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This work investigated the photochemical degradation of malachite green (MG), a cationic triphenylmethane dye used as a coloring agent, fungicide, and antiseptic. UV photolysis was ineffective in the removal of MG as only 12.35% degradation of MG (10 mg/L) was achieved after 60 min of irradiation. In contrast, 100.00% degradation of MG (10 mg/L) was observed after 60 min of irradiation in the presence of 10 mM H2O2 by UV/H2O2 at pH 6.0. Similarly, complete removal (100.00%) of MG was observed at 30 min of the reaction time by UV/H2O2/Fe2+ employing [MG]0 = 10 mg/L, [H2O2]0 = 10 mM, [Fe2+]0 = 2.5 mg/L, and [pH]0 = 3.0. For the UV/H2O2 process, the degradation efficiency was higher at pH 6.0 than at pH 3.0 as the kobs values were 0.0873 and 0.0690 min−1, respectively. However, UV/H2O2/Fe2+ showed higher reactivity at pH 3.0 than at pH 6.0. Chloride and nitrate ions slightly inhibited the removal efficiency of MG by both UV/H2O2 and UV/H2O2/Fe2+ processes. Moreover, three degradation products (DPs) of MG, (i) 4-dimethylamino-benzophenone (DABP), (ii) 4-amino-benzophenone (ABP), and (iii) 4-dimethylamino-phenol (DAP), were identified by GC-MS during the UV/H2O2 treatment. These DPs were found to demonstrate higher aquatic toxicity than the parent MG, suggesting that researchers should focus on the removal of target pollutants as well as their DPs. Nevertheless, the results of this study indicate that both UV/H2O2 and UV/H2O2/Fe2+ processes could be implemented to alleviate the harmful environmental impacts of dye and textile industries.
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1 INTRODUCTION
Synthetic dyes are primarily used in the textile, food, and cosmetics industries. These industries frequently discharge a large amount of untreated and partially treated dye effluents, leading to substantial environmental pollution (Slama et al., 2021). These dyes pose significant harm to human beings and other ecosystems. According to available literature, certain synthetic dyes exhibit toxic properties such as dermatologic effects, allergenic, and carcinogenic (Arora, 2014; Tkaczyk et al., 2020). These dyes constitute the largest category of all colorants, with more than 100,000 varieties available commercially worldwide. The global production of synthetic dyes exceeds 1 million tons annually (Tkaczyk et al., 2020). The extensive use of dyes across various fields greatly impacts water sources (Slama et al., 2021; Tkaczyk et al., 2020; Lal et al., 2024). Synthetic dyes are extensively used in the textile, leather, printing, and paper industries, with certain varieties also being applied in the pharmaceutical and cosmetics industries and in food production (Tkaczyk et al., 2020). The large-scale production of dyes and their broad range of applications lead to the generation of large volumes of colored wastewater and various types of post-production wastes. The textile industry accounts for a significant amount of dyes in aquatic environments, with dye losses during dyeing processes ranging from a minimum of 5% to as much as 50%, depending on the type of fabric and dye. As a result, approximately 200 billion liters of colored effluents are produced annually (Kant, 2012). Additionally, the discharge of textile chemicals raises concerns and presents scientific challenges (Kishor et al., 2021). Given their commercial value, the impacts and risks associated with these chemicals have been studied intensively (Katheresan et al., 2018).
Malachite green (MG), a synthetic dye, is commonly used in aquaculture, textile, and food product industries (Sharma et al., 2023). MG poses potential risks to aquatic life, human health, and the environment (Sharma et al., 2023; Gharavi-Nakhjavani et al., 2023). As a result, regulatory bodies worldwide have taken measures to restrict or ban its use (Gopinathan et al., 2015). Therefore, it is essential to efficiently eliminate synthetic organic dyes from (waste) water (Singh and Arora, 2011). In this regard, different methods have been explored. Several physical, biological, and chemical methods have been used for this purpose, including adhesion to substances, chemical precipitation, photochemical and/or chemical degradation (Khan I. et al., 2020), adsorption (Lanjwani et al., 2024), coagulation (Khan I. et al., 2020; Lanjwani et al., 2024), membrane processes (Oladoye et al., 2023), as well as microbial decolorization (Alsukaibi, 2022) or biological degradation (Thao et al., 2023). Traditional methods were insufficient to treat wastewater containing these stable toxins. However, some methods are very effective in the removal/degradation of toxic environmental pollutants (Sivaraman et al., 2022; Mishra et al., 2019), among which advanced oxidation processes (AOPs) are predominant (Garrido-Cardenas et al., 2020; Fast et al., 2017).
