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ABSTRACT 12 

Nowadays, reaction mechanisms of photo-Fenton process with chelated iron are not yet 13 

clearly defined. In this study, five organic fertilizers were used as iron complexes to 14 

investigate the role of sunlight and oxygen in photo-Fenton at near neutral pH. UV 15 

absorbance and stability constant of each selected iron chelate is different, and this work 16 

demonstrates that these parameters affect the reaction mechanisms in SMX degradation. 17 

Irradiation experiments without H2O2 revealed that only EDDS-Fe and DTPA-Fe 18 

achieved SMX degradation, but different iron release. These results, together with soluble 19 

oxygen free experiments, allowed the proposal of complementary reaction mechanisms 20 

to those of the classical photo-Fenton. The proposed mechanisms start through the 21 

potential photoexcitation of the iron complex, followed by subsequent oxygen-mediated 22 

hydroxyl radical generation reactions that are different for EDDS-Fe and DTPA-Fe. 23 

Moreover, irradiation experiments using EDTA-Fe and HEDTA-Fe had negligible SMX 24 
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degradation despite iron release was observed, evidencing the differences between iron 25 

chelates.  26 
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1. Introduction 30 

According to UNESCO, around 70% of the total consumed freshwater (up to 90% in 31 

some developing countries) is destined to agriculture (FAO, 2021). In front of a water 32 

scarcity scenario, reusing wastewater (WW) for agricultural purposes might be a good 33 

strategy to reduce the freshwater consumption. Nevertheless, the treated wastewater must 34 

accomplish some minimum quality requirements to be reused in crop irrigation. These 35 

parameters (like biochemical oxygen demand (BOD5), E. coli and turbidity) are 36 

established in a Proposal for a Regulation of the European Parliament and of the Council 37 

on minimum requirements for water reuse (Regulation 2020/741/EU).  38 

In the last decades, homogeneous Advanced Oxidation Processes (AOPs) have 39 

demonstrated their efficiency in the removal of contaminants of emerging concern and 40 

bacterial inactivation (Cruz-Alcalde et al. 2017; Huber et al., 2003; Aguas et al., 2017; 41 

López et al., 2017). Among AOPs, photo-Fenton process is a promising technology to 42 

remove persistent micropollutants (MPs) (Miralles-Cuevas et al., 2017; Rodríguez-43 

Chueca et al., 2015; López-Vinent et al., 2020a; Serra-Clusellas et al., 2018; Carra et al., 44 

2015). Furthermore, application of iron-based materials in heterogenous AOPs can play 45 

a significant role in a full-scale wastewater treatment (Luo et al., 2021). The possibility 46 

of using solar light as irradiation source makes the process more economic by reducing a 47 

large part of operating costs. Photo-Fenton runs better at acidic pH, thus implying a 48 
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subsequent neutralization of the water treated. However, the possibility of working at 49 

neutral pH exists, making the process more attractive for full-scale application (De la 50 

Obra et al., 2017). Recent studies are focused on the performance of photo-Fenton process 51 

at neutral pH using organic fertilizers as an iron source to treat wastewater and reuse it 52 

for agricultural purposes (López-Vinent et al., 2020b; López-Vinent et al., 2021; Nahim-53 

Grandos et al., 2019). Organic fertilizers are widely used in agriculture as iron chelates, 54 

increasing the bioavailability of iron for crops, preventing iron chlorosis, and avoiding 55 

the plant disease, since iron is an essential micronutrient for plant growth (Schenkeveld 56 

& Temminghoff, 2011). Thus, wastewaters treated by photo-Fenton with organic 57 

fertilizers as iron chelates could be directly applied in soils without the need of chelates 58 

removal. However, organic fertilizers applied to agriculture may not be completely 59 

absorbed by the plants and therefore may appear in surface or groundwater. So far, their 60 

reactivity in the aquatic environment has not been deeply studied. In the literature, there 61 

is evidence of the iron chelates reactivity with UV (ultraviolet) radiation and dissolved 62 

oxygen, and how these processes could potentially lead to the generation of reactive 63 

oxygen species (ROS) (Huang et al., 2012; Clarizia et al., 2017; Miralles-Cuevas et el., 64 

2014; Ahile et al., 2020). These reactions and the photoredox cycle of iron (III) complexes 65 

may be important to the environment, contributing for instance to the self-depuration of 66 

the aquatic compartments by oxidation of some persistent organic pollutants (Graça et al., 67 

2017; Ciésla et al., 2004).  68 

The mechanisms of photo-Fenton with chelated iron are not yet clearly defined. Both UV 69 

absorbance and complex stability vary for the different chelating agents, and therefore 70 

the reactions involving radiation and free iron could be also distinct. In particular, organic 71 

fertilizers such as DTPA-Fe, HEDTA-Fe and EDDHA-Fe have not yet been studied in 72 

this regard. Their stability constants with iron are very different compared to EDDS-Fe, 73 



4 
 

which is the most investigated iron complex (López-Vinent et al., 2021). Despite this, 74 

some authors use the mechanistic knowledge obtained for the EDDS-Fe chelate in a 75 

general way, making it extensive to any polycarboxylic acid ligand (L). In the case of 76 

photo-Fenton using EDDS-Fe, there is evidence of additional mechanisms to produce 77 

hydroxyl radicals (HO•) apart from classical photo-Fenton reactions. According to the 78 

literature (Stasicka, 2011; Li et al., 2010; Ahile et al., 2020), the photoexcitation of 79 

EDDS-Fe leads to the generation of EDDS radical (EDDS•) expressed as L• in reaction 80 

r1. According to this scheme, the complexes chelated with Fe(III) under irradiation could 81 

generate both Fe(II) and ligand-free radical (L•) by ligand-to-metal charge transfer 82 

(LMCT). Superoxide radical (O2
•-) could be formed by the reaction between dissolved 83 

oxygen and L• (see r2). Meanwhile, O2
•- and its conjugated acid form could generate 84 

hydrogen peroxide (H2O2) via r3-7 reactions. Finally, HO• is generated by the Fenton 85 

reaction thanks to the available dissolved iron (r9). However, the pH is an important factor 86 

to consider given that, at neutral pH, reactions r3, r5, r6 and r7 would take place slower 87 

than under acidic conditions, influencing the amount of H2O2 formed and consequently 88 

the quantity of HO• available to react. In addition, at pH values higher than 4 the 89 

concentration of both dissolved iron and photoactive FeOH2+ decreases, forming 90 

precipitated iron hydroxides and thus affecting reactions r4, r5 and r8.  91 

𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐿 ൅ ℎ𝑣 →  ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐿ሿ∗ → 𝐹𝑒ሺ𝐼𝐼ሻ ൅  𝐿•                                                                                 (r1) 92 

