
1 
 

Towards the Application of Electrokinetic Remediation for Nuclear Site 1 

Decommissioning 2 

Jamie M. Purkisa, Phil E. Warwicka, James Grahamb, Shaun D. Hemminga, Andrew B. Cundya* 3 

a School of Ocean and Earth Science, University of Southampton, National Oceanography Centre (Southampton), European Way, 4 
Southampton, SO14 3ZH, UK 5 
b National Nuclear Laboratory, Sellafield, Cumbria, CA20 1PG, UK. 6 
Corresponding author: A.Cundy@noc.soton.ac.uk 7 
_________________________________________________________________________________________________________________ 8 

Abstract 9 

Contamination encountered on nuclear sites includes radionuclides as well as a range of non-10 
radioactive co-contaminants, often in low-permeability substrates such as concretes or clays. 11 
However, many commercial remediation techniques are ineffective in these substrates. By contrast, 12 
electrokinetic remediation (EKR), where an electric current is applied to remove contaminants from 13 
the treated media, retains high removal efficiencies in low permeability substrates. Here, we evaluate 14 
recent developments in EKR for the removal of radionuclides in contaminated substrates, including 15 
caesium, uranium and others, and the current benefits and limitations of this technology. Further, we 16 
assess the present state of EKR for nuclear site applications using real-world examples, and outline 17 
key areas for future application. 18 
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1. Introduction 21 

Anthropogenic radionuclide contamination arising from nuclear energy generation is a major land 22 
quality concern. Accordingly, many technologies exist for the remediation of contaminated materials 23 
and effluents at nuclear sites. These include bio- and phyto-remediation, thermal treatment, soil 24 
flushing, in-situ chemical oxidation (ISCO), ion exchange and excavation and encapsulation, among 25 
others.1-5 Technologies that avoid physical removal or handling of the material (in-situ) offer significant 26 
benefits over ex-situ techniques, as in-situ approaches reduce the need to handle potentially 27 
contaminated materials meaning it is safer for workers. It also reduces the need to transport, store or 28 
dispose large quantities of materials, saving energy, waste disposal costs and reducing risk. These 29 
make in-situ technologies preferred on-site when safe and practical to do so. However, in-situ 30 
technologies must work effectively in a range of low- and high-permeability substrates (soils, sands, 31 
clays, etc.) as well as on or around infrastructure (pipework, plastics, concretes, steel, etc.). Many 32 
existing technologies struggle in low permeability substrates given limited water or reagent flow. 33 
 34 
Electrokinetic remediation, EKR, is a technology with several potential advantages over established 35 
remediation methods. These include flexible set-up, low-energy requirements and, most importantly, 36 
an ability to work in low permeability substrates around (sub)surface infrastructure.6 In contrast to 37 
soil flushing and similar techniques, EKR is effective in clays, silts and may be applied to varied tills, 38 
alluvial and lacustrine deposits, and loess, in addition to various process sludges and other materials. 39 
The wide ranging advantages of EKR techniques have driven a number of studies of EKR as a practical, 40 
on-site remediation technology including on active and legacy nuclear sites. Following an initial surge 41 
in papers in the late 1980s and early 1990s,7 practical uptake of EKR as an “off-the-shelf” remediation 42 
technology has been limited however compared to other methods such as bioremediation, ISCO, etc. 43 
Research interest in EKR technologies has continued nonetheless (e.g. 123 papers were published in 44 
2016, with “Electrokinetic remediation” either in the title or topic, as defined by Clarivate Analytics 45 
Web of Science platform). IIn addition, industry interest in EKR as an on-site and in-situ  solution is re-46 
emerging, and in the UK EKR is currently being examined as one of a range of technologies to address 47 
the UK’s nuclear decommissioning legacy. This is under the UK-funded TRANSCEND project.Note 1 48 
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1.1 Electrokinetic Remediation, EKR 1 

In EKR electrodes are implanted into a contaminated substrate and voltage applied. Under the effect 2 
of a low-energy direct current (DC) electric field, the movement of ions (electromigration), solid 3 
particulates (electrophoresis) and water (electro-osmosis) can be controlled and thus problem 4 
contaminants accumulated at desired points within a cell, usually around the electrodes. Water is also 5 
electrolysed within the cell with acid and alkaline fronts generated at the anode and cathode, 6 
respectively, shown in Figure 1, below. For the treatment of radionuclides this normally involves 7 
electromigration to the electrode of opposing polarity; e.g., Cs+ towards the cathode or TcVIIO4

– 8 
towards the anode. Where radionuclides are sorbed to the surfaces of soil particulates, the combined 9 
effect from the electric field and pH gradient can help mobilise them into pore water, ensuring EKR 10 
remains effective for the remediation of a variety of radionuclide contaminants.6  11 

 12 

Figure 1 – EKR processes in a simplified cell, with pH fronts developing from the electrodes. A, 13 
electromigration of ions; B, electrophoresis of particulates (clays, etc.); C, electro-osmosis of (pore) 14 

water. Half-cell E0 values are vs. the standard hydrogen electrode, SHE. 15 

By driving contaminants out of solid wastes, EKR can be used to reduce the amount of solid material 16 
requiring disposal. Where liquid effluent generation is minimal, it may therefore be considered a 17 
waste minimisation technique. This aligns strongly with the preferred treatment routes outlined in the 18 
‘waste hierarchy’ model of waste management, Figure 2, which outlines the preferred treatment 19 
options for hazardous wastes. This approach is widely employed in the UK nuclear sector and is a 20 
fundamental precept in radioactive inventory management.8 21 

 22 

Figure 2 – The waste hierarchy. “Prevent”, that is preventing waste from being generated where 23 
possible, is the preferred approach to managing radioactive inventories. Disposal is the least 24 

preferred option after waste minimisation, re-use and recycling have been considered. 25 
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The simplicity and low power use of EKR systems also ensure that they can easily be combined with 1 

other techniques. This adaptability has resulted in several studies in which EKR is combined with bio- 2 

or phyto-remediation (EKR-Bio or EKR-Phyto), nanoparticle delivery, dewatering, and others and there 3 

are a number of comprehensive reviews on the use of EKR for the remediation of organic9-11 and 4 

other12-14 pollutants. While EKR and electrochemical technologies for non-nuclear remediation 5 

schemes are a popular area of research,15-21 there remains a lack of detailed and critical research and 6 

technology overviews directed towards using EKR in full-scale, sustainable applications on nuclear 7 

sites. We are unaware of any comprehensive review of EKR literature devoted specifically to nuclear 8 

legacy and remediation issues since 2009.22 Recent years have also seen numerous advances in the 9 

application of sustainable remediation (“a remedy or combination of remedies whose net benefit on 10 

human health and the environment is maximised through the judicious use of limited resources”)23 11 

approaches which despite the low energy, inexpensive and flexible nature of EKR equipment, has 12 

translated poorly into solutions at nuclear sites undergoing decommissioning. Given this knowledge 13 

gap we present our critical review on ongoing efforts and future directions for EKR for nuclear site 14 

remediation, applied sustainably. 15 

1.2 Scope 16 

While we aim to provide a comprehensive and accessible discussion of the current state of EKR 17 
technologies, we deliberately exclude detailed theoretical background on electrokinetic processes, 18 
which is sufficiently discussed elsewhere.24 Our focus here is instead on three key questions, of more 19 
relevance to the application of EKR techniques than a re-examination of the first principles of EKR 20 
technology: 21 

1. What developments have there been since 2009, the date of the last major review into EKR 22 
for nuclear sites,22 for specific problem radionuclides? 23 

2. How has EKR been applied and what are the primary challenges at selected nuclear sites with 24 
international importance?  25 

3. How can EKR best be applied to address these challenges, especially within emerging 26 
sustainable remediation frameworks? 27 

We survey recent, nuclide-specific advances in EKR (Section 2) and give a detailed examination of site-28 
specific challenges at three international installations (Section 3). Finally, we discuss how EKR may be 29 
adapted to address future key challenges at these and other sites, particularly under sustainable 30 
remediation “drivers” (Section 4). We also include our estimate of the technology readiness level 31 
(TRL)25 of EKR and other technologies, to reflect progress since 2009 towards large-scale 32 
implementation of this technology. Economic estimates are quoted in USD ($), calculated using a GBP 33 
(£) to USD ($) exchange rate of 1 to 1.3, and adjusted for inflation to 2019-2020 equivalent prices. 34 

2. EKR Developments Since 2009 for Specific Problem Radionuclides 35 

Contaminated materials on nuclear sites contain a complex mix of fission and/or activation products 36 
along with other non-radioactive contaminants, and deciding targets for remediation can be 37 
challenging. Korolev has previously22 considered ‘problem’ radionuclides to include 90Sr, 90Y, 99Tc, 137Cs, 38 
144Ce, and actinides (U–Cm) for EKR at nuclear sites. Here, we refine this definition to include several 39 
3d transition elements and lanthanides; Table 1. We also exclude radionuclides with short half-lives 40 
(t1/2 < 1 year), as these do not contribute significantly to long-term radioactive contamination of 41 
affected sites on the timescales of site-wide remediation schemes.  42 

Table 1 – Key radionuclides for EKR on nuclear sites. Half lives, decay modes, daughter products and 43 

fission yield data are compiled from Nuclear Data Services information, hosted by the IAEA. ec is 44 

electron capture, RN is radionuclide. Where multiple decay modes are known (e.g. 36Cl; 98% – 45 

