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Abstract

Electrodialyticremediation was applied forremediation of shooting range soils from two sitesin
Norway for which the targeted metals were As, Cu, Pband Sb. Up to 75% Cuand 78% Pb was
removed inthe treatment, while low removal of As (<3%) and Sb (14%) was observed suggesting low
mobility and bioavailability of these two metalsinthe studied soils. Removal of metals fromthe
natural soil matrix (Al, Fe, K, Mg and Mn) were with the exception of Mn generally low (<20%)
makingit possible to targetthe removal of Cu and Pb while limiting the disturbance to the natural
soil matrix. Multivariate design and analysis was applied forassessing the efficiency of electrodialytic
remediation treatmentand variableimportance varied for each of the studied metals. Ingeneral,
applyingastirred set-up improved the metal removal, acidification time and reduced the energy
consumption. The placement of the anode directly inthe soil did not significantly influence the
removal of Al, Mg, Mn, As and Pb, while moderately influencing the removal of Cu. Multivariate
analysis (projections onto latent structures) revealed similar variable importance and optimal
settings forremoval of Cuand Pb. It is hence possible to simultaneouslyoptimise the removal by
applyingastirred set-up, placement of the anode directly in the soil suspension, sieving the soil
(<2mm fraction) and long treatment time (35 days). The study showed that multivariateanalysisis a
valuable tool for evaluating remediation measures depending soil characteristics and this way be
used for selection of site-specific best available remediation methods.

Keywords: Heavy metals, electrokineticremediation, polluted soil, metal speciation, projections onto
latent structures



1 Introduction

Heavy metal contaminationinsoil is of concern due tothe risks it may pose on human health and the
environment. The sources span awide range of human andindustrial activities such as mining,
agriculture, industrialisation and urbanisation (e.g. trafficrun-off) [1-4]. Shooting ranges are amongst
sources of heavy metal pollution due to deposition of bullets, which are weathered overtime and the
metals/metalloids from bullets can be mobilised and dispersed into the environmentvia pore,
surface or ground water [5, 6]. The main concern at shooting range sites has historically been Pb, and
elevated soil concentrations of minor components of bullets such as As, Cu, Ni, Sband Zn, have also
beenobserved [7]. Therisk of being exposed to heavy metalsis linked to direct contact with the soil
or dispersion from the polluted siteinto the environment. The dispersion depends on how well
metals are retained in the soil, the adsorption mechanisms depending on the soil characteristics and
the given metal [7-9].

To mitigate and/or minimise the risks that heavy metal pollution poses to human health and the
environment, various biological, chemical and physical remediation techniques are applied. The
choice of technology depends on the soil properties, pollutant quantity and composition, binding of
pollutantsinsoil as well as considerations regarding cost-effectiveness and site-specificconditions
[10]. Most of the technologies are based on decreasing the bioavailabilityand risk of exposure
through the immobilisation of heavy metals, e.g. by application of atopsoil to preventleaching [8,
11], addition of phosphate, lime or MgO to chemically stabilise the metals [12, 13] or
phytoremediation to stabilisethe metalsin soil orin plants/vegetation [14-16]. These technologies
are relevantinareas for which future risk of exposure to the soil is minimal, but may fall short for
sites situated in present/future sensitiveland areas, e.g. residential areas, orwhenthereisaneed for
re-usingthe soil as an unpolluted material. In these cases methods developed to mobiliseand
remove metals from the soil are more appropriate. Soil washing, in which metals are separated from
the soil by mixing with reagents and extractants, affords such amethod [17, 18] and has been vastly
used. One of the disadvantages of soil washingis that it requires excavation of the soil and hence
cannot be appliedin-situ.

Electrokineticremediation has proved aviable method to separate metals from soil eitherin-situ or
ex-situ, designed according to site-specific conditions, including clean-up goals. Itis based on
applyingalow intensity electricfield atthe electrodes and due to electrolysis reactionson the
electrodes, an acidicfrontdevelops fromthe anode [19]. The acidification of the soil ensures
mobilisation of metals/metal complexes that underthe influence of the electricfield are transported
to the electrode of opposite charge and thus separated from the soil. The efficiency of the methodin
regards to removal of metals depends on the soil properties and experimental settings [20]. Early
enhancementtechniques involved preventing orlimiting the alkalinefront, emerging from the
cathode. By applyingion-exchange membranes protons and hydroxides produced on the electrodes
are prevented from entering the soil and acidification is ensured by water splitting at the anion -
exchange membranes (figure 1), the method referred to as electrodialyticremediation [21]. Further
developmentsinthe optimisation of electrokineticremediation have been related to site -specific
conditions. It has for instance been demonstrated that stirring the soil suspension significantly
reducesthe treatmenttime forremoving metals [22, 23] and is relevant for ex-situ treatments as
well as providing afast evaluation of whetherthe methodis appropriate foraspecificsoil, regardless
of whetherin-situ orex-situ treatmentis preferred. Amongst newer developmentsis application of
the anode directly inthe soil, which has shown to decrease the acidification time and electricenergy
consumption [24, 25]. The relative influence of these different designs (stationary/stirred, placement



of anode) and experimental settings on the electrodialyticremoval of metals from soil have notyet
been evaluated.

