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bstract

The objective of this work was to investigate the kinetics of Pb-removal from soil fines during electrodialytic remediation in suspension, and
tudy the simultaneous dissolution of common soil cations (Al, Ca, Fe, Mg, Mn, Na and K). This was done to evaluate the possibilities within
ontrol of the remediation process to leave a final product suitable for reuse. The Pb-remediation process could be divided into four phases: (1) a
lag-phase”, (2) a period with a high removal rate (7.4 mg/day in average at 40 mA), (3) a period with a low removal rate, and (4) a period where
o further Pb-removal was obtained. During the first phase, dissolution of carbonates was the prevailing process, resulting in a corresponding

oss of soil mass. During this phase, the investigated ions accounted for the major current transfer, while, as remediation proceeded, hydrogen
ons increasingly dominated the transfer. During phase (3) the high conductivity and low voltage suggested that removal may be accelerated by
ncreasing the current density. Overall, 97% of the Pb could be extracted, reducing the final Pb-concentration to 25 mg/kg. The order of removal
ates was: Ca > Pb > Mn > Mg > K > (Al and Fe).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Sludge of heavy metal contaminated soil fines is the main
rocess residue from soil washing, which severely limits the suc-
ess of the process for remediation of heavy metal contaminated
oil. Electrodialytic soil remediation (EDR) is an electrokinetic
emediation (EKR) method, where ion-exchange membranes
re applied as barriers between soil and electrolytes. It was
ecently shown that during EDR of soil fines in suspension,
b is easily dissolved by the acidification resulting from water
plitting and transferred to the catholyte [1]. Potential applica-
ions of the remediated soil fines include: ceramics (bricks and
iles), lightweight-expanded aggregates, cement, concrete, soil
mendment, and landfill liners. Besides the content and leacha-
ility of heavy metals, the applicability of the treated soil fines

epends on their final characteristics including content of salts,
utrients and minerals: for production of bricks and roof tiles
ron-oxides are unwanted [2]; in lightweight-expanded aggre-

∗ Corresponding author. Tel.: +45 4525 2255; fax: +45 4588 5935.
E-mail address: pej@byg.dtu.dk (P.E. Jensen).
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ates the expanding qualities depend on the grain size and the
omposition of the clay minerals; in cement production, chlo-
ide is problematic [2]; in production of concrete, water-soluble
pecies are in general unwanted [2]; and for application as land-
ll liners or as soil amendment, the acidity of the treated soil
nes is a limitation.

During the EDR process, the mineralogy of the soil fines is
ubject to alterations, and attention needs to be paid towards the
uality of the treated product prior to application. Dissolution
f natural soil constituents during EDR/EKR was demonstrated
n several studies [3–5]. Ca dissolution was observed to precede
ontaminant removal and coincide with the pH-shift in the soil
3,4]. Also Fe, Mg and Mn were removed from soil as a response
o EKR [4]. Here, removal of Mg and Mn was directly related to
he pH-decrease, while no relation between pH and Fe-removal
as observed. Mineral dissolution was further demonstrated by
est et al. [5], who observed transfer of Na, Mg, Ca, K, Al, Fe,

nd Si ions from kaolinite into the electrolytes during EKR of

piked kaolinite.

Studies on the influence of direct current on clay minerals
ere made in the mid 1900s. It was shown that extensive hydra-

ion of common minerals (olivine, augite, hornblende, pargasite,

mailto:pej@byg.dtu.dk
dx.doi.org/10.1016/j.jhazmat.2006.05.073
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Table 1
Characteristics of the soil fines

