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Aiming to estimate the potential risk of ethylenediaminetetraacetic acid (EDTA)-enhanced soil washing,
the heavy metal species and their mobility in the washed soil under different combinations were inves-
tigated by batch leaching tests and the sequential extraction procedure. Results demonstrate that the
metal removal efficiency was rather low (less than 12%), partially due to the significant Ca dissolution
and strong bonding between metals and the soil as well as the insufficient EDTA dosage. The washing
combination of 0.0005 M EDTA and half-an-hour washing can enhance the instant mobility of Ni, Zn and
Pb possibly owing to the slow detachment of EDTA-destabilized metals. Metal fractionation also exhibits
the corresponding increase in their labile exchangeable fractions. Therefore, a more concentrated EDTA
solution for a longer duration often decreased their mobility. The increase in some fractions of a curtain
metal implies the redistribution of this metal during the EDTA soil washing. The pathway of such a redis-
tribution may vary for different metals, but the redistribution to organic matter is often a slow process,
while that to carbonates or Fe/Mn oxides is a faster one and even may occur in a half hour washing with
0.0005 M EDTA solution. These redistribution processes may also increase the metal chemical availabil-
ity. Therefore, we should prudently control the chelating reagent concentration and washing duration
to finally minimize the mobility and availability of the remaining heavy metals when designing the soil
washing for the remediation of metal-contaminated soils.
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1. Introduction

Soil washing is an ex-situ remediation technology for separating
contaminants from the bulk soil in either or both of the following
ways: dissolving contaminants in solution by chelating agents or
acid solution, as well as concentrating contaminants into a small
volume of soil through particle size separation [1,2]. The concept
of the latter is based on the findings that most contaminants tend to
bind, either chemically or physically, to clay, silt, or organic soil par-
ticles [3,4]. The most extensively studied chelating agents for soil
washing were ethylenediaminetetraacetic acid (EDTA) and their
salts. They have been reported to appreciably increase the disso-
lution and mobilization of cationic heavy metals [5-10], and have
low aquatic toxicity and no bioaccumulation in living organisms
through the food chain [11]; therefore, they can function as one
of promising washing agents for metal-contaminated sites. How-
ever, a significant part of heavy metals usually remains at the aged
sites after EDTA-enhanced soil washing, especially if the soils are
rich in organic matter or clays, inasmuch as these soil solid phases
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often have a strong affinity with the target heavy metals [12-16]. If
these residual heavy metals are present in chemically stable min-
eral forms or bound to non-labile soil fractions, they are less mobile
and bioavailable, and hence less toxic. In fact, heavy metal mobility
and bioavailability are increasingly used to symphonize the suc-
cess of soil remediation instead of the total metal content [17].
However, the mobility and bioavailability of these heavy metals
in the washed soils have been often neglected in most research on
soil washing, although EDTA has also been proven to effectively
increase the availability of heavy metals in the soil phrase, when
being used to enhance the phyto-extraction efficiency of poten-
tial metal-accumulators [18-20]. In fact, the enhanced mobility
of heavy metals, and the resulting eutrophication and nutrient
deficiency have been suggested as the main concern about EDTA
application by the technical meetings of European Union Member
State Representatives [11].

As reported in the previous studies [21-23], EDTA can enhance
the metal mobilization by two mechanisms: a fast thermodynam-
ically favorable complexation between some cationic metals and
EDTA, as well as a slow EDTA-promoted dissolution. The former
can directly break down some weak bonds between metals and
soils, while the latter can indirectly mobilize metals that are bound
to oxides and organic matter through partially disrupting the soil
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Table 1
Characteristics of the studied soil.
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Soil properties Value Characterization method Equipment for characterization
pH 5.50 Method 9045 in USEPA SW-846 320 pH meter (Mettler Toledo, Switzerland)
Density (g cm—3) 1.06 - -
Organic matter content (mass%) 5.98 Heating the dried samples at 350°C for 5h -
Particle size distribution (vol%)

