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Abstract: In this paper, the photocatalytic degradation of glyphosate by zinc oxide (ZnO) 

photocatalysts doped with tungsten (W) was investigated under solar simulated light. The 

photocatalysts were successfully synthesized through a simple precipitation method and 

subsequently characterized by different techniques: Raman spectroscopy, UV–Vis, N2 adsorption at 

−196 °C, X-ray diffraction, and SEM analysis. In particular, all the prepared catalysts were 

characterized by a crystallite size of about 28 nm and a hexagonal wurtzite structure. After the W 

doping, the bandgap energy decreased from 3.22 of pure ZnO to 3.19 for doped ZnO. This allowed 

us to obtain good results in terms of glyphosate degradation and simultaneous mineralization 

under solar simulated lamps, making the process environmentally friendly and with almost zero 

energy costs. In particular, the best photocatalytic performance was obtained with 100 W-ZnO 

(prepared with 1.5 mol % of W). With this catalyst, after 180 min of exposure to solar simulated 

light, the glyphosate degradation and mineralization was equal to 74% and 30%, respectively. 

Furthermore, it has been shown that the best catalyst dosage was equal to 1.5 g/L. The study on the 

influence of pH evidenced that the best photocatalytic performances are obtained at spontaneous 

(neutral) pH conditions. Finally, to determine the main reactive species in the glyphosate 

oxidation, the effects of different radical scavengers were tested. The results evidenced that the 

glyphosate oxidation mechanism seems to be related mainly to the O2•− generated under simulated 

solar light irradiation, but also in minor part to h+. 
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1. Introduction 

The protection of water from pollution is just one of the aspects involving the most 

important problem of our existence, which is the protection and conservation of the 

environment in which we live. In fact, there is an urgent need to prevent contamination 

of available water resources from various kinds of pollutants such as pesticides 

particularly used in agriculture. In fact, the indiscriminate use of pesticides to increase 

agricultural production has led to the contamination of water, generating serious 

environmental damage [1]. Pesticides are chemical contaminants used to kill different 

types of pests that cause damage to cultures. Due to their nature, these compounds are 

potentially toxic to other organisms, including humans [2]. Effluents from chemical and 

agrochemical industries contain several organic compounds such as solvents and 

pesticides [3]. Recently, a highly controversial herbicides that has attracted public 

attention is glyphosate, which is one of the most used herbicides worldwide and is 

defined as a carcinogenic substance by IARC. The intense use of this herbicide had an 

impact on key functions of the rhizosphere. The effects include reduced absorption of 

essential micronutrients by plants, greater vulnerability to diseases, and reduction of 

nitrogen fixation, with a paradoxical yield of lower crops and changes in bacterial 
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composition [4]. Glyphosate is a systemic herbicide, post-emergent, non-selective and 

belonging to the chemical group of phosphonate amino acids. It acts as a potent inhibitor 

of the activity of the enzyme 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS), 

which is a key enzyme of the shikimate pathway, responsible for aromatic amino acid 

synthesis reactions in algae, plants and fungi [5]. A lot of studies showed that glyphosate 

could be degraded by microorganisms and plants to yield aminomethylphosphonic acid 

(AMPA) and sarcosine, which could be further degraded into the water, carbon dioxide, 

and phosphate, although the slower degradation of AMPA had been reported in some 

instances [6]. The presence of glyphosate in the aquatic environment causes serious 

environmental risks. Traditional degradation methods, such as biological and 

physicochemical ones, have been applied for the removal of glyphosate. However, 

processes such as filtration using sand, ultrafiltration, reverse osmosis, adsorption by 

activated charcoal and biological degradation are expensive and require large 

infrastructure investments and some are specific to particular contaminants [7,8]. If the 

operating conditions are not controlled, biological processes can generate by-products, 

such as metabolites, characterized by potentially higher toxicity [9] Advanced oxidation 

processes (AOPs) are considered among the most promising processes for wastewater 

treatments containing pesticides. The advantages of these processes are related to the 

high percentage of degradation of organic pollutants [10–13] but also to the ability to 

produce hydrogen, promote CO2 reduction, NOx reduction or ammonia synthesis, and to 

be environmentally friendly processes characterized by low energy consumption. [14–17] 

