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Executive Summary

TD.3+4: Restoration Techniques: Characterisation and Performance

The aim of this report is to present the results of a litezagurvey which identifies and quantifies
techniques whose application would be most appropriate to remediatasy tedt have been
contaminated by radionuclides from European nuclear installations. The purphbisecskrcise is to
create a database, which can be used by other working packadgestmétRESTRAT framework, to
determine the impact of applying these technologies to specifibeasites. In addition, the
database will provide applicable information to restoration projects outsideFREST

Remediation techniques are selected if they been demonstratedafiplimble for treating sites
which have been contaminated by radionuclides. Speculative approackesekavrejected. The
techniques encompass physical-, chemical- and biological-based approaches.

The remediation techniques which were selected have been characterised of tharfollowing:

» Description: The means by which they are applied.

« Applicability: The contaminants and the media for which they ateduihe length of time for
which they would be applicable; and the manpower required to apply them.

« Performance: The effectiveness against the contaminants (radiesy@and the time during
which they remain effective.

« Cost: Capitals, operational and maintenance costs.

» Side effects: In particular, the production of waste.

A summary of these characteristics are given in Table A.

The cost and performance values associated with each remedeatmimque, can vary over a large
range. This reflects the fact that these techniques have ppbkedato a variety of wastes, on a
variety of scales and under a variety of conditions. This gigesto a large degree of uncertainty
which are taken into account when quantifying the application of tleebmitues to the example
sites used in the RESTRAT programme.
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Table A

Performance, cost and workforce exposure values of various remediation tealingies

Technology Medium Performance Indicator Cost Workforce exposure Service life
(EUR) (manh)
o Extraction Disposal & transport
Removal of Source Decontamination factor (per m) (per ) (per m)
Soil excavation Solid 1-20 50 - 150 450 - 800 o2-1 not applicable
(per m?) (per nf)
Soil scraping Solid 1-20 1-3 450 - 800 003 - 03 not applicable
. ) L . Excavation & separation Disposal & transport of
Physical separation Decontamination facto| Waste reduction (per i) residue (per i) (per n?)
Soil washing Solid 1-10 50 - 98% 200 - 650 2000 - 3000 025 - 15 not applicable
Flotation Solid 1-10 28 - 97% 65 - 390 2000 -3 000 025 - 15 not applicable
Decontamination factor Separation from liquid (pef)n
Filtration Liquid 2->100 o1 - 38 2000 - 3000 04 - 14 not applicable
. . Excavation & separation
Chemical separation (per )
Chemical solubilisation Solid 1-20 180 - 820 200mo6 12-35 not applicable
Separation from liquid (per
lon exchange Liquid 3-100(V), 20 - 100(Cs) 13-23 2000 - 3000 04 - 123 not applicable
Biological Separation
Biosorption Liquid 25 - >100 1-3 2000 - 3000 04 - 14 not applicable
Containment Resultant permeability (m%§ Total (per m surface area) (per frsurface area)
Capping Solid 1x10%2-1x10° 30 - 45 003 - 03 1,000y
Subsurface barrier Solid (per m3 barrier volume
a) slurry walls 1x10%2-1x108 510 - 710 006 - 02 100 - 1,000 y
b) grout curtains 1x10"%-1x10° 310 - 420 006 - 04 100 - 1,000y
Immobilisation Mobility reduction factor Total (per M (per m)
Cement-based solidification Solid
a) ex-situ 5-25 75 - 300 025 - 15 not known
b) in-situ 5-25 50 - 310 006 - 02 not known
Chemical immobilisation Solid
a) ex-situ 5-50 110 - 570 025 - 15 not known
b) in-situ 5-50 60 - 420 006 - 02 not known
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1. Terms of Reference

This report is submitted as the Technical Deliverables 3 and ésagae requirements of Work
Packages 3.1 and 3.2 for the Restoration Strategies for Radio&itee and their Close
Surroundings (RESTRAT) project.

The RESTRAT project, which is funded by the European Commission undéutiiear Fission

Safety Programme, has an overall objective of developing geneibodologies for ranking
restoration techniques as a function of contamination and site chistiecte The development of
this generic methodology is based on an analysis of existing ramadmethodologies and
contaminated sites, and is structured in the following steps:

The characterisation of relevant contaminated sites.

The identification and characterisation of relevant restoration techniques.

The assessment of the radiological impact.

The development and application of a selection methodology of restoration options.

a > e

The formulation of generic conclusions and development of the manual.

The two Work Packages are specifically concerned with theactesisation of the restoration
techniques; Work Package 3.1 deals with physical restoration techaigi&¥ork Package 3.2 deals
with chemical and biological restoration techniques. The aims ofwheWork Packages are as
follows:

To identify possible relevant restoration (remedial) techniques, witharlatithe base case.

2. To determine the characteristics (quantitatively if possifde)use in the risk assessment
methodology and in the selection methodology. Characteristics comsaterapplicability;
performance; economical costs and side-effects.

This Technical Deliverable summarises the findings of the tvaskWPackages. The results from
both Work Packages have been combined into a single report for clarity and ta albomprehensive
characterisation of the different restoration techniques.
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2. Introduction

A number of European nuclear installations are reaching the end iofigsgjned life expectancies.
Whilst the controlled decommissioning of the main installations @nrmd, the problem of
contaminants dispersed throughout the site has not been properly addrebsedddition,
contaminants may be contained by methods which are unsuitable for longttmage. Many of
these sites will require restoration in order to reduce thé dévesk to the workforce, the public and
the environment.

The types of sites, their sizes and the nature of their contaominedries widely. Also, the
restoration techniques that can be applied, vary widely.

To date, there is no systematic method for identifying the mospppate restoration technique for a
contaminated site. It is the aim of the RESTRAT project to develop a methodologhiferiag this,
taking into account the principles of radiological optimisation. Théams that the extent to which a
site is to be restored and the means by which this is carriediidte determined as a function of
not only the radiological impact or risks to population and workers, but also economic (eaf.tbes
restoration, possible future land uses) and social factors (e.g. fiistomthe population, anxiety).
Consequently, one of the main tasks in this project is to chasxctdre available restoration
techniques in terms of:

» Description: the means by which they are applied.

» Applicability: the contaminants and the media for which they ateduihe length of time for
which they would be applicable, and the manpower required to apply them.

» Performance: the effectiveness against the contaminants (ratiesyand the time during
which they remain effective. This is expressed by one of thewiny terms: the
decontamination factor (i.e. fraction by which the level of contamoinas decreased), the
reduction factor (i.e. the percentage reduction in the volume of wasduction in
radionuclide mobility, or reduction in the permeability of the waste.

» Cost: capital, operational and maintenance costs;

» Side effects: in particular, the production of waste.

The restoration techniques considered for a given contaminated iflitee wssessed in terms of the
above characteristics in order to determine their applicalaifity usefulness for that particular site.
This will depend on the characteristics and future requirements of each site.
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3. Classification of Restoration Techniques

In this report, restoration techniques are taken to be techniqueseémuras) which prevent (or
reduce) the radiological impact (or risks) to the population fromréstdual contamination of
contaminated sites. Alternatively, it can designate techniquegasures which lessen the need for
monitoring the environmental contamination.

Restoration, unlike remediation, does not include measures which hfeen behaviour, dietary
and living habits or working activities. In addition, the study exdua#ministrative measures such
as restrictions of access to the site.

Measures or techniques suitable for dealing with large-scaleudigral or urban contamination are
not considered in this study. They are covered by part of the conciE®AS (TEchniques and

MAnagement Strategies for environmental restoration and thelpgical consequences) project
within the Nuclear Fission Safety Programme of the EC, whictoieerned with environmental
restoration.

The framework of this report divides restoration techniques into four major dasegor

* Removal of Sources: bulk removal of contaminated medium, sometin@sddlby separation
of the contaminants from the contaminated medium.

» Separation: techniques which separate radionuclides from the bulk of the waste.

» Containment: techniques which provide barriers between contaminated amatammioated
media to prevent the migration of contaminants.

» Immobilisation: techniques which add material to the contaminatedumedt order to bind
the contaminants and reduce their leachability or mobility.

Surface decontamination is not considered in this report despite ah¢héd it is a method for
separating contaminants. This is because normally the technigoly isfficient when applied at the
early or intermediate phase of an accident and is largely restricted to urbamication.

Table 1 subdivides these categories into specific technologies.bédteeported technologies for

each category are identified below. These will be described and characiregseater detail in later
chapters.

3.1 Removal of Sources

These techniques are normally applied to contaminated soil. Howewaminated groundwater or
surface water can also be removed (by pumping). The removal obtiteminated medium may be
followed by a subsequent separation procedure (see Section 3.2).

Removal of contaminated soil can consist of:

» excavation (by excavators, bulldozers); or,
» removal of the upper layer(s).
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The removal of the upper layers is mostly performed by soipsgrgwith a shovel or a scraper) or
by turf cutting (with a turf-cutter or harvester).

These techniques are well-developed and applied extensively irelthe Tihey will be described in
greater detail in Chapter 4.

3.2  Separation

Separation of contaminants from contaminated media can be carridabtbuin-situ and ex-situ
(following excavation or removal of the contaminated medium).

Separation techniques may be subdivided into three main categories (Table 1):

» physical separation (mostdx-sity;
e chemical separation (mosix-sity;
» biological separationeik-situandin-situ).

3.2.1 Physical Separation

Soil washing, flotation and filtration are well-developed physical separsgchniques and have been
applied extensively in the field (especially soil washing). They will be corglde Chapter 4.

The other physical separation techniques, listed in Table 1, have omtdsted in some special
cases and little relevant information (costs, efficiency) is abkEl For example, magnetic separation
and electrokinetic separation have been applied in cases wheratimmaesoil washing was found
to be ineffective (mostly for heavy metals).

3.2.2 Chemical Separation

Solubilisation (including pH change, complexation, oxidation and reduction ancsekteaction)
and ion exchange are well-developed techniques which have been usedselyteriBhey will be
considered in greater detail in Chapter 5.

Chemical leaching is a potentially effective separation tecleni However, it is not considered
further in this report as it is currently in the developmental stage and retiatardre not available.

3.2.3 Biological Separation

Phytoremediation, biosorption and bioleaching are all well-known biolog&adration techniques.
These will be discussed in detail in Chapter 6.