AOPs use highly reactive oxidizing species such as •OH and SO4•‒ to remove organic pollutants from water bodies (Khan et al., 2013; Islam et al., 2023; Hu et al., 2022; Sepúlveda et al., 2024). AOPs have the advantages of being environmentally friendly, achieving complete degradation of pollutants (Fast et al., 2017), and being relatively low cost compared to other methods. Additionally, AOPs can be applied on-site, minimizing the need to transport and treat effluents. Different oxidants such as hydrogen peroxide (H2O2), peroxymonosulfate (HSO5−), and persulfate (S2O82‒) are generally used in AOPs as sources of reactive radicals. Among different AOPs, UV/H2O2 and UV/H2O2/Fe2+ processes are commonly used as (waste)water treatment processes (Khan et al., 2014). Both UV/H2O2 and UV/H2O2/Fe2+ processes are based on the formation of highly reactive and non-selective hydroxyl radicals (•OH). The hydroxyl radical (•OH) possesses a standard redox potential (Eo) of +2.80 V versus the normal hydrogen electrode (NHE). It exhibits a short lifetime (t1/2 < 1 μs) and high reactivity, making it a powerful oxidant. Moreover, the reactivity of hydroxyl radical is pH-dependent and has a typical reaction rate of 106 to 1011 M−1 s−1 with organic compounds. Notably, •OH reacts in a non-selective manner, engaging in various reactions including electron transfer, addition, and abstraction of hydrogen, impacting their reactivity and potential applications in pollutant removal and environmental remediation (Oh et al., 2016).
This study explores the efficacy of MG degradation by UV, UV/H2O2, and UV/H2O2/Fe2+ processes. The effect of different H2O2, MG, and Fe2+ concentrations and pH conditions on the removal efficiency of MG was evaluated. Moreover, the impact of nitrate and chloride ions was also investigated. In addition, the degradation products (DPs) of MG were identified, and potential degradation pathways were proposed. Finally, the toxicity of the identified DPs and MG was determined using the Ecological Structure Activity Relationship (ECOSAR) Program.
2 EXPERIMENTAL
2.1 Chemicals and reagents
Malachite green hydrochloride (C23H25N2Cl, molar mass = 364.911 g/mol), hydrochloric acid (HCl, 37.0%), sulfuric acid (H2SO4, 95.0%–98.0%), sodium hydroxide (NaOH, ≥97.0%), potassium chloride (KOH, ≥85.0%), and sodium nitrate (NaNO3, ≥99.0%) were purchased from Sigma-Aldrich. Hydrogen peroxide (H2O2, 30% v/v) and ferrous sulfate heptahydrate (FeSO4.7H2O) were supplied by Merck.
2.2 Experimental procedures
Experiments were conducted in a photo-reactor consisting of a 100-mL beaker, kept on a magnetic stirrer to continuously mix the reaction solution. The radiation source was a 35-Watt UV lamp (UV-C, wavelength 254 nm, manufactured by Philips, Holland). The concentration of MG in the irradiated solutions was 10 mg/L, if not stated otherwise. Samples of 5 mL from the irradiated solutions were collected at specific time intervals for analysis. Whenever needed, the pH was adjusted with HCl and NaOH.
2.3 Analytical methods
A UV–Vis spectrophotometer (PerkinElmer) was used to measure the MG concentration in the treated solutions. The absorbance was recorded at 617 nm. Gas chromatography–mass spectrometry (GC-MS, Agilent Technologies, 6890 Series) was used to identify the DPs of MG. In GC-MS, the separation was carried out with an HP-5MS capillary column (30 m, 0.25 mm I.D., 0.25 μm). The oven temperature was programmed as follows: 100°C (1 min) to 180°C at a rate of 20°C min‒1 (3 min) and finally set to 250°C at a rate of 10°C min‒1 (2 min). The temperatures of the injector and MS detector were set at 250°C and 280°C, respectively. The carrier gas was helium (flow rate = 1.0 mL min−1). The MS was applied in the EI mode at 70 eV. The DPs were determined at full scan mode ranging from 50 to 550 amu.
Equation 1 was used to determine the degrading efficiency of MG.
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where C0 represents the starting concentration of MG and Ct represents the MG concentration at time t.
2.4 Frontier electron densities and point charge calculations
To find the reactive sites/centers in the MG molecule where •OH can preferentially attack, the frontier electron densities (FEDs) of the molecular orbitals of MG and point charges of the C and N atoms were calculated using the Gaussian 09 program (An et al., 2015; Rehman et al., 2018). FED calculations were performed for both the highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs). Initially, the geometry of MG was optimized using the HF/3–21 g basis set. Thereafter, the energy calculations for FEDs and point charge determination were performed using the hybrid density functional B3LYP method of the density functional theory (DFT) with the 6–311 g basis set (B3LYP/6–311 g).