Multivariate design and analysis can be used as a tool for assessing the relative importance of
variablesinaremediation design [26]. Factorial designs are constructed toindependently determine
both the effects of each factor and interaction effects [27, 28]. Thisis achieved by simultaneously
varyingthe factors and investigating all possible combinations of the levels of factors. Most
commonly two-level designs are used, accordingly atwo-level factorial design with k-factors contains
2" experiments. Each factoris investigated at two fixed levels, continuous variables have alow and
high value, determined by the experimental domain and discrete variables have two alte rnatives (e.g.
stirred or stationary set-up). Two-level factorial designs of 4-7 factors entail conducting 32-128
experiments, however by assuming thatinteraction effects between three or more variablesare low
compared to the main effects, the number of experiments can be reduced by constructing designs
that are fractions of factorial designs, 1/2° of a complete factorial design, resultingin a total of 2°
experiments [29]. In a fractional factorial design the experiments are widely distributed to covera
maximum variation overthe experimental domain. The fractional factorial designs are constructedin
a way to control confounding of main andinteraction effects. The resolution of a design describes
the degree to which main effects are confounded with two-variable, three-variable and higher order
interaction effects. InaResolution Il design, e.g. 2% maineffects are confounded with two-variable
interaction effects. InaResolution IV design, e.g. 2°? main effects are confounded with three-
variable interaction effects and two-variable interaction effects are confounded with each other.Ina
ResolutionV design, e.g. 2*? main effects are confounded with four-variable effects and two-
variable interaction effects are confounded with three-variable interaction effects [29].
Supplementing afractional factorial design with experiments in the centre of the experimental
domain provides an estimate of the experimental error variance as well as the possibility of assessing
potential curvature of the response surface.

Projections onto latent structures (PLS) isa multivariate tool for evaluating the quantitative relations
between adescriptor matrix, X anda response matrix, Y [30, 31]. Objectsin each space are projected
downto PLS components that describe the variation in each space with the constraintthatforeach
PLS dimension, the PLS scores of the Y matrix should have a maximum correlation to the scores of
the X-matrix [32]. New PLS components are iteratively introduced until all the systematicvariationin
the Y-matrix has been exhausted. Advantages of PLS include simultaneous modelling of several
responses, coping with collinearity between variables, coping with noise in the Xand Y matrices,
coping with moderate amounts of missing data (<20%) and since itis based on projections, itis
possible to have more variables than objects [30, 31]. The use of PLSin studies of pollution has been
scarce and besides limited use for optimisation of remediation [33-35], it has been employed for
identifyingimportantfactors for formation of toxiccompounds in waste combustion [36, 37].

In this study multivariate design and analysis has been employed foridentifying significant variables
inthe electrodialyticremediation of shooting ground soil from two sitesin Norway. The focus has
been ontheinfluence of conductingthe experimentsinstirred and stationary set-ups as well as the
placement of the anode directly/indirectlyin the soil. By using multivariate analysis the influence of
the set-up on the remediation efficiency has been compared to otherimportantvariables (current,
treatmenttime, sieving the soil, soil characteristics).

2 Materials and methods

2.1 Soil



The soil used in this study was sampled fromthe top 10 cm of the earthen backstop of a shooting
range and from a clay pigeon shooting ground from two former military sitesin Norway —
respectively Lygnaand Gimlemoen. Priorto analysis and electrodialyticexperiments, the soil was
sieved and particles largerthan 4 mm were separated and disposed of. Toinvestigatethe influence
of metal fragmentsin the size range 2-4 mm presentin the soil onthe remediation efficiency, for
selected experiments the soil was sieved and particles largerthan 2 mm were disposed of (table1).

2.2 Analysis

2.2.1 Majorelements and heavy metal concentrations (Al, Fe, K, Mg, Mn, As, Cd, Cr, Cu, Ni, Pb, Zn)
were measured based on digestion (Norwegian standard NS4770). Sedimentdried at 105°C (1.0g)
and HNO; (9M, 20mL) were autoclaved (200kPa, 120°C, 30 minutes). Solid particles were
subsequently removed by vacuum filtration through a 0.45um filter and the liquid was diluted to
100mL. Metal concentrationsinthe liquid were measured by Inductively Coupled Plasma - Optical
Emission Spectrometry (ICP-OES).

2.2.2 Carbonate content was measured by treating dried sediment (5.0g) with HCI (3M; 20mL) and
the developed CO, was measured volumetrically in aScheiblerapparatus, calibrated with CaCOs.

2.2.3 Organiccontent was based on loss on ignition of dried sediment (2.5g) heated to 550°C forone
hour.

2.2.4 pH (KCl). Dried sediment (5.0g) was agitated with KCI (1M, 12.5mL) for one hour and pH was
subsequently measured using aradiometricanalytical electrode.

2.2.5 Conductivity. Dried sediment (5.0g) was agitated with distilled water (25mL) for one hourand
the conductivity was measured using aradiometricanalytical electrode.

2.2.6 Total Carbon (TC) was measured by high temperature combustion. Dried sediment (0.5g) was
combusted (1,350°C) to convert all carbon into CO,. The gas was passed through scrubbertubesto
remove interferences and the CO, was measured by infrared detector.