3.3  Containment
Containment is primarily a physical technique which is achievezughr the formation of physical

barriers. Capping, using barriers placed on top of the surface, intordezvent or reduce vertical
infiltration, is very well developed and has been extensively documented (seer@hapte
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Among the subsurface barriers, slurry walls and grout barriees theen applied with great success.
They can be installed with the contaminated media in place orexftavation (encapsulation). They
are discussed in detail in Chapter 4.

Vitrified barriers are not considered by this study. They angcpéarly useful for the containment of
hazardous waste (e.g. high level waste, or mixed waste) bebaugitrified mass is very resilient to
weathering. However, the high cost inhibits their use for low level radioactitaminants.

Cryogenic barriers are also not considered further in this studubeof their high power costs and
the fact that they are not passive protection systems (when the @otimoling is stopped, the barrier
becomes ineffective).

Wet covers and dry barriers have only been used in special mitsiatiWet covers have been
achieved through the inundation of mines. Dry barriers involve ctiegldry air through subsurface
soil which vyields very low permeabilities. The latter technidgigoarticularly applicable in arid

environments. However, these techniques are not considered furthesdetaheir specificity and,

also, because of the lack of relevant data.

34 Immobilisation

Immobilisation can be subdivided into three categories:

» physical immobilisation;
» chemical immobilisation;
» biological immobilisation.

3.4.1 Physical Immobilisation
Cement-based solidification/stabilization is a well developed palysnmobilisation technique and
has been well-documented. It is considered in greater detail in Chapter 4.

Vitrification is also a well-developed, mature technology, but nilt be considered further in this
report for low-level radioactive contaminants for the same reasons to thesdrgsection 3.3.

3.4.2 Chemical Immobilisation
Chemical immobilisation is a well-reported technique. It is considered in ge@iapter 5.

Immobilisation techniques, such as chemical precipitation, adsorption atatiorireduction are not
considered further by this report due to the lack of currently available data.

3.4.3 Biological Immobilisation

Biological immobilisation techniques, such as phytostabilisation, whbffsting potentially useful
remediation techniques, are not considered further in this study. sTthieito the lack of available
data regarding their application, performance and cost.
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Table 1 Classification of restoration techniques
REMOVAL OF SOURCES
Solid Excavation (bulk removal)
Removal of upper layers: Soil scraping
Turf cutting
Liquid Pumping
SEPARATION
Physical Soil washing
Flotation
Filtration
Magnetic separation
Electrokinetic separation
Thermal separation
Agueous biphasic separation
Chemical Leaching
Solubilisation pH change
Complexation
Oxidation/reduction
Solvent extraction
lon exchanget
lon-exchange}
Biological Phytoremediation
Bioleaching
Biosorption
CONTAINMENT
Physical Capping with soil, clay, geomembrane,
geosynthetic clay liner, asphalt, concrete
Subsurface barriers Grout barriers
Slurry walls
Polymer gel
Vitrification
Land Encapsulation
Dry barriers
Wet covers
IMMOBILISATION
Physical Cement-based solidification/stabilization
Vitrification (ex-sity in-situ)
Chemical Precipitation oxide, carbonate, phosphaiph&le
Adsorption clay, metal oxide, polymer
Oxidation/reduction
Biological Phytostabilisation

Notes: T lon exchange as a chemical solubilisagohnique refers to the cationic displacement diorsuclides
from a solid through contact with a solution conitag the replacing cation.

T lon exchange as a separation technique reféhe teemoval of radionuclides from solution througmtact
with an ion exchange column.

21 October 1998 6 Issue 3




RESTRAT - Restoration Techniques. Characteristics and Performances

4, Physical Remediation Techniques

41 Removal of Sources

a) Description

The most straightforward and simple method for the reduction of thielagical impact to the
human population and environment is to remove the medium containing the ic@amiznmio a
discharge or a disposal site.

Contaminants are sometimes separated from uncontaminated mediwteririooreduce the volume
of material for disposal. The uncontaminated medium can be returned to the excavation are

Usually, the contamination is near the surface. Therefore, scripoften applied instead of bulk
removal, or turf cutting (for soil).

b) Applicability

i) Means

Excavators (Valentich, 1994; Rice, 1994; Shirley and Schlesser, 1994) bisldszglachmedov
et al, 1994; Blagoeet al, 1996) vibration cutters and graders (Blagetsl, 1996) are mostly used
for the bulk removal of soil.

A scraper (Blagoeet al, 1996) and a shovel (Roed and Andersson, 1996) are reported to have been
used for soil scraping.

Turf cutting is usually carried out with a turf cutter (Bondaal, 1995; Kutlachmedoet al., 1994)
or a turf harvester (Jouws al,, 1994; Grebenkoet al, 1994; Jouvet al., 1993).

Groundwater can also be treated if pumping is carried out.
i) Media

The media that can be treated by these techniques are priswitilgpossibly with grass), mud,
tailings and buried waste.

iii) Contaminants

All radionuclide contaminanted soil and water may be removed by this approach.
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iv) Work rates

Values for the work rate with excavators for soil and buriedevastre reported to lie betweef®6
and 144 n? h' (Rice, 1994) and between 27 and 3%vh (Valentich, 1994) respectively. In
addition, the Federal Remediation Technologies Roundtable (1997) indicateotkarate of

9100 tonne monthexcavated (soil or sediment).

Work rates for soil scraping were reported by Brostal. (1996) to be 5 to 107 for 75 mm
depth and 10 to 1007h™ for 50 mm depth if turf removal is also included (small to large areas).

Turf cutting with a turf crocodile’ was reported by Kutlachmedsial. (1994). The work rate was
expressed as 40,000 ha in 20 machine year. Brevah (1996) reports a turf removal rate of
300 nf h.

C) Performance

i) Effectiveness

Soil excavations, carried out in the Ukraine (Kutlachmedowal, 1994) and in the Chernobyl
accident area (Blagoeat al,, 1996), reported DF (decontamination factor) values of 6 to 8 @no 1
32, respectively.

Soil scraping in the Chernobyl accident area gave reported DEsvaf 12 to 17 (Blagoevet al,
1996). Soil scraping at the Nevada test site gave DF values of 7 amdg@dnium and americium,
respectively (Chilton and Pfuderer, 1989). DF valued®{3 cm depth) and® (10 cm depth) were
obtained at Pripyat (Ukraine) (Roed and Andersson, 1996). Akinfiev ashchRa (1993) reported a
DF value of 83 at the Chernobyl NPP (Nuclear Power Plant).

Turf harvesting (upper 5 cm layer) in the zone close to Chernobyl(R&Rlaret al, 1995) showed
a clear distinction in effectiveness between podzolic and peaty soils (see2T:abl

Table 2 Decontamination factors for radionuclides achieved with a turf harveter
Soil Radionuclide
239Pu_ 9OSr 13YCS 14ACe
Turf-podzol 26-56 2(3-16 12-67 24-77
Peaty soil 2[6-16 24-15 25-93 28-13

From Bondaget al, 1995

Values within the same ranges were obtained in Ukraine (Kutkeabwret al, 1994) and Belarus
(Grebenkowet al., 1994).

i) Service Life

Not applicable.

d) Costs

In the USA the Federal Remediation Technologies Roundtable (1997) tepent®val costs of
between 283 and 482 EUR tofin€270 and 460 US$ tdh, including excavation, transport and
disposal (at a Resource Conservation and Recovery Act, RCRA, permittég)fagilso in the USA,
Du Teaux (1996) observed excavation costs of 56 EGR#5 US$ yd), whilst Gaylord and Klein
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(1994) reported excavation costs for soil to be 140 EURIh0 US$ yd). For disposal the latter
indicated costs of 1680 EUR tornh@600 US$ ton) for radioactive waste (excluding transport) and
68 EUR tonné (65 US$ toft) for conventional waste.

The IAEA (1992) reported transport and placement costs for the rewfotadlings in the USA to be
0B and 12 EUR n?® km' (0B-13 US$ n™ km™). Similarly, the costs for loading, transport (10-
25km) and unloading in Japan were reported to be betwéBnand 3 EUR m® km®
(2-4 US$ it km™) (IAEA, 1992).

Brown et al. (1996) gave costs of 2EUR n¥ (105 £ nt) for the removal (soil scraping) of the top
75 mm of soil and transport to the disposal site, and betwefiot large areas, i.e. the size of a
park) and 8 EUR n¥ (for small areas, i.e. the size of a gardeB ¢hd 2 £ n) for soil removal
and turf removal to a depth of 50 mm, and betweBna#id @ EUR ni* (32 and 4 £ ni) if re-
turfing is also considered.

In the city of Espoo (Finland) (urban area) the cost for soil reinal scraping), including
transport was reported to be betwe&h @asy conditions, i.e. a flat terrain with dry, resistant soil)
and 23 EUR n¥ (difficult conditions, a undulating terrain with wet, breakable soil) (Lehto, 1994).

A turf removal cost of @5 EUR n¥ (03 £ ni’) is cited by Browret al. (1996).

Jouveet al (1994) reported that the costs of applying a turf harvester to a F5pdeture, in CIS
(Commonwealth of Independent States), were as follows:

20 x10°EUR m? + 10x10°EURM® + 20 x10°EURM? = 5B x10°EUR m?
(22 x10° $ m?) (1x10°%$ m?) (22 x10° $ m?) (5.4x10° $ ni?)
for equipment operation waste transport total

In addition, Jouvet. al (1993) reported that the costs for turf harvesting 10,000 m2 were:

OD33EURNf + OD1EURN + 0014 EURN? + 0017 EURnf = 0074 EUR nf
for investment maintenance waste transport manpower | tota
Costs to account for seed and equipment were also given byeloalvgl 993).
e) Side effects

The production (and disposal) of radioactive contaminated waste éiauss drawback to this
technique.