2.5 Determination of aquatic toxicity
The Ecological Structure Activity Relationship (ECOSAR) program (ECOSAR, 2014) was used to evaluate the acute and chronic toxicities of MG and its DPs. The ECOSAR is an effective tool for predicting the aquatic toxicity of toxic pollutants (Ali et al., 2018). This program evaluates the acute and chronic toxicities of toxic compounds toward fish, daphnia, and green algae. Acute toxicity is evaluated in terms of the LC50 and EC50. LC50 is the toxicant concentration which could cause the death of 50% fish and 50% daphnia after 96 and 48 h of exposure, respectively. EC50 is the concentration of the toxicant responsible for 50% growth inhibition of green algae after 96 h of exposure.
3 RESULT AND DISCUSSION
3.1 Direct photolysis of MG
Before investigating the efficiencies of UV/H2O2 and UV/H2O2/Fe2+ processes for the degradation of MG, it was studied by direct photolysis (UV only) employing UV-C (254 nm) light. The 254-nm UV-C light photons do not have sufficient amount of energy to directly split water molecules into reactive species, i.e., hydroxyl radicals (•OH) and hydrated electrons (e−aq), because only radiation with λ < 190 nm can split water to produce •OH and e−aq (Gonzalez et al., 2004; Imoberdorf and Mohseni, 2011). Therefore, any degradation of MG at 254 nm radiation can only be attributed to the formation of its excited-state species (MG*) upon absorption of 254 nm photons (reaction (Equation 2)) (Khan et al., 2014). The excited-state molecules can either undergo direct degradation (reaction (Equation 3)) or may lead to the formation of reactive oxygen species (singlet oxygen, 1O2) (reaction (Equation 4)) which then attack the MG molecules and cause their degradation (reaction (Equation 5)) (Chen et al., 2008).
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In this study, only 12.35% degradation of MG (10 mg/L) was achieved by direct photolysis at pH 6.0 after 60 min of irradiation. At pH 3.0 and 11.0, a slight decrease in degradation from 12.35% to 10.04% and 11.27%, respectively, was observed. The observed pseudo-first-order rate constant (kobs) was 0.0027, 0.0024, and 0.0022 min−1 at pH 6.0, 3.0, and 11.0, respectively. These results suggest that direct photolysis is not an effective method for the removal of MG from water (Figure 1). These results are in agreement with findings of Modirshahla and Behnajady (2006). Therefore, UV-C was accompanied by H2O2 and H2O2/Fe2+ in the following experiments for efficient degradation of MG.
[image: Figure 1]FIGURE 1 | Effect of pH on % degradation of MG by direct photolysis. [MG]0 = 10 mg/L.
3.2 Degradation of MG by UV/H2O2 and UV/H2O2/Fe2+ processes
3.2.1 Effect of the initial H2O2 concentration
Both UV/H2O2 and UV/H2O2/Fe2+ processes are called hydroxyl radical-based AOPs since they result in the formation of •OH, as shown in (Equations 6–9) (Khan et al., 2013; Khan et al., 2017; Shah et al., 2015; Jiad and Abbar, 2023).
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The reaction (Equation 9) regenerates ferrous ions (catalyst) during the treatment process and thus helps in continuous production of •OH in the reaction mixture, thereby degrading the target pollutants until their complete mineralization, as long as the source of •OH (i.e., H2O2) is available in the solution.
In the present study, four different concentrations of H2O2, i.e., 2, 5, 10, and 20 mM, were tested for their ability to degrade MG by the UV/H2O2 process at pH 6.0 using 10 mg/L MG. The results are depicted in Figure 2. It was observed that a combination of H2O2 with UV has significantly improved the degradation of MG compared to direct photolysis. The degradation of MG was found to be 78.5, 87.8 and 100% at 60 min in presence of 2, 5 and 10 mM H2O2, respectively, compared to 12.35% in direct photolysis. This increase in % degradation was due to the generation of •OH in the UV/H2O2 process (reaction (Equation 6)). Since •OH radicals are highly reactive and non-selective species, they reacted fast with MG, resulting in its degradation. As the concentration of H2O2 increases in the reaction solution, a larger pool of •OH is expected to be produced, thereby enhancing the degradation process. However, a further increase in H2O2 concentration to 20 mM was found to have a detrimental effect on the degradation efficiency as only 94.9% degradation of MG was observed at the H2O2 concentration of 20 mM. The negative impact of higher H2O2 concentration on the degradation efficiency of MG was due to the scavenging effect of H2O2 for •OH (Equation 10) (Khan et al., 2013; Modirshahla and Behnajady, 2006; Khan J. A. et al., 2020; Wei et al., 2020; Rauf et al., 2016). Since this scavenging effect is predominant at higher H2O2 concentration, a relatively lesser degradation of MG was observed at higher H2O2 concentration (20 mM) than the optimum value (10 mM). The HO2• has been reported to be less reactive as compared to •OH and hence do not contribute much toward MG degradation (Modirshahla and Behnajady, 2006; Hameed and Lee, 2009). The kobs was calculated to be 0.0271, 0.0355, 0.0873, and 0.0529 min−1 at 2.0, 5.0, 10.0, and 20.0 mM H2O2, respectively. Therefore, it is crucial to optimize the H2O2 concentration to achieve the best result in pollutant removal in H2O2-assisted AOPs.