[36Ar], 2% + [36S]) only the predominant mode (–) is shown. 46 
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Radionuclides Half-life/y 
Predominant decay mode [daughter 

created] 
Comment 

3H 12.3 – [3He] 

Neutron activation of 6Li (and minor 
fission product); widespread 

contaminant 

14C 5730 – [14N] 
Neutron activation of graphite or 

CO2 coolant, 
present in organic or inorganic form 

36Cl 3.0×105 – [36Ar] 
Neutron activation of 35Cl (mineral 

salts, etc.)26 

41Ca 9.9x104 ec [41K] 
Neutron activation of 40Ca (cements, 

etc.)27 
55Fe 2.7 ec [55Mn] 

Neutron activation of steel 
construction materials28 

60Co 5.3 –,  [60Ni] 
59Ni 
63Ni 

7.6x104 
100 

ec [59Co] 

– [63Cu] 
90Sr 28.9 – [90Y] Fission product (yield ca. 4.5%) 
99Tc 2.1x105 – [99Y] Fission product (yield ca. 6.1%) 

125Sb 2.8 – [125mTe] 

Fission products 126Sn 2.3×105 – [126mSb] 
129I 1.6×107 – [130Xe] 

137Cs 30.2 – [137mBa] Fission product (yield ca. 6.3%) 
152Eu 

154Eu 

155Eu 

13.5 
8.6 
4.8 

ec [152Sm] 

– [154Gd] 

– [155Gd] 

 

231Pa 3.3x104  [227Ac] 

Produced in fuel cycle 

233U 
234U 
235U 
236U 
238U 

1.6x105 
2.5x105 
7.0x108 
2.3x107 
4.5x109 

 [229Th] 

 [230Th] 

 [231Th] 

 [232Th] 

 [234Th] 
236Np 
237Np 

1.6x105 
2.1x106 

ec [236U] 

 [233Pa] 
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238Pu 
239Pu 
241Pu 

87.7 
2.4x104 

14.3 

 [234U] 

 [235U] 

– [241Am] 
241Am 432.2  [237Np] 
244Cm 18.1  [240Pu] 

 1 
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Significant developments in the EKR of uranium and, following the Fukushima-Daiichi nuclear power 1 
plant (FDNPP; Section 3.1) disaster and subsequent clean-up, radiocaesium have been reported since 2 
2009. The surge in interest of radiocaesium remediation is particularly concentrated in Japan and 3 
South Korea, with a significant number of publications coming from these countries in recent years. 4 
We note also that 137Cs is frequently examined in combination with 60Co, an activation product of the 5 
neutron flux of stainless steel materials (e.g. pipework). It is a site-specific contaminant (e.g., Hanford 6 
site, USA;29 Winfrith, UK30) with a short half-life (5.3 years) that is produced in reactor containment 7 
materials. It is not normally present in ground contamination and tends to decay by the time general 8 
site remediation schemes start. 9 

2.1 Radionuclide-specific remediation: caesium 10 

Caesium-137 is a medium-lived fission isotope (235U parent) with a half-life of 30.2 years and fission 11 
yield of ca. 6.3%, present in site wastes and from nuclear weapons testing, authorised nuclear facility 12 
discharges and major nuclear accidents. Construction waste-focused research in Korea has examined 13 
EKR applications for 137Cs in artificially contaminated and crushed simulant TRIGA-reactor (TRIGA: 14 
training, research, isotopes, general atomics) concrete. For example, Kim et al. have reported one 15 
system in which Cs removal efficiencies of above 50% were achieved over 15 days with a 4 V.cm-1 16 
gradient using > 0.01 M (acetic) acid as an electrolyte. Removal efficiencies in their system increased 17 
dramatically from 55% in 0.1 M acetic acid in a static cell to > 99% in 0.01 M acetic acid with a flow-18 
system and pre-treatment with 3 M hydrochloric acid (Ti cathode, dimensionally stable anode (DSA)). 19 
This highlights the effect that intelligent process design, specifically ex-situ pre-treatment, can have 20 
on EKR removal efficiency.31 Further work by Kim et al. showed pre-treatment of the same TRIGA-21 
simulant concrete with 3 M sulfuric acid pre-treatment increased removal efficiency of 137Cs from 52% 22 
(no pre-treatment) to > 99% (with sulfuric acid pre-treatment), using 0.01 M nitric acid as the 23 
electrolyte (15 days) and Ti cathode and DSA anode. Importantly, the radionuclide activity 24 
concentration detected in the remediated concrete was below the 100 Bq.kg-1 limit suggested ‘safe’ 25 
by the Korea Institute of Nuclear Safety. This enables these effluents to be disposed in municipal waste 26 
without further treatment, therefore aligning with the objectives of the waste hierarchy, Figure 2.32 27 
Effluent volumes were small (< 3 mL per gram of concrete remediated), and the effect of pre-28 
treatment was to lower the pH of the concrete by partial dissolution/decomposition of the calcium 29 
carbonate. 30 

However, removing one hazard (137Cs) by introducing another (conc. acid) is clearly undesirable for 31 
on-site, in-situ remediation techniques, which are advantageous precisely because they are benign. A 32 
key development, therefore, towards dealing with contaminated concrete safely and cheaply on-site 33 
came recently from Parker et al., on showing that simply washing 137Cs-contaminated concretes with 34 
aqueous KCl (0.4 M) increases the removal efficiency threefold from 19 (no KCl) to ca. 60% upon EKR 35 
(cathode: steel, anode: DSA).33 The setup used by Parker et al. is shown in Figure 3. 36 

 37 

Anode 
Cathode 
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Figure 3 – EKR apparatus used by Parker et al. for remediation of 137Cs-contaminated concrete. The 1 
anode is a platinum-titanium DSA, and cathode, right, is mild steel.  2 

Enhancing EKR with a saline wash had been discussed previously34 but until 2017 not applied on 3 
concretes. In this case the high strength KCl wash ion-exchanges the entrained Cs+ ions for aqueous K+ 4 
ions, mobilising them and enhancing the EKR effectiveness relative to EKR alone (e.g. without a KCl 5 
wash). An important caveat to this, however, is that high concentrations of competing ions retained 6 
in waste effluents could significantly hinder subsequent ion exchange-based clean-up processes for 7 
effluent treatment. Further work may therefore be needed to identify how high ionic strength 8 
solutions could be employed without inhibiting subsequent steps in the remediation process.  9 

Radiocaesium in other wasteforms is also accessible by EKR. Soils surrounding the Korean Atomic 10 
Energy Research Institute, KAERI, have been intensively studied by Kim et al. since 2009.35, 36 11 
Sandstone is the primary rock type on which this and other Korean nuclear facilities are constructed, 12 
meaning EKR is effective in combination with pumping technologies. Indeed, a nitric acid electrolyte 13 
was most effective in the vertical EKR of 137Cs+ contaminated (ca. 74 – 1643 Bq.kg-1), acidic (pH 5.6) 14 
simulant material over between 20 and 50 days (nitric or acetic acid electrolyte, Ti cathode, DSA 15 
anode).35 Removal efficiencies in the bespoke 10 L containment cell used ranged from ca. 57 to 94 % 16 
depending on soil pre-treatment, electric current (< 20 mA.cm-2) and particle size, with approximately 17 
2.5 mL of waste effluent generated per gram of remediated soil.35 Scaling this apparatus fivefold to 50 18 
L (Figure 4) resulted in no reduction in removal efficiency under nearly identical conditions (soil pH 19 
6.4, 0.01 M nitric acid electrolyte, Ti cathode, DSA anode, 116 – 1186 Bq.kg-1, 55 days), although more 20 
waste effluent (ca. 5 mL.g-1) was generated.36 Both techniques are amenable to electrodialysis with 21 
use of a selective ion-exchange membrane, resulting in 137Cs removal efficiencies of up to 98% (21 22 
days EKR, 600 mA, < 5.2 V).37  23 

 24 

Figure 4 – The 50 L scaled set-up used by Kim et al. used to assess the scalability of the EKR cell to 25 
simulate remediation of contaminated KAERI sandstone. DSA is dimensionally-stable anode.36 26 

In addition to work on Cs-contaminated soils and concretes, Kim et al. have examined EKR on 27 
incinerated waste ash (134Cs- and 137Cs-contaminated) and demonstrated a 75% removal efficiency of 28 
134Cs and 137Cs after 7 days of EKR on the bench-scale with prior washing using nitric acid.38 Removal 29 
efficiency in this 200 L washing/EKR apparatus was as high as 94% after 10 days EKR, using a 2 M nitric 30 
acid electrolyte. 31 

2.2 Radionuclide-specific remediation: uranium 32 
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The five major isotopes of uranium (233U, 234U, 235U, 236U and 238U) have long half-lives (≥ 105 years; 1 
Table 1) with in-vivo toxicity being the main hazard.39 Enriched uranium wastes have the added hazard 2 
of being more radiotoxic. The remediation of uranium-contaminated soils remains an active area of 3 
research40 and since 2009 EKR has achieved significant attention, including from Kim et al. and 4 
researchers at KAERI. Unlike 137Cs, however, uranium is redox active and often co-precipitates (with 5 
CaO) as cathode plate-coating metal oxides, such as UO2. These solids reduce the effectiveness of EKR 6 
and lower the removal efficiency, hindering pilot-scale in-situ remediation efforts.41 To address this 7 

