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Introduction to IMPEL 1 

 2 
The European Union Network for the Implementation and Enforcement of Environmental Law 3 
(IMPEL) is an international non-profit association of the environmental authorities of the EU 4 
Member States, acceding and candidate countries of the European Union and EEA countries. The 5 
association is registered in Belgium and its legal seat is in Brussels, Belgium. 6 
 7 
IMPEL was set up in 1992 as an informal Network of European regulators and authorities 8 
concerned with the implementation and enforcement of environmental law. The Network’s 9 
objective is to create the necessary impetus in the European Community to make progress on 10 
ensuring a more effective application of environmental legislation. The core of the IMPEL activities 11 
concerns awareness raising, capacity building and exchange of information and experiences on 12 
implementation, enforcement and international enforcement collaboration as well as promoting 13 
and supporting the practicability and enforceability of European environmental legislation. 14 
 15 
During the previous years IMPEL has developed into a considerable, widely known organisation, 16 
being mentioned in a number of EU legislative and policy documents, e.g. the 7th Environment 17 
Action Programme and the Recommendation on Minimum Criteria for Environmental Inspections. 18 
 19 
The expertise and experience of the participants within IMPEL make the network uniquely 20 
qualified to work on both technical and regulatory aspects of EU environmental legislation. 21 
 22 
Information on the IMPEL Network is also available through its website at:www.impel.eu 23 

 24 
  25 

http://www.impel.eu/
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Disclaimer 2 

 3 
This publication has been prepared within the IMPEL Water & Land Remediation project with the support of 4 
partner networks interested in Contaminated Land Management. Written and reviewed by a team of authors 5 
the document on hand intends to serve as primary information source to bridge and broaden knowledge 6 
among European countries and regions. In aiming support for a joint understanding the potentials of the 7 
specific remediation technology it seeks to facilitate. 8 
 9 
The content reported here are on the basis of relevant bibliography, the authors’ experience,, and case studies 10 
collected. The document may not be extensive in all situations in which this technology has been or will be 11 
applied. Case studies (see annex) are acknowledged voluntary contributions. The team of authors had no task 12 
like evaluating or verifying case study reports. 13 
 14 
As well some countries, regions, or local authorities may have launched particular legislation, rules, or 15 
guidelines to frame technology application. its applicability. 16 
 17 
This document is NOT intended as a guideline or BAT Reference Document for this technology. The pedological, 18 
geological and hydrogeological settings of contaminated sites across Europe show a broad variability. 19 
Therefore tailor-made site-specific design and implementation is key for success in remediating contaminated 20 
sites. So the any recommendation reported could be applied, partially applied, or not applied. In any case, the 21 
authors, the contributors, the networks involved, cannot be deemed responsible. 22 
  23 
The opinions expressed in this document are not necessarily those of the individual members of the 24 
undersigned networks. IMPEL and its partner networks strongly recommend that individuals/organisations 25 
interested in applying the technology in practice retain the services of experienced environmental 26 
professionals. 27 
 28 
 29 
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Glossary 1 

TERM DEFINITION SOURCE      PARAGRAPH 

‘compliance point’ location (for example, soil or groundwater) where 
the assessment criteria shall be measured and 
shall not be exceeded 

ISO EN 11074 3.4.5 

‘compliance or 
performance 
control’ 

investigation or program of on-going inspection, 
testing or monitoring to confirm that a 
remediation strategy has been properly 
implemented (for example, all contaminated have 
been removed) and/or when a containment 
approach has been adopted, that this continues to 
perform to the specified level 

ISO EN 11074 6.1.5 

‘contaminant’1 substance(s) or agent(s) present in the soil as a 
result of human activity 

ISO EN 11074 3.4.6 

‘contaminated 
site’2 

site where contamination is present ISO EN 11074 2.3.5 

‘contamination’ substance(s) or agent(s) present in the soil as a 
result of human activity 

ISO EN 11074 2.3.6 

‘effectiveness’3 <remediation method> measure of the ability of a 
remediation method to achieve a required 
performance 

ISO EN 11074 6.1.6 

‘emission’ the direct or indirect release of substances, 
vibrations, heat or noise from individual or diffuse 
sources in the installation into air, water or land; 

IED Art. 3 (4) 

‘environmental 
quality standard’ 

the set of requirements which must be fulfilled at 
a given time by a given environment or particular 
part thereof, as set out in Union law; 

IED Art. 3 (6) 

‘Henry's 
coefficient’ 

partition coefficient between soil air and soil 
water 

ISO EN 11074 3.3.12 

‘in-situ treatment 
method’ 4 

treatment method applied directly to the 
environmental medium treated (e.g. soil, 
groundwater) without extraction of the 
contaminated matrix from the ground 

ISO EN 11074 6.2.3 

‘leaching’  dissolution and movement if dissolved substances 
by water 

ISO EN 11074 3.3.15 

                                                           
1
 There is no assumption in this definition that harms results from the presence of contamination 

2
 There is no assumption in this definition that harms results from the presence of contamination.] 

3
 In the case of a process-based method, effectiveness can be expressed in terms of the achieved residual contaminant concentrations. 

4
 Note: ISO CD 241212 suggests as synonym: ‘in-situ (remediation) technique’   [Note 1 to entry: Such remediation installation is set on site and 

the action of treating the contaminant is aimed at being directly applied on the subsurface.] ISO CD 24212 3.1 
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‘pollutant’  substance(s) or agent(s) present in the soil (or 
groundwater) which, due to its properties, 
amount or concentration, causes adverse impacts 
on soil functions 

ISO EN 11074 3.4.18 

‘pollution’  the direct or indirect introduction, as a result of 
human activity, of substances, vibrations, heat or 
noise into air, water or land which may be harmful 
to human health or the quality of the 
environment, result in damage to material 
property, or impair or interfere with amenities 
and other legitimate uses of the environment; 

IED Art. 3 (2) 

‘remediation 
objective’ 

generic term for any objective, including those 
related to technical (e.g. residual contamination 
concentrations, engineering performance), 
administrative, and legal requirements 

ISO EN 11074 6.1.19 

‘remediation 
strategy’5 

combination of remediation methods and 
associated works that will meet specified 
contamination-related objectives (e.g. residual 
contaminant concentrations) and other objectives 
(e.g. engineering-related) and overcome site-
specific constraints 

ISO EN 11074 6.1.20 

‘remediation target 
value’ 

indication of the performance to be achieved by 
remediaton, usually defined as contamination-
related objective in term of a residual 
concentration 

ISO EN 11074 6.1.21 

‘saturated zone’ zone of the ground in which the pore space is 
filled completely with liquid at the time of 
consideration 

ISO EN 11074 3.2.6 

‘soil’ the top layer of the Earth’s crust situated between 
the bedrock and the surface. Soil is composed of 
mineral particles, organic matter, water, air and 
living organisms; 

IED Art. 3 (21) 

‘soil gas’ gas and vapour in the pore spaces of soils  ISO EN 11074 2.1.13 

‘unsaturated zone’ zone of the ground in which the pore space is not 
filled completely with liquid at the time of 
consideration 

ISO EN 11074 3.2.8 

  1 

                                                           
5
 The choice of methods might be constrained by a variety of site-specific factors such as topography, geology, hydrogeology, propensity to flood, and 

climate 
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1 INTRODUCTION 1 

In situ chemical oxidation (ISCO) is a remediation technology frequently applied in site remediation because of 2 
the wide range of pollutants that can be treated. It consists in the injection of chemical oxidants, such as 3 
permanganate, persulfate and hydrogen peroxide in the subsurface to turn pollutants into harmless 4 
compounds by oxidation. 5 
ISCO can successfully treat pollutants such as Chlorinated solvents, TPH (Total Petroleum Hydrocarbons), BTEX 6 
(Benzene, Toluene, Ethylbenzene and Xylene), MTBE methyl tert-butyl ether, Phenols, PHA (Polycyclic Aromatic 7 
Hydrocarbons) and chlorobenzenes. 8 
We already know that oxidation occurs between these pollutants and oxidants, but a lot of parameters must be 9 
adjusted. The choice of this remediation technology needs site specific knowledge about pollutants, how 10 
they’re distributed in subsoil and groundwater, geological and hydrogeological situation of the site. Each site 11 
has its own “tailored” ISCO. It’s not unusual to see that the choice of a technology is made after the preliminary 12 
characterization without having the detailed information, with the idea of saving time and starting quickly with 13 
the remediation. The experience of some decades of site remediation showed us that remedial design 14 
characterization is necessary to decide the right technology for each situation and no generalization must be 15 
done about contaminant distribution or subsurface geology. The conceptual project lifecycle costs with and 16 
without RDC is shown in Figure 1.1. 17 
 18 

 19 
Figure 1.1- Conceptual project lifecycle costs with and without RDC 20 

 21 

In the above scheme is shown the RDC positive effect on shortening time and limiting the costs of the whole 22 
remedy, even if the increase of initial cost due to the characterization for design is considerable. 23 

So, the trial is to take all information useful to make the oxidation work in the site; dividing the path in 24 
successive steps, as shown in the scheme in Figure 1.2, can be very helpful. 25 
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 1 

 2 

Figure 1.2- Scheme from ITRC (https://ois-isrp-1.itrcweb.org/) 3 
 4 

ISCO can be also used in combination with other technologies with different intensity levels and it’s preferable 5 
to plan more than one scenario with different performances with respect to environmental, social and 6 
economic components of sustainability (Figure 1.3). The design alternatives are planned combining 7 
remediation techniques that can be applied with spatial logic (different techniques on different portions of the 8 
site) or temporal logic (sequence of technologies in the same area), see Figure 1.4. The intensity of a treatment 9 
scenario varies according to the different combinations of active remedial effort and passive remedial effort 10 
approaches. Active remedial efforts are based on high energy and chemical reagents use, while passive 11 
remedial efforts involve biological mechanisms. 12 

This integrated approach usually generates synergistic effects on the entire remediation project. 13 

https://ois-isrp-1.itrcweb.org/
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 1 

