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Fe–Ag co-doped TiO2 nanoparticles (NPs) were prepared as a photocatalyst using a precipitation method for the removal of flumioxazin pesticide residues in water. The analytical method was validated with specificity, linearity, recovery, precision, the limit of quantification, and detection limit. Linearity was determined by different known concentrations of standard solutions. Detection limit was identified as the lowest concentration resulting in a 3-fold response to baseline noise. Photolytic and photocatalytic studies were conducted in borosil glass bottles under sunlight at a single fortification level (1.0 μg/mL) in Milli-Q water with various pH values (pH 4.0, 7.0, and 9.0). The optimum catalyst concentration recommended for complete degradation was found to be 50 mg/L under sunlight. The HPLC-UV method was used to determine flumioxazin residues in water, and the rate constant, DT50, and DT90 values were calculated from the data obtained. The photolytic results do not indicate a significant residue loss due to adsorption. Fe–Ag co-doped TiO2 NPs are an outstanding decontaminating catalyst in various water samples.
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INTRODUCTION
Herbicides are chemicals that interrupt the normal growth and development of plants (Castro et al., 2008). They are widely used for weed management in agricultural, industrial, and noncrop areas. Herbicides can provide cost-effective control of weeds while reducing labor costs. Improper use of herbicides, however, can lead to crop injury, poor weed control, weeds’ resistance to herbicides, environmental contamination, or health hazards. Flumioxazin is a well-known herbicide used for the control of weeds in soybean and peanut crops and orchards. However, flumioxazin accumulation in soil and crops will cause severe side effects, such as irreversible destruction of the internal structure of crops (Lu et al., 2014). Therefore, sensitive methods for the determination of the concentration of flumioxazin need to be established (Guo and William, 2004; Chen et al., 2013).
The environment has been polluted with waste, both natural and synthetic, since the beginning of life on earth (man-made). However, in the case of natural waste, the environment alone controls the impact of contamination. But in the case of synthetic materials, even in trace concentrations, pollution is higher and this accumulates further, leading to disastrous environmental and ecological effects. This category comprises industrial waste containing heavy metals, dyes, and pesticide residues. Wastewater from agricultural industries, pesticide manufacturing, and plant formulation is the major source of pesticide pollution. Therefore, the waste from these sources must be disposed of or destroyed before being discharged into the environment. There are several methods in place for the treatment of wastewater. However, most of them are not in a position to achieve a hundred percent result.
Photocatalysis is defined as the acceleration of photoreactions in the presence of a catalyst called photochemistry and catalysis (Kalyanasundaram, 1983; Matthews, 1993; Lindner et al., 1995; Zeltner and Anderson, 1996). Chemicals that are discovered to be pollutants from industrial or domestic sources in wastewater must be removed or destroyed before being released into the environment. It is also possible to find such pollutants in surface water and groundwater, which also require treatment to achieve an acceptable quality of drinking water (Zhang et al., 1994; Hoffmann et al., 1995; Ahmed et al., 2011). In the field of pollutant degradation, photocatalysis is gaining considerable attention (Anandan et al., 2007; Burbano et al., 2008; Blinova et al., 2010). In the last two decades, to encourage specific redox processes on semiconductor surfaces, the use of colloidal semiconductors and the introduction of catalysts have been adopted (Daneshvar et al., 2006).
Photocatalysis has been extensively studied to convert light energy efficiently into reliable and efficient chemical energy. Laboratory studies have confirmed that this solar-driven purification process could be improved by using natural semiconductors (Elisa et al., 2007).
Wastewater photocatalytic detoxification is a process combining heterogeneous catalysts and solar energy (Zhang et al., 1994). Photocatalysis, with a primary focus on TiO2, has been applied to several environmental problems in addition to water purification. The use of photocatalysts is well documented and successful for a wide range of compounds for degrading toxic organics dissolved in air or water (Hall et al., 1997; Hariharan, 2006).
The process of photocatalytic degradation is gaining importance in the treatment of wastewater. Carbon dioxide, water, and simple mineral acids can be mineralized into hazardous organic chemicals. The key benefit of the photocatalytic process over current technologies is that secondary disposal approaches do not have any additional criteria. Another advantage of this process is that expensive oxidizing chemicals are not required when compared to other advanced oxidation technologies, particularly those using oxidants such as hydrogen peroxide and ozone, as ambient oxygen is the oxidant. Photocatalysts can be reused or recycled and are also self-regenerated.
