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Abstract
A huge amount of radioactive soil has been generated through decommissioning of nuclear facilities around the world. This
review focuses on the difficulties and complexities associated with the remediation of radioactive soils at the site level; therefore,
laboratory studies were excluded from this review. The problems faced while remediating radioactive soils using techniques
based on strategies such as dry separation, soil washing, flotation separation, thermal desorption, electrokinetic remediation, and
phytoremediation are discussed, along with appropriate examples. Various factors such as soil type, particle size, the fraction of
fine particles, and radionuclide characteristics that strongly influence radioactive soil decontamination processes are highlighted.
In this review, we also survey and compare the pool of available technologies currently being used for the remediation of
radionuclide-contaminated soils, as well as the economic aspects of soil remediation using different techniques. This review
demonstrates the importance of the integrated role of various factors in determining the effectiveness of the radioactive soil
decontamination process.
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Introduction

The Fukushima Daiichi nuclear accident in Japan caused se-
vere environmental pollution by radionuclides, contaminating
large amounts of soil (~28 million m3) over a wide area
(Yamamoto 2012). The aftermath of the Fukushima Nuclear
Power Plant (NPP) accident included an increase in social
interest in decommissioning old NPPs and controversy about
expanding NPPs. In addition to this critical accident, unin-
tended leaks of radioactive materials from various nuclear
facilities have contaminated the environment, and most
radionuclide-contaminated soils are considered low-level ra-
dioactive waste (Zhu and Shaw 2000).

Leakage during the operation of nuclear facilities can result
in radioactive contamination of the soil at a decommissioning

site. A large amount of soil waste contaminated with 137Cs,
90Sr, 60Co, and 3H has been generated during the
decommissioning of international commercial NPPs (Lee
et al. 2019). At the Connecticut Yankee NPP (USA), the gen-
erated radioactive soil wastes were amounted to 1.17 million
ft3 (33,000 m3) (EPRI 2006). Approximately 30% of all the
waste from decommissioning the Maine Yankee NPP (USA)
was radioactive soil (EPRI 2005). Details about the contami-
nation of radioactive soil are summarized in Table 1.
Internationally, environmental projects for site remediation
after decommissioning nuclear facilities used for nuclear
weapons manufacturing and research are ongoing (Alvarez
2016). Environmental remediation costs have averaged $60
million per unit for the decommissioning of commercial
NPPs in the USA, accounting for 10% of the average
decommissioning cost (OECD-NEA 2016). In the case of
commercial NPPs, 540 NPPs are expected to be
decommissioned by 2047 and projects for the remediation of
radionuclide-contaminated environments due to NPP
decommissioning are expected to expand dramatically (Volk
et al. 2019).

Understanding the characteristics and transport phenomena
of radionuclides is important for their remediation. Recently,
radionuclides such as Pu and Am have been shown to adsorb
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onto soil particles and to transfer in particulate form (Clark
et al. 2006; Kersting 2013). In the process of site characteri-
zation, contaminated soil was excavated on the basis of mea-
surements of the degree of its radioactivity level, and the ex-
cavated soil was collected in a large tent. Excavation is a good
remediation method for radioactive soils; however, the cost of
remediation varies greatly depending on the amounts of radio-
active soils and the costs are associated with transporting them
to a disposal site. If the amount of radioactive waste is sub-
stantial, the application of a volume reduction technology is
required to reduce disposal costs to below the clearance level.
In conjunction with advances in cleanup technologies and
increasing disposal costs, extensive research has recently been
conducted to reduce the volume of radioactive waste (Agnew
et al. 2011). Subsequent separation and treatment processes
were performed for volume reduction. An evaluation of the
costs was required to determine the feasibility of this final
process.

An optimal treatment technology is critical for the generat-
ed soil waste at decommissioned sites. Factors to be consid-
ered when dismantling domestic nuclear facilities in the future
include the generation of a potentially large amount of radio-
active soil. Although substantial progress has been made in
the development of soil remediation techniques for some ra-
dionuclides such as U and Co, the removal of 2:1 clay min-
erals containing radioactive Cs from the soil has remained
relatively inefficient or has required high energy consumption
processes because of the strong and irreversible interactions
(Park et al. 2017). Therefore, studies have been performed to
investigate remediation technologies applicable to soils con-
taminated with radioactive Cs. Existing soil remediation tech-
niques are classified into dry separation, soil washing, floata-
tion separation, thermal desorption, electrokinetic remedia-
tion, phytoremediation, and integrated technologies (Fang
and Achal 2019; Hussain et al. 2018; Kumbhar et al. 2021).
The principles and processes of these various techniques are
surveyed and critically compared herein.

In this review, we discuss the key soil characteristics and
treatments faced by various researchers while treating radio-
active soils in actual contaminated sites using conventional
remediation methods (excavation, segmentation, and de-
tection). Because laboratory studies have been conduct-
ed using various techniques, materials, and strategies
with spiked radionuclides and these studies have been
extensively reviewed elsewhere, we have excluded lab-
oratory studies from further discussion in this review. In
this paper, we first review the characteristics of the ra-
dioactive soil to be treated and then focus on trends in
the research and development of soil treatment technol-
ogies in field tests. Finally, we discuss the limitations of
existing technologies for fine particles and consider di-
rections for technical improvements in the volume re-
duction of radioactive soil waste.Ta
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Characteristics and mobility
of radionuclide-contaminated soil

Characteristics of radionuclide-contaminated soil

The radionuclides listed in Table 2 are those that generate the
greatest environmental concern. Radionuclides undergo the
same reaction in soil as the non-radioactive isotopes of the
element (Wild 1993); however, the concentration of radionu-
clides in the soil is generally very low compared with the
concentrations of non-radioactive isotopes. When radionu-
clides enter the soil environment, their mobility is established
by both internal factors (physicochemical properties of the
soil) and external factors (climate and vegetation) (Fig.
1) (Zhu and Shaw 2000).

The interaction between radionuclides and soil involves phys-
ical (reversible) sorption controlled by uncompensated surface
charges on soil particles and chemical (principally irreversible)
sorption through high-affinity specific interactions and the forma-
tion of covalent bonds (Sparks 2003; Sposito 2008). The primary
minerals of the soil, mainly quartz and feldspar, originate from the
parent rock and compose most of the sand and silt fraction. Sand
and silt play a less-pronounced role in radionuclide interactions,
and attachment occurs through reversible adsorption due to the
relatively low specific surface areas of sand and silt (Yong et al.
1992). Secondary minerals (clay) are the result of the physical,
chemical, and biological weathering processes of primary min-
erals. Because of the unbalanced charges of structural ions, they
are permanent surface charge carriers that combine with small
particles with large specific surface areas to create a matrix that
plays an important role in contaminant retention. In addition, the
oxides and (oxy) hydroxides of Fe and Al are rich in amorphous
forms and have pH-dependent surface charges. Soil organicmatter
comprises chains of carbon atoms that contain polar and/or ionized
surface agents (e.g., OH− and COOH−). As a result, clay minerals,
Fe and Al oxides, and organic materials react and undergo various
interactionswith contaminants (Yong et al. 1992). In particular, the

removal of radioactive Cs contained in 2:1 clay minerals in soil
remains relatively inefficient or requires high energy consumption
because of the strong and irreversible interactions (Park et al.
2017). Micaceous minerals intercalate cations (e.g., dehydrated
K+ ions) between the layers, where the cations have negative
charges. These intercalated cations are not interchangeable, unlike
the cations of expanded smectite. Nevertheless, weathering at the
edges of the mica mineral has been reported to expand the inter-
layer space and enable the partial exchange of interlayer cations
(Benedicto et al. 2014; Sawhney 1972).Weakly hydratedCs+ ions
adsorbed onto the expanded interlayers of the peripheral area
around the mica mineral have been reported to undergo dehydra-
tion and induce the partial collapse of the interlayers (Fig. 2). This
structural collapse makes subsequent desorption of other cations
difficult (Nakao et al. 2008; Sawhney 1972).