Kim et al. used a metal oxide particulate filter (75 m) with pH control to successfully remediate a 50 8 
L batch of contaminated (25 – 100 Bq.g-1 238U), slightly acidic (pH 6.2) soil (0.01 M nitric acid electrolyte, 9 
28 V electric field over 28 – 49 days, Ti cathode, DSA anode). Under these conditions > 99% of uranium 10 
contamination in the soil was removed. Adding sulfuric acid to these solutions further inhibited metal 11 
oxide formation,42 and aided recycling of contaminated electrolyte and uranium leachates.43 Scaling 12 
the technology up from 50 to 800 L44 (Figure 5) and even 1.2 tonne45 mixing silos had little to no 13 
negative impact on the EKR removal efficiency of 238U. Removal efficiencies of ca. 94% (30 days EKR, 14 
20 V system, water or nitric acid electrolyte, Ti cathodes, DSA anodes) and up to 83% (40 days EKR) 15 
were achieved for the 800 L and 1.2 tonne systems, respectively.  16 

 17 

Figure 5 – Schematic of the set-up used by Kim et al. on the 800 L scale EKR process on 18 
contaminated KAERI material, with washing drum highlighted on the right.44 The drum is several 19 

metres tall so is a significant improvement from laboratory scale. 20 

An emerging area of EKR research is uranium removal from concretes and other building aggregates 21 
and developing flowcharts for material processing. Kim et al. have shown that remediating the floor 22 
of a former uranium processing facility (containing epoxy and urethane binders, cements, aggregate, 23 
etc.) can be enhanced by ball milling the material prior to treatment.46 Although EKR was not 24 
performed on these materials the authors suggested a process flowchart, hypothesising a 70% 25 
reduction in waste volumes compared to other techniques47 where EKR was applied in tandem with 26 
ex-situ milling. Yurchenko et al. have taken this one step further, by applying EKR to reinforced 27 
concrete (Figure 6) from a uranium processing facility in Moscow, contaminated with 235U and 238U.48  28 
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 1 

Figure 6 – Examples of the concrete examined by Yurchenko et al.,48 complete with reinforced steel 2 

pins used in construction. X-ray (Rietveld) analysis indicated -quartz, orthoclase and plagioclase 3 
feldspar, calcite and boltwoodite – H(K,Na)(UO2)(SiO4)·1.5(H2O) – phases in the concretes. 4 

Here, crushing of 98 kg of authentic concrete building materials (complete with reinforcing steel pins 5 
and other concrete building supports), washing (sodium carbonate electrolyte) and applying the EKR 6 
process (0.22 A.cm-2) over 30 days resulted in activity dropping by 8.2 MBq in the remediated concrete, 7 
a reduction of 95%. Only small amounts of waste (3.5 – 3.8 mL effluent per g of remediated concrete) 8 
were generated, an important step towards potential scale-up and aligning with the waste hierarchy 9 
(Figure 2). Gravels (> 10 mm) may also be treated by EKR. As 20 – 30% of soil surrounding the Korean 10 
KAERI facility is gravel,49 Kim et al. were motivated to remediate the 238U levels from ca. 10 Bq.g-1 to 11 
below 0.43 Bq.g-1, the disposal limit for landfill.50 Depending on particulate size, the authors proposed 12 
a processing flowchart including ball mill crushing or soil washing, followed by electrodialytic (pump) 13 
EKR on the resulting aggregates. Removal efficiencies after EKR for 20 days (20 V, 200 L reactor, nitric 14 
acid electrolyte) were as high as 83%, with an average of 37% depending on pre-treatment processing. 15 

2.3 Radionuclide-specific remediation: other nuclides (99Tc, Eu, Pu, etc.) 16 

Other, easier-to-detect radionuclides have also been targeted through EKR in recent years. For 17 
example, Agnew et al. demonstrated for the first time in 2011 the on-site EKR of Pu-contaminated 18 
soils at the Atomic Weapons Establishment (AWE) Aldermaston site in the UK.51 This pilot study used 19 
a 10-electrode array (Figure 7; 19.2 V, 30% citric acid electrolyte, steel electrodes) implanted into ca. 20 
4 tonnes of soil and monitored the gross alpha activity (e.g. Pu and Am) after EKR for 60 days. The 21 
study showed ca. 60% of monitored soil could be reclassified to the level of ‘exempt’ waste, based on 22 
the exemption limit of < 0.4 Bq.g-1 above background alpha and beta contamination relevant at the 23 
time of the study.51, 52 24 

 25 

Figure 7 – Left, ex-situ processing of plutonium contaminated waste by Agnew et al. at the Atomic 26 
Weapons Establishment (AWE), UK, plus scale and electrode arrangement used on the right.51 27 

The estimated cost (2011) of remediating this waste was ca. $2700 per m3 (2019 USD; £2054), less 28 
than ca. $7830 per m3 (2019 USD; £6054) for conventional excavation and disposal (‘dig and dump’).  29 
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Irradiated nuclear material may also be remediated electrochemically (but not, specifically, 1 
electrokinetically), as demonstrated by Bespala et al. in the treatment of spent graphite from the 2 
Zheleznogorsk nuclear reactor in Russia.53 By using the contaminated graphite rods as electrodes, 3 
Bespala et al. demonstrated that applying an electric field of varying voltages (1 – 32 V) in nitric or 4 
sulfuric acid or DI water electrolytes removes 60Co, 137Cs, and 152/154Eu from the electrodes. Potassium 5 
permanganate added to selected electrolyte baths also allowed complete dissolution of the graphite 6 
electrodes upon application of electric current.  7 

Finally, Valdovonis et al. have shown that EKR of 24Na and 99mTc (as analogues for the longer lived 8 
isotopes 22Na and 99Tc, a difficult-to-measure nuclide) is effective in either removing (24Na+) or 9 
migrating and reducing (99mTc, as 99mTcVIIO4

–) present in Mexican phaeozemic (cf. mollisolic)54 soil in 10 
the presence of scintillation fluids. These fluids were adsorbed onto the soils during the 1970s and 80s 11 
as an interim storage method.55 Removal efficiencies after 4 hours were highest near the cathode (Ti 12 
rod) for 24Na+ (ca. 72% from initial), and the anode (DSA) for 99mTc (99mTcO4

-; 61% removal from initial 13 
after 4 hours EKR) with a ca. 32 V system. 14 

2.4 Summary of EKR targets, efficiencies and parameters in post-2009 experiments 15 

Summary data from these and the other experiments outlined here is given in Table 2, below. 16 

Table 2 – Summary of EKR experiments described in Section 2. Multiple experiments are often 17 
reported in the same reference, and selected data refer to experiments with the highest quoted 18 

removal efficiency for a given element or radionuclide. Abbreviations: n.r. is not reported, conc. is 19 
concentration, aq. is aqueous, soln. is solution, and DSA is dimensionally-stable anode (two or more 20 
metal oxides (e.g., PtIVO2 and TiIVO2) grafted onto a corrosion-resistant mesh). Ultima Gold XR® is a 21 

branded reagent mixture commonly used in liquid scintillation counting analysis. 22 

 23 

 24 

 25 

 26 

 27 
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 1 

Elements 
or RNs 

Wasteform 
Voltage 

 
Current 

Electrode 
material 

Time/d 
Highest quoted 

removal efficiency 
Bench, intermediate, 

or pilot scale? 
Electrolyte Ref. 

Cs, Co 
crushed 
concrete 

4 V.cm-1 500 mA 
cathode: Ti 
anode: DSA 

15 99+% for both bench 
Acetic acid 

(1 L, 0.01 M) 
31 

60Co, 137Cs 
crushed 
concrete 

n.r 20 mA.cm-2 
cathode: Ti 
anode: DSA 

15 
99.6% 137Cs 
99.7% 60Co 

bench 
Nitric acid 
(0.01 M) 

32 

137Cs concrete 60 V 35 mA 
cathode: steel 

anode: DSA 
37.5 60% bench 

Aq. KCl 
(0.4 M) 

33 

60Co, 137Cs washed soil n.r. 20 mA.cm-2 
cathode: Ti 
anode: DSA 

50 
99.9% 60Co 
94.3% 137Cs 

bench 
Nitric and acetic 

acid 
35 

60Co, 137Cs washed soil n.r. 15 mA.cm-2 
cathode: Ti 
anode: DSA 

55 95.8% (both) intermediate (50 L) 
Nitric acid 
(0.01 M) 

36 

137Cs washed soil < 5.2 V 600 mA n.r. 21 98.2% bench 
With ion exchange 

membrane 
37 

134Cs, 137Cs ash 
10.5 V 2.2 A 

n.r 
7.2 

74.7% 134Cs 
75.5% 137Cs 

bench 
Nitric acid            

(2 M) 38 
n.r n.r. 10 

94.0% 134Cs 
93.9% 137Cs 

intermediate (200 L) 
Nitric acid 
(conc. n.r.) 

U soil 28 15 mA.cm-2 
cathode: Ti 
anode: DSA 

49 99.0% intermediate (50 L) 
Nitric acid 
(0.01 M) 

41 

238U washed soil 20 13 mA.cm-2 
cathode: Ti 
anode: DSA 

30 93.9% pilot (800 L) 
Nitric acid 

(3 M) 
44 

U washed soil n.r. 18 mA.cm-2 
cathode: Ti 
anode: DSA 

40 83.3 pilot (1.2 tonnes) 
Nitric acid 
(conc. n.r.) 

