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SI.1 Fenton reaction

General Characteristics and Mechanisms of Reaction, with and without Iron Ligands

Hydrogen peroxide is a well-known cheap and environmentally friendly oxidant [1]. However, it is not effective for high concentrations of certain refractory contaminants, such as highly chlorinated aromatic compounds, because of low rates of reaction at reasonable H2O2 levels [2]. Iron salts can activate H2O2 toward the oxidation of organic molecules, which is known as Fenton reaction. Although the Fenton reaction as an oxidizing process to degrade toxic organics was firstly applied in the 1960s [3], the reaction was discovered more than 100 years ago (H. J. Fenton, 1894) [4] and its mechanism and kinetics have been the subject of numerous investigations over the last century. Haber and Weiss proposed the first hypothesis about the Fenton mechanism in 1930; they corroborated and completed the hypothesis in 1932 and 1934 
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[5, 6]
. Subsequently, Barb et al. in 1951 [7] and Walling in 1975 [8] supported and integrated the first Haber-Weiss mechanism, outlined below 
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[9]
:


Fe(II) + H2O2 → Fe(III) + (OH + OH–


(1)


Fe(III) + H2O2 → Fe(II) + HO2( + H+



(2)


(OH + H2O2 → HO2( + H2O




(3)


(OH + Fe(II) → Fe(III) + OH–



(4)


Fe(III) + HO2( → Fe(II) + O2 + H+



(5)


Fe(II) + HO2( + H+→ Fe(III) +
H2O2


(6)


HO2(+ HO2( (HO2( + O2(( + H+) → H2O2 + O2

(7)

Nevertheless, some questions about the Fenton reaction are still open nowadays, such as the nature of the most active transient species and the role of the superoxide radical. On the other hand, better understanding of (i) the role of pH, (ii) the optimum [H2O2]/[Fe(II, III)] ratio, and (iii) the role of inorganic ions is available.
(i) Initial studies on the application of the Fenton reaction in water treatment indicated that purification of water was most effective in the pH range 3-5 
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[9]
. De Laat and Gallard in 1999 showed kinetic data obtained from experiments conducted at pH values varying from 1.0 to 5.0 [10]. They noticed that the kobs increased with pH in the range 1-3.2, then it decreased with increasing pH. This decrease is reasonably due to the precipitation of Fe(III). The presence of an iron ligand can drastically change the role of the pH in the reaction, allowing rapid kinetics also at near-neutral pH.

(ii) De Laat and Gallard in 1999 investigated the effect of [H2O2]/[Fe(III)] on the kobs of H2O2 decomposition at pH 3 [10]. Keeping constant [Fe(III)] at 200 µM, they showed that for [H2O2]/[Fe(III)] < 50, kobs increased with increasing [H2O2]/[Fe(III)]. For 50 < [H2O2]/[Fe(III)] < 500, kobs was nearly independent of [H2O2] (at constant [Fe(III)]), but increased linearly with [Fe(III)]. For [H2O2]/[Fe(III)] > 500, kobs decreased with increasing [H2O2]/[Fe(III)]. The effect of the [H2O2]/[Fe(III)] ratio on the kobs of H2O2 decomposition is due to the interconnected ability of Fe(II)/Fe(III) and H2O2 to work as both sources and scavengers of hydroxyl radicals in the Fenton reaction (a detailed discussion follows in the next paragraph).

(iii) Inorganic anions are highly present in PW (TDS: 100-400,000 ppm) and they may significantly affect the Fenton reaction in several ways: (a) complexation of Fe(II, III) that may affect the interaction between iron species and H2O2, hence its activation (especially in presence of sulfate); (b) precipitation reactions in the presence of phosphate or carbonate, which may decrease the concentration of dissolved Fe(II, III); (c) scavenging of hydroxyl radicals and formation of less reactive inorganic radicals (especially in the presence of chloride). The most troublesome anions for the Fenton reaction in PW are chloride and sulfate, due to both their typically high concentration in the matrix and their ability to affect Fenton reaction compared to other anions [11].