4.2 Physical Separation

4.2.1 Soil Washing

a) Description

Soil washing is a separation process in which fine soil parfisiks and clay) are removed from the
granular soil particles. It is assumed that contaminantsigirtytbound to the fine soil particles
rather than to the larger grained sand and gravel. Thereforemboated soil or debris may be
decontaminated by first mixing them with water to form a slarrgt then passing the slurry through a
separation machine to remove the contaminated, fine particles.
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Soil washing is essentially aax-situprocess, where the clean granular output stream (soil particles)
can be returned to the excavation area. The remaining contamiaétiétes and process wastes are
available for further treatment and/or disposal.

b)  Applicability

i) Means

The techniques and apparatus which may be used to achieve the phgpmation in the soil
washing process, include:

» Washing and rinsing (Bondaat al, 1995; Bovendeur and Pruijn, 1994; Dworjanyn, 1996;
Chilton and Pfuderer, 1989; USEPA, 1996);

» Attrition scrubbing (Timpsoret al, 1994; Sadler and Krstich, 1994; Peng and Voss, 1994;
USEPA, 1996; Groenendigt al., 1996);

» Centrifugal separation: by Campbell centrifugal jig (Goldbet@l, 1994; Mathuret al,
1996); by Knelson centrifugal concentrator (Matktial, 1996); or by other apparatus (Mista
et al, 1995);

» Gravity separation: by Magstream density separator (Elgsd, 1994) with magnetic
separation or by other apparatus (Bovendeur and Pruijn, 1994; USEPA, 1996);

» Hydrocycloning (Peng and Voss, 1994; Bovendeur and Pruijn, 1994; Mattalr 1996;
Nechaev and Projaev, 1996).

i) Media
Media which can be treated by this technique include soil, sedimensladge. However the
contaminants need to be closely associated with the fine particles.

Humus soils with a high, naturally occurring organic content can fieutlito clean, whereas sandy
soils are very easy to clean.

iii) Contaminants

Soil washing has been used to remove a variety of radionuclidestitulaa, separation of uranium
and plutonium from soils has been extensively tested at a numb&esof $hese include: the Fernald
site (Dworjanyn, 1996; Mathuet al, 1996), the Nevada test site (Chilton and Pfuderer, 1989), at
INEL (Idaho National Engineering Laboratory) and LANL (Los Alamidational Laboratory)
(Mathuret al,, 1996), in Russia (Nechaev and Projaev, 1996) and at other sites.

The separation of americium, radium, caesium, strontium and cobalt&nataminated soils has also
been reported and documented in the literature reviewed (see Section 4.2.1c).

iv) Work rates

Work rates varied from @ tonne i for pilot plant tests up to between 18 to 90 torthérhthe
VORCE (Volume Reduction/Chemical Extraction) plants (USEPA, 1996; Du Teaux, 1996).
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The Federal Remediation Technologies Roundtable (1997) reported a work i&téoohgs H.

C) Performance

i) Effectiveness

Decontamination factors (DF) reported in the literature show la tégree of variability. Mathur
etal. (1996) reported DF values for uranium and plutonium ranging from "ine#&ap to 2 and 5,
respectively. When combined with other techniques (e.g. magneti@asepn the DF values went
up to 10. However, DF values of up to 15 were reported for plutonium anecimme(Chilton and
Pfuderer, 1989) and of up to 17 for lead (Federal Remediation TechnolagirdtBble, 1997) when
chemical leaching was applied in combination with soil washing.ta\isal. (1995) reported DF
values from 1 to 9 for uranium and not much greater than 1 for plutonilowevér, when the soil
washing was combined with flotation the latter value went ug&o Bworjanyn (1996) observed a
DF value of 21 for uranium in soil at the Fernald site.

DF values from 4 to 80 (plutonium contamination) have been reported furpfaht tests at
Superfund Sites (USEPA, 1996).

DF values from B to 8 have been obtained for radium at the Superfund Site of Montdlaiv (
Jersey) (Du Teaux, 1996).

DF values of between 1 and 3 have been reporteffos and®Sr (Bondaret al, 1994; Bondar
etal, 1995). DF values higher than 3 aril @ere obtained with the VORCE plant f5fCs and
232Th, respectively (USEPA, 1996).

Another important aspect of separation techniques is the reductionvaltimee of disposable waste.
Depending on the initial contamination and the allowable residual corgtiam in the soil on the
site, reductions in waste volume of between 50 and 98% are reporteené@dijket al, 1996;
Mathur et al, 1996; Mistaetal., 1995; Moroneyet al, 1994). Reductions of around 65% were
obtained with the VORCE plants in Tennessee and New Jersey QJ3H®6) and a value of 54%
for the radium contamination in Montclair (Du Teaux, 1996). However theepshgash water may
contain elevated levels of contamination and will, therefore, also requinaémadnd/or disposal.

i) Service Life

Not applicable.

d) Costs

According to USEPA (1996) projected unit costs vary with the sizheokite. Treatment costs with
the VORCE plant amount to 116-140 EUR tohng11-134 US$ tof) for work rates of 18-
90 tonne H. Total costs can be as high as 293 EUR tdn(®80 US$ toif) when waste is
transported off-site.

Du Teaux (1996) listed total costs from 26 EUR (@1 US$ ydf) for a pilot plant demonstration
with VORCE at Montclair up to 500 EUR#{400 US$ yd) for a demonstration at King of Prussia
(Superfund Site with metal contamination).
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For pilot tests of B tonne H an operational cost of 180 EUR tofin€200 US$ toil) has been
reported at the Montclair Superfund Site (USEPA, 1996) with disposalramsport of radioactive
soils costing 942 EUR tond€900 US$ toH).

In Canada, at Ataratiri (Toronto) a cost of 68 EUR ton(i®0 Cdn$ tonrd was reported for a soil
contaminated with heavy metals (Du Teaux, 1996). At Port Granby 400,000 margfmally
contaminated soil (containing uranium aftfRa) was processed at a cost of 142 EURm
(209 Cdn$ ™) (Pollock and Feasby, 1996).

According to the Federal Remediation Technologies Roundtable (1997) ettag@cost would be of
the order of 178 EUR toni€170 US$ tof), including excavation.

Wood (1997) reported costs of between 80 and 380 EUR tqB0e250 £ tonrid).

e) Side Effects
The residual soil fines and process/wash waters may require further treatrdér disposal.

4.2.2 Flotation

a) Description

Flotation is a process in which contaminated soil fractions (usfiladlysoil particles such as silts and
clays) are separated from the clean soil fractions (largrilgnasoil particles and gravel) by means of
the production of a foam that contains the contaminated soil particles.

It is essentially aex-situprocess, in which the contaminated soil has first to be excavhitisdhen
mixed with water to form a slurry. A flotation agent, which binmishie surface of the contaminated
soil particles to form a hydrophobic surface, is added to this sl@myall air bubbles are introduced
in the solution and adhere to the hydrophobic particles and transport thiegrstoface. The foam is
removed from the surface and may be subject to further treatmeigposal. The clean soil can be
returned to the excavation area.

b)  Applicability

i) Means

Types of flotation reported to have been carried out, include frothifintédBuckley et al, 1995;
Bovendeur and Pruijn, 1994; Palmetral, 1995), tall column flotation and automated mechanical
flotation (Mathuret al,, 1996). The two former techniques have been tested at INEL, LANhalEe
and the Mound Laboratory (see section on Effectiveness).

i) Media
The contaminated media which may be treated by this process include soil and sediment.

Soil characteristics, such as particle size distribution, radimeudistribution (with respect to
particle size, clay, sand, humus and silt content), specific grasfiemical composition and
mineralogical composition may affect the effectiveness of fibation treatment. Larger soll
particles may require grinding or removal from the soil prioapgplying flotation. Soils with high
organic content (i.e. histosols) can be difficult to treat with this technology.
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iii) Contaminants

Contaminants which can be removed by flotation include heavy metdisadionuclides such as
uranium and plutonium. Flotation is used extensively in the mining industrgoncentrate
constituents such as uranium from ores.

iv) Work rates

No information found.

C) Performance

i) Effectiveness

Results from the mining industry indicate that a consistent andessfot segregation of
contaminated fines from clean soil can be achieved with flotatlEPA, 1996). The technique
was reported to be 95% effective in separating uranium oxide frodsteeme ores (USEPA, 1996).
Bench-scale tests revealed high removal efficiencies, ratiging 70 to 90% for soil contaminated
with bismuth, as a surrogate for plutonium oxide (USEPA, 1996). For radium in uraniunilimgkta
DF values from 4 to 6 have been observed (USEPA, 1996). HowevsratésiEL, LANL, Fernald
and Mound Laboratory showed very varied results; with between 3 and 7&¥satdor uranium and
plutonium (Mathuret al, 1996).

The organic content of the soil can reduce the effectiveness of this technology.

Additional studies are needed in order to determine the effectvafeseparating radionuclide-
contaminated fines from soil.

Flotation was reported to achieve reductions of between 28 to 97% woltiree of contaminated
soil (Mathuret al, 1996).

The presence of clay and silt will increase the volume of congded material removed in the foam.
This leads to an, increase in the volume of material requiring additional treatme

i) Service Life

Not applicable.

d) Costs
USEPA (1996) reported that the capital cost of a flotation unitedabietween 24,000 to
152,000 EUR (25,000-160,000 US$) depending on the size of the unit.

Operation and maintenance costs varied betwé®h ® 376 EUR n? (3 to 15 US$ per 1,000
gallons) of slurry treated.

e) Side effects
The residual foams generated by the flotation process may require furtheetreat disposal.
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4.2.3 Filtration

a) Description

Filtration is a process in which contaminants in liquid media (eaungiwater) are separated from
the liquid media by a porous membrane. The pore size of the memlarame waried to remove
particles and molecules of various sizes. Depending on what isttedhe filtration system, the
process generates two waste streams: a filter cake of solid matdilishte of treated (clean) liquid.

The treated (clean) liquid can be reused or returned to its natural environmentteT lvaki requires
further treatment and/or disposal.

b) Applicability

i) Means

Two membrane filtration systems have been reported (Andetsaln 1994; USEPA, 1996). This
includes an application on surface water at Rocky Flats (Andetsan 1994).

i) Media
This process can be applied to contaminated liquid media. This induni@sdwater and surface
water.

Filtration may be applied in situations where radionuclide contaminards associated with
suspended solids in a liquid medium or where the liquid medium has beéregtest with a
precipitating agent.

iii) Contaminants

Filtration has been tested and used for the removal of a vafieddionuclides from contaminated
water. The only radionuclide which cannot be removed, because of itécaheharacteristics, is
tritium.

iv) Work rates

No information found.

C) Performance

i) Effectiveness

Micro-filtration membranes, which are currently available, c@cavely remove particles as small
as @1 micron from water.

In tests conducted to evaluate radionuclide removal from watécieeffies exceeding 99% were
obtained for uranium, plutonium and americium with no chemical pre-tesat(qUSEPA, 1996).
Du Teaux (1996) reported efficiencies between 58 and 95% for uranium in raecoia scale
demonstration at Rocky Flats.