𝐿• ൅ 𝑂ଶ →  𝑂ଶ
•ି ൅  𝐿ᇱ                                                                                                                                   (r2) 93 

𝑂ଶ
•ି ൅  𝐻ା  ↔  𝐻𝑂ଶ

• ;      pKa= 4.8                                                                                                                 (r3) 94 

𝐹𝑒ሺ𝐼𝐼ሻ ൅  𝑂ଶ
•ି ൅  2𝐻ଶ𝑂 → 𝐹𝑒ሺ𝐼𝐼𝐼ሻ ൅ 𝐻ଶ𝑂ଶ ൅  2𝑂𝐻ି                                                                               (r4) 95 

𝐹𝑒ሺ𝐼𝐼ሻ ൅  𝐻𝑂ଶ
• ൅  𝐻ଶ𝑂 → 𝐹𝑒ሺ𝐼𝐼𝐼ሻ ൅ 𝐻ଶ𝑂ଶ ൅  𝑂𝐻ି                                                                                  (r5) 96 

𝑂ଶ
•ି ൅  𝐻𝑂ଶ

• ൅𝐻ଶ𝑂 →  𝐻ଶ𝑂ଶ ൅  𝑂ଶ ൅  𝑂𝐻ି                                                                                               (r6) 97 
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𝐻𝑂ଶ
• ൅  𝐻𝑂ଶ

• →  𝐻ଶ𝑂ଶ ൅  𝑂ଶ                                                                                                                        (r7) 98 

𝐹𝑒ሺ𝐼𝐼ሻ ൅  𝐻ଶ𝑂ଶ → 𝐹𝑒ሺ𝐼𝐼𝐼ሻ ൅  𝐻𝑂• ൅  𝑂𝐻ି                                                                                              (r8) 99 

The aim of this work is to study the reactivity of some widely used organic fertilizers in 100 

the photo-Fenton process under solar radiation and the main involved reaction 101 

mechanisms at near neutral pH. Reaction mechanisms of photo-Fenton with different iron 102 

complexes are not yet clearly defined. Yet, the mechanistic knowledge obtained for 103 

EDDS-Fe (which is the most studied one) is usually employed to generalize the additional 104 

reactions in photo-Fenton process at near neutral pH using other iron complexes. In this 105 

work, five commercial iron chelates (EDDS, EDTA, DTPA, HEDTA and EDDHA), 106 

which are approved by the European Commission for agricultural use (Regulation (EC) 107 

No 2003/2003), were selected to investigate the differences in the HO• generation since 108 

they present different UV absorbances and stability constants with iron. This fact has 109 

helped to investigate the contribution of these parameters on the reaction mechanisms. 110 

This includes mechanisms about ROS formation because of the interactions between 111 

these compounds and both sunlight and dissolved oxygen in aquatic systems. 112 

Sulfamethoxazole (SMX) was chosen as a target compound due to their widespread 113 

occurrence in aquatic systems (Golovko et al., 2021; Chen et al., 2021; Bunting et al., 114 

2021; Luo et al., 2014).  115 

2. Material and methods  116 

2.1. Chemicals  117 

Sulfamethoxazole (SMX), diethylene triamine pentaacetic acid (DTPA, 99%), hydrogen 118 

peroxide (H2O2) (30% w/w), tert-butyl alcohol (tBuOH), catalase from bovine liver and 119 

EDDS-Na (35% in H2O) were purchased from Sigma-Aldrich (USA). DTPA-Fe (7% of 120 

chelated iron), EDTA-Fe (13.3% of chelated iron) and HEDTA-Fe (13.0% of chelated 121 
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iron) were bought from Phygenera (Germany). EDDHA-Fe (6.0% of chelated iron) was 122 

acquired from Fertiberia (Spain). All commercial organic fertilizers were 100% pure. 123 

Acetonitrile, orthophosphoric acid, sodium bicarbonate (NaHCO3) and iron sulphate 124 

heptahydrate (FeSO4 7H2O) were obtained from Panreac Quimica (Spain). Nitrogen gas 125 

(N2 > 99.995) was supplied by Abelló Linde (Spain). 126 

2.2. Experimental set-up and procedure 127 

A Solar simulator (Xenonterm-1500RF.CCI) with a Xenon lamp (1.5 kW) equipped with 128 

a UV filter, cutting off wavelengths under 290 nm, was employed to perform all 129 

experiments. The apparatus contains a tubular photoreactor (25 cm length x 2 cm 130 

diameter) located in the axis of a parabolic mirror made of reflective aluminum, at the 131 

bottom of the simulation chamber. An external stirred tank (1 L) was used as a reservoir. 132 

During the experiments, the solution from the reservoir tank was continuously pumped 133 

(peristaltic pump Ecoline VC-280) to the tubular photoreactor and recirculated back to 134 

the reservoir. O-nitrobenzaldeyde actinometry (De la Cruz et al., 2013) was carried out 135 

to evaluate the average intensity of incident light (wavelength range: 290-400 nm), 136 

obtaining a value of 6.6 x 10-7 Einstein s-1 (13.9 W m-2). Temperature was kept constant 137 

at 25ºC by means of a Haake C-40 cooling bath. A scheme of the irradiation setup can be 138 

found elsewhere (López-Vinent et al., 2020a). 139 

For solutions preparation, 1.64 mM of HCO3
- (calculated in order to represent a relative 140 

contribution to HO• scavenging of less than 3%) was added to ultrapure water to keep pH 141 

constant at 7.5±0.2.  An appropriate amount of each organic fertilizer chelated with iron 142 

was added to achieve a value of 5 mg L-1 of iron (maximum allowed concentration for 143 

irrigation water) (Guidelines for water reuse 600/r-12/618; Ayers & Westcot, 1985), 144 

considering the percentage of iron in each organic fertilizer presented in section 2.1. As 145 

EDDS-Fe was not found as a commercial product, it was prepared by mixing EDDS and 146 
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iron (II) at a molar ratio of 1:1 (EDDS-Fe(II)) (López-Vinent et al., 2021). In that especial 147 

case, iron (5 mg L-1) was added to the stirred EDDS solution to guarantee a complete 148 

chelation. More details about the experimental procedure of chelation can found 149 

elsewhere (López-Vinent et al., 2021). Then SMX, used as a model target compound, was 150 

spiked to ultrapure water to have a final concentration of 1 mg L-1. Finally, hydrogen 151 

peroxide (concentration of 50 mg L-1) was appended just before turning on the solar 152 

simulator. The contribution of dissolved oxygen on the process was evaluated through 153 

experiments in which N2 gas was bubbled during 30 minutes before starting the 154 

experiment and throughout the whole reaction time. WTW Oxi 340i Oximeter was used 155 

during the test to measure the O2 concentration. A concentration of 25 mM of tBuOH 156 