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[image: Figure 2]FIGURE 2 | Effect of H2O2 concentration on % degradation of MG in the UV/H2O2 process. [H2O2]0 = 2 mM, 5 mM, 10 mM, and 20 mM, [MG]0 = 10 mg/L.
In case of UV/H2O2/Fe2+, the same initial concentrations of H2O2 were studied as in the case of the UV/H2O2 process, i.e., 2, 5, 10, and 20 mM. The initial concentration of MG was 10 mg/L, that of Fe2+ was 2.5 mg/L, and the pH was 3.0. The purpose of acidic pH, i.e., pH 3, was to keep the photo-Fenton system highly efficient as the catalytic activity of Fe2+ for H2O2 activation has been found to be the highest at acidic pH values (Khan et al., 2013; Hameed and Lee, 2009; Nasuha et al., 2021). At an initial H2O2 concentration of 2, 5, 10, and 20 mM, the degradation efficiency was found to be 71.21, 83.31, 95.61%, and 84.77%, respectively, at 20 min (Figure 3). Similarly, the kobs values at 2, 5, 10, and 20 mM H2O2 were found to be 0.0695, 0.0957, 0.1499, and 0.1014 min‒1, respectively. This trend is similar to that found in the UV/H2O2 process. Thus, it can be suggested that the role of H2O2 is similar in both UV/H2O2 and UV/H2O2/Fe2+ processes, i.e., initially increasing the level of •OH up to a certain optimum concentration of H2O2 (10 mM in this case) through reactions Equations 6–9 and then decreasing the level of •OH via the scavenging process (reaction (Equation 10)).
[image: Figure 3]FIGURE 3 | Effect of H2O2 concentration on the UV/H2O2/Fe2+ process. [Fe2+]0 = 2.5 mg/L, [MG]0 = 10 mg/L, [H2O2]0 = 2, 5, 10, and 20 mM, pH 3.0. The inset indicates the kobs values at studied H2O2 concentrations.
3.2.2 Effect of initial MG concentration
To analyze how varying concentrations of MG influence its degradation efficiency by UV/H2O2 and UV/H2O2/Fe2+ processes, a series of experiments were conducted at initial concentration of 2.5, 5, 10, and 20 mg/L of [MG]0. For the UV/H2O2 process, the degradation efficiency was 100.00, 96.98, 84.91%, and 69.43% at 20 min of reaction time when [MG]0 = 2.5, 5, 10, and 20 mg/L of MG, respectively, while applying [H2O2]0 = 10 mM and pH = 6.0 (Figure 4). The degradation of MG followed pseudo-first-order kinetics, with the observed pseudo-first-order rate constant (kobs) of 0.1541, 0.1274, 0.0873, and 0.0524 min−1 at [MG]0 = 2.5, 5, 10, and 20 mg/L, respectively.
[image: Figure 4]FIGURE 4 | Effect of MG concentration on % degradation of malachite green in the UV/H2O2 process. [H2O2]0 = 10 mM, [MG]0 = 2.5 mg/L, 5 mg/L, 10 mg/L, and 20 mg/L. The inset indicates the kobs values at different MG concentrations.
For the UV/H2O2/Fe2+ process, the degradation efficiency was 100, 89.92, 77.99, and 69.49% at 10 min of treatment when the initial MG concentration was 2.5, 5, 10, and 20 mg/L, respectively (Figure 5), employing [Fe2+]0 = 2.5 mg/L, [H2O2]0 = 10 mM, and pH = 3.0. The kobs values were found to be 0.3884, 0.2333, 0.1565, and 0.1180 min‒1 for [MG]0 = 2.5, 5, 10, and 20 mg/L, respectively.