2.2.7 Grain size distribution was measured by wet sievingand dry sieving. Wetsediment (75g),
distilled water (350 mL) and Na,P,0,10H,0 (0.1 M, 10 mL) were agitated for 24 hours. The slurry was
thensievedthrough a63um sieve and the fraction above 63um was subsequently dried and sieved
for 15 minutesinamechanical shaker using sieves with screen openings of 0.063, 0.080, 0.125, 0.25,
1.0 and 2.0 mm. The slurry fraction below 63 um was transferred to Andreasen pipette for
gravitational sedimentation. Stoke’s law was used for estimating the time required for particles to
settle 20 cm and samplesrepresenting the sizes 40, 32, 16, 8, 4, 2 and 1 um were measured.

2.2.8 Metal concentrations in different fractions of the soil was measured by dry sieving the soil in the

fractions <63pum; 63um-1mm and Imm-4mm and analysing the soil fractions for metals by digestion
as describedin2.2.1.

2.2.9 Sequential extraction was made in four steps based on the extension of the three-step method
[38] described by Standards, Measurements and Testing Program of the European Union. Air-dried
sediment (0.5g) was first extracted with aceticacid (0.11M, 20mL, pH3) for 16 hours; secondly with
hydroxylammonium chloride (0.1M, 20mL; pH2) for 16 hours; thirdly with hydrogen peroxide (8.8M,
5mL) for 1 hour, followed by extraction at 85°C for 1 hour, evaporation of liquid at 85°C, and
subsequent extraction of the cooled solid fraction with ammonium acetate (1M, 25mL, pH2) for 16h;
and fourthly the remaining solid particles were analysed for metal content by digestion, as described
in2.2.1.



2.3 Electrodialytic remediation
2.3.1 Electrodialytic cell design

The design and principles of the four set-ups of the electrodialyticcell used in this study are
illustratedin figure 1. The design of the cells was based on stirred/stationary set-ups and testingthe
influencing of placing the anode directly in the soil (2-compartment set-up). In orderto ensure
comparison between the different set-ups, the cells were designed according to treatingan
equivalent quantity of soil (dry matter), i.e. the soil compartmentin the stirred and stationary cells
were differentinvolume. The length of the soil compartmentin the stationary set-up was 3.0cm and
10 cmin the stirred set-up and all had an inner diameter of 8 cm. The length of each electrolyte
compartmentswas 3.5 cm. The cell compartments were manufactured from Plexiglas©. In all set-ups
a cation-exchange membrane from lonics (CR67 HUY N12116B) was used to separate the soil
compartmentfromthe electrolyte compartmentonthe right handside. Inthe 3-compartmentcells,
an anion exchange membrane from lonics was used to separate the soil compartment fromthe
electrolytecompartmentonthe lefthandside.

Platinum coated electrodes were used as cathode in all set-ups, andas anode in the 3-compartment
cell. Atitanium coated mesh (height 4cm; width 8 cm) was used as anode in the stationary 2-
compartmentcell. Apowersupply (Hewlett Packard E3612A) maintained a constant DC current. The
electrolytewas NaNO; (0.01M) adjusted to pH 2 by HNO3 (5M). The electrolyteliquid (500 mL) was
circulated (Pan World pumps) at flow rates of 30mL/min.

Afterthe electrodialyticexperiments, the soil suspensionsin the stirred set-ups were filtered and
both soil and liquid fractions wereanalysed for metals. Metal concentrations of soil from the stirred
and stationary set-ups were analysed by digestion (2.2.1). The membranes and electrodes were
rinsedin HNO; (5M) overnight and the heavy metal concentrationsinthe rinsingliquids aswell asin
the electrolyte liquid were measured by ICP-OES.

2.4 Experimentaldesign

For the purpose of an initial screening to evaluate the relativeinfluence of experimental variables
and determine which variables to excludein future experiments and optimisation efforts, a
Resolution Il design was employed. The main effects were thus confounded with two-variable
interaction effects and the results can be used as foundation for separating specificeffectsin future
designsand experiments. A 2°? fractional factorial design of 8experiments (1-8) and three
experiments (9-11) representing the centre of the continuous experimental domain to validate the
PLS model was used for evaluating the comparative influence of the six experimental variables (table
1). The continuous variables were current and treatment time. The discrete variables were
stirring/stationary, sorted (<2mm)/nonsorted (<4mm), type of soil (Lygna/Gimlemoen) and cell
design (2-compartment or 3-compartment). The responses of the experimentsincluded removal
efficiencies of metals, the final pHand the electricenergy consumption in the experiments.

The power consumptionin Wh (E) was calculated as:
t
f E=VIdt
t=0

where Visthe voltage between the electrodes (V), listhe current (A) and t isthe remediation time

(h).

2.5 Multivariate analysis



SimcaP11 software was used for the multivariate modelling, by projections onto latent structures
(PLS). The X-matrix consisted of the experimental variables. Forthe comparison of soils with different
initial metal concentrations, the Y matrix consisted of the removal efficiencies of metals, calculated
as the final quantities found in the catholyte and anolyte compartments and precipitated on the
electrodes, compared to the final quantities of metalsinthe treated soil. Forthe modelsto evaluate
the influence of variables on acidification and energy consumption, the Y matrix consisted of the final
pH of the soil and the energy consumption per remediated amount of soil (kWh/g).

