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Removal of Cu, Pb, and Zn by the action of the two biodegradable chelating agents [S,S]-
ethylenediaminedisuccinic acid (EDDS) and methylglycinediacetic acid (MGDA), as well as citric acid,
was tested. Three soil samples, which had previously been treated by conventional soil washing (water),
were utilized in the leaching tests. Experiments were performed in batches (0.3 kg-scale) and with a WTC-
mixer system (Water Treatment Construction, 10 kg-scale). EDDS and MGDA were most often equally
efficient in removing Cu, Pb, and Zn after 10–60 min. Nonetheless, after 10 d, there were occasionally
significant differences in extraction efficiencies. Extraction with citric acid was generally less efficient,
eavy metals
mino polycarboxylic acids
oil
emediation
DDS
GDA

however equal for Zn (mainly) after 10 d. Metal removal was similar in batch and WTC-mixer systems,
which indicates that a dynamic mixer system could be used in full-scale. Use of biodegradable amino
polycarboxylic acids for metal removal, as a second step after soil washing, would release most remain-
ing metals (Cu, Pb and Zn) from the present soils, however only after long leaching time. Thus, a full-scale
procedure, based on enhanced metal leaching by amino polycarboxylic acids from soil of the present

-leac
kind, would require a pre

. Introduction

The release of heavy metals and other pollutants in society has
ade soil contamination one of the most important environmen-

al problems. Heavy metals cannot be mineralized or decomposed,
nlike organic contaminants, and must therefore be removed from
he soil or be physically and/or chemically contained [1]. The large
uantities of polluted soils make landfill disposal an unrealistic
ption, due to environmental constraints and space limitations.
ne commonly used method for remediation of contaminated soil

s soil washing, which is a technique that uses water to separate
ne soil components (clay and silt) from the coarse components
sand and gravel) in a mechanical process. The volume of contam-

nated soil is reduced, since the contaminants tend to bind to the
mall soil particles. Soil washing can be used on both organic and
norganic contaminants, but the main target contaminant group is
eavy metals [2,3]. In the design of a washing process, treatment
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el.: +46(0)702872300.
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hing step lasting several days in order to be efficient.
© 2009 Elsevier B.V. All rights reserved.

duration is of major concern. The time required to arrive at a given
clean-up goal is depending on the nature of the metal retention
mechanism and the influence of factors such as pH, soil type (com-
position, exchange properties, etc.), the presence of natural organic
matter, age of the contamination, and the presence of other inor-
ganic contaminants [2,4]. Synthetic complexing agents, chelators
in particular, are sometimes used in combination with soil wash-
ing to further enhance the removal of metals. However, many of
these chelators have long degradation times in soil, resulting in
toxicity and stress to the community of soil-living microbes and
eco systems [5–7].

There are many factors to consider when deciding whether an
artificial chelating agent can be used in full-scale remediation or
not. The chelating agents need to be added in excess in relation
to the contaminant concentration, since they generally are non-
selective and form complexes with most of the major polyvalent
cations present in the soil (i.e., Fe, Mn, as well as Ca, Mg, etc.). The
chemical state of the metals in the soil also affects the efficiency of
the chelators, since metals in recently contaminated soils, as well as

in artificially contaminated laboratory system, are more labile and
accessible than metals in soils that are historically contaminated
[2,6]. Furthermore, the chosen agent must be biodegradable but at
the same time has a high metal binding capacity. It is also desirable
that the chelator can be recovered and used several times, consid-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zandra.arvidsson@sakab.se
dx.doi.org/10.1016/j.jhazmat.2009.08.141
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Table 1
Total acid leachablea metal concentrations (mg kg−1), pHb, and ignition residuec, LOI
(%) in soils A, B and C. N = 3, mean ± SD. MKM = Limits for soil usage on areas that are
less sensitive, established by the Swedish Protection Agency [23].

Soil A Soil B Soil C MKM

Al 14600 ± 820 7930 ± 380 6160 ± 190
Cr 56 ± 14 67 ± 14 370 ± 57 150d

Cu 230 ± 9.0 400 ± 75 84 ± 60 200
Fe 23100 ± 480 23500 ± 3270 55200 ± 5480
Mn 300 ± 37 370 ± 74 680 ± 59
Ni 38 ± 8.0 39 ± 4.0 250 ± 57 120
Pb 2370 ± 260 2520 ± 1040 480 ± 27 400
Zn 200 ± 5.0 790 ± 270 170 ± 80 500
pH 6.9 ± 0.1 7.0 ± 0.2 5.8 ± 0.1
LOI 12.0 ± 0.1e 1.5 ± 0.3 1.1 ± 0.2

a Microwave digestion with 7 M HNO3.
b Water to solid 1:5 (v:v).
c ◦
98 Z. Arwidsson et al. / Journal of Ha

ring the economy of a full-scale process using chemicals that are
xpensive.