Figure 1.3- Scheme of sustainability 2 
 3 

 4 

Figure 1.4- Scheme from Integrated Treatment/Combined Remedies Overview (Regenesis 2016) 5 
 6 
The following chapters will describe the technique and the most important steps that must be performed to 7 
reach the remediation intervention goals. The information contained are the results of years of experimental 8 
observations and in field practicing of theoretical knowledge. 9 
  10 

https://regenesis.com/en/site-remediation-solutions/integrated-treatment-approaches/
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2 DESCRIPTION OF THE TECHNIQUE 1 

In-situ soil remediation techniques deal with soil contamination without a need to excavate. As no excavation 2 
is required, these techniques have less impact on the use of the land and can be applied in various locations. 3 
The soil composition and structure are also affected less. 4 
 5 
ISCO Technique uses chemicals called oxidants (e.g., permanganate, persulfate, hydrogen peroxide, ozone) to 6 
help convert harmful pollutants into less toxic by-products. It is called "in situ" because it is carried out on site, 7 
without having to excavate the soil or pump out groundwater for surface cleaning. 8 
 9 
To apply ISCO, a liquid (oxidizing agent) is injected into the soil, which passes through its mass and causes the 10 
chemical destruction (oxidation) of the pollutants, turning them into smaller and less toxic compounds. These 11 
are extracted to the surface to be treated. Normally, oxidants are injected underground by pumping through 12 
wells. To this purpose, wells are installed at different depths in the polluted area, to reach as much 13 
contamination as possible. The focus hereby is on both dissolved and undissolved pollutants. Once the oxidant 14 
is pumped into the wells, it diffuses into the soil and surrounding groundwater, where it mixes and reacts with 15 
pollutants. 16 
 17 

 

 
 
 
 
 
 
 
 

 
Unsaturated zone 

 
Saturated zone 
 

Figure 2.1- ISCO Scheme 18 
The main characteristics of the technique are: 19 

 It reduces the concentrations of the existing contaminants in groundwater and/or soil down to 20 
acceptable levels. 21 

 It cleans the soil and removes pollutants from it. 22 

 A product (oxidant agent) is introduced into the subsurface, distributes over the soil mass and initiates 23 
the chemical destruction (oxidation) of pollutants into less harmful chemical species. Those compounds 24 
are extracted to the surface for their treatment. 25 

 The soil structure remains intact. 26 
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 1 

  
Figure 2.2- Scheme recirculation system 

http://en.lifediscovered.es/content/cats/44/iscours2.jp
g  

Figure 2.3- 2D Scheme recirculation system 
LIFE DISCOVERED ISCO pilot trial 
https://www.youtube.com/watch?v=3XjU98hi8K
M 

 2 

2.1 ISCO phases 3 

The behaviour of a pollutant in soil and the efficiency of a remediation technology are determined by several 4 
factors that interact in a complex way and depend on the characteristics of the pollutant itself and those of the 5 
soil. To select a technology with good prospects of success it is crucial to take into account the characteristics 6 
of both, the pollutant and the polluted site. 7 
 8 
The following PHASES are carried out to implement the technique on site: 9 
 10 
1. SELECTION OF THE PERFORMANCE AREA AND BASIC INFRASTRUCTURES: The success of the technique 11 
depends on the optimal location of the wells. Likewise, if no optimal locations are known, drillings and wells to 12 
inject, to extract and to monitor the test must be carried out in the selected pilot area. 13 
2. INJECTIONS: After the drill, a solution with an oxidising agent is injected in the well. That solution breaks the 14 
C-C bonds of the pollutants. The chemical oxidation of the pollutants turns them into less hazardous and more 15 
treatable compounds. 16 
3. RECIRCULATION: The oxidation of pollutants depends on the residence time of the oxidant in the subsoil. 17 
When the contact time (oxidant-bedrock) is considered sufficient, the solution is pumped through a well and 18 
injected again, if necessary. The recirculation process will be carried out until the oxidation capacity of the 19 
agent decreases (Figure 2.4). 20 
4. EXTRACTION: The performance will be stopped when the oxidant is no longer efficient and the pollutant 21 
concentration shows a decreasing trend. Then, the solution is pumped and treated in an adequate water 22 
treatment plant. 23 
5. MONITORING: To evaluate the progress of ISCO (initial, middle and final conditions) and the global 24 
performance of the test, it is crucial to monitor parameters such as the oxidation-reduction potential, 25 
conductivity, temperature, oxidants and sub-products and the concentration of targeted pollutants. 26 
These steps may or may not be conducted in a sequential manner. 27 
 28 

https://www.youtube.com/watch?v=3XjU98hi8KM
https://www.youtube.com/watch?v=3XjU98hi8KM
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 1 
Figure 2.4- 3D Scheme recirculation system 2 

 3 

 4 
Figure 2.5- Mixing reagents before injection 5 

 6 
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2.2 Characteristics of the pollutants. DNAPL 1 

The acronym DNAPL comes from dense liquids in non-aqueous phase. DNAPL is a liquid denser than water and 2 
is immiscible in or does not dissolve in water. The term is used by engineers, environmentalists, and 3 
hydrogeologists for describing a group of pollutants present in surface waters, groundwater or soil. 4 
The term DNAPL includes many chemicals. Some of the most important are organochlorine solvents, creosote, 5 
coal tar residues and pesticides. The most commonly found DNAPL in contaminated sites are the 6 
organochlorine solvents. 7 
 8 
According to the physical and chemical properties of a DNAPL, they are discharged in significant quantities into 9 
the subsoil. As a result, the soil becomes polluted. The DNALP will generally move downwards through the soil 10 
until it eventually accumulate on top of more impermeable layers. The high penetration capacity and the 11 
complexity of the natural environment (heterogeneity) make DNAPL contamination difficult to locate. 12 
Consequently, it is difficult to clean up and restore the subsoil. 13 
 14 

  
Figure 2.6- DNAPL 

Pollutants: hexachlorobenzene (HCB), alpha hexachlorocyclohexane (α-HCH), 
beta hexachlorocyclohexane (β-HCH), Lindane and pentachlorobenzene 
https://www.youtube.com/watch?v=3XjU98hi8KM 

Figure 2.7- DNAPL and 
water sample 

http://en.lifediscovered.es 

 15 
The risks associated with the presence of this kind of pollutant in the subsoil is high. 16 
The consequences are easy to observe in the medium and long term, mainly because: 17 

 the toxicity of the pollutants in the DNAPL are high, 18 

 his solubility of individual pollutants is low, but often enough to exceed the permitted threshold limits 19 
in drinking water, and 20 

 have a high migratory potential both through the from the subsoil and groundwater. 21 
The infiltration of these DNAPLs through the subsoil depends on the nature of the discharge, the characteristics 22 
of the liquid, such as density, interfacial tension, viscosity, and porosity. Also, the hydraulic forces impact 23 
infiltration. DNAPL migration occurs preferentially through the more permeable pathways, such as fractures in 24 
a consolidated rock or clay environment or highly permeable layers. 25 
Detection of DNAPLs in soil and groundwater samples is tough, due to the colour (sometimes DNAPL is 26 
transparent), low concentrations or its heterogeneous appearance in the subsoil. All these factors complicate 27 

https://www.youtube.com/watch?v=3XjU98hi8KM
http://en.lifediscovered.es/
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the characterization of the source of contamination, which is usually aggravated by the presence of mixtures of 1 
the compounds. 2 
 3 
DNAPL are classified into four large groups: 4 

 halogenated organic compounds. 5 

 tar and creosotes 6 

 polychlorinated biphenyls (PCBs) 7 

 mixtures and pesticides. 8 
 9 
Most of the sites affected by DNAPL contain halogenated organic compounds, mainly organochlorine. 10 
Their widespread use, chemical properties and high toxicity are the main factors which accentuate the 11 
problem. 12 
 13 
The most characteristic chemical properties of DNAPL are: 14 

 high density; 15 

 low viscosity; 16 

 high volatilization; 17 

 significant solubility relative to toxicity. 18 
 19 

2.2.1 Volatility 20 

DNAPL can also be classified based on volatility. Volatile organic compounds are called VOCs. 21 
They are organic compounds that have high Henry's constants and vapor pressures, moderate solubility and 22 
small molecular weight. 23 
 24 
The volatility of a compound is generally smaller at higher boiling temperature (Tb), higher Henry constant (KH) 25 
and higher vapor pressure (Pvap). Therefore, VOCs have a chemical composition that is favourable to 26 
evaporation under normal environmental conditions regarding temperature and pressure. In general, these 27 
compounds have a Henry constant greater than 10-5 atm m3/mol and vapor pressures greater than 1 mm Hg 28 
(0.0013 atm). 29 
Regarding volatility, organic compounds can be classified as follows: 30 

 volatile (VOC); 31 

 semi-volatiles (SVOC); 32 

 low volatile. 33 
In general, halogenated organic compounds are volatile or semi-volatile, PCBs and pesticides are semi-volatile 34 
and lubricating oils are low volatile. 35 
 36 

Table 2.1- Volatility of main class of contaminants 37 
 38 
 39 

Organic compounds Boil temperature Example 

volatile (VOC) Tb Tb< 250°C Halogenated organic compounds, PCE and TCE 

semi-volatile (SVOC) 250 C<Tb<390 C PCB, pesticides, organochlorine pesticides, and other 
halogenated compounds. 

low volatile Tb> 390°C Lubricating oils 
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2.3 Oxidation of pollutants 1 

In-situ chemical oxidation (ISCO) is based on a redox reaction in the soil between the injected oxidant and the 2 
contaminants present. The oxidant and any necessary auxiliary substances are injected into the soil, where 3 
they react with the contaminants present. As a result, the oxidant is reduced and the contaminants are 4 
oxidised and broken down to harmless products which are naturally present in the soil. This remediation 5 
technique is only suitable for the remediation of organic contamination. 6 
 7 

2.3.1 Oxidizing agent 8 

There are several different forms of oxidants that have been used for ISCO; however, the four most commonly 9 
used oxidizing agents are: 10 

 permanganate (e.g., KMnO4); 11 

 hydrogen peroxide (H2O2) and iron (Fe) (Fenton-driven, or H2O2 derived oxidation); 12 

 ozone (O3); 13 

 persulfate (e.g., K2S2O8 or Na2S2O8). 14 
 15 

 16 
Table 2.2- Oxidant Form, Stability, Stage of Development and Oxidation potential for Oxidants used for in 17 

situ chemical oxidation 18 
 19 



 