Sulfate ions reduce the reactivity of Fe(II, III) through the coordination of the iron species [12]. Because H2O2 cannot easily coordinate with Fe(III)–sulfato complexes, the Fenton reaction is not activated as easily as in the absence of sulfate. The rate of 2,4-dichlorophenoxyacetic acid (2,4-D) oxidation was inhibited 6-fold in 0.1 M sulfate, and that of H2O2 decomposition was inhibited 20-fold in 1 M sulfate 
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[9]
. The presence of an iron ligand may avoid this coordination effect of sulfate. Regardless, evidences suggest the successful use of iron sulfate salts to trigger the Fenton reaction, because millimolar concentrations of sulfate introduced by means of an iron salt will have just little effect on the Fenton performance 
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[9]
. Hydrogen sulfate ions (HSO4(, prevailing at pH < 2) may also actually react with (OH, but they do not work as real scavengers because of the formation of SO4((, which is only slightly less reactive than the hydroxyl radical (second-order reaction rate constants with organics are in the order of 106–109 M(1 s(1 and 107–1010 M(1 s(1 for SO4(( and (OH, respectively) 
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[13, 14]
, but is generally more selective towards certain substrate structures.
On the other hand, chloride ions inhibit the Fenton reaction by scavenging (OH and producing the consistently less reactive Cl2(( radicals (103–107 M(1 s(1) [13]. Kiwi et al. in 2000 showed a significant decrease in the rate of discoloration of Orange II solutions by Fe(III)/H2O2, upon addition of chloride (10 mM) 
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[15]
. They observed the formation of chlorinated organic products and determined the rate constants for the reaction of (OH and Cl2(( with Orange II by time-resolved laser kinetic spectroscopy. The same authors observed that further addition of chloride over 10 mM only marginally affected the reaction rate 
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[15]
; on the other hand, Pignatello in 1992 noticed that the inhibition of the Fenton reaction by chloride scavenging was noticeable above 0.01 M Cl− at pH 2.8 [12]. However, in PW the amount of chloride is almost always higher than 10 mM. An oxidation process that generates other transient species (such as ferryl) other than solely (OH, may be necessary to overcome scavenging phenomena. An iron ligand may be used to induce a ferryl-based mechanism with this objective.

The presence of NOM may trigger a number of competing processes when a Fenton reaction occurs, and eventually it can mitigate the effect of the inorganic ions. Voelker et al. in 1996 in a model system containing dissolved Fe, hydrogen peroxide, and Suwannee River fulvic acid, observed the increase of the Fenton reaction rate due to the formation of Fe(II)-fulvate complexes, which activated H2O2 more rapidly than the Fe(II)-aquo complexes despite the scavenging of (OH by fulvic acid with the generation of the superoxide radical HO2(/O2(− [16].

As previously stated, an iron ligand may help overcome the limitations induced by the naturally high concentration of TDS in PW. Collins et al. over the last decades have developed and tested the Fe-TAML system. Fe-TAML is an Fe(III)-ligand system that activates H2O2 by generating a ferryl species (thus promoting a metal-based mechanism), which is well established to be not affected by the classic Fenton reaction scavengers 
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[17-19]
. Although Fe-TAML is presently too expensive to be used in PW, other cheaper and more accessible iron-ligands may induce a metal-based mechanism and might be easily implemented for PW treatment. The mechanism involved when the oxidation process is promoted by an iron-ligand system is still controversial in the scientific community. Yamazaki and Piette proposed three possible pathways for the Fenton reactions in their study, generating (OH, metallo-oxo species, and non-oxidative species, respectively [20]. The amount of metallo-oxo species and (OH generated in the Fenton system depends on the chelating ligands used to interact with iron. Rush and Koppenol in 1988 investigated a variety of chelated iron complexes, concluding that a metal-oxo species was generated in neutral solutions, while (OH species dominated the process in acidic solutions of non-chelated iron [21]. Sutton et al. in 1987 reached a different conclusion, proposing that free iron generates a metal-oxo species as the primary oxidant while (OH is dominant when chelated iron is present [22]. Farinelli et al. in 2020 observed that natural iron ligands may actually promote a metal-based mechanism, and this capability depends on a combination of [Fe]/[ligand] ratio and pH [23]. Literature currently lacks a specific investigation on the performance of an iron-ligand system as a catalyst for the oxidative treatment of PW.

SI.2 Heterogeneous Photocatalysis

General Characteristics and Mechanisms of Reaction

The term “photocatalysis” usually denotes the photoactivation of a chemical reaction through the absorption of a quantum of light from a species (the photocatalyst, which can be an inorganic or organic material, or a molecule) that is unchanged at the end of the chemical process 
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[24, 25]
. Although the photocatalytic process activated by organic materials or single molecules has been investigated for the abatement of biorecalcitrant pollutants, only photocatalysis with inorganic semiconductors (e.g., TiO2 and ZnO) has found real application so far. From a thermodynamic point of view, the photocatalytic process can be an endo or exoergonic process: the transformation of a pollutant (at least up to its mineralization) in the presence of O2 over TiO2 is a typically exoergonic photocatalytic process [26], while the photocatalytic production of a highly energetic product (e.g., H2, through photocatalyzed water splitting [27]) is an endoergonic process.

