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Abstract

Reliable in situ and on-site remediation techniques has been compiled and 
summarized in order to review remedy options. These techniques have been 
monitored by their general function, feasible environment, target contaminants, 
removal efficiency, environmental impact, overall cost and compatibleness with 
other remediation options. Few conclusions are possible to make but a majority 
of the most efficient treatment methods tend to have a major environmental 
impact and in most remedy options cost varies substantially. Moreover, a high 
content of organic matter and clay combined with low permeability in multi –
element contaminated soil seems to pose most difficulties for soil remedy 
selection. Often mentioned critical variables in soil remediation technologies are 
the distribution efficiency of a reactive media in the contaminated area and the 
reactivity of the target compound/s present. Combined treatment could generally 
serve to enhance contact contaminant/ added reactive media and to avoid 
emissions by adding controlled conditions. Combinations of methods have been 
discussed based on literature. 
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1. Introduction

In the year of 2007, Sweden is supposed to have more than 23 000 
contaminated areas in need for remediation (Börjesson, 2008), an increase by 11
000 since the year of 2000 (Larsson and Lind, 2001). Many of these areas have 
elevated concentrations of more than one element e.g. heavy metals and 
petroleum based products making remediation solutions more complex. The 
variety and extension of this remediation needs has been estimated to cost 25 
billion crowns (3 billion $) in the year of 2000 (Larsson and Lind, 2001). MIFO 
is an inventory method used in Sweden to classify areas by their contaminant´s 
properties in place and area sensitivity. Risk based remediation goals are based 
on generic guidelines established by Swedish EPA are adapted in Sweden. 
Swedish EPA has set a goal to remediate the most severe contaminated areas by 
the year of 2050. Ground conditions are much variable and a contaminant most 
likely will not behave similar at two different sites. Knowledge about 
contaminated areas and their properties is therefore essential before treatment. In 
order to enhance knowledge about soil remediation Swedish EPA initiated a 
program called “Hållbar Sanering” or Sustainable remediation where 
remediation efforts and experiences were listed and evaluated. During 1994 –
2005, 1200 – 1500 remediation applications were made in Sweden. A report 
within “Hållbar Sanering” concluded that approximately 10 % were performed in 
situ or on site. “In situ” means that soil is unmoved and treated in its original 
place and “on site” soil is excavated but unmoved. Bioventing and/or soil 
vacuum extraction were most commonly used in situ techniques, land filling or 
asphalt encapsulation most used on site. Other techniques used more sporadically 
were filters and barriers of various kinds. A major part of these in situ projects 
ended with excavation and treatment ex situ mainly due to inadequate 
preliminary research. Sixteen field or pilot studies were presented whereas nine
different methods were used. In order to present sustainable remediation results
were presented within these sixteen studies as emissions of CO2 (kg)/ ton 
remediated soil based on transportation and energy consumption. Transportation 
and excavation of contaminated masses means significant costs and a major 
contribution to negative environmental impacts. Large quantities of 
contaminated soil make it interesting to treat soil without excavation. Cost data 
were available for in situ treatment of petroleum based contaminants and ranged 
35 – 185$/m3 remediated soil. An evaluation of petroleum based contaminants 
treated ex situ rendered that 39 % of costs were due to plant treatment or 
transport. In situ or on site techniques are therefore preferred. Choice of a 
remediation technique depends primarily on target contaminant/s and soil 
properties but site specific conditions and economics are always to be 
considered. In addition, burden of the remediation itself should not exceed 
environmental benefit. Multi-element contaminated sites are usual and pose large 
difficulties for remedy selection, most techniques were not developed for these 
situations and stepwise or combined techniques are often required.  Due to these
considerations stated above this report aims to review reliable in situ and on-site 
techniques by their: 

 General function
 Feasible environment for efficient treatment
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 Target contaminants
 Removal efficiency
 Environmental burden
 Overall cost ($/m3 treated soil)
 Compatibleness with other in situ or on-site techniques

2. Methods

Compatibleness, negative environmental impact, overall cost and removal 
efficiency was reviewed for in situ and on site soil remediation techniques based 
on a literature study. Reliable in situ and on site remediation techniques used in 
this study were listed by Federal Remediation Technologies Roundtable (FRTR, 
2002). Brief facts are presented in a matrix. Bacteria aided remediation
techniques were not reviewed. Evaluation criteria have been chosen based on 
accessible data in search criteria.

Keywords for literature search: in situ soil remediation.

3. Results

3.1 Soil as a recipient

Soil is a complex matrix permanently interacting with other environmental 
compartments such as water and air. It´s intrinsic characteristics could change 
the complex and concentration of a contaminant through adsorption (ion 
exchange included), precipitation, dispersion or microbiological activity.
Adsorption is by definition when a solid adsorbs and binds substances from gas 
or fluid, but could also occur between different aqueous phases or between aqua 
and gas phases. Adsorption occurs primarily in fine grain soils such as silt or 
clay. Chemical reactions are most usual on loaded surfaces and size of the soil 
particles specific surface area (m2/gram) determines its ion exchange capacity 
which is in order affected by redox and pH conditions. A loaded surface attracts 
ions of opposite charge. Specific surface of clay minerals are large e.g. 
montmorillonite > 700 m2/gram. Clay minerals often have negative loaded 
surfaces that attract cationic species. Surface loading of the edge of clay particles 
and organic particles is governed by pH, acid conditions render anionic 
adsorption and alkaline cationic. A contaminant flow path is moreover governed 
by soil properties like organic content, size distribution, permeability and water 
content. Permeability varies 10(grain) - 10-10 (clay) m/s and a fine grain size soil 
holds more water than a coarse. Soil profiles are divided into a saturated and 
unsaturated zone. Contaminant transport through the unsaturated zone occurs 
primarily within pores dissolved in a gas or water or as a free phase through open 
pores.

In the solid phase contaminants are primarily precipitated or adsorbed into 
mineral particles and organic matter. Precipitation generally refers to the reaction 
of metals with oxygen which leads to metal oxides/hydroxides. Hydroxides and 
oxides are formed in oxidized conditions with high oxygen contents in inorganic 
soils. Soils with a high organic content tend to be reduced environments due to 
aerobic decomposition of organic matter and low permeability. Oxides such as 
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hematite (Fe2O3) and gibbsite (Al(OH)3) are common components in soil and 
often covers soil particle surfaces, surface charges of these oxides are pH-
dependant  and hence have an effect on adsorption capacity. A pH lower than 
pHPZC means that the surface has a positive charge and  an adsorbent is 
attracting anions and conversely pH-values above pHPZC means that adsorbent 
attracting cations, e.g. pHPZC of hematite 8.5 and gibbsite 5.0 (Jakobsson et al., 
1998).

Microbiological activity in the vadose zone is affected by factors such as: 
water-, C, nutrient content, pH and temperature. Moisture and temperature are 
more variable in surface soils and variability decreases with depth. Water
addition into subsurface layers increases availability of C and the quantity of 
microbes. Microbes in the vadose zone are more sensitive to changes in 
temperature and nutrient availability. Dissolved C, N and other nutrients are 
abundant in surface soil but concentrations increases rapidly with depth. Total C, 
N, P and K have a similar tendency in thousands of soils, nutrients important to 
both plants and microbes declined steeply with depth. Mg- and Ca-
concentrations are unchanged in different depths but SO4

-, Na and Cl- increased 
with depths to 1m. Clay content and organic matter decreases with dept and 
affects the availability of exchangeable ions and dissolved and sorbed organic 
nutrients.  CO2 -content increases with depth from 0,033% up to 4 in very deep 
soils as O2- content decreases. Alkalinity decreases with depth due to higher 
CO2- content and a low diffusion level (Holden and Fierer; 2005). 

3.2 Organic contaminants

Organic contaminants could be divided by their physical properties or 
chemical structure. VOC (Volatile organic compound) and SVOC (semi-volatile 
organic compound) addresses ability to participate in a gas phase. LNAPL (light 
non-aqueous phase liquids) and DNAPL (dense non-aqueous phase liquids) 
address their behavior in water. Structures could be divided in hydrocarbon chain 
with chloral or benzene attachments and pesticides. Organic contaminants could 
be degraded or transformed to other forms and reactions are enhanced by 
bacterias. Transport and concentration differences (advection, convection, 
diffusion) most governed by soil heterogeneities and water transport. Mobility of 
organic compounds could be calculated by adsorption most governed by pH and
soil organic content.

Degradation of an organic contaminant means that organic matter is 
oxidized and another substance is reduced. Both reactions must occur while there 
are no free electrons in solution. Oxygen is a strong oxidant in aerobic 
environments but other compounds could oxidize organic matter in anaerobic 
environments. Zero valent iron (ZVI) is a strong oxidant FeO is reduced to Fe2+

while FeOOH is present and devolves to reduction of SO4
2- to S2- as redox 

potential decreases. Remediation also means volatilization and dissolution by 
alcoholes. Transformation of an organic compound does not necessarily mean 
that the product is less toxic (Jakobsson et al., 1998).
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3.3 Inorganic contaminants

Inorganic matter cannot be degraded but transformed into compounds 
having more or less mobility or toxicity than their original form (Hamby, 1996). 
Due to indestructibility of metals, remediation techniques aim to extract, 
stabilize or concentrate. Extraction of metals meets same hinder as the extraction 
of organic compounds. Metals binds relatively fast to solid particles and often
needs to be mobilized in order to extract them (NTV, 1993). Most metals are less 
mobile in alkaline oxidized environments and therefore stabilization of metals 
often means adjusting pH by different kinds of amendments (lime, fly ash) to 
slightly basic. Hence metals are immobilized but still present (Kumpiene et al., 
2008)

Figure 1: Adsorption of metals at different pH (NTV, 2006).

Heavy metals of major concern are Cd, Pb, Cr, Cu and Hg and arsenic 
(metalloid). Chromium, copper, zinc, and nickel are reduced in a range of neutral 
to slightly basic pH, while the solubility and mobility can increase in either very 
acidic or very basic pH solutions. Arsenic is a metalloid that´s more toxic at its 
reduced state (As3+) and Cr is more toxic at its oxidized state (Cr6+). Providing 
reduced alkaline environments or complexing materials forcing toxic metals to 
precipitate or bind (Jakobsson et al., 1998). Adsorption is the process when a 
solved substance binds onto a surface and is most governed by pH. In solution 
most metals are present as cations and adsorbs more strongly as pH increases. 
Hence, arsenate and sulfate are present as anions and binds more strongly at 
lower pH-values. In reduced anoxic environments metal ions precipitate as
sulfides, high pH means elevated concentrations of hydroxide ions and metals 
precipitate as hydroxides or carbonates. Iron is an abundant substance in soil and 
Cr (III) precipitates as hydroxides preferably with iron in pH > 5, arsenate binds 
strongly with iron in soil. Humic matter adsorbs cations at pH (< 6) and is 
therefore an important source of cations, at higher pH (< 6) cation adsorption by 
humic matter decreases as their solubility increase with pH. Bioavailability of 
metals is lowered and extraction is possible (Berggren et al., 2006). Inorganic 
compounds such as cyanides, fluorides and ozone are remediated by 
decomposition, reduction and buffering (Jakobsson et al., 1998).
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4. In situ soil remediation techniques

4.1 Intrinsic natural attenuation

Intrinsic remediation (also known as natural attenuation or passive 
remediation) mainly refers to establish an adequate control program at 
contaminated sites with suitable variables. Remediation relies on natural 
processes. These variables must be checked regurlarly in order to evaluate if 
natural attenuation processes reduces contaminant levels sufficiently to fulfill 
remediation goals. Factors include biological processes (e.g. aerobic and 
anaerobic biodegradation), physical processes (e.g. dispersion, diffusion, dilution 
and volatilization) and chemical processes (e.g. sorption and chemical or abiotic 
reactions) (Curtis and Lammy, 1998). 

4.2 Bioventing/Soil vapor extraction/Air sparging

Bioventing, soil vapor extraction (SVE) and air sparging are three 
remediation techniques that are much the same. These techniques involve 
drawing or injection of air in the unsaturated or saturated zone above, at or below 
the watertable. Bioventing uses low air pressure typically 0.06 – 0.3 m3/minute 
and well to stimulate degradation of hydrocarbons by microorganisms in situ. A 
bioventing system is constructed to avoid air emission due to a low air pressure 
and air could be supplied continuously or intermittently. Bioventing has been 
proven effective for VOC:s and SVOC:s (Abu-El-Sha’r and Zou’by, 2005).

Air sparging is modeled to inject air at or below the water table. Air passes 
through contaminated water and volatilizes organic compounds into the vadose 
zone and further on to the atmosphere or an additional remediation system. 
Volatilization is the primer mass removal mechanism during air sparging and 
occurs when free or aqueous phase SVOC:s, VOC:s or chlorinated solvents 
comes to participate in passing air streams. Air sparging is generally applied to 
organic contaminants with high vapor pressure. Air sparging also provides air for 
degradation but only to a small extent compared to volatilization (Benson et al., 
1999). Some authors have investigated significance of pulsed or continuous flow 
(Bruce et al., 1999), air flow rate and soil heterogeneities (Adams and Reddy, 
2001) (Johnson et al., 2002) reported that airsparging enhances SVE treatment. 
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Figure 2: Air sparging system coupled with SVE (Hejazi et al, 2004).