19 
 

2.3.1.1 Potassium permanganate (KMnO4) 1 
Permanganate persists for long periods of time, and diffusion into low-permeability materials and greater 2 
transport distances through porous media are possible. 3 
 4 
The direct reaction is the 3-electron half reaction for permanganate (MnO4-) oxidation under most 5 
environmental conditions (pH 3.5 to 12). One of the reaction by-products is MnO2, and in the pH range of 3.5 to 6 
12 it is a solid precipitate. 7 
MnO4 

- + 4 H+ + 3e- → MnO2 +2 H2O 8 
 9 

 10 
Figure 2.8- Example of oxidant diffusion profiling in silt soil cores 90 days after fracture-emplacement of 11 

potassium permanganate oxidant slurry 12 
 13 
Under acidic conditions (pH <3.5), Mn in solution or in colloidal form may be present in different redox-14 
dependent oxidative states (Mn +2, +4, +7). 15 
 16 
MnO4 

- + 8 H+ + 5e- → Mn +2 + 4 H2O 17 
 18 
Additionally, under strongly alkaline conditions, pH>12, Mn may be present as Mn+6. 19 
MnO4 

- + e- → MnO4 
-2 20 

 21 
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Chemical oxidation reactions of pollutants: perchloroethylene (PCE), trichloroethylene (TCE), dichloroethylene 1 
(DCE), and vinyl chloride (VC), respectively. 2 
 3 

 Perchloroethylene (PCE) 4 
4KMnO4 + 3C2Cl4 + 8 H2O→ 6 CO2 + 4MnO2 + 4KOH + 12HCl 5 
 6 

 Trichloroethylene (TCE) 7 
2 KMnO4 + C2HCl3 → 2 CO2 + 2 MnO2 + 2 KCl + HCl 8 
 9 

 Dichloroethylene (DCE) 10 
8 KMnO4 + 3C2H2Cl2→6 CO2 + 8 MnO2 + 2 KOH + 6 KCl + 2H2O 11 

 12 

 Vinyl chloride (VC) 13 
10 KMnO4 + 3C2H3Cl→6 CO2 + 10 MnO2 + 7 KOH + 6 KCl + H2O 14 

 15 
Carbon dioxide (CO2) is a by-product from the oxidation and mineralization of organic chemicals and natural 16 
organic matter. In column studies, permeability reduction and flushing efficiency decreased as a result of MnO2 17 
(s) precipitation and from the formation of CO2 (g). 18 
 19 

2.3.1.2 Hydrogen peroxide (H2O2) 20 
The classic Fenton reaction specifically involves the reaction between H2O2 and ferrous iron (Fe(II)) yielding the 21 
hydroxyl radical (·OH) and ferric (Fe(III)) and hydroxyl ions (OH-). 22 
H2O2 + Fe (II) →Fe (III) + . OH + OH - 23 
 24 
Fe(III) reacts with H2O2 or the superoxide radical (O2

-) 25 
H2O2 + Fe (III) →Fe (II) + . O2 

- + 2 H+ 26 
 27 
Fe(III) reacts with the superoxide radical (O2

-) 28 
. O2 

-
 + Fe (III) →Fe (II) + . O2 (g) + 2 H+ 29 

 30 
This general sequence of reactions continues to occur until the H2O2 is fully consumed. Since H2O2 injected into 31 
the subsurface reacts with many chemical species other than Fe(II), this technology is often referred to as 32 
catalysed hydrogen peroxide (CHP). 33 
 34 
H2O2 has been reported to persist in soil and aquifer material for minutes to hours, and the diffusive and 35 
advective transport distances will be relatively limited. Radical intermediates formed using some oxidants 36 
(H2O2, S2O8 

2-, O3) that are largely responsible for various contaminant transformations react very quickly and 37 
persist for very short periods of time (<1 sec). 38 
 39 

2.3.1.3 Ozone (O3) 40 
In-situ O3 oxidation involves the injection of a mixture of air and O3 gas directly into the unsaturated and/or 41 
saturated zones. Air sparging is a technology that has been rigorously investigated and shares many similarities 42 
with O3 sparging and provides insight to mass transport and mass transfer mechanisms with in situ O3 sparging, 43 
which has not been rigorously investigated in subsurface systems. Injection of air beneath the water table 44 
promotes volatilization, supplies oxygen for aerobic degradation, and may induce ground-water mixing 45 
(Johnson, 1998). 46 
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 1 
 2 
Figure 2.9- General conceptual model of in-situ ozonation in the saturated zone with soil vacuum extraction 3 

to capture volatile emissions and O3. 4 
 5 

2.3.1.4 Sodium or calcium persulfate 6 
Persulfate is the strongest oxidant within the peroxygen family, with an oxidation potential of 2.12 volts. As 7 
illustrated below, the direct oxidation half-cell reaction for persulfate involves a two-electron transfer: 8 
2 S2O8 

2- + 2 H+ + 2e- → 2HSO4
- 9 

 10 
However, in most cases, rapid destruction of the pollutant requires that the persulfate is activated in order to 11 
generate sulphate radicals. Sulphate radicals are powerful oxidizing agents, with an oxidation potential of 2.6 12 
volts. 13 
● Sodium persulfate: 14 

o Activated in alkaline conditions 15 
o Activated with hydrogen peroxide 16 

Activated persulfate is catalysed with peroxide and base provided by the calcium peroxide: 17 
S2O8 

2- + calcium peroxide activator →2SO4• 18 
Activated persulfate can remain available in the subsurface for months providing a combination of power and 19 
stability. 20 
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The addition of calcium peroxide provides several benefits. First, it imparts the alkalinity and peroxide needed 1 
to activate the persulfate using activation chemistry. Second, when mixed with water it provides a long-term, 2 
slow release source of hydrogen peroxide and calcium hydroxide. 3 
The hydrogen peroxide that is slowly formed decomposes to oxygen and water, providing an extended oxygen 4 
source for subsequent bioremediation of petroleum hydrocarbons. The approach used to activate the sulphate 5 
radical was the use of elevated pH, using calcium peroxide. 6 
The activation energy of the persulfate is provided by calcium peroxide, which also has the function of 7 
regulating alkalinity (restoring a basic environment) and slowly releasing hydrogen peroxide and calcium 8 
hydroxide, with formation of hydrogen peroxide. Hydrogen peroxide breaks down into oxygen and water, 9 
playing the role of a source of oxygen necessary for the decomposition of hydrocarbons. 10 
 11 

2.4 ISCO in context 12 

ISCO ID 
Country, organisation and 
location 

Oxidant Pollutants Area m2 Observations 

Israel. Ludan environmental 
technologies 

KMnO4 
 

Chlorinated solvents, 
mainly trichlorethylene 
(TCE). 
Others: Manganese, 
Chromium 

300 
 

 

Germany. RiskCom GmbH KMnO4 
Na2S2O8 
Additives: 
Guar Gum  

PCE/TCE of up to 
200,000 μg/L 
 
CVOC soil concentrations 
of > 6.000 mg/kg 
Groundwater samples 
concentrations up to 
447,000 μg/L total CVOC 
 

1000 
(estimate
d) 

ISCO using hydraulic 
fracturing (injected 
under pressure) as 
the preferred 
emplacement 
method. 
 

Austria. Keller Grundbau 
Ges.mbH. 
The site is located at the 
heart of Graz, Styria 
 

KMnO4 
 

Tetrachloroethylene was 
used in chemical laundry 
on site. 
Highest concentrations 
of 14000 mg/m³ found 
below the installation 
site of the washing 
machines. 

300 
(estimate
d) 
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GERMANY. SENSATEC 
GMBH. 
Site near Frankfurt am Main, 
Germany on the grounds of 
a 
former chemical 
manufacturing facility which 
produced solvents for 
metalwork, cleaning 
chemicals, and specialty oils. 

Potassium 
persulfate 
activated 
by alkaline 
activation 
through the 
addition of 
calcium 
peroxide  

TPH and BTEX in the 
unsaturated zone with 
contaminant 
concentrations upwards 
to 5.000 mg/kg and 344 
mg/kg respectively. 
 
Groundwater 
(CHCs) of upwards to 
44.300 μg/L, followed by 
TPH (2.000 μg/L) and 
BTEX (1.800 μg/L). 

270 
 

 
The Netherlands. Heijmans 
Infra BV 
Near the city center of Uden, 
Netherlands. 

Sodium 
Persulfate 
The soil 
oxidant 
demand 
was 
assumed to 
be 3,0 g 
Persulfate/
kg soil.  

Chlorinated 
hydrocarbons 
Chlorinated solvents, 
especially 
trichlorethylene (TRI). > 
16.000 µg/l in the 
saturated zone. 
In the unsaturated zone 
more than 16.000 mg/kg 
TRI was present. 
 

270  

Italy. REGENESIS. 
Veneto Region, Italy 
A fuel tanker truck over-
turned on a small road in 
northern Italy, spilling over 
36,000L of diesel and petrol. 
The fuel impacted a canal, 
flood defences, soils and 
groundwater in the 
immediate vicinity 

Sodium 
percarbona
te 
and 
liquid/gel 
composed 
mainly by 
iron silicate 
 

Soil impacted with TPH 
and BTEX 
Groundwater impacted 
with MTBE and TPH 
 
 

  

Italy. ARPA Campania. 
Company operates and 
produces in the defence, 
aerospace and security 
sectors. 

Near Lago Fusaro confirm 
zone 
https://www.leonardocomp
any.com/ 

Sodium 
Permangan
ate 
Sodium 
permangan
ate solution 
with a 40% 
concentrati
on 

Soils: 
Hydrocarbons: 3500 
mg/Kg 
 
Groundwater 
Benzo(a)anthracene: 7.6 
μg/L 
Pyrene: 29 μg/L 
Benzo(b)fluoranthene: 
4.2 μg/L 
Benzo(g,h,i)perylene: 2.2 
μg/L 
Polycyclic Aromatic 

300 
(calculate
d) 
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Hydrocarbons (sum): 10 
μg/L 
Tetrachlorethylene: 50 
μg/L 
Tricloroethylene: 5.4 
μg/L 
Vinyl chloride: 4.1 μg /L 
Benzene: 27 μg/L 
Xylene: 133 μg/L 
Toluene: 22 μg/L 

Italy. Golder Associates S.r.l. 
Petroleum service station, 
with fuel storage in 
underground tanks, located 
in central Italy. 