The mechanism of the photocatalytic process is that ultraviolet (UV) radiation activates a semiconductor photocatalyst and establishes a redox environment in the aqueous solution. Semiconductors act as sensitizers for light-induced redox processes due to the electronic structure, which is characterized by a filled valence band and an empty conduction band (Hoffmann et al., 1995). The energy difference between the valence and conduction bands is called the bandgap. The semiconductor photocatalyst absorbs photons with energies equal to or greater than its bandgap or threshold energy Eg and excites the electrons in the occupied valence band to the unoccupied conduction band, leading to excited state conduction band electrons and positive holes in the valence band. The recombination of these charge carriers is to be effectively prevented to utilize for redox reactions involving adsorbed species. The charge carriers may take different paths as they can get trapped either in shallow traps (ST) or in deep traps (DT) or they can recombine nonradiatively or radiatively, dissipating the input energy as heat. Finally, they can react with electron donors or acceptors adsorbed on the surface of the photocatalyst. It has been shown that any photoredox reaction occurring at the particle surface emanates from trapped electrons and holes (Kite et al., 2020).
Semiconductors absorb light of energy greater than or equal to the bandgap energy (Eg) and promote an electron from the valence band to the conduction band, thus creating an electronic vacancy or hole (h+) at the valence band edge. This hole can also be identified as a chemical entity. This hole can initiate further interfacial electron transfer or other chemical reactions to an adsorbate, or it can diffuse into the bulk solvent with surface-bound OH− ions. The photogenerated electron is usually in the conduction band edge, and the hole is in the valence band edge. The catalyst deactivation by electron–hole recombination may be difficult if the energies of the electron and hole do not match. Unlike metals, semiconductors lack a continuum of interband states to assist the recombination of an electron–hole pair. This ensures an electron–hole pair lifetime is sufficiently long enough to allow these species to participate in interfacial electron transfer. Thus, the act of photoexcitation usually generates an electron–hole pair poised, respectively, at the conduction band and valence band edges (Eq. 1.1):
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In the aerated suspension of the semiconductor in contact with organic substances, the photogenerated electron–hole pairs initiate a series of redox reactions as detailed below:
(i) Oxidation of adsorbed water molecules and hydroxyl ions by the photogenerated holes to produce hydroxyl radicals (Eqs. 1.2 and 1.3):
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(ii) Reduction of dissolved oxygen by photogenerated electrons to produce superoxide anion radicals (Eq. 1.4), which in turn leads to the generation of H2O2 through a series of redox reactions (Eqs. 1.5–1.9):
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(iii) Further decomposition of the photogenerated H2O2 to yield hydroxyl radicals (Eqs. 1.10–1.12):
[image: image]
[image: image]
[image: image]
(iv) Direct participation of the holes in the oxidation reactions.
(v) Formation and participation of singlet oxygen species in the oxidation.
These hydroxyl radicals OH and superoxide radicals O2 are the critical species for the decomposition of the pollutants.
Residues are quantified using a high-performance liquid chromatography UV (HPLC-UV) method for understanding the pH effect of different pH water samples (4.0, 7.0, and 9.0). The optimum catalytic concentration required for complete decontamination of residues was also determined by varying the catalytic value from 2 to 100 mg/L. The catalytic activity was measured under direct sunlight at two different concentrations of the test item (Ren et al., 1999; Pare et al., 2008; Umar et al., 2009; Hazra et al., 2015).
MATERIALS AND METHODS
Analytical reference standards of flumioxazin (purity 97.46%) and tetrabutyl orthotitanate were obtained from Sigma Aldrich. The test item flumioxazin 51% WDG was purchased from the local market. Acetonitrile, high-grade water, LR grade sodium hydroxide, GR grade potassium chloride, boric acid, potassium phthalate, hydrochloric acid, and potassium phosphate were obtained from Merck India Limited.
Preparation of Fe–Ag Co-Doped TiO2 NPs
0.02 mol tetrabutyl orthotitanate was added to 50 ml of absolute ethanol to produce a solution. Then, the solution was vigorously stirred at room temperature for 20 min, and 3 drops of conc. HNO3 were added into the solution. The desired amounts of 1.0 mmol of ferric nitrate and 1.0 mmol of silver nitrate (the molar ratio of Fe to Ag was 1:1) were then added to the reaction mixture, which was stirred continuously for 60 min until Fe and Ag were dissolved. 2.0 mL of deionized water was then dissipated into the prepared solution. Afterward, the resulting solution mixture was maintained at room temperature and stirred continuously for 2 h to form a gel, which was then aged for 12 h at room temperature. After drying at 80°C for 24 h, the product was then dried at 400°C for 3 h. A nondoped TiO2 (anatase) sample was also prepared by adopting the above procedure without the addition of pure TiO2 ferric nitrate and silver nitrate. The concentration of doping is expressed as mmol of titanium atoms.