(contributing to 95% of HO• scavenging) was used to study the role of hydroxyl radical 157 

in photo-Fenton experiments with and without H2O2.  All experiments were performed in 158 

duplicate and error bars are shown in the plots.  159 

For different analyses, samples were withdrawn from the feeding tank throughout the 160 

entire reaction time and catalase (200 mg L-1) was employed to quench the residual H2O2. 161 

When iron in solution was determined, the samples were filtered with 0.20 μm PVDF 162 

filter to analyze only the dissolved iron. Then, excess of ascorbic acid was added to obtain 163 

total soluble iron.  164 

The accumulated energy (Qacc, kJ L-1) was calculated according to Eq.1 (Romero Olarte, 165 

2015).  166 

𝑄௔௖௖ ൌ  ∑
ூ൉∆௧೔
௏

௡
௜ୀଵ                                                                                                                (Eq.1) 167 

where I corresponds to the average intensity of incident light (kJ s-1), Δti is the increment 168 

of the reaction’ time (s) and V is the volume (L).  169 

2.3. Analytical methods 170 
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SMX concentrations were determined by High Performance Liquid Chromatography 171 

(HPLC) with UV detection (1260 Infinity Series from Agilent). Acetonitrile and 172 

orthophosphoric water solution acidified at pH=3 (60:40 volumetric mixture, 173 

respectively) were employed as mobile phases. An isocratic method at 1 mL min-1 and 174 

100 µL of volume injection were selected. The column used was a Tecknokroma 175 

Mediterrania Sea C-18 (250 x 4.6 mm i.d, 5μm particle size), and the UV detector was 176 

set at 270 nm. For the determination of hydrogen peroxide, a colorimetric method based 177 

on the use of metavanadate was employed (Pupo Nogueira et al., 2005). A procedure 178 

based on o-phenatroline (ISO 6332) was employed to measure the total dissolved iron. 179 

Absorbance spectra were recorded by using a UV-Vis spectrophotometer DR6000 by 180 

Hach (USA).  181 

3. Results and discussion 182 

The photodegradation of three new iron chelates (DTPA-Fe, HEDTA-Fe and EDDHA-183 

Fe) was studied over a long period of time to emphasize the importance of the iron 184 

chelates stability. EDDS-Fe and EDTA-Fe were also investigated for comparison 185 

purposes.   186 

The absorption spectra of iron chelates were obtained in ultrapure water and it was used 187 

to evaluate the possibility of iron complexes undergoing photodegradation (Figure 1). 188 

The UV light absorption band in all these compounds overlap to the emission spectrum 189 

of the solar simulator (290-600 nm), as shown in Figure 1. This depicts the capacity of 190 

these iron complexes to absorb radiation at the UVA and UVB range.   191 

 192 

Figure 1. UV-Vis absorption spectrum of five iron chelates (EDDS-Fe, EDTA-Fe, DTPA-Fe, HEDTA-Fe and 193 

EDDHA-Fe) at 5 mg L-1 of iron. 194 

 195 
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3.1. Contribution of solar simulated radiation 196 

3.1.1. Photo-Fenton and dark Fenton experiments 197 

To elucidate the contribution of simulated solar radiation on SMX abatement when the 198 

five iron chelates (EDDS-Fe, EDTA-Fe, DTPA-Fe, HEDTA-Fe and EDDHA-Fe) were 199 

used in photo-Fenton at pH=7.5 ± 0.2, photo-Fenton tests (chelate-Fe + H2O2 + sunlight) 200 

together with Fenton reaction (chelate-Fe + H2O2) and experiments without H2O2 201 

(chelate-Fe + sunlight) were performed. The SMX depletion results are shown in Figures 202 

2a,3a and 4a respectively. The evolution of total iron corresponding to each experiment 203 

is displayed in Figures 2b, 3b and 4b. The plots present results for 1.5 kJ L-1, 204 

corresponding to 2h of experiment. Blank tests were also carried out to clarify the 205 

potential mechanisms for SMX degradation. No removal was observed in the photolysis 206 

experiment. In addition, H2O2 combined with radiation led to a value of 9.7% of SMX 207 

abatement, this caused by H2O2 decomposition by light giving place to two hydroxyl 208 

radical molecules (see reaction r9). However, in photo-Fenton experiments this 209 

contribution was probably lower due to the strong “inner filter effect” caused by the 210 

absorption of light by Fe-complexes (Pignatello et al., 2006).  211 

𝐻ଶ 𝑂ଶ ൅ ℎ𝑣 → 2 𝐻𝑂.                                                                                                           (254-299 nm)  (r9) 212 

 213 

Figure 2.  a) SMX abatement and b) evolution of total dissolved iron plotted as a function of the accumulated energy 214 

for photo-Fenton experiments with five different iron chelates at pH = 7.5. The pH during entire experiments was kept 215 

constant at 7.5 ± 0.2. [SMX]0 = 1 mg L-1; [Fe]0 = 5 mg L-1; [H2O2]0 = 50 mg L-1.  216 

 217 

From Figure 2a, different behaviour concerning SMX degradation can be appreciated in 218 

photo-Fenton at near neutral pH, depending on the iron chelate that was employed as iron 219 

source. Total SMX removal was achieved at the end of the treatment when using EDTA-220 
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Fe (1.5 kJ L-1; 120 min) while in the case of EDDHA-Fe only a 17.8% of degradation 221 

was observed. Experiments with EDDS-Fe showed the highest degradation kinetics until 222 

0.6 kJ L-1 (corresponding to 45 min), then dropped significantly until nearly complete 223 

degradation (93.3% at 1.5 kJ L-1). DTPA-Fe and HEDTA-Fe mediated treatments resulted 224 

in close removal profiles throughout the entire experiment, obtaining a degradation of 225 

91.0 and 90.2% at 1.5 kJ L-1, respectively. As mentioned before, the ligand properties are 226 

important in reactions involving iron chelates. In this sense, the stability constant of each 227 

ligand with iron is an important parameter to be considered, but not the only one. Highest 228 

stability constant value amongst the studied chelates is 35.1, corresponding to EDDHA-229 

Fe(III) (Sierra et al., 2004). This value is in accordance with the lowest total iron 230 

precipitation (3.6% at the end of the experiment) observed through experimentation (see 231 

Figure 2b), and also with the lowest SMX degradation (see Fig. 2a). On the contrary, 232 

EDDS showed the highest precipitation of iron (71.2% at 1.5 kJ L-1), in accordance with 233 

its stability constant value with iron (III), that is, 22.0 (Orama et al., 2002). The stability 234 

constants with iron (III) for EDTA, DTPA and HEDTA are 25.1, 28.6 (Dojindo Molecular 235 