Sand (>50 pm) 34.11 Directly scanning on OMEC LS-POP(III) Laser

Silt (<50 wm, >2 pm) 59.16 the soil solution (1:10) particle size analyzer

Clay (<2 wm) 6.73 (OMEC, China)
Metal contents (mgkg1)

Cu 798 +77 HCI-HF-HClO4-HNO3 Optima 3000XL

Ni 1933 +130 acid digestion, followed Inductively coupled

Zn 13565 +975 by Method 6010C of plasma-atomic

Cr 3912+170 USEPA SW-846 emission spectrometer

Pb 976 £ 68 (PerkinElmer, USA)

structure. In aged contaminated sites, the majority of the metal
species are bound to oxides or organic matter, EDTA-promoted dis-
solution can play a substantial role in the overall metal removal
under the chelator adequacy [24]. EDTA-promoted dissolution
itself also includes two steps: a fast adsorption of free or com-
plexed EDTA onto specific surface sites via surface complexation,
which can destabilize the metal-oxygen bonds in mineral struc-
ture, followed by a rate-limiting metal detachment from the oxide
structure. Therefore, the kinetic metal detachment may potentially
increase the mobility of EDTA-destabilized metals in the washed
soil. In fact, a few studies addressed this issue, and found that the
metals in the washed soils became more weakly adsorbed or labile
[25,26]. Some research found that the mobility of some residual
heavy metals, i.e., Pb, increased after seven days’ abiotic aging [27].
Therefore, the magnitude of metal mobility could cause new prob-
lems for water resources, as metal contaminants could migrate
from the soil to groundwater.

In addition, a high concentration of EDTA solution was found to
dissolve indigenous oxides, carbonates and organic matter, and to
appreciably alter both the physical structure and chemical proper-
ties of soils; nevertheless, the diluted EDTA solution has a priority to
release the labile metal fractions with a minimal damage on the soil
structure [23]. Therefore, the washing with a diluted EDTA solution
may effectively reduce the risk of metal movement since the con-
tribution of EDTA-promoted dissolution is very limited, although
a substantial part of the metals may remain in the washed soils,
especially at the heavily contaminated sites. However, a too diluted
EDTA solution is always unable to release the majority of the labile
fractions of metals, which is the source of the metal mobility in
the washed soil. So, there is no doubt that further research, such
as metal mobility and species influenced by washing duration and
EDTA concentration, is required to avoid chelator-induced metal
movement into groundwater.

Therefore, the objective of this study is to investigate the influ-
ences of contact period and EDTA concentration on the metal
mobility and species in the soil remedied by EDTA-enhanced soil
washing.

2. Materials and methods

The studied soil was collected from the upper soil layer
0.5-1.0 m below the ground surface in a demolished electroplat-
ing plant site located in the North of Guangzhou City, China. The
collected soil was ground, uniformed and air-dried at 20°C, and
sieved by a 60-mesh laboratory test sieve. In fact, in our running
pilot EDTA-enhanced soil washing, the sand fraction of the soil
(more than 60 meshes, about 86 mass%) could be separated by the
sharking sieve and grit chamber, and thus directly disposed to the
site even after being washed by the diluted 0.0005M EDTA solu-

tion, since the concentrations of the metals residual in the sand
fraction can satisfy the regulatory authorities [28]. However, most
metals are still bound to the fine silt and clay fractions, which only
account for only 14 mass¥%, so their species and mobility need spe-
cific attention, since they often decide whether the further disposal
technology is required, as well as the selection and performance of
the further disposal technology. Therefore, the fine fraction was
employed for this study. This fraction was characterized, and its
main properties, as well as the characterization methods and equip-
ment are summarized in Table 1. It was slightly acidic with a high
level of organic matter, and the major heavy metals of concern in
this soil were copper (Cu), nickel (Ni), chromium (Cr) and lead (Pb),
especially zinc (Zn) whose concentration was very high.