Removal efficiency for gross alpha emitters and radium weported to be 86% and 43%,
respectively (USEPA, 1996).
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i) Service Life

Not applicable.

d) Costs

For the system tested by USEPA (1996), the treatment cost raoges13 to 376 EUR n? (050-
15 US$ per 1000 gallons). This cost is dependent on the duration of the mtedhmevolume of
water treated, the type of contamination and the concentration of the contaminants.

€) Side effects

The residual filter cake and/or liquid concentrate may require further gettmd/or disposal.

4.3 Containment

4.3.1 Capping

a) Description

Capping is a containment technology in which a barrier is providecebatihe contaminated media
and the surface.

Capping radioactive contaminants can have several objectives:

* Minimising the migration of radioactive substances to the surface;

» Restricting the infiltration of surface water and, hence, leaching of contasiinamt the site;
» Providing shielding, to humans on the site, from direct irradiation, and

» Controlling windblown transport of contaminants.

b) Applicability

i) Means

A cap is usually a combination of several layers of differeatenals. Most of the objectives of
capping can be achieved with natural materials, such as layessilpfgravel, rock or rip-rap.
However, the prevention or restriction of infiltrating water vhimm general, is the most important
objective, is achieved only by introducing low-permeability layefsiese may also be made up of
natural low-permeability soils such as clay (McGregor, 1994), lificesl materials may be more
appropriate. Such materials include plastics (e.g. high density lpgiset), geomembranes (made of
polyvinyl chloride, high density polyethylene, very low density polyethg| polypropylene,
polyester, hypalon), geosynthetic clay liners (usually blankets wtfobige clay with geotextile),
asphalt (asphalt-mix, asphalt concrete, asphalt rubber membrane) or cementgoncre

A typical cap for containing radioactive media may consist vérsd feet of compacted filler , a
geomembrane, a layer of compacted clay, another geomembrane aatifeetvef top soil (USEPA,
1996).
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i) Media
Capping can be used on a variety of solid materials. This incladismine tailings, sediment and
bulk waste.

Air temperature, seasonal variations, topography and other sitéks@ea subsurface conditions
may affect the implementation of this technique.

iii) Contaminants

Capping can be used to contain all types of (solid) waste, includiigactive waste materials found
in the soil matrix, debris and radioactively contaminated landfills.

iv) Work rates

Lehto (1994) indicated that between 100 and 220 man hours were required fongtraation of a
clay layer, a soil layer, underdraining and the laying of a plasteet for a disposal of 10,000 m3.
Similarly, between 235 and 450 man hours were required for the disposal of 50,69Qha3same
method.

C) Performance

i) Effectiveness

Most capping technologies are well developed and considered reliable.

An important parameter, characterising the short-term effawiss of a cap with respect to
infiltration of surface water is the permeability (k).

Materials with very low permeability include:
« Geomembranes (e.g. hypalon): k x20** m s* (Chilton and Pfuderer, 1989);
« Geosynthetic clay liners: k =410" - 1 x10"° m s' (Daniel, 1994)
» Asphalt:
- k = 1x10" m s' for a combination of asphalt concrete and liquid applied asphalt at the
Rocky Flats, solar evaporation pond (Nixatral., 1994);
- k = 7x10"° m s' for asphalt concrete (Chilton and Pfuderer, 1989);
- k < 1x10° m s’ for hot asphalt mix (Beckt al, 1994);
 Clay: k = 1x10° m s' for sodium bentonite (Chilton and Pfuderer, 1989).
Over the long term, site conditions such as air temperaturegregasriation and topography may
affect the integrity of the cap due to cracking, settling, erosr groundwater intrusion. Once a cap

is installed, monitoring of groundwater and radioactive gas emissindsof cap integrity, are
required to ensure the effectiveness of this technology.
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i) Service Life

A long service life is reported (of the order of 1,000 years) fomth#ilayer caps at Rocky Flats,
solar evaporation pond (Ogg al, 1995) and Hanford (Wing and Gee, 1994). For asphalt caps
Freeman and Romine (1994) and Nixatral, (1994) indicate service lives of more than 1,000 years
for asphalt concrete and liquid applied asphalt (5,000 years in anaerobic conditions).

For geomembranes the service life is strongly dependent on tleialsatused: 10-25 years for
polypropylene, polyester and polyvinyl chloride (Parikh and Rattan, 1994elD&a8b4) and perhaps
several 1,000 years for high density polyethylene (Daniel, 1994).

For concrete Brandstettet al (1994) and Porter (1995) reported a service life of between 100 and
1,000 years and of several 1,000 years, respectively.

d) Costs

The cost of capping depends on the type and size of the cap. AccortISgERA (1996) a typical
clay cap costs 11 to 17 EURA0 to 15 US$ yd). A typical RCRA cap, with multiple layers, more
likely to be used for radioactive waste, costs between 28 and 34 EYRSnand 30 US$ y9, and
Wood (1997) reported the costs to be between 30 and 45 LR8O £ rif). Almost all this cost
is capital.

The operating and maintenance costs are low and are generated by monitoring and ppasible r

€) Side Effects

No important side effects.

4.3.2 Subsurface Barriers

a) Description

Subsurface barriers constitute a containment technology when therbae installed around the
contaminated zone to confine the contaminated material (and groundwdtesy may consist of
vertical barriers reaching down to a less permeable naturabhtal barrier, such as a clay zone, to
impede groundwater flow. Alternatively, they may completely eenfhe area, including the bottom
as is the case for land encapsulation.

Subsurface barriers are frequently used in conjunction with capping girsc would produce an
essentially complete containment structure surrounding the waste mass.

Vertical barriers are mostly slurry walls or grout barriers (groutas].

Slurry walls consist of vertically excavated trenches that fdled with a slurry. The slurry
hydraulically shores the trench to prevent the collapse of thevgdle during excavation and
produces a barrier to groundwater flow.

Grout barriers may be constructed in two ways: permeation groatingt grouting by mixing.
Permeation grouting takes advantage of thésswlural permeability by using pressure to inject the
grout, which then flows into the soil. Jet grouting by mixing, uses arotating drill during injection the
grout. This fractures the soil and mixesit with the grout.
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Grout curtains (narrow, vertical, grout walls) are constructepréysure-injecting grout into the soil.
They are placed at closely spaced intervals so that eachr"mll grout intersects the next, thus
forming a continuous wall or curtain.

In the case of land encapsulation, the area to be encapsulated is firstlyezkedea which a liner or
other impermeable material is installed in the excavated anelathe excavated material is put back.
This technology is generally used at the disposal stage of radioactive veastgemment.

b)  Applicability

i) Means

Slurry walls are generally a mix of bentonite and water, orldmttcement, bentonite and water.
They are normally B to 12 m thick and placed at depths of less than 15 m (USEPA, 1996).

Subsurface grout barriers use various kinds of grouts. This indRadand cement, alkali silicate
grouts and organic and inorganic polymers.

Cement grout has, for example, been applied at the Fernald sité éPat, 1994) and in Japan
(Banno and Yoshida, 1994). Grout barriers with polyacrylamide, sodiunateiland polyacrylate
were reported to have been used for mill tailings (Chilton and Pfuderer, 1989).

Other grout barrier materials tested with positive resnttkide microfine cement (Dwyer, 1994) and
also organic polymers (vinylester styrene, polyester styremglic furfuryl alcohol) and inorganic
polymers (sulphur polymer cement) at the Hanford site (HeiseiCatainbo, 1994; Heiseet al,
1994).

Potentially useful grouts have been developed in Germany, consistagatfirally occurring wax
(Montan wax), water and bentonite, and in France a glyoxal-modified sailioate grout has been
used (Dwyer, 1994; Vosst al, 1994). They have been tested in the field at the Mixed Waste
Landfill Integrated Demonstration site at Sandia National Laboratories §MNico).

Grout curtains used as barriers, mostly consist of polymer grodtara used at shallow depths (9 to
12 m maximum). Currently, a barrier consisting of a conventional iegneut curtain with a thin
lining of polymer grout is undergoing field testing (USEPA, 1996).

A polymer gel of polyacrylamide was used with excellent eftectontain an oil spill (Wilkins,
1996).

i) Media
Media to which these technologies can be applied include soil, sedilmachates, bulk waste
(tailings) and groundwater.

Prior to the installation of barriers, the soils physical and chemical ckasditis need to be known.

iii) Contaminants

This technology provides subsurface containment for a wide varietpdidnuclides (especially
uranium, plutonium, strontium and caesium) as well as other metadgni© materials which do not
adversely affect these barriers may also be contained.
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The characterisation of contaminants is necessary, partictdaldiguid contaminants. For example,
slurry walls and grout barriers have the potential to degrade or daterayer time, and certain grout
materials can be prevented from setting due to chemicals cahfaitize waste, particularly organic
chemicals (USEPA, 1996).

iv) Work rates

No information found

C) Performance

i) Effectiveness

The primary aim of subsurface barriers is to prevent or slow dbemigration of contaminants
within the groundwater. The short-term effectiveness of theseetsamay be characterised by their
permeability (k).

Field tests with Portland cement grout (with calcium and alumirsilicates), carried out at INEL,
gave a permeability of T m s' (Shaw and Weidner, 1996). Measurements from pilot-scale tests at
INEL gave a permeability of 10m s for cement-based grouts, with lime and fly ash or gypsum and
calcite.  Similarly, a permeability of I®ms' has been measured for apatite (magnesium
phosphates) (Shaw and Weidner, 1996). However, the effectiveness depesdseml soll
characteristics, including void volume, soil pore size and permeability of tleueding material.

Very low permeabilities have been reported for grout barriersatong organic and inorganic
polymers:

at the Hanford site: k= 10- 10" m s* (Heiser and Colombo, 1994)
for other tests: k=5x10"-4x10" m s* (Heiseret al, 1994)

The grout barriers with polyacrylamide, sodium silicate and pofieter applied on mill tailings
showed permeabilities of 8L0%-5 x107, 7x10°-5 x10° and <3x10° m s*, respectively (Chilton and
Pfuderer, 1989).

A barrier of a polymer gel of polyacrylamide gave low permiéas of between 18 and 10°m s!
(Wilkins, 1996).

The effectiveness of vertical barriers (e.g. slurry walls) lardefyends on the presence of a confining
layer of clay or rock into which the barrier is set.