Sodium 
persulfate 
(Na2S2O8), 
activated 
adding 
sodium 
hydroxide 
(NaOH) 
 
Calcium 
peroxide 
(CaO2), to 
enhance 
bioremedia
tion. 

Unsaturated deep soil 
with 
benzene 163 mg/kg SS 
ethylbenzene 502 mg/kg 
SS 
toluene 648 mg/kg SS 
xylenes 1.472 mg/kg SS 
light hydrocarbons C≤12 
19.509 mg/kg SS 
heavy hydrocarbons 
C>12 5.742 mg/kg SS 
MtBE 736 mg/kg SS 
 
‐ Groundwater, with 
benzene 46 μg/l 
toluene 3.800 μg/l 
p-xylene 2.619 μg/l 
total hydrocarbons (as n-
hexane) 13.000 μg/l 
MtBE 230 μg/l 

800 
(calculate
d) 

 

 

Italy Stantec 
A fuel retail site until 2015, 
since 2015 it has been a 
parking area. It was 
hypothesized an oil leakage 
from tanks and/or from lines 
during the selling activities. 

Persulfate 
and calcium 
peroxide 

MTBE contamination was 
detected before 
demolition of the plant. 
 

1500  

France ARTELIA 
Former petrol station which 
had been dismantled and is 
in the ceasing of activities 
process 
Impact of soil and 
groundwater due to an 
incident – release of 
hydrocarbons 
 

Sodium 
permangan
ate at 20%. 

Concentrations in the 
soil: 
TPH C5-C10: 250 up to 1 
500 mg/kg 
BTEX: 80 up to 820 
mg/kg 
 
Maximum 
concentrations in the 
groundwater: 
TPH C5-C10: 52 000 up to 

  



 

25 
 

48 500 ug/l 
BTEX: 43 000 up to 96 
980 ug/l 

Italy Arcadis Italia s.r.l. 
Divested fuel station located 
in a flat area of northern 
Italy. The activity of the site 
was in the distribution of 
petroleum products for 
transport with temporary 
storage of the substances 
inside underground tanks.  

Persulphate 
(20% water 
solution) 
and an 
activator 
(calcium 
peroxide) 
that 
increase 
pH. 

Groundwater samples 
indicated presence of 
Benzene (10 μg/L), Total 
Hydrocarbons (1.000 
μg/L) and EtBE (1.000 
μg/L) 

Soil, presence in 
saturated soil of ETBE 
(0,5 mg/Kg). 

450  

Italy. Mares S.r.l. 
Located on the southern 
shore of Lake Maggiore, in a 
sub-flat area. 
A gas station, the marketing 
of petroleum products for 
motor vehicles, refuelling of 
motor vehicles, 
sale of lubricants and oil 
change of cars have been 
carried out.  

Oxidizing 
complex 
based on 
sodium 
persulfate 
activated 
with 
calcium 
peroxide. 

TPH and BTEX 

Groundwater samples 
showed the presence of 
MTBE 

 

200 
(estimate
d) 

 

Germany Züblin 
Umwelttechnik GmbH 
Industrial site, exhibited 
massive contamination of 
the groundwater in the 
Keuper gypsum.  

NaMnO4 
solution 
40%. 
 

Groundwater showed a 
clear CVOC maximum 
with concentrations from 
30 to 50 mg/l 

 

The entire 
contamin
ation 
zone 
20,000 
m², 
Contamin
ation 
source 
5,000 m². 
 

 

 
 

 1 
  2 
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3 FEASIBILITY STUDY 1 

As ISCO is a very versatile remediation technology, the application must be tailored to each specific site. 2 
Projecting a sustainable remediation also means that environmental, social and economic aspects must be 3 
combined to reach the best solution possible for the site. So, it is crucial to compare more feasible solutions 4 
and identify the more sustainable one. 5 

To acquire the necessary information, the following steps must be performed: 6 

● definition of the objectives of the ISCO in the remediation project; 7 
● applicability of ISCO treatment by: 8 

○ initial screening; 9 
○ detailed screening. 10 

3.1 Objective definition 11 

The first step in verifying the feasibility of treatment with chemical oxidants is to define the objectives of the 12 
overall remediation project. The definition of the objective must describe the concentration levels to be 13 
achieved and any limiting factor including economic resources and the timeframe. 14 

The objective of remediation with oxidants can be defined in term of screening values (remediation targets, 15 
e.g., MCLs), or an intermediate concentration level, identified as part of an integrated remediation approach, 16 
based on different mechanisms of action (physical, chemical and biological). For example, in order to maximize 17 
the efficiency of a remediation, ISCO can be applied after treatment with surfactants or chemical desorbents, 18 
or used as a first step for reducing the concentration of contaminants and making them compatible with the 19 
activation of a bioremediation. 20 

Examples of goals for ISCO are: 21 

● reduce the mass of contaminant in the treatment zone (e.g., by 90%); 22 
● reaching a specified contamination level (remediation target) for post-ISCO treatment; 23 
● reaching a specified contamination level (remediation target) at one or more relevant points of 24 

compliance. 25 
 26 

3.2 Applicability of ISCO 27 

The block diagram in Figure 3.1 is useful as initial screening, when the decision to do an ISCO remediation has 28 
to be taken. 29 
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 1 
Figure 3.1- Initial screening for potential effectiveness of ISCO, from US EPA (2004) 2 
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A first screening to evaluate the feasibility of ISCO treatment includes: 1 

● oxidant demand; 2 
● hydrogeological and lithostratigraphic characteristics; 3 
● presence of underground infrastructure. 4 

 5 

3.2.1 Oxidant demand 6 

The presence of NAPLs in the mobile phase causes an excessive oxidant demand and this might compromise 7 
feasibility, because of the amount of oxidant increase and number of injections needed that turns into 8 
unfavourable cost effects analysis, as it’s shown in the diagram in Figure 3.2. 9 
 10 

 11 

Figure 3.2- Impact of contaminant phases, mass transfer, and mass transport limitations on the mass of 12 
oxidant and/or the number of oxidant applications needed for ISCO 13 

 14 
The scheme in Table 3.1 analyses possible situations and describes different strategies in applying an efficient 15 
ISCO: in case of the first and second options in the table (mobile NAPL; continuous NAPL pools) another 16 
technology must be employed first. 17 
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1 
Table 3.1: General applicability of ISCO (ITRC, 2005) 2 

 3 

Tests performed using KMnO4 as an oxidant, shows that ideal ISCO application conditions are met at SOD/TOD 4 
(soil oxidant demand/ total oxidant demand) values below 30 g/Kg dry soil. The schemes in Tables 3.2 and 3.3 5 
relate ISCO applicability to soil oxidant demand and total oxidant demand in g/Kg dry soil, including the pollutant, 6 
and soil organic carbon fraction. 7 

 8 

SOD/TOD (g/Kg dry soil) ISCO applicability 

<30 applicable 

>30 to be considered 

Table 3.2: Relation between soil oxidant demand and total oxidant demand ratio and ISCO applicability 9 
 10 
 11 

foc (%) ISCO applicability 

<0,3 applicable 

0,3<foc<3 to be considered 

>3 not recommended 

Table 3.3: Relation between soil organic carbon fraction and ISCO applicability 12 
 13 
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3.2.2 Lithostratigraphic and hydrogeological characteristics of the site 1 

Permeability and the corresponding rate of groundwater flow affect the distribution of the oxidant in the 2 
aquifer and therefore the success of ICSO (see Table 3.4). High permeability usually means high oxidant 3 
transport. A low permeability reduces the Ray Of Influence (ROI), i.e., area affected by the oxidants; in this case 4 
the injection grid has to be thickened or high injection pressures are needed, using hydro-fracturing, for 5 
instance, in presence of suitable additives. 6 

 7 

Permeability (m/s) ISCO applicability 

>10-4 m/s  excellent 

10-5 ⇔ 10-4 m/s  applicable 

<10-5 m/s  not recommended 

Table 3.4: Applicability of ISO as function of permeability 8 
 9 

However, if speed is too high, it’s necessary to consider if the contact time between oxidant and pollutant is 10 
sufficient to make the oxidation reaction happen and carry out the treatment. 11 

The success of ISO also depends on the depth of the groundwater table (see Table 3.5). The optimal range for 12 
the application of ISCO in the saturated zone is between 3 m and 15 m depth. With a depth of a groundwater 13 
table less than 3m, outcropping of the groundwater table is possible; the application for thickness of the 14 
aquifer values greater than 15m, instead, needs economic considerations. 15 

 16 

Depth of groundwater table (m) ISCO applicability 

<3 to be evaluated 

3 ÷ 15 excellent 

>15 to be considered 

Table 3.5: Applicability of ISO as function of depth of the groundwater table 17 
 18 

thickness of subsoil layer (m) ISCO applicability 

<15 applicable 

>15 to be considered 

Table 3.6: Applicability of ISO as function of thickness of the subsoil layer 19 

The application of ISCO in the vadose layer presents difficulties related to the propagation of oxidizing products 20 
and their reactivity with the soil. 21 

 22 
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3.2.3 Infrastructure presence 1 

The application of in-situ treatments may be limited by the presence of buried infrastructure and/or 2 
underground utilities; these can be damaged by injection activities due to both the reactivity of the products as 3 
well as the high volumes and pressures required to disperse the reagents. 4 
Buried structures can also affect injection effectiveness due to the presence of potential preferential pathways 5 
that could divert the reagent and invalidate treatment. The presence of buried barriers may also limit the 6 
effectiveness of the intervention because they may delay or prevent contact with the target contaminants. 7 
During the feasibility study it is necessary to perform investigations (geophysical, geoelectric) that give 8 
information about the infrastructure presence as a support to the executive design of the intervention. 9 
 10 