Pb (mg/kg) 673 ± 101
Mn (mg/kg) 542 ± 49
Ca (g/kg) 64.7 ± 4.7
Mg (g/kg) 4.3 ± 0.7
Fe (g/kg) 23.2 ± 4.6
Al (g/kg) 12.5 ± 3.1
K (g/kg) 4.0 ± 0.9
Na (mg/kg) 410 ± 50
CaCO3 (%) 17.3 ± 0.1
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supply was a Hewlett Packard® E3612A. The catholyte and
anolyte initially consisted of 0.01 M NaNO3 (500 and 300 mL,
respectively) adjusted to pH 2 with HNO3. In previous exper-
iments the build-up of an osmotic pressure difference between
94 P.E. Jensen et al. / Journal of Haza

iotite, chlorite, muscovite and feldspar) took place as a response
o direct current [6]. The hydration was accompanied by dis-
olution and transport of K, Na, Ca, Fe, Mg, Al and Si. The
uthors held that the drastic changes imply a partial or complete
estruction of the geometry of the original minerals. Evidence of
ineralogical changes in a thin surface-film covering the orig-

nal mineral was given, however the XRD technique was not
ophisticated enough to make ultimate conclusions at that time.
great variance in stability among minerals towards electrodial-

sis was demonstrated in a study, where extensive dissolution of
aponite clay and removal of Si was demonstrated, while only
ittle Si was removed form nontronite clay [7]. Similarly biotite
nd jeffersite were almost completely decomposed while mus-
ovite and phlogopite only gave of small quantities of cations [8].
nterestingly, the XRD-patterns of the biotite and jeffersite did
ot change during treatment. A recent study showed how mont-
orillonite exhibited color-changes (grey to green), shrinkage

racks, water loss and an increased Fe(II)-content as a response
o the direct current and the acidic front. These reactions concur-
ently pointed towards reduction of octahedral Fe(III) to Fe(II)
ithin the lattice of the clay mineral [9].
In the present work, the dissolution and removal of a contam-

nating heavy metal (Pb) was investigated and compared with
he removal of major soil cations (Fe, Al, Mg, Na, Mn, Ca, K).
he removal rates were studied, and the processes during EDR
re discussed.

. Materials and methods

.1. Analytical procedures

Pb, Fe, Al, Mg, Na, Mn, Ca, and K were analyzed by
ame AAS. Samples with Pb-concentrations below the detec-

ion limit (1 mg/L) were measured by graphite furnace AAS.
rior to analysis of soil samples, 1.00 g soil fines were digested

n autoclave with 20.00 mL 1:1 HNO3 for 30 min at 120 ◦C and
00 kPa according to the Danish standard method DS259 [10],
nd filtered through a 0.45 �m filter by vacuum. Validation of
AS results was obtained by measurement of liquid reference

amples. The carbonate content was determined by the volu-
etric calcimeter method described in [11]. In calculations it
as assumed that all carbonate is present as calcium carbonate.
rganic matter was determined by loss of ignition at 550 ◦C for
h. CEC was measured with a method comparable to the acid-
aCl method described in EPA Standard Method 9080. pH and

onductivity were measured by a Radiometer Analytical elec-
rode. All measurements were made in triplicate.

.2. Soil

An industrially contaminated Danish soil of unknown origin
as used as experimental soil. The soil fines were obtained by
et-sieving of the original soil with distilled water through a

.063 mm sieve. A concentrated slurry of fines was obtained by
entrifugation at 3000 rpm for 10 min, and decantation of the
upernatant. The soil fines were kept in slurry and stored at 5 ◦C
n access of atmospheric air. The mineralogy of the original soil

F
s
m
fi

rganic matter (%) 7.8 ± 0.1
EC (mequiv./100 g) 14.1 ± 0.3

comprising both the coarse and the fine fractions) was inves-
igated by XRD in [12] (soil 10). It was found to contain the
ollowing mineral phases: quarts, K-feldspar, plagioclases, cal-
ite, kaolinite, illite, smectite and mixed elementary layers of
he three clay minerals. Initial soil characteristics and content of
oil cations are listed in Table 1.