To probe the influence of contact time and/or EDTA concen-
tration on metal mobility in the EDTA-washed soil, every 1.0 g of
the soil was mixed with 20 mL EDTA solution of different con-
centrations (0.005M, 0.001 M, or 0.0005 M) in 100-mL glass bottle
by a rotary shaker of 200 4+ 5 rpm for different washing durations
(0.5h, 1.0 h, or 2.0h). The detailed operating parameters are listed
in Table 2. Then the washing solution and the soil were separated
by centrifuging at 5000 rpm for 10 min, and heavy metals of con-
cern (Cu, Ni, Zn, Cr and Pb) and soil component elements (Ca, Fe,
Mg, Al and Mn) in the supernatant were measured by Optima
3000XL inductively coupled plasma-atomic emission spectrome-
ter (PerkinElmer, USA), based on Method 6010C of USEPA SW-846
[29]. The residue was flushed with deionized water to completely
remove the dissociated metals and EDTA. The metal mobility in
this residue was then determined by batch leaching tests, where
this residual soil was mixed with 10-mL sulfuric acid-nitric acid
solution (2:1 ratio, pH 3.20+0.05) at 20+2°C for 18+2h on a
rotary shaker at about 200+ 5rpm, then the extract was sepa-
rated from the soil by filtration with 0.6-0.8 micrometer filter
membrane, and then acidified with 10% HNO3 to pH less than
2 to avoid precipitation and stored in refrigerant (less than 4°C)
for heavy metal determination. In order to further investigate the
heavy metal species affected by washing combinations during the

Table 2
Washing combinations of EDTA-enhanced soil washing.

Index Washing time (h) EDTA concentration (M)
Exp. 1 0.5 0.0005

Exp. 2 0.5 0.001

Exp. 3 0.5 0.005

Exp. 4 1.0 0.0005

Exp. 5 1.0 0.001

Exp. 6 1.0 0.005

Exp. 7 2.0 0.0005

Exp. 8 2.0 0.001

Exp. 9 2.0 0.005
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Table 3
Sequential extraction for metal fractionation [30].

Index Metal fractionation Extraction agents Extraction conditions
S1 Exchangeable 1M MgCly, pH 7 1 h, room temperature
S2 Weakly complexed and bound to carbonates 1M CH3COONa, pH 5 5 h, room temperature
S3 Bound to Fe/Mn oxides of low crystallinity 0.04 M NH,OH-HCl in 25% (v/v) CH,COOH 6h,96°C

S4 Bound to organic matter and sulfides 30% H,0, + HNO3 (pH 2), 3.2 M CH3CO,NHy4 in 20% (v/v) HNO3 5h,85°C

S4 Residual Concentrated HCl, HF, HCIO4, HNO3 6h,190°C

EDTA-enhanced soil washing, the metal species in the soil washed
by Exp. 1, Exp. 3, Exp. 7 and Exp. 9 were fractionated by the tra-
ditional sequential extraction scheme [30] (the detailed extraction
reagents and operating conditions are listed in Table 3). All these
experiments were performed in at least triplicate.

3. Results and discussion
3.1. Heavy metal removal by EDTA washing

Fig. 1 shows the removal efficiencies of Cu, Ni, Zn, Cr and Pb
under the different combinations. As a whole, the removal efficien-
cies of these metals, especially Pb and Ni, all seemed very low,
even when washing with the highest 0.005M EDTA. In fact, Pb
and Ni were often considered as less extractable metals in soils in
the previous studies [31]. One potential reason was that the added
EDTA was much less than the stoichiometric requirement for 1:1
metal-EDTA complex, which was about 0.02 M EDTA at this ratio
of washing solution to soil (20:1). Moreover, the strong bonding
between these metals and soil particles, which are rich in clay min-
erals and organic matter in this aged site, also can result in such a
low metal removal. The issue on metal fractions in the soil will be
subsequently discussed in detail.