3.3 Second screening 11 

In this phase, as the conditions described in the first screening phase are verified, a second more detailed 12 
screening is needed. The influence of other factors such as: pH, alkalinity and salinity (chloride concentration) 13 
must be evaluated. Variations of pH values may affect transport of metals and ions in solution which may react 14 
with radicals produced by the oxidizing system, potentially decreasing its effectiveness against contaminants. 15 
 16 

Salinity (Chloride mg/L) ISCO applicability 

<1000 applicable 

>1000 to evaluate 

Table 3.7: Applicability of ISO as function of salinity 17 
 18 
 19 

Alkalinity (mg/L as CaCO3) ISCO applicability 

<1000 applicable 

>1000 to evaluate 

Table 3.8: Applicability of ISO as function of alkalinity 20 
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 1 

 2 

 3 
 4 
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 1 
Table 3.9- Factor and details to consider 2 

 3 
 4 

3.4 Treatability of contaminants 5 

Contaminants are from different chemical classes of substances, each one with their own properties, so they 6 
show different amenability to oxidation treatment. Table 3.10 shows the oxidation potential of different 7 
contaminants. 8 
 9 

highly oxidizable potentially oxidizable 

chloroethene chloroethane 

chlorobenzene chloromethane and bromomethane 

BTEX explosives 

polycyclic aromatic hydrocarbons (PAHs) pesticides 

phenols N-Nitrosodimethylamine (NDMA) 

MTBE ketones 

alcohol PCB 

1-4 dioxane dioxins-furans 

Table 3.10: The oxidation potential for different contaminant 10 
 11 
  12 
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4 IN FIELD/LABORATORY TEST 1 

The consequent step after the feasibility study, if ISCO has been identified as part of an overall remediation 2 
project, is the ISCO treatment design. A s described in the introductory chapter, a series of activities  that 3 
include an in-depth study of the Site Conceptual Model (RDC) and  when necessary,  laboratory or pilot scale 4 
field tests, will be part of the design phase. 5 
 6 

4.1 Design aspects 7 

The main aspects to be evaluated in the ISCO treatment design are: 8 
● the choice of the type of oxidant; 9 
● the amount of oxidant; 10 
● the choice of the injection system. 11 

4.1.1 Choice of the type of oxidant 12 

The following aspects are taken into account when choosing from the possible oxidants which are compatible 13 
with contaminants: 14 
The effectiveness of an oxidizing system in a given context depends on various factors  such as: reaction 15 
kinetics, oxidant density, geology, hydrogeology, contaminant concentration and oxygen demand of 16 
groundwater/aquifer generally referred to as natural oxidant demand (NOD). The suitability of oxidizing agents 17 
as a function of these factors has been described in the following sections. 18 
 19 

4.1.1.1 Reaction kinetics 20 

It describes the destruction of a contaminant over time. If the concentration of the oxidant is much greater 21 
than the concentration of the compound to be oxidized, the reaction follows first order kinetics. As a 22 
consequence, the reaction rate can be measured by means of mean (average-span) lifetime. 23 
The half-life is the time needed by the reaction to halve the concentration of the contaminants. The half-life 24 
duration depends on the type of oxidant used and on the contaminant combinations present in the subsoil. 25 
Chemical oxidation is feasible  only in the case that the oxidation rate of the contaminant is greater than the 26 
rate of interaction between the oxidant and the oxidant- demand of the aquifer. 27 
The reaction kinetics are also influenced by dispersion, desorption, dissolution and diffusion processes  which 28 
affect both the transport of the oxidizing agents and the transport of the contaminants through the subsoil. 29 
Chemical oxidants are insoluble in  non-aqueous phase liquids (NAPLs), while the oxidation of contaminants 30 
occurs only in aqueous phases.  Therefore, mass transfer of the contaminants into the aqueous phase has to 31 
first take place, followed by  the oxidation process . The contaminant mass removal rate is strictly related to 32 
NAPL dissolution, a slow process in comparison to oxidation. For a more even  distribution of the oxidant, it is 33 
suggested to have an oxidant density as close as possible to the contaminant density in order to promote the 34 
same diffusion pathways for both compounds. 35 
 36 



 

35 
 

4.1.1.2 Geology and hydrogeology  1 

The transport of the oxidizing agent in the saturated zone is mainly due to groundwater flow,  Darcy's law, and 2 
dispersion. Diffusion plays a key role in the case of weak groundwater flow or in the delivery of particularly 3 
concentrated products. 4 
We can distinguish between three types of lithologies: low, moderate and high permeability. In Table 4.1 the 5 
suitability of oxidants is given as a function of permeability category. 6 
 7 

lithology Potassium 
/sodium 
Permanganate 

Hydrogen 
peroxide 

Sodium 
Percarbonate 

Sodium 
Persulphate 

Ozone 

Highly permeable +++ +++ +++ +++ +++ 

Low permeable +  -/+ + No data 

Moderately 
permeable 

++  + ++ No data 

Table 4.1 - Oxidant choice as a function of permeability category 8 
-/+ questionable, + suitable, ++ very suitable, +++  highly recommended 9 
 10 

4.1.1.3 oxygen demand of groundwater and of the aquifer (NOD) 11 

Oxygen transport distance throughout the uncontaminated parts of the aquifer depends not only on the total 12 
oxygen demand, but also on the following variables: 13 

 reaction rate of substances with non-target substances; 14 

 groundwater flow rate; 15 

 density of the solution. 16 
 17 

 18 
Figure 4.1 – rate of oxidant reaction/density of solution, as a function of rate of groundwater flow 19 
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 1 

4.1.1.4 pH 2 

ISCO can have a considerable impact on the pH of soil, either because the oxidant can be associated with the 3 
possible production of proton or hydroxyl ions directly during the reaction. The extent of the pH effect depends 4 
on the buffering capacity of the soil and consequently, on the concentration of carbonates. The concentration 5 
of carbonates therefore influences the reaction kinetics. In Table 4.2 the suitability of oxidants is given as a 6 
function of the pH of the subsoil. 7 

pH  Potassium 
/sodium 
Permanganate 

Hydrogen 
peroxide 

Sodium 
Percarbonate 

Sodium 
Persulphate 

Ozone 

<5 +++ +++ -- +++ +++ 

5-6 +++ +++ + +++ +++ 

6-7 +++ ++ ++ +++ +++ 

7-8 +++ + +++ +++ ++ 

8-9 +++ - +++ +++ ++ 

>9 ++ -- +++ +++ + 

Table 4.2 oxidant choice/pH 8 
-- certainly not suitable, - not suitable, + suitable, ++ very suitable, +++ highly recommended 9 

4.1.1.5 Organic matter fraction (foc)  10 

When choosing the type of oxidant, it is important to evaluate the reactivity of the product with non-target 11 
organic substances (organic matter in the subsoil), in order to increase SOD. In Table 4.3 the suitability of 12 
oxidants is given as a function of the fraction of organic carbon in subsoil. 13 
 14 

fOC Potassium 
/sodium 
Permanganate 

Hydrogen 
peroxide 

Sodium 
Percarbonate 

Sodium 
Persulphate 

Ozone 

>3% -- -- - + -- 

1-3% - - + ++ - 

0,3-1% ++ ++ +++ +++ ++ 

0,1-0,3% +++ +++ +++ +++ +++ 

<0,1% +++ +++ +++ +++ +++ 

Table 4.3 - Oxidant choice as a function of organic carbon content of the subsoil (foc) 15 
-- certainly not suitable, - not suitable, + suitable, ++ very suitable, +++ highly recommended 16 
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 1 

4.1.1.6 Contaminant concentration 2 

The concentration of  contaminants is also an aspect  to be considered in the choice of the oxidizing agent. I t is 3 
necessary to use highly reactive oxidants in the source area  while  in plume areas, it is suggested to choose less 4 
reactive reagents  in order to maximize the range of influence. The suitability of oxidants is given as a function 5 
of contaminant concentration in Table 4.4. 6 
 7 

Contaminant 
Concentration 

Potassium 
/sodium 
Permanganate 

Hydrogen 
peroxide 

Sodium 
Percarbonate 

Sodium 
Persulphate 

Ozone 

very low     + 

low ++ ++ ++ ++ ++ 

moderate +++ +++ +++ +++ +++ 

high ++ +++ ++ +++ + 

very high  ++ + ++ - 

Table 4.4 Suitability of oxidants as a function of contaminant concentration category 8 
- not suitable, + suitable, ++ very suitable, +++ highly recommended 9 
 10 

4.1.1.7 Environmental compatibility of oxidants 11 

Reaction kinetics, oxidant concentration, aquifer pH & temperature, contaminant concentration and soil 12 
oxygen demand (SOD) are all part of the set of variables that determines the oxidant ‘longevity’ ; meaning the 13 
oxidant persistence when applied on the substrate to be treated. This aspect is of fundamental importance as it 14 
affects the radius of influence (ROI) which the oxidant can reach, when still active. 15 
 16 
As mentioned in the introductory chapter, ISCO is an approach that can rarely be implemented on its own as a 17 
remediation technology, especially in the case of stringent regulatory limits. Commonly, combined remediation 18 
is needed. This implicates a subsequent step that could be an enhanced or accelerated bioremediation. 19 
A green and effective approach for the treating of these constituents is the use of a passive compound with 20 
controlled release to stimulate in situ biodegradation. Bioremediation is efficient at mineralizing the 21 
intermediates formed during oxidation that would otherwise remain as recalcitrants. Bioremediation can be 22 
the final cost-effective stage in achieving the overall objective of a groundwater restoration project. 23 
In the selection of oxidants, it is therefore necessary to carefully consider only the oxidizing agents that are not 24 
aggressive towards microorganisms in the subsoil. 25 
 26 
In specific cases, it is necessary to verify that the by-products of the reaction do not worsen the hydrochemical 27 
conditions of groundwater, especially if any sensitive receptor is present and/or if the underground water 28 
resource has special usages. Examples of by-products generated or substances mobilized by the oxidation 29 
reaction are: sulphates, manganese and chromium. 30 
 31 
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The presence of underground structures, conduits or sewer systems can constitute an important constraint 1 
during the selection of the oxidizing agent. The injections of large volumes of product near foundations is not 2 
recommended. The same conclusion holds for the use of oxidants that require a low pH in the vicinity of 3 
underground tanks, pipelines or delicate utilities. 4 
 5 