To assess viability and stability of the calculated PLS models, correlation coefficients, R2Y (the
fraction of the Y-matrix explained by the model) and predictive powers, Q2 (an estimate of the
reliability of the model calculated by cross-validation) were used. In orderto obtain a high predictive
power, R2Y should be high. Avalue of Q2>0.9 is excellent, while avalue above 0.5is good. The
difference between R2Y and Q2 should be aslow as possible and adifference largerthan 0.2-0.3 may
indicate outliers orthe presence of irrelevant variables in the X block. Variable Importance inthe
Projection (VIP)values present the absolute importance of each parameterin the model with respect
toits correlationtoall the responses (Y) and to the projection (X). The VIP values are calculated for
each Xvariable by summingthe squares of the PLS loading weights, weighted by the amount of sum
of squares explained in each model component. The sum of squares of all VIP'sis equal to the
numberof termsin the model, accordingly the average VIPis equal to 1. High VIP values (>1)
represent highinfluence of the variable(s)in the model, and VIP values <0.5 indicate low influence of
the variable(s) onthe model. VIP plots were used to assess the variableimportanceinthe calculated
models. To evaluate if the variables had positive or negative impacts on the model responses,
coefficient plots were used.

3 Results and discussion
3.1 Soil characteristics

The buffer capacity of soil has been shownto retard the acidification process during electrodialytic
remediation [39]. The content of carbonate in the two soils (table 2) are low (<1%), but the high
content of organic matterin both soils may retard metal removal due to re-adsorptiontoinsoluble
organic matter [40]. Both soilsare acidic; the pH of the Lygnasoil ishowever, amagnitude lower
than the soil from Gimlemoen, potentially increasing the initial mobility of metalsin the soil. Grain
size analysis revealed adifference in texture between the two soils (table 2); the Lygnasoil hasa
higher fraction of finer fractions (clay and silt) and has texture as a loam, while the soil from
Gimlemoen has atexture of a sandyloam.

The metal concentrations varied between the two soils (table 2), with higher concentrations of Fe, K
and Mg inthe Gimlemoen soil and higher concentration of Al in the Lygnasoil, anindication of
different composition of mineralsinthe two soils. Forthe environmentally prioritised metals (As, Cd,
Cu, Cr, Ni, Pb and Zn) the concentrations have been compared to the Norwegian soil quality criteria
and inthe Lygna soil itwas only Pb (Class 4, very polluted) that exceeded background level
concentrations (non-polluted). Forthe Gimlemoen soil, As and Cu had elevated concentrations,
howeverbelow levels of adverse effect, and the Pb concentrations were above Class 5levels, defined
as hazardous waste. There is no environmental quality criteria for Sbin Norway, it has howeverbeen
acknowledged of being potentially toxicand given special focus for polluted soil from shooting
ranges. The Dutch environmental authorities operate with an environmental quality criteria of 3
mg/kgfor non-polluted soils. Concentrations of Sbin both soils exceed this level.



In the following the focus will be on the priority metals exceeding non-polluted concentration levels,

i.e.As, Cu, Pb and Sb. In addition, results of the metals Al, Fe, K, Mg and Mn have beenincludedto
investigate changesto the natural soil matrix.

Electrodialyticremediation has been shown to be most efficient for fine soil materials (clay and silt,
<63um) [22] and the binding of metalsin the different soil textures provides a potential for
extractionandremoval. Forbothsoilsitis observed thata higherfraction of As, Cu, Pband Sb are
boundinthe clay and siltfraction of the soil, compared to the metals Al, Fe, K, Mg and Mn (figure 2).
This could indicate thatit is possible to mobilise the prioritised metals while limiting the removal of
naturally occurring metalsinthe soil matrix. Forthe Lygna soil the binding of Al, Fe, K, Mg and Mn in
clay andsilt (figure 2) isin fact in the same range as the grain size distribution of this fraction (table
2).

During electrodialyticremediation, dissolution of carbonates and oxidation of organic matter has
been observed [41-43], subsequently desorbing metals boundin the exchangeable and oxidisable
fractions of the soil. Electrodialyticremediation has been shown to accelerate weathering of soil,
making metalsinall soil fractions more available [44] and removal from both the available and less
available fractions of harboursediment has been observed [42]. Metal speciation of the soil provides
a preliminary assessment of the potential of desorption of metals from the different fractions of the
soil.

In both soils the majority of the metals Al, Fe, K, Mg, Mn, As and Sb are boundin the residual fraction
(figure 3) indicating that these metals may be more challenging to desorb and remove during
electrodialyticremediation comparedto Cuand Pb. In both soils, 40-50% of the Cu isboundin the
oxidisable fraction, and could potentially desorb under oxidizing conditions (e.g. aeration through
stirring of the soil slurry or by production of oxygen onthe anode in the 2-compartment cell, figure
1). 75-90% of Pb is bound inthe exchangeable, reducible and oxidisable fractions of the soils. The
larger fractions of Cu and Pb inthe more available fractions of the soil may facilitate the desorption
and subsequent removal during electrodialytic treatment, compared to the other metals boundin
stable mineralsandforAl, Fe, K, Mg and Mn alsoin the coarserfractions of the soil.