Many studies on the photocatalytic degradation of glyphosate have been published, 

many of which used TiO2 based photocatalysts [18–26]. However, recently, a 

semiconductor that has attracted scientific attention for water treatment applications is 

zinc oxide (ZnO), due to it is relatively cheaper compared to TiO2. It can be considered as 

a promising semiconductor with higher photocatalytic efficiency in the degradation of 

several organic contaminants in presence of different pH conditions [27–31]. In fact, its 

use has been widely reported in the literature in the degradation of various kinds of 

aqueous contaminants, such as pharmaceutical compounds [31], dyes [32] or metals such 

as arsenic [33]. Furthermore, it was also applied in fixed or floating bed reactors, in which 

ZnO had been deposited on macroscopic supports such as glass spheres [32] or 

polystyrene pellets. These data allow to define ZnO as a catalyst useful for the 

degradation of different types of contaminants, both present in industrial wastewater 

(such as dyes) and present in urban wastewater (for example emerging contaminants, 

therefore pharmaceutical compounds), and also in case of water treatment intended for 

potable use for the removal of metals. However, ZnO is characterized by a wide bandgap 

(3.27 eV) and it limits its photoactivity only under UV light. This means that only a small 

percentage (about 5%) of the sunlight that reaches the earth’s surface can be used to 

activate this photocatalyst [34,35]. Considering the recent studies about the 

photocatalytic degradation of glyphosate, most of them are based on the use of UV light. 

Unfortunately, it must be considered that although UV light guarantees the activation of 

a large group of semiconductors, adequate equipment is required for its use [36]. 

Therefore, given this last observation and considering that nowadays the demand for 

processes based on the use of low-cost energy resources is increasing, it is interesting to 

focus attention on the synthesis of photocatalysts activated by visible (solar) light [37]. 

Moreover, as regards the ZnO, it should also be noted that this semiconductor is 

characterized by a recombination of the hole-electron pair, which disadvantages its 

photocatalytic activity. To reduce this recombination and to decrease the bandgap 

energy, ZnO can be doped with selected elements, such as Eu, Ce, and Cu [25,38–40]. 

Recently, tungsten oxides have attracted much interest due to their unique physical and 

chemical properties among various oxide semiconductors [41–43]. Tungsten oxides have 

a variety of nonstoichiometric phases (expressed as WOx (2 ≤ x < 3)), such as WO2.9, 

W18O49 (WO2.72), and WO2, which possess unique oxygen vacancies and crystal shear 

planes [44]. ZnO photocatalyst coupled with WO3 is used for photooxidative degradation 
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of organic pollutants. For example, it is reported the synthesis of nanosized MOx-ZnO 

(M=W, V, Fe) composite powders by spray pyrolysis and their visible-light-driven 

photocatalysis in gas-phase acetaldehyde decomposition [45]. Another study discusses 

the use of W-doped ZnO nanocomposite for the photodegradation of methylene blue in 

aqueous solution under UV and visible light irradiation [46]. Additionally, an 

improvement of photocatalytic activity of WO3 loaded Ag-ZnO for acid 

black-1degradation by UV–A light is also observed [47]. With regard to the 

photocatalytic degradation of glyphosate, a recent paper reports the photocatalytic 

performances of ZnO nanoparticles under UV irradiation [48], whereas no specific study 

devoted to the use of the W-doped ZnO photocatalyst in the removal of glyphosate is 

present in the literature. For this reason, this work aims to study the photocatalytic 

degradation of glyphosate from aqueous solutions using W-doped ZnO, in presence of 

visible light and also under solar simulated light. The effect of different parameters (W 

amount, different light sources, catalyst dosage, glyphosate initial concentration and 

initial pH of solution) on the photocatalytic activity in terms of glyphosate degradation 

and mineralization was investigated. Finally, the main reactive oxygen species (ROS) 

responsible for glyphosate degradation were identified. 