[image: Figure 5]FIGURE 5 | Effect of MG concentration on the UV/H2O2/Fe2+ process. [Fe2+]0 = 2.5 mg/L, [MG]0 = 2.5 mg/L, 5 mg/L, 10 mg/L, and 20 mg/L, [H2O2]0 = 10 mM, pH 3.0. The inset indicates the kobs values at different MG concentrations.
These results clearly indicated that as the concentration of MG increases, the degradation efficiency decreases for both of the UV/H2O2 and UV/H2O2/Fe2+ processes. Since both these processes rely on the same reactive species, i.e., •OH, and the source of •OH (i.e., H2O2) is also the same in both processes, the reasons for the reduced degradation efficiency at higher MG concentration are also the same. The reduced degradation efficiency at a higher dye concentration is the solution’s elevated absorbance. This is particularly relevant because MG has a significant absorbance below 300 nm, which is the same range where H2O2 absorbs (Navarro et al., 2019). It means that the color produced by the MG dye acts as a filter for UV light and thereby reduces the penetration of light into the reaction mixture. As a result, at higher MG concentration, fewer photons are available to interact with the H2O2 molecule. Consequently, there will be lesser production of hydroxyl radicals, which are responsible for the degradation of dye molecules. By the same reason, the rate of regeneration of catalyst (Fe2+) via reaction (9) also decreases at higher MG concentration. Consequently, the rate of H2O2 activation by Fe2+ to produce •OH via reaction (7) also decreases at higher MG concentration. Thus, the filter out of the UV light by the dye color resulted in reduced •OH formation, which ultimately led to the lower degradation efficiency of MG in both UV/H2O2 and UV/H2O2/Fe2+ processes at higher MG concentration. Another possible reason of the lower degradation efficiency at higher MG concentration is the enhanced level of intermediate (degradation products of MG) molecules produced at higher MG concentration. As a result, the competition between MG and intermediate molecules for •OH increases, and there are greater chances for •OH to react with intermediate molecules rather than MG molecules when the level of intermediate molecules enhances at higher MG concentration, which led to lower degradation efficiency of MG.
Though the % degradation decreases with increase in MG concentration, the rate of degradation (the number of molecules undergo degradation per unit time) increases with increase in MG concentration. At higher MG concentration, a higher number of the dye molecules are exposed to reactive radicals, and hence, the chances of collisions between •OH and MG molecules increase, which led to the higher degradation rate of MG (Khan et al., 2013; Rehman et al., 2018; Galindo et al., 2001). As a result, the rate of MG degradation was calculated to be 0.103, 0.217, 0.562, and 0.745 mg/L/min at 2.5, 5, 10, and 20 mg/L MG concentration, respectively, at 10 min of reaction time for the UV/H2O2 process. Similarly, for the UV/H2O2/Fe2+ process at 5 min of reaction time, the rate of degradation of MG was found to be 0.426, 0.770, 1.130, and 2.191 mg/L/min at 2.5, 5, 10, and 20 mg/L MG concentration, respectively.
Of note, % degradation is a relative term that refers to the number of molecules undergoing degradation related to the total number of molecules in the system. This relative quantity decreases with an increase in the target compound concentration. On the other hand, the rate of degradation is an absolute term which represents the actual number of molecules undergo degradation in the given specified time. It is not related to the total number of molecules. This absolute quantity increases with an increase in the target compound concentration.
3.2.3 Effect of Fe2+ concentration on MG degradation by the UV/H2O2/Fe2+ process
To investigate the effect of different concentrations of Fe2+ on the degradation of MG by the UV/H2O2/Fe2+ process, a series of experiments were conducted using different initial concentrations of Fe2+ (i.e., 0.5, 1, 2.5, and 5 mg/L). Other conditions were kept constant at [H2O2]0 = 10 mM, [MG]0 = 10 mg/L, and pH = 3.0. The obtained results are depicted in Figure 6. The results indicated that the degradation efficiency increases with increasing the initial concentration of Fe2+ ([Fe2+]0). At [Fe2+]0 of 0.5, 1.0, 2.5, and 5.0 mg/L, the degradation efficiencies were 71.17, 80.25, 88.31, and 96.05% at 15 min, respectively. Similarly, the values of kobs were found to be 0.093, 0.113, 0.1565, and 0.2204 min−1 at [Fe2+]0 = 0.5, 1.0, 2.5, and 5.0 mg/L, respectively. The increase in degradation of MG with an increase in [Fe2+]0 is due to the presence of Fenton-like reaction (Equation 7). Fe2+ triggers the activation of H2O2, leading to the formation of •OH via an electron transfer process where electrons move from Fe2+ to H2O2 (De Laat and Gallard, 1999). Therefore, as the [Fe2+]0 increases, the rate of •OH formation increases, which subsequently led to higher degradation efficiency of MG.