3.2 Electrodialytic remediation experiments
3.2.1 Influence of experimental settings on acidification

pH is an important factorfor desorption of metals from soil and pHvalues below 4 are, in general
necessary to achieve significant mobilisation of the targeted metals Cu and Pb [45-47]. Even though
otherfactors are knownto influencethe removal rate of metals during electrokinetic treatment
including the geochemical characteristics of the soil [19, 48] and the experimental settings [22, 49-
51], the acidification rate isamongthe more important parameters to ensure sufficient desorption of
Cu and Pb.

There appearsto be a distinct difference in the final pH of the experiments with stirred set-up (pH
1.4-2.6, table 3) and the experiments with astationary set up (pH 3.1-3.6, table 3), indicating that
stirring ensures afasteracidification of the soil. The influence of other experimental settings on the
acidification is notas distinctand a PLS model was used forevaluating variableimportance in the 11
experiments. The modelcorrelation was good (R2Y 0.97) and the model was stable (Q2 0.81),
enablingsolid interpretations of the model results. As was initially observed, the stirred/stationary
set-up hadthe highestinfluence on acidification in the electrodialytic remediation experiments
(VIP>>1, figure 4). All othervariables apart from cell design had a mediuminfluence on the
acidification inthe studied experimental domain. Variable coefficients revealed that the stirred set-



up, high current (albeit below the limiting current forthe cation exchange membrane), longtime and

sieving of the soil (<2mm) increased the acidification, in line with observations of previous
electrodialyticremediation studies [22, 23, 49].

The cell design has a low influence on the acidification, compared with the other parameters (figure
4). Previous electrodialyticremediation studies of fly ash and harbour sediments [24, 33] showed
that acidification in the 2-compartment cell was more efficient thanin the 3-compartmentcell, thisis
however not necessarily in contrast to the findings in this study. The experimental domaininthe
previous studies was different (e.g. current of up to 50mA) and the relative influence of
stationary/stirred set-up, current and time on the acidification was notincluded. In addition, itis
importantto note thatthe three studies have dealt with different materials with other properties for
whichintroducing protons directlyinto the soil in the 2-compartment cell could have a higher
significance.

3.2.2 Energy consumption

To assess the relative influence of variables on the energy consumption per quantity of treated soil
(kWh/g), aPLS model was calculated. The model was good (R2Y 0.80), but unstable (Q2<0),
accordingly with some caution overall trends can be retracted from the model. VIP values of the
variables (figure 4) revealed that stirring, currentand time had the highestinfluence onthe energy
consumption. Coefficientsin the model revealed that low energy consumption was promoted by
stirring, low currentand low time. Itis alsoimportant to note thatapplyinga stirred set-up to ensure
low levels of energy produced in the electrodialyticremediation cell could potentially be
counteracted by energy necessary for doing the stirring. Previous electrodialyticremediation studies
found that energy consumption was generally lowerin the 2-compartmentthan the 3-compartment
cell design [24, 25]. This study however showed that other parameters are more important for
optimising energy consumption within the studied experimental domain.

To assess the electricenergy efficiency in the treatmentsin relation to metal removal, the energy
consumption per removed quantity of the targeted metals for remediation, As, Cu, Pband Sb in this
study, were calculated (figure 5). The energy consumption levels for Cuand Pb are comparable to
removal of metals from soil during EDwith similarexperimental settings [52] and for both metals
experiment4was most energy efficientin relation to quantity of metal removed (figure 5). The
reasonforthe very high energy levels forremoving Asand Sb is related to the low concentrations
and low removal of these metals during the treatments (table 3).

3.2.3 Variableimportance forthe removal of metals

For the targeted metals forremediationin this study, the highest removal efficiencies were observed
for Cu (upto 75%) and Pb (up to 78%), while the removal of As was low (<3%) and the removal of Sb
was generally below 6% except experiment 5, where 14% was removed (table 3). Forthe other
metals the removal of Fe, Kand Mg was below 20% as were the removal of Al, apart from
experiment4with a removal efficiency of 35%. The removal of Mn was inthe range 31-47% (table 3).
The highestremoval of each metal was observed in different experiments, e.gAl, Feand Cuin
experiment4, Kin experiment6, Sbin experiment5and As, Mn and Pbin experiment 8, indicating
that variable importance varies between the metals. In addition thisindicates that removal of Cu and
Pb is possible while maintaining limited disturbance to the natural soil matrix.