The long-term effects of weathering, groundwater infiltration andsiphl disturbance, associated
with uncontrolled future land use, may affect the integrity of tical barriers and contaminant
mobility in an unpredictable way. In addition, the long-term effectivemagsbe reduced by specific
contaminant types (particularly organic chemicals) which mag te the deterioration of the barrier.
It also depends on the type of barrier used. Materials such a& Hiembranes and polymer grouts
show a better chemical resistance (USEPA, 1996).

i) Service Life

An indication of the service life has only been reported for landpsotation. This suggests a
reliability of between 100 and 1000 years (USEPA, 1996).
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d) Costs

Capital costs make the major contribution to the costs of vertical barriersatiOpeind maintenance
costs are generally low.

The costs for the design and installation of a standard slurryintalla soft to medium soil vary
between 510 and 710 EURn{540-750 US$ ) (USEPA, 1996). However, the use of an HDPE
membrane increases the capital cost (USEPA, 1996).

Grout curtains generally cost 310 to 410 EUR (80-40 US$ ff) (USEPA, 1996). The capital and
operating costs are low. However, the use of a close-coupledrpuaitie a polymer grout lining,
increases the capital cost (USEPA, 1996).

The material and installation costs for land encapsulation Vaeiegeen 262 and 850 EUR*n(276-
895 US$ 1) . The first year operation and maintenance costs are extitmtoe M43 EUR n?
(045 US$ rit) ( USEPA, 1996).

€) Side Effects

No important side effects

4.4  Physical Immobilisation

4.4.1 Solidification/stabilisation

a) Description

Solidification/stabilisation processes are immobilisation proseskat reduce the mobility and
solubility of contaminants by solidifying or stabilising them into a matrix.

Cement-based solidification processes involve the addition of cemnentement-based mixture to
limit the solubility or mobility of the waste constituents. Poandat solidification uses fly ash (non-
crystalline silica) and lime (calcium) to produce a concrete-like solid.

These techniques are accomplisheesitu by injecting the solidifying agent(s) directly into the
contaminated material, @x-situby excavating the contaminated material, machine-mixing it with the
solidifying agent(s) and returning the mixture to the excavated area. The @bgdtme process is to
form a solid monolith that contains the waste material, increagsghysical stability and
compressive strength, decreasing water intrusion into the wasteth@ leachability of waste
constituents.

b) Applicability

i) Means

Types of solidifying/stabilizing agents include Portland cememisgy, modified sulphur cement
(elemental sulphur and hydrocarbon polymers) and grout (consisting oftceme other dry
materials, such as fly ash or blast furnace slag).

Portland cements have a number of disadvantages. Many contaminantscemically bond to the
cement matrix but are only encapsulated. Hence, they are subjedtdntial release through
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leaching and disturbance. The curing of Portland cements can be ihitpitee presence of metal
salts, organic materials and soils with high clay or silt eusteFor these reasons, Portland cements
are normally blended with other materials, such as pozzolanics, wkenasgssolidifying agents
(USEPA, 1996; Malone and Lundquist, 1994).

The most commonly used pozzolanic materials in soil stabilisat®rilyaash, finely ground blast
furnace slag, fluidised bed furnace ash, cement and lime kiln dusdpdiuh or potassium silicates.
Calcium compounds (e.g. lime, cement, gypsum, limestone) are comnauldg as setting agents.
Bentonite or other clays may also be added with gypsum, to loweyetineeability (IAEA, 1994;
Malone and Lundquist, 1994).

i) Media

Media on which these techniques may be applied include soil, sediment, sludge and refuse.

iii) Contaminants

Properly implemented, and in appropriate blending, cement solidificatipnbe applied to most
contaminants, including all classes of radioactive wastes and mixed wastes.

However, some concerns may be posed by some types of hazardougovgsie chemicals) that
may interfere with the solidification process.

iv) Work rates

Shallow and deepn-situ soil mixing technique processes, on average, 36-72 tchrent 18-
45 tonne H, respectively (USEPA, 1996).

The Federal Remediation Technologies Roundtable (1997) describes process depths of up to 6 m.

C) Performance

i) Effectiveness

Quantitative information is lacking. However, in the short tethe leach resistance of most
solidified waste is relatively high. According to the USEP¥996), 'In-situ processes have
demonstrated the capability to reduce the mobility of contaminatetiewsy more than 95%".

However, the long-term effects of weathering, groundwater wtiitn and physical disturbance,
associated with uncontrolled future land use, can significantlytatfiecintegrity of the solidified

mass and contaminant mobility in an unpredictable way.

Testing must be carried out in advance to verify the compatil@hid performance of candidate
treatment methods for each site and waste type (Malone and Lundquist, 1994).

i) Service Life

The USEPA (1996) reported that cement solidification is highlyalsldi for periods of 100 to
1,000 years. However, Malone and Lundquist (1994) state experiences witimadanPortland
cement structures exposed to weathering have indicated that twtdielyond 100 years is
guestionable. Some vendors claim a very long-term stabilitpdazolanic materials (millions of
years) based on the geologic age of naturally occurring pozzolanic monoliths.
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More large-scale tests and demonstrations are needed to detémmitmng-term effectiveness of
cement-based solidification, in order to create a higher level of confidence.

d) Costs

The overall costs (including excavation) fex-situ processes are reported to be less than
110 EUR tonné (<100 US$ tor) by USEPA (1996) However, Malone and Lundquist, (1994)
reported the costs to be between 20 to 150 EJR2@ to 120 US$ yd) of soil with average values
of 81 to 93 EUR i (65 to 75 US$ yd).

Du Teaux, (1996) indicates total costs of 72 EUR t3n@® US$ tonng) for solidification of soils
with alumina, calcium and silica, and 85 EUR to'hl(ﬁ4 US$ tonn‘é) for solidification of soils with
Portland cement and silicates.

Cement-based solidification has been reported to cost between 30 and 26GnEE/R(20-
170 £ tonné) (Wood, 1997).

The in-situ soil mixing/auger techniques an average cost of 50 to 70 EUR®60 US$ yd) for
shallow applications, and 190 to 310 EUR (150-250 US$ yd) for deeper applications (USEPA,
1996; Malone and Lundquist, 1994).

Du Teaux (1996) indicates a total cost of between 116 and 203 EUR' tdririeand 194 US$ toh
for soil solidification with slurry.

In-situ solidification costs of between 90 and 170 EUR t6n(@0-110 £ tonnd have also been
reported (Wood, 1997).

The costs for cement-based solidification vary widely accordingpé materials or reagents used,
their availability, project size and chemical nature of the commants (types, concentration levels,
etc.).

€) Side effects

No important side effects.
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5. Chemical Remediation Techniques

5.1  Chemical Separation

5.1.1 Chemical Solubilisation Techniques

a) Description

Solubilisation is a technique used to separate the radionuclide contaminarttdrsail fnatrix and to
collect it as a concentrated solution. It is achieved by passisgitable solvent through the
contaminated soil. Subsequent separation of the solvent containing gbketisradionuclide from
the soil provides an effective method for decontaminating soilerder to achieve this, the process
requires a method for collecting the soil, a vessel for contaihiagneans for delivering the solvent
to the soil, a means for ensuring good contact between the solverfteandil{ and a method for
extracting and collecting the resulting contaminated solvent.

b) Applicability

i) Means

An important requirement for this approach is that a solvent canural fwhich will dissolve the
contaminating radionuclide in a particular medium. The choice andieéfeess of the solvent will
be dependent upon the chemistry of the radionuclide, its concentration andhttiie of the
contaminated soil. Therefore, the choice of solvent tends to be site-specifie AUSED6).

Factors which have a significant effect on the solubility include:

e Choice of solvent,

» Adjustment in the pH of the solvent,

» Addition of complexation agents,

» Addition of ion exchange agents to replace the radionuclide in the solid medium,
» Addition of oxidation and reduction agents.

This technique may be used in a stand-alone manner with the residtingntrate available for
disposal. Alternatively, the technique is used in combination with ddwmologies, where the
concentrate is further treated (e.g. through immobilisation or incineration).

This treatment of contaminated soils has been taken from benehegagriments to full-scale
processes for radionuclides (USEPA, 1996).

i) Media
This technology has been used extensively at a commerciaidebe metal extraction industry (e.g.

uranium from ores). It has been shown to be suitable for dry sdlisyesgts and sludges. Being a
chemical process, the technique is generally carrieeositu

iii) Contaminants

This group of techniques has proven to be well-suited to the remoradiohuclides, heavy metals,
inorganic and organic contaminants (USEPA, 1996).
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iv) Work rates

A throughput range of betweerBland 45 tonne H (2 and 5tonf) has been reported (USEPA,
1996).

C) Performance

i) Effectiveness

The effectiveness of this approach is a function of its abititycdllect radionuclides in a high
concentration, low volume residual. The solubility of a radionuclide oongant will depend upon
the composition of the solvent used in the chemical separation proc€ssisequently, the
composition of the solvent may be adjusted to enhance the solubilityeofatlionuclide in the
following ways:

 Solvent

The choice of solvent can greatly effect the solubility of #dianuclide. Whilst aqueous
solvents are usually used, organic solvents can also be employddatd eadionuclides. For
example, Gracet. al. (1995) utilised triethylamine to extract 89% of oxidised plutonium from
a soil contaminated with[@kBq kg" of the radionuclide. Similarly, a 10% diethylamine
solution has also been found to be effective at removing oxidised ieta(Palmeret. al,
1995).

. pH

The solubilities of radionuclide compounds tend to vary significantlh whe pH. For
example, a study by Palmet. al. (1995) compared solubilities of lead and zinc ions in 30%
sulphuric acid and 10% sodium hydroxide solutions. The alkali solution rernpved70% of
the lead and 10% zinc, whilst the acid solution extracted 33% of tthiefehup to 22% of the
zinc.

e Complexation

Reactions between radionuclide ions and complexing agents can enhasckililggy of the
contaminants. Complexing agents may be organic or inorganic. Examiplesganic
complexing agents which have been used include (ethylenediaminesttramsid (Gall and
Farley, 1994; USEPA, 1996) and acetic acid (Thoming and Calmano, 1995). tfEnevts
shown to be capable of extracting up to 70% of a number of heavy metals.

Inorganic complexing agents are usually carbonate compounds. Complexatieeerbe
carbonate and uranium, in particular, has been well-studied (Dahdkr1994; Ellesst al.,
1994; Dworjanyn, 1996). The process can achieve uranium removal ratgs tof 70%
(Dworjanyn, 1996).

e lon Exchange
Competition between cations in the solvent and the radionuclide for binding sitesail tdans

be utilised to increase the solubility of the radionuclide. Thisuded the use of the
ammonium ion and the hydrogen ion to replace strontium and caesium ions r(Bboatla
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1995). Here it was reported that decontamination factors of uR tandl 12 for caesium and
up to 10 and B for strontium were respectively obtained with the hydrogen ion and the
ammonium ion.