.3. Remediation experiments

Electrodialysis experiments were made in cylindrical
lexiglas®-cells with three compartments. Compartment II,
hich contained the soil–slurry, was 10 cm long and 8 cm in

nner diameter. The slurry was kept in suspension by constant
tirring (1600 rpm) with plastic-flaps attached to a glass-stick
nd connected to an overhead stirrer (RW11 basic from IKA).
he anolyte was separated from the soil specimen by an anion-
xchange membrane, and the catholyte was separated from the
oil specimen by a cation-exchange membrane. Both mem-
ranes were obtained from Ionics® (types AR204SZRA and
R67 HVY HMR427). Fig. 1 shows a schematic drawing of

he setup. Electrolytes were circulated by mechanical pumps
Totton Pumps Class E BS5000 Pt 11) between electrolyte com-
artments and glass bottles. Platinum coated electrodes from
ermascand® were used as working electrodes, and the power
ig. 1. Schematic view of a cell used for experimental EDR remediation of
oil fines in suspension. AN, anion-exchange membrane; CAT, cation-exchange
embrane. I, anolyte compartment; II, compartment containing slurry of soil
nes; III, catholyte compartment.
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Table 2
Experimental results

Experiment Pb mass balance (%) Soil mass balance (%) Final Pb (mg/kg) % Pb removed from soil % Pb in liquid II Final pH

1 108 87 798 5 0 6.9
2 102 84 224 73 33 1.5
3 103 82 110 87 1 1.5
4 86 81 44 94 2 1.1
5 73 74 23 97 6 1.0
6

t
w
w
l
t
o

c
p
a
w
6
w
d

i
H
s
b
i
s
a
w
t
t
f
a
t
f
a
f
c
f

ε

w
b
t
w
x
p
a
a
t
K

3

3

T
T
t
a
3
7
i
l
w
t
a
m
a
p
6

t
c
o
a
s
experiments >90% of the Pb in the cathode section was precip-
itated at the cathode itself.

The highest removal rate was obtained between 188 and
330 h. Here, the average rate was 7.4 mg/day. In order to
93 78 27

he two compartments was observed to result in an extensive
ater transfer from compartment I to II. This water transfer
as avoided by decreasing the amount of liquid to be circu-

ated in the anolyte from 500 mL, used in previous works [1]
o 300 mL, whereby the hydraulic pressure was decreased and
verflow avoided.

Current, voltage, pH in all compartments, and conductivity in
ompartment II were measured approximately once every 24 h.
H in the electrolytes was kept between 1 and 2 by manual
ddition of HNO3 (7 M) or NaOH (6 M). The six experiments
ere identical apart from the duration which was 188, 330, 503,
71, 838, and 930 h, respectively. The liquid to solid ratio (L/S)
as 4.3 (87 g soil and 375 mL distilled water), and the current
ensity was 0.8 mA/cm2 (40 mA).

After each experiment, membranes were cleaned overnight
n 1 M HNO3, and electrodes were cleaned overnight in 5 M
NO3. Volumes of the cleaning acids, the electrolytes, and the

olution in the middle compartment were measured followed
y analysis of the cation-concentrations by AAS. The remain-
ng soil mass was decided and the cation concentrations in the
oil were measured by AAS after digestion according to DS259
s described above. The mass balances for Pb and soil cations
ere calculated as the mass of the individual elements found in

he whole system after remediation (in soil, soil solution, elec-
rolytes, membranes, and at electrodes) in percent of the amount
ound in the soil prior to remediation (concentration times initial
mount of soil). The current efficiency was calculated for each of
he elements of interest. The current efficiency is defined as the
raction of the current passing through an electrolytic cell that
ccomplishes a specific chemical reaction (in this case trans-
er of a specific element (cation) from the soil fines into the
atholyte). The current efficiency for specie x was calculated as
ollows:

x = Qx

Qtot
= Mxzx/MWx

It/F

here Qx is the amount of current (moles) which was transferred
y specie x, and Qtot is the total amount of current passed through
he cell during remediation. Mx is the mass of the specie x, which
as transferred out of the soil fines, zx is the valence of the specie

, MWx is the molar weight of the specie x. I is the current (in A)
assed through the cell, t is the experimental time (in seconds),

nd F is the Faraday constant. The calculation was based on the
ssumption that the individual elements were transferred with
he following valences: Pb2+, Mn4+, Ca2+, Mg2+, Fe3+, Al3+,

+, Na+.