Technologies, 2020) and 19.8 (Martell et al., 1996), respectively, and the iron 236 

precipitation at the end of the experiment was 37.4%, 8.1% and 7.7%, respectively (see 237 

Figure 2b). From these results it seems that a high ligand-Fe stability constant acts 238 

reducing the SMX degradation. However, a clear trend in this way was not observed. For 239 

instance, even though HEDTA and DTPA have different stability constants of their 240 

complexes with iron (III), both iron precipitation and SMX removal were very similar. 241 

This fact could evidence the existence of other structural factors of iron chelates that could 242 

affect to hydroxyl radical generation mechanisms, apart from the classical Fenton and 243 

photo-Fenton reactions.  244 
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In the literature related to the Fenton reactions with EDDS-Fe chelates, some authors state 245 

that reactions between oxidants and EDDS-Fe complexes could be interpreted 246 

analogously to homogeneous processes taking place with free iron under acidic medium 247 

conditions (reaction r10 and r11) (Huang et al., 2013). Other works suggest an additional 248 

contribution to pollutants degradation via the breakdown of Fe-EDDS complex in Fenton 249 

reactions, forming EDDS radical (EDDS•) (reaction r12 and r13) (Miralles-Cuevas et al., 250 

2019) or EDDS•+ (reaction r14) (Wu et al., 2014) together with radical species like 251 

hydroxyl and superoxide radicals. 252 

𝐹𝑒ሺ𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆 ൅ 𝐻ଶ𝑂ଶ  → 𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆 ൅  𝐻𝑂• ൅  𝑂𝐻ି                                                              (r10) 253 

𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆 ൅  𝐻ଶ𝑂ଶ → 𝐹𝑒ሺ𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆 ൅  𝐻𝑂ଶ
•/𝑂ଶ

•ି ൅  𝐻ା                                                         (r11) 254 

𝐹𝑒ሺ𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆 ൅ 𝐻ଶ𝑂ଶ  → 𝐹𝑒ሺ𝐼𝐼𝐼ሻ ൅  𝐸𝐷𝐷𝑆• ൅  𝐻𝑂• ൅  𝑂𝐻ି                                                           (r12) 255 

𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆 ൅ 2 𝐻ଶ𝑂ଶ → 𝐹𝑒ሺ𝐼𝐼ሻ ൅  𝐸𝐷𝐷𝑆• ൅  𝑂ଶ
•ି ൅ 2 𝑂𝐻ି                                                        (r13) 256 

𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆 ൅ 𝐻ଶ𝑂ଶ → 𝐹𝑒ሺ𝐼𝐼ሻ ൅  𝐸𝐷𝐷𝑆•ା ൅  𝐻𝑂ଶ
•/𝑂ଶ

•ି ൅  𝐻ା                                                     (r14) 257 

To determine the possible contribution of iron chelate breakdown to the Fenton 258 

performance when using the studied fertilizers, experiments under dark conditions were 259 

performed (see Figure 3a). The evolution of total iron was also evaluated and displayed 260 

in Figure 3b.  EDDHA-Fe was not included due to the low degradation in Fenton tests at 261 

the end of the treatment. 262 

 263 

Figure 3.  a) SMX abatement and b) evolution of total dissolved iron plotted as a function of the accumulated energy 264 

for Fenton experiments with four different iron chelates at pH = 7.5. The pH during entire experiments was kept 265 

constant at 7.5 ± 0.2. [ [SMX]0 = 1 mg L-1; [Fe]0 = 5 mg L-1; [H2O2]0 = 50 mg L-1.  266 

 267 
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From the iron precipitation displayed in Fig. 3b, it was deduced that the main reactions 268 

in Fenton process when using DTPA-Fe, HEDTA-Fe and EDTA-Fe are reaction r10 and 269 

r11, since the ligand-Fe breakdown and iron release is minimum. In the case of EDDS-270 

Fe, the iron precipitation was significantly higher, up to 28.4% after 2 hours of treatment. 271 

Therefore, these results agree with previous works performed with EDDS (reactions r10-272 

13).  273 

Comparing Figures 2a and 3a, the role of solar irradiation in the photo-Fenton 274 

experiments can be appreciated. Pseudo-first order kinetics corresponding to Fenton and 275 

photo-Fenton experiments are presented in Table 1. In photo-Fenton experiments with 276 

EDDS-Fe, a high iron release was observed from 30 minutes of reaction. This fact implies 277 

that the kinetics from this point cannot be considered as pseudo-first order, and EDDS-278 

Fe kinetics were determined only until 30 minutes. The kinetics of EDDS-Fe were not 279 

compared with the kinetics of other organic fertilizers since in these cases the pseudo-280 

first order kinetics was evaluated until 120 minutes.  281 

 282 

Table 1. Removal of SMX and total iron in solution in photo-Fenton and Fenton tests at near neutral pH, with different 283 

organic fertilizers. The presented values are at the end of the treatment (1.5 kJ L-1; 120 min). k is the calculated kinetic 284 

constant (pseudo-first order) for each ligand-Fe (from 0 to 1.5 kJ L-1, 120 min). *For EDDS, kinetic constants for both 285 

treatments were calculated considering data obtained from 0 to 0.39 kJ L-1 (30 min), i.e., within the linear range of the 286 

pseudo first-order plot. 287 

 288 

DTPA-Fe, HEDTA-Fe and EDTA-Fe photo-Fenton tests achieved higher degradations 289 

than Fenton experiments at the end of the treatment (see Table 1). This can be related to 290 

the existence of a photoredox cycle for iron, which in presence of solar light reduces iron 291 
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chelates from Fe(III) to Fe(II), yielding hydroxyl radicals during the process (r15) 292 

(Ligand applicable to DTPA, HEDTA and EDTA).  293 

𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐿𝑖𝑔𝑎𝑛𝑑 ൅ ℎ𝑣 ൅  𝐻ଶ𝑂 → 𝐹𝑒ሺ𝐼𝐼ሻ െ 𝐿𝑖𝑔𝑎𝑛𝑑 ൅  𝐻𝑂• ൅  𝐻ା                              (290-600 nm) (r15) 294 

However, there were significant differences in the precipitation of iron in all cases (see 295 

Figures 2b, 3b and Table 1). In the presence of solar light, the breakdown of iron 296 

complexes may be due to the attack of hydroxyl radical and/or photodegradation, 297 

depending on the structure of the ligand. The iron precipitation in experiments performed 298 

with DTPA-Fe and HEDTA-Fe was only 2% higher in photo-Fenton, compared to Fenton 299 

process. Thus, in those cases, the contribution of irradiation on the breakage of the iron 300 

complexes was minimum. This is in agreement with the higher stability of these 301 

compounds. For EDTA, iron remained in the form of chelate during Fenton reaction (5% 302 

of iron precipitation), but the precipitation of this element reached 37.4% at the end of 303 

the photo-Fenton treatment, indicating the contribution of photodegradation to the chelate 304 

breakage process. In the case of EDDS-Fe, interestingly, this seems to proceed through 305 

both pathways (28.4% and 71.2% of iron precipitation for Fenton and photo-Fenton tests, 306 

respectively). In that case, the influence of irradiation together with the possible HO• 307 

contribution to iron complex breakage is more evidenced in photo-Fenton. These results 308 

are in accordance with the lowest stability constant of the EDDS-iron chelate.  309 