+« Oxidation/Reduction

The solubility of different oxidation states of radionuclides can eansiderably. Inclusion of
oxidising/reducing agents in the solvent can significantly incréhsedissolution of the
radionuclide. An example of this approach is the use of sodium hypochioridgidise
uranium to a more soluble state. Used in combination with carbonafdesation removed
70% of uranium from soils (Dworjanyn, 1996).

Overall, a wide range of efficiencies (13-100%) were obtainedhbget techniques for removing
radionuclides from soils (USEPA, 1996). Factors which contribute tonitlisde: particle size, pH,
partition coefficient, cation exchange capacity, organic content, uneistontent, contaminant
concentration and solubility (USEPA, 1996). The large variation tefldee dependence of the
technique on the radionuclide, the solvent and the demonstration conditions.

The mineral content of the soil is an important factor in detengithie efficiency. Kavkhutat al.
(1994) examined the leaching of caesium-137 from different clay nsnesang potassium and
ammonium solutions. The results are summarised in Table 3.

Table 3 Leach tests for caesium-137 in different clay minerals
Mineral Fraction of*'Cs leached
0B M KNO; 0B M NH,NO;

Vermiculite 0126 0126

Kaolin 00195 a564

Biotite 0466 0494
Muscovite 0B41 585
Hydromuscovite 0620 712

From Kavkhuteet al, 1994

Estimates for the throughput rate for soil by this technique cantbedre 2 to 5 tonne"h(USEPA,
1996) and 16 mh™* (Théming and Calmano, 1995).

i) Service Life
Not applicable.

d) Cost

Capital, operating and maintenance costs for the process are deportee medium to high.
Estimates for the costs of the operation include 110 to 420 EUR t¢h0@-400 US$ tof) (USEPA,
1996), 200 to 230 EUR tonne(390-450 DM tonné) (Théming and Calmano, 1995) and 80 to
260 EUR tonné (50-170 £ tonn& (Wood, 1997). Solvent extraction has been estimated to be 50 to
700 EUR tonné (30-600 £ tonné) (Wood, 1997). These values will be dependent upon how much
pre-treatment, extraction, and post treatment is necessary. lioadaimultiple stage process would
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add significantly to the cost. There will also be operating aridtemance costs associated with the
storage and treatment of the process waste.

e) Side Effects

Chemical solubilisation gives rise to liquid wastes containindy héyels of radionuclides which
require suitable disposal or further treatment. Where organic selasntsed, the volume may often
be minimised by recovering the solvent by distillation for reuse.

5.1.2 lon Exchange

a) Description

lon exchange is a process where contaminating ions are removed fommtaminated liquid by

replacing them with less harmful ions. The process makes usatefials that have binding sites
which have a significantly higher affinity towards the contanmgatons than to ions which are
already bound. Contact between the contaminated liquid and the ion exchategalmanables the

contaminating ion to displace the less harmful ion. Therefore, thambvant is removed from the
liquid, and is concentrated on the surface of the ion exchange matéuiial the less harmful ion is

released into the liquid.

Treatment of the contaminated groundwater is typically achievdildbyextracting the water from a
well sunk into the contaminated soil by pumping or collecting asd@hdirges. The water is filtered
and passed, under pressure, through a fixed bed of the ion exchange mhtrgathe radionuclide
is collected and concentrated. The groundwater, thus depleted of theudidie, can be readily
disposed of.

b)  Applicability

i) Means

lon exchange is aex-situtechnique which, for radionuclide treatments, has been taken from bench-
scale experiments to pilot-scale projects (USEPA, 1996).

Two types of ion exchange material are available: reveraifideirreversible materials. Reversible
materials are usually resins which may be regenerated by stripping off taeng@arit (usually with a
strong acid). The contaminant can be collected as a highly cortedntmav volume waste, which is
available for further treatment. Irreversible ion exchangeemnads$ (zeolites) are cheap substances
which accumulate the contaminant for later disposal.

i) Media
The technique has been shown to be appropriate for removing radionucbdesgyrioundwater,

surface water, and other aqueous waste streams, including thosetedolfeom solubilisation
techniques (see Section 5.1).

iii) Contaminants

This technique is constrained by the need for the contaminant to beiami@rform. Non-ionic
substances cannot be removed. However, the range of materials mvajc be treated can be
extended by modifying the contaminated liquid (e.g. altering the pH). The teclnaigu®en used to
treat liquids contaminated with radionuclides, heavy metals, inorganic and orgdaris.
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iv) Work rates

No information found.

C) Performance

i) Effectiveness

Typically, the operating cycle for this process will last 5-7sdagfore it is necessary to either
regenerate or replace the ion exchange material. The numberied aogcessary will depend on the
level of contamination.

The effectiveness of this approach for different contaminants is summarisablendT

Table 4 Efficiency of ion exchange resin in removing radionuclides
Nuclide Fraction Removed
Uranium 094*
065 - 099
Radium 0B5 - 097
Caesium-137 005 - 099
Strontium-89 005 - 099
* After 8 cycles. 5-7 days per cycle. For anialitvaste
stream concentration of(Dkg m® and an approximate
uranium loading of @35 kg kg' of commercial resin.

From USEPA, 1996

This technique is dependent upon having a ion exchange material whiafficgestly selective
towards the radionuclide ion. In addition, the radionuclide must be in awbioh enables it to be
collected by the ion exchange material; insoluble particles, caoll@idd neutral molecules and
complexes must be treated. The removal of competing ions musbelsonsidered. Often, ion
exchange materials are only effective over a limited range of pH valadeg3et al, 1994).

i) Service Life

Not applicable.

d) Costs

The capital, operating and maintenance costs for this processghre Tihe capital and operating
costs have been estimated to i@ tb 25 EUR m® (5-10 US$ per 1000 gallons) (USEPA, 1996).
There will also be a disposal cost associated with the resulting residue.

e) Side Effects

In some cases, after the radionuclide has been concentrated on tlkehange material it may be
stripped off (usually by using a strong acid) and collected as hdyhapncentrated, low volume
solution which is available for disposal or further treatment.
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Where ion exchange materials are only used once the saturatethinmtsst be treated as a solid
waste.

5.2 Chemical Immobilisation

a) Description

Chemical immobilisation is a process which limits the movemémbntaminants through leaching
and may also trap and contain gases (e.g. radon) within the mediuBPAJ$996). This is
accomplished through increasing the chemical stability of the cardatwithin the medium by the
addition of an immobilising reagent which chemically binds the contaminant.

Chemical immobilisation may be achieved bipitsitu or ex-situ

» In-situtechniques involve injection of the immobilising reagents dird@otly the contaminated
medium;

» Ex-situtechniques require excavation of the contaminated material and medlyamixing it
with the immobilising reagents. The solidified material isnttstored in containers, for
disposal, or buried at the site under a sufficient thickness oftscddsorb any gamma
radiation.

b) Applicability

i) Means

Chemical immobilising techniques are simple to implement, requidagventional handling
equipment and readily available reagents and additives. No pre-treatmemisisang.c

The reagents which have been successfully used to achieve insatidnili are thermoplastic and
thermosetting polymers (Chisholm, 1994; Kalb and Adams, 1994; USEPA, 1996ymaopastic
reagents include asphalt bitumen, paraffin and polyethylene. Thermggetgents include vinyl
ester monomers, urea formaldehyde and epoxy polymers.

ii) Media
These techniques can be applied to soils, sediments, sludge and fdfegeare best suited to sites
containing fine grain material.

iii) Contaminants

The techniques are applicable to radionuclides, heavy metals, ingrgeganic and mixed wastes.
Some classes of organic materials (e.g. slightly volatigaric compounds and pesticides) may
inhibit the effectiveness of chemical bonding of stabilisers omrteehanical bonding of stabilising
agents (USEPA, 1996).
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iv) Work rates

In-situ techniques require auger/caisson head systems and injector headssysapply reagents to
the contaminated soil. The estimated throughput rate is 40 to 80 tohfer lshallow soil mixing
and 20 to 50 tonne fifor deep soil mixing (USEPA, 1996).

Ex-situ techniques require an excavator and mechanical mixer to combineatents with the
contaminated material. A full-scale polyethylene extruder canepsoenaterial on a scale of
900 kg ht*, consisting of 30% binder and 70% waste. The extruded materialowilbad set within
a few hours (USEPA, 1996).

C) Performance

i) Effectiveness

The efficiencies of the techniques are affected by the presératbéer contaminants, and, as such,
are site-specific. The presence of organic material cangdaatigular problem when polymers are
added as they can prevent hardening. Tests would have to be cardecpstire the suitability of
these techniques. However, leach experiments carried out byl Ft8368) showed that efficiencies
of between 80% and100% may be achieved. The unconfined compressiveh sifethgt solidified
material has been reported to be betwdBrathd 18 MPa (USEPA, 1996).

i) Service Life

The long-term effects of weathering, groundwater infiltration, andsipal disturbance with
uncontrolled future land use cannot be predicted (USEPA, 1996). Furtherssaneieequired to
guantify these effects and to determine the likely service life of tHsitpae.

d) Costs

The cost ofex-situ processes have been estimated to be below 110 EUR't¢h6@ US$ tof),
including excavation (USEPA, 1996).

The costs ofn-situ processes vary with depth. Mixing/auger techniques have averatgeof 50 to
75 EUR nT (40-60 US$ yd) for shallow depths and 190 to 310 EUR f150-250 US$ yd) for
deeper applications (USEPA, 1996).

Reagents and additives are widely available and likely toddgensive. However, transportation of
bulk chemicals may dominate, particularly when dealing with sites in rematiéolos.

Overall, the costs associated with these processes are low in compattisother technologies. This

is supported by Pollock and Feasby (1996) who estiniateitiu chemical immobilisation techniques
for soils containing uranium, radium and arsenic to be 46 EGR68 Can$ rii). In addition, Wood
(1997) estimated the cost of immobilisation through Iliming to be 30 to
50 EUR tonné (20-40 £ tonn@).

e) Side Effects

No important side effects.
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6 Biological Remediation Techniques

6.1  Biological Separation

6.1.1 Phytoremediation

a) Description

Phytoremediation is based on the well-established abilities tdirgrlants to accumulate elevated
concentrations of metal ions. In most cases the metal ions biteedfenefit to the plant. The plant
responds to high levels of the metal by storing them in a formhwhiaimises their toxicity. The

radionuclide can be stored in the leaves and stems of the plantitvimerg be harvested along with
the biomass. The biomass may be incinerated thereby reducing the volume of confanastde

b) Applicability

i) Means

Phytoremediation is primarily applicable to contaminated soils. @dnant removal is carried out
in-situ. The technology required will be very similar to that of conwsati crop-growing and
harvesting practices. This approach has the advantage of catsintalnsoil disturbance when
compared with conventional remediation technologies.