A soil vapor extraction (SVE) system is often coupled with airsparging or 
bioventing systems. SVE aims primarily to volatilize low molecular weight, high 
vapor pressure compounds (e.g. VOC, SVOC and chlorinated solvents) with air 
pressures (0.7 - 3m3 * minute and well-1) inducing a vacuum.  Applications 
require moisture removal and an air emission collection system. SVE could serve 
as provider of air to microorganisms and as a transport of contaminants in gas 
phase through desorption and volatilization. Blowers are installed onto extraction 
wells to draw air from site injection wells; contaminated air is then sent o 
treatment (Campagnolo and Akgerman, 1995). Contaminated air is removed 
from soil and replaced with clean air from the atmosphere (Kaleris and Croisé, 
1998). SVE treatment duration varies from a few months – 2 years (Hejazi et al., 
2004).

An optimized air flow is of most importance for SVE efficiency and may be 
hindered by soil inhomogeneities; by applying fracturing methods efficiency 
could be enhanced. Hydrofracturing is done drilling a borehole close to a SVE 
well and inject high pressurized water (most often) mixed with sand fracturing 
soil formation. When pressure is lowered water migrates to the surroundings and 
sand remains as a filling material enhancing permeability and hence SVE 
efficiency. Other fracturing methods use high pressurized air or explosives 
(Bradner and Murdoch, 2005). (Frank and Barkley, 1994) has evaluated these 
fracturing methods more thorough and found an significant increase of air flow 
could be expected (400 – 700 %) and a 4-fold increase of radius of influence (1.5
to 6m) (Frank and Barkley, 1994). Nutrients or bacterias for enhanced 
remediation could be added in injections of air or water (Lageman and
Godschalk, 2006).
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4.2.1 Thermal treatment

High water content in soil inhibits airflow rates. On the other hand it may 
enhance the opportunity to vaporize soil contaminants through thermal treatment 
methods. Thermal treatment is applied on hydrocarbons, low temperatures for 
VOC:s, high temperatures for PAH:s, PCB:s and pesticides (Khan et al., 2004). 
Pressure increases boiling temperature and 10 m below the watertable water 
boils at 120 o C (Gorm et al., 2006). Solubility of gas phase organic components 
in water is lower in higher temperatures (Heine and Steckler, 1999). Rates of 
hydrolysis and oxidation increases with temperature, hydrolysis occurs when 
compounds reacts or dissolves in water and decomposes, oxidation of 
compounds in the presence of oxides or oxygen. Although, some compounds 
(e.g TCE, PCE) have low rates of hydrolysis even in high temperatures (over 
100°C) with half-life varying 2 * 103 – 2 * 106 days (Stegemeier and Vinegar, 
2001). Moreover, some substances such as trichloroethane and dichloroethene 
have low boiling temperatures 31 and 65°C respectively (Beyke and Fleming, 
2005). Enhanced degradation of bacterias occurs as temperatures increases; 
extreme thermophiles function at 90 – 110 °C (Stegemeier and Vinegar, 2001). 
Air stream is brought up to the surface by SVE and condensed to water and gases 
are depressed. Once organic compounds elevate to the surface, less than 1% 
dissolves in water and must be treated by other conventional methods such as 
activated carbon adsorption, thermal oxidation, biofiltration and internal 
combustion engineering (Heine and Steckler, 1999). Heat generation of soil 
could be done in a number of ways such as: 

Electrical Resistance Heating (ERH): Electrodes placed by conventional 
drilling methods in the subsurface passes an electrical current through a 
contaminant soil matrix; resistance heats a portion of soil moisture into steam. 
Horizontal distance between electrodes usually are  4 – 8 meters, closer distances 
allows faster heat input, higher installation cost and shortens remediation times. 
Three phase or six phase soil heating is connected to electrodes applied into soil 
in a hexagon (6 phase) or triangular (3 phase) shape. A neutral well placed in the 
middle functions as a SVE-well (Beyke and Fleming, 2005).  Removal of 
compounds generally occurs due to higher vapor pressure, increased rate of 
biodegradation and hydrolysis. Steam function as a carrier of VOC:s to vapor 
recovery wells at the surface. Steam is treated above ground by activated carbon 
or oxidation.

Radio wave heating (RWH): Most simple application of RWH is soil 
volumes are connected to ground electrodes, an electrode applied to energy is 
placed in the middle. Electrodes function as a capacitor that heat soil. Radio 
waves ranged 1 – 100 MHz is transmitted through electrodes embedded in soil. 
Energy is connected causing an electromagnetic field. Molecular dipoles present 
in soil moves rapidly in the electromagnetic field providing energy to heat soil 
from below 0 °C up to 400 °C. RWH is primarily used to remove volatile and 
semi -volatile compounds. 

Thermal Desorption (THD): Soil is heated by blowers working at
temperatures 500 - 800°C to heat soil above 100 oC. Heat is transported through 
a soil matrix by wells or in shallow applications a blanket. Organic compounds 
are vaporized/destroyed by evaporation, boiling, pyrolysis (decomposition 
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without oxygen, compound divided into smaller constituents) and oxidation. 
Vapors are drawn to the surface by an SVE and treated (Stegemeier and Vinegar, 
2001).

4.2.2 Feasible Environment for treatment

Efficiency of a bioventing/airsparging system is primarily dependent on soil
gas permeability, providing adequate oxygen rate is essential for biodegradation. 
Moreover an adequate nutrient, organic and moisture content of soil and state of 
contaminants is vital for efficiency (Abu-El-Sha’r and Zou’by, 2005). Bass et al., 
(2000) concluded that  treating chlorinated solvents were more efficient than 
petroleum based contaminants, an uniform cover of wells were significant, 
dissolved contaminants easier to treat than adsorbed and sparging duration could 
not be correlated with performance. Rock formations and high water content in a 
soil may hinder an adequate air distribution. High organic and clay content is 
associated with high sorption rates and thereby decreasing the volatility of 
compounds (Baker, Moore, 2000). Abu-El-Sha’r and Zou’by, (2005) has 
reviewed further design features in order to well placement.

SVE is generally applied to contaminants with high vapor pressure that is 
more obliged to participate in gas phase movements (Heine and Steckler; 1999). 
Significance of volatilization increases with higher air flow rates, gas 
permeability and heterogeneities in soil becomes more important (Campagnolo
and Akgerman, 1994).  Efficiency is rather often measured in removal weights 
such as kg/day (Kirtland and Aelion, 1999; Cho et al., 2002; Campagnolo and 
Akgerman, 1994; Poppendieck et al., 1999) hence removal rates are highly 
dependent on initial concentration. 

Thermal treatments (ERH, RWH, and THD) rely on the fact that hydraulic 
conductivity of soil, aqueous solubility and vapor pressure of organic compounds 
(i.e. ability for a substance to change from liquid or solid phase to gas phase) 
increases with temperature. Organic compounds desorb more easily in higher 
temperatures and are released from soil to water, water is then heated and steam 
arises above ground for additional treatment (Stegemeier and Vinegar, 2001). 
ERH is applied in all kinds of soil regardless its permeability, soil water content 
less than 3 % is limiting for conductivity, it could only be applied in humid soils 
at temperatures < 100 o C (Beyke and Fleming, 2005). Increased soil organic 
matter content and porosity decreases thermal conductivity. Radio wave 
applications could be used in a large variety of soils; moisture content is none 
limiting. High removal rates are managed at rocky formations (Roland et al., 
2008).
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4.2.3 Cost, removal efficiency, negative environmental impact

Table 1: Cost and removal efficiency
Technology Cost ($/m3) Reference Efficiency (%) Reference
Bioventing 10 -15A Kingscott and Weisman, 2000 Usually 

measured by 
degradation 
rates, lack of 
percentage 
figures

DiGiulio et al., 
1997; Broschart 
et al., 2003;
Jehad et al., 
2005.

Air sparging 30 -70 Hejazi et al., 2004 Average of 80 
% in 49 studies 
(65 – 99 %).

Bass et al., 
2000

SVE 20 -100B Kingscott and Weisman, 2000 Less than 90 Khan et al., 
2004

ERH
THD
RWH

185 -225C

100 -300
None
detected

Stegemeier and Vinegar, 
2001; Kingscott and
Weisman, 2000.

95 -99

None detected

Baker et al., 
2006; Khan et 
al., 2004; 
Beyke et al., 
2005.

A. Figures from large volumes, small volumes (< 10000m3) increases to 65 $/m3.
B. Figures from large volumes, small volumes (< 10000m3) increases to maximum 

of 500 $/m3.
C. Overall cost for thermal treatment tends to decrease at soil volumes larger than 

15000 m3 (Kingscott and Weisman, 2000).

Kingscott and Weisman (2000) studied correlations between mass treated 
and cost in five in situ technologies: bioventing, thermal desorption, SVE, PRB 
and soil flushing. Correlations were evident for bioventing, thermal desorption 
and SVE. Although (Stegemeier and Vinegar, 2001) reports higher treatments 
cost (890$/m3) for THD.

Transport of air into the vadose zone affects soil properties, (Tsai, 2008) 
investigated possibility of soil particle movement during airsparging which in 
turn will affect soil permeability (Tsai, 2008). Increased oxygen content by air 
addition could increase mobility of metals; airsparging will replace air with 
water hence lowering oxygen content. Soil has higher horizontal permeability 
than vertical and could mean unwanted emissions into the atmosphere 
(Jakobsson et al., 1998).

While hot steam enters soil microorganisms will alter to be more 
thermophilic. High temperatures could sterilize or inactivate soil 
microorganisms. Higher organisms like worms and plants are likely to be 
exterminated while treating proceeds. Moisture and groundwater levels decreases 
and pore volumes increases could lead to soil instability and inhibition of 
vegetation (Stegemeier and Vinegar, 2001). Temperatures of 50oC or more could 
alter mechanical properties of clay and sand (Lageman and Godschalk, 2007). 
An insufficient recovery system could make higher temperatures migrate off-site 
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and cause unwanted solution of substances, hence spreading contaminants. High 
temperatures could also affect surrounding buildings and buried objects such as 
cables, pipes and so on. Elevated temperatures will affect soil structure hence 
increasing porosity in clays and alter soil mineral structure (Stegemeier and
Vinegar, 2001). Most sites are contaminated with both organic and inorganic 
elements, thermal treatments are not capable of treating metals (Hg withdrawn) 
and could mobilize these elements (Khan et al., 2004).

4.3 In situ chemical oxidation 

In situ chemical oxidation (ISCO) techniques involves introducing a highly 
reactive chemical capable of oxidizing organic contaminants into carbon dioxide 
or transforming these into compunds more bioavailable for degradation. An 
ISCO includes injection of chemicals in mainly two ways; injection at one side 
of the contaminated area and exctraction of groundwater on the other side or 
injection with no further extraction (Amarante, 2000). Amendments often used 
include H2O2, sodium persulfate that relies of the reactivity of radicals SO4

-. or 
OH., potassium permanganate or ozone(O3). Radicals oxidize organic 
compounds into carbon dioxide (Sahl and Munakata-Marr, 2006). Sodium 
persulfate ion forms when sodium salt dissolves in water and is a strong oxidant 
but relatively slow in oxidizing organic compunds. The radical of persulfate 
(SO4

-.) is preferred and its generation could be done adding ferrous ion (Fe2+) 
produced in acid conditions (pH 3-4). Persulfate is preferred because it is more 
stable in various conditions, reaction rates are faster and they have less affinity
for organic soil particles though increasing appliance (Block et al., 2004). 

Permanganate ion is capable of splitting double carbon bounds and the 
reactions that follow mean a transformation into carbon dioxide (Sahl, 
Munakata-Marr, 2006). Permanganate has a relatively low solubility in water 
which limits remediation efficiency. Reaction of Fe2+ and H2O2 (called Fenton’s 
reaction) means an indirect oxidation of contaminants by hydroxyl radicals that 
most often is more effecient than direct oxidation (Andreottola et al., 2008).  
However (Kakarla et al., 2002 ) reports that earlier studies makes it clear that the 
buffering capacity of most native soils makes the efficiency limited to the top 
centimeters of a soil. Moreover (Kakarla et al., 2002) have studied the possibility 
of stabilizing iron in solution, soil buffering makes iron precipitate and hence the 
formation rate of radicals decreases. (Block et al., 2004) discussed possibilities 
enhancing persulfate oxidation processes where the radical SO4

-. forms through 
Fe2+ amendment in 20 -45ºC. Studies by Watts and Teel (2005) for in situ soil 
and groundwater remediation indicates that when hydrogen peroxide is injected, 
it is rapidly decomposed by soluble iron and iron, manganese oxides and 
migrates no more than 3 – 4m, distances of 1 – 2 m is more likely. Therefore 
(Kakarla et al, 2002) modified the fenton process to have soluble iron in near 
neutral or neutral conditions. Some reactions related to ISCO:

C2HCI3 + 2MnO4
- yields 2MnO2 + 3CL- + H+

H2O2 + Fe2+ yields OH* + OH- + Fe3+ (fenton´s reaction)

(Watts and Teel, 2005).
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And where organic contaminants are present:

CaHbXc + Fe2++ H2O2 yields Fe3++ cX + CO2 + 2H2O + bH+

Fe3+ + H2O2 yields Fe2++ H+ + ·HO2

(Seol and Javandel, 2008)

Chemical oxidation techniques are generally done flushing soil or 
groundwater and therefore high solubility amendments are preferred. Ozone has 
a short half time which limits the applicable area but is 12 times more soluble in 
water than oxygen (Amarante, 2000). Ozone is a highly unstable gas and must be 
generated on site and could oxidize organic compounds in two ways either by 
direct oxidation of organic compounds or by reactions with OH- or water that 
yields hydroxyl radicals (Andreottola et al., 2008). Oxidation by ozone could 
transform highly insoluble toxic organic compounds to less toxic forms 
(Javorska et al., 2009). An organic contaminant decomposition rate has been 
proven to be related with amount of reactive chemical injected and dosages < 2% 
H2O2 is required. Studies often include stabilizers of various kinds enhancing 
longevity of H2O2 amendments and soil remediation (Watts et al., 2005).