2. Results and Discussion 

2.1. Catalyst Characterization 

2.1.1. Raman Analysis 

Raman results are reported in Figure 1 showing the spectra ranging from 200 to 700 

cm−1 for doped catalysts in comparison with undoped ZnO. The results evidence the 

presence of characteristics bands at 333, 381, 436, and 581 cm−1 relative to ZnO [49]. The 

strong and sharp band visible at 436 cm−1 is equivalent to non-polar optical phonon E2 

(high) of wurtzite ZnO while the band at 333 cm−1 is assigned to the second-order Raman 

spectrum arising from zone boundary phonons of the hexagonal ZnO [50]. The signal at 

391 cm−1 is attributed to A1(TO) mode while the peak at 581 cm−1 corresponds to E1 (LO) 

mode [49]. No significant difference in the bands position is observed between the 

Raman spectrum of pure ZnO and W-ZnO samples. However, the doping with tungsten 

causes a decrease in the intensity of the peaks—as the tungsten load increases, the 

intensity of the peaks decreases. This behavior is consistent with literature data dealing 

with ZnO doped with different metals [51,52]. In detail, the decrease of Raman bands 

may be explained with the insertion of W into the ZnO lattice, which induces the change 

of the local environment around the host, altering the normal lattice symmetry [53] and 

without changing the hexagonal structure of ZnO. Additionally, no additional Raman 

bands appear in the spectra of the doped samples, confirming good incorporation of W 

into the ZnO lattice. 

. 

Figure 1. Raman measurements of undoped ZnO and W-doped ZnO photocatalysts in the range 

200–700 cm−1. 
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2.1.2. BET Surface Area 

The specific surface areas (SSA) of ZnO and W-ZnO samples are reported in Table 1. 

It is possible to see that the incorporation of dopant ions causes a variation of SSA values. 

In particular, from the data, it is possible to note an increase in the surface area for the 

samples doped with tungsten (for 100 W-ZnO the SSA was equal to 13 m2/g) compared to 

the non-doped ZnO (6 m2/g). The photocatalytic activity is influenced by the specific 

surface, therefore this trend of the surface area in the doped samples can determine the 

presence of additional photoactive sites available for the photocatalytic activity [31]. The 

adsorption and desorption isotherms for undoped ZnO and for 100 W-ZnO are reported 

in Figure S1 (Supplementary material). As it can be seen from the graphs, the adsorption 

and desorption isotherms of ZnO and 100 W-ZnO are almost similar: they present the 

same shape but in the case of the doped sample the volume of N2 adsorbed is higher than 

the undoped one. In both cases, the nitrogen adsorption isotherm is a typical II-type 

curve (IUPAC classification) and they show the characteristic behavior of 

monolayer-multilayer adsorption on the open surface of closed pores in agreement with 

the literature [54] 3 (Figure S1). 

Table 1. Characteristics of the prepared photocatalysts. 

Photocatalyst 
W Nominal Amount 

(mol%) 

W Measured amount  

(XRF) (mol%) 

SSA 1 

(m2g−1) 

Band Gap Energy 

(eV) 

Crystallinity Size 2 

(nm) 

ZnO 0 0 6 3.23 39.82 

50 W-ZnO 0.7 0.65 12 3.22 - 

75 W-ZnO 1.1 1.15 13 3.22 - 

100 W-ZnO 1.5 1.6 13 3.21 38.02 

200 W-ZnO 2.9 2.85 17 3.19 - 
1 B.E.T. method. 2 Scherrer equation 

2.1.3. UV–Vis Diffuse Reflectance Spectra (UV–vis DRS) 

The UV–Vis DRS spectra of the prepared photocatalysts are reported in Figure 2. 

The undoped ZnO spectrum showed an absorption onset at approximately 390 nm, 

which is in good agreement with the intrinsic energy bandgap of ZnO (3.23 eV) [55]. As 

reported in the literature, this behavior can be explained as the electronic transition from 

O2p to Zn3d, linked to the passage from the valence band to the conduction one, which is 

in agreement to the literature [56]. Doping with tungsten induces for ZnO photocatalyst 

an enhancement in the light absorption in the UV region (Figure 2a). In addition, the 

doping showed an improvement of the absorbance properties in the visible region 

(Figure 2b). The band-gap energy of the photocatalysts (summarized in Table 1) is 

calculated by the data obtained from UV–vis DRS spectra (Figure 3) for undoped ZnO 

and 100 W-ZnO). The band-gap energy is reduced from 3.23 eV for undoped ZnO to 3.19 

eV for 200 W-ZnO when the W content was increased, as reported in literature [57]. The 

band gap reduction was due to the electronic transition from the levels of donors formed 

with the dopant to the conduction band of the host photocatalysts [43]. 
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Figure 2. Kubelka-Munk function of ZnO and W-doped ZnO photocatalysts with different W 

contents in the range 200–700 nm (a) and in the range 350–450 nm (b). 