45 

U (various) concrete n.r. 0.22 A.cm-2 n.r. 30 n.r. bench Aq. Na2CO3 48 

U 
crushed 
gravel 

20 V 200 A n.r. 20 83% intermediate (400 L) 
Nitric acid 
(conc. n.r.) 

50 

Pu, Am soil 19.2 n.r. steel 60 n.r. pilot (4 tonnes) 
Aq. citric acid 

(30% soln.) 
51 

152Eu, 154Eu 
(+ 60Co, 

137Cs) 

reactor 
graphite 

31.8 
(max.) 

< 0.3 A.cm-2 
reactor 

graphite 
n.r. n.r. bench 

Mineral acids 
(< 8 M) 

53 

24Na, 99mTc soil n.r. 1 mA 
cathode: Ti rod 

anode: DSA 
0.17 

71.8% 24Na 
61.0% 99mTc 

bench 
1:1 Ultima Gold 

XR:water 
55 
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The removal efficiency of selected elements from a variety of wasteforms is high (often 90%+). 1 
Although many studies are limited to bench-scale, our review highlights that progress is being made 2 
towards scaling EKR for use on-site. Pilot-scale studies up to tonnes of material show little to no loss 3 
of EKR effectiveness and although the current state-of-the-art is ex-situ, demonstrating successful 4 
pilot-scale viability is vital to ensuring EKR can be used effectively on site.  5 

3. EKR at Nuclear Sites of International Importance 6 

As noted, the wide scale deployment of EKR at complex nuclear sites, such as FDNPP (Japan), the 7 
Hanford site (US), and Sellafield (UK) is currently lacking. Contamination at these sites often exists for 8 
decades in many wasteforms, meaning remediating these sites is expensive, technologically difficult 9 
and hazardous. It is typically only governments that possess the resources and logistical ability to 10 
successfully remediate such sites, managed through governmental bodies and subsidiaries. These 11 
include the Nuclear Decommissioning Authority (NDA) in the UK, the US Department of Energy (DoE) 12 
and the Tokyo Electric Power Company (TEPCO) in Japan, and subsidiaries. As governments are 13 
ultimately responsible to taxpayers, remediation efforts are always high on the political agenda, 14 
providing substantial political and economic pressures to ensure remediation is both successful and 15 
cost effective. Here we outline three of the most challenging international nuclear legacy sites, and 16 
our assessment of the opportunities and challenges that EKR schemes could face if applied. 17 

3.1 Fukushima-Daiichi Nuclear Power Plant (FDNPP) and exclusion zone, Japan 18 

Following meltdown at the FDNPP, significant quantities (ca. 3.3 PBq) of 137Cs and 90Sr were released 19 
into the atmosphere. Much of this remains trapped within the 30 km exclusion zone, and the total bill 20 
estimated in 2016 of between $50-150 billion.56 21 

 22 

Figure 8 – Global and national location of the FDNPP in Eastern Japan. The figure omits the Okinawa 23 
Islands to the south of Kyushu. 24 

The current remediation method, topsoil removal (‘dig and dump’) generates considerable soil 25 
(estimated 20 million m3 from 13,000 km2 of land, 2019)57 waste which will need to be remediated if 26 
TEPCO and the Government of Japan are to fully implement their final disposal plan. Currently this 27 
involves constructing a permanent storage bunker within the Fukushima prefecture by 2045 but 28 
projections (2018) indicate this target will be missed without significantly enhanced volume reduction 29 
measures. Local opposition in all previously consulted sites has been also considerable and 30 
widespread, further complicating remediation efforts.58  31 
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There two noteworthy areas of the Fukushima exclusion zone, an organic-rich, clayey-silt with 1 
significant vegetation,59 and an alluvial Quaternary-era sand terrace. The clayey-silt contains 2 
significant amounts of phyllosilicate micas (such as high cation-exchange capacity illite and biotite) 3 
that retain entrained 137Cs+ within clay matrices.60 Much of this contamination is concentrated in the 4 
top 5 cm of topsoil and is unaffected by rainwater flow,61 meaning soil flushing, ion exchange, and 5 
similar technologies are ineffective at remediating these; other remediation techniques must be 6 
applied. The second area, the Quaternary era sandy terrace, underlies the FDNPP itself and contains 7 
significant groundwater contamination resulting from the core flushing immediately after 8 
containment failure. More than 1 million tonnes of this caesium and tritium contaminated waste 9 
water is currently stored at Fukushima (from the Advanced Liquid reProcessing System (ALPS) and 10 
Simplified Active water Retrieve and RecoverY (SARRY) systems) in corrodible water storage tanks.62 11 
TEPCO estimates that at current rates tank space will be exhausted by the summer of 2022 and has 12 
contingencies to discharge contaminated liquid wastes into the Pacific Ocean. 13 

To date, we are not aware of any successful, site-scale attempts to remediate either the soil or 14 
groundwater within the Fukushima exclusion zone. Although an “ice-wall” of frozen brine-saturated 15 
soil (estimated cost of $350 – 400 million) was deployed to limit the flow and volume of contaminated 16 
groundwater, the success of the scheme is debatable and many international news agencies have 17 
carried articles questioning its effectiveness.NOTE 2 EKR technology (EK fencing,63 EKF, where flow of 18 
contaminants is inhibited by application of electrodes, Figure 9) has been proposed to limit the spread 19 
of groundwater64 or remediate contaminated seawater,65 but we have not been able to find any 20 
primary literature to suggest these proposals were successful. Although small scale, limited evidence 21 
also exists suggesting that EKR of mountainous slopes contaminated with 137Cs may be possible.66 22 

 23 

Figure 9 – Simplified schematic illustrating EK fencing, EKF. A– and C+ are generic anions or cations, 24 
respectively.  25 

Any successful remediation technology must address several key challenges at Fukushima. It must be 26 
versatile, and work in both low-permeability clays (e.g. forest soils), and higher permeability 27 
sandstone deposits (that underlie the FDNPP).67 Techniques that work only in high-permeability 28 
substrates are not applicable for site-wide use. Secondly it must be cheap, and while EKR is often 29 
considered a low cost technique (Section 1.1), one of the key limitations of the EKF proposals by 30 
Lambda Consult are projected costs of $47 – 64 million (£36 – 49 m) in capital outlays and $2.8 – 5.6 31 
million (£2.1 – 4.3 m) in annual running costs. Although a smaller pilot project (6 months, 32 
$278k/£213k) was proposed we have been unable to confirm if this was funded. Thirdly, although 33 
much 137Cs+ remains entrained within clay lattices,68 clayey soils rich in organic carbon, such as those 34 
within the Fukushima exclusion zone, often contain significant micro-aggregated regions in which 137Cs 35 
preferentially resides. Koarashi et al. have previously demonstrated that between 69 – 83% of 137Cs+ 36 
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in Fukushima soils resides in micro- or sand-sized-aggregate particulates, which have much higher 1 
extractability than clay regions.69  2 

Given the on-going and controversial plans currently being employed by TEPCO for FDNPP 3 
remediation, we suggest that EKR may be beneficial in targeted, small-scale testing in authentic 4 
contaminated Fukushima soils. We have begun to make progress towards this goal, with work in our 5 
laboratories showing significant Cs+ mobilisation from a Fukushima simulant soil upon application of 6 
a low-energy EK field.70 Here, we demonstrated removal efficiencies of 80+% for Cs, over timescales 7 
of up to 45 days in cells with low power requirements (<  1 kWh and < 1 V.cm-1). We are also aware of 8 
work at the University of Leeds, UK and the Korean Advanced Institute of Science and Technology 9 
(KAIST), South Korea, to develop new materials to selectively extract entrained Cs+ in clay interlayers 10 
such as those present at Fukushima.71 These studies should highlight the likely efficacy of EKR to the 11 
FDNPP in more detail, and we eagerly anticipate such results. 12 

3.2 Hanford Site, Washington, USA 13 

The Hanford Site (Figure 10) is the largest and oldest nuclear site in the US, having provided much of 14 
the plutonium enrichment capability for the USA during the 1940s and 1950s.  15 

  16 

 17 

Figure 10 – Global and national location of the Hanford site, Washington state, USA. 18 

The site has widespread  contamination (60Co, 90Sr, 99Tc, 129I, 3H, plus 106Ru, 144Ce, 147Pm, various U and 19 
Pu isotopes and organics including CCl4)72, 73, although wastewater tank leakage remain most pressing. 20 
This includes significant 137Cs contamination in some areas greater than 4 KBq.g-1, Figure 11.74-76 21 
Remediation is extremely expensive, and recent estimates (2019) target a nuclear end-state of 2130 22 
at a cost of between $323 and $677 billion (ca. £250 to £525 billion).77  23 
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 1 

Figure 11 – Extent and levels of subsurface 137Cs-contamination below three exemplar tanks at the 2 
Hanford site. The figure is redrawn from McKinley et al.75 3 

The surficial geology of the Hanford site is primarily unconsolidated, high-permeability sands and 4 
gravels.78 This means that unlike the clayey soils surrounding the FDNPP, a range of remediation 5 
techniques have been tested or are currently applied on the Hanford site at varying scales.79 These 6 
include the injection of an apatite-rich barrier to limit 90Sr influx into the Columbia River,80 ongoing 7 
pump-and-treat systems,81, 82 simple excavation,83 and the bioremediation of residual organic 8 
contaminants in groundwater.84, 85 EKR on the Hanford site has received less attention, although a 9 
small number of studies have examined EKR on Hanford-relevant materials to date. 10 