F
c
(

97 1 1.4

. Results and discussion

.1. Pb-removal

Main results of the six experiments are summarized in
able 2. Pb mass balances between 73 and 108% were obtained.
he final amount of soil was reduced with 13–26% compared

o the initial amount. This general reduction is likely to reflect
partial dissolution of soil constituents as discussed in Section
.3. The final Pb-concentration in the soil fines was between
98 and 23 mg/kg with a clear reduction as remediation time
ncreased, and with 97% removal in the two experiments of the
ongest duration (calculated as the fraction of the Pb found else-
here than the soil after remediation). In experiment 2, 33% of

he Pb appeared in the soil solution in compartment II, while in
ll other experiments the amount of Pb in dissolution in II was
inor. The final pH of the soil solution was between 1 and 2 for

ll experiments except the one with the shortest duration, where
H had only decreased slightly from the initial value (7.5) to
.9.

The Pb-removal from the soil is illustrated as a function of
ime in Fig. 2 (one point for each experiment) together with the
oncentration build-up in the cathode section (catholyte, cath-
de and cation-exchange membrane), the anode section (anolyte,
node and anion-exchange membrane), as well as the Pb dis-
olved in the solution in the middle compartment (II). In all
ig. 2. Removal of Pb from soil, dissolution in solution in soil solution (II) and
oncentration in anode and cathode sections. Removal proceeds in four phases:
1) lag-phase; (2) high removal rate; (3) low removal rate; (4) removal stopped.
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lower current density might have accelerated the process during
this phase.
ig. 3. pH-development in the soil–slurry (compartment II) during remediation.

etermine the maximum obtainable rate, more experiments
n this interval would be necessary, and further optimization
ptions should be investigated. This work however clearly illus-
rates how the removal undergoes four phases (1) a “lag-phase”,
here removal is substantially absent, (2) a period with a high

emoval rate involving dissolution of Pb in the soil solution,
3) a period with a low removal rate, where the dissolved Pb
s removed from solution, and (4) a period where no further
b-removal is obtained as the treatment proceeds.

.2. pH, conductivity and voltage

The pH-development in the soil solution during remediation
s illustrated in Fig. 3. pH was more or less constant during the
rst 200–240 h, followed by a sharp decline to 1–2, where pH
tabilized after 360–400 h. This pH-decline is consistent with
revious observations [1], and is believed to occur due to water
plitting at the surface of the anion-exchange membrane induced
y insufficient amounts of anions available for current transfer
n the solution [1]. The sharp pH-decrease coincided with the

aximum rate of Pb-removal, and confirms that acidification is
he foundation of unenhanced EDR of HM-containing materials
13]. This result clearly shows how the acidification is responsi-
le for desorption and dissolution of the Pb, thus the acidification
hould be regarded as a prerequisite for the success of the reme-
iation method. The response to the acidification is made visible
y the fact that a large fraction of Pb was found in solution in II
y the end of experiment 2 (Fig. 2). This result illustrates, how
he sudden acidification results in a prompt release of Pb (and
ther ions) in excess of the charge transfer. However, after a short
hile (experiment 3), all the released Pb had been removed from

he solution by the current, and during phase (3) of the remedia-
ion, Pb was removed from solution as it was released from the
oil, which indicates a desorption limited removal in this phase.
n addition, the attainment of the low pH plateau coincided with
he change from the high to the low removal rate, suggesting
hat the removal rate decreases due to an overflow with H+-ions,
hich compete successfully for the current transfer. The last

hase (4), where no removal took place, was not related to any
H-changes, but rather occurred because most of the anthro-
ogenic and available Pb at that point had been removed. This
ssumption is verified by the fact that also no changes in con-
Fig. 4. Conductivity of soil–slurry during remediation.

uctivity (Fig. 4) and voltage (Fig. 5) were observed between
hases (3) and (4).