Factors affecting the mobility of radionuclides in soil

A soil’s ability to immobilize radionuclides is the main factor
controlling the bioavailability of such radioactivity, and this
factor works in conjunction with numerous external factors.
The structure and size of the soil, mineral components, organ-
ic components, redox potential (Eh), and pH, as well as rain-
fall, climate change, and soil management, affect the mobility
of radionuclides (Iurian et al. 2015). Soil pH, cation exchange
capacity (CEC), and total organic carbon (TOC) are the phys-
ical and chemical properties most often associated with the
distribution of radionuclides (Smičiklas et al. 2015). The
structure of minerals is a major factor affecting soil CEC be-
cause it governs the soil’s ability to retain important nutrients
and contaminants. The particle size of soil is based on its
relative fractions of sand (particle size 50–2000 μm), silt (2–
50 μm), and clay (<2 μm) (Sparks 2003). Of these compo-
nents, clay fractions have the largest specific surface area be-
cause of their very fine particles and play an important role in
chemistry and CEC. However, they also exhibit an important
holding capacity for transporting nutrients and pollutants to

Table 2 Characteristics of major
radionuclides in soil (Zhu and
Shaw 2000)

Isotope Half-life (years) Principal radiation Main occurrence

3H 5.7 × 103 β Natural and nuclear reactor
14C 5.7 × 103 β Natural and nuclear reactor
40K 1.3 × 109 β Natural and nuclear reactor
60Co 5.3 β, γ Nuclear reactor
90Sr 28 β Nuclear reactor
134Cs 2 β, γ Nuclear reactor
137Cs 30 β, γ Nuclear reactor
239Pu 2.4 × 104 α, X-rays Nuclear reactor
238U 4.5 × 109 α Naturally occurring
232Th 1.4 × 107 α Naturally occurring
226Ra 1.6 × 103 Α Fission product
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soil organisms and plants. In addition, soil organic matter
contributes substantially to the soil CEC and to the soil mois-
ture retention capacity.

Remediation technology
of radionuclide-contaminated soil

Excavation

Excavation is commonly used in soil remediation work be-
cause it is a very simple and effective remediation technology
for both surface and subsurface soil. Soil replacement of

contaminated soil refers to replacing or partly replacing con-
taminated soil with noncontaminated soil. The soil replace-
ment method dilutes the concentration of radionuclides in soil,
which in turn increases soil functionality (Yao et al. 2012).
The replaced soil is generally treated to remove radionuclides
or, in some cases, dumped into the final disposal site. Soil
replacement methods can effectively isolate contaminated soil
and ecosystems, and minimize the environmental impact of
radionuclides. However, because soil replacement is labor-
intensive and therefore expensive, it is most suitable for soil
with high pollution levels and a small area. Bulk excavation,
short-distance transportation, and disposal costs range from
$270 to $460 per ton (Khalid et al. 2017). Long-distance
transportation of excavated soil can dramatically increase the
cost. In addition, this technology may not be applicable to
agricultural sites because it introduces a risk of soil fertility
loss. Extensive excavation has been performed over a wide
area at every decommissioned NPP site to reduce residual
activity by removing contaminants. Special excavation tech-
niques have also been used in specific areas on a case-by-case
basis (see Table 1).

Volume reduction

Separation

Dry separation Dry separation is one of the most widely used
techniques for treating radioactive soil contamination. This
technology is used to separate contaminated and
noncontaminated soil in dry conditions using a real-time radio
detector while excavated soil is transported on conveyor belts
(Bayliss and Langley 2003; EPA 2007). Large rocks or other

CsK K K

Frayed edge site

Weakly hydrated Cs+ ion

CsK K K Dehydration of Cs+ ion

Partial collapse of the interlayers

Fig. 2 Schematic of Cs adsorption and transport in clay minerals
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objects (e.g., plants and roots) are first removed from the ex-
cavated soil by screening, and the soil is subsequently placed
onto a conveyor belt for the next process. Rocks and gravel
can be sorted by dry separation after being homogenized through
a crushing process. Separated noncontaminated soil is used for
backfill, and contaminated soil is disposed of as radioactive
waste. Dry separation is one of the most widely used techniques
in the treatment of radioactive-contaminated soil. This dry-
separation approach can be used to treat large amounts of soil
quickly and to separate the soil; it can also be used to treat
contaminated materials such as concrete and asphalt. However,
in field tests, the reduction efficiency of radioactive soil waste has
been found to strongly depend on the characteristics of the con-
taminated soil. In some cases, low separation efficiency resulted
from the relatively homogeneous distribution of radioactive con-
tamination and low content of noncontaminated soil because the
contaminated area was only partially excavated. In addition, a
device is required for controlling the dust generated during the
treatment process. The separators also become waste after the
separation process is completed. Therefore, the characteristics
of contaminated soils should be analyzed through preliminary
experiments to assess the applicability of dry separation tech-
niques (Giles 1999).

In general, gamma scintillation detectors, such as those based
on NaI, can be used to separate soil contaminated with gamma-
emitting radionuclides, and alpha- and beta-emitting contaminants
can also be predicted using scale factors. Therefore, gamma detec-
tors can be used to separate soil contaminated with gamma nu-
clides (e.g., 232Th, 238U, 137Cs, and 60Co). In addition, researchers
at Sandia National Laboratories (USA) have reported using beta
detectors to separate soil contaminated with 90Sr (among other
radionuclides) (DOE 1999). In particular, the dry-separationmeth-
od can be applied to soil that is heterogeneously contaminatedwith
excavated soil; however, it is less applicable to homogeneously
contaminated soil (DOE 1999).

In field applications, commercial dry separators such as the
Segmented Gate System of Eberlin Services (formerly
Thermo Nutech) have been developed for the treatment of
239Pu-contaminated soil at an early US military base (the
Johnston Atoll DoD site) (DOE 2001; Rogers 1998). More
than 70,000 m3 of excavated soil was treated, and a high rate
of volume reduction (greater than 90%) was achieved
(Cummings and Booth 1996; EPA 2007; Moroney et al.
1994). Because applicability assessments have been conduct-
ed at various EPA and DOE sites in the US, the performance
of dry separation technology can be summarized as shown in
Table 3(EPA 2007). Researchers at the Idaho National
Engineering and Environmental Lab (INEEL) attempted to
separate contaminated soil using Thermo Nutech’s
Segmented Gate System for the treatment of 137Cs-contami-
nated soil generated at site ARA-23 (USA). The contamina-
tion standard for separation was 23 pCi/g and a total of 338 m3

of soil was injected. However, the results showed that dry
separation technology was not applicable because the volume
reduction rate was less than 3%. This result suggested that the
contamination standard should be 110 pCi/g to reduce the
volume by more than 90%. The low separation efficiency
was the result of a relatively homogeneous distribution of
r ad ioac t ive con tam ina t ion and low con ten t o f
noncontaminated soil because the contaminated area was only
partially excavated. Therefore, the characteristics of contami-
nated soils should be analyzed for their applicability to dry
separation techniques through preliminary experiments (Giles
1999).