[image: Figure 6]FIGURE 6 | Effect of Fe2+ concentration on % degradation of MG in the UV/H2O2/Fe2+ process. [MG]0 = 10 mg/L, [H2O2]0 = 10 mM, pH 3.0. The inset indicates the relationship between kobs and Fe2+ concentration.
Further insight into the relationship between kobs and [Fe2+]0 showed that the increase in kobs with increase in [Fe2+]0 is not linear (Figure 6 inset). This non-linear relation is due to the •OH scavenging effect of Fe2+ at a substantially higher concentration (Equation 11) (Hameed and Lee, 2009; Chen and Pignatello, 1997; Joseph et al., 2000).
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3.2.4 Effect of pH
pH is a crucial factor that significantly impacts the effectiveness of AOPs by influencing the generation of •OH and is consistently taken into account for the optimization of water treatment processes. To study the effect of pH on the degradation of MG by UV/H2O2 and UV/H2O2/Fe2+ processes and determine the optimal pH of the reaction mixture, experiments were carried out at pH = 3.0 and 6.0. For UV/H2O2, the concentrations of MG and H2O2 were kept constant at 10 mg/L and 10 mM, respectively. For UV/H2O2/Fe2+, the same concentrations of MG and H2O2 were used in addition to [Fe2+]0 = 2.5 mg/L. The results indicated that the degradation of MG was influenced by the pH of the solution (Figure 7). For the UV/H2O2 process, the degradation efficiency was higher at pH 6.0 compared to pH 3.0. Specifically, 91.82% MG degradation was observed at pH 6.0 compared to 84.35% at pH 3.0 after 30 min of irradiation. The kobs value decreased from 0.0873 to 0.0690 min‒1 as the pH changed from 6.0 to 3.0 (Figure 7A). However, 100% degradation of MG was achieved after 60 min of treatment at both pH 3.0 and 6.0. Hence, the UV/H2O2 process shows higher degradation efficiency at pH 6.0 as compared to acidic pH. Iron-based processes such as Fenton and photo-Fenton are AOPs that demonstrate a strong pH dependence where acidity has been found as a favorable condition for the degradation of target compounds (Khan et al., 2013; Chan and Chu, 2003; Yong et al., 2015). Unlike the UV/H2O2 process, UV/H2O2/Fe2+ showed higher removal efficiency at pH 3.0 than at pH 6.0. The degradation of MG was found to be 100.00% and 96.67% after 30 min of treatment at pH 3.0 and pH 6.0, corresponding to kobs of 0.1565 and 0.1135 min‒1, respectively (Figure 7B). A comparable pattern was noticed by Hassan et al. (2023) and Khan et al. (2013). Fe2+ has been found to have higher catalytic activity at acidic conditions for H2O2 activation to generate •OH (Equation 7) (Khan et al., 2013; Chan and Chu, 2003). As the pH increases, iron undergoes precipitation in the form of Fe(OH)3 and hence, Fe2+ was not available to activate H2O2 for •OH generation, thereby hindering the degradation efficiency of MG at pH 6.0 (Deb et al., 2023).
[image: Figure 7]FIGURE 7 | Effect of pH on % degradation and kobs of MG by UV/H2O2 (A) and UV/H2O2/Fe2+ (B). Experimental conditions: [MG]0 = 10 mg/L, [H2O2]0 = 10 mM, and [Fe2+]0 = 2.5 mg/L.
To better understand the efficiencies of the AOPs studied in this work in comparison with the similar AOPs reported previously on the degradation of MG, please refer to Table 1. Moreover, Table 2 summarizes the comparison of the efficiencies of different AOPs applied for the treatment of MG. Both these tables provide important information for enriching the existing knowledge on the removal of dyes by various AOPs.
TABLE 1 | Comparison of MG removal by UV/H2O2 and UV/H2O2/Fe2+ processes studied in this work and those reported by other researchers.
[image: Table 1]TABLE 2 | Comparison of different AOPs for the degradation of malachite green.