 

Figure 3. Calculation of band gap for undoped (ZnO) and doped photocatalysts. (100 W-ZnO). 

2.1.4. XRD Analysis 

XRD patterns of undoped and 100 W-ZnO samples are reported in Figure 4a. It is 

possible to observe peaks located at 2θ 31.7°, 34.4°, 36.2°, 47.7°, 56.5°, 62.7°, and 68.4° 

corresponding to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), and (1 1 2) planes, 

respectively, associated to the typical hexagonal wurtzite structure of ZnO [58]. No 

diffraction peaks from tungsten oxides or other impurities were detected. The decrease in 

intensity of XRD patterns of the doped sample with respect to the undoped one could be 



Catalysts 2021, 11, 234 6 of 18 
 

 

associated to the ZnO lattice distortion phenomena induced by the doping with W6+ ion 

thanks to its lower ionic radius (W6+ = 0.064 nm and Zn2+ = 0.074 nm) [46]. This hypothesis 

is confirmed by XRD analysis in the range 35.5–37° (Figure 4b.) in which the peak at 2θ = 

36.2° indexed as (1 0 1) of undoped ZnO shifts towards a higher angle for 100 W-ZnO. 

This shift is consistent with the literature about the doping of ZnO with metals having an 

ionic radius lower than Zn2+ [33] This phenomenon can be attributed to the shrinkage of 

ZnO crystal lattice induced by the substitution of Zn2+ ion by the smaller W6+ ion, 

suggesting, therefore, that W6+ can replaced Zn2+ into ZnO lattice without modifying the 

crystal structure of ZnO [46]. Furthermore, the doping with tungsten induces a minor 

diminuition in photocatalysts crystallite size (Table 1). In particular, the average 

crystallite size varies from 40 nm for undoped ZnO to 38 nm when the W amount is 

added. Similar behavior was previously observed in the literature [46]. It is argued that, 

when some W6+ ions entered into the crystal lattice of ZnO, the growth of the ZnO 

crystallites is inhibited [46]. 

 

 

Figure 4. XRD patterns of undoped ZnO and W-doped ZnO photocatalysts in the range 20–80° (a) 

and in the range 35.5–37° (b). 

2.1.5. SEM Analysis 

Through SEM microscopy the morphology of the ZnO and W-doped ZnO 

photocatalysts was investigated. For the sake of brevity, in Figure 5, we only reported the 

analysis on undoped ZnO and 100 W-ZnO. 
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Figure 5. SEM results of ZnO (a) and 100 W-ZnO (b) photocatalysts. 

A typical SEM image of ZnO nanoparticles is reported in Figure 5a. In agreement 

with the literature [46] it is possible to observe that most of the nanoparticles have an 

irregular shape, more or less spherical, with dimensions less than 100 µm. The 100 

W-ZnO sample (Figure 5b) shows a surface morphology similar to bare ZnO (Figure 5a). 

In addition, in this case it is possible to note a relatively spherical shape for nanoparticles 

and the presence of nanoparticle agglomerates. These morphology characteristics favor 

the dispersion of the catalyst in solution, improving the photons absorption. 

2.2. Photocatalytic Activity Results 

2.2.1. Influence of W Amount 

The influence of W amount (from 0.7 to 1.5 mol %) for glyphosate photodegradation 

was investigated under solar simulated lamps at spontaneous pH and with a 

photocatalyst dosage equal to 1.5 g/L (Figure 6). During the photolysis test, glyphosate 

degradation and mineralization were negligible. This result is consistent with the 

literature [23,59,60] in which it was reported that direct photolysis is usually not an 

option due to the low efficiency of most pesticides. As far as the tests in presence of 

photocatalysts, Figure 6 shows that all the doped samples evidenced higher 

photocatalytic activity compared with undoped ZnO. As the dopant amount was 

increased from 0.7 to 1.5 mol %, the degradation and mineralization efficiency increased, 

but a further increase of the dopant content resulted in a decrease of glyphosate 

degradation as well as mineralization performances (Figure 7). It is possible to argue that 

the dopant element acts as a charge trap avoiding the electron-hole recombination rate 
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and improving the interfacial charge transfer to degrade the glyphosate within the 

optimal molar percentage of dopant (1.5 % mol of W). In agreement with the literature, 

the increase in W6+ ions concentration determines a better e−/h+ pairs separation by the 

large electric field caused by a higher surface barrier and a narrower space charge region 