For an assessment of variable importance forthe removal of metals during the electrodialytic
treatment, aPLS model, was calculated. The model had agood correlation (R2Y 0.84) and the model
was fairly stable (Q20.50), makingit possible to make a preliminary evaluation of the differencein



variable importance between the different metals. In general, the variables stirringand time had the
strongestinfluence on electrodialyticremoval of metals from the soil (figure 6). Forall metals apart
fromK and Mg, stirringincreased the removal of metals, suggesting different bindingandre-
precipitation binding patterns of Kand Mg compared to the other metals. This may also be the
reason for K and Mg having a positive correlation to soil (in the first weighted component, pc(corr)1
infigure 6), while the remaining metals have a negative correlation to soil. Kand Mg are more easily
removed from Gimlemoen soil (assigned -1in the X-matrix of the PLS model) than Lygnasoil,
correspondingtothe higherfractions bound in exchangeablefractions of the Gimlemoen soil (figure
3). Al, Mn, As, Cu, Pband Sb also had relative higher quantities bound in the exchangeablefractions
of Gimlemoen soil, the higher removal efficiencies in the Lygna soil, however, suggests that other

variables than metal binding, such as stirringand time, are more importantforincreasing
mobilisation of these metals.

In general, time has a positive correlation with all metals apartfrom K and Mg in the first weighted
componentand all metals apartfrom Sb inthe second weighted component (figure 6) indicating that
timeisan essential variable for designing the electrodialyticremoval of targeted metals fromthe
soils. The vicinity of Cuand Pb indicate a correlation between the variationsin the removal
efficiencies with the variationin the experimental settings for these two metals. Theirlocationinthe
plot, close to the variable time suggests that time has the highestinfluence of all variables on the
electrodialyticremoval of Cuand Pb from the soils.

Due to the difference in variable importance forthe metals, PLS models for each of the metals were
calculated. The models were good and stable (R2Y0.60-0.99; Q2 0.3-0.8) and the VIP values of each
model revealed differences in the influence of variables on the different metals (table 4). The
treatmenttime had a highinfluence on most metals, with the exception of Fe, Kand Sb for which
increasingthe treatment time from 7to 35 days did not significantly increase the removal. Thisisan
indication of the changesin soil properties (e.g. pH) during the electrodialyti ctreatment does not
affect desorption and removal of these three metals.

Current has previously beenfoundto have a high influence on the electrodialyticremoval of metals
fromsoil [22]. The reason for current having a low-mediuminfluence on the removal of metals in this
studyisdue to the limitinthe range of current (4-10 mA). For the stationary experiments running at
highercurrents than 10mA was not viable due to high resistance across the cell. Forthe targeted
metals As, Cuand Pb changingthe electricintensity did not affect the removal. For Fe and Mg the
highest currentincreased the removal. Applying astirred set-up improved the electrodialyticremoval
of Al, Fe, Mn, As, Cu, Pb and Sb from the sails, inline with previous findings [22, 23]. For K and Mg
applying astationary set-up however significantly improved the removal and this may be related to
the binding of these metalsinthe soils as well as the redox conditions and re-precipitation during the
experiments. Sorting the soil by removing particles >2mmimproved the removal efficiencies of Fe,
Cu and Pb and this could be related to the removal of metal fragments of disintegrated
bullets/cartridges. Larger metal fragments have previously been shown to influence the removal rate
of metals[53, 54].

The two types of soil appliedin this study had similar characteristics (table 2), nonetheless they still
influenced the removal of most metals. For Kand Mg, the highest removal efficiencies were observed
for the Gimlemoen soiland could be related to metal speciation with a higher fraction boundinthe
more available fractions of the soil, compared to the Lygnasoil (figure 3). This was also the case for
Al, Fe, Mn and As, however for these metals the highest removal efficiencies were observedinthe
Lygna soil, accordingly other characteristics influenced the mobilisation. The pHin the soils was
different making the treatmenttime atalower pH longerforthe Lygna than the Gimlemoen soil. It



could also be related to the composition and concentration of elements affecting the removal
efficiencies, known to depend on the ionic mobility, concentration and total electrolyte
concentrationunderthe influence of an electricfield [19, 55]. Cuand Pb also had similar binding
patternsinthe two soils, and the difference in removal from the two soilsis hence related to other
parameters.

Comparedtothe othervariables, the cell design generally had alow influence on the removal of
metals. The cell design did however have amedium influence onthe removal of Fe, K, Cuand Sb. The
3-compartmentcell increased the removal of Fe and Sb and it is speculated whetherthisis related to
re-precipitation of the two metals under oxidising conditions in the 2-compartment cell, thus
retarding the removal. The higherremoval of Kin the 2-compartment cell could be related to more
desorption occurring at a faster acidification and a higherionicmobility of Kcompared to the other
measured metals. The higherremoval of Cuisrelated tothe relatively higher bindingin the
oxidisable fraction (figure 3), released during oxidation of soil due to the introduction of oxygen via
electrolysis reactions atthe anode (figure 1), asobservedin previous studies [33, 42]. Applyingthe 2-
compartment cell for optimising the removal of Cuwould increase the removal of K, while
maintaining or limiting the removal of other metalsin the soil matrix.

In regards to the Norwegian quality criteriaforsoil, the targeted metalsin the shooting range soils
usedinthisstudy were As, Cu, Pb and Sb. Very low removal efficiencies were observed for As and Sb
and isdue to the strong retainmentin the soils, and could be attributed to the oxidation state (lll or
V) of the metals, the high content of organic matterin the soils (bindingto humicacids) and/orthe
high fraction of Sb bound in finerfractions (figure 2), since solubility of Sb has been shown to
decrease withincreasing content of clay [45, 56]. Because of the moderate concentrations of As and
Sb and the limited mobilisation during the electrodialyticremediation exp eriments, a strategy to
ensure immobilisation rather than optimise the removal, e.g. thorugh addition of reducing and
chelating agents [57] issuggestedinthe cases of the soils from Gimlemoen and Lygna.