In the past, EDTA (ethylenediamineacetic acid) has been the
ost widely used chelating agent for extracting metals from

ontaminated soils [7–16]. EDTA has a high capacity for metal
omplexation and extraction but a comparably low biodegrad-
bility in the environment [7]. EDTA is also quite mobile in soils
nd can thereby be transported to the groundwater, together
ith the mobilized metals [7,8]. In several previous studies,

DDS ([S,S]-ethylenediaminedisuccinic acid) has been proposed as
n environmentally friendly and safe chelant [14,17–23]. MGDA
methylglycinediacetic acid) is another example of a more envi-
onmentally friendly chelator [14,17]. Mineral acids like nitric acid
ould be used to produce a low pH that would lead to a release
f adsorbed hydrolyzed (cationic) metals from the soil. However,
n a technical scale it would be an advantage if a metal mobiliza-
ion could be achieved at a near neutral pH. Solutions with low
H have negative effects on the soil washing equipment in terms
f corrosion, and also lead to irreversible damage to the soil con-
tituents.

The aim of this study was to test the capacity of some biodegrad-
ble complexing agents for removal of metals remaining in the
oil after a conventional soil wash procedure. A batch study using
olutions (neutral pH) with the two chelating agents EDDS and
GDA, and citric acid as a reference for comparison, was per-

ormed. EDDS, with four carboxylic groups and two potentially
inding nitrogen positions in the molecule, is similar to EDTA in
tructure. MGDA, with three carboxylic groups and one nitrogen
osition in the molecule, is similar to NTA (nitrilotriacetic acid).
itric acid contains three carboxylic groups, as well as a hydroxy
roup (not complexing at low or near neutral pH). The same chela-
ors were tested in a 10 kg-scale using equipment designed for
oil washing (Water Treatment Construction), WTC-mixer, which
an be used in a full-scale process in combination with a con-
entional soil washing technique. The key issues were: (1) Can
etals remaining in contaminated soil, after conventional soil-
ash that has removed the metal carrying fine-fraction, be released
ue to the action of the selected biodegradable amino polycar-
oxylic acids? (2) How do these agents compare with citric acid

n terms of metal removing capacity? (3) Is it feasible to design a
ull-scale remediation process based on soil-wash, combined with
subsequent leaching step using biodegradable strong complex-

ng agents? Thus, the aim is neither to establish the complexing
apacity of EDDS and MGDA, which is already well-documented,
or to compare results from unique contaminated soils of various
rigin or compile data from different cases in a review of the per-
ormance of EDDS and MGDA. The main purpose is to find out if
he metal fraction remaining after soil-wash, in some selected soils
rom sites with old and aged metal contamination, can be removed
ith EDDS/MGDA, and if the WTC-procedure, giving short leaching

imes, can be utilized in a one-step soil-wash remediation proce-
ure.

. Materials and methods

.1. Soil characterization

The soil residues after conventional soil washing of three heavy
etal contaminated soils (A–C) were used:

: A sandy soil, low in natural organic matter; from an industrial

site with mixed contaminants (metals as well as hydrocarbons).

: A sandy coarse-grained moraine with minor amounts of organic
matter; from a shooting-range.

: A clay-dominated soil with minor amounts of organic matter;
from a steel works site.
550 C, 2 h.
d Not exceeding 1% Cr(VI).
e Including some 10 mg kg−1 hydrocarbons.

The three soils come from different locations, but all are similar
in composition: moraine, rich in feldspars and quartz (sand) with
minor fractions of natural organics, and usually low levels of clays
(less than 5%, except for soil C).

After the conventional soil washing, most of the fine-fraction
(including essentially all of the clay) was removed. Soil washing is
merely separation of the fine-fraction of the soil from the course
material by suspension in water and removal of the water phase
that carries the suspended particulate and colloidal matter [25].
Particles with diameters below 0.1 mm are to a large extent sepa-
rated from the rest of the soil. This size fraction generally carries
most of the metal contamination. The remaining residues (soils
A–C) were highly heterogeneous with respect to the size distribu-
tion with particle sizes ranging from 0.1 to 2 mm, with larger grains
up to 5 mm, and with visible metallic residues (soil C). Grains above
2 mm in size were removed from the soils prior to the leaching
tests.