As shown in Fig. 1, a longer contact time and/or a more concen-
trated EDTA solution often induced higher metal (i.e., Cu, Ni, Zn and
Pb) removal efficiencies, while the Cr removal seemed less depen-
dent on these washing combinations. As widely known, EDTA can
enhance the metal mobilization through the formation of stable and
soluble metal-EDTA complexes and/or the EDTA-promoted metal
dissolution [23]. In general, EDTA complexation is the dominant
mechanism for most cationic metal removal, and this process often
depends on EDTA concentrations, especially when the concentra-
tions are less than the stoichiometric requirement [7]. However,
EDTA-promoted dissolution also often makes a substantial contri-
bution to the metal release from the aged contaminated soil, where
most metals are bound to oxides and organic matter. The EDTA-
promoted dissolution is a kinetic process, and the contact time
thus often plays an important role herein. However, the results in
Fig. 1 show that the increase of contact time from half-an-hour
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Fig. 1. Metal removal among different washing combinations (the operating con-
ditions of Exps. 1-9 are listed in Table 2).

to an hour, even 2 h, caused a very subtle increment in the metal
removal efficiencies, much less than those with the EDTA concen-
tration increase. It infers that the contribution of EDTA-promoted
dissolution to the cationic metal release was very limited among
the studied combinations. Many previous studies also confirmed
it, and found that at the low ratio of chelator to metals, just like
herein, the mineral dissolution was insignificant [24,32].

As shown in Fig. 1, the Cr removal was independent of the EDTA
concentrations and washing durations. As introduced above, an
electroplating plant was previously located in this site, and anionic
Cr(VI) as the form of chromate used to be massively applied there.
The Cr(VI) is of high mobility and toxicity, but is readily reduced
to cationic species of Cr(Ill) by organic matter and divalent irons.
Therefore, Cr exists in soils as the species of either hexavalent
chromium [Cr(VI)] or trivalent chromium [Cr(IIl)] [33]. The Cr(VI)
in soils exists as the insoluble precipitates such as ZnCrQO4 in the
presence of other cationic heavy metals, or adsorbed as inner-
sphere complex on the surface of hydrous oxides, or is generally
slightly adsorbed to amorphous ferric hydroxides or clay minerals
[34]. The former two forms of Cr species will be mobilized if the
cationic metal (i.e., Zn herein) or the adsorbed hydrous oxides is
released or dissolved by EDTA solution, so their mobilization often
depends on EDTA concentrations. The latter is weakly bound, and
it inasmuch can be easily released even through the quick elec-
trostatic exchange with some anions [33]. The Cr(III) species exist
as co-precipitates with ferric hydrous oxides (i.e., CryFe;_x(OH)3)
or phosphates or trivalent oxide that both have low mobility and
bioavailability in soils [35]. Like the above-mentioned cationic
metals, Cr(Ill) can be removed by EDTA solution mainly through
the formation of Cr(III)-EDTA complex or the dissolution of ferric
hydroxides, both of which generally relies on EDTA concentrations.
Therefore, the independence of Cr removal on the washing combi-
nations, as shown in Fig. 1, hints that the removed Cr may be mainly
from the hexavalent species slightly adsorbed by amorphous ferric
hydroxides or clay minerals.

3.2. Soil dissolution during EDTA washing

However, as reported in many previous studies, EDTA is a
nonspecific chelating agent and the major componential cations
in soils such as iron (Fe), cadmium (Ca), magnesium (Mg), alu-
minum (Al), and manganese (Mn) are also often extracted during
EDTA-enhanced soil washing, facilitating soil structures destroyed
or changed [23,36]. Table 4 lists the concentrations of these ele-
ments in the solution after washing. These results show that
the most significant soil componential element released during
EDTA-enhanced soil washing was Ca, while other componential
elements (i.e.,, Fe, Mg, Al, and Mn) were less substantial. The
similar phenomenon was observed by other researchers [37-39],
who also observed the tremendous amount of Ca dissolution in
calcareous soils. Whereas, the conditional stability constant of
Ca-EDTA (Kca_gpTa = 10%! at pH 5) is much less than that of the tar-
get metal-EDTA complexes (i.e., Kcy-gpra = 10122, Kyi_gpra = 10129,
Kzn_gpra=10%2, Kpp_gpra =10114 at pH 5) as well as Fe-EDTA
(KFe—EDTA =101479 at pH 5.0) and AI-EDTA (KAI—EDTA =109 at pH
5) [40], so the great Ca dissolution cannot result from the ther-
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Table 4

