure 13. Schematic representation of the proposed PEC degradation mechanism for 

atrazine using a WO3 nanostructure. 



 WO3 sample RS/Ω cm
2
 R1/kΩ cm

2
 R2/kΩ cm

2
 

Dark conditions 
Compact layer 4.3 ± 0.4 46.3 ± 4.9 523 ± 36 

Nanostructure 6.4 ± 0.7 2.9 ± 0.3 184 ± 24 

Illumination 

conditions 

Compact layer 3.2 ± 0.2 2.6 ± 0.4 5.5 ± 0.9 

Nanostructure 5.9 ± 0.6 0.06 ± 0.01 1.7 ± 0.3 
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