The cation exchange capacities of the soils were not mea-
sured. However, they are all sandy and fairly coarse-grained
with minor amounts of clayish materials remaining (after the
soil washing that removed the clay fraction with its associ-
ated exchangeable metals). The exchange capacity would not be
expected to exceed 25 meq kg−1, considering the general com-
position of the soils [24]. However, the major mechanism for
adsorption of the metals in this study (Cu, Zn, Pb, as well
as Fe) would be surface complexation of hydrolyzed species,
rather than electrostatic interaction (ion-exchange), as well as co-
precipitation with Fe (and possibly Al) constituting a hydroxide
carrier phase.

The present leaching experiments were performed on the
residues that still carried considerable levels of heavy metals, i.e.,
did not reach the desired remediation levels (MKM—limits for soil
usage on areas that are less sensitive, c.f. Table 1), that are estab-
lished by the Swedish Environmental Protection Agency (SEPA)
[26]. The total metal concentrations of the soil residues (acid diges-
tion, 7 M HNO3) are given in Table 1, and the distribution of metals,
as defined by sequential leaching, is given in Fig. 1, based on the
Tessier procedure [27], slightly modified.
F1 Water-soluble (water; 20 ◦C)
F2 Cation exchangeable (1.0 M NH4Ac, pH 7; 20 ◦C)
F3 Carbonates and hydroxides (1.0 M NH4Ac, pH 5.0; 85 ◦C)
F4 Hydrous oxides (0.043 M NH2OH–HCl in 25% acetic acid (v/v); 85 ◦C)
F5 Labile organics and amorphous metal sulfides (0.02 M HNO and 30%
3

H2O2 (3:5, v/v), pH 2.0; 85 ◦C); after completed leaching 3.2 M NH4Ac
in 20% HNO3 + water was applied

F6 Consolidated organics, metal sulfides and residual fraction (microwave
digestion in 7 M HNO3)
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Fig. 1. Sequential extraction of metals (Al, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) from
soils A, B and C: Six extraction steps, modified from [24]. F1 = Water-soluble;
F2 = cation exchangeable; F3 = carbonates and hydroxides; F4 = hydrous oxides;
F5 = labile organics and amorphous metal sulfides; F6 = consolidated organics and
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etal sulfides (residual). The fractions represent mean values, N = 3.

.2. Batch experiments

The soil residues (A, B, and C) were exposed to solutions with
omplexing agents: 0.18 M EDDS (pH 7), 0.18 M MGDA (pH 7), and
.18 M citric acid (pH 7). Tap water (pH 8.2) was used as a control.
he chosen molarity of the chelating agents was about one order
f magnitude above the total levels of the metals Cr, Cu, Ni, Pb and
n in the soils, c.f. Table 1. 300 g of soil was continuously agitated
200 rpm) together with 300 mL solution in 2.5 L plastic containers.
amples (triplicates) of the slurries were collected after 10, 20, 30,

nd 60 min, 24 h, and 10 d. The samples were centrifuged for 6 min
4000 rpm) and the supernatants were acidified with 1% HNO3 and
tored at 4 ◦C until metal analysis. A constant pH of 7 was main-
ained throughout the experiment (adjustments with HNO3 and/or
aOH).
Fig. 2. Schematic illustration of the WTC-mixer system. The fluid phase comes from
a die (1), designed to create the right drop size. The pressure of the fluid creates
droplets that hit the soil material (grains) that is placed on a net (2).

2.3. Dynamic washing—the WTC-system

The WTC-mixer [28] is schematically illustrated in Fig. 2. The
fluid phase (water) comes from a die, specially designed to create
the right drop size (point 1 in Fig. 2). The pressure of the fluid cre-
ates highly energetic droplets and these droplets hit the material
(grains) that is placed on the net (point 2 in Fig. 2). The solid mate-
rial on the net is exposed to a bombardment of distinct droplets.
Pressure, droplet size, flows and temperature in the mixing zone
can be varied. These parameters were fixed throughout all of the
experiments to allow for a direct comparison with the batch exper-
iments.