Characterization of Nanocatalysts
X-Ray Diffraction Study
The low-angle X-ray diffraction patterns of the materials were recorded on a Bruker D8 advanced powder X-ray diffractometer using CuK (λ = 1.5418 Å) as the radiation source in the 2θ range of 0.5°–6° with a step size of 0.01° and a step time of 5 s. The XRD patterns of mesoporous TiO2, mixed metal oxide TiO2, and metal-doped TiO2 were recorded in an X-ray diffractometer (PAN analytical X’Pert Pro) using CuK (λ = 0.154 nm) as the radiation source. The diffractograms were recorded in the 2θ range between 15° and 85° with a step size of 0.02° and a count time of 20 s at each point.
Fourier Transform Infrared Spectroscopy
A Shimadzu FT-IR spectrometer (Spectrum One Software) was used to record and monitor the infrared spectra of the samples at a resolution of 2 cm−1. The infrared spectra of samples were monitored in the range of 4,000–400 cm−1.
Transmission Electron Microscopy
The nanoparticle size was measured by transmission electron microscopy (JEOL TEM-3010).
Scanning Electron Microscopy
The surface morphology of Fe–Ag co-doped TiO2 NPs was examined by using a scanning electron microscope (SEM). Before SEM examination, a conductive gold layer was used for sputter-coating of the char residue surface. 15 kV accelerating voltage was applied for the examination.
Energy-Dispersive X-ray Analysis
An EDX (JEOL Model JED-2300) instrument was used for the elemental composition analysis of the nanoparticles.
Adsorption Isotherm Measurements
For the Fe–Ag co-doped TiO2 NPs, the adsorption equilibrium isotherms of CO2 were measured using a volumetric apparatus (BELSORP-mini, MicrotracBEL, Japan) at 0–1 bar pressure (298 K). All temperatures were controlled using a Dewar with a water-circulating jacket connected to a thermostatic bath with ±0.01°C accuracy.CO2 and He gases of ultrahigh purity grade (>99.995%) were used. The free space of the sample holder was determined by dosing with helium. The specific area of the surface (BET) was calculated using BET theory multipoint adsorption data from the linear segment of the CO2 adsorption isotherms. Before each measurement, the sample was evacuated at 150°C for 12 h to remove impurities present in the sample. The specific area of these samples was calculated by the Brunauer−Emmett−Teller (BET; Quantachrome Instrument AutosorbiQ Station 1) method at a P/P0 close to 0.999. The total volume of the pore was estimated at a relative pressure from the adsorbed capacity of N2. The Barrett–Joyner–Halenda (BJH) method derived the distribution of pore size.
Preparation of Linearity Standard Solutions
Exactly 5.13 mg of flumioxazin standard (97.46%) was transferred to a 50 mL standard volumetric flask and dissolved in 20 mL acetonitrile, and the volume was made up to the same diluent up to the mark. The concentration of the solution was 100 µg/mL. From this stock solution, six different standard solutions were prepared for linearity.
Preparation of solutions for linearity is mentioned below:
 | 
[image: ]Sample Stock Solution
Accurately 39.16 mg of the test item (purity 51.07%) of flumioxazin was taken into a 20 mL volumetric flask. The content was dissolved, sonicated, and made up to the acetonitrile mark in 5 mL of acetonitrile. Consequently, the final concentration was 1,000 mg/L. The stock sample solution was used in various aqueous solutions for the preparation of dose samples.
Acidic Buffer
The acidic buffer solution was prepared by dissolving 4.02 g of KH2PO4 in 1,000 mL distilled water and adjusting the pH to 4.0 with 1.0 mol/L hydrochloric acid solution.
Neutral Buffer
The pH 7.0 buffer solution was prepared by dissolving 4.07 g of KH2PO4 in 1,000 mL distilled water and adjusting the pH to 7.0 using 1.0 mol/L sodium hydroxide solution.
Basic Buffer
The buffer solution of pH 9.0 was prepared by dissolving 1.25 g of H3BO3 in 1.0 L distilled water and adjusting the pH to 7.0 using 1.0 mol/L sodium hydroxide solution.