4.3.1 Feasible environment for treatment

Remediation of contaminated soils depends on the contact between 
remediation medium and contaminants. Introduction of a medium is mostly done 
in a water phase. Electrokinetic remediation could serve as a provider of organic 
contaminants hence increase contact between oxidant and target contaminant 
(Isosaari et al., 2007). Otherwise, efficiency is primarily affected by soil 
porosity, water and organic content; generally high permeable inorganic soils are 
more appropriate for ISCO. Low temperature < 10oC limiting the reaction rates 
and large homogeneities hinder distribution of a remediation medium (Lowe et 
al., 2002). ISCO is used for a wide range of organic contaminants such as: 
phenol, chlorophenols, nitrophenols, PAHs, PCE, and nitrobenzene.

4.3.2 Cost, removal efficiency and negative environmental impact

Cost of an ozone remediation system is generally due to generation of 
ozone, an ozone generator means large investments (Summerfelt, 2002). (Masten 
and Davies, 1997) reported that ozone generation cost of almost 30$/ kg 
(injection rates 0,02 - 2mg/g soil) and a wide range of remediation energy 
consumption between 0.22 – 44 kwh/ton treated soil (Masten and Davies, 1997). 
Ozonation cost is in turn affected by size of contaminated area/plume and soil 
properties (Summerfelt, 2002). Other chemical additions such as permanganate 
and H2O2 has lower initial cost than Ozonation (Lowe et al., 2002), additions of
H2O2 ranged 2,5 – 3 % (Teel et al, 2000; Seol and Javandel, 2008). 
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Table 2: Removal efficiencies and cost of ISCO (hydrocarbon removal)
Chemical Cost ($/m3) Reference Efficiency (%) Reference
Ozone 1,2 – 120A Masten and Davies, 1997; 

Summerfelt, 2002.
40B Lee and Kim, 2002

Permanganate 160 McDade et al., 2005 45 – 95C

78 – 99D

Petri et al., 2008;C 

Thomson et al., 
2007D

H2O2 None 
detected

- 50 – 95C Seol and Javandel, 
2008; Watts et al., 
2001.

A. Expensive equipment (ozone generator)
B. Simulated conditions, few results
C. Simulated conditions
D. Field test

Radical reactions are exothermic and the decomposition of hydrogen 
peroxide at the surface yields oxygen. Decompostion of permanganate yields 
manganese oxide that has meant some problems due to soil pore clogging. (Sahl
and Munakata-Marr, 2006) presents a summary of ISCO studies and most of 
these meant a impact of biomass but in all cases a rebound occurred within 1 -52 
weeks. Introduction of Fe2+ in a fenton like process is done at acidic conditions 
to catalyse formation of radicals could mean a reduction of microbial growth and 
a drawback in revegetation. The reaction of Fe2+ and H2O2 is extremely 
exothermic and could evaporate water from soil and is moreover toxic to 
microbes (Sahl and Munakata-Marr, 2006). However, Kakarla et al., (2002) have 
investigated possibility to solute iron in neutral conditions through chelate 
amendment and hence an enhanced treatment. Moreover, Sirguey et al., (2008) 
investigated impacts of permanganate and fenton´s process in soil and found that 
both treatments had a negative effect on plant growth and altered soil properties 
but fenton´s process was least detrimental for revegetation. Jung et al., (2005) 
reports substantial negative impacts of microbes due to ozonation and 
(Fergusson et al., 2004) reported low removal precentages of diesel in low 
temperature and concluded that old contaminated soils had highsorbed 
compounds difficult to mobilize and hence to remediate (Fergusson et al., 2004). 
More recent studies shows improved PCB degradation rates due to ozonation but 
hence a decrease in soil pH (Javorská et al., 2009). Introduction of highly
oxidative medium could mobilize other contaminants present in soil (Lowe et al., 
2002). Other studies have shown that metals like chromium, selenium, and 
arsenic (metalloid) reverts to their less toxic state 1 - 6 months after ISCO 
treatment (Jung et al., 2005). 

4.4 Electrokinetic remediation

In electrokinetic remediation a low intensity current is transmitted through
electrodes installed into the subsurface. Effects of important variables like pH, 
water content and conductivity in soil during treatment are reviewed in Chang
and Liao, (2005). Electrokinetic remediation can be used to treat soils 
contaminated with inorganic species, certain organic compounds, and 
radionuclides (Acar et al., 1994). Virkutyte et al., (2001) specified species 
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affected by electrokinetic remediation. Treatment results in an ionic migration of 
anionic species to the cathode and cationic species to the anode. Usually soil 
contents more cationic species while soils mostly are negatively charged. Hence, 
an applied electric field generates more hydrogen ions compared to hydroxyl 
ions and water flow from the anode to the cathode (Acar et al., 1994). Generally, 
total soil volumes becomes acidic during treatment accept close to the anode and 
in highly buffered or alkaline soils (Page and Page, 2002). Acidic conditions 
generally mobilize metals and desorb metals from the soil matrix and allow them 
to be removed and treated at the anode. Water reduces to hydrogen gas at the 
cathode and oxidizes to oxygen gas at the anode (Virkutyte et al., 2001). 
Appropriate currency applied primarily depends on soil conductivity and 
electrode spacing. Higher soil conductivity means higher current in order to 
maintain an electric field appropriate for the process (Alshawabkeh et al., 1999).
Transport mechanisms in electrokinetic remediation are: 

 Electroosmosis – Mass flux of fluids under an electric field
 Electromigration, electrophoresis – Transport of ions or charged colloids 

in fluid towards the opposite charge electrode. 
 Diffusion – Transport of chemicals due to concentration differences

Migration of ions or uncharged organic compound in soil is most governed 
by electromigration and electroosmosis respectively. Contaminants in solution 
could be removed by electroplating and precipitation at the electrode, 
complexing with ion exchange resins or pumping water. Electric gradient causes 
an acidic front where cations are soluble at the anode and pH increase towards 
the cathode where species precipitates/adsorbs. Electromigration depends on the 
solubility of species in an electrolyte transport medium namely water, cation 
migration is retarded near the anode and anion migration at the cathode 
(Virkutyte et al., 2001). Enhanced removal of inorganic and organic species is 
favored while they are present as solutes. However, organic compounds are most 
often unloaded species and have low solubility in water. Phenol is although 
ionized in high pH –environments but is poorly adsorbed in this state and 
adsorption in its neutral state is favored (Lou et al., 2005). Highly buffered soils 
could mean hinder for metal mobility. Amendments such as, conductive 
solutions, acids and chelating agents have been used to enhance solubility of 
metals and organic compounds and are used to prevent precipitation and enhance 
migration of ions (Karagunduz et al., 2007). Yang and Long, (1999) studied use 
of electrokinetic treatment to supply a powerful oxidant such as hydrogen 
peroxide and potassium permanganate for degradation of organic compounds. 
Obtaining transport process in soil requires water addition at the anode due to 
reactions at the cathode (Page and Page, 2002).

4.4.1 Feasible environments for treatment

Low buffered, clayed, low permeability, saturated soils are preferred for 
treatment. Large rocks or large homogeneities could obstruct removal process 
(Mulligan et al., 2000). Acidic conditions at the anode promotes desorption and 
solubilization of cations and hence enhances electromigration of these species 
(Virkutyte et al., 2001). Mineral content, age of contamination and buffering 
capacity of soil affect solubility of metals. Surface charge at soil particles 
changes due to changes in pH, a pH less than surface PZC renders a positive 
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charge and vice versa. Changes in surface charge will affect adsorption and 
redox - processes in soil (Reddy, 2008). If soil surface charge becomes zero 
electroosmosis and migration flow will be affected (Kim et al., 2008).

4.4.2 Cost, removal efficiencies and negative environmental impact 

Table 4: Electrokinetic remediation efficiency and cost
Contaminants Cost 

($/m3)
Reference Efficiency 

(%)
Reference

Various (Pb, 
Cr and 
phenol)

25 – 300A Virkutyte et al., 
2001

70 – 95 Karagunduz et al., 2007; 
Alshawabkeh et al., 1999;
Zhou et al., 2005

A: 85 – 90 % of total costs are fixed and 10 – 15 % energy consumption (500 
KWh/m3) (Virkutyte et al., 2001).

Energy consumption is a major operation cost and Zhou et al., (2005)
reviewed pilot tests varied 38 – 2760 KWh/m3 whereas removal percentages 
ranges 70 – 95 %, no correlation between duration, efficiency and cost. Larger 
spacing between electrodes means higher voltage required for maintaining 
sufficient electrical field. Therefore, cost for electrokinetic treatment increases 
with area and Zhou et al., (2005) reviewed removal efficacy of namely Cu, Pb, 
Cd, Zn and energy consumption in pilot scale experiments and concluded that 
electrokinetic treatment affects electrical conductivity in soil. 

Electrokinetic remediation could alter both soil bacteria and intrinsic soil 
properties (Lear et al, 2007). Virkutyte et al., (2001) proved that in situ
applications render temperature increase which alter viscosity of water and target 
contaminant. Chang and Liao (2005) reviewed increased phytotoxicity of Cu and 
Cd after treatment hence inhibits soil possibility for revegetation. Addition of 
chelating agents and solvents for applying acid conditions or enhanced solubility 
has potential to mobilize contaminants, spreading them into surrounding ground 
(Martin and Ruby; 2004).

4.5 Phytoremediation

Phytoremediation uses the ability of plants to adsorb, degrade, volatilize or 
accumulate contaminants in soil, sediments, surface or ground water. 
Applications of phytoremediation generally refer to setting plants adapted for 
uptake of contaminants in place or to prevent percolation through soil matrixes. 
For plants to grow, roots uptake and utilize water, essential micronutrients (Cr, 
Cu and Zn) in their dissolved form for transport throughout plant vasculars. 
Other inorganics such as Pb, As and salts are non essential and in some 
concentrations toxic to plants but could also be taken up by a root system and 
isolated within the plant (Kumpiene et al., 2008). Additionally, other 
mechanisms could prevent intrusion by binding these inorganics in the soil or at 
the root surface. Carbon products like enzymes and proteins deriving from the 
plant photosynthesis are exuded into the rhizospere (~ 2 mm from root surface) 
and gained by organisms (bacteria, fungi) that in return could serve as protective 
barriers degrading toxic substances, enhancing nutrient and water uptake. 
Rhizospere soil has 10 – 100 times more microbes than unvegetated soil. 
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Furthermore, root uptake of water and plant transpiration is used for hindering 
water migration and contaminant transport (Gerhardt et al., 2008).
Phytoremediation mainly refers to these processes presented briefly:

Table 5: Phytoremediation processes (Ghosh and Singh; 2005).
Phytostabilization Enzymes and proteins in the rhizosphere or in root cell membranes 

immobilize contaminants by binding them to the root surface, root 
cells or nearby soil preventing migration to more sensitive parts. 

Phytodegradation Uptake of organic compounds for transformation or degradation, 
products are stored in plant tissue, bond to plant lignin, degraded 
partially or completely.

Phytoaccumulation Refers to the ability for plant to uptake, relocate, accumulate mainly 
inorganic contaminants from soil to the roots or leaves. 

Phytovolatilization Root uptake, transport and transpiration above ground of mainly 
organic compounds. Some metals are subject for volatilization. 

Rhizodegradation Degradation or transformation of organic contaminants by the 
activity in the rhizosphere derived from root exudes like enzymes 
and proteins. Degradation means volume reduction and increased 
pore space which enhances water and oxygen transport.

Evotranspiration Combined effort of plant evaporation from leaves and other parts 
located above ground and transpiration where water is a byproduct 
of plant activity. A willow tree could transpire 19 000 liters/day.