The two amino polycarboxylic acids used in the batch studies
(0.18 M EDDS and MGDA, pH 7), together with tap water (pH 8.2) as
a control, were used also in the WTC-system (10 kg of soil flushed
with 10 or 20 L solution). The applied pressure was 2.5 MPa. The
water solutions were collected in 50 L containers and were con-
tinuously agitated by a metal blade rotor (100 rpm) during the
flushing. When no soil was left inside the WTC-mixer (after less
than a minute), the agitation was terminated. Samples (triplicates)
of the slurries were collected after 10, 20, 30, and 60 min, 24 h, and
10 d (without agitation). The samples were centrifuged for 6 min
(4000 rpm) and the supernatants were acidified with 1% HNO3 and
stored at 4 ◦C prior to metal analysis. The slurries were pH-adjusted
with HNO3, when needed, in order to maintain a constant pH during
the 10-d experiment.
2.4. Analysis of metals

Metal concentrations in all solutions were analyzed by ICP-
OES (Plasma 4000 DV, PerkinElmer, USA). Eight elements were
quantitatively determined: Al, Cr, Cu, Fe, Mn, Ni, Pb, and Zn. Data
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Fig. 3. Mobilization of Cu from soils A, B and C (mg kg−1 desorbed metal) by the
00 Z. Arwidsson et al. / Journal of Ha

valuation was carried out with the PerkinElmer WinLab32 soft-
are, and quantification and identification were achieved by using

tandard solutions (0.02–7 mg/L) with calibration curves for each
lement. All solutions were acidified with 1% HNO3 before analysis.

.5. Statistical analysis

All soil experiments were performed in triplicates, and the
esults are presented as mean ± standard deviation, SD. Statistical
nalysis was performed with MINITAB 15 for WINDOWS (Minitab
nc., USA).

A general linear model (GLM) multivariate analysis was used to
est for effects of experimental solutions (EDDS, MGDA, and citrate)
or the different soils (A, B, and C) on metal mobilization (Cu, Zn and
b) over time (10, 20, 30, 60 min, 24 h, and 10 d). The post hoc test
sed for multiple comparisons for observed means was Tukey’s test
t the 5% level of significance. Pair wise comparisons were made
oth between the soils (metal leaching over time between soils A,
, and C) and within each soil (metal leaching over time within soil
, B, and C, respectively) and also between batch and WTC-mixing
tudies.

. Results and discussion

All three soils contained high levels of Pb and Zn, as well as
u (A and B) and Cr and Ni (C) (Table 1). The standard deviations
three replicates) were high for some of the soil systems, partic-
larly for Pb in soil B (soil from shooting-range containing minor
articles of metallic Pb), as well as for Cu and Cr in soil C (refrac-
ory particles of alloys containing these elements, as well as Ni and
n). The presence of these particles makes the soils heterogeneous
ith respect to the loads of contaminating metals, although the soil
atrix is fairly uniform. The initial mobilization (10 min to 24 h) of

u, Pb, and Zn from the soils is illustrated in Figs. 3–5, and the total
cid leachable fraction of metals and the release of metals after
0 d are presented in Figs. 6–8. Concentrations of Cr and Ni in the

eachates from soil C were low, corresponding to releases of less
han 3 mg/kg, and are not presented. Water (control system) was
ot able to release more than 0.5% metals (after 10 d), in both the
atch experiments and WTC studies. The results from the control
ystems are therefore not further presented or discussed.

.1. Release of Cu

The release of Cu from the three soils (batch as well as WTC) is
llustrated in Fig. 3.

Less than 10% of the Cu was released from the soil with the high-
st Cu-level (B) after 10 min, but increasing to around 20% after
4 h in the EDDS and MGDA-systems, and with a similar release

n the citrate system. A larger fraction of the Cu was released by
DDS and MGDA from soil A (second highest initial Cu-load), going
rom around 20% (after 10 min) to above 40% (24 h), with the cit-
ate system 5–10% lower. The release from soil C (lowest initial
u-level) was similar, going from less than 20% (10 min) to some
0% (after 24 h) for EDDS and MGDA, the citrate giving a lower
elease. Results from the WTC-systems were similar, although a
lightly lower release after 24 h (no agitation). The copper in soil
is predominantly released in extraction step F5—labile organics

nd amorphous metal sulfide (c.f. Fig. 1), in contrast to soils B and
, which could be an explanation to the difference in leachability
etween A and the other two soils after short leaching times.
After 10 d, the releases of Cu were of the order 80% or higher
or soils B and C (EDDS and MGDA, Figs. 7 and 8) but only reach-
ng some 50% in soil A (Fig. 6). The effects of longer exposure times

ere minor in the citrate systems. However, the results after 10 d
emonstrate the opposite from the short extraction times: Higher
complexing agents MGDA, EDDS and citric acid (0.18 M, pH 7) as a function of reac-
tion times (10, 20, 30, 60 min, and 24 h (log min)). Symbols represent mean ± SD,
N = 3. Total concentration (mg kg−1) of Cu in soil A = 230 ± 9, soil B = 400 ± 75; soil
C = 84 ± 60.