Wet separation Wet particle-size separation is generally con-
ducted in conjunction with soil washing because radionu-
clides exhibit the greatest affinity for particles with very high
specific surface area/volume ratios, such as silts and clays.
During wet separation with washing, the scrubbing action

Table 3 Volume reduction by dry separation technology (EPA 2007)

Site Radionuclides Separation criteria (pCi/g) Amount of soil
treated (m3)

Volume reduction

Johnston Atoll Pu-239, Am-241, Ra-222 13 76,453 Maximum 99.5%

Los Alamos National Laboratory U-238 50 1931 91.6%

Pantex Plant U-238 50 225 38.5%

Sandia National Laboratories, Site 16 U-238 54 506 99.9%

Sandia National Laboratories, Site 228A U-238 27 1034 99.5%

Tonapah Test Range, Nevada Pu-239 50–1500 255 Maximum 99%

Idaho National Engineering and Environmental Laboratory Cs-137 23 338 <3%

Brookhaven National Laboratory Cs-137 23 478 16%

New Brunswick FUSRAP U-238, Th-232, Ra-226 5 3823 55%

Savannah River Site Cs-137 4 917 99%

West Valley Nuclear, New York Cs-137, Sr-90 45 460 61%
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generally removes surface contaminants from large soil parti-
cles such as sand and gravel. The fine soil particles can be
further separated in a sedimentation tank, sometimes with the
aid of a flocculating agent. The output streams of the soil
washing process include clean granular soil particles, contam-
inated fine soil particles, and washing solution (Fig. 3).

Soil decontamination was carried out by aqueous scrub-
bing at the Spain Cabrera NPP. Initially, the contaminated
soils from the excavation were continuously processed at the
plant, where the fine fraction (clays and silts), which was the
most contaminated, was separated from the coarser fractions
(sand and gravel), which were removable in general. The
coarse fractions were then subjected to a physical washing
process and finally managed as declassifiable material. The
goal was conventional management once radiological deter-
minations were conducted to ensure compliance with the de-
classification level. The contaminants concentrated in the fine
fraction then represented a small volume that was managed as
low-activity radioactive waste. In this way, the total
volume of radioactive waste was reduced, with a conse-
quent reduction in the cost associated with managing
the affected soils during remediation of the site
(Correa Sáinz and Martín Palomo 2020).

Flotation separation In flotation separation, contaminated fine
particles from total soil are separated using a technique based
on the surface properties of the particles. A foam-friendly
material is attached to the surface of foam by injecting gas
into the dispersion solution or slurry containing fine particles
from contaminated soils. The particles attached to the foam

are then floated together with the foam and subsequently sep-
arated from the upper part. In general, hydrophobic particles
with a low affinity for water attach to the gas-liquid surface of
the foams and then float with the foam. By contrast, hydro-
philic particles sink into the water. These floating separations
are affected by the surface charge, particle size, and other
properties of the fine particles.

To increase the efficiency of floating separation, the
targeted fine particles containing radionuclides can be option-
ally changed to a hydrophobic form by adding floating agents
such as surfactants. The surfactants physically and chemically
adsorb onto the surface of a contaminated particle, resulting in
a further increase of its hydrophobicity. In general, surfactants
with an ionic head group and hydrophobic chains are used and
are attached to charged particles. The mixture of surfactant
and fine particles results in hydrophobic chains exposed at
the particles’ surface, which in turn results in a increase of
the hydrophobicity of the particles. When the concentration
of surfactant increases, the formation of a double layer by
hydrophobic interaction with the surfactant may reduce the
hydrophobicity, resulting in a decrease in the flotation effi-
ciency. Therefore, the concentration of the surfactant must
be properly controlled to increase the flotation efficiency. In
addition, the interaction between the surfactant and fine
particles can vary depending on the pH of the solution.
Foaming agents are also added to accelerate the forma-
tion of foams for floating selection.

Floating separation, which is widely used in the smelting
process, has also been evaluated for its applicability to the
remediation of radioactively contaminated soil containing

Fig. 3 Schematic of a soil
washing process
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radionuclides such as U, Ra, and Cs. Flotation separation is a
technique for separating contaminated fine particles from
mixed soil and is based on the surface properties of particles.
Additives such as oil and hydrophobic aggregates are needed
to improve the separation efficiency. However, surfactant-
containing wastewater is generated after the process and is
difficult to treat.

In field applications, floating separation techniques have
been researched to separate U from Elliott Lake Ore in
Canada (Muthuswami et al. 1983; USEPA 1988). A floating
separation technique was applied to remove Ra-226 contam-
ination at the laboratory level from Ottawa soil in Illinois
(USA)(Misra et al. 2001). Soil analysis at the Ottawa site
showed that Ra-226–contaminated soil was combined with
sulfates and exhibited very low solubility. The floating sepa-
ration technique reduced the volume by more than 80% and
decreased the contamination level to <6 pCi/g.

The CEA (Commissariat à l'énergie atomique et aux
énergies alternatives, translated as the French Alternative
Energies and Atomic Energy Commission) investigated the
separation of anionic clay components extensively contami-
nated with radioactive Cs, using a cationic surfactant. The
cationic surfactant was combined with illite clay minerals to
provide a negative charge to render the surface of the clay
minerals hydrophobic. After the clay minerals interacted with
the cationic surfactant, they were sorted using flotation sepa-
ration techniques (Chapelain et al. 2016; Zhang et al. 2019).

In addition, the CEA used the floating screening technolo-
gy developed as a floating separation technology for soil re-
mediation via the removal of clay minerals from highly Cs-
contaminated soil in Fukushima, Japan. In 2017, the Japanese
government’s “Decontamination technology demonstration
test project” also demonstrated the treatment of contaminated
soil from Fukushima, Japan. Approximately 70–85% of the
total amount of soil was separated from the Cs-contaminated
soils, and Cs contamination of the separated soils was reduced
to 33–50% (JAEA 2018).

Magnetic separation Magnetic separation is a technique for
reducing the radioactivity of contaminated soil by separating
clay particles that contain a high Cs concentration. Various
methods have been studied to reduce the volume of radioac-
tive soil. Magnetic separation, in particular, has attracted at-
tention because it is a physical method that does not use ad-
sorbents or chemical reagents (e.g., acid, cations, chelating
agents, or surfactants). Other advantages of magnetic separa-
tion include simple operation, low energy consumption, and
low cost.

In field applications, extensive research has been conduct-
ed to separate fine particles with a high concentration of ra-
dioactive Cs from the actual Fukushima soil using modified
Fe3O4 particles under dry conditions. Fine soil particles coated
with magnetic particles are attracted to a magnet, even against

gravity, and the waste is produced in a dry state that is easy to
store. Thus, this method can reduce the volume of the contam-
inated soil by concentrating radioactive Cs into a smaller vol-
ume (Sato et al. 2019).