4.5.1 Feasible environment for treatment

Most important for phytoremediation to be effective is that contaminants has 
to be in contact with the rhizosphere or root system. Temperature governs 
efficiency of plant uptake and evaporation. In addition to temperature and 
humidity, phytotechnologies are limited by the length of the growth season.
Metal must be dissolved in concentrations that propose no toxicity to plants 
(Ghosh and Singh; 2005). Hyper accumulators or halophytes are known to take 
up maximum amount of 10000mg/kg metals into their structure but have 
comparably low biomass production. Crops like willows, indian mustard, corn, 
ryegrass and sunflower has been used cause of their high tolerance for metals 
(Schmidt, 2003). Metal, metalloids and salts readily taken up by plants are: 
cadmium, nickel, zinc, arsenic, selenium, copper and sodium chloride. Less 
readily for plant up take are cobalt, manganese, and iron. Lead, chromium, and 
uranium are difficult for plant up take. For metals to be dissolved pH is the major 
variable but organic, moisture and oxygen content also play significant roles.

Ability for plant uptake of organic contaminants is governed by their 
solubility, vapor pressure, polarity and sorption capacity. These variables could 
be determined by the value of Log KOW which among others things decides the 
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organic compound affinity to water. Feasible values of Log KOW is 1 – 3.5, 
whereas values above 3.5 (4- 6 ringed PAH, PCB) means that contaminants are 
sorbed to hard to soil particles or root surfaces and hence make root uptake 
difficult. Values beneath 1 means high polarity compounds that can´t be taken up 
or transported into root systems. Henry´s law defines the distribution between 
solution and gas phase of a compound could be of assistance predicting 
efficiency of phytoremediation applications (Dietz and Schnoor; 2001). Susarla 
et al. (1999) listed organic contaminants feasible for different phytoremediation 
mechanisms.

Phytoremediation applications are rare to be effective at larger depths than 3
feet. Although trees have been used to remediate soils and groundwater at larger 
depths but these requires extended time periods to grow to desirable depths. 
Moreover, plants should be easy to harvest, fast growing and yield large volumes 
of biomass for maximum effect (Ghosh and Singh; 2005). Phytoremediation 
applications are appropriate at sites with low contaminant concentrations of 2,5 -
100 mg/kg (Mulligan et al., 2000).

In most cases availability of metals and organic contaminants has to be 
increased for efficient treatment, this could be done using chelating agents or 
chelates. These substances desorb toxic substances from soil particles and form 
strong water soluble complexes that could be taken up by roots. A well tried 
chelate is EDTA which increases metal uptake by plants but instead are not 
readily degraded in soil (Lestan et al., 2008). Evangelou et al., (2007) reviewed 
usage an effects of chelating agents. Wang et al. (2008) made studies and 
concluded that efficiency of phytoremediation depends on bioavailability of Cu 
and Zn. Other amendments used to increase vegetation and/or reducing toxicity 
of compounds are compost, lime, phosphor, zero valent iron grit, industrial 
residues, alkaline or organic matter have shown satisfactory results (Vouillamoz
and Milke, 2001; Bes and Mench, 2008; Brown et al., 2005). Ghosh and Singh 
(2005) stated that some amendments could have negative effects of plant uptake 
of some metals.

4.5.2 Cost, removal efficiency and negative environmental impact

Remediation efficiencies are presented in various ways by increase in 
biomass, reduced microbiological stress, increased enzyme activity (Kumpiene 
et al., 2009), bioconcentration factor (BCF) and translocation factor (TF) are 
presented by (Fellet et al., 2007), removal weights kg or g/hectare (Martin and
Ruby, 2004; Marchiol et al., 2007) and doubling rates in uptake by (Evangelou 
et al., 2007). But Martin and Ruby (2004) and Khan et al. (2004) stated that 
generally low removal percentages are expected at low concentration areas. 
Mulligan et al. (2000) reviewed some results of phytoremediation in the field 
which showed high removal rates but these were reported from commercial 
companies. Denys et al. (2006) reported of low removal rates of PAH:s (23 -26 
%).

Cost varies from 60 – 200000$/hectare (Mulligan et al., 2000; Evangelou et 
al., 2007; Hejazi et al., 2004) and is believed to be low compared to other in situ
remediation technologies.
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Most extensive risks with phytoremediation involve the introduction of non 
– native species, both plants and microbial which could compete with native 
habitats and alter soil properties (Gerhardt et al., 2008). Other risk such as 
contaminant migration is related to poor addition of amendments and scarce 
surface control.   Remediation is bound to growth seasons; alternate land use 
could be hindered for extensive time. Plants used for phytoaccumulation could 
need secondary treatment due to high concentrations of contaminants (Ghosh
and Singh, 2005). Ghosh and Singh, (2005) reviewed some secondary treatment 
methods and recommended compaction and compost for volume reduction and 
incineration as final treatment.

4.6 Stabilization/solidification

Stabilization/solidification techniques are developed to convert 
contaminants into less soluble, immobile or less toxic forms. Stabilization aims 
to immobilize contaminants by adding immobilizing agents enhancing 
adsorption, complex binding or precipitation (Kumpiene et al., 2008). Typical 
immobilizing agents in field studies amendments are: limes, phosphates, organic 
matter induced additives (peat, manure) and industrial co-products based 
synthetics (Guo et al., 2006). 

Phosphate-based additives forms secondary phosphate precipitates that are 
relatively insoluble and stable in a wide range of conditions. These have been 
proven very effective to Pb- contaminated soils but reacts with many heavy 
metals, metalloids and radionuclides.  Solubility of both metals and phosphates 
remains low under neutral conditions and acidity has to be added for an efficient 
metal immobilization (Chen et al., 2003). Lime and other alkaline amendments 
raise pH that leads to a higher affinity between soil and metal species, but also 
leads to formation of precipitates and secondary minerals that decreases metal 
solubility and transport (Basta and Mcgoven, 2004). However, some metals or 
metalloid species such as As, Pb and Cu have shown opposite reactions in pH-
fluctuated environments and amount of lime added should be considered 
thereafter (Maurice et al., 2007).

Various organic matter such as sewage sludge and domestic refuse or 
manure compost can be used as soil amendments and to certain extent as a slow 
release nutrient source, and simultaneously could be used to lower metal 
availability (Guo et al., 2006). Organic matter reduces mobility of many trace 
metals such as Cu, Cr and As. Organic matter contributes to reduced conditions 
and Cr could be reduced to a minor toxic form Cr (VI) to Cr (III). Arsenic 
however is more toxic in its reduced state (Kumpiene et al., 2008). Clay minerals 
have a large specific surface area, mostly anionic and could therefore have a high 
affinity to cationic species. Clays such as bentonites are often amended to 
increase permeability and insure reduced conditions. Surface charge on 
hydroxides and oxides are pH-dependent and affects the ability of their 
adsorption (Jakobsson et al., 1998). Some oxidation reactions of Fe don’t
influence pH and therefore Fe-additives have been tested as a remediation of As. 
(Maurice et al., 2007). Industrial residual like fly ash are alkaline, high 
adsorptive materials and have been proven to immobilize most cationic metals. 
Additionally, their content of nutrients (K, Ca and Mg) enhances biological 
activity and vegetation (Kumpiene et al., 2006). 
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Solidification involves encapsulation and generally refers to minimize 
percolation through contaminated soil. Binding materials such as cement, 
pozzolanas, thermoplastics, fly-ash, lime-kiln dusts, and low-cost silicate-
containing by-products are mixed with soil to produce a stabilized mass 
(solidification) (Fleri and Whetstone, 2007). Solidification is defined as making 
a material into a freestanding solid (Bates et al., 2000). Toxic metal 
contaminated soil could be mixed with cement-based materials, metals are 
transformed into less mobile forms and treated soil could be used as a 
construction material (Arocha et al., 1996). Dermatas and Meng, (2003) showed 
that addition of fly ash and lime strengthens soil stability multiple times.  

4.6.1 Feasible environments for treatment

In situ stabilization techniques are mainly applied to soil contaminated with 
heavy metals or other inorganic compounds. Encapsulation and solidification 
techniques could treat both organic and inorganic compounds (Khan et al., 
2004).  Feasible environments and situations are mainly restricted by the mixing 
of soils whereas mixers could reach a depth of 30 m and clayey or rocky soils 
could also mean a hinder (Mulligan et al., 2000). An in situ
stabilization/solidification technique application involves additives for 
augmenting, volatilizing or encapsulating contaminants. 

4.6.2 Cost, removal efficiency and negative environmental impact

Cost varies primarily with: reagents used, area size (drilling, augmenting) 
and chemical nature of the contaminants (Khan et al., 2004). Fleri and 
Whetstone, (2007) reported that additive costs could be 30-50% of total 
stabilization costs.

Table 6: Stabilization of heavy metals (simulated conditions)
Technology Cost ($/m3) Reference Efficiency (%) Reference

Overall 80 -330A Hejazi et al., 2004

Lime None 
detected

- 22 -50 Basta and 
Mcgoven, 2004

Phosphor None 
detected

- 90 Basta and
Mcgoven, 2004

MixesB None 
detected

- HighD Kumpiene et al., 
2008

Lime + Red 
mudC

None 
detected

- 70 -96 Dunham et al., 
2006

A. Cost in shallow applications (80); average in deep (330).
B. Various mixes of Fe°, fly ash, organic matter, alkaline matter, clay.
C. Field studies
D. Results presented in other rates than removal percentages.
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Additives may affect aquifer quality and a site´s microbiological population. 
Solidification techniques may hinder future land use and vegetation (Harbottle et 
al., 2007).  Main impacts from a solidification application include transportation 
materials and equipment for capping or electricity consumption for solidifying 
contaminants. Stabilization applications often include drilling wells for injection 
of amendments and contaminant extraction, but could also mean soil mixing and 
addition of engineered organisms (Diamond et al., 1998). Phosphorous additives 
could lead to an excessive addition of nutrients and eutrophication. Increasing 
pH by liming leads to an increasing amount of precipitating minerals and could 
change soil porosity and structure (Kumpiene et al., 2006). Oxygen content in 
soil is affected by soil porosity which decreases with higher amounts of 
precipitates (Kumpiene et al., 2007). Iron additives could reduce contaminant 
concentration but additionally have a reductive effect on nutrients (Ca, Mg and 
P) and especially Fe0 -treated soils could need additional fertilization. If Fe0-rates 
more than 5 % amended soils structure could change due to cementation, rates 
above 1 % could render problems with revegetation (Kumpiene et al., 2008). 

4.7 Permeable Reactive barriers (PRB)

A permeable reactive barrier is constructed underground to treat 
groundwater emanating from a contaminated site. Constructed trenches are filled 
with reactive medium or less permeable material for air stripping, adsorption or 
continuous treatment (Khan et al., 2004). Barriers are typically constructed in 
two ways: digging a trench ranging over the whole width of the contaminated 
plume or a funnel and gate system that uses impermeable gates forcing water 
through a reactive barrier. A funnel and gate system increase flow rate through a 
gate system 2 -5 times. Complex contaminated plumes may need series of 
barriers (Day et al., 1998).  As water flows through the barrier a reactive medium 
contain or transform contaminants into less harmful substances. Choice of a 
reactive medium is dependent on site characteristics and contaminant properties. 
Target contaminant groups for PRB:s are VOCs, SVOCs, and inorganics. 
Organic contaminants are retarded by any natural material with high organic 
carbon content, most commonly used mediums are: granular activated carbon, 
bone char, phosphates, zeolites, coal and peat (USEPA, 1998).  Most commonly 
used material in PRB:s are zero valent iron (ZVI), and has been used since mid 
1990:s (Cundy et al., 2008). ZVI -treatment means reduction of iron and 
simultaneous degradation of organic compounds. Inorganic contaminants are 
generally captured by sorption or precipitation processes. Some of the most usual 
functional types of barriers including: Precipitation, sorption and degradation. 

Precipitation barriers are used to raise pH causing metals to precipitate into a 
solid. Limestone and apatite materials are listed as usual precipitation barrier 
materials. 

Biological barriers are constructed for enhanced microbiological degradation of 
contaminants; bacterias and nutrient are commonly used. Compost and other 
materials rich in organic matter could be used.

Sorption barriers: Tendency of a substance to bond to surfaces or incorporate in 
to another states (liquids being absorbed by a solid or gases being absorbed by a 
liquid) is favoured at low temperatures, desorption is the opposite reaction and 
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means a separation of substances from surfaces and generally occurs at higher 
temperatures (Simon and Meggyes, 2000). 

Chlorinated organic compounds could be reduced by zero valent iron (ZVI) like:

FeO+ RCI + H3O
+       Fe2+ + RH + CI- + H2O

Other reduced environments 

Fe2++ CrO4
2- + 4H2O       (Fex, Cr1-x)(OH)2+ 5OH-

Possible reactions are also oxidation of Fe2+ where the product has an ability to 
react with aromatic compounds in:

C6H6 + 30Fe3+ + 12H2O       30Fe2+ + HCO3
- + 24H+

Barriers that adept redox-reactions commonly uses Fe0 capable of reducing 
Cr(VI) and U(VI) to its less toxic forms as precipitates of hydroxide or solids 
(Cundy et al., 2008). Chromium must be reduced before precipitation and other 
amendments could reduce ferric hydroxides in soil to Fe2+ which has reducing 
capabilities stated above. Sulphur compounds have been used as reduction agents 
of Cr and removal of halogenated hydrocarbons (Simon and Meggyes, 2000).