In 1994, Buehler et al. artificially spiked authentic Hanford sediment with either a 1.85 MBq 137Cs, or 11 

0.74 MBq 137Cs/1.85 MBq 60Co solution, and applied an EKR treatment whilst monitoring -activities 12 
over 200 hours. Under a 200 V electric field (22.8 cm cell; 7 V.cm-1)29 both 137Cs and 60Co migrated a 13 
small but significant distance (10 cm) towards the cathode, leaving much of the soil radiometrically 14 
free of contamination. In 2015, Jung et al. illustrated (Figure 12) that EKR on 133Cs-contaminated 15 
Hanford site soil for 68 days can reduce the Cs concentration by up to 55%. Cs removal by EKR was 16 
more effective in silty-clayey fractions (average 51%) than sandy ones (average 38%), primarily from 17 
the cathodic region of the tested cell.86 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

Figure 12 – Left, the set-up used by Jung et al, and right, magnified view of the clear Perspex® 27 
container (width = 25 cm) used for the EKR experiments.86 28 
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A key limitation with both of these studies is the size of the experiments; all cells were less than 25 cm 1 
in length. Owing to its comparative technological immaturity to other techniques, we suggest that the 2 
niche of EKR at Hanford is to supplement existing technologies. One example is the growth of the 3 
aforementioned apatite permeable reactive barriers (PRBs),80 where apatite (calcium phosphate) 4 
precursors were injected into target sites along the Columbia Riverbank and 90Sr measurements taken 5 
over time. EKR has been previously used to force-migrate and focus reactants into specific points along 6 
a remedial cell and we believe a similar approach could be of interest here, where existing injection 7 
methods prove ineffective.87 Calcium88 (and by extension strontium) and phosphate89 ions are known 8 
to be mobile in soils under the effect of an applied electric field, and with careful electrode placement 9 
the EKR-enhanced growth of in-situ generated PRBs remains into difficult-to-inject materials could be 10 
an interesting prospect to explore. 11 

3.3 Sellafield, Cumbria, UK 12 

The third of the selected international sites discussed here is the Sellafield industrial complex in NW 13 
England, UK, the largest nuclear complex in Europe.90 As much as 12 million m3 of soil may be 14 
radioactively contaminated, including 1,600 m3 of highly hazardous intermediate-level waste.90 15 
Significant contamination also resides in the site groundwater, which shows maximal activity 16 
concentrations of 137Cs, 90Sr and 99Tc of 129, 84,000, and 71 Bq.L-1, respectively.91 These values are 17 
above or very close to World Health Organisation (WHO) guidelines for safe drinking water (10 Bq.L-1 18 
for 90Sr and 137Cs, and 100 Bq.L-1 for 99Tc).92 Tritium is also a significant contaminant at the Sellafield 19 
site, with concentrations in analysed boreholes consistently above WHO guidelines (10,000 Bq.L-1). In 20 
some cases concentrations can exceed the guideline limit by a factor of over 25 (255,000 Bq.L-1).92 We 21 
discuss these difficult-to-measure (DTM) radionuclides further in Section 5. 22 

Targeting a nuclear end-state of 2120, the UK Government estimates decommissioning costs of ca. 23 
$117 billion (£91 billion; 2018),93although this has risen substantially in recent years (2009 costs were 24 
$80 billion/£62 billion, and in 2012, $102 billion/£79 billion)94 and may in fact be as high as $210/£163 25 
billion (2015, est.).95 Decommissioning activities at Sellafield dominate the UK nuclear legacy estate, 26 
accounting for over 75% of remediation expenditure, Figure 13, in 2018-2019.96 This has risen from 27 
74% in 2015-2016.95 28 
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 1 

Figure 13 – Global and national location of Sellafield, UK. The bottom figure is adapted and redrawn 2 
from the original, available on the UK Government’s website,96 where circles represent total 3 

contribution to UK nuclear remediation clean-up costs.  4 

The subsurface of the Sellafield site is primarily superficial glacial deposits overlaying sandstone 5 
bedrock.97 Groundwater flow away from the Sellafield site tends towards the Irish Sea where, along 6 
with authorised discharges, contamination can become entrained in surrounding sediment. One such 7 
example is the Ravenglass estuary which contains 60Co, which is amenable to EKR.98 A schematic cross 8 
section of the Sellafield site is given in Figure 14. 9 
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 1 

Figure 14 – Schematic of the ground conditions and local surface and subsurface water flows at the 2 
Sellafield site. Adapted and redrawn from the 2016 review of groundwater monitoring at Sellafield.91 3 

The extensive contamination at Sellafield has driven numerous detailed investigations of EKR at the 4 
Sellafield site, led by the UK National Nuclear Laboratory (NNL). This includes its predecessors, British 5 
Nuclear Fuels Ltd. (BNFL) and Nexia Solutions Ltd. Due to the sensitive nature of these reports their 6 
results were not publicly disseminated, enabling us to present this work here for the first time. 7 

The first example of EKR on the Sellafield site we are aware of was undertaken in the late 1990s by 8 
BNFL on three authentic Sellafield soils artificially spiked and saturated overnight with 137Cs (caesium 9 
nitrate), 90Sr (strontium nitrate) and transuranic alpha sources (including 239Pu; 8 kBq.mL-1 solution of 10 
239Pu in 6 M nitric acid).99 Here, ‘sample 1’ describes a spiked, clay-rich soil under static conditions, 11 
and ‘sample 2’ describes a spiked, sand-rich soil under flow of water; both samples were collected 12 
from points on the Sellafield site. EKR was assessed using a set up described in Figure 15, with 13 
radionuclide concentrations measured by scintillation after 14 days. 14 
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 1 

 2 

 3 

 4 

 5 

 6 

 7 

Figure 15 – Left, schematic of the EK cell used, and right, empty cell set-up utilised for the EKR 8 
analysis. The soil core (EKR chamber) was 7 cm long with an unspecified diameter. The electrolyte 9 

tanks (A), electrode chambers (B) and soil core, where the EK cell was housed (C), are highlighted.99 10 

For both soil tests, 7 cm cores were selected and ca. 260 g material added to the soil core. The soil 11 
samples (samples 1 and 2) were treated for 14 days at 8 V with graphite electrodes. Under these 12 
conditions 137Cs+ or 90Sr2+ were significantly redistributed across the length of the soil sample. For the 13 
clayey spiked soil under static conditions, sample 1, the concentrations of 137Cs and 90Sr nearest the 14 
cathode decreased by 69 and 93%, respectively. When the stimulated effect of groundwater flow was 15 
added, sample 2, the redistribution was less effective, with reductions of 44% of 137Cs and 50% for 90Sr 16 

measured nearest the cathodes. Large errors in the -spectroscopy measurements prevented an 17 
accurate assessment of 239Pu redistribution in the cores. A modified Tessier scheme was employed for 18 
sequential leaching, showing 137Cs and 90Sr were predominantly in exchangeable form (calcium 19 
chloride leach) and that 239Pu was predominantly leached with Fe and Mn oxides (hydroxylamine 20 
hydrochloride leach). Soil pH was also monitored, with the soil core and cathodic chamber becoming 21 
very basic (pH 12) after 14 days, and anodic chamber acidic (pH ca. 1.5) after the 14 day run.99 22 

This set-up (Figure 15) was later used to assess EKR in a 90Sr-, 239Pu- and 126Sn-contaminated, brucite 23 
(Mg(OH)2)-rich soil, representative of that present in a real leak area beneath a Sellafield waste storage 24 
facility.100 Although the authors suggested EKR was not feasible on the Sellafield site (due to high 25 
alkaline buffering of the soil), we consider this to be an overly pessimistic assessment as the release 26 
of large quantities of alkaline material is not realistic of the entire site (on which carbonate 27 
concentrations can vary considerably).101 The effectiveness of EKR at many areas of the Sellafield site 28 
with lower soil buffering capacity remains poorly researched.  29 

Concerns over scalability (e.g. the 7 cm cell shown in Figure 15) were addressed separately on moving 30 
to a larger 40 L cell (Figure 16), where EKR on sandy or clayey Sellafield soils contaminated with 90Sr in 31 
simulant groundwater were examined.102 32 
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 1 

 2 

Figure 16 – Left, perspective view of the test rig used (LWH = 0.3 m x 0.75 m x 1.7 m) showing the 3 
pumping and electrical and control units, and right, birds-eye view of the test rig showing a full 4 

sample container, sample points and preparation of the soil.102  5 

Measured -activity values of 0.830 ± 0.254 Bq.g-1 (sandy soil) and 0.871 ± 0.251 Bq.g-1 (clayey soil) 6 
were obtained for both soils in this pumped system. As both soils were initially contaminated with 90Sr 7 

at dangerous levels, the measured -activities suggest that EKR was effective in reducing the 8 
contamination of these systems substantially.102 9 

3.3.1 Ferric Iron Remediation and Stabilisation, FIRS 10 

Building on earlier work by Hopkinson and Cundy et al.98 scaled tests were also run to examine the 11 
potential application of EK processes to remotely generate in-situ iron barriers in simulated Sellafield 12 
soils and near-surface materials, Figure 17. This work utilises the in-situ generation of reactive iron 13 
barriers in soil when EKR is coupled with use of sacrificial steel electrodes. 14 