Studies have been carried out at both laboratory and field scaleeveigwonsiderable development
work is still required to assess the full potential of these techniques.

i) Media
These techniques depend on the growth of plants and, as such, are coetpasiativ. They are
confined to soils which do not prove toxic to the plant and where renmedizdin take place over a

long period of time. The technique is particularly applicable t&titvg the top @ m of soils where
plant roots actively accumulate elements.

iii) Contaminants

The technique is particularly effective for removing radionuclides and heaajsme

iv) Work rates

No information found.

C) Performance

i) Effectiveness

A wide array of plant species accumulate large amounts of radiesidrom contaminated soils.
The maximum capacities of forest and meadow plants were reported to be 28-1506fBHQs and
300-1100 Bq g of Sr (Nifontova et al, 1989; Saltetal, 1992). However, the uptake of
radionuclides by plants is dependent on numerous environmental, physiological| amahsgiement
factors. Cation exchange capacity, base saturation, base catgpmof{assium and calcium) and soil
pH influence the amount 0t'Cs andSr that will be available for plant uptake (Enétyal, 1996).
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Soil type significantly effects the availability of radionaes and their subsequent up-take by plants.
Uptake of**'Cs and®Sr was greater when plants were grown on sphagnum peat than onlsand, si
clay (Paasikalio, 1984). In general, plants growing in soils contalmgh amounts of organic matter
will accumulate higher amounts of radionuclides (Eetrgl, 1996).

Fertilisation practices affect radionuclide uptake. For examnmitepgen fertilisation in nitrogen-
limited soils increases plant growth and density which leadsetitey>’Cs accumulation from soils.
However, the addition of phosphorus and potassium fertilisers reduced rdidienuptake

(Oulianenkeet al,, 1995).

An accumulation rate of@2 MBq of **'Cs per rfiin 8 months has been from sediment of less than
413 kBq ni* of *'Cs (Dahlmaret al, 1969). In addition, a removal rate of 36%'8€s and 44% of
sy from a sand growth medium was achieved after five monthly cutifrgsitchgrass (Entrgt al,
1996).

Trees accumulate substantial quantities of radionuclides, incl&im, *'Cs, **Pu, **Ra and™Sr
(Entryet al, 1995). A removal rate of 31% 5fCs and 11% oi°Sr after one month, from sphagnum
peat soil, was achieved with eucalyptus seedlings with biocondentnrattios of 54:1 and 13:1,
respectively (Entry and Emmingham, 1995).

The main disadvantage to phytoremediation techniques is that theyerggoivth and harvesting
over several seasons. For some species, such as woody shrubs, this could entail years.

i) Service Life

Not applicable.

d) Costs

These techniques are considered to be a low cost technologies. IHoveeyelittle information
about the cost of this technique is available. Costs are ligddg similar to the costs of cultivating
agricultural crops. Costs will be specific to the plant used and the site.

€) Side Effects

Care has to be exercised in introducing exotic plant speciest®ina srder to solve a problem. The
introduced plant may become an aggressive weed replacing nagisiesand considerable sums of
money may be required to eradicate it. Containment of seed and gisihemsal may also present
problems. The use of plants which are native to the site is preferable.

The control of grazing animals (e.g. fencing or selecting unpatatplaints) also needs to be
addressed.

Disposal of the contaminated biomass needs to be considered. Highatemgpimcineration offers a
practical solution to reducing the volume (Engtyal, 1996). However, this will have to be carried
out under controlled conditions.
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6.1.2 Biosorption Techniques

a) Description

Biosorption treatments utilise the well-established ability ofrtaiss to accumulate metal ions from
solution. The biomass achieves this through accumulation, using ayvafiemechanisms
(Beveridge, 1989), such as physical adsorption, chemical bonding or productprecgiitating
agents (e.g. phosphate and sulphide). Both living and non-living biomass catllte estract metal
ions. For living organisms, accumulation can be both extracellulairgratellular (Beveridge,
1989). However, non-living biomass can retain many of the surface properties ofrtg®Iyanisms
and, in addition, adsorption may be enhanced by chemically modifying the surface of th& mater

Treatment of the contaminated water is accomplished by fitstifig and then passing it through a
vessel containing the biomass. Here the contaminant is extfaotedhe solution by biosorption
onto the biomass (Volesky, 1990). The water, depleted of the contamirmgnthem be returned to
the environment. The contaminated biomass is then available for further treatment

Biosorption can be a fairly rapid process with equilibrium timekwasas a few minutes (Singleton
and Simmons, 1996). It is accomplisheg-situ and may be used to treat contaminated water
extracted from a site or the contaminated solutions from soil washing (seen3e2tl).

b) Applicability

i) Means

In biosorption processes, the solution is filtered and passed througheh a@staining the biomass.
In the case of living biomass the vessel is usually a bianeakbwever, non-living biomass is
normally immobilised by encapsulation or cross linking and the vessel esgeatttalas a column.

i) Media
The techniques are applicable to the treatment of contaminated grdaendwd washings from
contaminated soils.

iii) Contaminants

The technique is suitable for the removal of radionuclides, heavglsneind also inorganic and
organic contaminants. However, the technique is prone to interfefi@moeother material in the
contaminated solution which may complex the contaminant or compete fondirilés on the
biomass.

iv) Work rates

No information found.

C) Performance

i) Effectiveness

A wide range of microbial and fungal biomass have been shown to aetamuatal ions (Volesky
and Holan, 1995). Typical capacities of the biomass are 25-400.mgigwever, the capacity is
significantly affected by factors such as the choice of bionthespxidation state of the metal ion,
the pH, complex formation, hydrolysis of the metal ion, the presencengpeting metal ions and
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temperature (Volesky and Holan, 1995; Singleton and Simmons, 1996). Nudittesl by biomass
include: uranium(VI) (Galunet al,, 1983; Bengtssoat al, 1995), thorium(lV) (Tsezos and Volesky,
1981; Strandbergt al, 1981), strontium (Averby and Tobin, 1992), silver (Singleton and Simmons,
1996) and caesium (Averby, 1995). Phosphate-producing organisms have been tmoumalate
radionuclides such as uranium(VI), americium(lll), plutonium(VI), neptugidim lanthanum(lll)

and thorium(lV) (Macaskiet al, 1996).

The rate of removal of metal ions from solution can be very rafiften equilibrium is achieved
within a matter of minutes. Biosorption can achieve removalieffties exceeding 90% for uranium
and plutonium (Shumat al, 1978).

The main disadvantage to this type of approach is that living bfomillsbe constrained to a narrow
range of physiological conditions which may not be optimal to metalnaglation. In addition, of
other nutrients may be required. Non-living biomass avoids this, btatboiie processes can no
longer be utilised.

Whilst studies have been carried out on both a laboratory and pil& scakiderable further
development is needed to assess the full potential of these techniques.

i) Service Life

Not applicable.

d) Costs

The costs of this process are poorly defined and will vary considerably betwesen site

The extraction of contaminated groundwater will require similelnrtelogy to that of ion-exchange
(see Section 5.1.2) Therefore, many of the operation and maintenancessmtmted with the
application of ion exchange resins will be similar to those incuryebiosorption. Differences will
be largely reflected in the cost of materials and how thewyppéed. The costs of biomass is likely
to be considerably cheaper than ion exchange resins. However, maka bptbiomass is likely to
be significantly less efficient than by an ion exchange resinosdBption process will also be
confined to a narrow range of conditions. Therefore, the estimatesl @o#tis whole process is
taken to be similar to that of ion exchange, i.e. 1to 3 EUR m

Treatment of the ‘wash waters’ from a soil washing process &ection 4.2.1) could be made
considerably cheaper if the biosorption process is integrated wigothwashing process. The cost
of treatment will be the cost of operating and maintaining er fjtus operating a reactor or column
containing the biosorbent. The cost of this would be low.

There will also be an operation and maintenance cost associateth&vilisposal of waste from the
process.

€) Side Effects

In some cases, the radionuclide which has been accumulated by theshiomgisbe chemically
stripped from the biomass (usually by means of a strong acid) dedtedlas a concentrated, low
volume waste for disposal or further treatment. This techniqoieis used with non-living biomass
so that the biomass may be reused. Alternatively, the contathibadmass can be disposed of
directly as a contaminated solid. However, it is more likkt the volume of the waste would be
reduced (usually by incineration) before disposal.
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6.1.3 Bioleaching Techniques

a) Description

This technique utilises the ability of certain micro-organismgreate conditions in contaminated
soils where the solubilities of relatively insoluble metal iaresincreased. Micro-organisms capable
of achieving this includé hiobacillus thiooxidansand Thiobacillus ferrooxidans These convert
sulphide or sulphur to sulphuric acid. This has two beneficial efiéatsnverts insoluble sulphides
to the more soluble sulphates and it reduces the pH of the soil, thecedégsing the solubilities of
radionuclide compounds.

The technique is normally carried oet situ The contaminated soil is collected and stored in a
container through which water is slowly passed by either drip oy dpiigation. The micro-
organisms in the soil utilise the sulphur and solubilises the radideuclThe resulting leachate is
collected for further treatment such as precipitation of the radideuwith hydrated lime (Seidel

et al, 1995).

b) Applicability

i) Means
Microbial digestion of sulphide is a relatively slow processhwitatments lasting a number of
weeks (Seidett al, 1995).

Studies have been carried out on both a laboratory and pilot scalel(@eal, 1995). However,
most of these have been involved solubilisation of heavy metdlsrrdian radionuclides. In all
cases, considerable further development is needed to assess the full potentigobiniiqee.

i) Media
Contaminated media which can be treated by this process include saiisnents and mine
tailings(Seidekt al, 1995; Gourdon and Funtowic 1995).

iii) Contaminants

The technique is particularly useful for treating the insoluble sigshof radionuclides and heavy
metals.

iv) Work rates

No information found.