[46]. On the other hand, increasing the amount of W6+ ions, the depth of light penetration 

into the ZnO structure significantly exceeds the space charge layer and so the 

recombination of photogenerated e−/h+ pairs becomes easier. Therefore, in order to 

separate the electron-hole photoinduced pairs, it is necessary to identify the optimal 

concentration of W6+ ions that can correspond to the thickness of the charge layer and to 

the depth of light necessary for the separation of the charges, as reported in a similar 

study on the photocatalytic activity of La-ZnO [61] Furthermore, finding the optimal 

concentration of W6+ ions is necessary to effectively separate the electron-hole pairs, in 

fact, an excessive amount of W can create a greater number of recombination centers, 

which worsens the photocatalytic activity. 

 

 

Figure 6. Photocatalytic glyphosate degradation (a) and mineralization (b) at different W nominal 

amount under the irradiation time; initial glyphosate concentration: 20 mg/L; pH = 7. 

2.2.2. Influence of Different Light Sources 

During the photocatalytic tests, we also analyzed the influence of different light 

sources with a catalyst dosage of 1.5 g/L and a glyphosate concentration equal to 20 

mg/L. Figure 7 compares the values of degradation for pure ZnO and 100 W-ZnO 

photocatalysts under UV, visible and solar light. The results proved that the best 

performances were obviously obtained under UV irradiation both in terms of 

degradation (82%) and mineralization (52%) in 180 min of irradiation. However, 

interesting results were obtained under solar simulated lamps, reaching a degradation 
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and mineralization efficiency of 74 and 30%, respectively. On the basis of this last result, 

it was preferred to continue the experimental tests using solar lamps since the possible 

irradiation with the direct sunlight may be an environmentally friendly process with zero 

energy costs. 

 

 

Figure 7. Photocatalytic glyphosate degradation (a) and mineralization (b) of ZnO and 100 W-ZnO 

under different light sources under the irradiation time; initial glyphosate concentration: 20 mg/L; 

pH = 7; catalyst dosage = 1.5 g/L. 

2.2.3. Influence of Catalyst Dosage 

Different experimental tests under solar light irradiation were carried out to 

optimize the photocatalyst dosage. In particular, starting from a glyphosate 

concentration equal to 20 mg/L, 100 W-ZnO photocatalyst dosages were tested in the 

range 0.375–3 g/L. Figure 8a,b show glyphosate degradation and mineralization, 

respectively, after 3 h of solar simulated irradiation time for the different photocatalyst 

dosages. The graph showed that the photocatalytic efficiency expressed as glyphosate 

degradation increased up to 1.5 g/L of photocatalyst dosage. With a further increase in 

the catalyst dosage, the photocatalytic activity worsened, most likely due to the increase 
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in turbidity of the solution which prevented a good photonic distribution on the 

photocatalytic particles [62]. 

 

 

Figure 8. Photocatalytic glyphosate degradation (a) and mineralization (b) at different catalyst 

dosage for 100 W-ZnO during the irradiation time; initial glyphosate concentration: 20 mg/L; PH = 

7. 

2.2.4. Influence of pH 

Before verifying the influence of pH on the glyphosate degradation, experimental 

tests regarding the influence of the glyphosate initial concentration were performed (see 

the Supplementary Material). Specifically, in Figure S2 it is possible to observe that for 

glyphosate degradation (Figures S2a), similar results were obtained both at 10 mg/L and 

20 mg/L of glyphosate initial concentration, while a worsening both in terms of 

degradation and mineralization (Figure S2b) was found in the case of an initial 

glyphosate concentration equal to 40 mg/L. As regards the mineralization (Figure S1b), it 

can be found that the best result (76% of mineralization) is obtained starting with a 

solution containing 10 mg/L of glyphosate. On the basis of these results, the influence of 

pH on the photocatalytic glyphosate degradation was evaluated at an initial glyphosate 

concentration equal to 10 mg/L. 