Developments in the conductivity of the soil–slurry are illus-
rated in Fig. 4. During remediation, the conductivity increased
s a prompt response to the pH-decrease (phase 2), confirm-
ng how the Pb-removal declined due to preferential transfer of
ydrogen ions in the acid environment. The voltage between the
orking electrodes decreased (Fig. 5) as a response to the acid-

fication and the resulting increased conductivity. In the period
rior to acidification several incidents of high voltage (>80 V)
ccurred. These incidents coincided with observations of high
H in the catholyte (data not shown) caused by OH− production
y the electrode-process. As soon as pH in the catholyte was reg-
lated down by addition of nitric acid, voltage decreased again.

These incidents of high voltage are likely to have occurred
ue to precipitation of hydroxides within the cation-exchange-
embrane, and suggest that faster removal and/or lower energy

onsumption could have been obtained through pH-static control
f the catholyte. By the end of the acidification, the simultaneous
onductivity increase and voltage-decrease suggest that a higher
urrent might have been forced on the system during phase (3)
n order to maintain a high removal rate. During phase (1) how-
ver, voltage in general was between 20 and 40 which is above
he previously [1] recommended value (maximum 20), suggest-
ng that some water splitting at the cation-exchange membrane

ay have taken place and prolonged this phase unnecessarily. A
Fig. 5. Voltage between working electrodes during remediation.
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Fig. 6. Dissolution of Pb, Mn, Ca and Mg from the soil.
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Fig. 7. Dissolution of Al, Fe and K.

.3. Extraction of soil cations

Figs. 6–8 illustrate the influence of the electrodialytic treat-
ent on the soil’s content of common soil cations. The con-

entration of each element is given in percent of its initial
oncentration, thus elements which do not dissolve as fast as
he average soil will obtain a concentration above 100%. In gen-
ral it should be noted that due to the extraction procedure, only
he fraction of the elements which is not bound within the silica

atrix is included in the discussion. In accordance with [5,6], we
bserved transfer of Na, Mg, Ca, K, Al, Fe from the soil into the
lectrolytes. In Fig. 6 the extraction of the cations most affected
y the electrodialytic treatment (Mn, Ca and Mg) is illustrated

n relation to the extraction of Pb.

Ca was completely extracted during phase (1), thus prior to
b. The early extraction of Ca is in accordance with results of
3,4], and shows that the prevailing process during phase (1) is

Fig. 8. Intrusion of Na into soil.
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limination of the soils buffer-capacity. The dissolution of pri-
arily calcium carbonates followed by removal of Ca explains

he observed soil mass reduction (Table 2) well: (a) the reduc-
ion in soil mass in the experiment with the shortest duration and
ith incomplete Ca-removal was 13%, which is below the con-

ent of calcium carbonate (17%); (b) the average reduction in the
emainder experiments was 20% which is just above the amount
f calcium carbonate in the soil, confirming that calcium car-
onate is the primary soil-constituent undergoing dissolution;
c) the total amount of extracted Ca was equivalent to a calcium
arbonate content of 16%, confirming that calcium carbonate is
he major carbonate source, but that other less abundant carbon-
tes are present as well. Of those, the most common is dolomite
aMg(CO3)2, of which dissolution was confirmed by a slight
ecrease in the Mg-concentration of the soil fines during phase
1), where, in contrast, the concentration of Pb and Mn increased.

During the following phases (2 and 3) the slow dissolution of
g continued, while it ceased in phase (4) after the Mg concen-

ration had been reduced with 25% (50% Mg-extraction). The
act that the Mg-dissolution was not related to the pH-shift is in
ontrast to the findings of [4], and suggests that a main fraction
f the Mg in this soil was bound in soil-minerals, which were
ess affected by the EDR process.