Adsorption Study of the Catalyst
Recovery studies in water and different pH waters were conducted with a 50 mg L−1 level of the catalyst, and they reported % of recoveries in distilled water and different pH waters.
METHOD VALIDATION
Validation of the method ensures the credibility of the analysis. The specificity, accuracy, precision, linearity, and detection limit (LOD) and quantification (LOQ) parameters were considered in this study. The recovery tests used samples spiked at concentration levels of 0.01 and 0.1 μg/mL to determine the accuracy. By diluting the stock solution, different known concentrations were prepared. Using various known concentrations of solutions, the linearity was determined. The detection limit (LOD, μg/mL) was identified as the lowest concentration resulting in a 3-fold response to the baseline noise defined by the control sample analysis. The limit of quantification (LOQ, μg/mL) was established as the lowest concentration ratio of flumioxazin with a 10-fold response to the baseline noise.
Photolytic and Photocatalytic Studies
The photolytic and photocatalytic studies were carried out in a borosil glass bottle under sunlight at Changwon National University. Each one liter of Milli-Q water buffer solution with pH 4.0, 7.0, and 9.0 was doped with 1 mL of 1,000 mg/L stock solution of pesticide formulation to get 1 µg/mL of active pesticide concentration. We prepared 2 sets; one set was used for the photolytic study, and the other set was used for the photocatalytic study. Before exposure to sunlight, the resultant suspension was sonicated in the dark for 10 min to get an even dispersion of Fe–Ag co-doped TiO2 NPs and attain adsorption equilibrium. Then, the samples were exposed to direct sunlight. Aliquots of the samples were collected at predetermined intervals, and the lux meter was used to measure the light intensity for the month of February 2020. The average intensity was determined to be 80,000 lux. The temperature of water samples during this period was 25–32°C. The samples collected on different sampling occasions were filtered using a 0.2 µm PTFE membrane filter, and filtrates were collected into amber-colored vials. All the samples were stored in the dark at <5°C before being subjected to HPLC-UV analysis. The samples fortified with Zn NPs particles were centrifuged using a Beckman cooling centrifuge at 5,000 rpm for 5 min at 10°C. The supernate was transferred into the amber-colored bottles and stored in the dark at <5°C until analysis to avoid further degradation of residues.
Sampling
Test samples were collected from the bottle at different depths at different time intervals after exposure to sunlight (0, 4, 8, 12, and 24 h for the photocatalytic experiment). The collected samples were centrifuged and filtered through a 0.2 µ filter and analyzed in HPLC.
Chromatographic Separation
The HPLC-UV system consisting of a Shimadzu high-performance liquid chromatograph equipped with a reversed-phase Column Phenomenex C18 (25 cm length × 0.46 cm id × 5 µm) was used in this study. The oven temperature was maintained at 30°C. The volume of the sample injected was 1 0 μL. Acetonitrile and HPLC water were mobile phases A and B [70:30 (v/v)]. The flow rate with a detector wavelength of 220 nm was kept at 1.0 mL/min. For this analysis, the external standard calibration method was used.
RESULTS AND DISCUSSION
The synthesized Fe2O3–Ag2O–TiO2 NPs were characterized by XRD, FT-IR, FESEM, EDS, and TEM, presented in Figures 1–5, respectively. Figure 1 shows the XRD patterns of undoped TiO2 (curve a) and 1 mmol of ferric nitrate and 1 mmol of silver nitrate in TiO2 (curve b) powders. It was found that all the crystal phases are anatase for all the samples (Daneshvar et al., 2006). No diffraction peak corresponding to Fe and Ag was detected. The reason could be that the content of Fe and Ag might be too low to detect. The shape of the diffraction peaks of all the photocatalysts was consistent with that of undoped TiO2. At about 25°, 38°, 48°, 54°, 54°, 62°, 68°, 74°, and 82°, the well-defined diffraction peaks of 2θ were assigned to the (101), (004), (200), (105), (211), (116), (220), (215), and (224) crystal planes, respectively. This XRD characteristic pattern was consistent with the TiO2 (JCPDS Card No. 21-1272) (Elisa et al., 2007; Hall et al., 1997) anatase standard JCPDS values with a tetragonal structure and did not appear in a rutile or brookite form. The FTIR