 15 

Figure 17 – A simplified EKR cell showing development of an iron-rich band in the FIRS technique and 16 
movement of ions. Cation (C+) and anion (A–) movement with pH gradient, towards electrodes of 17 

opposing charge, is shown. Water electrolysis half-cell values are vs. SHE. 18 

Experiments operated up to metre-scales demonstrated the effective growth of iron rich barriers 19 
under site-relevant (ground)water salinities, at low voltages (≤ 0.5 V.cm-1) over multiple months. These 20 
in-situ generated iron-rich “pans” may have significant use in providing reactive, in-situ barriers for 21 
groundwater flow control or groundwater remediation in higher permeability subsurface materials on 22 
the Sellafield site. We are developing these systems in collaboration with the UK nuclear industry and 23 
will report further in due course. 24 

4. Towards Sustainable, Integrated EKR Techniques for Nuclear Sites 25 

All EKR experiments discussed for these three sites are laboratory- or pilot-scale experiments, 26 
meaning that for nuclear sites, the scalability of EKR remains a pressing issue. While non-nuclear 27 
electrochemical remediation technologies are becoming commercially feasible,18 evaluating the 28 
factors that influence the applicability of EKR is complex.  29 

4.1 Key properties of EKR for use at nuclear sites 30 

How, for example, does cost – the need to optimise public expenditure – balance with effecting the 31 
Best Practicable Environmental Option?103 To answer this we have assessed previous work on the 32 
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scalability of EKR,16-21 and have identified four key areas (Figure 18) that influence the effectiveness of 1 
EKR with particular relevance for nuclear sites. These include i) properties of the substrate (soil, 2 
concrete, etc.) ii) properties of the contaminant, iii) electrical inputs and electrodes, and iv) cost and 3 
sustainability. The assessment presented here builds on a previous assessment made by the 4 
predecessor organisation to the NDA, Nexia Solutions Ltd.104 5 

 6 

Figure 18 – Factors affecting the potential effectiveness of EKR at a specific site. Assessing these 7 
individually and understanding how all these issues affect others is key to understanding outcomes 8 

of EKR schemes. 9 

Firstly, consider the properties of the substrate to be remediated (Figure 18, i and ii). Soils, concretes, 10 
and sludges, etc. each have differing electrical conductivities, moisture levels, particle size 11 
distributions, cation exchange capacities, porosities and rheologies. Temperature and precipitation, 12 
groundwater flow and topologies will all also affect flow rates of a contaminant through a substrate. 13 
While the properties of a substrate are almost universally unique to a particular site, factors such as 14 
cation exchange capacities may be generalised dependent on soil type. In particular, clay-rich soils 15 
such as illite, montmorillonite, and kaolinite typically exhibit high acid/base buffering capacities, 16 
meaning strongly acidic conditions may be required to effectively transport contaminants. The 17 
physicochemical properties of a contaminant are also important (Figure 18, ii), and can include 18 
contaminant speciation (estimated using a Pourbaix phase diagram)105 redox and pH sensitivity (e.g. 19 
TcIV vs. TcVII), adsorption behaviour (kinetics, Langmuir vs. Freundlich isotherms), and the size of a 20 
contaminant plume. The chemical form of contaminants is especially important as only dissolved 21 
solutes or colloids are amenable to EKR. It may also be necessary to inject additional reagents including 22 
weak acids, chelating agents or high ionic strength electrolytes, to enhance contaminant mobility.106 23 

The electrical and electrode properties of the EKR unit (Figure 18, iii), such as voltage and current, 24 
direct flow of the contaminants to points in the cell; the higher the voltage, the faster the remediation. 25 
This must be balanced with electrode corrosion with acid-resistant materials at the anode, with 26 
platinum, graphite or coated titanium preferred as these are (typically) inert to dissolution. Any base-27 
resistant and electrically-conducting material is generally acceptable as a cathode. In the case of 28 
sacrificial iron electrodes, electrode dissolution may actually be beneficial (Section 3.3.1). Expensive 29 
or valuable electrodes may be vulnerable to theft and thus require special security, although on tightly 30 
regulated nuclear sites this is unlikely to be a problem. Machinable electrodes, particularly hollow or 31 
porous ones, are beneficial as they can be combined with flushing technologies or act as PRBs in which 32 
the electrodes both migrate and trap selected contaminants. The electrochemical degradation of 33 
trichloroethylene has been achieved using machined porous graphite electrodes.107 34 

A choice of vertical or horizontal electrode placement can be used to further control contaminant 35 
movement. Most experiments described here occur in only one or two-dimensions, with depth not 36 
considered. Clearly, in multi–centimetre or –metre deep soils, contaminant plume depth is important 37 
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and further work is needed to establish the effect of electrode depth on contaminant remediation 1 
through a stratified soil profile. As discussed in Section 3.1, rather than actively remediating 2 
contaminated soil, it may be possible (through EKF) to passively prevent contamination in the first 3 
instance. This may be achieved by driving horizontal (sheet) electrodes into a soil but this requires 4 
carefully machined sheets of a pliable material, which are typically brittle and susceptible to fracturing 5 
if not handled carefully. Simple lines of electrode rods could alternatively be installed and, if buried to 6 
a certain depth, be used to generate horizontal fencing bands in-situ.87 Although this is not a new 7 
idea63 we are sceptical if the challenging engineering required to apply this on-site is commercially 8 
attractive compared to more established technologies (e.g. injection grouting). Avoiding electrical 9 
‘dead zones’ (where field strength rapidly diminishes, meaning EKR ceases to be effective) is also 10 
important, and although changing electrode placement (e.g. hexagonal vs. circular vs. linear electrode 11 
arrays) has been examined108, 109 it remains untested at scale. Large electrode spacings reduce the 12 
borehole and installation costs but increase the time taken to remediate a large area. 13 

Finally, there are cost issues (Figure 18, iv) to be considered. The costs for EKR are low, rarely costing 14 
more than tens or maybe hundreds of USD for electricity or electrode and wiring materials.70 Graphite 15 
or steel electrodes and wiring are available from home improvement stores, or via the Internet.NOTE 3 16 
Installation, labor and safety costs are the largest outlays, with borehole engineering and maintenance 17 
requiring trained operators over weeks to months. We estimate costs here to run to thousands of USD 18 
as salaries, safety, training, insurance and other costs are accounted for. Machinery, its rental or 19 
ownership costs and fuel may also need to be considered, depending on site-specific considerations. 20 

Therefore, in deciding which variables (electrode placement, additives, etc.) to control (to maximise 21 
EKR effectiveness), the assessor is confronted with a complex, interacting set of parameters. In order 22 
to simplify the complex nature of EKR parameters, the NNL developed modelling software, Figure 19, 23 
within the GoldSim (Monte Carlo) packageNOTE 4 that assessed an EKR proposal on a number of 24 
technical and cost input metrics. These could be compared against output for similar models 25 
developed for other remedial techniques in order to support decisions on remedial approach, based 26 
on cost (rather than sustainability, below).  27 

 28 

Figure 19 – Example calculation being performed in the EKR cost simulator in the GoldSim package. 29 

We are currently building on this GoldSIM model to develop our own tools to support the options 30 
appraisals for nuclear site decommissioning, and we discuss this further in Section 5. 31 

4.1.1 EKR and Sustainability 32 
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Within the framework of increasing international standards over sustainable land remediation110 (e.g. 1 
ISO18504:2017111 and ASTM E2893112), key questions remain around the sustainability of EKR. 2 
Although cheap, the power and material requirements for EKR over prolonged periods of time can be 3 
resource intensive. To address this, EKR power inputs could be coupled to battery technology with 4 
renewable inputs (e.g. solar PV113 and wind). Abundant electrode materials (e.g. steel rebar) may also 5 
help reduce the sustainability footprint of the EKR process.51  6 

Combining EKR with other technologies (Section 4.2) could enhance the effectiveness of EKR and 7 
realise further sustainability benefits from the remediation process. For example, advantages to 8 
combining EKR with bio- or phytoremediation could include CO2 sequestration, reduced dust emission, 9 
reduced material and resources cost, improved soil function, reduced waste generation, improved 10 
project lifespan and biodiversity benefits.114 More generally the sustainability assessment criteria 11 
produced by the SuRF-UK (Sustainable Remediation Forum-UK), published in 2011115 and updated in 12 
2020,116 provides a clear framework against which the sustainability of remediation options for 13 
contaminated land can be assessed.117 Gill et al. have used the SuRF-UK framework to compare the 14 
sustainability benefits of EKR-Bio,118 compared with alternative remediation options for a petroleum 15 
release site. The authors noted the strong performance of EKR-Bio compared to other intensive 16 
treatments, however, benefits are likely site-specific and methods to improve the sustainability of the 17 
EK-Bio treatment design (such as use of solar cells) had only a minor effect at the selected site.  18 

4.2 Can other technologies help? 19 

A significant advantage of EKR is that it can easily be applied in combination with other techniques. 20 
Our intention here is not to review the individual technologies but comment on how these have been 21 
or can be applied on nuclear sites with EKR. 22 