The increased concentrations of Pb and Mn observed after
88 h of EDR appeared due to the described preferential extrac-
ion of carbonates and the resulting reduced soil-volume, which
aused unaffected elements to concentrate in the soil-phase. Mn-
xtraction further resembled Pb-extraction in that it occurred
t a high rate during phase (2), at a low rate during phase
3) and ceased in phase (4). The relation between the pH-
hift and Mn-release is consistent with the results of [4]. The
n-concentration was however only reduced with 75% (80%
n-extraction) before extraction ceased, suggesting that as for
g, a fraction was bound in stabile soil-minerals, which were

ess affected by the EDR process.
Extraction of Fe, Al and K is illustrated in Fig. 7 (note the

ifferent y-scale). The large variation on analytical results pri-
arily reflects a large variation on the analysis of the initial

ontent. Cautious interpretations may however still be made. It
eems that the concentration of Fe and Al increased throughout
hases (1), (2) and part of phase (3). This shows how Fe- and Al-
inerals were relatively unaffected by the EDR process during

hose phases, and is in accordance with the previous observation
hat Fe-removal was not related to the sharp pH-decrease [4]. At
he low pH-level prevailing in phases (3) and (4), they, how-
ver, began to dissolve, and Fe- And Al-oxides probably acted
s buffers at this low pH-level. Dissolution of particularly Al is
ndesirable during EDR due to its toxicity. Therefore, according
o these results, it is recommended to terminate remediation as
oon as the Pb-extraction ceases. K was dissolved during phase
1) to a larger extend than Fe and Al, but dissolution ceased after
hase (2). Because of the reduced soil mass, the concentration
f all three elements had only decreased slightly compared to

he initial concentration by the end of the experimental remedia-
ion. This, however, does not mean that the mineral composition
as unaffected, as the final amount of extracted Fe, Al and K

onstituted 25–30%.
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Table 3
Current efficiency (‰)

Experiment Element Total

Pb Al Ca Fe K Mg Mn Na

1 0.10 25 900 23 9 20 1 1 980
2 0.59 17 567 7 5 19 5 −2 618
3 0.67 22 373 9 4 15 4 −5 422
4 0.45 29 279 30 3 14 3 −10 348
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0.30 24 224 27
0.36 22 202 19

Finally, in Fig. 8, the behavior of Na during EDR is illustrated.
his graph shows how the content of Na increased continuously
uring phases (2), (3) and (4). Sodium nitrate (0.01 M) con-
tituted the initial electrolyte solutions, and clear evidence of
ntrusion of Na into the soil solution and adsorbtion onto the
oil is given here. This intrusion appeared despite the separa-
ion of anolyte and suspension by an anion-exchange membrane
nd could be due to transfer of Na as co-ions over this mem-
rane and/or diffusion against the current-direction due to the
oncentration-difference over the cation-exchange membrane,
hich separated the slurry from the catholyte. The final amount
f Na adsorbed to the soil exceeds the initial amount of Na
n the electrolytes, proving that some transfer of Na from the
nolyte, which was adjusted to 1–2 regularly by addition NaOH,
ccurred. In addition, the soil may have been enriched in NO3

−
ue to regulation of pH in the catholyte with HNO3. This obser-
ation illustrates how the ion-exchange membranes are not to
e conceived as perfect barriers, and demonstrates how the
lectrolytes should be carefully chosen in order to fulfill any
equirements for the soil fine composition prior to subsequent
pplication.