From the results obtained in Fenton and photo-Fenton experiments shown in Table 1, it 310 

is also observed that the irradiation effect on SMX degradation is different depending on 311 

the stability of iron chelate with iron. The SMX oxidation rates in DTPA-Fe and HEDTA-312 

Fe mediated photo-Fenton were only 2.2 and 2.5 times higher than those in Fenton, 313 

respectively, in accordance with their higher stability compared to that of the other 314 

chelates. On the other hand, the degradation kinetics were 11 and 8.4 times faster when 315 

employing less stable EDTA-Fe and EDDS-Fe complexes. However, the latter 316 
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represented a special case. Even though at the initial reaction times (corresponding up to 317 

0.39 kJ L-1) SMX degradation rate was the highest, it reached the lowest degradation 318 

percentage at the end of the treatment (only 47.5%). This fact could be related to the r10 319 

reaction where the Fe(II)-EDDS reacts with H2O2, consequently yielding a great 320 

production of hydroxyl radicals due to the low stability of that chelating agent with iron.  321 

In summary, and according with 0 results and those from the literature, there are strong 322 

evidences of photoexcitation of EDDS-Fe and subsequent potential formation of EDDS 323 

radical (EDDS•), which can be involved in further reactions to generate hydroxyl radicals. 324 

In that case, the precipitation of iron was very high. However, the precipitation of iron 325 

when applying the other organic fertilizers was significantly lower. These data, together 326 

with the comparison between Fenton and photo-Fenton experiments, point out that the 327 

generated species and mechanisms participating in the solar photo-Fenton process could 328 

be different for each chelating agent. 329 

3.1.2.  Irradiation experiments without H2O2 330 

Irradiation experiments without H2O2 were carried out with the different iron chelates 331 

(see Figures 4a, 4b) to establish the relative photo-susceptibilities of the different 332 

complexes and its influence on the degradation mechanisms of target MPs. 333 

 334 

Figure 4.  a) SMX abatement and b) evolution of total dissolved iron plotted as a function of the accumulated energy 335 

for irradiation experiments without H2O2 for five different iron chelates at pH = 7.5. The pH during entire experiments 336 

was kept constant at 7.5 ± 0.2. [SMX]0 = 1 mg L-1; [Fe]0 = 5 mg L-1.  337 

 338 

As it can be observed in Figure 4a, the irradiation tests with EDDS-Fe and DTPA-Fe 339 

yielded significant SMX removal. At the end of the experiment (1.5 kJ L-1; 120 min), the 340 
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degradation results were 43.5 and 30.0% for EDDS-Fe and DTPA-Fe, respectively. The 341 

result of EDDS-Fe was not fully unexpected, as a similar behavior has been observed in 342 

previous studies related to photodegradation of this iron complex (Huang et al., 2012; 343 

Ciésla et al., 2004; Li et al., 2010; Huang et al., 2013). In Particular, Ciésla and coworkers 344 

(Ciésla et al., 2004) proposed a photodegradation mechanism for EDDS-Fe that lies in 345 

the photoreduction of Fe(III) complex induced by light by the ligand-to-metal charge 346 

transfer (LMCT) (reaction r16; 290-600 nm). This excitation can lead to a reduction of 347 

Fe(III) to Fe(II) followed by one-electron oxidation of the ligand by the inner-sphere 348 

photoinduced electron transfer (Ciésla et al., 2004).  349 

ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆ሿି ൅ ℎ𝑣 ሺ𝐿𝑀𝐶𝑇ሻ →  ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆ሿ∗ି →  𝐹𝑒ሺ𝐼𝐼ሻ ൅ 𝐸𝐷𝐷𝑆•ଷି                            (r16) 350 

The radical formed via reaction r16 (EDDS•3-) tends to reach its stable oxidation state 351 

requiring a second electron transfer through reaction with dissolved oxygen (reaction r17) 352 

(Ciésla et al., 2004).  353 

𝐸𝐷𝐷𝑆•ଷି ൅  𝑂ଶ →  𝐸𝐷𝐷𝑆ଶି ൅  𝑂ଶ
•ି                                                                                                        (r17) 354 

The superoxide radical generated in r17 can take part in additional reactions as a precursor 355 

of hydroxyl radical.  356 

Additionally, EDDS•3- can react with the Fe(III) complex, enhancing the Fe(III)/Fe(II) 357 

cycle (reaction r18), as well as with hydroxyl ion (OH-) to generate HO• (reaction r19).  358 

ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆ሿି ൅ 𝐸𝐷𝐷𝑆•ଷି →  ሾ𝐹𝑒ሺ𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆ሿଶି ൅  𝐸𝐷𝐷𝑆ଶି                                                   (r18)  359 

𝐸𝐷𝐷𝑆•ଷି ൅  𝐻𝑂ି →  𝐸𝐷𝐷𝑆ସି ൅  𝐻𝑂•                                                                                                    (r19) 360 

According to our data, gathered in Figures 4a and b, the results of experiments employing 361 

EDDS-Fe appear to indicate the possibility of generating EDDS•3- due to the 362 

photodegradation of Fe-complex, causing the release of a great amount of Fe (II) during 363 

the process. This is supported by the experimental observation that a large part of the iron 364 
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precipitates. However, a small part of the metal could react with superoxide radical to 365 

generate H2O2 (reaction r20) (Li et al., 2010). On its part, [Fe(II)-EDDS]2- formed in 366 

reaction (r18) can also react with superoxide radical to produce H2O2 (reaction r21).  367 

𝐹𝑒ሺ𝐼𝐼ሻ ൅  𝑂ଶ
•ି ൅  2𝐻ଶ𝑂 → 𝐹𝑒ሺ𝐼𝐼𝐼ሻ ൅  𝐻ଶ𝑂ଶ ൅  2𝐻𝑂ି                                                                            (r20) 368 

ሾ𝐹𝑒ሺ𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆ሿଶି ൅  𝑂ଶ
•ି ൅ 2𝐻ଶ𝑂 →  ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐸𝐷𝐷𝑆ሿି ൅  𝐻ଶ𝑂ଶ ൅ 2𝐻𝑂ି                                   (r21) 369 