4.7.1 Feasible environments for treatment

Feasible environments for reactive barriers vary due to choice of reactive 
medium. Reduced conditions should be maintained hindering precipitates of 
clogging pores (Gavaskar, 1999). Low temperatures decreases reaction kinetics 
and frozen water clogs pores and reduces permeability. Fine grained reactive 
materials are sensitive to low temperatures and seasonal changes. Metals have 
high solubility in melt water due to less ligand for metal bonding and low ionic 
strength (Snape et al., 2001). PRB affects surroundings mainly due to adding and 
mixing of reactive medium into soil. Adding alien reactive mediums could alter 
properties of soil both in negative and positive ways. Effective PRB:s could alter 
soil properties hindering revegetation and future land use by eutrophication or 
changes in permeability (Gavaskar, 1999). Simon et al. (2001) refers many 
problems to undesirable reaction products such as H+ ions lowering pH, lime 
introducing very high pH reduces microbial activity, low oxygen content in 
effluent waters or incomplete degradation of organic contaminants. Cundy et al.
(2008) refers most failures in ZVI PRB:s to constructional flaws.

4.7.2 Cost, removal efficiency and negative environmental impact

Cost of a reactive barrier is based on type and amount of medium which in 
turn depends on target contaminant. Deep constructions (more than 6m) means 
higher excavation and installation cost mainly due to safety regulations. Cost for 
different installation methods varies with time and Day et al., (1998) reported 
cost 40 – 1000 $/m2. Grouting methods are most expensive 300 -1000 $/m2 and 
used for deeper installations, shallow trenches are much less expensive 40-300 
$/m2 (Day et al., 1998). Reliable methods for prediction of long time behaviour 
of PRB:s are still to come and reactive barriers suppose to have an adequate 
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function for at least 5 years (Simon et al., 2001). Many contaminated plumes 
expect to be remediated over a long time period, cost for exchange of material 
will affect overall cost and therefore must be considered. Cundy et al., (2008) 
reported treatment efficiency for 8 years. Sorption and precipitation processes 
are reversible and stable conditions must be maintained (Schearer et al., 2000)

Table 7: Field results various barrier material
Barrier 
material

Contaminant Efficiency (%) Reference

Apatite Cd, Zn, U and Pb < 90% Concha and Wright, 2006; Simon
and Meggyes, 2000

ZVI VOC 60 - < 90 USEPA, 2002

Organic Cu, Ni, Pb, Co and Zn 90 Ludwig et al., 2002, Navarro et al., 
2006

4.8 Soil flushing

In situ soil flushing is a remediation technique for contaminated soils and 
groundwater. A typical application involves injection of an aqueous solution 
through various infiltration systems in contaminated soils above or beneath the 
watertable. Solution flows through the contaminated zone; extracted effluents are 
re-injected or collected and treated elsewhere. A major part of soil flushing is 
treating the washing solution which could be pose great difficulties (Mulligan et 
al., 2000). 

Figure 3: Soil flushing process (Mulligan et al., 2000).

A typical flushing solution contains surfactants, cosolvents, or treated 
groundwater (DiPalma et al., 2005). Feasible contaminant group within this 
remediation technology is the inorganics including radioactive contaminants, 
VOCs, SVOCs, fuels, and pesticides (Khan et al., 2004). In order to enhance 
treatment efficiency surfactants (surface-active-agent) are often used as 
amendments. Surfactants are a group of natural and synthetic chemicals that 
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enhances remediation of both organic and inorganic contaminants in the vadose 
and saturated zone (Mulligan et al., 2001). A surfactant consists of a hydrophilic 
and a hydrophobic part that could lower surface or interfacial (between non-polar 
and polar liquids) tension. These features are used to increase mobilization and 
solubilization of contaminants in remediation applications. Some surfactants are 
known as biosurfactants, produced by yeast or bacteria from various substrates 
including sugars, oils, alkanes and wastes (Mulligan, 2004). Anionic and 
nonionic surfactants are mainly used as amendments in soil washing or flushing. 
They could participate as mixtures or with additives such as alcohols and salts. 
Organic compounds with a low water solubility and high lipid solubility is 
mobilized and metal ions are extracted from an aqueous phase to an organic 
(Wang and Mulligan, 2004). Conte et al. (2004) concluded that a natural 
surfactant (humic acid) could have same efficiency as a synthetic in a soil 
washing application. Moreover, a natural surfactant could enhance further 
attenuation. According to Lee et al. (2005) soil flushing remediation of NAPL:s 
is hindered by an expensive post-treatment of the washing solution. Mulligan et 
al. (2001) has compiled results from applications treating VOC:s, DNAPL, 
LNAPL and PCB with various kinds of  surfactants and cosolvents and mixtures 
thereof and found high removal percentages.

Chelating agents generally serves as a mobilization agent of metals in favor 
of soil flushing and electrokinetic remediation techniques. Chelating agents 
forms stable complexes with trace metals and hinders precipitation and sorption. 
Formation of these complexes is pH- dependent and removal of metals often 
increases in acid conditions. Thus some lab scale experiments have shown a 
greater removal of Pb, Zn and Cd at slightly alkaline conditions.  Mixing 
chelates in small doses is often more efficient compared to large) but common 
soil nutrients such as Ca2+, Mg2+, and Al3+ quickly forms complexes with the 
chelates thus an excessive amount of chelates has to be added (Lestan et al., 
2008). 

4.8.1 Feasible environments for treatment

Water solubility is an important factor in a soil flushing application. 
Mulligan et al. (2001) reports that efficiencies could be enhanced up to a 100 
times with chemical additives compared to solely water. Soil flushing is most 
appropriate in homogeneous and permeable soils. Heterogeneities can lead to an 
insufficient contact between the contaminants and the aqueous solution and thus 
scarce treatment. Removal efficiencies are based on the degree of contact 
between the extraction fluid and the contaminated soil volume, contaminant 
solubility in the extraction fluid, high clay or silt content hinders fluid movement 
and hence soil flushing efficiency. Sites with metals with similar properties or a 
single metal are most appropriate for treatment while finding a solution for 
extraction of metals with variable properties pose difficulties (Martin and Ruby, 
2004). Mulligan et al. (2001) highlights pH, buffer capacity, high hydraulic 
conductivity, low clay content (low CEC), low surface area, high water solubility
for efficient treatments.
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4.8.2 Cost, removal efficiency and negative environmental impacts

Mulligan et al. (2001) reviewed results from 21 soil flushing field projects 
that used various surfactants and removal efficiencies were 70 - 90 % of organic 
contaminants. Results from soil flushing field test for metal extraction are absent 
(Martin and Ruby, 2004). Cost of an in situ application varies primarily with 
remediation time, site conditions but also amount and type of surfactant required. 
Initial cost of surfactants could significantly be lowered by recycling flushing 
solution and thereby reduce amount of water to external treatment (Khan et al., 
2004; DiPalma et al, 2003; Schaerlaekens et al., 2005). Mulligan et al. (2001) 
listed costs for in situ soil flushing applications to be 100-200$/ton for soluble 
contaminants.

Treatment risks often derive from sore solution control; an insufficient or 
excessive infiltration could lead to a migration of contaminants into surrounding 
ground. Precipitation and low temperatures could clog soil pores and thus be of 
significance for treatment (Gavaskar, 1999; Snape et al., 2001). Flushing 
solution in most cases has to be treated before discharge; the chelating agent 
most often used called EDTA is toxic and rather persistent in the environment
(Mulligan et al, 2001).  DiPalma et al., (2005) have done experiments recovering 
EDTA from soil flushing fluids with satisfactory results. Metals left in soil is 
supposed to be less bioavailable than before treatment, a condition which may or 
may not be stable over time and could therefore pose a risk of pollution in the 
future (Lestan et al., 2008). Moreover, addition of an alien substance could alter 
soil properties and thereby hinder revegetation (Martin and Ruby, 2004).

5. On-site techniques

5.1 Soil washing

Soil washing is a physical and/or chemical process that results in the 
separation, segregation, and volume reduction of hazardous materials and/or the 
chemical transformation of contaminants to nonhazardous materials. Soil 
washing refers mainly to a technique separating fine soil material from coarse 
hence reducing amount of material sent to treatment. Soil washing is applicated 
on site where soil has been excavated. Prior to soil washing sieves are separating 
coarse materials such as rocks and coarse gravel. Soil material is then washed by 
namely water while being shaken or stirred in an initial step. The majority of 
pollutants attached to coarse fractions such as sand and gravel are supposed to be 
separated in this step and these fractions needs of no further treatment (NTV, 
1993). Physical techniques are primarily used where metals are not firmly 
attached to soil particles. A typical treatment often includes: a mechanical 
screening process, hydroseparation followed by an attrition step to provide 
suitable particle size for further treatment (Dermont et al., 2007). Different 
physical separation methods often used:

Mechanical separation whereas particles are separated through differences in 
size using trommels or vibrating devices. Gravity separation uses differences in 
density that must be larger than 1g/cm3 for efficient treatment by e. g vibrating 
tables, spirals or jigs.  Hydrodynamic separation uses differences in settling 
velocities or centrifugal forces in a water flow for separation. Froth flotation 
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technique uses hydrophobic properties of metal bearing particles. Air is injected 
in soil slurry; metal bearing particles are attached on air bubbles which are 
gathered in foam slurry for removal and further treatment. Hydrophobicity of 
metal bearing particle surfaces is rendered by additives (Dermont et al., 2007). 
Magnetic separation uses the fact that heavy metal contaminants form magnetic 
minerals in soil and is often used in the metal recovery industry (Rikers and 
Dalmijn, 1998). Soil scrubbing is uses particle to particle scrubbing to 
accommodate removal of coating or films from grain particles, separation of clay 
– sand particles or dissolution of soil agglomerates. 

Sand and fines are further treated by froth flotation or gravitation. Residuals 
(fines) from the hydroseparation process are pumped into water treatment where 
polymer treatment is often used to sediment and dewater soil slurry (Mann, 
1998). In order to treat soil, contaminants have to be available for treatment, 
metals needs to be solved, complex bonded or more soluble. For these matter 
amendments such as acids, salts, surfactants, chelating agents are used to extract 
contaminants, enhance solubility or desorption from soil particles. Moreover 
redox agents are used to change valence state of the contaminant for enhanced 
mobility (Dermont et al., 2007). Mulligan et al. (2000) and Mulligan (2004) 
reviewed different surfactants. 

Organic compounds may sorb strongly to soil particles and could be 
dissolved by adding surfactants which lower surface or interfacial (between non-
polar and polar liquids) tension thus enhancing solubility. Various types of 
alcohols are used as solvent for organic contaminants (Mulligan, 2004). In order 
to hinder sorption onto soil, nonionic surfactants have been used as amendments. 
Anionic surfactants reduce capillary force between soil particles and organic 
compounds enhancing mobility. Humic acids have also been used with various 
results (Conte et al., 2005). (Chu and Chan, 2003) has provided a study revealing 
the importance of surfactants in hydrophobic contaminant soil washing (Chu and 
Chan, 2003). When treatments goals are met slurry is dewatered and washing 
solution is finally treated by sedimentation and flocculation. Solution containing 
volatile substances are captured in adsorption filter and reused in the washing 
process (NTV, 1993). Overview of a soil washing application below:
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Figure 3: Overview soil washing application (Mann, 1998)

5.1.1 Feasible environments for treatment

Most valuable information before physical separation is size and 
moisture distribution content, density and magnetic differences between 
contaminants and soil particles. Other feasible variables are:

 Homogeneous soil matrix
 Silt/clay content less than 30 %
 High humic content – affects solubility 
 Content of organic compounds with high viscosity
 Contaminant abundant in fine material, not in all fractions
 Similar intrinsic properties of contaminants – similar treatment of organic 

compounds, anions and cations provides difficulties.
 Outdoor applications require temperatures above 0o C.

(Dermont et al., 2007).
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5.1.2 Cost, removal efficiency and negative environmental impact

Target contaminant groups for soil washing are semi-volatile organic 
compounds (SVOCs), petroleum and fuel residuals, heavy metals, PCBs, PAHs, 
and pesticides (Hejazi et al, 2004).

Table 3: Soil washing cost and removal efficiency 
Contaminant Cost ($/m3) Reference Efficiency (%) Reference
Cd, Cr, Pb, Ni, 
Zn, As and Cu 
in field and 
pilot test.

None 
detected

- 10 -98 (average 
of 37 tests = 72 
%)

Dermont et 
al., 2007

PAH:s, VOC, 
SVOC

40-200 Peters, 1999; Bates et al, 
2000; Khan et al, 2004; 
NTV, 1993; Mulligan et al
2000

69 -78 Bates et al., 
2000

Oil, VOC, 
phenol, 
cyanide, heavy 
metals, arsenic 
and PAH

None 
detected

- 50 -99 NTV, 1993

Costs are most variable with additive use and amount of contaminated soil 
(Mulligan et al 2000). Treatment rates varies substantially 5 -350 ton/h (Evans et 
al., 2001; NTV, 1993).