spectrum of all the samples in the 500–4,000 cm−1 frequency range is shown in Figure 2. All the samples show peaks corresponding to adsorbed water molecules’ stretching vibration of O–H and bending vibrations around 3,200–3,400 and 1,600 cm−1, respectively (Hoffmann et al., 1995; Daneshvar et al., 2006; Hariharan, 2006). Also, the expansion of ∼3,400 cm−1 O–H stretching vibration forms a distinct −OH group, most likely as a surface group of Ti–OH. Due to the Ti–O stretching and Ti–O–Ti stretching modes, there is a wide, intense band in the range of 450–700 cm−1 (Hall et al., 1997; Elisa et al., 2007). The intensity of TiO2 co-doped with iron and silver has decreased compared with undoped TiO2. On Fe and Ag deposition, no additional peaks are present, supporting the efficient dispersion of iron and silver and indicating the absence of iron and silver clusters. Field emission scanning electron microscopy was used to investigate the morphology and structure of the samples as prepared (FE-SEM). According to the FE-SEM, the morphology of the Fe2O3–Ag2O–TiO2 nanocomposite was approximately spherical, in which the Fe and Ag deposited with titanium dioxide nanoparticles, which were found to be in an aggregated form. This reveals that the powder particles are slightly agglomerated, and the closed view of spherical nanoparticles is shown in Figure 3. The Fe2O3–Ag2O–TiO2 nanocomposite energy-dispersive X-ray (EDX) spectrum is shown in Figure 4. The peaks corresponding to titanium, oxygen, and the respective deposited metals of iron and silver can be confirmed by Figure 4. The results of the elementary study demonstrated the homogeneous distribution of metal nanoparticles in the TiO2 lattice. The nanoparticles’ average size was found to be about 50 nm. The size of the nanoparticles was calculated using the TEM (Figure 5).
[image: Figure 1]FIGURE 1 | XRD patterns of undoped TiO2(A) and 1 mmol of Fe–Ag co-doped TiO2 NPs (B).
[image: Figure 2]FIGURE 2 | FT-IR spectra of (A) undoped TiO2 and (B) Fe–Ag co-doped TiO2 NPs.
[image: Figure 3]FIGURE 3 | Scanning electron microscope image of Fe–Ag co-doped TiO2 NPs.
[image: Figure 4]FIGURE 4 | EDS spectra of 1 mmol of Fe–Ag co-doped TiO2 NPs.
[image: Figure 5]FIGURE 5 | Transmission electron microscope image of Fe–Ag co-doped TiO2 NPs.
CO2 Adsorption, Surface Area, and Pore Size Measurement of Fe–Ag Co-Doped TiO2 NPs
The CO2 adsorption performance of Fe–Ag co-doped TiO2 NPs was examined at a temperature of 298 K under a pressure range of 0–1 bar using a volumetric method. The corresponding adsorption isotherm is plotted in Figure 5. The CO2 adsorption capacity of Fe–Ag co-doped TiO2 NPs was 23.32 cm3/g. The pore size distribution of Fe–Ag co-doped TiO2 NPs is illustrated in Figure 6. The Fe–Ag co-doped TiO2 NPs exhibited a pore size of 2.69 nm of mesoporous material (Figure 7), which was consistent with the result of the BET specific surface area measurement of 398.25 (m2/g).
[image: Figure 6]FIGURE 6 | Carbon dioxide adsorption of Fe–Ag co-doped TiO2 NPs.
[image: Figure 7]FIGURE 7 | Pore size distribution curve of Fe–Ag co-doped TiO2 NPs.
Specificity
Specificity was confirmed by injecting the mobile phase solvents, that is, acetonitrile and HPLC water, sample solution, standard solution, and buffer controls (acidic, neutral, and basic). The chromatograms did not have matrix peaks to interfere with the flumioxazin residue analysis shown in Figures 8–11. Furthermore, the retention time of flumioxazin was constant at 4.3 ± 0.2 min.
[image: Figure 8]FIGURE 8 | Representative chromatogram of the flumioxazin test item in Milli-Q water.
[image: Figure 9]FIGURE 9 | Representative chromatogram of the flumioxazin test item in acidic water.
[image: Figure 10]FIGURE 10 | Representative chromatogram of the flumioxazin test item in neutral water.
[image: Figure 11]FIGURE 11 | Representative chromatogram of the flumioxazin test item in basic water.
Linearity
Different known concentrations of flumioxazin (0.01, 0.05, 0.1, 0.5, 1.0, and 5.0 µg/mL) were prepared in different 10 mL volumetric flasks by diluting the stock solution. These standard solutions were directly injected into the HPLC. The details are presented in Table 1. To calculate the linear regression equation, the peak areas obtained from various concentrations of standards were used. This was Y = 15,060X + 64.90 with a correlation coefficient of 0.9998, respectively. A calibration curve is shown in Figure 12.