The first step in photocatalytic oxidation is the absorption of a photon with energy hν ≥ Eg by the semiconductor particle (Eg is the energy gap of the semiconductor). Photon absorption generates a bound electron/hole couple that can either recombine (dissipating energy) or dissociate to generate thermalized conduction band electron (e−cb) and valence band hole (h+vb). The e−cb and h+vb can migrate to the surface, where they can be trapped in localized surface sites, recombine or be transferred to acceptor species adsorbed at the surface or occurring in solution. The e−cb reacts with electron acceptors (the ubiquitous oxidant in photocatalysis is O2), the h+vb with electron donors (e.g., the substrate to be degraded). The electron/hole transfer at the surface can generate different reactive species, whereby their concentration and chemical nature is strictly related to the position of the semiconductor bands and to the physico-chemical properties of the photocatalyst [28]. Roughly, the mechanisms of charge transfer at the surface are:

1. Direct electron transfer: inner electron transfer in the case of substrates that are chemically adsorbed at the surface, or outer electron transfer in the case of substrates adsorbed at the surface with their hydration shell.
2. Mediated charge transfer: in this case the transfer of the charge carriers to the substrates is mediated by reactive species (e.g., •OH adsorbed at the surface, O2•–, H2O2, 1O2). The role of free •OH in solution, usually suggested in the first reports on photocatalysis and often uncritically reported even now, has been downsized in the last years.

The widespread use of UV-irradiated TiO2 and partially ZnO in AOPs is mainly due to the very low energy positioning of their valence band, which gives strong oxidizing properties to the photoformed holes (to make an example, the valence band in anatase, which is generally the most photocatalytically active crystalline form of TiO2, is located at E ≈ 3.0 V vs. NHE at pH = 0). From this intrinsic property of TiO2/ZnO arises their ability to oxidize almost all organic substrates under UV irradiation (Eg ≈ 3.0 eV). On the contrary, the low energy position of the conduction band of TiO2 and ZnO imposes a scarce reduction potential for the electron located in their conduction band (Ecb ≈ –0. 1 V vs. NHE at pH = 0) [29].

The photocatalytic process under UV-irradiated semiconductor as an AOP suffers from matrix effects. In the presence of other oxidizable organic substrates, it is quite complex to obtain a selective oxidation of the target pollutant or pollutants. Furthermore, inorganic components can be scavengers of reactive species: for instance, chloride ions are directly oxidized by h+vb, and the formed Cl( radical reacts with another chloride ion to give the radical anion Cl2•−, which is a less stronger oxidant than h+vb /•OH, and is also able to promote the formation of toxic chlorinated compounds. Moreover, if Cl( is adsorbed at the surface, it acts as a recombination center in the case of species with more than one redox state. Furthermore, high ionic strength usually destabilizes the semiconductor colloids by promoting their aggregation, with dramatic changes in the optical properties of the system and a decrease of light absorption (due to increase of the back scattering) and, consequently, a decrease of the transformation rate 
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[30, 31]
.

SI.3 Ozone and Other Oxidants

General Characteristics and Mechanisms of Reaction

Ozone (O3) is a strong oxidant (reduction potential Eo = 2.07 V) that can be used to directly oxidize a number of contaminants, or as a precursor of other reactive species (most notably, (OH) [32]. O3 is too unstable and reactive to be stocked or transported, thus it should be produced on site starting from dry air (to avoid side reactions induced by the presence of water vapor) or pure O2. The rationale is to break molecular oxygen into oxygen atoms, to then exploit the reaction between atomic O and O2 to give O3. A first possibility to break O2 is the application of high-voltage electric discharge; a second one is the use of VUV (vacuum ultra-violet) radiation with ( < 190 nm, which can be absorbed by O2. The flow of O3-enriched dry air or oxygen can then be bubbled into the aqueous phase to achieve decontamination [33].

The direct reactions of O3 are particularly important in the case of alkenes, due to the facility with which O3 adds to C=C double bonds to finally break them. The reactivity of O3 extends to other classes of organic compounds, among which are electron-rich aromatics, alcohols and aldehydes, but the reaction rate constants are lower compared to alkenes [34]. Aqueous matrices may contain contaminants that do not react with O3 (e.g., carboxylic acids or compounds with only C-C single bonds) or react poorly with it, in which case it may still be convenient to produce O3 and use it as (OH precursor. There are several ways by which to generate (OH from O3 and they include basification, UV photolysis (UVC radiation is particularly suitable to this purpose), addition of H2O2, or any combination of these [35]:


O3 + 2 OH( ( 2 O2(( + H2O 



(10)


O3 + O2(( + H2O ( 2 O2 + (OH + OH( 

(11)