Treatment

Soil washing Soil washing is one of the most common indus-
trial treatments for non-radioactively contaminated soils, and
the soil washing process has been used to treat soils contam-
inated with U, Ra, Th, Sr, and Cs (Devgun et al. 1993; EPA
1990). The soil washing technique includes pre-treatment,
washing, separation, and wastewater treatment processes.
The order and number of cleaning steps of the washing pro-
cess are determined by the characteristics of the contaminated
soil. In general, large objects such as branches and gravel from
soil excavated during pretreatment are physically removed by
scalping and mechanical screening. As a result, relatively ho-
mogeneous soil is obtained. In addition, a process for dispers-
ing soil-forming clusters is also carried out to enhance the
cleaning effect. The effectiveness of the soil washing process
is determined by the properties of both the contaminants and
the soil components. Soil washing is effective only if radio-
nuclides can be readily desorbed from large soil fractions, and
if the contaminated soils (optimally) contain less than 25% silt
and clays. To improve the removal efficiency of contaminants
from soils, surfactants, acids, or solvents can be added to the
washing solutions (Hubler and Metz 2013).

Soil washing is quick and extensive; however, there are
specific requirements depending on the soil texture. Sandy
soils with high porosity, good permeability, and adequate
moisture content exhibit a better effect from soil washing,
whereas soil washing is not as effective for clay soils or soils
with high moisture content because of their low porosity and
low permeability and the dilution effect of soil water. During
soil washing, the contaminated soil is mixed with suitable
extractants depending on the type of soil and radionuclides.
The extract and soil are thoroughly mixed for a certain period.
Precipitation, ion exchange, chelation, or adsorption is used to
transfer radionuclides from the soil to a liquid phase and to
separate them from the leachate (Ferraro et al. 2015). For
compliance with regulatory criteria, the separated soil can be
returned to and buried in its original location. Soil washing is
also a quick method to satisfy certain criteria without assum-
ing long-term responsibility (Park and Son 2017). Because of
its high efficiency, soil washing is considered one of the most
cost-effective soil remediation technologies. The reagents
used in soil cleaning are selected on a case-by-case basis,
and their use and efficiency depend on the type and location
of the radionuclides. The exchange/extraction/availability of
radionuclides during soil washing is known to depend on the
soil and the type of radionuclide (Liao et al. 2016). The effi-
ciency of soil cleaning depends on the ability of the extractor
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to dissolve radionuclides in the soil. Therefore, extractants that
can dissolve high concentrations of metals are suitable for soil
washing.

In field applications, the soil washing technique was ini-
tially evaluated for applicability to contaminated soil at the
Rocky Flats site in the USA. The soil was contaminated with
Am and Pu at 900–140,000 pCi/g. Most of the contaminated
soil was composed of large particles such as gravel. After wet
soil separation, the level of contamination was less than 3 pCi/
g in the soil and the percentage of particles larger than 2 mm
was reduced to 65%. The contamination level of soil particles
from 2.4 to 0.42 mm was reduced to 300 pCi/g through wet
soil separation. Moreover, using friction scrubbing, re-
searchers further reduced the contamination level to <20
pCi/g(Karthika et al. 2016; Navratil and Kochen 1982). The
washing efficiencies of 239Pu and Am-241 contaminated soils,
which were obtained from five DOE sites (i.e., Rocky Flats,
Hanford, Mound, Idaho National Engineering Laboratory
(INEL), and Los Alamos National Laboratory (LANL) in
the USA), were evaluated on a bench scale. The washing
solutions were evaluated using a NaOH solution (pH 12.5),
2% HNO3 solution containing 0.2% HF solution, and a 2 N
HCl solution. The NaOH solution was only successful for the
Rocky Flat soils, where it reduced the concentration of Pu to
2.5% in soils with a particle size greater than 105 μm. The
HCl solution showed good washing efficiency for the soils at
Hanford, INEL, and Mound. After the Hanford soil (>105
μm) was washed with HCl, the concentrations of Pu and
Am decreased to 4.4 and 1%, respectively (Stevens and
Rutherford 1982).

In Japan, Konoike E&C evaluated the applicability of a jet
cleaning process by crushing and washing gravel (5 mm or
larger) and soil (<5 mm) contaminated with 10 Bq/g or more

of Cs. After the sand or sandy soil (75 μm or larger) was
separated and the moisture was removed using a filter press,
the volume reduction rate was ~70%. At Sato Kogyo Co., the
soil was washed with high-pressure water, followed by the
separation of the soil particles smaller than 300 μm. In addi-
tion, the applicability of a process for removing soil with a
particle size 75–300 μm via a washing step using
microbubbles was evaluated for soil contaminated with
6–7Bq/g of Cs. Approximately 88% of the decontami-
nation effect was achieved through soil washing.

Thermal desorption Thermal desorption is a technique used to
increase Cs desorption by exposing contaminated soil to high
temperatures and inducing vaporization or interlayer expan-
sion through pyrolysis (Fig. 4). In addition, it increases the
efficiency by increasing the activity of the desorbent and by
expanding the interlayers between contaminated soils because
of the high temperature. Although thermal desorption is effec-
tive for purifying Cs-contaminated soil, it requires a large
amount of energy compared with other treatment techniques
and thus has a high treatment cost. Therefore, thermal desorp-
tion is better suited to maximizing the effect of other treat-
ments rather than being used as a standalone treatment. In
thermal desorption, Cs desorption is increased by exposing
contaminated soil to high temperatures and inducing vapori-
zation or interlayer expansion through pyrolysis. It is effective
for volatile radionuclides such as Cs. However, it requires a
large amount of energy compared with other treatment tech-
niques and has a high treatment cost.

In a field application study at Oak Ridge National
Laboratory (ORNL), only 137Cs was observed to be substan-
tially more vaporized than expected during a process conduct-
ed to stabilize radioactively contaminated soil using

Radionuclide-
contaminated soils

Thermal 
desorption

- Heating soil

- Subliming Cs

(Rotating heater)

Gas treatment 
system

- Cooling

- Collecting Cs

(Gas cooler)

Cleaned soils Collected 
sublimated 

fraction

Fan

Bag filter

Clean offgas

HEPA filter

Treatment

Fig. 4 Thermal-based soil
remediation process for Cs-
contaminated soils
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underground vitrification. Subsequently, thermal desorption
research was conducted to exploit the volatility of Cs at high
temperatures. ORNL researchers observed thermal desorption
of Cs from contaminated soil at high temperatures (700–1300
°C) and added various additives to improve the extent of ther-
mal desorption of Cs (Shimoyama et al. 2014). The addition
of NaCl was the most efficient treatment for removing Cs, and
it was shown that more than 99% of 137Cs could be removed
at 1000 °C. However, this was not effective after the addition
of carbonate, nitrate, phosphate, and sulfate. During the heat
treatment process, the clay mineral structure containing Cs
collapsed, and a reaction between Cs and Cl was accelerated
for the vaporized Cs.

The Japan Atomic Energy Agency (JAEA) studied the con-
ditions necessary to remove Cs by thermal desorption of clay
minerals to purify soil contaminated with Cs after the
Fukushima accident (Honda et al. 2017a; Honda et al. 2017b;
Shimoyama et al. 2014). When NaCl–CaCl2 was used as an
additive, Cs, which had been combined with clay minerals at
700 °C, was found to be converted to CsCl. Further experi-
ments were conducted to reduce the heat-treatment temperature
through decompression and cleaning. Taiheiyo Cement of
Japan evaluated the thermal desorption process for
decontaminating Cs-contaminated soil at the pilot scale. Heat
desorption was induced by heating soil contaminated with 5–
7Bq/g to 1300 °C inside a rotary heating system, and the Cs in
the exhaust system were removed using a filter. After purifica-
tion, the contamination level of the soil was found to be less
than 0.05 Bq/g, indicating excellent purification of the Cs-
contaminated soil. However, high energy costs due to the rela-
tively slow processing speeds and high processing temperatures
were shown to be problematic.