4.1.2 Oxidant amount 6 

To determine the amount of reagent required for an on-site chemical oxidation it is necessary to identify the 7 
total oxygen demand (TOD) required for the site-specific treatment. TOD includes the oxygen demand to 8 
oxidize target contaminants and the oxygen required by the "non-target" electron acceptor substances 9 
contained in the subsoil (NOD/SOD). 10 
 11 

4.1.2.1 Contaminants of concern 12 

The oxidant demand related to contaminants of concern (CoC) must be evaluated in all possible phases: 13 

 dissolved phase; 14 

 sorbed-phase; 15 

 free phase; 16 

 Non aqueous phase liquids (NAPL); 17 

 Vapor phase (vadose zone). 18 
 19 
In order to determine the oxygen demand required, the total mass of each type of contaminant present in 20 
subsoil must first be assessed. Subsequently, the width, length and depth of the source area must be 21 
estimated. Finally, depending on the type of soil (gravel, sand, silt or clay), a quantitative evaluation of the 22 
volume, density and pore volume of the contaminated soil must be performed. 23 
The dissolved phase mass value can be calculated by analysing the concentrations of contaminants present in 24 
the monitoring wells. The oxygen demand related to the absorbed phase, on the other hand, can be estimated 25 
either directly from the analysis of soil samples collected in situ or indirectly through integral calculations of the 26 
stoichiometric contaminant mass. This depends on the density of the aquifer material, the fraction of organic 27 
carbon (foc) and the organic carbon-pore water distribution coefficient of the contaminant (Koc). The soil 28 
density and foc values can be estimated according to the soil type, while the value of Koc can be derived from 29 
the literature or online databases. 30 
The appraisal of the free-phase NAPL mass is often complex. In this regard, various calculation methods have 31 
been developed by the API and US EPA. 32 
 33 

4.1.2.2 Matrix 34 

The reagents injected into the subsoil will obviously also react with organic and inorganic substances naturally 35 
present in the subsoil. Since in certain cases the amount of oxygen required can be significant, special attention 36 
should be paid to the basic requirement of oxidants based on catalytic reactions or for which other reagents 37 
are used as stabilizers or conditioners. An example of this type of system is ISCO catalysed hydrogen peroxide. 38 
Hydrogen peroxide will promptly form surface complexes and react with transition metals such as iron on 39 
mineral surfaces. A further factor to consider in long-term processes is the potential of transport processes as 40 
mentioned in section 4.1.1, to carry additional reactive components into the treatment zone. 41 
 42 
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4.1.2.3 Oxidant demand determination 1 

There are two approaches to calculate the oxidant demand: 2 

 through a system based on Total Organic Carbon (TOC) and Chemical Oxygen Demand (COD); 3 

 through molar fraction. 4 
The quantity of oxidant used for the reaction must be greater than the theoretical oxidant demand in order to 5 
ensure a sufficient amount of reactant to maintain first order kinetics. 6 
 7 

4.1.3 Amendment delivery 8 

The main aspects to consider in the design of the reagent injection are: 9 

 The lithostratigraphic heterogeneity which conditions the choice of injection technology and layout. 10 
The direct-push method allows greater versatility in the distribution of the reagent by adjusting the 11 
vertical and horizontal intervals of injection based on the different permeabilities of the layers to be 12 
treated. This avoids the reagent being mainly distributed in the more transmissive layers ; a situation 13 
that emphasizes the rebound phenomenon. The horizontal and vertical spatial resolution of the ROI 14 
value should be planned with Remedial Design Characterization activities, depending on the 15 
lithostratigraphic heterogeneity of the site. 16 

 Results of test injections during pilot-scale testing. It is recommended to perform injection tests as part 17 
of pilot scale implementation in order to obtain information on the injection pressure values and 18 
applicable reagent volumes for each homogeneous layer. 19 

 Results of tracer studies (e.g. lithium and fluorescein) which can be used to support pilot-scale 20 
activities. 21 

 22 

4.1.4 Volumes of reagent to be injected 23 

To carry out effective treatment, a sufficient quantity of oxidant must be injected into the porous space of the 24 
soil to guarantee the first order kinetics of the reaction. 25 
The volume of reagent to be injected is calculated based on the effective porosity of the soil volume to be 26 
treated. In the presence of heterogeneous geology, it is advisable to estimate the effective porosity values for 27 
every single layer separately, preferably based on granulometric analysis through sedimentation. 28 
It is necessary to inject a volume that equals 10% to 50% of the effective porosity. The percentage of empty 29 
space that must be treated directly by the injection depends on the ROI designed, as it is expected that the 30 
remaining portion of the micropores is reached by the reagent through advection. 31 
A pilot-scale implementation study allows for the acquisition of detailed information regarding the kinetics of 32 
the reactions that govern the oxidant mass transfer by advection and desorption. This enables the estimation 33 
of the number of injections required, the time interval between injections and the optimal oxidant dosage of 34 
each injection. 35 
 36 

4.1.5 Accessibility of the intervention area 37 

 When the treatment operation involves areas with on-going activities or public access (e.g., roads, 38 
school areas, etc.), the costs associated with the temporary preoccupation of these areas must be also 39 
considered. 40 
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 In this case, it is necessary to assess whether the number of injections required makes the installation 1 
of fixed injection wells (valve wells) economically beneficial. 2 

 3 

4.1.6 Injection technologies 4 

The most used technologies for the reagent’s injection into the aquifer are the following: 5 

 Direct-Push Technology Injection - The injections of reagent into the aquifer are carried out by means 6 
of slotted hollow steel rods and by using special piston pumps that allow to reach high pressures (> 50 7 
bar); 8 

 Valved wells - These are fixed injection points consisting of a PVC pipe, installed by continuous core 9 
drilling and sealing the cavity with concrete. The pipe is equipped with groups of 4 holes on the same 10 
plane at a distance of 30-50 cm. The valves are covered with an elastic sleeve acting as a non-return 11 
valve. 12 

 Existing piezometers - Injections are made using the filter section of the piezometers, sealed with two 13 
peckers. 14 

 15 
Each technology has advantages and disadvantages. The direct- push method allows for the variation of the 16 
position of the injection points for each campaign. This makes it possible to greatly strengthen the injection 17 
grid and consequently guarantee a greater probability of contact with the contaminant to be treated. 18 
A finer spacing also makes it possible to lower the injection pressure, with a lower risk of fracturing the matrix 19 
and consequent heterogeneity in the treatment and the possibility of the product rising along the injection rod. 20 
The technical limit of the technology, in terms of injection depth, is 30-35 meters. 21 
The use of direct push technology becomes unprofitable when more than 5-6 injection campaigns are required. 22 
The technology that provides fixed injection points (valved wells) has the following advantages: 23 

 injection depth up to 100 m; 24 

 high injection pressures, up to 90 bar; 25 

 possibility of using very viscous mixtures; 26 

 greater control of the vertical injection interval; 27 

 cost-effectiveness of treatment, in the case that a high number of injections is required (> 5-6); 28 

 lower impact for treatments, in areas with on-going activities. 29 
The use of existing piezometers has the economic advantage of re-use of material already present in the 30 
treatment area. In most cases, however, it does not allow a homogeneous distribution in the treatment area as 31 
the piezometers have been designed for different purposes. Treatment with existing piezometers can still be 32 
included in a project that integrates the different injection technologies, to maximize the overall efficiency of 33 
the intervention. 34 
 35 
The following images show the injection methods with valved wells and direct push. 36 
 37 
 38 
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valved wells 

 
direct-push 

Figure 4.2 – Valved wells and Direct-push injection technologies (https://www.carsico.it/servizi/) 1 
 2 
Several types of injection strategies are described in the following figures. 3 
 4 

 

Grid 
It is the most versatile method to ensure a homogeneous distribution of 
the product in the area of interest. 
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Inject and drift/infiltration 
This system takes advantage of groundwater flow to spread out the sub-
gradient product by advection. This approach can be used in areas where 
the flow velocity is high and the lithology is relatively homogeneous. 
The oxidizing agent is applied to the soil via infiltration probes, without 
the aid of mechanical actions or pressures. With a passive system it is 
necessary to take into account the infiltration capacity of the soil, the 
depth of the groundwater table, the flow rate of the groundwater and the 
lifetime of the oxidizer. The infiltration capacity of the soil is strongly 
related to the type of soil. When developing the infiltration setup, it is 
important to estimate the infiltration capacity as accurately as possible. 
The values shown in the table below are a rough estimate of the 
infiltration capacity. Soil infiltration tests can help determine a more 
accurate estimate of soil infiltration capacity. It should be realized there is 
no reason to test the infiltration capacity of soils that already have a low 
permeability. 
Using an indirect application method requires a groundwater flow greater 
than 0.05 m/day. If the groundwater flow is less than 0.05 m/day, the 
application of passive infiltration is complex as the oxidizer will be 
insufficiently distributed. 
Infiltration is a valid injection technique only if the following conditions 
are met: 

● The oxidant must remain reactive in the subsoil long enough to 
oxidize the contaminants. 

● Rule of thumb: 
○ the half-life of the oxidant in the medium is greater than 

twice the reaction time 
○ the oxidizer must remain stable in the soil long enough to 

achieve a large radius of influence. 
 

 

Recirculation 
This strategy consists in the injection of the oxidant in one point and the 
simultaneous extraction of groundwater at another point. 
The use of this strategy is typically limited to sites with relatively high 
transmissivity. 
The method is a combination of a Pump and Treat and ISCO. 
This process has the advantage of creating a high  hydraulic gradient 
within the contaminated area, and consequently a greater area of 
influence. 
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Barrier 
This strategy consists of distribution of the oxidant in one or more linear 
transects so that the contaminated groundwater flows passively into the 
treatment area. Such strategies use a barrier against the migration of 
contaminants, but not to the flow of groundwater. Barrier strategies are 
applicable to continuous delivery systems (e.g. ozone sparging). 