leaching from soils B and C than from soil A. This illustrates the qual-
itative nature of the arbitrary definitions of leaching mechanisms
in the sequential leaching scheme [27]. There are evidently copper
species that are leachable with complexing agents from soils B and
C, but not from A, given time enough.

The release of Cu was of similar magnitude for EDDS and MGDA
during the initial phase (10 min to 24 h), but possibly higher for
EDDS than for MGDA after 10 d (for soils A and B, but not C), and
significantly higher than for the citrate systems (all soils). There
was no clear correlation with the stability constant for the Cu-
complexes (log k1 = 3.50, 18.4 and 13.88 at I = 0.1 for citric acid,
EDDS and MGDA, respectively [6,29]), except that the citrate sys-
tems generally gave the lowest release.
3.2. Release of Pb

The release of Pb from the three soils (batch as well as WTC) is
illustrated in Fig. 4.
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Fig. 4. Mobilization of Pb from soils A, B and C (mg kg−1 desorbed metal) by the
complexing agents MGDA, EDDS and citric acid (0.18 M, pH 7) as a function of reac-
tion times (10, 20, 30, 60, and 24 h (log min)). Symbols represent mean ± SD, N = 3.
Total concentration (mg kg−1) of Pb in soil A = 2370 ± 260, soil B = 2520 ± 1036; soil
C = 480 ± 27.
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explanation to the low release, particularly in soil B, which holds
a significant load of Zn that cannot represent natural background
but must be an external contamination. The fraction represented
by leaching step 6 (residual; Fig. 1) is, however, significant, par-

Fig. 5. Mobilization of Zn from soils A, B and C (mg kg−1 desorbed metal) by the
complexing agents MGDA, EDDS and citric acid (0.18 M, pH 7) as a function of reac-
tion times (10, 20, 30, 60 min, and 24 h (log min)). Symbols represent mean ± SD,
Above 30% and around 20% of the Pb was released from soils
and B, respectively, with the highest initial loads, by EDDS

nd MGDA after 10 min. The release increased to 50% and 40%,
espectively, after 24 h. The releases from the citrate systems were
ignificantly lower, just as for Cu. The release from the soil with the
owest initial load (C) was lower at the start (10% after 10 min) but
ncreasing to some 40% after 24 h. Results from the WTC-systems

ere similar.
After 10 d, the release of Pb was almost quantitative from soil

(Fig. 7) and above 80% for soil C (EDDS and MGDA, Fig. 8) but
nly some 50% from soil A (Fig. 6). There is no evident explanation
o this difference between the soils from the sequential leaching
esults (Fig. 1).

Just as for Cu, the release of Pb was of similar magnitude for
DDS and MGDA during the initial phase, but also after long time
10 d). The stability constants are similar for EDDS and MGDA, but

ower for citrate (log k1 = 4.08, 12.7 and 12.1 at I = 0.1 for citric acid,
DDS and MGDA, respectively [6,29]).
s Materials 173 (2010) 697–704 701

3.3. Release of Zn

The release of Zn from the three soils (batch as well as WTC) is
illustrated in Fig. 5.

Less than 5% of the Zn was released from the soil with the highest
Zn-level (B) after 10 min, but increasing to around 10% after 24 h in
the EDDS and MGDA-systems, and lower in the citrate system. The
release from soils A and C by EDDS and MGDA was similar, less
than 5% after 10 min and increasing to maximum 10% after 24 h.
Results from the WTC-systems were similar, although a slightly
higher release after 24 h for soils A and B.