[image: Table 2]3.2.5 Effect of chloride and nitrate ions
To investigate the effect of common inorganic ions on the degradation efficiency of MG by UV/H2O2 and UV/H2O2/Fe2+ processes, the degradation of MG was studied in the presence of chloride (Cl−) and nitrate ions (NO3−)- used as representative inorganic ions. It was found that both Cl− and NO3− slightly reduced the degradation efficiency of MG (Table 3). For the UV/H2O2 process, the degradation of MG decreased from 100.0% to 84.1% and 91.95% at 60 min of treatment in the presence of 5 mM each of Cl− and NO3−, respectively, employing [MG]0 = 10 mg/L [H2O2]0 = 10 mM, and [pH]0 = 6. The kobs was found to be 0.0873, 0.0415, and 0.0502 min‒1 in the presence of no scavenger, Cl−, and NO3−, respectively (Table 3). Similarly, for the UV/H2O2/Fe2+ process, the degradation of MG decreased from 96.0% to 78.2% and 85.5% at 20 min of treatment in the presence of 5 mM each of Cl− and NO3−, respectively, employing [MG]0 = 10 mg/L, [H2O2]0 = 10 mM, [Fe2+]0 = 2.5 mg/L, and [pH]0 = 3. The kobs of MG by UV/H2O2/Fe2+ was found to be 0.1565, 0.0817, and 0.1016 min‒1 in the presence of no scavenger, Cl−, and NO3−, respectively (Table 3).
TABLE 3 | Effect of chloride and nitrate ions on % degradation and kobs of MG by UV/H2O2 and UV/H2O2/Fe2+ processes. Experimental conditions: [MG]0 = 10 mg/L, [H2O2]0 = 10 mM, [Fe2+]0 = 2.5 mg/L. pH was 6.0 for UV/H2O2 and 3.0 for UV/H2O2/Fe2+.
[image: Table 3]The reduction in the degradation efficiency of MG by Cl− in both processes, i.e., UV/H2O2 and UV/H2O2/Fe2+, could possibly be attributed to the scavenging effect of Cl− for •OH. This is because the main reactive species in both of these processes is •OH, as confirmed by the methanol scavenging test (data not shown). Chloride ions quench •OH effectively in accordance of reactions Equation 12, 13 (Muruganandham and Swaminathan, 2004; Alshamsi et al., 2007).
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The slight decrease in the removal efficiency of MG by Cl− may possibly be due to the reversibility of reaction Equation 12, which re-produces the •OH via backward reaction with a little higher rate constant (kb) than its scavenging via forward reaction (kf). Moreover, the presence of Fe2+ in UV/H2O2/Fe2+, could also potentially contribute to the lower removal efficiency of MG by Cl− (reaction (Equation 14)) (Ali et al., 2018; Malik and Saha, 2003).
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Nitrate ions (NO3−) were found to have a less retarding effect than Cl− on the degradation of MG by both UV/H2O2 and UV/H2O2/Fe2+ processes. This could possibly be due to the low reactivity of NO3− with •OH (Rehman et al., 2018).
3.3 Identification of degradation products and possible degradation pathways
The DPs of MG produced during UV/H2O2 treatment were identified by GC-MS. Prior to discussing the experimentally detected DPs of MG, it is highly useful to find the potential reactive sites of MG where •OH could initially attack via addition or hydrogen abstraction reactions. For this purpose, the density functional theory (DFT) calculations were performed using the HF/3–21 g basis set for optimization and B3LYP/6–311 g basis set for energy calculations. The DFT calculations were performed using the Gaussian 09 program to find out the FEDs and point charges of the MG atoms to predict the positions in the MG molecule where •OH can easily undergo addition or hydrogen abstraction reactions. The calculated values of FEDs and point charges of the MG are given in Table 4. It has been reported that atoms having larger values of (FED2HOMO + FED2LUMO) are more likely to be attacked by the •OH via addition reaction/pathway (An et al., 2015). On the other hand, •OH could preferably abstract hydrogen from atoms having more positive charge. Based on this information, the •OH could initially react with C7 atom via the addition reaction due to its large (FED2HOMO + FED2LUMO) value (An et al., 2015; Rehman et al., 2018). The next preferable sites of •OH addition reactions could be the N20 and N23 atoms followed by the C4 and C8 atoms. The highest point charge values are possessed by C1 and C11 atoms due to their attachment with the electronegative N atoms. However, both of these C atoms bear no hydrogen atom to be abstracted by •OH. Similarly, the carbon atoms bearing the next higher value of point charge, i.e., C7, also lack hydrogen atoms to be abstracted by •OH. The same is the case with C14, which has the next higher value of point charge. Therefore, the possible hydrogen abstraction sites are proposed to be C3 and C9 as well as C5 and C13, which have the lowest negative values (i.e., relatively large values) of point charge among the atoms bearing hydrogen atoms.
TABLE 4 | Frontier electron densities and point charges of MG atoms calculated by the Gaussian 09 program.