Chelates such as EDTA are almost non-degradable in nature and toxic. The 
reuse of EDTA and other additives are crucial for cost estimates. Main impacts 
from soil washing applications derive from the addition of amendments and 
transportation of contaminated soil residues. In certain cases roads and other 
communications must precede treatment thus having an impact of eventually 
undisturbed surroundings (Diamond et al., 1999). Acid leaching methods could 
significantly lower mineral and organic content in soil. Increased acidity in soil 
aggravates the possibility of revegetation; acidity must be neutralized before soil 
reinjection in nature (Dermont et al., 2007).
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5.2 Land farming

Land farming technology uses the ability of microbes degrading organic 
compounds into carbon dioxide and water. Land farming is applicated on site 
with excavated soil that is laid out in strings or thin layers. A cover beneath the 
material hindering leachate recollects water which could be reinjected. Wood 
chips, litters or bark acts as fillers increasing pore space to secure microbe access 
to water and oxygen (NTV, 1993). Bio piling, bioreactors and composting are 
similar techniques but with main differences in controlled environments (oxygen 
blowers, covers, addition of organic material and piling) (Vidali, 2001). Land 
farming applications could be open or static. Open applications uses machines 
turning the material which is laid out in thick strings and hence enhancing 
oxygenation and contact microorganisms – organic contaminants. Static land 
farming means that the material is laid out into thin layers with air space in 
between and aeration is done by perforated pipes crossing the material (NTV, 
1993). Land farming is applicable on most biological degradable contaminants.
Certain groups suitable for treatment are: 

 Aliphatic hydrocarbons
 Petroleum products
 Primarily 2 – 3 ringed PAH
 Phenols

Organic contaminants are removed namely by volatilization, biodegradation 
and adsorption. High volatile compounds participate easily in a gas phase, 
volatility increases with temperature. Volatilization is main removal mechanism 
of light weight (gasoline, high volatile) petroleum products, significance of 
biodegradation increases with molecule weight or decreased volatility. 
Biodegradability of petroleum products are listed by (Maila and Cloete, 2004). In 
the absence of nutrients and water degradation rates decreases (Hejazi and
Husain, 2004). Biostimulation and bioaugmentation means adding nutrients or 
bacterias enhancing degradation of hydrocarbons. Amendments such as manure, 
bacterias, water; oxygen or lime are added for optimized degradation (Khan et 
al., 2004). 

5.2.1 Feasible Environment for treatment

Activity of hydrocarbon degrading microbes is affected by pH, state and 
content of contaminants, temperature, moisture and oxygen content. Biological 
degradation is preferable when volatilization of contaminants often requires 
additional air emission treatment. Hydrocarbons are readily degraded in aerobic 
conditions and oxygen content will decide however conditions will become 
anaerobic or aerobic.  Rates of chemical reactions are affected temperatures and 
many of them are doubled by every 10 –degree increase. High concentrations of 
heavy metals have detrimental effect on microbiological growth (Vidali, 2001). 
Microorganisms growing at low temperatures (psychrophiles) have less 
efficiency degrading some hydrocarbons compared to mesophilic (25 – 40oC) 
(Van Stempvoort and Biggar, 2008). Physically bonded pollutants are more 
available for biodegradation than chemically bonded (Maila and Cloete, 2004). 
Transportation of nutrients and water is important for degradation of 
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hydrocarbons; moreover contaminant and microorganisms needs to be in contact 
for degradation to function. Hence, high permeability soils are less appropriate 
for treatment (Vidali, 2001). High clay and organic content causes organic 
contaminants to bond more strongly to soil matrix hence reducing its 
bioavailability and assessment for treatment (Maila and Cloete, 2004). Vidali
(2001) listed appropriate factors for oil degradation to be:

 Soil moisture 30–90% (of water holding capacity)
 Soil pH 6.5–8.0
 Oxygen content Aerobic, minimum air-filled pore space of 10–40%
 Nutrient content N and P for microbial growth C: N: P = 100:10:1
 Temperature (°C) 20–30
 Contaminants 5–10% of dry weight of soil
 Heavy metal content of less than 700 ppm

although McCarthy et al. (2004) reported successful land farming applications in 
cold climatic regions.

5.2.2 Cost, removal efficiency and negative environmental impact

Treatment duration varies with volatility and biodegradability; time required 
is weeks to 2 years or longer (Hejazi and Husain, 2004). Light petroleum 
products have remediation durations of weeks to months while high molecular 
PAH could prolong up to several years (NTV, 1993). Various studies report that 
removal rates are faster at the beginning of treatment (2 – 3 months) and 
decreases afterwards (Hejazi and Husain, 2004; Maila and Cloete, 2004; Marin 
et al., 2005). 

Table 8: Land farming treating hydrocarbons
Contaminant Cost ($/m3) Reference Efficiency (%) Reference
Hydrocarbons 65 -130 Khan et al., 2004;

Maila and Cloete, 2004
70 -81 Marin et al., 2005;

Hejazi and Husain, 
2004; Chaineau et 
al., 2003

PAHA None 
detected

- 15 -90 Maila and Cloete, 
2004

4-5 ringed 
PAH

None 
detected

- 68 -83 Atagana, 2003

A: Long lasting treating periods < 3years, 2 -3 ringed PAH more efficiently 
removed.

While a significant part of hydrocarbons could emit during land farming 
remediation it poses a threat to workers and could cause air pollution. Land 
farming applications generally requires large areas and appropriate leachate 
collection systems for treatment duration up to several years. Amendments for 
enhanced aeration and degradation could alter soil properties such as volume and 
microbiological environments. Multi- contaminated soils with several kinds of 
contaminants could pose problems e.g. high heavy metal content are detrimental 
for some microbes degrading organic compounds.  While removal percentages 
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higher than 95 % is hard to achieve, some part of the contaminants are left 
untreated in soil (Maila and Cloete, 2004). (Khan et al., 2004) reported that high 
concentration of hydrocarbons (more than 50 000 ppm) could pose difficulties 
for remediation. 

6. Discussion: Evaluation and combinations of treatment 
methods

Natural attenuation means unenhanced remediation by natural processes 
without artificial interfering and is therefore not evaluated. Most prominent 
negative environmental impacts and target contaminant/s are mentioned.

Table 9: In situ and on- site treatment methods
Technology Soil Contaminant Cost $/m3 Effiency (%) Impact Combined

1. Air 
sparging

High p,
Low c
Low oc

VOC, SVOC, 
Chlorinated 
solvents

30 -70 80 % Permeability 
lowered

2,3

2. Bioventing High p, Low c
Low oc

VOC, SVOC 10 -15  None detected Permeability 
lowered

1,3

3. Soil vapor 
extraction

High p, Low c
Low oc

VOC, SVOC, 
Chlorinated 
solvents

20- 100 < 90 % Permeability 
lowered

1,2,4,10

4. ERH, 
THD

RWH

High c,
Low p
Low oc
None detected

VOC, SVOC,  
PAH

185 -225
100 -300

None
detected

> 90% Revegetation
inhibited, gas
emission

3,5

5. Chemical 
oxidation

High p,
Low c
Low oc

VOC, SVOC, 
PAH, 
Chlorinated 
solvents

125 -160A 40 -99B Revegetation 
inhibited
toxic
amendments.

4,8

6. Soil flushing High p, Low c
Low oc

Metals, VOC, 
SVOC, 
Pesticides

50 -250 70 -90 Permeability 
lowered, 
EDTA toxic 
additives 

11

7. Soil 
washing

Low c, Low oc
p = inessential

Metals, 
SVOC, PAH, 
PCB, 
pesticides

50 -200C Various 10 -98
(medium 72)
metals, PAH:
70

Poor additive 
control may 
inhibit soil 
revegetation

All



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
33

Table 9: Continued.
Technology Soil Contaminant Cost 

$/m3
Effiency 
(%)

Impact Combined

8. Electrokinetic 
separation

Low p
High c
oc: none 
detected

Metals, phenol 25 – 300D 70 - 95 Increased 
phytotoxicity. 
Additives and 
fluids may 
inhibit soil 
revegetation

5,11

9. Stabilization High p
High c*
High oc

Metals

Organics 
(capping)

80E -330F 70 – 96G Permeability 
lowered.

10, 3

10. Solidification None
detected

Metals, 
organics

None
detected

None 
detected

Hinder for 
future land 
use, 
revegetation.

9

11. Permeable 
reactive 
barriers

None 
detected

VOC, Metals None 
detected

60 -90 Reactive 
media 
migration

1,2,3,5,6, 8

12. Land farming Low c, 
High p, 
Low oc

VOC, SVOC, 
PAH, Phenols

65 -130 70 - 95 Air pollution. 
Large areas
required, long 
duration 

13. Phytoremedia
tion

Plant 
feasible

Metals, Various
hydrocarbons
Log Kow 1- 3,5

Low Low Large areas 
required, long 
duration

A: Expensive equipment
B: Studies of Ozone and Peroxide at
simulated conditions. 
C: Expensive equipment
D: Few results
c: clay content
* Trouble for mixing additives

p: permeability
oc: organic content
E: Shallow treatment, cost for 
additive 30 -50 %
F: Deep treatment, cost for additives
30 -50 %
G: Simulated conditions

6.1 Combined treatment

Few methods are developed for remediation of multi-element contaminated 
soil, stepwise remediation or combined techniques are therefore often required.
In case of choosing more than one technology to treat a specific soil, limitations, 
impacts and risks related to the combined methods should be considered.

1.2.3 Airsparging/Bioventing/SVE: Air sparging is often combined with SVE 
because an elevated air pressure increases need for emission control.
Significance of volatilization increases with higher air flow rates. For treatment 
of organic compounds with higher molecular weight, air is heated with various 
techniques up to 800ºC. At multi- element contaminated soils were metals are 
present, these could be mobilized by increased oxygenation. Installing a
permeable reactive barrier crossing site groundwater flow could inhibit further 
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migration. SVE could combine with capping of treatment area hence decreasing 
unwanted infusion of atmospheric air.

4. Thermal treatment: Blowers works at temperatures range up to 800ºC 
conducting heat to volatilize organic compounds and is often combined with 
SVE systems. Evaporation of water and higher temperatures increases soil 
porosity and hence possibility for secondary treatment methods for metals. 
Metals are mobilized by thermal treatment but moreover are made more 
available for further treatment such as chelating agents immobilizing metals. Is 
most often combined eith an SVE for air exchange and additional treatment.

5. Chemical oxidation: These techniques provide an oxidative medium for 
enhanced degradation of organic compounds. Treatment efficiency depends on 
degree of contact between contaminant and oxidative medium. Electrokinetic 
treatment could transport organic compounds and oxidants through an electro 
osmotic flow; hence increase contact oxidant/contaminants. Oxidative medias 
are generally flushed into soil matrixes while a uniform spread of fluid must be 
accomplished. Preheating of soil could be an alternative for increasing reaction 
rates of persulfate into SO4

- – radical.

6. Soil flushing: Soil flushing is governed by contact fluid/contaminant and 
moreover by the efficiency of added cosolvents, surfactants or chelating agents.
Permeable reactive barriers for recovery of mobilized contaminants could be 
used as combined treatment.

7. Soil washing: Soil washing is an on-site technique were soil is excavated 
before treatment and therefore could proceed after almost any treatment method. 
Combined efforts are primarily done pre-treatment whereas coarse fractions such 
as rocks and gravel are separated. 

8. Electrokinetic separation: For electrokinetic remediation to be feasible, 
contaminants must be desorbed and/or solved in soil. As mentioned above this 
remediation technique could act as a transport agent for charged mediums.

9.10. Stabilization/Solidification: Remediation aims to immobilize, detoxify or 
solidify primarily metals. In order to obtain appropriate conditions encapsulation 
or capping minimizing soil percolation and air intrusion could be applied as 
additional treatment.

11. Permeable reactive barriers (PRB): PRB:s are constructed to treat 
groundwater emanating from contaminated sites and could be used as a 
complement treatment avoiding offsite contaminant migration. Various materials 
could be used in series of barriers.

12. Land farming: Land farming is an on-site technique were soil is excavated 
before treatment and therefore could proceed after almost any treatment method.

13. Phytoremediation: Contaminants need to be solved and/or available for 
plants. Could be used as a secondary treatment method when soil percolation has 
to be decreased or moderate levels of bioavailable contaminants still are present.
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7. Summary and conclusion

Reliable in situ and on-site remediation techniques has been compiled and 
summarized in order to review remedy options. These techniques have been 
monitored by their general function, feasible environment, target contaminants, 
removal efficiency, environmental impact, overall cost and compatibleness with 
other remediation options. Few conclusions are possible to make but a majority 
of the most efficient treatment methods tend to have a major environmental 
impact and in most remedy options cost varies substantially. Moreover, a high 
content of organic matter and clay combined with low permeability in multi –
element contaminated soil seems to pose most difficulties for soil remedy 
selection. Often mentioned critical variables in soil remediation technologies are 
the distribution efficiency of a reactive media in the contaminated area and the 
reactivity of the target compound/s present. Combined treatment could generally 
serve to enhance contact contaminant/ added reactive media and to avoid 
emissions by adding controlled conditions. Combinations of methods have been 
discussed based on literature. Ratable criteria within remedy selection processes 
could be of social, environmental, technical and economical concern. Choice of 
variables within this summary was not meant to serve as ranking tools but for 
review of complex remediation situations.