The effect of pH on the photocatalytic degradation of glyphosate is investigated by 

varying the pH of the medium from 4 to 10 and keeping constants of the other operating 

conditions. The results are presented in Figure 9. 
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It is evident that the best photocatalytic performances were achieved at pH = 7. 

According to the literature [63], ZnO powder tend to dissolve with decreasing the pH 

(Equation (1)): 

ZnO+2H+→Zn2+ +H2O (1)

In a strongly alkaline environment, ZnO can undergo dissolution according to 

Equation (2) 

ZnO+H2O+2OH−→Zn(OH)42−. (2)

The possible formation of photocatalytically inert Zn(OH)2 surface layers is also to 

be considered in aqueous media, as shown in Equation (3) [64]: 

2ZnO+4H2O+4h+→2Zn(OH)2+O2+4H+. (3)

Therefore, the reduction of photocatalytic activity of ZnO at low and high pH values 

can originate from: 

- acidic/photochemical corrosion of the catalyst; 

- alkaline dissolution (Equation (2)) and/or surface passivation with Zn(OH)2 

(Equation (2)) [63]. Furthermore, Equation (2) can interfere with the formation of 

hydroxyl radicals by decreasing the availability of holes for water or surface OH− 

oxidation. 

 

 

Figure 9. Photocatalytic glyphosate degradation (a) and mineralization (b) at different pH solutions 

during the irradiation time; glyphosate concentration = 10 mg/L; catalyst dosage = 1.5 g/L. 
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2.2.5. Influence of Scavengers 

The mechanism of the catalytic degradation of glyphosate was investigated using 

different scavenger molecules to identify the main reactive species involved in the 

photocatalytic process. In particular, i-PrOH (10 mM) EDTA(0.2 mM) and benzoquinone 

(1 mM) have been employed to quench, respectively, (OH•, h+, O2•−). Figure 10 shows that 

when isopropanol (IPA) was added, the glyphosate degradation of was not influenced 

and this demonstrated that hydroxyl radicals (OH•) were not the main reactive species, 

unlike EDTA, which determines a negative effect on the photodegradation. This behavior 

suggests the important role of h+ but a very interesting result is obtained when 

benzoquinone was added (superoxide scavenger): the photocatalytic activity was 

suppressed significantly under these conditions. This result allows to define that the 

main role in the photocatalytic degradation process of glyphosate is played by 

superoxide. From the tests, h+ and superoxide prove to be the two main active species of 

the W-ZnO photocatalyst in the degradation of glyphosate in the presence of simulated 

irradiation and in particular superoxide plays a more significant role. Comparable results 

were obtained in another study based on the use of BiOBr/Fe3O4 nanocomposites under 

visible light irradiation for glyphosate degradation [37]. 

 

Figure 10. Trapping experiment of active species during the photocatalytic degradation of 

glyphosate under solar irradiation; initial glyphosate concentration: 10 mg/L; pH = 7; catalyst 

dosage = 1.5 g/L. 

3. Material and Methods 

3.1. Materials 

Zinc acetate (ZnC4H6O4), ammonium metatungstate hydrate (H26N6O40W12), sodium 

hydroxide (NaOH), the herbicide glyphosate (C3H8NO5P), ninhydrin (C9H6O4) and 

sodium molybdate (Na2MoO4) were supplied by Sigma-Aldrich. 

3.2. Photocatalysts Preparation 

3.2.1. Undoped ZnO 

Undoped ZnO photocatalyst was synthesized through precipitation method. As the 

first step, 5 g of zinc acetate is dissolved in 75 mL of distilled water. The suspension was 

maintained in agitation until the complete solubilization of the zinc acetate in distilled 

water. The precipitation was induced by adding a solution of NaOH 2 M (2 g NaOH/25 

mL H2O). Once the suspension was well mixed, it was transferred to 50 mL Falcon Isolab 

to be centrifuged. As follows, the precipitate was washed with distilled water and then 

calcined for 2 h at 600 °C in a muffle furnace. 

3.2.2. W-doped ZnO 

Ammonium metatungstate hydrate H26N6O40W12 was added to the solution during 

the doping procedure. Specific amounts of it were completely dissolved into the zinc 
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acetate solution inducing subsequently the precipitation by sodium hydroxide addition. 