From the PLS results, itis apparentthatthe specificsoil characteristics (e.g. carbonate, metal binding
patternsinthe soil, organic matter content) and the targeted metal are decisiveforthe choice of cell
design. Due to the medium influence of cell design on the removal of Cuin this study, the 2-
compartment cell would providethe most optimal conditions for simultaneous removal of Cuand Pb.
Ifthe influence of cell design was low forall targeted metals, the cell design would depend more on
site-specific conditions and economic/practical considerations for identifying the most soil -
appropriate cell design. Apart from the cell design, the optimal conditions for mobilisation and
removal of Cu and Pb were similar—35 day treatment, stirred set-up and sieving the soil <2mm
(table 4). Based on the multivariate analysis results (table 4) itis apparent that employing these
conditions would alsoincreasethe removal of other metals, however applyingalow current would
limitthe removal of Fe and Mg. Applyingastirred set-up could increase the mobilisation of Asand
Sb, albeitstill low removal efficiencies. To ensure the immobilisation of these two metalsin the soils,
iron based amendments could be added to the soil [58, 59] after sufficient electrodialyticremoval of
Cu and Pb.

The PLS models of this study can be used as a foundation for optimising the remediation of metals
fromthe twossites studied. Takinginto account the site-specific conditions, such as the type of soil,
whetherin-situ or ex-situ methods are mostrelevantand environmental goals of the givenssite, this
will resultin PLS models with reduced amounts of variables and higher resolution design. The
advantage of applying a multivariate design is that existing experiments do not need to be repeated;
supplementing with 4-8 experiments will provide the possibility of separating confounding effects by



increasing the resolution design. Inthis way it will be possible to focus on optimising the removal of
targeted metals while maintaining low removal of metalsin the natural soil matrix.

Conclusion

Multivariate design and analysis was applied for assessing the efficiency of electrodialytic
remediation of shooting range soils from two sites and identifying the mostimportant experimental
variables. Variable importance for removing the studied metals (Al, Fe, K, Mg, Mn, As, Cu, Pb and Sb)
varied foreach metal. Ingeneral, the setting that increased the metalremoval most was applyinga
stirred ratherthan a stationary set-up. This also had the highestinfluence on increasing acidification
and decreasing the electricenergy consumptionin the remediation. Accordingly ex-situ treatment
understirred conditionsis more efficient.

For the metals of environmental concern (As, Cu, Pb, Sb) up to 75% of Cu and 78% of Pb was
removed, while the treatment was not effective for As and Sb with removal of less than 20% of the
original metal contentinthe soils. The final concentrations of Asand Sb were however below levels
of adverse effectsand due to the low mobilisation during the e lectrodialytictreatment are not
expectedto pose ariskfor human health and the environment. Since variableimportance of Cuand
Pb were similaritis possibleto simultaneously optimise the removal by the same experimental
settings (stirred set-up, sieving the soil and applying the 2-compartment cell) for the two studied
soils. Applying these settings would limit the removal of Fe, Kand Mg ensuring minimal disturbance
to the natural soil matrix.

The application of electrodialytic remediation of shooting range soils from two sites showcased how
multivariate design and analysis can be used for evaluating remediation measures depending onsite
specificconditions, including remediation objectives, soil characteristics and type of pollutants. In
thisway it was illustrated that multivariate analysis can be a valuable tool in the evaluation and
selection of remediation method as well as optimisation efforts in accordance to environmental goals
of the specificsite.
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Figure 2: The fraction of metal bound in the soil texturesclay and silt, sand and gravel for the two
experimental soils from Lygna and Gimlemoen shooting grounds, respectively.
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respectively.
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Table 1: Experimental settings for the EDR experiments.

Experiment Current | Treatment time | Stirred/Stationary | Cell design Sorting | Soil
(mA) (days)

1 4 7 Stirred 2-compartment <2 mm Gimlemoen
2 10 7 Stationary 2-compartment <4 mm Lygna

3 4 35 Stationary 2-compartment <2mm Lygna

4 10 35 Stirred 2-compartment <4 mm Gimlemoen
5 4 7 Stirred 3-compartment <4 mm Lygna

6 10 7 Stationary 3-compartment <2mm Gimlemoen
7 4 35 Stationary 3-compartment <4 mm Gimlemoen
8 10 35 Stirred 3-compartment <2mm Lygna

9 7 21 Stationary 2-compartment <4 mm Gimlemoen
10 7 21 Stationary 2-compartment <4 mm Gimlemoen
11 7 21 Stationary 2-compartment <4 mm Gimlemoen




Table 2: Soil characteristics and metal concentrations compared to the Norwegian soil quality criteria [39],
where these are available. Class 1 —non-polluted (background concentrations); Class 2 — low pollutant
concentrations (no adverse effects level); Class 3 — medium pollutant concentrations (Probable effects level);
Class 4 - high pollutant levels (risk of adverse effects at long-term exposure); Class 5 — very high pollutant
levels (risk of adverse effects at short-term exposure). Soil with concentrations higher than class 5 criteria is
considered hazardous waste.