Electrokinetic remediation Electrokinetic (EK) remediation is
an electrochemical extraction process that enables the separa-
tion and extraction of radionuclides from saturated or unsatu-
rated soils. It is performed by applying a low voltage direct
current to a pair of electrodes on each side of a contaminated
soil mass. This current mobilizes ions and charged com-
pounds so that they migrate toward the electrodes. Dissolved
ionic species, including radionuclides, migrate to oppositely
charged electrodes at a rate that depends on the local potential
gradient ( this transport mechanism is known as
electromigration). Moreover, the extraction of metals from
soil is enhanced through the application of acidic conditions
around the anode and by the movement of the pore fluid under
a potential difference (i.e., electroosmosis) (Fig. 5).

In general, radionuclides such as U, Cs, and Co are cations;
these radionuclides, therefore, migrate toward the cathode.
With current moving from an acid pole at the anode to a base
pole at the cathode (and back), the resultant acid conditions
improve the radionuclide mobility and facilitate the removal
of radionuclides from the cathode. The main advantage of the
EK technique is that it enables in situ remediation without
excavation of the soil. This in situ process essentially reduces
the costs associated with secondary waste generation, trans-
portation processes, soil excavation, transportation, and dis-
posal. However, the effectiveness is diminished in soils with a
moisture content of less than 10%, which adversely affects the
soil’s electrical conductivity. (EPA 2002; Jung et al. 2015).
The removal of radionuclides such as Cs present in low-
conductivity forms such as sulfide or metallic forms requires
preliminary dissolution. In such cases, the use of appropriate
electrolytes (e.g., distilled water, organic acid, inorganic acid,
or synthetic chelate) can improve the removal efficiency of the

Fig. 5 Electrokinetic remediation
for radionuclide-contaminated
soils
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electrokinetic remediation method (Iannelli et al. 2015).
However, the removal efficiency depends on the type of
chemical (anolyte) and the metal recovery method used
(Vocciante et al. 2016).

In a field application, Sandia National Laboratories (SNL)
in the USA used the EK technique to remove uranium from
soil. The concentration of the U contaminating the soil was
4000 ppm. The removal efficiency was ~75–95% (Booher
et al. 1997). However, the EK technique produced nonsoluble
deposits when applied to Ra- and Th-contaminated soil,
resulting in lower removal efficiency. The Pacific Northwest
National Laboratory (PNNL) in the US fabricated a bench-
scale EK device for the treatment of Cs-contaminated soil.
After soil deposits (76% sand and 24% silt) were artificially
contaminated with Cs at the Hanford site, electrokinetic reme-
diation was applied for ~68 days. The Cs removal efficiency
was ~47%, and the removal efficiency in silt and clay compo-
nents was higher than that in the sand (Jung et al. 2015).

Phytoremediation Phytoremediation is the process of using
plants to manage contaminants in soil. Phytoremediation
mechanisms applicable to solid media include plant extrac-
tion, plant degradation, and plant stabilization. Because radio-
nuclides such as Cs are not biodegradable, the main mecha-
nism applicable to the treatment of radionuclides is plant
phytoextraction. Phytoextraction is the absorption of pollut-
ants by plant roots and the accumulation of pollutants in plant
shoots and leaves. The plants are then harvested, dried, and
discarded in the growing area (Fig. 6). Phytoextraction has
been pilot-tested at Brookhaven National Laboratory to re-
move low levels of Cs and Sr from the soil. Phytoextraction
was also tested for the removal of Cs from contaminated soils
at Argonne National Laboratory West in Idaho, USA (Lee
2000). After the Fukushima accident in Japan, extraction of
Cs from contaminated soil using plants again became an ac-
tive research topic; however, most studies have reported a Cs
removal efficiency of less than 0.3%. This removal efficiency

is insufficient for the removal of radionuclides that strongly
bind to soil, such as Cs (Ogata et al. 2015; Tamaoki et al.
2016). Phytoextraction is only suitable for soil containing ra-
dioactive nuclides that are weakly bound to the soil. Some
heavy metals (and metalloids), such as Cr and Pb, are highly
immobile in the soil, and their plant extraction is often limited.
The efficiency of plant extraction is limited by the effective
depth (typically 30 to 90 cm) for plant root growth. However,
the application of chelating agents can increase the ability of
plant extracts to recover from metal contamination because of
the bioavailability of radionuclides in soil because the accu-
mulation and translocation of plants increases.

In field applications, phytoextraction efficiency was evalu-
ated for the removal of radioactive materials by plants after
137Cs and 90Sr solutions were injected directly into the soil
where plants were cultivated in a greenhouse. By evaluating
the removal efficiencies of various plants, researchers demon-
strated that as much as 71% of the Cs and 88% of the Sr could
be removed by plants (Entry et al. 1999). Meanwhile,
phytoextraction was applied to contaminated soil exposed to
Cs for 10 years after the Chernobyl accident. To increase the
desorption of Cs from contaminated soil, the concentration of
the Cs extracted by plants was analyzed after the addition of
cationic substances such as ammonium and potassium. Only
10–25% of the Cs from the contaminated soil at Chernobyl
could be recovered by plant remediation (Dushenkov et al.
1999). After reacting with soil, Cs bind to create a very stable
form over time; the extraction efficiency by the plants is there-
fore low, and phytoextraction has been found to be unsuitable
for the remediation of long-term soil contamination. After the
Fukushima accident in Japan, Cs extraction in contami-
nated soil using plants was again utilized; however,
most of the related studies have reported a Cs removal
efficiency of less than 0.3%, which is insufficient for
the removal of radionuclides that strongly bind to soil,
such as Cs (Ogata et al. 2015, Tamaoki et al. 2016).
Table 4 shows the procedure, advantages, and

Fig. 6 Phytoremediation via
phytoextraction of radionuclide-
contaminated soils
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disadvantages of soil remediation techniques (Agnew
et al. 2011; Khalid et al. 2017; Orr et al. 2014;
Regulation 2020, USEPA 2007).

Critical challenges faced
during the remediation of radioactive soil

Cost analysis for excavation and treatment (volume
reduction)

The treatment (volume reduction) represents an additional
process and is complicated when applied to multiple process-
es. However, it can reduce the amount of radioactively con-
taminated soils at nuclear facilities. Consequently, an econom-
ic assessment of the costs of volume reduction is important
because it determines whether volume reduction should be
carried out. The cost of excavation and disposal has three main
factors: First, decontamination underground can be carried out
using various methods ranging from simple drilling of soil to
reduce the size for pickup after rock blasting. For the removal
of approximately 1.2 million ft3 of soil during the
decommissioning of the Connecticut Yankee NPP, the cost
of removing and packing soil was approximately $17/
ft3(Bushart et al. 2006). Second, the cost of transporting con-
taminated soils depends heavily on the transport distance and
the mode of transport to the disposal site. Remediation oper-
ations at decommissioned sites have shown that transporting
large quantities of soil or rock by transferring wastes to local
transshipment facilities to be placed on trains or nonshipment
vehicles directly from the site is inexpensive. The concentra-
tion of radionuclides in soil and rock recovery waste was
relatively low at the decommissioned NPP sites. Finally, the
costs of waste disposal are site specific. In some cases, lower
unit prices can be obtained by reducing the amount of soil
through treatment at the decommissioned sites. Each site
should use site-specific cost analysis in evaluating the suitabil-
ity of remediation.