C) Performance

i) Effectiveness

Bioleaching depends on the generation of sulphuric acid to lower the perefdre, the buffering
capacity of the contaminated sediment has an important influence oeffdutiveness of this
technique (Seidett al, 1995). Often an additional source of sulphur to promote microbial gctivit
and to overcome the buffering capacity of the soil.
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A pilot scale project, using 60 tonne of sediment containiB&o0sulphur, showed thathiobacilli
would oxidise sulphur at a rate of 70 § m'. After 4 weeks, the pH of the sediment was reduced
from pH 6 to about pH 2.

To date, little work has been carried out on bioleaching of radionuclidesvever, the approach is
likely to be well-suited to removing radionuclides from contamhatedia, on the basis that it is
suitable for heavy metals.

Laboratory based studies suggest that after 60 days, bioleaching wpidally remove 63% of
heavy metals (cadmium, nickel, copper and zinc) from sediments containing 1% sugtereiSal,
1995). Similar results were obtained by Gourdon and Funtowic (1995).

i) Service Life

Not applicable.

d) Costs

The costs associated with this technique are poorly defined. Hagwtkeeicosts will include:
collection of the contaminated material, the application of watehé¢ material, collection of the
resulting leachate, the cost of sulphur and the cost of mixing the sulpthuthe contaminated
material.

The costs associated with this technique are likely to beasitailthose of chemical separation (see
Section 5.1.1), i.e. 100 to 400 EUR tofine

€) Side Effects

The leachate generated by this process will be acidic and coatdiigh concentration of
radionuclides. It may be necessary to neutralise the leachiate liisposal of the contaminated
solution.

21 October 1998 35 Issue 3



RESTRAT - Restoration Techniques. Characteristics and Performances

7. Application of Remediation Techniques to RESTRAT Example Sites

An examination of the information, given in Sections 3, 4 and 5, shows thaighand performance
values associated with each remediation technique, can vary @argeaange. This reflects the fact
that these techniques have been applied to a variety of radioa@stes, on a variety scales and
under a variety of conditions. The application of these techniquespec#ic site must reflect this
variability. This can be achieved through specifying uncertaiahges for the values used to
calculate the impact of each remediation technique.

The approach employed in assessing the impact of the remediatioigtezs for a specific site is to
use the full ranges of reported costs and performances (excepidioplaint tests) as ranges of
uncertainty for all the example sites. Triangular (for rangdess than one order of magnitude) and
log-triangular (for ranges of greater than one order of magnitligg)bution functions are assumed
for each site. The maximum and minimum of the range is independénat site, however, the mode
depends on the site itself, and takes account of factors such essibility, the nature of the
contaminated waste and local conditions. Hence, the maximum and minsadues for the
performance and cost of remediation will be common to all sitegshéwthoice of mode will be site-
specific.

The range of performance, cost and exposure times (to restoratiorrsypréxtracted from the
information given in this report, are summarised in Tables 5 to 7,atdsglg. Where values could
not be obtained from the literature then these were estimated bagtseof their similarity to other
for which values were available.
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Table 5 The performance of remediation techniques
Remediation Technique Unit" Value
Source Removal
Soil excavation DF 1-20
Soil scraping DF 1-20

NB DF values will depend on the nature of the conitation (at depth or superficial),
the depth of the excavation and the radionuclidesictered.
With a turf-harvester higher DF values were repbfte turf-podzols.

Physical separatiorex-sity
Soil washing DF 1-10
RF 50 - 98 %

S

NB In some pilot plant tests of soil washing alsghler values are reported (between
and 80). However when separation and excavationarsidered to be carried out on
the same contamin- ated soil quantity it is unreabte to expect that separation (with
the less contaminat- ed fraction left in place) ldateld a DF values as high or highg
than excavation.
With a higher RF value, a lower DF value needse@$sociated (negative correlation)

=

Flotation DF 1-10
RF 28-97 %
NB With a higher RF value, a lower DF value needbé associated (negative
correlation)
Filtration DF 2->100
NB Range indicated for all radionuclides
Fraction of U, Pu, Am reported removed >99%
Fraction of Ra reported removed 43%
Fraction ofa-emitters reported removed 86%

Chemical Separatiorex-sit)
Chemical solubilization DF 1-20
NB This large range reflects the number of possibkations available for this
technique, e.g. changes to pH, changes to soletnt,However, the technique is
applicable to the types of radionuclide found.
A RF value is not meaningful here, given that aitiowaste is produced.

lon exchange (liquids) DF 20 - 100 (Cs)
DF 3-100 (V)
NB A RF value is not meaningful here, given théitjaid waste is produced.

Biological Separation
Biosorption (liquids) DF 25 ->100

NB Range indicated: for all radionuclides

Fraction of U reported to be removed >99%

Containment

Capping K 1x10%2-
1x10%m s?
NB For most used capping materials (impermeablerythe permeability lies within
the indicated range, with probably, for asphaletayk-values at the lower side and fpr
clay layers at the higher side, also dependingodresnditions.

Subsurface barriers Kk 1x10%2-
1x10°ms*
Physical Immobilization MRF 5-25

NB Mobility reduction factor (MRF) factor derivedoin a single value (20).

Chemical Immobilization MRF 5-50
NB Leaching tests show a reduction in mobility efeeen 80 and 100%.

" DF = decontamination factor; RF = waste reductamor; k = permeability coefficient; MRF = moljlireduction factor.
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Table 6 The costs of remediation techniques
Remediation Technique Cost
Source Removal
Soil Excavation
Excavation costs (including transport) 50 - 150 EUR rif

Excavation costs (including transport and RCRA dssy)
NB This type of disposal would be appropriate far tlisposal of the total
contaminated soil

Disposal cost for radioactive material (includingrtsport)
NB This type of disposal would be appropriate for tisposal of the most
contaminated fraction

Soil Scraping
Scraping costs (including transport)
NB This is for the top 50 - 75 mm layer

450 - 800 EUR i

2000 - 3000 EUR

1-3EUR ¥
(surface area)

Physical Separatiorex-sity
Soil washing
Soil washing costs
Cost of excavation and transport (prior to washing)
Cost of disposal of radioactive residue (includiransport)

Flotation

Capital costs
NB Very dependent on the size of the flotation @mitl on the volume of soil to bg
treated.
Derived from the capital cost of 150 kEUR for aglaunit (assumed for 10000 m
of soil) and the capital cost of 24 KEUR for a dmait (assumed for minimum
100 m3 of soil).

Operational costs

Cost of excavation and transport (prior to flotajio

Cost of disposal of radioactive residue (includiramsport)

Filtration (liquids)

Costs of disposal of radioactive residues (useer$)

b

150 - 500 EUR i

50 - 150 EUR rit

2000 - 3000 EUR
(residue)

15-240 EUR/ m?

08 - 38 EUR ni®

50 - 150 EUR rif

2000 - 3000 EURn
(residue)

0 - 38 EUR ni®
(liquid)
2000 - 3000 EUR th
(residue)

Chemical Separatiorex-sity
Chemical solubilization
Separation costs
Cost of excavation and transport (prior to solazhatiion)
Cost of disposal of radioactive residue (includiramsport)

lon exchange (liquids)

130 - 670 EUR i

50 - 150 EUR rit

2000 - 3000 EUR
(residue)

13 - 25 EUR n®

(liquid)
Costs of disposal of radioactive residues 2000 93POR ni®
(residue)
Biological Separation
Biosorption (liquids) 1-3EUR T
(liquid)
Costs of disposal of radioactive residues 2000 03BOR
(residue)
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Table 6 (cont.)

The Costs of Remediation Techniques

Remediation Technigue Cost
Containment
Capping 30 - 45 EUR 1if
(surf. area)
Subsurface Barriers
Slurry walls 510 - 710 EUR &
(barrier)
Grout curtains 310 - 420 EUR i
(barrier)
Physical Immobilization
Ex-situ 25-150 EUR i
Cost of excavation and transport (prior to immaiailion) 50 - 150 EUR i
In-situ 50 - 310 EUR 1
Chemical Immobilization
Ex-situ 60 - 420 EUR nii
Cost of excavation and transport (prior to immaiilion) 50 - 150 EUR i
In-situ 60 - 420 EUR i
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Table 7

The exposure times (restoration workers) of remediation teclgues

Remediation Technique

Exposure Time
(Restoration Workers)

Source Removal
Soil excavation

NB Time for soil removal (including loading), degtmt on surface area,
terrain conditions

Soil scraping
NB For the top 50 - 75 mm layer

02 - 1 manh &

003 - 3 manh rif
(surf. area)

Physical separation (ex- situ)
Soil washing
NB Labour rates reported weré35 90 tonne f
Excavation and transport of the soil (prior to safian)

Flotation
Excavation and transport of the soil (prior to safian)
NB As a first approximation, these values are tiatioebe the same as those
soil washing

Filtration (liquids)

005 - 05 manh r#

02 - 1 manh i

005 - 5 manh n#
02 - 1 manh r#

0@ - 14 manh n#

NB As a first approximation, these values are naoebe the same as those for (liquid)
ion exchange
Chemical Separation (ex-situ)
Chemical solubilization 1 - 25 manh n#
NB Throughput was 2 - 5 tonné' lfassuming 3 workers)
Excavation and transport of the soil (prior to safian) 02 - 1 manh r#

lon exchange (liquids)
NB Working rate was 50 - 200 m3 dagassuming 3 workers)

0@ - 14 manh n#
(liquid)

Biological Separation
Biosorption (liquids)
NB As a first approximation, these values are naiebe the same as those
ion exchange

0@ - 14 manh n#
(liquid)

Containment
Capping
NB According to Lehto, (1994)

Subsurface barriers

NB As a first approximation the same values (peofifarrier) as those for
physical immobilizationifi-situ) were assumed

003 - a3 manh nif
(surf. area)

006 - 04 manh r#
(barrier volume)

Physical Immobilization
Ex-situ
NB As a first approximation the same values wersuss those for physical
separationgx-sity
Excavation and transport of the soil (prior to inbitiazation)

In-situ
NB Values of 18 - 72 tonne’hare reported, dependent on depth (shallow -
deep soil)

005 - 05 manh r#

02 - 1 manh &

006 - 04 manh r#
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Chemical Immobilization
Ex-situ 0[5 - 03 manh n#
NB As a first approximation the same values weeuss for physical
immobilization ex-sity
Excavation and transport of the soil (prior to infiti@aation) 02 - 1 manh i

In-situ 006 - 04 manh n#
NB as a first approximation the same values weeel as for physical
immobilization (n-situ)
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