Characteristic Unit Lygna Gimlemoen | Standard Norwegian soil quality criteria (mg/kg)
deviation | Class 1 Class 2 Class 3 Class 4 Class 5

Carbonate % 0.2 0.4 20%

Organic % 12.6 12.7 8%

matter

Total carbon % 13.6 17.3 14%

pH 4.5 5.5 1%

Conductivity mS/cm 69.4 77.6 8%

Grain size distribution

Clay (<2um) % 12.9 8.7

Silt (2-63um) % 35.5 22,5

Sand (63um- % 25.7 41.8

imm)

Gravel (>Imm) | % 25.9 27.1

Metal concentrations

Al mg/kg 10,280 | 7,700 4%

Fe mg/kg 15,760 | 19,800 20%

K mg/kg | 1090 1,460 14%

Mg mg/kg 2070 2,370 7%

Mn mg/kg 270 271 20%

As mg/kg 3.0 14 7% 8 20 50 600 1000

cd mg/kg 0.2 0.40 15% 1.5 10 15 30 1000

Cr mg/kg 15 14 20% 50 200 500 2800 25000

Cu mg/kg 47 140 13% 100 200 1000 8500 25000

Ni mg/kg 11 17 17% 60 135 200 1200 25000

Pb mg/kg 450 3,200 9% 60 100 300 700 2500

Sb mg/kg 5 17 9%

Zn mg/kg 46 150 13% 200 500 1000 5000 25000




Table 3: Removal efficiencies, final pH and energy consumption in the electrodialytic remediation
experiments. For the replicate experiments 9-11, average values and standard deviations are given. A single
factor ANOVA analysis (n=3) indicated that there are no significant differences in the metal removals in
experiment 9-11.

Experiment Removal efficiencies (%) Final pH | Energy
consumption
Al Fe K Mg Mn As | Cu Pb Sb kWh/kg

1 8 2 12 6 43 1 17 8 5| 2.5%0.03 | 0.04

2 2 1 10 4 34 <1 21 14 1| 3.3+0.03 | 0.29

3 14 3 12 7 38 1 33 30 2 | 3.1+0.03 | 0.44

4 35 10 6 12 43 2 75 69 2| 1.4+0.01| 0.22

5 12 5 4 2 45 2 9 16 14 | 2.6+0.03 | 0.04

6 1 2 19 11 31| «1 4 6| <1 | 3.3+0.03 | 0.30

7 9 1 18 13 36 | <1 32 38 | <1 | 3.6+0.04| 0.38

8 20 6 4 9 47 3 56 78 6| 1.7+0.02 | 0.58

9-11 5+0.8 | 1+0.8 | 14+2.0 | 13+1.2 | 3743 <1 | 24+1 | 2440.5 <1 | 3.5+0.04 | 0.37+0.07




Table 4: Variable importance based on individual PLS models for each metal (R2Y 0.60-0.99; Q2 0.3-0.8). The
relative importance is presented as 'high' (VIP>1), 'medium’ (VIP 0.5-1.0) and 'low' (VIP > 0.5). For variables

of medium-high influence, regression coefficients were used to assign the influence as positive/negative sign
on the PLS models. For the discrete variables, stirring, sorting (<2mm), the Gimlemoen soil and 3-

compartment cell were assigned (+1) in the models and stationary set-up, sorting (<4mm), the Lygna soil and
2-compartment cell were assigned (-1) in the models. Based on the sign of the regression coefficients, the

experimental settings that achieve the highest removal of each metal during electrodialytic remediation are

given for variables of medium-high influence.

Metal Time Current Stirred/stationary | Sorted Soil Cell design
set-up
A High (+) Medium (-) High (+) Low Medium (-) Low
35 days 4 mA Stirred Lygna
Fo Low Medium (+) High (+) Medium (+) | Medium (-) Medium (+)
10 mA Stirred <2mm Lygna 3-C
K Low Low High (-) Low High (+) Medium (-)
Stationary Gimlemoen 2-C
Mg High (+) Medium (+) Medium (-) Low High (+) Low
35 days 10 mA Stationary Gimlemoen
Mn Medium (+) | Low High (+) Low Medium (-) Low
35 days Stirred Lygna
As High (+) Low High (+) Low High (-) Low
35 days Stirred Lygna
Cu High (+) Low Medium (+) Medium (+) Low Medium (-)
35 days Stirred <2mm 2-C
Pb High (+) Low Medium (+) Medium (+) Low Low
35 days Stirred <2mm
sb Low Medium (-) High (+) Low High (-) Medium (+)
4 mA Stirred Lygna 3-C




Highlights

e 75-78% Cu and Pbwere removed from shooting range soil by
electrodialyticremediation

e Removal of other metalsinthe natural soil matrix was low during the
treatment

e Astirredset-upimproved the metal removaland reduced the energy
consumption

e Remediation can be designedtotarget Cuand Pb, and limit removal
of other metals