Agnew et al. (2011) have reported that the overall
cost of materials, installation, implementation, and
decommissioning for field testing (excluding the original
cost of the containment unit and staff costs) was £4000,
or approximately £1700/m3 (£1000/ton) of the treated
material. By comparison, the approximated direct dis-
posal cost was £5000/m3, which was based on the cur-
rent disposal costs at the low-level-waste repository fa-
cility at Cumbria, UK, and the cost of packaging, ver-
ification, transport, etc. (Agnew et al. 2011). If large
amounts of contaminated soils were generated from
NPP and the cost of disposal was higher than the reme-
diation budget, it needed to consider the treatment (vol-
ume reduction) for reducing the cost of disposal.

Characteristics of each technology

The technical characteristics, applicability, and economic
characteristics of each technology are summarized in
Table 4. Several important factors can affect the selection
and application of available soil remediation techniques.
These factors include advantages, limitations, development
status, treatment process, and relative overall cost and perfor-
mance of different remediation techniques (Table 4). In addi-
tion to social and environmental acceptability, the associated
cost is an important factor in determining the success and
practicality of remediation technologies under field condi-
tions. Few studies have been conducted on the economic as-
pects of radionuclide-contaminated soil remediation. In gen-
eral, the contaminated areas (such as the type and depth of
soil, the purpose of the recovered area, the depth of ground-
water, etc.), radionuclides (e.g., the radionuclide type and its
concentration in soil), and remediation technologies have dif-
ferent requirements and work costs.

Physical removal methods typically require large amounts
of human and physical resources. Excavation is typically the
most expensive remediation method if large amounts of soil
need to be removed or disposed of. Chemical remediation
(immobilization and soil washing) is a cost-effective method
compared with physical remediation methods. The amount of
chemicals required in soil washing to remove radionuclides is
generally small because comparatively small amounts of
chemical extractants such as organic, inorganic acid, and che-
lating agents are used. However, the cost of soil washing
varies with the type of radionuclides and soil as well as with
the type of chemical extractants (Khalid et al. 2017). For ex-
ample, soil washing is easier for Sr or Co removal than for Cs
removal because of the immobile nature and high affinity of
Cs for soil components. Similarly, soil washing requires more
chemicals for clayey soil than for sandy soils because of the
strong binding of radionuclides in clayey soils. In the case of
chemical extractants, the levels/concentrations of synthetic
chelates such as ethylenediaminetetraacetic acid (EDTA) or
inorganic/organic acid are 10–50 times higher than those of
natural ligands such as low molecular weight organic acids
(LMWOAs) or humic substances (Shahid et al. 2012).

Phytoremediation is relatively economical compared
with physical and chemical recovery technologies. All
types of phytoremediation generally harness natural pro-
cesses and treat the radioactive contaminated sites in
place, with no excavation or physical removal, thereby
reducing the cost of site remediation. In addition, in
some cases, phytoremediation can remediate the radio-
nuclides without any human involvement; this natural
attenuation results in considerable cost savings. For ex-
ample, because phytoremediation can be carried out
with minimal maintenance after its establishment in the
field, phytoremediation costs are almost tenfold less
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than the costs of engineering-based methods (Marques
et al. 2009). Likewise, post-cleanup costs are very low
for phytoremediation methods because these methods
cause minimum site disturbance compared with conven-
tional physical cleanup methods.

Selection of soil remediation technology in site-
specific cases

The remediation plan in site-specific cases can be set up
as a small area of high concentration, an intermediate
area of intermediate concentration, or a large area of
low concentration. The important point to be addressed
before the remediation is whether treatment at the re-
moval site (i.e., volume reduction) is necessary. If a
small area is contaminated with high concentrations of
radionuclides, it can be selected for excavation and dis-
posal rather than using treatment facilities. In the second
scenario, if the intermediate area is contaminated with
intermediate concentrations of radionuclides, the dispos-
al cost can be reduced by reducing the amount of soil
waste treated by treatment facilities. However, an eco-
nomic assessment should be conducted. In addition, an
evaluation of whether soil waste is removable and the
most efficient removal method among various technolo-
gies is important.

The remediation of radioactive soils varies most de-
pending on environmental conditions but also depends
on location. Therefore, before choosing a remediation
technique for treating a specific soil, we need to under-
stand the factors that affect remediation and design a
strategy appropriate for a specific site. These technolo-
gies individually face multifactorial problems; an inte-
grated approach is therefore needed to remediate radio-
active soils. For example, soil washing might be con-
ducted for radioactive soil waste, followed by advanced
separation and treatment of fine particles using flotation
separation and thermal desorption, respectively.
Numerous researchers have recently developed tech-
niques to selectively separate and dispose of fine soil,
including clay, during the removal of contaminated soil.
Hybrid complex processes that simultaneously separate
fine soil and remove radionuclides can ultimately reduce
the volume of radioactive soil waste by more than 95%
(Kim et al. 2020; Kim et al. 2021). If a large area is
contaminated with low concentrations of radionuclides,
a biological method (phytoremediation) can be consid-
ered. Phytoremediation can be also used for post-
remediation after the excavation and treatment for a
long-term period. In the case of the nuclear accident at
Fukushima, the soil was collected in wide areas to a
depth of 5 cm and transported to a disposal site before
phytoremediation was applied in wide areas.

Conclusions and perspectives

In this paper, we discuss the technology status of remediation
of nuclear reactor sites and the future prospects of this tech-
nology. Research to reduce the volume of contaminated soil
waste has been conducted for a large amount of soil generated
by operational leaks at nuclear facilities, and no substantial
geographical or economic difficulty in disposing of the radio-
actively contaminated soil has been identified. Governments
have recently been considering efficient treatment methods
through economic evaluations because of increasing disposal
and transportation costs. The treatment of radioactively con-
taminated soil around the world has been an active re-
search topic since the Fukushima nuclear accident; how-
ever, no effective remediation methods have been pro-
posed to address this problem.

Although various technologies have been successfully test-
ed in the laboratory and in the field, when used alone, these
technologies encounter problems that are multifactorial in na-
ture. Therefore, an integrated approach is needed to remediate
radioactive soils. The factors that influence radioactive soil
remediation vary according to soil properties such as soil type,
particle size, the fraction of fine particles, and the radionuclide
characteristics. The presence of fine particles plays an impor-
tant role in determining the effectiveness of the strategies
used, especially in the case of Cs contamination.
Radioactive soil remediation mostly depends on environmen-
tal conditions and varies from one location to another.
Therefore, before a remediation technique is selected
for treating a specific soil, we need to understand the
factors that affect remediation and design a strategy ap-
propriate for the specific site.

In the future, the radioactively contaminated soil generated
during decommissioning of nuclear facilities will be
remediated after a remediation strategy based on an efficient
cost analysis has been established. In addition, many re-
searchers have developed effective remediation methods for
radioactively contaminated soil to reduce the contaminated
soil volume. Many effective and safe remediation methods
are available for restoring the sites of decommissioned nuclear
facilities and realizing a sustainable environment.

Acknowledgements This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korean government
(MSIP) (No. 2017M2A8A5015148 and No. 2017M2A8A1092471).

Author contribution All authors contributed to the study conception and
design. In-Ho Yoon: conceptualization, supervision, writing, project ad-
ministration, and funding acquisition; Chan Woo Park: investiga-
tion, data curation, and validation; Il-Gook Kim: investigation,
data curation, and methodology; Hee-Man Yang: resources and
investigation; Sung-Man Kim: resources and validation; June-
Hyun Kim: resources and investigation.