Soil dissolution during EDTA washing.
Index Concentration of soil componential elements in washing solution (mmol kg~")

Fe Ca Mg Al Mn

Exp. 1 0.072 + 0.004 838+ 1.6 0.946 + 0.216 0.176 + 0.065 0.009 + 0.005
Exp. 2 0.054 + 0.013 101.8 £ 7.2 0.987 + 0.031 0.102 + 0.028 0.023 + 0.005
Exp. 3 0.354 £+ 0.022 181.5 £ 8.0 2.355 + 0.257 1.130 £ 0.102 0.146 + 0.018
Exp. 4 0.076 £+ 0.013 80.7 £ 0.6 0.967 + 0.093 0.111 £ 0.000 0.009 £ 0.000
Exp. 5 0.094 + 0.009 90.9 + 6.2 1.121 £ 0.123 0.250 + 0.028 0.023 + 0.005
Exp. 6 0.358 + 0.067 182.5 £ 17.2 2.293 + 0.062 0.574 + 0.158 0.141 £ 0.000
Exp. 7 0.076 £ 0.036 782 £ 1.7 1.100 £ 0.216 0.130 £+ 0.019 0.014 £ 0.005
Exp. 8 0.076 + 0.040 83.7 +£18.2 1.265 + 0.226 0.111 + 0.009 0.027 + 0.005
Exp. 9 0.372 £+ 0.076 1643 £5.3 2.602 + 0.535 1.038 £ 0.510 0.168 + 0.027

modynamically favorable complexation between Ca and EDTA. It
is likely ascribed to the proton-promoted dissolution of Ca (pH
4.7-5.2 for 0.005-0.0005M EDTA solution) as well as the cation
exchange between Ca%* and Na* in the solution [41]. The great
amount of dissolved Ca then can quickly complex with the free
EDTA to form Ca-EDTA, and significantly diminish the EDTA extrac-
tion effectiveness of target metals as shown in Fig. 1, likely due to
the kinetic metal exchange reaction between the Ca-EDTA and the
sorbed target metals on the soils [21,23,38,39]. The low levels of
Al, and Mn and Fe in the solution also revealed the limited contri-
bution of EDTA-promoted dissolution to the overall metal removal,
since EDTA-promoted dissolution often considerably increases the
Al, Mn and Fe release from the soil [23]. During the soil wash-
ing, the pH of the mixture solution, initially ranged between 4.9
and 5.3, marginally increased to 5.4-5.6 after a 2-h washing.
Although the increase in pH during soil washing has often been
reported in the previous studies [15,23], such a subtle increase
in pH also indicates the limited kinetic reaction between EDTA
solution and some soil componential metals, such as Al and Fe,
since the dissolution of these oxides always consumes a bulk of
H* in the solution. Moreover, as shown in Table 1, a higher con-
centration of EDTA solution (Exps. 1-3, or 4-6, or 7-9) always
was accompanied with more soil componential elements released
in the solution, suggesting that the extent of soil dissolution is
dependent on EDTA concentration. This also supports that the soil
dissolution is a result of EDTA-promoted dissolution. Nevertheless,
their increment with a longer washing duration was not substan-
tial, and a longer time of washing even slightly decreased the Ca
concentration in washing solution. It has been reported that the
Ca-EDTA complexes itself can mediate Fe and Al dissolution and
this reaction has slower kinetics [21,23]. Consequently, Ca was
re-adsorbed on the soil particles at a longer contact time [41],

Table 5
Metal mobility from the washed soil and unwashed soil.

while Fe and Al concentrations in the washing solution slightly
increased.