The overall order of removal rate found was: Ca > Pb >
n > Mg > K > (Al and Fe). This is consistent with the order of

xtraction observed for the clays saponite and nontronite (both
mectites), while for attapulgite (palygorskite, not a smectite),

g was extracted at a higher rate than Ca [7]. Concerning the
ossibility of control of the remediation process to leave a final
roduct suitable for reuse, our results show that Ca extraction
nd carbonate dissolution is inevitable during the remediation
rocess. On the other hand, the intrusion of Na shows how it
s possible to control the concentration of various ions in the
oil by appropriate composition of the electrolytes and choice
f acids and bases for pH-regulation. Furthermore, it is visible
rom the results that only a fraction of the soil’s Mn, Mg, K, Fe
nd Al minerals are dissolved during the process, and that the
xtend of dissolution of Mg, K, Fe and Al may be limited by
dequate process control. Based on the reuse options mentioned
n the introduction, it may be possible to decrease the amount
f iron-oxides for production application in bricks and roof tiles
y continuation of the EDR process beyond the point where Pb-
emoval has ceased; for cement and concrete production chloride

nd other water-soluble species are inevitability removed during
he process if it is continued beyond phase 2; for application in
andfill liners or as soil amendment, the acidity of the treated
oil fines will have to be regulated after treatment as the acid-

a
t
b
t

2 12 2 −8 283
2 11 2 −9 248

fication is necessary for the success for the process and thus
annot be limited; while for use in lightweight-expanded aggre-
ates further studies of the mineralogy (e.g. by XRD techniques)
s necessary to tell if the necessary expanding clay minerals are
reserved during the process.

.4. Current efficiency

The current efficiency is given in Table 3 for all investigated
lements. In experiment 1 almost all the current was accounted
or by calcium transport, which again shows how dissolution of
arbonates and removal of Ca was the prevailing process during
he first stage of EDR. As the remediation proceeded, less and
ess current was transferred by the investigated soil cations due
o the preferential transfer of the produced hydrogen ions during
he acidification in phase 2. Although concentrations of Ca, Pb,
nd Mn were reduced significantly, only Ca-transfer constituted
significant fraction of the current transfer due to the relatively

mall initial concentrations of Pb and Mn. Conversely, Fe and
l ions, which were not particularly reduced in concentration,

onstitute a substantial fraction of the current transfer due to
heir initially high concentrations.

. Conclusions

Several potential applications of soil fines after electro-
ialytic remediation in suspension exist depending on the
haracteristics of the remediated product. The process of
lectrodialytic remediation of Pb-contaminated soil fines can
e divided into four phases: in phase (1) the soil buffer capacity
s eliminated by the production of hydrogen ions at the surface
f the anion-exchange membrane, where water-splitting takes
lace. During this phase soil-carbonates are dissolved, resulting
n a complete extraction of Ca and partial extraction of Mg and K.
he carbonate extraction results in a corresponding loss of soil
ass, and imply a concentration of elements unaffected by EDR

uring this phase, including Pb. In this phase the major current
ransfer can be accounted for by Ca. During phase (2) a sharp
H-decrease of the soil–slurry takes place along with increased
onductivity. The pH-decrease results in dissolution of Pb, and
lthough Pb-removal occurs at the highest rate during this phase,

significant fraction of the Pb remains dissolved in the soil solu-

ion. Along with Pb, also Mn is extracted. Mg is continuously
eing extracted during this phase, however at a much lower rate
han that of Pb and Mn. In phase (3) pH stabilizes at 1–2, while
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[

[12] P.E. Jensen, L.M. Ottosen, A.J. Pedersen, Speciation of Pb in industrially
P.E. Jensen et al. / Journal of Haza

he conductivity continues to increase and the voltage between
orking electrodes decreases. During this phase Pb is removed

rom solution and extracted at a lower rate, which is likely to be
imited by the desorption process, and simultaneously with low-
ate extraction of Mn and Mg. Furthermore, Fe and Al-oxides
tart to act as buffers, resulting in some extraction of these
lements as well. In phase (4) extraction of Pb ceased, probably
ue to the strong bonding of the remaining non-anthropogenic
b, and the primary transport is that of hydrogen ions comple-
ented by a continuing slow dissolution of Fe and Al-oxides,
hich act as a buffer at the low pH. Based on the results it is