After 10 d, the release of Zn was only some 35% for soils B (Fig. 7)
and C (Fig. 8) with EDDS or MGDA (up to 50% in the WTC-system
soil B) and less than 10% in soil A (Fig. 6). The effect of longer expo-
sure time was minor in the citrate systems. There is no evident
N = 3. Total concentration (mg kg−1) of Zn in soil A = 200 ± 5, soil B = 720 ± 270; soil
C = 170 ± 80.
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Fig. 6. Total acid leachable fraction (microwave digestion) and mobilization of Cu,
P
c
N

t
c
a
P

3

a
s
e
b
o
i
r
f
t
A

remediation level. A reduction of the Cu concentration close to or
b, and Zn from soil A (mg kg−1 desorbed metal) after 10 d of leaching with 0.18 M
helating agent at pH 7 (EDDS, MGDA and citric acid). Bars represent mean ± SD,
= 3.

icularly for soil C (presence of insoluble metal alloys). Stability
onstants (log k1 = 4.86, 13.4 and 10.98 at I = 0.1 for citric acid, EDDS
nd MGDA, respectively [6,29]), are of the same magnitude as for
b.

.4. Release of Fe, Al and Cr

The release of Fe, Al and Cr from the three soils (batch as well
s WTC), was less than 0.2% of the total inventory after 24 h in all
ystems and below 1% after 10 d (soils B and C). In soil A, how-
ver, as much as 10% of the total Fe was solubilized, which could
e an indication of the presence of an oxy-hydroxy phase or some
ther leachable iron species. The sequential leaching, Fig. 1, rather
ndicates that Fe, as well as Al and Cr, predominantly appear in the

esidual fraction. However, fractions F4 and F5 are somewhat larger
or soil A than for the other two soils, which possibly would confirm
he presence of a fraction that can be leached after long time in soil
, but not in B and C.
Fig. 7. Total acid leachable fraction (microwave digestion) and mobilization of Cu,
Pb, and Zn from soil B (mg kg−1 desorbed metal) after 10 d of leaching with 0.18 M
chelating agent at pH 7 (EDDS, MGDA and citric acid). Bars represent mean ± SD,
N = 3.

3.5. Remediation success in relation to remediation goals

EDDS and MGDA were both efficient in releasing Cu and Pb
from all three soils at the level 10–20% after 10 min in the agitated
batch systems and increasing to 40–50% after 24 h. The removal was
50–100% after 10 d except for one soil where Cu might be bound as
very stable organic species, and Pb was not leachable to the same
extent as in the other soils. Citric acid was less efficient, particu-
larly for Pb. The release of Zn was clearly below 5% after 10 min,
and still below 10% after 24 h, with maximum release levels of 35%
after 10 d. Evidently, a considerable fraction of Zn is present as a
strongly adsorbed species (or as a sparingly soluble refractory com-
pound). Major constituents such as Fe and Al were not released, not
even after 10 d, with the exception of soil A, where some Fe may be
present as an oxy-hydroxide.

Soil C already had an initial Cu concentration below the desired
below the MKM-value was achieved with MGDA and EDDS in soils
A and B, but not with citric acid for soil B. A reduction of the Pb-
level close to or below the MKM-value was also achieved for soils
B and C, but not A. Reduction of Zn-levels to close to or below MKM
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Fig. 8. Total acid leachable fraction (microwave digestion) and mobilization of Cu,
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If artificial complexing agents like EDDS and MGDA are used in
b, and Zn from soil C (mg kg−1 desorbed metal) after 10 d of leaching with 0.18 M
helating agent at pH 7 (EDDS, MGDA and citric acid). Bars represent mean ± SD,
= 3.

as achieved for soil B, with the highest initial loads, the other soils
aving initial loads below MKM.

Metal release after long contact time could reflect not only
esorption of secondary metals but also dissolution of the soil.
owever, this is probably not an important mechanism under the
resent conditions (neutral pH); the maximum release of metals
y the complexing agents does not exceed the total acid leachable
raction, Figs. 6–8.

In the WTC-system (10 kg-scale), the soil particles were exposed
o a flush of droplets, however only for a short period of time (mat-
er of seconds, less than 1 min), followed by a passive exposure
o the leachant without agitation. The results in terms of release
apacities were in most systems similar to the results from the
atch systems, with agitation. Nonetheless, the metal release (Cu,
b) from the WTC-systems from soil B, was slightly lower than

rom the batch experiments (continuous agitation for 10 d) and
onversely, for soil A, the WTC-systems were slightly more effi-
ient. Soil A contained a visible oily organic fraction that evidently
as suspended during the intense leachate flushing in the WTC-
s Materials 173 (2010) 697–704 703

system. This was not observed in the batches despite continuous
agitation.