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
36

8. References

Abu-El-Sha’r W.Y., Al-Zou’by J.Y., 2005. Significance of Well Locations and 
Flow Rates in Bioventing Systems Design. Vadose Zone Journal 4, 354–359.

Acar Y.B., Galeb R.J., Alshawabkeh A.N., Marks R.E., Puppala W., Brickad M.,
Parkere R., 1995. Electrokinetic remediation: Basics and technology status. 
Journal of Hazardous Materials 40, 117- 137.

Alshawabkeh A.N., Yeung A.T., Bricka M.R., 1999. Practical aspects of in-situ 
electrokinetic extraction. Journal of Environmental engineering, January 1999, 
27-35.

Amarante D., 2000. Applying in situ chemical oxidation, Pollution Engineering, 
February 2000, 40-42. 

Andreottola G., Dallago L., Ferrarese E., 2008. Feasibility study for the 
remediation of groundwater contaminated by organolead compounds. Journal of 
Hazardous Materials 156, 488-498.

Atagana H.I., 2003. Bioremediation of creosote-contaminated soil: a pilot-scale 
landfarming evaluation. World Journal of Microbiology & Biotechnology 19, 
571–581. 

Baker, R.S., Moore, A.J., 2000. Optimizing the effect of in situ bioventing. 
Pollution Engineering 7, (32), 44-47. 

Baker R.S., Bierschenk J.M., Heron G, LaChance J.C., 2006.  Heat it All the 
Way - Mechanisms and Results Achieved using In-Situ Thermal Remediation.  
Remediation of Chlorinated and Recalcitrant Compounds: Proceedings of the 
Fifth International Conference (May 22-25, 2006). Battelle, Columbus, OH. (in 
press). 

Bass D. H., Hastings N.A., Richard A., 2000. Performance of air sparging 
systems: a review of case studies. Journal of Hazardous Materials 72, 101–119.

Basta N.T., McGowen S.L., 2004. Evaluation of chemical immobilization 
treatments for reducing heavy metal transport in a smelter-contaminated soil. 
Environmental Pollution 127 (2004) 73–82.  

Bates E.R,, Grosse D.W., Sable-Demessie E., 2000. Treatment Technology for
Rernediation of Wood Preserving Sites: Overview. Remediation Journal, 
Summer 2000, 35 – 49. 

Bates E.R., Endalkachew S-D., Grosse D.W., 2007. Solidification/Stabilization 
for Remediation of Wood Preserving Sites: Treatment for Dioxins, PCP, 
Creosote, and Metals. Remediation Journal 3 (10), 51 – 65. 



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
37

Bes C., Mench M., 2008. Remediation of copper-contaminated topsoils from a 
wood treatment facility using in situ stabilization. Environmental Pollution 3 
(156), 1128-1138. 

Beyke, G., Fleming., D, 2005. In situ thermal remediation of DNAPL and 
LNAPL using electrical resistance heating.  Remediation Journal,3 (15), 5-22. 

Block P.A., Brown R.A., Robinson D., 2004. Novel Activation Technologies for 
Sodium Persulfate In situ Chemical Oxidation. Preprint: Proceedings of the 
Fourth International Conference on the Remediation of Chlorinated and 
Recalcitrant Compounds, unpaginated. 

Bradner, G C., Murdoch L.C., 2005. Effects of skin and hydraulic fractures on 
SVE wells Journal of Contaminant Hydrology, 4 (77), 271-297. 

Broschart, M.B., Lanier, J.H., Petkovsek, R., 2003. Cost-effective strategy for 
installation and operation of a bioventing system to remediate jet fuel 
contamination beneath the former refueling apron at Griffiss Air Force Base, 
New York. Federal Facilities Environmental Journal, 3 (14), 67-78. 

Brown S., Christensen B., Lombi E., McLaughlin M., McGrath S., Colpaert J., 
Vangronsveld J., 2005. An inter-laboratory study to test the ability of 
amendments to reduce the availability of Cd, Pb, and Zn in situ. Environmental 
Pollution 138, 34-45. 

Börjesson E., 2008. Lägesbeskrivning av efterbehandlingsarbetet i landet, 2007. 
Dnr 642-516-08 Rf. Swedish environmental protection agency -
Naturvårdsverket, Stockholm, Sweden 2008. 

Campagnolo, J.F., Akgerman A., 1995. Modelling of soil vapor extraction (SVE) 
system - Part 1. Waste management, 5- 6, 379-389. 

Chaineau C.H., Yepremian C., Vidalie J.F., Decreux J., Ballerini D., 2003. 
Bioremediation of a crude oil polluted soil: Biodegradation, leaching and toxicity 
assessment. Water, Air, and Soil Pollution 144, 419-440.

Chang J-H., Liao Y-C., 2006. The effect of critical operational parameters on the
circulation-enhanced electrokinetics. Journal of Hazardous Materials 129, 186–
193.

Chen M., Ma L.Q., Singh S.P., Cao R.X., Melamed R., 2003. Field 
demonstration of in situ immobilization of soil Pb using P amendments. 
Advances in Environmental Research 8, 93-102. 

Cho H.J., Fiacco Jr. R.J., Daly M.H., 2002. Soil Vapor Extraction and Chemical
Oxidation to Remediate Chlorinated Solvents in Fractured Crystalline Bedrock: 
Pilot Study Results and Lessons Learned. Remediation Journal, Spring 2002, 35 
-50.



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
38

Cho J.S., DiGiulio D.C., Wilson J.T., 1997.  In-situ air injection, soil vacuum 
extraction and enhanced biodegradation: A case study in an Jp-4 jet fuel 
contaminated site. Environmental Progress, 1 (16), 35-42. 

Concha J.L., Wright J., 2006. An Apatite II permeable reactive barrier to 
remediate groundwater containing Zn, Pb and Cd. Applied Geochemistry 21 

2188‒2200. 

Conte P., Agretto A., Spaccini R., Piccolo A., 2005. Soil remediation: humic 
acids as natural surfactants in the washings of highly contaminated soils. 
Environmental Pollution 135, 515–522. 

Cundya A.B., Hopkinson L., Whitby Raymond L.D., 2008. Use of iron-based 
technologies in contaminated land and groundwater remediation: A review. 
Science of the total environment 400, 42-51.

Day S.R., O’Hannesin S.F., Marsden L., 1999. Geotechnical techniques for the 
construction of reactive barriers. Journal of Hazardous Materials 67, 285–297.

Denys S.,Rollin C., Guillot F., Baroudi H., 2006.In-situ phytoremediation of 
PAH:s contaminated soils following a bioremediation treatment. Water, Air, and 
Soil Pollution, 6: 299–315.

Dermatas D., Meng X., 2003. Utilization of fly ash for stabilization/solidification 
of heavy metal contaminated soils. Engineering Geology 3-4 (70), 377-394.

Dermont G., Bergeron M., Mercier G., Richer-Lafl`eche M., 2007. Soil washing 
for metal removal: A review of physical/chemical technologies and field 
applications. Journal of Hazardous Materials, 152, 1 -31. 

Diamond M.L., Page C.A., Campbell M., McKenna S., Lall R., 1999. Life-cycle 
framework for assessment of site-remediation options: Method and generic 
survey. Environmental Toxicology and Chemistry, 4 (18), 788–800.

Di Palma L., Ferrantelli P., Merli C., Biancifiori F., 2003. Recovery of EDTA 
and metal precipitation from soil flushing solutions. Journal of Hazardous 
Materials 103, 153–168.

Di Palma L., Ferrantelli P., Medici F., 2005. Heavy metals extraction from 
contaminated soil: Recovery of the flushing solution. Journal of Environmental 
Management 77, 205–211.

Elder, C.R., Benson, C. H., Eykholt, G. R., 1999. Modeling mass removal during 
in situ air sparging. Journal of Geotechnical and Geoenvironmental Engineering,, 
11 (125), 947-958.



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
39

Evangelou Michael W.H., Ebel M., Schaeffer A., 2007. Chelate assisted 
phytoextraction of heavy metals from soil. Effect, mechanism, toxicity, and fate 

of chelating agents. Chemosphere 68, 989‒1003. 

Evans M.L., Porges R.E., Coghlan G.H., Eilers R.G., Glazer A.G., 2001. 
Methodology and Model for Performance and Cost Comparison of Innovative 
Treatment Technologies at Wood Preserving Sites. Remediation winter 2001, 37 
-54. 

Federal Remediation Technology Roundtable (FRTR), 2002. Remediation
Technologies Screening Matrix and Reference Guide. Version 4.0.
USA. URL: <http://www.frtr.gov/matrix2>.

Fellet G., Marchiol L., Perosa D., Zerbia G., 2007. The application of 
phytoremediation technology in a soil contaminated by pyrite cinders. Ecological 
engineering 31, 207–214.

Ferguson S.H., Woinarski A.Z., Snape I., Morris C.E., Revill A.T., 2004. A field 
trial of in situ chemical oxidation to remediate long-term diesel contaminated 
Antarctic soil. Cold Regions Science and Technology 40, 47– 60.

Fleri M.A.,Whetstone G.T., 2007. In situ stabilisation/solidification: Project 
lifecycle. Journal of Hazardous Materials 141, 441–456.

Frank U., Barkley N., 1995. Remediation of low permeability subsurface 
formations by fracturing enhancement of soil vapor extraction. Journal of 
Hazardous Materials, 2 (40), 191-201. 

Gavaskar A.R., 1999. Design and construction techniques for permeable reactive 
barriers. Journal of Hazardous Materials 68, 41–71.

Gerhardt K.E., Huang X-D., Glick B.R., Greenberg B.M., 2008. 
Phytoremediation and rhizoremediation of organic soil contaminants: Potential
and challenges, Plant Science 2008, doi:10.1016/j.plantsci.2008.09.014. 

Ghosh M., Singh S.P., 2005. A review on phytoremediation ofheavy metals and 
utilization of its byproducts. Applied ecology and environmental research 3(1), 
1-18.

Gray C.W., Dunham S.J., Dennis P.G., Zhao F.J., McGrath S.P., 2006. Field 
evaluation of in situ remediation of a heavy metal contaminated soil using lime 
and red-mud. Environmental Pollution 142, 530-539. 

Guo G., Zhou Q., MA L.Q., 2006. Availability and assessment of fixing 
additives for the in-situ remediation of heavy metal contaminated soils. 
Environmental Monitoring and Assessment 116, 513–528. 

Harbottle M.J., Al-Tabbaa A., Evans C.W., 2007. A comparison of the technical 
sustainability of in situ stabilisation/solidification with disposal to landfill.
Journal of Hazardous Materials 141, 430–440.  

http://www.frtr.gov/matrix2


In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
40

Heine KS., Steckler, DJ, 1999. Augmenting In-Situ Remediation by Soil Vapor 
Extraction with Six-Phase Soil Heating.  Remediation Journal, 2 (9), 65-72.

Hejazi R.F., Husain T., 2004. Landfarm Performance under Arid Conditions. 1. 
Conceptual Framework. Environmental Science Technology 38 (8), 2449-2456.
Hejazi R.F., Husain T., 2004. Landfarm Performance under Arid Conditions. 2. 
Evaluation of Parameters. Environmental Science Technology 38 (8), 2457-
2469. 

Isosaari P, Piskonen R, Ojala P, Voipio S, Eilola K, Lehmusa E, Itavaara M, 
2007. Integration of electrokinetics and chemical oxidation for the remediation 
of creosote-contaminated clay. Journal of Hazardous Materials 144, 538–548.

Jakobsson A., Mácsik J., Pousette K., 1998, Kompendium i miljögeoteknik skrift 
02:05, LTU, department of civil and environmental engineering, division of soil 
mechanics.

Javorsk´a H, Tlustoˇs P, Komárek M., Lestán D., Kaliszová R., Száková J., 2009. 
Effect of ozonation on polychlorinated biphenyl degradation and on soil physico-
chemical properties. Journal of Hazardous Materials 161, 1202–1207. 

Johnston C. D., Rayner J.L., Briegel D., 2002. Effectiveness of in situ air 
sparging for removing NAPL gasoline from a sandy aquifer near Perth, Western 
Australia. Journal of Contaminant Hydrology, 1-2, (59), 87-111.

Jung H., Ahn Y., Choi H., Kim I.S., 2005. Effects of in-situ ozonation on 
indigenous microorganisms in diesel contaminated soil: Survival and regrowth. 
Chemosphere 61, 923–932. 

Kakarla P.K., Andrews T.,Greenberg R.S., Zervas D.S., 2002. Modified Fenton’s 
Processes for Effective In-Situ Chemical Oxidation— Laboratory and Field 
Evaluation. Remediation journal, Autumn 2002, 23-36.

Karagunduz A., Gezer A., Karasuloglu G., 2007. Surfactant enhanced 
electrokinetic remediation of DDT from soils. Science of the Total Environment 
385, 1–11.

Kaleris, V., Croisé, J., 1999. Estimation of cleanup time in layered soils by vapor 
extraction. Journal of Contaminant Hydrology, 1-2 (36), 105-129.

Khan F.I., Husain, T., Hejazi, R., 2004. An overview and analysis of site 
remediation technologies.  Journal of Environmental Management 2 (71), 95-
122.