As observed in Figures 4a and b, not all Fe-complexes had the same behavior as that 370 

observed for EDDS-Fe. DTPA-Fe irradiation experiments resulted in 30.0% of SMX 371 

abatement but only 8.0% iron precipitation and, consequently, the reduction of Fe(III) to 372 

Fe(II) from the photoexcitation of the complex and subsequent iron complex breakage 373 

(reaction r22) did not occur significantly. Thus, the main photo-induced reactions 374 

mechanism for oxidants generation with DTPA-Fe would be different from those of 375 

EDDS-Fe. The main involved reactions are proposed for first time in this study and 376 

presented in r23 and r24.  377 

ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐷𝑇𝑃𝐴ሿି ൅ ℎ𝑣 ሺ𝐿𝑀𝐶𝑇ሻ →  ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐷𝑇𝑃𝐴ሿ∗ି →  𝐹𝑒ሺ𝐼𝐼ሻ ൅ 𝐷𝑇𝑃𝐴•ଷି   (290-600 nm) (r22) 378 

ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐷𝑇𝑃𝐴ሿ∗ି ൅  𝑂ଶ →  ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐷𝑇𝑃𝐴•ଷିሿ ൅  𝑂ଶ
•ି                                                               (r23) 379 

ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐷𝑇𝑃𝐴•ଷିሿ ൅  𝐻𝑂ି →  ሾ𝐹𝑒ሺ𝐼𝐼𝐼ሻ െ 𝐷𝑇𝑃𝐴ሿି ൅  𝐻𝑂•                                                            (r24) 380 

In the case of DTPA, the electron transfer to molecular oxygen would proceed through 381 

the excited Fe(III)-complex ([Fe(III)-DTPA]*-] to generate superoxide radical (reaction 382 

r23), which would be involved in further reactions to generate hydroxyl radical. However, 383 

the reduction of [Fe(III)-DTPA]- to [Fe(II)-DTPA]2- and subsequent formation of H2O2 384 

are possible by reactions (r15) and (r21), respectively. In addition, H2O2 could also be 385 

generated by reaction (r20), even though this is unlikely as only 8.0% of iron release was 386 

observed in the tests conducted with this organic fertilizer.  387 
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Further experiments without H2O2 were performed to investigate the possible formation 388 

of H2O2 by means of irradiation (290-600 nm) of DTPA-Fe solutions. The results 389 

suggested the generation of small amounts of H2O2, with maximum observed 390 

concentrations of 0.7 mg L-1 after two hours of experiment. By increasing iron 391 

concentration (in the form of DTPA-iron chelates) to 20 mg L-1, which also implies an 392 

increase of the ligand concentration, the maximum detected concentration of H2O2 was 393 

5.2 mg L-1. Thus, in the experiments without initial H2O2 (Figure 4a), its generation could 394 

produce HO• by photo-Fenton reactions, a fact which agreed with the little consumption 395 

of hydrogen peroxide observed during the photo-Fenton experiments (data not shown). 396 

Additionally, experiments without iron were performed to ensure that the photoactive 397 

species were the Fe-complexes. No SMX degradation was observed, confirming the 398 

suggested reactions.   399 

EDTA-Fe and HEDTA-Fe displayed a completely different behaviour. In these cases, 400 

especially for EDTA-Fe, a photoexcitation of the complex was inferred based on iron 401 

precipitation throughout the experiment (30.7% of iron release for EDTA-Fe at 2 hours). 402 

This amount is higher than that for DTPA-Fe (only 6.0% at the end of the experiment), 403 

but the degradation of SMX was almost null in EDTA-Fe (only 6.3%). In the case of 404 

HEDTA-Fe, these values were 15.8% and 6.2% for iron precipitation and SMX removal, 405 

respectively. These results suggest that the species formed by the photodegradation of 406 

EDTA-Fe and HEDTA-Fe would not be involved in ROS generation in the same way as 407 

in the case of EDDS-Fe and DTPA-Fe. For this reason, when degradation mechanisms 408 

are evaluated, it is important to study diverse iron complexes, as their different 409 

characteristics can lead to different behaviours.  410 

To understand the role of superoxide radical probably formed in the above reaction 411 

mechanisms, experiments with tert-butyl alcohol in the photo-Fenton tests were also 412 
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carried out and depicted in Figure 5. EDDHA-Fe was not studied in this regard due to its 413 

low SMX degradation in photo-Fenton experiments. tBuOH has an elevated reaction rate 414 

with HO• (6 x 108 M-1 s-1) (Piechowski et al., 1992). Scavengers of superoxide radical, 415 

like benzoquinone, were not employed in this study because they are not completely 416 

selective for O2
•- (in general they also react with HO•) (Bustos et al., 2019). Experiments 417 

with other scavengers such as ascorbic acid were not performed since this substance 418 

presents a much higher reaction rate with HO• (1.1 x 1010 M-1 s-1) than with O2
•- (5 x 104 M-1 419 

s-1) (Shen et al., 2021). Thus, the effect of ascorbic acid on the SMX degradation performance 420 

should be similar than employing tert-Butanol. Additionally, since iron (III) also reacts with 421 

ascorbate (4.7 x 104 M-1 s-1), it could interfere with the results (Shen et al., 2021). 422 

 423 

Figure 5. SMX degradation as a function of the accumulated energy for photo-Fenton experiments with tBuOH for 424 

four different iron chelates at pH=7.5. The pH during entire experiments was kept constant at 7.5 ± 0.2.  [SMX]0 = 1 425 

mg L-1; [Fe]0 = 5 mg L-1; [H2O2] = 50 mg L-1; [tBuOH] = 25 mM. 426 

 427 

As it can be observed in Figure 5, the same level of SMX degradation was reached for all 428 

EDTA-Fe, DTPA-Fe and HEDTA-Fe complexes when tBuOH was present in the reaction 429 

medium (about 5.0% of SMX removal at the end of the treatment). Only EDDS-Fe 430 

achieved the slightly higher value of 9.2% in 2 hours. As tBuOH was calculated to 431 

scavenge 95% of available HO•, the results most likely indicated that hydroxyl radical 432 

generated directly by photo-Fenton reactions and mediated by the photoexcitation of Fe-433 

complexes (EDDS-Fe and DTPA-Fe) was the specie involved in the degradation of SMX. 434 

In the case of EDDS-Fe, however, the observed 9.2% abatement (when tBuOH was 435 

added) confirmed that other ROS would be involved in the degradation mechanisms of 436 