The final product was separated from the stock solution by centrifugation, then dried and 

subsequently subjected to a calcination temperature of 600 °C for 2 h. The W nominal, 

reported as a molar percentage, was calculated through Equation (4): 

% ��� � =
� �

� ��� ��
 × 100, (4)

where: 

n W is the number of moles of W used in the synthesis calculated as: 

n H26N6O40W12 × 12; 

n Zn is the number of moles of Zn(CH3COO)2·2H2O used during the preparation; 

The list of all photocatalysts synthesized is reported in Table 1. 

3.3. Photocatalysts Characterization 

Different techniques were used for the catalysts characterization. In particular, the 

specific surface area (SSA) was performed by Brunauer-Emmett-Teller (BET) method 

using N2 physical adsorption at −196 °C (Costech Sorptometer 1042) after a pretreatment 

at 150 °C for 1 h in He flow (99.9990%). The Raman spectra of the prepared photocatalyst 

have been processed with a Dispersive MicroRaman system (Invia, Renishaw), equipped 

with a 514 nm laser, varying from 100 to 2000 cm−1 Raman shift. The crystal phases of the 

photocatalyst were determined by XRD analysis (Brucker D8 diffractometer Bruker 

Corporation, Madison, WI, USA), in the range 20–80 degrees, and 30–34 degree. With 

Scherrer’s equation, the average crystallite size was calculated. The W total amount was 

realized by the X-ray fluorescence spectrometry (XRF) in a thermoFischer ARL 

QUANT’X EDXRF spectrometer using a rhodium standard tube as the origin of radiation 

and with Si-Li drifted crystal sensor. The UV–vis reflectance spectra of the catalysts were 

observed by a Perkin Elmer Lambda 35 spectrometer in particular with an RSAPE-20 

reflectance spectroscopy accessory (Labsphere Inc., NorthSutton, NH, USA,). The 

reflectance data were processed with the Kubelka-Munk [F (R∞)] function through which 

the band gap was calculated graphing [F (R∞) × hν]2 vs. hν (eV). Scanning electron 

microscopy (SEM) (Oxford instrument, UK) was used to characterize the morphology of 

the samples. 

3.4. Photocatalytic Experiments 

The reactor configuration used during the photocatalytic experiment was a 

cylindrical pyrex batch reactor (ID = 2.5 cm; height = 18 cm) equipped with an air 

distributor device (flow rate of 170 cm3/min) filled with 100 mL of glyphosate (20 mg/L) 

aqueous solution. Generally, during the tests, 1.5 g/L of catalyst dosage was used. During 

the experiments, the glyphosate solution was continuously mixed by a peristaltic pump. 

Four visible lamps (PHILIPS nominal power: 8 W) with wavelength emission in the 

range 400–600 nm or solar simulated lamps (SUN-GLO 8W T5) with wavelength 

emission in the range 300–700 nm [33], or UV lamps (PHILIPS nominal power: 8 W) 

emitting in the range 200–400 nm were used as light sources. The lamps surrounded the 

photoreactor’s external surface, positioned at a distance of about 30 mm from it; by doing 

so, the volume of the solution was irradiating uniformly [65]. The solution was left in 

dark condition for 1 h before switching on the light. The photocatalytic reaction was 

carried out under light irradiation up to 3 h. A given amount of solution was taken at a 

different time to evaluate the degradation and simultaneously mineralization of the 

pollutant present in the solution along the time. Moreover, additional control tests were 

carried out in the presence of glyphosate and irradiating the photoreactor with UV, solar 

or visible light (photolysis reaction) and in the absence of photocatalyst. 

The degradation percentage (η) of glyphosate was calculated through Equation (5) 
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η = (1-
C

C0
) × 100, (5)

where C is the concentration (mg/L) during the irradiation time and C0 is the initial 

concentration of the contaminant (mg/L); 

The glyphosate mineralization was evaluated in terms of Total Organic Carbon 

(TOC) removal through Equation (6): 

TOC (removal %) = (1-
TOCt

TOC0
) × 100, (6)

where TOC0 is the initial TOC (t = 0) and TOCt is the TOC value after a given irradiation 

time t. The TOC0 of the reference aqueous solution is calculated from the initial 

glyphosate concentration used in the photocatalytic tests. The continuous mixing of the 

solution in the reactor was realized by bubbling compressed air (Q = 170 mL/min (STP–