68003Environ Sci Pollut Res  (2021) 28:67990–68005



Funding National Research Foundation of Korea (NRF) grant funded by
the Korean government (MSIP).

Data availability Not applicable.

Declarations

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent to publish Not applicable.

Competing interests The authors declare no competing interests.

References

Agnew K, Cundy AB, Hopkinson L, Croudace IW, Warwick PE, Purdie
P (2011) Electrokinetic remediation of plutonium-contaminated nu-
clear site wastes: results from a pilot-scale on-site trial. J Hazard
Mater 186:1405–1414

Alvarez R 2016: The U.S. Department of Energy’s Atomic Defense
Budget for FY 2017

Bayliss CR, Langley KF (2003): Nuclear decommissioining, waste man-
agement, and environmental site remediation. Elsivier

Benedicto A, Missana T, Fernández AM (2014) Interlayer collapse af-
fects on cesium adsorption onto illite. Environ Sci Technol 48:
4909–4915

Booher WF, Lindgren ER, Brady PV 1997: Electrokinetic removal of
uranium from contaminated, unsaturated soils, Sandia report

Bushart S, Couture B, Fan J, Haight R, Melin C (2006): Connecticut
Yankee Decommissioning Experience Report. Electric Power
Research Institute, EPRI Technical Report 1013511

Chapelain JCM, Faure S, Beneventi D (2016) Clay flotation: effect of ttab
cationic surfactant on foaming and stability of illite clay
microaggregates foams. Ind Eng Chem Res 55:2191–2201

Clark DL, Janecky DR, Lane LJ (2006)Science-based cleanup of Rocky
Flats. Phys Today 59:34–40

Correa Sáinz C, Martín Palomo N (2020) Operational experience of the
washing plant land in the dismantling of the é Cabrera nuclear power
plant. Radioproteccion (Madrid):22–25

Cummings M, Booth SR 1996: Remediation of uranium?contaminated
soil using the segmented gate system and containerized vat leaching
techniques: a cost effectiveness study, Los Alamos National
Laboratory

Devgun JS, Beskid NJ, Natsis ME, Walker JS (1993) Soil washing as a
potential remediation technology for contaminated DOE sites.
States, United

DOE U (1999) Cost and performance report, Thermo NUtech’s
Segmented Gate System, Idaho National Engineering and
Environmental Laboratory Auxiliary Reactor Area-23. ER Site 16
Albuquerque, New Mexico, Accelerated Site Technology
Deployment Program. US DOE, Idaho Falls, Idaho

DOE U (2001) Cost and performance report, ThermoRetec’s Segmented
Gate System Brookhaven National Laboratory Area of Concern 16
Suffolk County, New York

Dushenkov S, Mikheev A, Prokhnevsky A, Ruchko M, Sorochinsky B
(1999) Phytoremediation of radiocesium-contaminated soil in the
vicinity of Chernobyl, Ukraine. Environ Sci Technol 33:469–475

Entry JA,Watrud LS, ReevesM (1999)Accumulation of 137Cs and 90Sr
from contaminated soil by three grass species inoculated with my-
corrhizal fungi. Environ Pollut 104:449–457

EPA U (1990) EPA Workshop on radioactively contaminated sites, US
EPA

EPA U (2002) Federal remediation technologies roundtable.
Electrokinetic separation

EPA U (2007) Technology reference guide for radioactively contaminat-
ed media. In: Program OoRaIARP (Hrsg.). US EPA

EPRI (2005) Maine Yankee Decommissioning Experience Report, EPRI
EPRI (2006) Connecticut Yankee Decommissioning Experience Report,

EPRI
Fang C, Achal V (2019) The potential of microbial fuel cells for remedi-

ation of heavy metals from soil and water—review of application.
Microorganisms 7:697

Ferraro A, van Hullebusch ED, Huguenot D, Fabbricino M, Esposito G
(2015) Application of an electrochemical treatment for EDDS soil
washing solution regeneration and reuse in a multi-step soil washing
process: case of a Cu contaminated soil. J Environ Manag 163:62–
69

Giles JR 1999: Summary report for the segmented gate system treatability
study, ldaho National Engineering and Environmental Laboratory

Honda M, Okamoto Y, Shimoyama I, Shiwaku H, Suzuki S, Yaita T
(2017a) Mechanism of Cs removal from fukushima weathered bio-
tite by heat treatment with a NaCl-CaCl<inf>2</inf> Mixed Salt.
ACS Omega 2:721–727

Honda M, Shimoyama I, Kogure T, Baba Y, Suzuki S, Yaita T (2017b)
Proposed cesium-free mineralization method for soil decontamina-
tion: demonstration of cesium removal fromweathered biotite. ACS
Omega 2:8678–8681

Hubler J, Metz K (2013)https://www.geoengineer.org/education/web-
class-projects/cee-549-geoenvironmental-engineering-winter-2013/
assignments/soil-washing. Geo engineer

Hussain F, Mustufa G, Zia R, Faiq A, MatloobM, Shah H, Ali WR, Irfan
J (2018) Constructed wetlands and their role in remediation of in-
dustrial effluents via plant-microbeinteraction—a mini review. J
Bioremediat Biodegrad 9:1–8

Iannelli R, Masi M, Ceccarini A, Ostuni MB, Lageman R, Muntoni A,
Spiga D, Polettini A, Marini A, Pomi R (2015) Electrokinetic reme-
diation of metal-polluted marine sediments: experimental investiga-
tion for plant design. Electrochim Acta 181:146–159

Iurian AR, Phaneuf MO, Mabit L (2015) Mobility and bioavailability of
radionuclides in soils, radionuclides in the environment: influence of
chemical speciation and plant uptake on radionuclide migration, pp.
37-59

JAEA (2018) Fukushima: a French soil decontamination process
experimented in Japan, CEA news, www.cea.fr

Jung HB, Yang JS, UmW (2015)Bench-scale electrokinetic remediation
for cesium-contaminated sediment at the Hanford Site, USA. J
Radioanal Nucl Chem 304:615–625

Karthika N, Jananee K, Murugaiyan V (2016) Remediation of contami-
nated soil using soil washing-a review. Int J Eng Res Appl 6:13–18

Kersting AB (2013) Plutonium transport in the environment. Inorg Chem
52:3533–3546

Khalid S, Shahid M, Niazi NK, Murtaza B, Bibi I, Dumat C (2017) A
comparison of technologies for remediation of heavy metal contam-
inated soils. J Geochem Explor 182:247–268

Kim J-H, Kim S-M, Yoon I-H, Choi S-J, Kim I (2020) Selective separa-
tion of Cs-contaminated clay from soil using polyethylenimine-
coated magnetic nanoparticles. Sci Total Environ 706:136020

Kim J-H, Kim S-M, Yoon I-H, Yang H-M, Kim I (2021) Novel two-step
process for remediation of Cs-contaminated soil assisted by magnet-
ic composites. Chem Eng J:130554

Kumbhar P, Savla N, Banerjee S, Mathuriya AS, Sarkar A, Khilari S,
Jadhav DA, Pandit S (2021) Microbial electrochemical heavy metal
removal: fundamental to the recent development, wastewater treat-
ment. Elsevier, pp:521–542