3.3. Heavy metal mobility in the washed soil

In order to investigate the heavy metal mobility affected by
EDTA washing, the batch leaching test with H,SO4-HNO3 (pH 3.2)
solution was conducted on the washed soils and the unwashed
soil. Moreover, inasmuch as the toxicity of different metals always
varies, we normalize the individual metal contents in the extracts
by comprehensively considering their individual toxicity. We
defined a mobility index (MI) with Eq. (1), similar to the widely
used Hakanson ecological risk index [42], aiming to estimate the
overall metal mobility as well as the resulting potential harmful
effect on the washed soils.

5
M;
MI_ZE, (1)
n=1

where M; is the metal concentrations in the extracts from the soil,
R; is the threshold of this metal in the soil to be identified as a
hazardous solid waste, prescribed by Chinese Ministry of Environ-
mental Protection (CMEP) [43].

According to the above definition, a greater MI value implies a
greater potential harmful effect associated with the metal mobility
in the washed soil, and a MI value less than 1 hints that the soils
was not identified as a hazardous metals any longer after washing.
The metal concentrations in the H,SO4-HNO3 extracts as well as
their relative MI are summarized in Table 5. The highest MI value
for the unwashed soil revealed that the EDTA-enhanced sol wash-
ing indeed reduces the metal mobility to different extents. Washing
with a more concentrated EDTA solution for a longer washing dura-

Index Metal concentrations in the HSO4~HNO3 extracts (M, mgL-!) Mobility index (MI)®
Cu Ni Zn Cr Pb

Unwashed soil 3.30+0.15 1.11+0.03 0.47 +£0.04 55.15+0.31 0.028 £0.001 3.94
Soil washed in Exp. 1 2.53+0.04 2.86+0.04 206.07 +£0.54 9.56+0.26 0.431+0.035 3.38
Soil washed in Exp. 2 1.12+£0.03 0.26 £0.04 1.95+0.16 10.75+0.24 0.036+£0.013 0.81
Soil washed in Exp. 3 0.74+0.07 0.18+£0.03 5.90+0.31 10.16 +£0.51 0.058 £0.004 0.79
Soil washed in Exp. 4 1.20+£0.07 0.31+0.04 2.19+0.20 9.58+0.15 0.053 +0.024 0.75
Soil washed in Exp. 5 1.05+0.13 0.25+0.02 2414048 9.37+0.12 0.046 £0.011 0.72
Soil washed in Exp. 6 0.46 +0.08 0.16 £0.02 4.38 £0.41 9.06+0.12 0.043£0.010 0.69
Soil washed in Exp. 7 0.98+0.08 0.25+0.02 1.98+0.14 7.71+0.12 0.046 +0.010 0.60
Soil washed in Exp. 8 0.85+0.05 0.23+0.03 2214030 8.02+0.14 0.043 +£0.017 0.62
Soil washed in Exp. 9 0.54+0.01 0.18+£0.01 2.69+0.41 5.38+0.6 0.035+£0.002 0.43
Reference (R)? 100 5 100 15 5 -

2 The metal threshold in the soil to be identified as a hazardous waste, prescribed by CMEP.
b Calculated based on MI = E A,f—:

n=1,
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tion often decreased the overall metal mobility in the washed soil,
especially when EDTA concentration increased from 0.0005M to
0.001 M for a half-an-hour washing. The residual concentrations
were above the limits set by regulatory authorities [28]; the leach-
able metals, however, were efficiently removed and treated soils
were all acceptable in terms of leaching toxicity, since all the MI
values in the washed soils were less than 1, except in Exp. 1.

However, the different properties of metals as well as their var-
ious release mechanisms result in the diversity of their mobility
from the washed soils. As shown in Table 5, the Zn extracted from
the unwashed soil was very low (0.47 mgL-! in the extract solu-
tion), but that from the soil washed by Exp. 1 was unexpectedly
high (206 mgL~1). The similar trend was also observed on Pb and
Ni extracted. As reported in the previous studies, EDTA-induced
metal dissolution includes two steps: a fast adsorption of free or
complexed EDTA onto specific surface sites via surface complex-
ation, which can destabilize the metal-oxygen bonds in mineral
structure, followed by a rate-limiting metal detachment from the
oxide structure [21-23]. The metal mobility in the washed soil is
decided on the difference between the destabilized metals and the
detached ones during the EDTA washing. If the destabilized metals
are more than the detached ones, the metal mobility will increase,
because the 18-h hydrogen-promoted dissolution (pH 3.2) always
prefers to extract these destabilized but undetached metals in the
batch leaching test. The metal destabilization only depends on the
EDTA concentration, while the metal detachment is often relevant
with washing durations, as well as the strength of metal-oxygen
bonds and metal-EDTA complexes. High mobility of Zn, Pb and Niin
the soil washing in Exp. 1 is likely because a portion of these EDTA-
destabilized metals via surface complexation are not yet detached
owing to too short washing time and too diluted EDTA solution.