Standard Temperature and Pressure)), which also acts as a carrier for the gaseous species 

formed during the irradiation period. TOC of solution has been measured from CO2 

obtained by catalytic combustion at T = 680 °C. The reaction products in the gas phase 

were monitored by continuous gas analyzers (Uras 14, ABB) measuring the gaseous 

concentration of CO2 at the outlet of the reactor. Subsequently, identified the best 

catalyst, photocatalytic tests for glyphosate degradation under different light irradiation 

were carried out. The effect of different catalyst dosage (0.375, 1.5, 3 g/L) and pH were 

also evaluated. Finally, in order to study the mechanism of deterioration, benzoquinone 

(1 mM), i-PrOH (10 mM), EDTA (0.2 mM) as radical scavengers were added to 

glyphosate aqueous solutions (10 mg/L). Subsequently, the degradation efficiency of 

glyphosate was detected under solar simulated lamps compared with glyphosate 

solution without scavenger. 

3.5. Analytical Method for Glyphosate Quantification 

The method used to detect glyphosate was proposed by Nagaraja, Besagarahally, 

and Bhaskara (2006) [66] and was optimized to find the best-operating conditions starting 

from 20 ppm of glyphosate solutions. It is characterized by a reaction of glyphosate with 

ninhydrin in presence of sodium molybdate, which forms a product of purple color with 

a maximum absorption at 570 nm [66]. A particular color “Ruhemann’s purple” product 

was formed when glyphosate reacts with ninhydrin in the presence of sodium molybdate 

in an aqueous neutral medium at 100°. In order to obtain a stable Ruhemann’s purple 

product with maximum absorption at 570 nm, 0.5% (w/v) of ninhydrin in the range 1.0–

2.0 mL and 0.5% (w/v) of sodium molybdate in the range 1.0–3.0 mL were necessary. 

Hence, 0.5 mL of ninhydrin aqueous solution and 0.5 mL of sodium molybdate aqueous 

solution were selected to react with 2.5 mL of glyphosate solutions. The solution was kept 

in an oven at a temperature of 85 to 95 °C until the complete evaporation of the solution 

obtained a purple color. Figure 11 is a representative behavior of glyphosate absorbance 

for its quantification, in which it is possible to see the maximum value of absorbance at 

570 nm. 
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Figure 11. Representative behavior of glyphosate absorbance. 

4. Conclusions 

The results of this study clearly demonstrate that ZnO doped with tungsten can be 

used for the efficient degradation and mineralization of glyphosate under solar 

simulated lamps by the photocatalytic process. The improved photocatalytic behavior of 

this sample is due to several factors: the presence of W in its metallic oxidation state 

avoids the electron-hole recombination and the doping with W determined a reduction of 

bandgap energy ranging from 3.23 eV, typical of pure ZnO, to 3.19 eV. The 

characterization results confirmed the hexagonal wurtzite structure for all the prepared 

catalysts and average crystallite size in the range 38–40 nm. In particular, according to the 

results achieved in this work, 100 W-ZnO represents an interesting material to be used in 

photocatalytic glyphosate degradation with values of degradation and mineralization 

equal to 74% and 30 % using solar simulated lamps in 180 min of irradiation, 

respectively. The possible irradiation with direct sunlight makes the process even more 

interesting because is an environmentally friendly process with zero energy costs. 

Studying the influence of the operating conditions, it was possible to observe that the 

highest glyphosate degradation was obtained with a photocatalyst dosage equal to 1.5 

g/L, under neutral pH conditions. Finally, the photocatalytic performances of 100 W-ZnO 

were carried out analyzing the main reactive species involved during glyphosate 

degradation. Moreover, O2•− was shown to be the dominant reactive species in the 

photodegradation through a trapping experiment. This indicates that W-ZnO 

photocatalyst could be a promising candidate for the treatment of industrial wastewater 

containing glyphosate. 

Supplementary Materials: The following are available online at 

www.mdpi.com/2073-4344/11/2/234/s1, Figure S1: Full isotherm for ZnO and 100W-ZnO samples; 

Figure S2: Influence of glyphosate initial concentration on degradation (a) and mineralization (b) 

after 180 min of solar simulated irradiation time. 
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