Converting the measured metal concentrations (mg kg−1) in the
leaching solutions into a kinetic unit (mg kg−1 min−1, not shown),
results in extraction rates of metals that are continuously decreas-
ing over time. This indicates that the remediation might arrive
at the desired clean-up goal faster if the soil washing had been
performed in multiple steps over a shorter period of time. Previ-
ous studies with chelator-assisted metal remediation with EDDS
[30,31] have indicated that a multiple step treatment with stoi-
chiometric chelator additions would be more efficient in releasing
metals than a single-step treatment with higher chelator concen-
trations Other studies have, however, shown that this is not always
feasible [32,33]. These investigations compared multiple step in situ
soil washing (10 mM EDDS added for each step) with ex situ single-
step soil washing (40 mM EDDS), were the latter was more efficient
in removing Pb from the soil. The explanation to the lower extrac-
tion efficiency of the 2nd to 4th cycles in the in situ experiments
was that the repacking of the soil into the columns reduced the
soil volume, structure and porosity, which were most likely vitally
important for the Pb extraction efficiency. This should not be a
problem in an ex situ soil washing. Therefore, the metal extractions
might still be more efficient in using multiple extraction steps.

4. Conclusions

Substantial reductions of the metal loads were achieved for all
soils (almost quantitative for soil C, after 10 d), which are good
results considering the fact that all soils were the residues after
conventional soil washing that had already removed the mobile
metal fractions. Citric acid was, however, not as efficient as the
amino polycarboxylic acids.

Leaching times of 10 min and contact times of 1 h can be
achieved in a full-scale technical process, and possibly an expo-
sure of the soil to the leachant during 24 h, but hardly 10 d. The
WTC-results are therefore of interest, since the contact times were
short (less than a minute), but the metal release still comparable
to what was achieved under continuous agitation. Evidently, the
spray of solution through the soil will open new surfaces of the soil
particles, as well as creating smaller particles due to the physical
impact of liquid droplets under high pressure.

The study has demonstrated that the amino polycarboxylic acids
perform well after long leaching times and that the short contact
time in the WTC-equipment is as efficient as the longer leaching
times batch-wise. However, it is simply not possible, and it was not
the principal aim of the study, to explain the detailed mechanisms
on a molecular level behind the observed metal releases, based
solely on measured leaching results. It is probably not possible even
with sophisticated analytical methods, considering that the soils
are heterogeneous and that the secondary metals have entirely
different origin and are present in different chemical states. It is,
however, demonstrated that a pre-treatment (or post-treatment)
where a leachant containing a strong complexing agent is in con-
tact with the soil for a sufficient time (days) could be effective for
the removal of metals that otherwise remain in the soil after con-
ventional soil washing (without additives). The time required for
removal of the metals are, in the present cases, too long (days) for
a technical procedure unless a two-step sequence is developed: A
pre-wash with complexing agents followed by soil-wash (removal
of water plus the fine-fraction) or the reversed order, soil-wash
followed by extended leaching.
technical scale it is probably necessary to recover, regenerate and
reuse them, considering the economy of a full-scale process, which
requires large quantities of quite expensive synthetic chemicals.
Two aspects will be studied in the continuation of this project:
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heavy metal phytoextraction: metal accumulation, leaching and toxicity, Plant
Soil 235 (2001) 105–114.

[6] S. Tandy, K. Bossart, R. Mueller, J. Ritschel, L. Hauser, R. Schulin, B. Nowack,
Extraction of heavy metals from soils using biodegradable chelating agents,
Environ. Sci. Technol. 38 (2004) 937–944.

[7] B. Nowack, Critical review: environmental chemistry of aminopolycarboxylate
chelating agents, Environ. Sci. Technol. 36 (2002) 4009–4016.

[8] B. Sun, F.J. Zhao, E. Lombi, S.P. McGrath, Leaching of heavy metals from con-
taminated soils using EDTA, Environ. Pollut. 113 (2001) 111–120.

[9] B.E. Reed, P.C. Carriere, R. Moore, Flushing of a Pb(II) contaminated soil using
HCl, EDTA, and CaCl2, J. Environ. Eng. 122 (1996) 48–50.

10] L. Di Palma, P. Ferrantelli, Copper leaching from a sandy soil: mechanism and
parameters affecting EDTA extraction, J. Hazard. Mater. B122 (2005) 85–90.

11] D.M. Heil, Z. Samani, A.T. Hanson, B. Rudd, Remediation of lead contaminated
soil by EDTA I: batch and column studies, Water, Air, Soil Pollut. 113 (1999)
77–95.