In addition, more Zn was extracted in the batch leaching test
from the soil that was washed in advance with a more concen-
trated EDTA solution for 1h or 2 h; nevertheless, similarly higher
EDTA concentrations contrarily decreased the level of Cr, Cu and Ni
exacted. Comprehensively comparing the mobility of these metals
among different combinations, we can infer that a 2-h washing may
be not adequate to completely detach all the destabilized Zn, and
the Zn detachment process may be slower than Cu, Cr and Ni. This
inference is consistent with the previous finding [44], which found
that Cuwas released earlier than Zn in the column flushing. In addi-
tion, the kinetic metal exchange between Ca-EDTA and adsorbed
Zn (reaction rate constant is about 1100 M~1s-1 [21]) as well as
the redistribution of Zn [24,32] in the washed soils may also be the
reasons for such an increase in the Zn mobility.

3.4. Metal species changed by EDTA washing combinations

The metals in the soils washed by Exp. 1, Exp. 3, Exp. 7 and Exp. 9
as well as the unwashed soil were fractionated by sequential extrac-
tion procedure to further investigate the metal fractions affected by
EDTA concentrations and washing duration during EDTA-enhanced
soil washing. The results are presented in Fig. 2, and the percent-
ages herein were calculated based on the individual metal contents
in the unwashed soil. As shown in Fig. 2, the exchangeable fractions
(S1) of all heavy metals of interest, especially Pb, Zn and Ni, were of
little significance in the unwashed soil. Since this soil was collected
from a 10-year industrial waste site, most weakly bound exchange-
able metals had been leached or immigrated, or transformed by
weathering. More important, the sand fraction had been separated
from the bulk soil, and the remaining fraction was rich in clay min-
erals and organic matter, which always prefers to form relatively
strong bonds with metals after 10-year aging. The low level of met-
als in S1 also was an important reason for the lower metal removal
efficiencies by EDTA-enhanced soil washing.
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Fig. 3. Linear relationship between the exchangeable metal fraction (S1) and that
extracted in the batch leaching tests.

However, the main metal fractions were found to vary in differ-
ent metals, implying the different mechanisms for metal retention
in soils and metal removal by EDTA. The Cu in the unwashed soil
was dominantly in the most stable fraction-residual fraction (S5),
followed by the fractions bound to Fe/Mn oxides of low crystallinity
(S3), the fractions bound to organic matter and sulfides (S4), and
fractions bound to carbonates (S2), and S1 was negligible. Ni in the
unwashed soil was primarily bound to S3, and Pb was bound to S3
and S5.

Most Zn in the unwashed soil was in the S2 and S3 fractions.
Because this soil had a high Zn loading, the contribution of strong
bonds (S4 and S5) was diluted by the weak bonds (S2 and S3), and
thus weakened the average bonding between Zn and soil parti-
cles. The higher Zn removal efficiencies than Pb and Ni also was
likely attributable to it, although Pb—EDTA and Ni-EDTA complexes
are more stable than Zn-EDTA. Fig. 2 also shows that Zn in the
S2 fraction was substantially reduced by EDTA washing, especially
at a high EDTA concentration. This decrement in S2 approached
or exceeded over the overall Zn removal, implying that the Zn
removed primarily originated from S2.