4.2.1 EKR-Phyto and EKR-Bio 23 

An recent contribution from Li et al. combines phyto-remediation with EKR for the remediation of 24 
uranium-contaminated soils using sunflower (Helianthus) and mustard (Brassicaceae) plants.119 25 
Although EKR-Phyto is known for non-nuclear remediation, for example in heavy metal (and Cs) 26 
remediation in paddy fields,120 or petroleum-contaminated121 land its use remains rare in radionuclide-27 
contaminated soils.122 In the study Li et al. spiked 0.1 g of uranium dioxide, uranium trioxide or uranyl 28 
nitrate per kilogram of Mississippi Delta soil, into which sunflowers and mustard plants were grown 29 
for 60 days. Phytoremediation without EKR after 60 days showed uranium removal efficiencies of only 30 
0.8 – 4.3%. When this was repeated and combined with EKR after only 9 days, this increased to 31 
between 26 – 62% depending on the form of uranium (UO2, UO3 or uranyl nitrate) used. This increase 32 
is consistent with previous EKR-Phyto experiments using mustards in Cu-, Zn-, Cd- and Pb-33 
contaminated paddy field soils, where similar removal efficiencies were reported (ca. 40 – 50%).19 34 
Although phytoremediation is slow (limited by plant lifecycles), combining it with EKR should offer 35 
significant benefits for the remediation of large areas of soil with low levels of shallow radionuclide 36 
contamination.123  37 

We are not aware of any EKR-Bio schemes on nuclear sites, although EKR-Bio has received significant 38 
attention in recent years, including for the remediation of organics.124 In particular, the group of Prof. 39 
E. K. Yanful (Western University, Canada) have undertaken numerous studies on the EKR-Bio of 40 
petroleum contaminated soils. Nuclear site wastes often contains organic contamination, including 41 
phenanthrene and other polyaromatic hydrocarbons (PAHs), phenols. At Sellafield, trichloroethylene, 42 
phthalates and phenols are noteworthy organic contaminants.91 Important considerations for 43 
successful site-scale implementation of EKR-Bio for organic contaminants include prolonging the 44 
lifetime of indigenous microbiota, increasing metabolic rates and ensuring that metabolic pathways 45 
are not disrupted by the application of, or chemical by-products resulting from, the electrokinetic 46 
apparatus.125 In particular, combining EKR-Bio reactors on the laboratory scale with solar (PV) cells 47 
was shown by Hassan et al. to operate effectively in the mycobacterium-based remediation of 48 
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artificially contaminated kaolinite mixtures (2 mg of phenanthrene per gram of dry soil). One month 1 
of EKR in plastic cells (LWH 35x12x10 cm) with variable voltage resulted in removal of up to 50% of 2 
pre-experiment phenanthrene levels.126 Further work on solar-powered EKR-Bio extended this to 3 
diesel fuel contaminated soil.127 We are also aware of successful pilot-scale trials of EKR-Bio in low 4 
permeability soils contaminated with polychloroethylenes at a former industrial site in Denmark (e.g. 5 
Figure 20), showing that EKR-Bio is not limited to the laboratory-scale.  6 

 7 

Figure 20 – Example of the EKR-Bio trial (2018) undertaken on tetrachloroethylene-contaminated 8 
soil in Denmark. Lactate and sodium hydroxide additives were used to stimulate bacterial growth.128  9 

Here, EKR-Bio experiments produced three to five times as much ethene (a degradation product of 10 
polychloroethylenes) compared to bioremediation without EKR.128 11 

4.2.2 EKR-ISCO (In-situ Chemical Oxidation) 12 

In-situ chemical oxidation (ISCO) is a relatively well-established remediation technique where soluble 13 
oxidants are injected into a substrate to degrade (generally) organic pollutants. Similarly to EKR-Bio 14 
and EKR-Phyto, Section 4.2.1, recent developments have focused on ISCO of organic contaminants 15 
including chlorinated ethylenes and PAHs. Both are contaminants on active and legacy nuclear sites 16 
and recent work is of direct relevance to removing organic contaminants on nuclear sites. In particular, 17 
EKR enhances the transport of oxidants to desired points within an EKR cell by force-migrating ISCO 18 
reagents through low permeability soils.129 In laboratory tests Chowdhury et al. demonstrated that 19 
permanganate (MnVIIO4

–) delivery was enhanced under EK through a silt-rich soil over a 41 day period, 20 
and reduced spiked trichloroethylene contamination more effectively than either EKR or ISCO 21 
alone.130 Xu et al. have also shown that persulfate (S2O8

2–) delivery to PAH-contaminated soil is 22 
accelerated by the use of EK apparatus.131 Although EKR-ISCO may be useful in low-permeability soils, 23 
the problem of residual oxidant contamination remains and as these (e.g. permanganate) are 24 
generally toxic,132 their indiscriminate use is incompatible with a drive towards sustainable (e.g. mild) 25 
remediation technologies. We further note that redox-sensitive radionuclides (and metal 26 
contaminants) may not be amenable to EKR-ISCO as oxidation may alter the speciation of these 27 
contaminants.133 28 

4.2.3 EKR-Nano, or EKR-Colloid, based technologies 29 

As noted in section 3.3.1, sacrificial iron electrodes can be used to deliver Fe-rich phases into a soil, to 30 
reduce (e.g. CrVI to CrIII, possibly also for TcVII to TcIV),134 or sorb contaminants in the subsurface.87, 98 31 
There is also scope to electrophoretically “pump” or contain colloids and nanoparticles within an 32 
active treatment zone using the electric field, depending on their zeta potential. The movement of 33 
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clays and colloids under an EK field is an area needing further research at nuclear sites. So-called 1 
‘electro-grouting’ – where soils are stabilised through ion migration under an electric field – may also 2 
be combined with injection grouts to fill voids in building materials, again, electrophoretically.135 3 

The electro-osmotic movement of calcium chloride and sodium silicates under an electric field is 4 
known to increase the shear strength of soft silty clays, and coupling EKR with nano-remediation136 is 5 
effective for the degradation of organic pollutants.137, 138 Engineered barrier repair or ground 6 
containment are other areas where EK may be combined with injection grouting,139, 140 however we 7 
are not aware of any examples of EKR-Nano or electro-grouting applied on radioactively contaminated 8 
materials. We are examining combined approaches for this technology in our laboratories. 9 

4.2.4 Electrokinetic Dewatering, EKD 10 

Electrokinetic dewatering (EKD) is the electro-osmotic flow of water from anode to cathode, from 11 
where it can be removed. Although not strictly a combined technique EKD is a medium-to-high TRL 12 
technology with wide commercial applications, having been reported first in 1966141 and applied for 13 
sludge thickening and dewatering for at least thirty years,142 and thus we include it here. It is broadly 14 
applied at scale in various sectors including mining, water purification, and civil engineering.143 This 15 
wide scalability makes it advantageous over other forms of ‘combined’ EKR techniques. It also aligns 16 
strongly with the waste minimisation objectives of the waste hierarchy. This was recently highlighted 17 
in work by Lamont-Black et al. on radioactively contaminated sludges on a working nuclear site.144 A 18 
schematic of the setup used is given in Figure 21, alongside the material before and after processing, 19 
and the batch-scale setup employed. 20 

 21 

 22 

Figure 21 – Top: batch scale processing of contaminated nuclear waste sludges on site; bottom: 23 
contaminated sludge before and after processing. Figures adapted from Lamont-Black et al.144 24 

The sludges were dewatered in batches for 6 days at 30 V, with a total electricity consumption of 864 25 
kWh. More than 400 m3 of radioactively contaminated sludge was reduced to 30 m3, a volume 26 
reduction of over 90%. Although this power consumption is high there is no reason why the EKD 27 
process could not be coupled with renewable energy sources to maximise energy efficiency. Given 28 
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disposal costs of ca. $52,000/£40,000 (UK, 2015) per tonne for contaminated waste, the cost benefit 1 
of EKD, if successfully incorporated into waste treatment workflows, may be significant. Sludges are 2 
among the most significant and problematic wasteforms on nuclear sites (at Sellafield, for example, 3 
almost 3000 m3 of material is classed as ‘sludge’)145 and EKD may offer another technique in the 4 
assessor’s toolkit for remediating contaminated wastes.  5 

4.3 TRL of EKR for Nuclear Site Applications  6 

While many of the technologies discussed above are technologically feasible, few have been applied 7 
at scale, particularly as readily available, or “turn-key” solutions. This is particularly true for nuclear 8 
sites and partly reflects the considerable logistical challenges to applying these technologies at scale 9 
on what are (rightly) very heavily regulated industrial sites, rather than the technological inferiority of 10 
the EKR process itself. Where examples of scalable EKR processes are forthcoming, these are often ex-11 
situ on individual batches of simulated materials, rather than in-situ under a continuous process on 12 
real site materials. This limits the current applicability of EKR and combined processes for use at 13 
nuclear sites, Table 3. 14 

Table 3 – Our view on the current TRL status of EKR technologies for nuclear site application. 15 

 16 

 17 

 18 
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TRL for nuclear site applications 

 

Technology 1 2 3 4 5 6 7 8 9 Summary Comments; nuclear vs. non-nuclear 

EKR 
         

Nuclear 3 - 6: On-site, ex-situ. Dependent on local geology. Drive 
towards sustainable remediation solutions increasing future use? 

 
Non-nuclear 6 – 9+: Widely demonstrated at scale.  

EKR-Bio 
EKR-Phyto 

         
Nuclear 3 – 5: Limited testing on nuclear sites; little work on 

radionuclides. Sustainability benefits unproven. 
 

Non-nuclear 6 - 7: EKR-Bio/-Phyto proven for heavy metals, 
organic, pesticides. Demonstrated in real systems (Section 4.2.1). 

EKR-ISCO 
         

Nuclear 2 – 3: Currently lab scale. Oxidants often toxic and 
unsuitable for redox-sensitive radionuclides. 

 
Non-nuclear 4 - 6: Technology demonstrated but at limited scale. 