12] Z. Samani, S. Hu, A.T. Hanson, D.M. Heil, Remediation of lead contaminated
soil by column extraction with EDTA II: modelling, Water, Air, Soil Pollut. 102

(1998) 221–238.

13] I.M.C. Lo, X.Y. Yang, EDTA extraction of heavy metals from different soil frac-
tions and synthetic soils, Water, Air, Soil Pollut. 109 (1999) 219–236.

14] T.P. Knepper, Synthetic chelating agents and compounds exhibiting complex-
ing properties in the aquatic environment, Trends Anal. Chem. 22 (2003)
708–724.

[

[

s Materials 173 (2010) 697–704

15] A. Sahuquillo, A. Rogol, G. Rauret, Comparison of leaching tests for the study of
trace metals remobilisation in soils and sediments, J. Environ. Monit. 4 (2002)
1003–1009.

16] D. Naghipoor Khalkhaliam, A.R. Mesdaghinia, A.H. Mahvi, J. Nouri, F. Vaezi, An
experimental study of heavy metal extraction, using various concentration of
EDTA in a sandy loam, Pak. J. Biol. Sci. 9 (2006) 837–842.

17] M. Bucheli-Witschel, T. Egli, Environmental fate and microbial degradation of
aminopolycarboxylic acids, FEMS Microbiol. Rev. 25 (2001) 69–106.

18] L. Hauser, S. Tandy, R. Schulin, B. Nowack, Column extraction of heavy metals
from soils using the biodegradable chelating agent EDDS, Environ. Sci. Technol.
39 (2005) 6819–6824.

19] E. Meers, F.M.G. Tack, M.G. Verloo, Degradability of ethylenediaminedisuccinic
acid (EDDS) in metal contaminated soils: implications for its use soil remedia-
tion, Chemosphere 70 (2008) 358–363.

20] S. Tandy, A. Ammann, R. Schulin, B. Nowack, Biodegradation of residual SS-
ethylenediaminedisuccinic acid (EDDS) in soil solution after soil washing,
Environ. Pollut. 142 (2006) 191–199.

21] J.S. Jaworska, D. Schowaneck, T.C.J. Feijtel, Environmental risk assessment for
trisodium[S,S]-ethylene diamine disuccinate, a biodegradable chelator used in
detergent applications, Chemosphere 38 (1999) 3597–3625.

22] P.C. Vandervivere, H. Saveyn, W. Verstraete, T.C.J. Feijtel, D.R. Schowanek,
Biodegradation of metal-[S,S]-EDDS complexes, Environ. Sci. Technol. 35
(2001) 1765–1770.

23] S. Tandy, R. Schulin, B. Nowack, Uptake of metals during chelant-assisted phy-
toextraction with EDDS related to the solubilized metal concentration, Environ.
Sci. Technol. 40 (2006) 2753–2758.

24] B. Allard, M. Karlsson, E.-L. Tullborg, S.A. Larson, Ion exchange capacities and
surface areas of some major components and common fracture filling materials
of igneous rocks, SKBF KBS Technical report 83-64, Swedish Nuclear Fuel Supply
Co., Stockholm, 1983.

25] C.P. Nathanail, R.P. Bardos, Reclamation of Contaminated Land, John Wiley &
Sons, Chichester, 2004.

26] Swedish Environmental Protection Agency (SEPA), Generella riktvärden för
förorenad mark, rapport nr 4638, Stockholm, Sweden, 2008.

27] A. Tessier, P.G.C. Campell, M. Bisson, Sequential extraction procedure for the
speciation of particulate trace metals, Anal. Chem. 51 (1979) 844–851.

28] R. Sjöberg, Description of the mixing process unit, Solventic (WTC-mixer)
patent (9800261-1 Publ. no.: 509816, 0300461-1 Publ. no.: 523235, Int. Patent
no.: PCT/SE2004/000084).

29] A.E. Martell, R.M. Smith, Critical Stability Constants Other Organic Ligands, vol.
3, Plenum Press, New York, 1977.

30] A. Polettini, R. Pomi, E. Rolle, D. Ceremigna, L. De Propris, M. Gabellini, A. Tor-
nato, A kinetic study of chelant-assisted remediation of contaminated dredged
sediment, J. Hazard. Mater. B137 (2006) 1458–1465.

31] A. Polettini, R. Pomi, E. Rolle, The effect of operating variables on chelant-
assisted remediation of contaminated dredged sediment, Chemosphere 33

(2007) 866–877.
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