68004 Environ Sci Pollut Res  (2021) 28:67990–68005

https://www.geoengineer.org/education/web-class-projects/cee-549-geoenvironmental-engineering-winter-2013/assignments/soil-washing
https://www.geoengineer.org/education/web-class-projects/cee-549-geoenvironmental-engineering-winter-2013/assignments/soil-washing
https://www.geoengineer.org/education/web-class-projects/cee-549-geoenvironmental-engineering-winter-2013/assignments/soil-washing
http://www.cea.fr


Lee H-W, Kim J-Y, Kim C-L(2019) Study on the experiences of subsur-
face soil remediation at commercial nuclear power plants in the
United States. J Nucl Fuel Cycle Waste Technol 17:213–226

Lee S (2000) Phytoremediation application of radionuclide removal at
Argonne National Laboratory West , Summary of the
Phytoremediation State of the Science Conference, Boston,
Massachusetts

Liao X, Li Y, Yan X (2016) Removal of heavy metals and arsenic from a
co-contaminated soil by sieving combined with washing process. J
Environ Sci 41:202–210

Marques AP, Rangel AO, Castro PM (2009) Remediation of heavy metal
contaminated soils: phytoremediation as a potentially promising
clean-up technology. Crit Rev Environ Sci Technol 39:622–654

Misra M, Mehta RK, Lan P (2001) Remediation of radium from contam-
inated soil. EPA, December

Moroney K, Moroney JI, Turney J (1994): Processing plutonium-
contaminated soil on Johnston Atoll. Radwaste Magazine

Muthuswami SV, Vijayan S, Woods DR, Banerjee S (1983) Flotation of
uranium from uranium ores in Canada: part I-flotation results with
Elliot lake uranium ores using chelating agents as collectors. Can J
Chem Eng 61:728–744

Nakao A, Thiry Y, Funakawa S, Kosaki T (2008) Characterization of the
frayed edge site of micaceous minerals in soil clays influenced by
different pedogenetic conditions in Japan and northern Thailand.
Soil Sci Plant Nutr 54:479–489

Navratil JD, Kochen RL 1982: Decontamination of soil containing plu-
tonium and americium, Rockwell International Corp., Golden, CO
(USA). Rocky Flats Plant

OECD-NEA (2016) Costs of Decommissioning Nuclear Power Plants,
OECD-NEA

Ogata N, Fujita T, Kato M (2015) Phytoremediation of radioactive cesi-
um contaminated soil by cultivation of Amaranthus spp. Jpn J Crop
Sci 84:9–16

Orr P, Mitchell N, Mobbs S, Bennest T, Abu-Eid R-B, Berton M-A,
Dehaye CO, Pellenz G, Cruikshank J, Diaz A 2014: Nuclear site
remediation and restoration during decommissioning of nuclear in-
stallations. A Report by the NEA Co-operative Programme on
Decommissioning, Organisation for Economic Co-Operation and
Development

Park B, Son Y (2017) Ultrasonic and mechanical soil washing processes
for the removal of heavy metals from soils. Ultrason Sonochem 35:
640–645

Park CW, Kim BH, Yang HM, Seo BK, Lee KW (2017) Enhanced
desorption of Cs from clays by a polymeric cation-exchange agent.
J Hazard Mater 327:127–134

Regulation OfN (2020) Remediation techniques for radioactive contam-
inated land on nuclear licensed sites

Rogers S (1998) Gate system sorts out "clean" dirt. Initiatives online,
Thermo NUtech

Sato Y, Sato M,Mitoma Y (2019) Development of a normal-temperature
dry magnetic separation system for classifying soil contaminated
with radioactive cesium and reducing its volume, proceedings of
the mechanical engineering congress, 2019 Japan. 放射性セシウム

染土壌の 級・ 容化の の 温乾式磁力選別システムの 発, Japan, pp.
3912

Sawhney B (1972) Selective sorption and fixation of cations by clay
minerals: a review. Clay Clay Miner 20:93–100

Shahid M, Pinelli E, Dumat C (2012) Review of Pb availability and
toxicity to plants in relation with metal speciation; role of synthetic
and natural organic ligands. J Hazard Mater 219:1–12

Shimoyama I, Hirao N, Baba Y, Izumi T, Okamoto Y, Yaita T, Suzuki S
(2014)Low-pressure sublimation method for cesium decontamina-
tion of clay minerals. Clay Sci 18:71–77

Smičiklas I, JovićM, Šljivić-IvanovićM, Mrvić V, Čakmak D, Dimović
S (2015) Correlation of Sr2+ retention and distribution with proper-
ties of different soil types. Geoderma 253-254:21–29

Sparks DL (2003) Environmental soil chemistry: second edition. Second
Edition, Environmental Soil Chemistry, pp 1–352

Sposito G (2008) The chemistry of soils. Oxford University Press, New
York

Stevens JR, Rutherford DW (1982) Separation of transuranic radionu-
clides from soil by vibratory grinding. Rockwell International,
Rocky Flats Plant, Golden, Colorado, USA

Tamaoki M, Yabe T, Furukawa J, Watanabe M, Ikeda K, Yasutani I,
Nishizawa T (2016) Comparison of potentials of higher plants for
phytoremediation of radioactive cesium from contaminated soil.
Environ Control Biol 54:65–69

USEPA (1988) Technological approaches to the cleanup of radiologically
contaminated Superfund sites.

USEPA (2007) Technology reference guide for radioactively contaminat-
ed media

VoccianteM, Caretta A, Bua L, Bagatin R, Ferro S (2016) Enhancements
in electrokinetic remediation technology: environmental assessment
in comparison with other configurations and consolidated solutions.
Chem Eng J 289:123–134

Volk R, Hübner F, Hünlich T, Schultmann F (2019) The future of nuclear
decommissioning – a worldwide market potential study. Energy
Policy 124:226–261

Wild A (1993) Soils and the environment: an introduction. Soils and the
environment: an introduction

Yamamoto T (2012) Radioactivity of fission product and heavy nuclides
deposited on soil in Fukushima Dai-Ichi nuclear power plant acci-
dent. J Nucl Sci Technol 49:1116–1133

Yao Z, Li J, Xie H, Yu C (2012) Review on remediation technologies of
soil contaminated by heavy metals. Procedia Environ Sci 16:722–
729

Yong RN, Mohamed AMO, Warkentin BP (1992) Principles of contam-
inant transport in soils. Elsevier Science Publishers, Amsterdam, xiii
+ 327 pp. pp

Zhang H, Tangparitkul S, Hendry B, Harper J, Kim YK, Hunter TN, Lee
JW, Harbottle D (2019) Selective separation of cesium contaminat-
ed clays from pristine clays by flotation. Chem Eng J 355:797–804

Zhu YG, Shaw G (2000) Soil contamination with radionuclides and po-
tential remediation. Chemosphere 41:121–128

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

68005Environ Sci Pollut Res  (2021) 28:67990–68005


	Characteristic and remediation of radioactive soil in nuclear facility sites: a critical review
	Abstract
	Introduction
	Characteristics and mobility of radionuclide-contaminated soil
	Characteristics of radionuclide-contaminated soil
	Factors affecting the mobility of radionuclides in soil

	Remediation technology of radionuclide-contaminated soil
	Excavation
	Volume reduction
	Separation
	Treatment


	Critical challenges faced during the remediation of radioactive soil
	Cost analysis for excavation and treatment (volume reduction)
	Characteristics of each technology
	Selection of soil remediation technology in site-specific cases

	Conclusions and perspectives
	References