SMX in the presence of dissolved oxygen.  437 
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To complete this section, experiments with non-chelated iron were investigated in an 438 

attempt of elucidating the possible involvement of free iron in solution in the SMX 439 

degradation mechanisms. This iron is formed from the breakdown of the iron complex 440 

and before generating Fe(OH)2
+, which is the predominant specie at pH=7.5 (Pignatello 441 

et al., 2006). As observed, when organic fertilizers complexed with iron were used, the 442 

greater iron release was followed by a higher reaction rate in SMX. This fact can lead to 443 

confusion with regard to the degradation mechanisms. For this reason, the precipitation 444 

curves in photo-Fenton experiments catalyzed by EDDS-Fe and DTPA-Fe (Figure 2b) 445 

were used to determine the potential free iron in solution for both experiments. From 446 

Figure 2b, the difference in concentration of chelated iron in solution at two different 447 

times DTPA-Fe and EDDS-Fe (e.g., the concentration of iron precipitated between 0 and 448 

5 min. (i.e., 0 and 0.1 kJ L-1), 5 and 15 min (i.e., 0.1 kJ L-1 and 0.2 kJ L-1 ) …) was used 449 

to elaborate a Fe(II) dosing plan during the experiments without chelating agent. The 450 

selection of these two organic fertilizers was decided with the objective to study the iron 451 

dose at different concentrations, being the highest iron dose with EDDS-Fe and the lowest 452 

with DTPA-Fe since EDDS-Fe presented the highest iron release and DTPA-Fe the 453 

lowest one in the previous experiments. The dosage plan is depicted in Figures 6a and 6b. 454 

Figure 6a corresponds to the iron concentration added at each time (min) or energy (kJ L-455 

1). Thus, the iron concentration added at 0 kJ L-1 (0 min) corresponds to the concentration 456 

of iron which was precipitated in the photo-Fenton experiments between 0 and 5 minutes 457 

(0 and 0.1 kJ L-1). In the same way, the iron concentration added at 0.8 kJ L-1 (60 min) 458 

corresponds the iron release between 60 and 120 minutes (0.8 and 1.5 kJ L-1). The same 459 

applies to the other intervals considered (0.1, 0.2 and 0.4 5 kJ L-1). Figure 6b was referred 460 

to the accumulated iron added during the Fe (II) dosage experiment, and not to the total 461 

dissolved iron. As the pH was 7.5, part of this added Fe (II) precipitated due to the 462 
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formation of Fe(OH)2
+. In Figure 6b it was observed that a total of 2.2 mg L-1 of Fe (II) 463 

was added in one case, following the precipitation curve of iron in EDDS-Fe (see Figure 464 

2b where 2.2 mg L-1 of iron were precipitated at 120 min). Following the iron precipitation 465 

curve of DTPA-Fe, only 0.4 mg L-1 of Fe (II) precipitated at the end of the experiment, 466 

this corresponding to the total iron added in the experiments without chelating agent 467 

(Figure 6b). To perform these experiments, a stock solution of Fe (II) at pH=2.8 was 468 

prepared. From these stock solution, different aliquots were taken at selected times and 469 

added to the solution to be treated. To compare with photo-Fenton experiments with 470 

organic fertilizers, the pH of the solution was followed during the entire reaction, 471 

remaining constant until the end of the experiment (pH = 7.5 ± 0.2).   472 

 473 

Figure 6. a) Iron dosification b) accumulated iron as a function of the accumulated energy in photo-Fenton experiments 474 

without chelating agents following the iron precipitation curves of photo-Fenton using EDDS-Fe and DPTA-Fe. pH 475 

=7.5. The pH during entire experiments was kept constant at 7.5 ± 0.2.  [SMX]0 = 1 mg L-1; [H2O2] = 50 mg L-1. 476 

 477 

The results of the SMX removal at the end of the experiment (2 hours, 1.5 kJ L-1) were 478 

16.6 and 13.7% for the total dosage of 2.2 and 0.4 mg L-1, respectively, corresponding to 479 

the iron precipitation curve of EDDS-Fe and DTPA-Fe. These results represented a great 480 

reduction of SMX removal compared to photo-Fenton using organic fertilizers, where 481 

94.7 and 91.0% were respectively reached at 2 hours. This fact evidenced that under the 482 

studied conditions, iron chelates were involved in the photo-Fenton reactions. A small 483 

part of the SMX degradation could be caused by dissolved iron before precipitating as 484 

Fe(III) oxyhydroxides. However, it was not the main generation pathway for HO•.  485 

3.2. Contribution of dissolved oxygen  486 
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To corroborate the role of dissolved oxygen on photo-Fenton reactions catalyzed by Fe-487 

complexes, photo-Fenton tests were subjected to continuous N2 bubbling. The results are 488 

depicted in Figures 7a, b, c and d, corresponding to experiments with EDDS-Fe, EDTA-489 

Fe, DTPA-Fe and HEDTA-Fe, respectively. In the case of EDDS-Fe and DTPA-Fe, 490 

experiments without H2O2 were also tested under N2 bubbling. The results are also shown 491 

in Figures 7a and 7c. Table 2 reports the corresponding pseudo-first order reaction rates. 492 

 493 

Figure 7. Photo-Fenton experiments without dissolved O2 (continuously bubbling N2) for a) EDDS-Fe, b) EDTA-Fe, 494 

c) DTPA-Fe and d) HEDTA-Fe as a function of the accumulated energy. Opened symbols corresponds to irradiation 495 

experiments without H2O2 and closed symbols refers to photo-Fenton experiments. pH =7.5. The pH during entire 496 

experiments was kept constant at 7.5 ± 0.2.  [SMX]0 = 1 mg L-1; [H2O2] = 50 mg L-1. 497 

 498 

 499 

Table 2. Pseudo-first order kinetics and SMX removal for each organic fertilizer in photo-Fenton with and without 500 

dissolved O2 (from 0 to 1.5 kJ L-1, 120 min). *For EDDS, kinetic constants for two treatments were calculated 501 

considering data obtained from 0 to 0.39 kJ L-1 (30 min), i.e., until a linear trend is observed in the pseudo first-order 502 

plot. 503 

 504 

From the results presented in Figure 7 and Table 2, it can be observed that dissolved 505 

oxygen plays an important role in the SMX degradation mechanisms in all cases. The 506 

reductions in kinetic constants in anoxic conditions, compared to photo-Fenton 507 

experiments with dissolved oxygen, were: 3.8, 2.7, 2.0 and 2.3 times for EDDS-Fe, 508 

EDTA-Fe, DTPA-Fe and HEDTA-Fe, respectively. As the iron release was the same in 509 

the two types of experiments, the results suggested that the role of the oxygen was more 510 

important at greater iron precipitation (and possible subsequent ligand radical formation). 511 

This fact evidenced the reactions described in section 3.1.2 where the Fe-complexes 512 

together with irradiation (290-600 nm) could lead the formation of superoxide radical as 513 
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a precursor of hydroxyl radicals. This fact can also be observed in Figures 7a and 7c, 514 

where results of experiments using EDDS-Fe and DTPA-Fe without H2O2 nor O2 were 515 

represented. Irradiation experiments without H2O2 achieved 43.5% and 30.0% of SMX 516 

removal for EDDS-Fe and DTPA-Fe, respectively. However, under anoxic conditions the 517 

