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Abbreviations 

ISCO: in situ chemical oxidation 

NAPL: non-aqueous phase liquid 

PAHs: polycyclic aromatic hydrocarbons 

PHCs: petroleum hydrocarbons 

 

What is ISCO? 

ISCO is based on the phenomenon of electron transfer associated with a chemical oxidation–

reduction (redox) reaction in order to degrade organic contaminants (PHCs, chlorinated solvents, 

PAHs, etc.) affecting groundwater, saturated and unsaturated underground soil. Oxidation of 

contaminants can lead to its complete destruction and therefore to its transformation into water, 

carbon dioxide and salts. But in most cases, partial oxidation of contaminants leads to the 

formation of degradation by-products that are generally more biodegradable than initial 

pollutants. The chemical reactions involved are complex and depend on the species that are 

present. However, the overall reaction can be divided into two main stages: (1) the transfer of 

electrons by chemical redox; and (2) the formation of free radicals. During the redox reaction, 

the oxidant will reduce and the reducing agent will oxidize. Considering n1 mole of the 

reducing/oxidant couple (redox) Ox1/Red1 and n2 moles of the redox couple Ox2/Red2, the 

overall reaction and the two half-reactions are as presented in Eqns. 1, 2 and 3: 

n2 × Ox1 + n1 × Red2 →  n2 × Red1 +  n1 × Ox1      (1) 

Ox1 +  n1 × e− → Red1     (2) 

Ox2 +  n2 × e− →  Red2     (3) 

The capacity of the oxidant to capture electrons is defined by the standard redox potential 

(E0) of the redox couple. The higher the E0, the stronger the oxidizing power of the redox couple 

considered. The oxidant reduction eventually leads to the formation of chemical species or 

molecules of which at least one of its atoms has an unpaired electron at the level of the outer 

electronic shell; these are called free radicals. These species are unstable and therefore 

particularly reactive and adapted to oxidize organic contaminants. This phenomenon is complex 

and involves a large number of chemical reactions, depending on the contaminants, porous 

media characteristics and oxidant type. 
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Common oxidants  

There are four usual oxidants (USEPA 2006b; Watts & Teel 2006; Siegrist et al. 2011; Baciocchi 

2013; Ranc 2017) involved in ISCO processes and they all have the capacity to oxidize most 

common organic compounds: permanganate ions, persulfate ions, hydrogen peroxide and ozone. 

Nonetheless, they have different properties and their remediation efficiency depends on the 

contaminant targeted, the oxidation parameters and the underground context. Overall chemical 

reactions, main advantages and limitations, activation methods if any and recent scientific 

developments regarding permanganate, hydrogen peroxide and ozone oxidants are presented in 

the next sections. 

 

Permanganate 

Since the early 1990s, permanganate is the oxidant that has been the most widely used to date in 

wastewater treatment processes, in the chemical industry in general (Dietrich et al. 1995; Singh 

& Lee, 2001) and in ISCO treatment processes in particular (Thomson et al. 2007; Siegrist et al. 

2011). It is still the oxidant most widely used in ISCO today because its reactivity to 

contaminants as well as the advantages and disadvantages of its use are well known. The 

chemical reactions involved in the oxidation process depends on the pH and are relatively 

straightforward since they only involve one step of electron transfer and no radical formation is 

involved in the process. 

Equations 4, 5 and 6 show the reactions of the MnO4
- species for three different pH ranges:  

MnO4
− + 2H2O + 3e− →  MnO2(s) + 4OH−  (pH = 3.5-12)   (4) 

MnO4
− + 8H+ + 5e− →  Mn2+ + 4H2O  (pH <3.5)   (5) 

MnO4
− + e− →  MnO4

2−    (pH>12)   (6) 

The most common reactions occur with pH values ranging from 3.5 to 12; in this range the 

reaction is very stable and considered independent of the pH. Unfortunately, permanganate ion is 

selective with respect to certain contaminants (Singh & Lee 2001; Waldemer & Tratnyek 2006) 

and reacts with natural organic species present in the subsoil (Mumford et al. 2005). In recent 

years, scientific works related to its use in ISCO have focused mainly on limiting the clogging of 

porous media by solid manganese oxides by promoting the dissolution of the latter using 

different methods (Crimi et al. 2009). Limiting oxidation of natural organic materials in soil has 

also been a source of interest (De Weert et al. 2014; Dangi et al. 2018). 

 

Hydrogen peroxide and Fenton’s reagents 

Hydrogen peroxide is a powerful oxidizer widely used in various sectors of the industry 

(bleaching, water treatment, sterilization, disinfectants, base for aviation and aerospace fuel, 

etc.). Once catalysed (Fenton 1894) and maintained in an acidic environment (pH <3.5), 
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hydrogen peroxide produces very reactive hydroxyl radicals, which may be able to degrade 

organic contaminants present in wastewater, for example (Schumb et al. 1955). Since the 

beginning of the 1990s, scientific (Pignatello 1992; Watts 1992; Pignatello & Baehr 1994) and 

technical advances have made it possible to better understand the reaction mechanisms involved 

and applications in the environment have multiplied rapidly. In an ISCO context, even though 

hydrogen peroxide can be used without an activator, taking advantage of the electron transfer 

mechanism during oxidation of the targeted contaminant, its oxidation potential is relatively low 

(E0 = 1.8 V) and its decomposition is rapid and exothermic. 