ecommended to terminate remediation as soon as Pb-extraction
eases to limit the dissolution of Fe and Al-minerals. Due to
ntrusion from the electrolytes, the soil content of Na is con-
inuously increasing during remediation, and a careful choice
f electrolytes in order to meet requirements by the succeeding
pplicant of soil fines is necessary. Ninety-seven percent of
he Pb could be extracted, reducing the final Pb-concentration
o 25 mg/kg. The overall order of removal rate found was:
a > Pb > Mn > Mg > K > (Al and Fe). In order to establish a
omplete evaluation of the product for succeeding applications,
his investigation should be complemented by investigations of
he fate of phosphate, nitrate, chloride and organic matter as well
s the mineralogical condition of the fines after remediation.
cknowledgement

The authors wish to thank Ebba C. Schnell for assistance with
he analytical work.

[

Materials B138 (2006) 493–499 499

eferences

[1] P.E. Jensen, L.M. Ottosen, C. Ferreira, Electrodialytic remediation of Pb-
polluted soil fines (<63 my) in suspension, Electrochim. Acta, in press.

[2] C. Ferreira, A. Ribeiro, L. Ottosen, Possible applications for municipal
solid waste fly ash, J. Hazard. Mater. 96 (2003) 201–216.

[3] H.K. Hansen, L.M. Ottosen, B.K. Kliem, A. Villumsen, Electrodialytic
remediation of soils polluted with Cu, Cr, Hg, Pb and Zn, J. Chem. Technol.
Biotechnol. 70 (1997) 67–73.

[4] P. Suer, K. Gitye, B. Allard, Speciation and transport of heavy metals and
macroelements during electroremediation, Environ. Sci. Technol. 37 (2003)
177–181.

[5] L.J. West, D.I. Stewart, A.M. Binley, B. Shaw, Resistivity imaging of soil
during electrokinetic transport, Eng. Geol. 53 (1999) 205–215.

[6] T. Hla, Electrodialysis of mineral silicates: an experimental study of rock
weathreing, Miner. Mag. 27 (1945) 137–145.

[7] O.G. Caldwell, C.E. Marshall, A study of some chemical and physical
properties of the clay minerals nontronite, attapulgite and saponite, Univ.
Missouri Res. Bull. 354 (1942) 3–51.

[8] R. Roy, Decomposition and resynthesis of the micas, J. Am. Ceram. Soc.
32 (1949) 202–209.

[9] T. Grundl, C. Reese, Laboratory study of electrokinetic effects in complex
natural sediments, J. Hazard. Mater. 55 (1997) 187–201.

10] Dansk Standardiseringsråd, Vandundersøgelse, Metal ved atomabsorption-
sspektrofotometri i flamme. Almene principper og retningslinier, in: Stan-
darder for Vand og Miljø, Fysiske og Kemiske Metoder, Del 1, a-offset,
Holstebro, 1991, pp. 138–148 (in Danish).

11] R.H. Loeppert, D.L. Suarez, Methods of Soil Analysis, Part 3. Chemical
Methods—SSSA Book series No. 5, 1995, pp. 451–455.
polluted soils, Water Air Soil Pollut. 170 (2006) 359–382.
13] G.M. Nystroem, L.M. Ottosen, A. Villumsen, Acdidfication of harbour

sediement and removal of heavy metals induced by water splitting in elec-
trodialytic remediation, Sep. Sci. Technol. 40 (2005) 2245–2264.


	Kinetics of electrodialytic extraction of Pb and soil cations from a slurry of contaminated soil fines
	Introduction
	Materials and methods
	Analytical procedures
	Soil
	Remediation experiments

	Results and discussion
	Pb-removal
	pH, conductivity and voltage
	Extraction of soil cations
	Current efficiency

	Conclusions
	Acknowledgement
	References