O3 + H2O2 + OH( ( (OH + O2(( + O2 + H2O 
(12)


O3 + h( ( O2 + O*




(13)


O* + H2O ( 2 (OH 




(14)

O* is an oxygen atom with a surplus of energy (O1D). The main drawback in the use of O3, directly or as (OH precursor, is the possible presence of bromide in the water matrix. In the presence of Br(, O3 can produce carcinogenic bromate (BrO3() [36]; moreover, Br( can act as catalyst in the oxidation of N-containing precursors into carcinogenic N-nitrosamines [37].
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Figure S1. Second-order reaction rate constants between organic compounds and (OH (open blue squares) or SO4•( (solid red circles), as a function of the number of C atoms of the organic species. Boxes highlight the average values of the rate constants, as well as the 5th and 95th percentiles of their distribution (which is highly asymmetrical in both cases). The whiskers show the extreme values of the rate constant distribution.

SI.4 Effect of Chloride on AOPs based on •OH

The occurrence of high chloride concentrations in PW can be a problem, because Cl( has high potential to inhibit several advanced oxidation processes. In the case of AOPs based on homogeneous (OH, inhibition by chloride can be particularly significant at pH < 5 where the scavenging of (OH by Cl( becomes important [38]:


(OH + Cl( ( ClOH(( 








(a)

ClOH(( + H+ ( H2O + Cl( 
[image: image2.wmf]¾
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(b)

The rationale is that, at pH < 5, (OH is efficiently scavenged by chloride to produce the less reactive species Cl2((. However, although less reactive than (OH, Cl2(( is more selective 
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[13, 14]
 and could sometimes lead to effective degradation of some pollutants in the presence of an excess of interfering compounds. From this point of view, AOP inhibition by chloride might not be a general finding.

Assume a solution containing phenol (PhOH) at a concentration of 10 µM and another compound S in excess (500 µM), with 
[image: image3.wmf]OH

R

·

 as the formation rate of (OH. In the presence of increasing levels of Cl(, if pH is low enough to ensure effective scavenging of (OH by Cl( the following reactions are triggered 
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[13, 14, 38]
:


PhOH + (OH 
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S + (OH 
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Cl( + (OH 
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(e)


PhOH + Cl2(( 
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(f)


S + Cl2(( 
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(g)

By focusing attention on phenol transformation, upon application of the steady-state approximation to (OH and Cl2(( one gets the following ratio between phenol degradation rate (RPhOH) and 
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The different values of the rate constants kI – kV are reported in Table S1, considering four different interfering compounds as S that differ for the values of kII and kV (PrOH, MeOH, HQ and MeOP; see the table for the meaning of the acronyms). Figure S1 reports the trends of 
[image: image11.wmf]OH

PhOH

R

R

·

 (normalised for their value at [Cl(] = 0) as a function of chloride concentration, assuming [PhOH] = 10 µM and [S] = 500 µM. It can be seen that chloride would enhance phenol degradation in the presence of MeOH and PrOH, and inhibit it with HQ and MeOP. The reason is that one has kII / kV > kI / kIV with MeOH and PrOH, and the opposite with HQ and MeOP. By replacing (OH with Cl2(( as the main reactive transient species, PhOH would thus compete better with S for the reactive transient in the case of MeOH and PrOH, and compete worse in the case of HQ and MeOP. Therefore, if the focus is on one particular pollutant within a complex mixture, it would not be surprising to find that in some cases, contrary to expectations, chloride actually enhances degradation instead of inhibiting it.

As a consequence, depending on the characteristics of the PW under consideration, the reactivity of its organic components with (OH and Cl2((, and the focus of the study on a particular pollutant or on comprehensive parameters such as the COD or the TOC, one might sometimes observe that the presence of Cl( produces opposite effects than usually reported, despite the lower reactivity of Cl2(( compared to (OH.

Table S1. Second-order reaction rate constants with (OH and Cl2(( of phenol and of some interfering agents (S) 
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[13, 14]
.

	Compound
	Acronym
	(OH (L mol(1 s(1)
	Cl2(( (L mol(1 s(1)

	Phenol
	PhOH
	1.4(1010 (kI)
	2.5(108 (kIV)

	2-Propanol (S)
	PrOH
	1.9(109  (kII)
	1.2(105 (kV)

	Methanol (S)
	MeOH
	9.7(108  (kII)
	3.5(103 (kV)

	Hydroquinone (S)
	HQ
	1(1010    (kII)
	1.4(109 (kV)

	4-Methoxyphenol (S)
	MeOP
	2.6(1010 (kII)
	1.1(109 (kV)

	Chloride
	
	4.3(109  (kIII)
	      (


.
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