The classic Fenton reagent is widely used for groundwater remediation and consists in 

catalysing hydrogen peroxide with Fe2+ in order to generate highly reactive hydroxyl radicals. 

Equations 7, 8 and 9 show the three main chemical reactions involved with hydrogen peroxide 

and iron: 

H2O2 + Fe2+ →  Fe3+ + OH. + OH−     (7) 

H2O2 + Fe3+ →  Fe2+ + O2
−. + 2H+      (8) 

O2
−. + Fe3+ →  Fe2+ + O2(g) + 2H+      (9) 

The chemical reactions are complex and multiple on account of the different phases in 

which the reagents can be found (liquid, gaseous, NAPL; USEPA 2006b). Furthermore, given 

the low persistence of oxidizing species after catalysis, it is necessary to bring the hydrogen 

peroxide, the catalyst and the contaminant into contact simultaneously, to obtain good 

remediation results (Siegrist et al. 2011). To achieve a proper remediation, a large number of 

injection wells is necessary depending on the expanse of the contaminant plume. Finally, it is 

necessary to maintain the pH of the reaction at about 3.5 at any time during the treatment to 

avoid the precipitation of Fe2+. 

In the latest developments, efforts have been made to better understand the reaction 

mechanisms and optimize the use of Fenton’s reagent in the ISCO application context. These 

studies mainly refer to the use of chelating agents, such as ethylenediaminetetraacetic acid, citric 

acid, catechol, etc., to maintain Fe2+ ions in solution at neutral pH (Kakarla et al. 2002; Gryzenia 

et al. 2009; Bocos et al. 2015). Improved processes developed thereof are called ‘modified 

Fenton’s reagents’. The impact of the presence of these chelating agents in the environment is 

still being studied and documented. Another emerging technology promising in the ISCO context 

is called the electro-Fenton process, which allows synthesizing the reagents necessary for the 

reaction in situ via an electrolytic step involving the use of a sacrificial iron buried anode 

(Nidheesh & Gandhimathi 2012; Kubo & Kawase 2018). Finally, Lu et al. (2017) studied the use 

of calcium peroxide as a source of hydrogen peroxide in the context of Fenton’s reagents to 

ensure a gradual release of the reagent  
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Ozone 

Although ozone was first used in drinking water treatment plants in the early 20th century, it was 

not until the early 1980s that its use became widespread in North America. Over the past 30 

years, numerous studies have demonstrated its potential to degrade organic contaminants 

(Trapido et al. 1994; Siegrist et al. 2011). The oxidation of these pollutants can occur either by 

direct oxidation or through hydroxyl radicals during the decomposition of O3. The reaction 

mechanisms are complex since the reactions can take place in the aqueous phase and in the gas 

phase by direct contact with the contaminant (Andreozzi et al. 1996; Choi et al. 2002; USEPA 

2006b). In the aqueous phase, ozone has to be dissolved by bubbling and its concentration ranges 

generally between 5 mg/L and 30 mg/L. As the persistence of ozone is very low, it is very 

difficult to reach its solubility limit of up to 1 g/L at 0° C (Langlais et al. 1991). The direct 

oxidation takes place following Eqn. 10 (example of trichloroethylene contaminant), the E0 is 

relatively low (2.1 V) and the kinetics are relatively slow: 

O3 + C2HCl3 + H2O →  2CO2 + 3H+ + 3Cl−   (10) 

Radical oxidation occurs via hydroxyl radicals which can be generated naturally during the 

decomposition of O3 in water (Langlais et al. 1991) or in the gas phase (Choi et al. 2002), 

following Eqn. 11: 

O3 + H2O →  O2 + 2OH.     (11) 

However, the reaction kinetics are slow and depend on the pH since this reaction is initiated 

by the hydroxyl anion (Taube & Bray 1940). The presence of hydrogen peroxide with ozone 

allows the rapid generation of hydroxyl radicals following reactions: 

2O3 + 3H2O2 →  4O2 + 2OH. + 2H2O    (12) 

The use of ozone and hydrogen peroxide simultaneously is commonly called peroxone. The 

advantages of using peroxone over ozone have been highlighted with respect to many 

contaminants (Mitani et al. 2002). However, its use is less widespread in ISCO than direct ozone 

injection (Krembs 2008), its implementation being more complex and does not allow treating 

unsaturated zone of the porous media. 

Recent studies related to the use of peroxone and ozone mainly refer to the so-called electro-

peroxone (or E-peroxone) processes that directly generate hydrogen peroxide on site by water 

electrolysis. The main topics of study in relation to this method are the type of electrodes and the 

conditions of applications (Dinc et al. 2017). Efforts are also being made to deepen our 

knowledge of the chemical reactions involved in multiphase oxidation processes, and to 

document oxidation efficiency with respect to emerging contaminants. Finally, alternative 

activation methods using metal catalysts are also being investigated (Al-Antary et al. 2019; Chen 

et al. 2018; Ma et al. 2018). 
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