[image: Table 4]In the present work, three DPs of MG were identified, namely: (a) 4-dimethylamino-benzophenone (DABP), (b) 4-amino-benzophenone (ABP), and (c) 4-dimethylamino-phenol (DAP) (Scheme 1). The hydroxyl radical could possibly attack the central carbon atom of MG, leading to the formation of a hydroxylated reactive cationic radical (MG-OH)—not detected in the present study but is supposed to be a tentative degradation product based on the DFT calculations (Berberidou et al., 2007). The subsequent demethylation and further oxidation by •OH finally led to the formation of DAP and DABP (Berberidou et al., 2007). The demethylation of DABP—a common reaction of MG—could then lead to the formation of ABP (Berberidou et al., 2007). The mentioned three DPs have also been detected by other researchers while studying the degradation of MG by AOPs (Berberidou et al., 2007; Milano et al., 1995; Xie et al., 2001; Chen et al., 2002; Ju et al., 2009). Moreover, it has been previously reported that the cleavage of benzophenone generally leads to the formation of benzene and benzaldehyde (Berberidou et al., 2007). The formation of amino-benzene from MG and then its conversion to nitro-benzene by •OH have also been reported (Berberidou et al., 2007). The attack of •OH on lower-molecular weight aromatic DPs such as amino-benzene, nitro-benzene, benzaldehyde, and benzene further leads to the formation of lower-molecular weight organic acids, which subsequently lead to the formation of CO2, H2O, nitrate, nitrite, and/or ammonium ions (Xie et al., 2001; Ju et al., 2009). The present study suggests that treatment of MG-containing water by HR-AOPs not only leads to its complete degradation but also leads to its complete mineralization—albeit slowly.
[image: Scheme 1]SCHEME 1 | Proposed degradation mechanism of malachite green by the UV/H2O2 process.
3.4 Toxicity evaluation
The ultimate goal of a water treatment technology is to achieve clean and pure water, i.e., toxicant-free water. To check whether the toxicity of the treating mixture reduces during the degradation of MG or not, the aquatic toxicity of the detected DPs toward fish, daphnia, and green algae was determined using the ECOSAR program (Rehman et al., 2023; Iqbal et al., 2024a; Iqbal et al., 2024b; Khan et al., 2023) (Table 5). Surprisingly, all the three detected DPs were found to have higher toxicity (both acute and chronic) than the parent MG. Therefore, it can be concluded that the researchers should not just focus on the removal of target compound while dealing with the removal of dyes. Rather, the toxicity of the treated solution should be determined before, during, and after the treatment in order to ensure the reduction in toxicity of the treated solution. Moreover, the treatment time should be prolonged such that the treatment technology not only degrades/removes the target pollutant but also the DPs, i.e., until complete mineralization is achieved.
TABLE 5 | Aquatic toxicity of malachite green and its identified DPs (unit = mg L−1).
[image: Table 5]4 CONCLUSION
The present study investigated the degradation of MG by UV/H2O2 and UV/H2O2/Fe2+ processes. MG was found to be resistant toward direct photolysis as only 12.35% MG degradation was achieved by direct photolysis at pH 6.0 after 60 min of treatment. However, the combination of H2O2 with UV light accelerated the degradation of MG, achieving 100% degradation of MG at 10 mM H2O2 concentration when treated for 60 min, suggesting the higher reactivity of MG with •OH. Further enhancement in the degradation efficiency of MG by UV/H2O2 was observed by adding Fe2+ ion—an effective catalyst for H2O2 activation—as 100% degradation of MG was observed at [Fe2+]0 = 2.5 mg/L and 30 min of treatment. The higher concentration of MG was found to have a detrimental effect on its degradation by both UV/H2O2 and UV/H2O2/Fe2+ processes. However, increasing concentrations of H2O2 and Fe2+ were found to have a positive effect on MG degradation. For the UV/H2O2 process, a higher removal efficiency of MG was observed at pH 6.0 as compared to at pH 3.0. Nitrate (NO3−) and chloride ions (Cl−) have negatively impacted the MG degradation by both UV/H2O2 and UV/H2O2/Fe2+ processes. However, NO3− showed less retarding effect than Cl−, possibly due to the lower reactivity of NO3− with •OH than that of Cl−. Based on the GC-MS analysis, three degradation products (DPs) of MG were identified, namely: (a) 4-dimethylamino-benzophenone (DABP), (b) 4-amino-benzophenone (ABP), and (c) 4-dimethylamino-phenol (DAP). The computational aquatic toxicity study toward three aquatic organisms (fish, daphnia, and green algae) showed that all of the detected DPs are more toxic than MG. The present study revealed that MG can effectively be degraded by hydroxyl radical-based AOPs; however, researchers should also ensure the complete removal of its DPs so that the toxicity of the treated water may not increase due to the formation of toxic DPs.
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