SMX degradations were reduced to 7.8 and 11.0% for EDDS-Fe and DTPA-Fe, 518 

respectively, evidencing the role of oxygen in the removal mechanisms. The low SMX 519 

abatement seen in these last experiments could be related to the generation of H2O2 520 

through reactions explained in section 3.1.2.   521 

Finally, in the case of EDTA-Fe and HEDTA-Fe it was seen that the mechanisms could 522 

be a little different due to low SMX degradation was observed in the experiments without 523 

H2O2. Probably in these cases, due to the characteristics of the organic fertilizers, the 524 

radical generated could be involved in the Fe(III)/Fe(II) cycle in photo-Fenton process as 525 

an additional way to produce hydroxyl radicals (Huang et al., 2012; Pigantello et al., 526 

2006).  527 

4. Conclusions 528 

In photo-Fenton experiments, all iron complexes obtained more than 90% of SMX 529 

removal after 2 hours, except EDDHA-Fe, which only achieved a degradation of 17.8%. 530 

Moreover, from the comparison of Fenton and photo-Fenton results it was revealed that 531 

radiation plays an important role in the photoredox cycle of iron and subsequent hydroxyl 532 

radical generation, especially for iron complexes less stable such as EDDS-Fe and EDTA-533 

Fe.  534 

Additional mechanisms to generate hydroxyl radicals in irradiation experiments at 535 

circumneutral pH with iron complexes have been observed in this study. The five organic 536 

fertilizers tested (EDDS-Fe, EDTA-Fe, DTPA-Fe, HEDTA-Fe and EDDHA-Fe) present 537 
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differences in additional vias to produce HO•, due to their different UV absorbance and 538 

stability constant of chelate with iron. Although all organic fertilizers absorb in the range 539 

of 290-400 nm, only EDDS-Fe and DTPA-Fe showed significant SMX degradation 540 

(43.5% and 30.0%, respectively). However, since the iron release was very different (70.0 541 

and 8.0% for EDDS-Fe and DTPA-Fe, respectively), the mechanisms in hydroxyl radical 542 

formation are potentially different. Since in tests using DTPA-Fe the iron precipitation 543 

was minimum, the proposed mechanisms established that the electron transfer to 544 

molecular oxygen would proceed through the excited Fe-complex ([Fe(III)-DTPA]*-] to 545 

generate the superoxide radical and subsequent hydroxyl radicals generation. However, 546 

the photoexcitation of EDDS-Fe complex leads to the breakage of the complex and 547 

subsequent formation of EDDS radical (EDDS•3-), which is the specie involved in 548 

generation of HO•. The experiments performed with EDTA-Fe and HEDTA-Fe 549 

evidenced again that photoexcitation mechanisms are different for iron complexes. In 550 

those cases, only 6% of SMX degradation was achieved and 30.7 and 15.8% of iron 551 

release were observed for EDTA-Fe and HEDTA-Fe, respectively. 552 

The scavenging experiments with tBuOH determined that hydroxyl radicals were the final 553 

specie responsible to SMX removal. Additionally, the photo-Fenton experiments 554 

bubbling N2 revealed the importance of oxygen-mediated reactions in the in the 555 

generation of radicals at neutral pH with iron complexes, being reinforced by the increase 556 

in SMX abatement in presence of dissolved oxygen.  557 

Finally, photo-Fenton tests with non-chelated iron were done to elucidate the possible 558 

involvement of free iron in solution (formed in the breakage of the iron complex and 559 

before it precipitates) in the SMX degradation mechanisms. Experiments presented lower 560 

SMX removal (16.6% at 2 hours, with higher iron concentration added) than experiments 561 
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with iron chelates, demonstrating that the photo-Fenton reactions with iron complexes are 562 

the main pathway in the process. 563 
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Figure 1. UV-Vis absorption spectrum of five iron chelates (EDDS-Fe, EDTA-Fe, DTPA-Fe, HEDTA-Fe and 

EDDHA-Fe) at 5 mg L-1 of iron. 

 



 

 

 

 

 

 

 

 

 

 

  

 

Figure 2.  a) SMX abatement and b) evolution of total dissolved iron plotted as a function of the accumulated energy 

for photo-Fenton experiments with five different iron chelates at pH = 7.5. The pH during entire experiments was kept 

constant at 7.5 ± 0.2. [SMX]0 = 1 mg L-1; [Fe]0 = 5 mg L-1; [H2O2]0 = 50 mg L-1.  
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Figure 3.  a) SMX abatement and b) evolution of total dissolved iron plotted as a function of the accumulated energy 

for Fenton experiments with four different iron chelates at pH = 7.5. The pH during entire experiments was kept 

constant at 7.5 ± 0.2. [ [SMX]0 = 1 mg L-1; [Fe]0 = 5 mg L-1; [H2O2]0 = 50 mg L-1.  
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Figure 4.  a) SMX abatement and b) evolution of total dissolved iron plotted as a function of the accumulated energy 

for irradiation experiments without H2O2 for five different iron chelates at pH = 7.5. The pH during entire experiments 

was kept constant at 7.5 ± 0.2. [SMX]0 = 1 mg L-1; [Fe]0 = 5 mg L-1.  
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Figure 5. SMX degradation as a function of the accumulated energy for photo-Fenton experiments with tBuOH for 

four different iron chelates at pH=7.5. The pH during entire experiments was kept constant at 7.5 ± 0.2.  [SMX]0 = 1 

mg L-1; [Fe]0 = 5 mg L-1; [H2O2] = 50 mg L-1; [tBuOH] = 25 mM. 

 



 

 

 

 

 

 

 

 

 

 

Figure 6. a) Iron dosification b) accumulated iron as a function of the accumulated energy in photo-Fenton experiments 

without chelating agents following the iron precipitation curves of photo-Fenton using EDDS-Fe and DPTA-Fe. pH 

=7.5. The pH during entire experiments was kept constant at 7.5 ± 0.2.  [SMX]0 = 1 mg L-1; [H2O2] = 50 mg L-1. 
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Figure 7. Photo-Fenton experiments without dissolved O2 (continuously bubbling N2) for a) EDDS-Fe, b) EDTA-Fe, 

c) DTPA-Fe and d) HEDTA-Fe as a function of the accumulated energy. Opened symbols corresponds to irradiation 

experiments without H2O2 and closed symbols refers to photo-Fenton experiments. pH =7.5. The pH during entire 

experiments was kept constant at 7.5 ± 0.2.  [SMX]0 = 1 mg L-1; [H2O2] = 50 mg L-1. 
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