 

Soil mixing 
The soil is mixed with the reagent by means of an auger. The method is 
feasible only for treatments at a depth of a few meters. 

Figure 4.3- Types of injection strategies 1 
 2 

parameter filters direct push  recirculation infiltration soil mixing 

> 10-3 cm/sec +++ +++ +++ +++ +++ 

10-4: ÷ 10-5 cm/sec ++ +++ + ++ +++ 

10-5: ÷ 10-6 cm/sec - - -- - +++ 

<10-6 cm/sec -- -- -- -- +++ 

Table 4.5- Suitability of the injection technologies as a function of hydraulic conductivity 3 
-- = certainly not suitable, - not suitable, + suitable, ++ very suitable, +++ highly recommended 4 
 5 

parameter filters direct push  recirculation infiltration soil mixing 

< 5 m bgl +++ +++ +++ +++ +++ 

5: ÷ 10 m bgl +++ +++ +++ - +++ 

10 :÷ 25 m bgl +++ ++ +++ -- - 

25: ÷ 50 m bgl ++ + ++ -- -- 

> 50 m bgl ++ -- ++ -- -- 

Table 4.5- Suitability of the injection technologies as a function of the treatment zone 6 
-- = certainly not suitable, - not suitable, + suitable, ++ very suitable, +++ highly recommended 7 
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4.2 Laboratory and pilot tests 1 

The decision to use laboratory-scale and/or pilot-scale testing should be evaluated according to the complexity 2 
and size of the site. 3 
The cost investment for acquisition of information should be balanced by the decrease of uncertainties that 4 
could cause the failure to achieve the ISCO treatment objectives. The information acquisition process with 5 
laboratory or pilot-scale activities is iterative and develops based on the need to maximize the effectiveness 6 
and efficiency of the overall intervention. 7 
 8 

4.2.1 Bench test 9 

The information to be obtained from the laboratory-scale tests are: 10 

 information on the kinetics of the reaction, formation of intermediate products (including gases), and 11 
the heat produced; 12 

 oxygen demand of contaminants dissolved or saturated in soil; 13 

 oxygen demand of the soil matrix; 14 

 potential metal mobilization; 15 

 buffer capacity of the soil; 16 

 potential effects on permeability (e.g., formation of MnO2); 17 

 oxidizing substances that make the oxidation reaction more efficient; 18 

 information to calculate the Radius Of Influence (ROI). 19 
 20 
Laboratory tests are not generally representative of field conditions, due to problems of scale and 21 
heterogeneity of hydrogeological conditions, reaction kinetics, and other physical or chemical characteristics 22 
that cannot be acquired in the laboratory. Despite these limitations, the results of the laboratory tests can 23 
provide an initial evaluation, at the screening level, of the reagent/commercial product potential efficacy on 24 
the contaminants within the area to be treated. The knowledge gained can be used to design and implement a 25 
pilot test. Laboratory tests should be designed to meet predetermined objectives and specific design needs. 26 
 27 

4.2.2 Pilot test 28 

Pilot tests are small scale treatment interventions, with the same design scheme expected of treatment of the 29 
entire area. 30 
The set of activities to be performed as part of the pilot test are aimed at reducing the uncertainty associated 31 
with the presence of numerous variables related to the heterogeneity of the site, the presence of structural 32 
constraints and the expected performance in terms of reducing contamination. The objectives of the pilot test 33 
are therefore the assessment of: 34 

 technical feasibility of ISCO; 35 

 compatibility with budget limits (as part of an overall remediation intervention); 36 

 intervention design data, in terms of process and performance 37 
 38 
The test area must be identified taking into account the objectives of the oxidant treatment. The most efficient 39 
use of chemical oxidation occurs where the concentration of target contaminants is highest, i.e. in source 40 
areas. When the intervention strategy also includes "plume treatment”, it is necessary to plan the reagent 41 
injections in order to avoid both the risk of not distinguishing the normal "rebound" phenomena and the entry 42 
of contamination from above -gradient areas. 43 
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 1 
The information to be collected during the pilot phase should verify the effectiveness in terms of feasibility, 2 
efficiency, process and performance of the remediation project. During the pilot phase, the need to re-evaluate 3 
previous phases and acquire further knowledge in terms of characterization, may therefore emerge. 4 
The acquisition of information as part of the pilot test essentially concerns the process data (oxidizing reagent 5 
selection and application to the Target Treatment Zone), and the performance data (reduction of 6 
contamination and side effects). Based on the feedback obtained, the need to acquire new information 7 
(Remedial Design Characterization) and/or to re-assess the feasibility of the technology and/or the intervention 8 
approach should be verified. 9 
 10 

4.2.3 Process monitoring 11 

The success of in situ remediation treatments is strongly conditioned by the correct application of the reagent 12 
in areas to be treated. The process -monitoring has the purpose of controlling the technical parameters related 13 
to the injection activities as well as the responses of the treatment area in terms of perturbation of the 14 
expected physico-chemical parameters. If the data acquired during and after the injection activities highlight 15 
situations not previously foreseen by the intervention project, it is necessary to repeat the steps described 16 
above, to ensure an effective and efficient "full-scale" intervention. 17 
 18 

4.2.4 Performance monitoring 19 

groundwater level unusual increases of the groundwater level make it possible to verify 
the presence of any preferential routes for movement of liquids within 
the soil matrix. 

injection pressure Higher injection pressures than expected can be caused by low 
permeability of the substrate to be treated. An increase in pressure to 
compensate for matrix strength can produce uncontrolled reagent 
distribution due to fracturing. It is therefore necessary to acquire 
further knowledge. 
Injection pressures lower than those foreseen, possibly associated with 
a flow increase, can be caused by the presence of preferential routes 
(e.g., cable ducts, sewers). 

physico-chemical  parameters unexpected values of conductivity, temperature, pH, redox potential  
and dissolved oxygen suggest the presence of preferential pathways or 
insufficient ROI 

 20 
Table 4.6 Summary of the most essential process parameters 21 

 22 

4.2.4.1 Indicators 23 

Different types of performance indicators can be identified to measure the progressive decrease of 24 
contamination, for example: 25 
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 contaminant concentration - indicator used to compare with regulatory limits (MCL), or to evaluate 1 
transition to other technologies (e.g., Bioremediation, MNA). The concentration can be evaluated 2 
spatially, using isoconcentration maps and temporally, by calculating the trend using statistical tests 3 
(e.g., Mann Kendall); 4 

 mass exhaustion rate - indicator used to demonstrate the degree of treatment efficiency. The 5 
evaluation of the destroyed mass can be obtained by calculating the total mass balance. To perform a 6 
rigorous assessment of mass (including NAPL), saturated soil must also be sampled. Another less 7 
rigorous way, which nevertheless underestimates the real mass, is based on the variation of the 8 
dissolved mass. 9 

 mass flow - indicator used to demonstrate the contaminant’s retention within the source area. 10 
 11 

4.2.4.2 Network monitoring 12 

The monitoring points in the tested area must be planned with the aim to measure the performance of the 13 
treatment and therefore, the objectives of the ISCO intervention. The following areas can be identified: 14 

 treatment - area affected by treatment based on the ROI of each injection point; 15 

 transition - area affected by the geochemical effects produced by the reagent; 16 

 plume - area of plume with residual contamination 17 

 Obviously, the points where injections were performed cannot be used for monitoring purposes, 18 
because it would provide unrealistic information. 19 

 20 
The monitoring points in the source area are used to check the Radius Of Influence (ROI). 21 
 22 
The number of piezometers required depends on the objectives of the treatment: 23 

 to verify the mass reduction in the source area, piezometers in the treated area are sufficient; 24 

 to assess compliance with the regulatory limits (MCL), it is necessary to provide points in the plume 25 
area; 26 

 to assess the persistence of side effects due to the treatment in terms of effects on the groundwater 27 
concentration of by-products (e.g. sulphates, Mn) and/or mobilization of pollutants (e.g. heavy metals), 28 
it is necessary to provide control points in the areas of geochemical transition. 29 

 30 
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 1 
Figure 4.4: Position of the monitoring wells 2 

4.2.4.3 Frequency 3 

The monitoring frequency must allow insight in the evolution of the treatment effects. In the early stages of 4 
treatment, the frequency must be very high ; while in subsequent periods it may be reduced based on the 5 
evaluation of the data collected. 6 
Typical aspects to be monitored with the purpose to evaluate the treatment performance are: 7 

 parameters that allow to check the longevity of the reagent, e.g., pH, redox potential (ORP), dissolved 8 
oxygen DO; 9 

 “rebound” phenomenon - linked to the phase transfer mechanisms (desorption and dissolution) of the 10 
contaminant; 11 

 half-life of the pollutant concentration - linked to the reaction kinetics. 12 
 13 
Some criteria for planning the monitoring frequency are: 14 

 speed of the water table; 15 

 reaction kinetics of the oxidizing product. 16 
  17 
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5 MONITORING 1 

5.1 Types of tests 2 

Before selecting and applying an oxidative agent in ISCO, it is necessary to know in detail the hydrogeological 3 
conditions of the site and the geochemistry of the subsoil in order to decide on the type, method and quantity 4 
of the applied agent. Since these conditions can be very different, monitoring is essential for a successful 5 
application of ISCO. Before self-realization of the remediation, it is therefore highly recommended to carry out: 6 

 Laboratory tests. The purpose of these tests is to evaluate the efficiency of specific type of reagent on a 7 
sample of soil material from the site and calculate its consumption. 8 

 Trace tests. The purpose of these tests is to exclude an existence of undesirable preferential routes 9 
through which the reagent could drain. Therefore, the actual direction and speed of groundwater flow 10 
and transport of contaminants and reagents must be characterized is these tests. Some types of 11 
fluorescein, LiCl, etc. can be used for this purpose. The results of the trace test must provide the data 12 
necessary to specify the system of intensification of the remediation procedure, which will consist of 13 
infiltration of ISCO reagents within the application campaigns and, where appropriate, the application 14 
of PAL (anionic detergents) support solutions. Sometimes, a desired direction of movement of the 15 
infiltrated reagent can be manipulated by pumping of selected boreholes and infiltration on the other 16 
side. After the start of the test, samples will be taken at a time interval corresponding with the 17 
hydrogeological conditions, e.g., once a day for 5 days in a sandy soil, but significantly longer in soils 18 
with lower permeability. 19 