Organic pollutants most amenable. 

EKR-nano, or EKR-colloid, 
based systems 

         
Nuclear 3 – 6: Many options; electro-grouting, FIRS, etc. Metre-

scale known but not widely applied for radioactives. Site specific. 
 

Non-nuclear 4 – 7: Electro-grouting decades old and EKR-Nano 
becoming popular but neither is widely applied. 

EKD 
         

Nuclear 6 – 7: Site specific. Large scale commercial tests 
successful but only at Sellafield.  

 
Non-nuclear 8 – 9+: Widely applied at scale (Section 4.2.4). 
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We assess EKR for nuclear sites as between TRL 3 and 6; that is, demonstrated at the laboratory scale 1 
with limited intermediate and pilot scale work. For non-nuclear this extends to TRL 6 – 9+, as 2 
electrokinetics are widely applied for construction and mining applications.146

 There are significant 3 
practical issues limiting the wider scale applicability of EKF and EKR-ISCO for nuclear sites (for EKR-4 
ISCO, organic pollutants in non-nuclear applications are most applicable), although combining EKR 5 
with other approaches (e.g. electro-grouting or EKR-Nano) is an expanding research area with growing 6 
future scope to address on-site contamination, sustainably.  7 

5. Concluding Remarks and Scaling up 8 

To answer the first of the three questions posed in the introduction, there has been considerable 9 
progress in EKR over the last decade. Since the last major review in 2009, EKR has been studied on 10 
new wasteforms and elements, including 134/137Cs-contaminated ash, uranium-contaminated 11 
concretes, gravels, 60Co/137Cs/152/154Eu-contaminated spent graphite, and 99Tc contaminated Mexican 12 
soil. Where reported, remediation efficiencies are high (often 90%+). Based on our assessment in 13 
Table 3, Figure 22 indicates elements we believe are amenable to EKR on nuclear sites. Diagonal 14 
shading indicates elements that have radionuclides of interest, but on which EKR has not been 15 
performed, or  pre-2009. These include calcium (chemically analogous to strontium), nickel (mobile in 16 
experiments on naturally occurring Ni)147, tin (non-nuclear mining waste, pre-2009),148 iodine (Hg-17 
selective EKR lixivant)149 and radium and thorium (pre-2009 removal from clayey soils).150  18 

 19 

Figure 22 – Periodic table of elements with common isotopes present in nuclear sites applicable to 20 
EKR (Tables 1 and 2). Elements in red require further testing; yellow, limited work in past 10 years; 21 

diagonal yellow, demonstrated but not on a radionuclide and/or more than 10 years ago; and green, 22 
multiple studies showing EKR is useful in mobilising these elements. Elements with isotopes of half-23 

lives < 1 year are excluded. 24 
 25 

By moving from the laboratory to intermediate and even pilot scale, a number of authors have shown 26 
that even in tonnes of contaminated material removal efficiencies remain high (ca. 80%+), competitive 27 
with other technologies. Although these studies are ex-situ and employ washing (soils) or ball milling 28 
(concretes, gravels), they are the first step in demonstrating the wider feasibility of EKR for problem 29 
nuclides (e.g. through on-site, ex-situ applications).  30 

Further, many of the radionuclides we consider in Figure 22 have traditionally been overlooked, 31 
because detecting low energy alpha or beta emissions from at least one of their isotopes is 32 
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challenging. These include 3H (Section 3.3), 14C, 41Ca, 63Ni, 90Sr, 99Tc, 129I, 239-241Pu, and 244Cm, via non-1 
destructive techniques.151 Although some advances have been made with these DTM radionuclides 2 
since 2009 (Section 2.3),51, 55, 152, 153 there remains a lack of research examining the remediation of 3 
these DTMs at scale, particularly EKR. This is despite being key contaminants in common materials 4 
found at nuclear sites, such as graphite, concrete, steel, water and soil.154 Work to expand EKR for the 5 
treatment of DTM radionuclides is currently being undertaken in our laboratories with industrial 6 
partners and will be reported in due course. 7 

For answers to the two remaining questions (EKR at selected nuclear sites, and further application of 8 
EKR), scalability remains problematic. Examples of EKR at the site scale (Hanford, Fukushima) do not 9 
yet exist and those at the pilot scale (Sellafield) are limited by the small number of studies in real site 10 
conditions. Off-the-shelf or “turn-key” EKR systems or solutions have not been applied, and given the 11 
large number of factors that can influence the success, duration and cost of EKR schemes (Figure 18), 12 
this is not surprising. However, the most important factors are likely to include the soil type, 13 
groundwater flow, water table depth, primary (radionuclide) contaminant, presence or absence of co-14 
contaminants, required duration, and ionic mobility of contaminants. As these vary from site to site, 15 
we suggest that site-specific modelling of EKR rather than a general approach will be most effective in 16 
scaling EKR technologies up. Effective communication with stakeholders is vital to ensure knowledge 17 
is transferred between academic and industrial stakeholders most effectively.118, 155-157 Decision 18 
support tools (DSTs) are models designed to help achieve this, ensuring stakeholders have access to 19 
relevant information in a form convenient to them. Several DSTs over the last decade or so have been 20 
produced to supplement the (sustainable) remediation of contaminated land.155, 156, 158 Through the 21 
TRANSCEND consortium we are developing EKR DSTs with a view towards site-scale application, and 22 
we will report on this in due course. 23 

We also suggest that combining EKR with other in-situ technologies may offer enhanced benefits 24 
versus EKR alone. Options that we consider most advantageous include EKR-Bio and EKR-Phyto (long 25 
duration but high potential for wider sustainability benefits), EKR-nano (easily combined, e.g. FIRS, 26 
electro-grouting) and EKD (which has demonstrated commercial viability). There are significant 27 
barriers to practical application of large-scale EKF (e.g. high continuous power requirement) or EKR-28 
ISCO (harmful oxidants, possibility of enhanced mobilisation of some radionuclides). In terms of 29 
sustainability, although a full sustainability assessment of EKR-Bio for use on petroleum sites was 30 
recently published,118 such an assessment for use of EKR on nuclear sites is lacking, and urgently 31 
needed. This would provide assessors with the information they need to decide the best technology 32 
to remediate a given site, sustainably, reflecting the growth of sustainable remediation guidelines159 33 
and legislation.160  34 

CRediT authorship contribution statement 35 

Jamie M. Purkis: Conceptualization, Methodology, Investigation, Validation, Visualization, Writing – 36 
original draft, Writing – review & editing 37 

Phil E. Warwick: Funding acquisition, Supervision, Writing – review & editing 38 

James Graham: Software, Validation, Writing – review & editing 39 

Shaun D. Hemming: Investigation, Writing – review & editing 40 

Andy B. Cundy: Conceptualization, Methodology, Investigation, Project administration, Supervision, 41 
Validation, Writing – original draft, Writing – review & editing, Funding acquisition 42 

Declaration of Competing Interest 43 

The authors declare that they have no known competing financial interests or personal relationships 44 
that could have appeared to influence the work reported in this paper. 45 



30 
 

Acknowledgements 1 

The authors acknowledge funding from the TRANSCEND (TRANsformative SCience and Engineering for 2 
Nuclear Decommissioning) consortium (EPSRC grant number EP/S01019X/1), as well as the original 3 
authors of reports examining EKR at the Sellafield site under BNFL, Nexia Solutions, and the NNL and 4 
NDA. The authors further thank the NDA, NNL and predecessors for kindly providing access to these 5 
reports. For redrawing and adapting many of the figures in this paper from their original source, the 6 
authors also thank Mrs. Kate Davis (National Oceanography Centre, Southampton, UK). 7 

Notes 8 

Note 1: The UK Government-funded TRANSCEND consortium (Transformative Science and Engineering 9 
for Nuclear Decommissioning, https://transcendconsortium.org/) is a £9.4 million (ca. $12.2 million) 10 
research programme of 40 research projects across industry and academia to address some of the key 11 
challenges remaining in nuclear decommissioning and waste management. 12 

Note 2: The “ice-wall” has been widely reported in international news and TEPCO documents. TEPCO 13 
retains updated information on the status of the scheme, see 14 
https://www.tepco.co.jp/en/decommision/planaction/landwardwall/index-e.html. International 15 
news agencies carrying the stories of interest regarding the status of the “ice-wall” scheme include 16 
Reuters (https://www.nytimes.com/2016/08/30/science/fukushima-daiichi-nuclear-plant-cleanup-17 
ice-wall.html), the New York Times (https://www.nytimes.com/2016/08/30/science/fukushima-18 
daiichi-nuclear-plant-cleanup-ice-wall.html) and the Japan Times 19 
(https://www.japantimes.co.jp/news/2016/07/20/national/first-tepco-admits-ice-wall-cant-stop-20 
fukushima-no-1-groundwater/).  21 

Note 3: For example, Walmart.com (here) and Amazon.co.uk (here) both stock common electrode 22 
materials. These are sold to the public free of restrictions with next-day delivery options available. 23 

Note 4: The GoldSIM software package (https://www.goldsim.com/) is a probabilistic simulator that 24 
employs Monte Carlo methods used in the analysis of radioactive waste management. Here, the NNL 25 
and partners developed a bespoke simulator with pre-defined parameters such as operator cost, etc., 26 
to act as a DST when assessing the feasibility of EKR for a given site. The proprietary simulator remains 27 
the property of the NNL, NDA, and selected partners.  28 
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