TABLE 1 | Calibration details of flumioxazin.
[image: Table 1][image: Figure 12]FIGURE 12 | Representative calibration curve of flumioxazin standard.
Recovery
The method had an acceptable recovery range (80–110%) for pesticides in four different waters. The LOQ was determined as 0.01 mg/L, based on the S/N ratio, mean recovery percentage, standard deviation (STDEV), % of relative standard deviation (% RSD), and Horwitz Limit, which are presented in Table 2. The formulas for calculation of residues and statistical parameters are presented below:
[image: image]
where A is the peak area of the active content in the sample (µV*s); C is the concentration of the standard solution (µg/mL); and D is the peak area of the active content in the standard solution (µV*s).
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where C is the concentration.
TABLE 2 | Statistical parameter details of flumioxazin at 0.01 and 0.1 µg/mL fortification levels in Milli-Q water.
[image: Table 2]Adsorption Study of the Catalyst
The amount of catalyst required for the decontamination was optimized as 50 mg/L for flumioxazin, and any further increase in the catalyst had no significant effect on degradation. The adsorption study of the catalyst was conducted by quantifying the concentration of flumioxazin in water for a period of 3 h. In Milli-Q water, acidic water, neutral water, and basic water, the recovery was found to be 92–9, 91–95, 90–95, and 90–94%. The findings show no significant residue loss due to adsorption. In the presence of the catalyst though, the dissipation was rapid under sunlight.
Photolytic and Photocatalytic Studies
The results of photolytic degradation of flumioxazin in water showed that the residues were highly stable, stability decreased, and pH decreased. The results are shown in Table 3 and Figure 13. Comparatively lower values of flumioxazin in the presence of a catalyst (photocatalytic) in different pH were recorded. The results are shown in Table 4 and Figure 14.
TABLE 3 | Dissipation data for photolytic decontamination of flumioxazin in water under direct sunlight.
[image: Table 3][image: Figure 13]FIGURE 13 | Graph representing the dissipation curve of photolytic decontamination of flumioxazin in water under direct sunlight.
TABLE 4 | Dissipation data for photocatalytic decontamination of flumioxazin in water under direct sunlight.
[image: Table 4][image: Figure 14]FIGURE 14 | Graph representing the dissipation curve of photocatalytic decontamination of flumioxazin in water under direct sunlight.
The data demonstrate that the decontamination of flumioxazin follows pseudo-first-order kinetics in Fe–Ag co-doped TiO2–loaded water. DT50 and DT90 values were calculated using the following formulas:
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where k is the slope of the curve obtained from the dissipation data.
For photolytic and photocatalytic studies, the calculated DT50 and DT90 values are shown in Tables 5,6. The constant value of the rate was calculated from the first-order rate equation by using the linear regression equation:
[image: image]
where dt is the time interval between t1 and t2 and a, and x are the flumioxazin concentration at times t1 and t2, respectively. A plot of residue and rate concentration with R2 shows first-order kinetics in flumioxazin dissipation. Flumioxazin DT90 was calculated from the dissipation data by regression analysis.
TABLE 5 | Kinetic parameters for photolytic decontamination of flumioxazin in water under direct sunlight.
[image: Table 5]TABLE 6 | Kinetic parameters for photocatalytic decontamination of flumioxazin in water under direct sunlight
[image: Table 6]The decontamination was fast when studied under sunlight in presence of TiO2. Due to the formation of electrons (e−) and positive holes (h+) in TiO2 by absorbing energy from sunlight and the availability of electron (e−) and positive hole (h+) pairs contributing the simultaneous oxidation and reduction of flumioxazin, the decontamination rate is enhanced.
CONCLUSION
In different water samples, the Fe–Ag co-doped TiO2 NPs were found to be an excellent decontaminating catalyst for flumioxazin. The compound persists for several days in the absence of a catalyst. The mobile phase, acetonitrile, and HPLC water have shown good separation and resolution, and the time required to analyze three different types of buffers for chromatographic determination is a very short run time. Photocatalytic studies of flumioxazin at various conditions such as acidic, basic, and neutral revealed that the activity was enormously increased with Fe–Ag co-doped TiO2 NPs as the time frame is fixed for a stipulated number of hours, whereas the activity was not found without addition of Fe–Ag co-doped TiO2 NPs, even though experiments were carried out over several days.
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