 Semi-operational on-site tests. The purpose of these tests is to evaluate ISCO during operation. The 20 
tests are carried out on a selected borehole, in about a month time. As a result, the dosage of oxidizing 21 
agents, detergents and parameters such as the amount of oxidation agent, the method and frequency 22 
of dosing can be adapted. 23 

 24 
It is advisable to combine ISCO with other in situ remediation interventions in the saturated zone using 25 
hydraulic remediation methods and support washing technologies with surfactants (PAL). The PAL application 26 
is designed to remove the free phase, while ISCO applications are located outside the source areas to the 27 
peripheral parts of the complex in the direction of groundwater flow to clean up dissolved pollution. Infiltration 28 
can be carried out through vertical boreholes, horizontal boreholes, reactive walls and pressure probes. 29 
 30 
The selection of the location of monitoring wells must be compatible with the position of the infiltrating wells 31 
and the contamination hotspots – at the groundwater inlet to the site (the reference wells) and at the outlet 32 
from the site (monitoring wells), as well as pumped objects and wells in contamination plumes. 33 
 34 
Various methods may be used to balance the amount of contaminants in the underground and the amount of 35 
contaminants degraded: 36 

 The balance of a degraded contaminant from the change in a total amount of contamination at a site. 37 
In the case of in-situ remediation methods, changes in concentrations of end-to-end decay products 38 
may be carried out for a balance of the degraded contaminant. In the case of in-situ degradation of 39 
chlorinated hydrocarbons, the balance of the degraded contaminant can be realized under appropriate 40 
conditions based on changes in chloride concentrations. However, the use of chlorides excludes their 41 
high lateral concentrations in groundwater quite often. 42 

 The balance of a degraded contaminant based on an amount of supportive substances consumed. The 43 
balance of a degraded contaminant on a basis of a change in the concentrations of degradation 44 
products. 45 
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 The balance of a degraded contaminant based on a change in isotope ratio C12/13 and Cl 35/37. This is 1 
the latest and probably the most accurate way of balance of decomposed organic substances in-situ. 2 
The method is based on monitoring changes in the isotopic composition of C12/13 as a result of in situ 3 
degradation of a hydrocarbon-based contamination. Recently, the isotopic ratio Cl35/37 has also 4 
started to be used. This is probably the most promising way of carrying out the in-situ balance of 5 
degraded organic hydrocarbons. 6 

 7 

5.2 Types of monitoring 8 

5.2.1 Operational – technological monitoring 9 

The purpose is to monitor a concentration of the reagent and its movement in the underground and the 10 
functionality of the devices. 11 
During the remediation, concentrations of pollutants and reagents at the site in the available wells are 12 
monitored and it is continuously evaluated whether the remediation is carried out correctly. Results are 13 
regularly evaluated in annual reports, with recommendations. 14 

 15 

5.2.2 Monitoring in continuous and in the final stage 16 

The purpose is to evaluate if the targets of the remediation were successfully met. 17 
It is only possible to start proving the achievement of the target remediation parameters at the moment of 18 
disappearance of the supporting substance (reagent) and the effects arising from its presence in the 19 
underground (unresponsive/unreacted reagent). 20 
 21 
There are several basic approaches that can be used to evaluate the achievement of the target parameters of 22 
the remediation: 23 
 24 

 The target of the remediation is achieved when concentrations on all remediation and monitoring 25 
objects of the interest area do not exceed remediation targets (as screening values). This approach 26 
represents a zero tolerance for exceeding the remediation targets and leads to optimal remediation 27 
results. It may lead, however, to excessive remediation costs, especially in case of complicated natural 28 
conditions where a location and amount of contamination in the underground or an unattainability of 29 
the targets cannot be precisely defined under acceptable technical and economic conditions. 30 

 31 

 The target of the remediation is achieved when concentrations on most remediation and/or 32 
monitoring objects of an area of interest do not exceed remediation targets. For example, 20% exceeds 33 
a specified insurmountable value according to the type of contaminant. This method represents a 34 
statistical approach admissible to a certain degree of tolerance of exceeding the target parameters of 35 
remediation. In this case, the monitoring points shall be considered indicative and shall be distributed 36 
representatively throughout the area of interest in such a way that the achievement of the target 37 
remediation parameters can be objectively assessed, in particular in relation to the original area of the 38 
contamination cloud. The results of the monitoring are then statistically processed and interpreted. 39 
Points representing places with extreme values and points representing most of the area of interest 40 
space are treated differently. 41 

 42 
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 The target remediation parameter is achieved after removal/stabilization of a specified part of the 1 
contaminant. This approach foresees an evaluation based on a balance sheet evaluation of the amount 2 
of contamination before and after the end of the remediation. 3 

 4 

 The target parameter is achieved when the risk of contamination present to the environment has been 5 
reduced to the lowest acceptable level, with technically and economically acceptable and justifiable 6 
remediation intervention. This approach makes it possible to put an end to remediation intervention 7 
when residual contamination does not pose an increased risk to the environment and, at the same 8 
time, its complete elimination would require technically and economically intolerable intervention. 9 

 10 
If the target remediation parameters are achieved, other monitoring steps should be added. 11 
 12 

5.2.3 Post-remedial monitoring. 13 

The purpose is to demonstrate the sustainability of the achieved target parameters of remediation. In this case, 14 
the task is also purely specific to the conditions of the area of interest. The sustainability of the achieved target 15 
parameters of the remediation can only be demonstrated by long-term monitoring of suitably in selected 16 
monitoring points (hotspots and a groundwater outlet from the site). In most locations, a subsequent increase 17 
in concentrations of monitored contaminants can be expected after the end of active intervention. 18 
 19 
Commonly monitored indicators are pH, temperature and conductivity in groundwater, used reagent, 20 
contaminant and, last but not least, decay products. Sampling must be done in a dynamic manner. Some 21 
contaminants, such as chlorinated hydrocarbons, break down in decay products (perchloro – vinyl chloride) 22 
that are more toxic than the parent contaminant. These toxic decay products may not leave the site. 23 
 24 
The monitoring period must be sufficiently long, often 3-5 years, and depends on hydrogeological conditions, 25 
site size and possibly the amount of contaminant in underground. The time frame of monitoring should also 26 
include the possibility of a rebound effect, i.e., an increase in contaminant concentrations after the 27 
remediation was considered complete. As a rule, the oxidizing agent reacts with the dissolved fraction of the 28 
contaminants in groundwater. However, sources of secondary contamination based on the bottom of the 29 
collector in the form of a free phase of contaminant (DNAPL - Dense Non-Aqueous Phase Liquids), or in an 30 
unsaturated zone from where it gets into the collector by washing through rainfall or even situated outside the 31 
site, and after some time there will again be an increase in concentrations in the cleaned The largest increase 32 
might occur where the remediation only partially removed pollution and where a free phase remains in the 33 
underground. From a hydrogeological point of view, the period of post-sanitary monitoring should depend on 34 
the rate of flow and migration of contamination so that the entire area of the original contamination cloud and 35 
its surroundings is monitored during the first years after the remediation is finished 36 
 37 

5.2.4 Processing of updated risk analysis after completion of the remediation 38 

The final report from the remediation and the post-sanitation monitoring report will be followed by an updated 39 
risk analysis that will be prepared based on continuous, final and post-remediation monitoring. No further 40 
work of a technical nature is foreseeable in the processing of updated risk analysis. The updated analysis shall 41 
assess the risks arising from residual pollution on the site. 42 
 43 
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The application of reductive methods in situ may be accompanied by some technical problems. It is, for 1 
example, necessary to check the presence of priority routes for the spread of reagents - leaking underground 2 
utilities stored below groundwater, which can drain groundwater and drain applied solutions of reagents 3 
outside the remediation area. A leakage of the residual reagent into (wastewater) sewage treatment plant and 4 
subsequently into a surface water system can cause problems, as well as a contamination of surrounding wells 5 
with the reagent. 6 
 7 
  8 
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6 CONCLUSIONS 1 

ISCO is a family of remediation technologies in continuous evolution, which includes many oxidants, often 2 
involving a complex chemistry. ISCO could be considered as a aggressive approach. It is often selected as 3 
remediation technology when a limited timeframe for the remediation is a key criterion. However, to increase 4 
the efficiency and sustainability of the remediation, ISCO must be evaluated as part of an integrated approach, 5 
consisting of a sequence of technologies. Chemical oxidation is an intervention technology used mainly in the 6 
saturated zone (the groundwater) and for source areas, while application in the upper, unsaturated soil and in 7 
water saturated medium within plume areas must be carefully evaluated. 8 
The feasibility assessment for an ISCO intervention must, in any case, be carried out taking the objectives 9 
required for the treatment into account, regardless of whether it is included in an intervention consisting of a 10 
mix of technologies or if  the ISCO is envisaged as a stand-alone activity. The location of the contaminant is the 11 
subsoil can provide a first orientation of the feasibility assessment, but with the purpose to increase the 12 
probability of success and efficiency of a treatment with chemical oxidants, the following key factors must be 13 
taken into consideration: 14 

 accurate modelling of the hydrogeological characteristics, to ensure effective distribution of the 15 
oxidizing agents and to calculate the radius of influence, as a function of the heterogeneity of the area 16 
to be treated; 17 

 adequate geochemical characterization, to calculate oxygen consumption by non-target treatment 18 
substances (natural oxygen demand); 19 

 3D characterization of the contamination associated with lithostratigraphic characteristics, in order to 20 
verify the areas of contaminant accumulation and the areas of contaminant dispersion. 21 

 evaluation of multiple intervention alternatives in the pre-design phase, built with an integrated 22 
approach, to identify the sequence of technologies that maximize efficiency during the entire 23 
remediation process; 24 

 performance of lab test and/or field tests to reduce the uncertainty in the design phase of the 25 
intervention; 26 

 performance of full-scale monitoring to verify remediation objectives. 27 
  28 
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