Kim D-H., Ryu B-G., Park S-W., Seo C-I, Baek K., 2008. Electrokinetic 
remediation of Zn and Ni-contaminated soil, Journal of Hazardous Materials. 
(2008), doi:10.1016/j.jhazmat.2008.10.025.



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
41

Kingscott, J., Weisman, R.J., 2002. Cost Evaluation for Selected Remediation 
Technologies. Remediation Journal 2 (12), 99-116.

Kirtland B.C., Aelion C.M., 2000. Petroleum mass removal from low 
permeability sediment using air sparging soil vapor extraction: impact of 
continuous or pulsed operation. Journal of Contaminant Hydrology 41, 367–383. 

Berggren Kleja D., Elert M., Gustafsson J.P., Jarvis N., Norrström A-C., 2006. 
Metallers mobilitet i mark. Rapport 5536. Swedish environmental protection 
agency - Naturvårdsverket, Stockholm, Sverige.

Kumpiene J., Lagerkvist A., Maurice C., 2007. Stabilization of Pb- and Cu-
contaminated soil using coal fly ash and peat Environmental Pollution 145, 365-
373.

Kumpiene J., Guerri G., Landi L., Pietramellara G.,.Nannipieri P., Renella G., 
2009. Microbial biomass respiration and enzyme activities after in-situ aided 
phytostabilization of a Pb-and Cu-contaminated soil. Ecotoxicology and 
Environmental Safety 72, 115–119.

Lageman R., Godschalk M.S., 2007. Electro-bioreclamation: A combination of 
in situ remediation techniques proves successful at a site in Zeist, the 
Netherlands. Electrochimica Acta 52, 3449–3453.

Larsson L., Lind B., 2001. Biologiska metoder för in situ sanering av organiska 
markföroreningar – En kunskapssammanställning ”State of the art”.

Lear G., Harbottle M.J., Sills G., Knowles C.J., Semple K.T., Thompson I.P, 
2007. Impact of electrokinetic remediation on microbial communities within 
PCP contaminated soil. Environmental Pollution 146, 139-146.

Lee B-T., Kim K-W., 2002. Ozonation of diesel fuel in unsaturated porous 
media. Applied Geochemistry 17, 1165–1170.

Lee M., Kang H., Do W., 2005. Application of nonionic surfactant-enhanced in 
situ flushing to a diesel contaminated site. Water Research 39, 139–146. 

Lestan D., Luo C-L., Li X-D., 2008. The use of chelating agents in the 
remediation of metal-contaminated soils: A review. Environmental Pollution 
153, 3-13.

Lowe K.S., Gardner F.G., Siegrist R.L., 2002. Filed evaluation of in situ
chemical oxidation through vertical well-to-well recirculation of NaMnO4. 
Ground Water Monitoring & Remediation, 1 (22), 106-115.

Ludwig, R.D., McGregor, R.G., Blowes, D.W., Benner, S.G., Mountjoy K., 
2002. A permeable reactive barrier for treatment of heavy metals. Ground Water, 
1 (40), 59-66.



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
42

Luoa Q., Zhang X., Wang H., Qian Y., 2005. The use of non-uniform 
electrokinetics to enhance in situ bioremediation of phenol-contaminated soil. 
Journal of Hazardous Materials 121, 187–194.

Maila M.P., Cloete T.E., 2004. Bioremediation of petroleum hydrocarbons 
through landfarming: Are simplicity and cost-effectiveness the only advantages?
Reviews in Environmental Science & Bio/Technology 3, 349–360.

Mann, M.J., 1999. Full-scale and pilot-scale soil washing. Journal of Hazardous 
Materials, 66, 119–136.

Marchiol L., Fellet G., Perosa D., Zerbi G., 2007. Removal of trace metals by 
Sorghum bicolor and Helianthus annuus in a site polluted by industrial wastes: A 
field experience. Plant Physiology and Biochemistry 45, 379-387. 

Marin J.A., Hernandez T., Garcia C., 2005. Bioremediation of oil refinery sludge 
by landfarming in semiarid conditions: Influence on soil microbial activity. 
Environmental Research 98, 185–195.

Martin T.A., Ruby M.V., 2004. Review of In situ Remediation
Technologies for Lead, Zinc, and Cadmium in Soil. Remediation journal, 
Summer 2004, 37-53.

Masten S.J., Davies Simon H.R., 1997. Efficacy of in-situ ozonation for the 
remediation of PAH contaminated soils. Journal of Contaminant Hydrology, 28, 
327-335.

Maurice C., Lidelöw S., Gustavsson B, Lättström A., Ragnvaldsson D, Leffler P, 
Lövgren L., Tesfalidet S., Kumpiene J., 2007. Technique for the stabilization and 
assessment of treated copper-, chromium- and arsenic-contaminated soil. Ambio 
6 (36), 430-436.

McCarthy K., Walker L., Vigorenc L., Bartel J., 2004. Remediation of spilled 
petroleum hydrocarbons by in situ landfarming at an arctic site. Cold Regions 
Science and Technology 40, 31– 39.

McDade J.M., McGuire T.M., Newell C.J., 2005. Analysis of DNAPL Source-
Depletion Costs at 36 Field Sites. Remediation Journal, spring 2005, 9-18.

Mulligan C.N., Yong R.N., Gibbs B.F., 2001. Remediation techniques for metal-
contaminated soils and groundwater: an evaluation. Engineering Geology 60, 
193 -207.

Mulligan C N, 2004. Environmental applications for biosurfactants. 
Environmental Pollution 133, 183–198.

Mulligan C.N., 2005. Environmental applications for biosurfactants.
Environmental Pollution 133, 183–198.



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
43

Naturvårdsverket, 1993. Åtgärdsteknik. Rapport 4232. Metoder för 
efterbehandling och sanering av förorenad mark. Swedish environmental 
protection agency - Naturvårdsverket, Stockholm, Sverige.

Navarro A., Chimenos J.M., Muntaner D., and Ine´s Ferna´ndez A., 2006. 
Permeable Reactive Barriers for the Removal of Heavy Metals: Lab-Scale 
Experiments with Low-Grade Magnesium Oxide. Ground Water Monitoring & 
Remediation 4 (26), 142–152.

Page M.M., Page C.L., 2002. Electroremediation of contaminates soils. Journal 
of environmental engineering 3 (128), 208-219.

Peters R.W., 1999. Chelant extraction of heavy metals from contaminated soils. 
Journal of Hazardous Materials 66, 151 -210.

Petril B.G., Siegrist R.L., Crimi M.L., 2008. Effects of Groundwater Velocity 
and Permanganate Concentration on DNAPL Mass Depletion Rates during In 
situ Oxidation. Journal of environmental engineering, January 2008, 1-13.

Poppendieck D.G., Loehr R.C., Webster MT., 1999. Predicting hydrocarbon 
removal from thermally enhanced soil vapor extraction systems 2. Field study. 
Journal of Hazardous Materials 69, 95 – 109.

Reddy K.R., Adams J.A., 2001. Effects of soil heterogeneity on airflow patterns 
and hydrocarbon removal during in situ airsparging. Journal of Geotechnical and 
Geoenvironmental Engineering, 3 (127), 234 -247.

Reddy K.R., 2008. Technical Challenges to In-situ Remediation of Polluted
Sites. Geotechnical geology Engineering, DOI 10.1007/s10706-008-9235-y. 

Rikers R.A., Rem P., Dalmijn W.L., 1998. Improved method for prediction of 
heavy metal recoveries from soil using high intensity magnetic separation 
(HIMS). International Journal of Mineral Processing 54, 165–182.

Roland U.,Holzer F., Buchenhorst D., Kopinke F-D., 2007. Results of Field 
Tests on Radio-Wave Heating for Soil Remediation. Environ. Sci. Technol., 41 
(24), 8447-8452. 

Sahl J., Munakata-Marr J., 2006. The Effects of In situ Chemical
Oxidation on Microbiological Processes: A Review. Remediation journal. 
Summer 2006, 57-70.

Schmidt U., 2003. Enhancing Phytoextraction: The Effect of Chemical Soil 
Manipulation on Mobility, Plant Accumulation, and Leaching of Heavy Metals. 
Journal of Environmental Quality 32, 1939–1954.

Seol Y., Javandel I., 2008. Citric acid-modified Fenton’s reaction for the 
oxidation of chlorinated ethylenes in soil solution systems. Chemosphere 72, 
537–542.



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
44

Sirguey C., de Souza P. T., Schwartz S.C., Simonnot M-O., 2008. 

Impact of chemical oxidation on soil quality. Chemosphere 72, 282‒289.

Simon F-G., Meggyes T., 2000. Removal of organic and inorganic pollutants 
from groundwater using permeable reactive barriers Part 1. Treatment processes 
for pollutants. . Land Contamination & Reclamation 2 (8), 103-116.

Simon F-G., Meggyes T., Tünnermeier T., Czurda K., Roehl K.E., 2001. Long-
term behavior of  permeable reactive barriers of contaminated groundwater.
Radioactive Waste Management and Environmental Remediation. ASME 2001, 
1-5. 

Snape I., Morris., C.E., Cole C.M., 2001. The use of permeable reactive barriers 
to control contaminant dispersal during site remediation in Antarctica. Cold
Regions Science and Technology 2-3 (32), 157–174.

Stegemeier G.L., Vinegar H.J., 2001. Thermal Conduction Heating for In-Situ 
Thermal Desorption of Soils. Hazardous and Radioactive Waste Treatment 
Technol. Handbook Ch. 4.6, 1-37., CRC Press, Boca Raton, FL. 

Summerfelt S.T., 2003. Ozonation and UV irradiation- an introduction and 
examples of current applications. Aquacultural Engineering 28, 21-36.

Teel A.L., Warberg C.J., Atkinson D.A., Watts R.J., 2001. Comparison of 
mineral and soluble iron fenton´s catalysts for the treatment of trichloroethylene. 
Wat. Res, 4 (35), 977-984.

Thepsithar P., Roberts Edvard P.L., 2006. Removal of Phenol from 
Contaminated Kaolin Using Electrokinetically Enhanced In situ Chemical 
Oxidation. Environmental. Science and Technology 40 (19), 6098-6103.

Thomson N.R., Hood E.D., Farquhar G.J., 2007. Permanganate Treatment of an 
Emplaced DNAPL Source. Ground Water Monitoring & Remediation 4 (27),
74–85.

Tsai Y-H., 2008. Air distribution and size changes in the remediated zone after 
air sparging for soil particle movement. Journal of Hazardous Materials, 158, 
438–444.

United States Environmental Protection Agency, 1998. Permeable Reactive 
Barrier Technologies for Contaminant Remediation. EPA/600/R-98/125
September 1998.

United States Environmental Protection Agency, 2002. Field Applications of In 
situ Remediation Technologies: Permeable Reactive Barriers

Van Stempvoort D., Biggar K., 2008. Potential for bioremediation of petroleum 
hydrocarbons in groundwater under cold climate conditions: A review. Cold 
Regions Science and Technology 53, 16–41.



In situ and on-site soil remediation techniques – A review

Hamberg, Luleå University of Technology, 2009
45

Vidali M., 2001. Bioremediation: An overview. Pure and Applied Chemistry 73, 
1163–1172. 

Virkutyte J., Sillanpää M., Latostenmaa P., 2002. Electrokinetic soil 
remediation- critical overview. The Science of the Total Environment 289, 97-
121.

Vouillamoz J., Milke M.W., 2001. Effect of compost in phytoremediation of
diesel-contaminated soils. Water Science and Technology 2 (43), 291–295.

Wang Q-Y., Zhou D-M., Cang L., Sun T-R., 2009. Application of bioassays to 
evaluate a copper contaminated soil before and after a pilot-scale electrokinetic 
remediation. Environmental Pollution 157, 410–416.

Wang S., Mulligan C.N., 2004. An evaluation of surfactant foam technology in 
remediation of contaminated soil. Chemosphere 57, 1079–1089. 

Wang Y.P., Li Q.B., Huia W., Shia J-Y., Lin Q., Chen X.C., Chen Y.X., 2008.
Effect of sulphur on soil Cu/Zn availability and microbial community 

composition. Journal of Hazardous Materials 159, 385‒389.

Watts R. J., Finn D.D., Cutler L.M., Schmidt J.T., Teel A.L., 2007. Enhanced 
stability of hydrogen peroxide in the presence of subsurface solids. Journal of 
Contaminant Hydrology 91, 312–326.

Watts R. J., Stanton P.C., Howsawkeng J., Teel A.L., 2002. Mineralization of a 
sorbed polycyclic aromatic hydrocarbon in two soils using catalyzed hydrogen 
peroxide. Water Research 36, 4283–4292. 

Watts R. J., Teel A.L., 2005. Chemistry of Modified Fenton’s Reagent. 
Catalyzed H2 O2 Propagations–CHP. for In situ Soil and Groundwater 
Remediation. Journal of environmental engineering, April 2005, 612-622.

Zhou D-M., Cang L., Alshawabkeh A.N., Wang Y-J., Hao X-Z., 2006. Pilot-
scale electrokinetic treatment of a Cu contaminated red soil. Chemosphere 63, 

964‒971.