Among these metals in the unwashed soil, Cr showed the great-
est percentage of S1(5.7%) in the unwashed soil, so Cr demonstrated
the highest mobility in the leaching test from the unwashed soil.
The major Cr fraction in the unwashed soil was S3, because Cr(VI)
can be easily reduced with Fe(II) and soil organic matter [45,46],
the resulting Cr(III) as the most mimetic of Fe often form the stable
mixed a(Fe, Cr)OOH (goethite structure) due to their similar ionic
radii [47]. Fig. 2 also shows that this fraction could be removed by
washing with 0.005 M EDTA, and some Fe was accordingly released
into solution (Table 4), as previously reported [34]. Since Fig. 2
demonstrates that the removal of Cr in S3 relies on the EDTA con-
centrations, the independence of the overall Cr removal on the
EDTA concentrations suggests that the contribution of the removal
of S3 is not crucial during the EDTA washing. It can also be corrob-
orated by the low Fe/Mn level in the washing solution, as listed in
Table 4.

Fig. 2 also showed that the change of the metal fractions differed
for various combinations of EDTA concentrations and washing
durations. The S1 fractions of Zn, Pb and Ni in the soil washed
by Exp. 1 increased on the basis of those in the unwashed soil,
hinting a substantial redistribution to S1 via the metal-EDTA-
destabilization. A higher EDTA concentration increased the S1 of
Zn after a one or 2-h washing, but decreased the S1 of other met-
als. This phenomenon is consistent with the trend of the metals
extracted in the batch leaching tests (linear correlation coefficient
Rz12=0.56, Rcy2 =0.66, R =1.00, Rpp2 =0.99, Ry;2 =0.97, as illus-
trated in Fig. 3), disclosing that the extracted metals in the leaching
tests mainly originate from the S1 fraction. Therefore, the levels

of the metal extracted in the batch leaching test just indicate the
instant metal mobility.

Similarly, a more concentrated EDTA solution (i.e., 0.005M)
often caused a greater decrement in the S2 of Cu, Ni, Pb and Zn
during EDTA washing, while a longer contact time did not substan-
tially decrease them except for Zn. Therefore, a half hour seems
adequate to remove Cu, Ni or Pb in S2 by EDTA, and the removal of
Zn in S2 may be not as fast as these metals.

The metal fractions of S2, S3 or S4 were found to increase for
some washing combinations for all heavy metals of interest, indi-
cating that the portions of these metals were redistributed during
the washing procedure: some fractions were destabilized and read-
sorbed on the carbonates, Fe/Mn oxides, or soil organic matter and
sulfides. The redistribution of Cu to S2, as well as Cu and Pb to S3,
was even observed in the combination of a diluted 0.0005 M EDTA
solution and a half hour of washing. But the redistribution to S4 only
occurred in a long contact time (i.e., 2-h washing for Pb, Zn and Ni),
and in some cases, a high EDTA concentration (i.e., 0.005 M) was
also required (such as Cu). Therefore, the metal redistribution to S4
during soil washing is inferred as a kinetic process, and the metal
redistribution to S2 or S3 is much faster.

The residual fraction of metals (S5) was expected to be very
stable and cannot generally be removed or changed. However, in
this study S5 of all the metals decreased in the soil washed in Exp.
9, where a high EDTA concentration (0.005M) and a long time of
washing (2 h) were employed. The similar finding was reported by
Lei et al., who also observed that the metal in S5 decreased during
EDTA washing [26].

As illustrated in Fig. 2, the concurrence of the decrease in S5
and the increase in S4 was observed for Cu and Ni and Cr, hint-
ing that these S5 probably was redistributed to S4, if they were
not completely detached from the soil particles. Similarly, S5 of
Zn was probably redistributed to S3, while that of Pb was proba-
bly redistributed to S2. However, these redistributions are likely
an apparent redistribution process: EDTA-enhanced soil washing
destabilizes the S5 of metals in the unwashed soil, and makes them
detachable by the attacks of the extraction agents for S2, S3 or S4
during the sequential extraction procedure; the level of S2, S3, and
S4 were therefore observed to increase. As reported by many pre-
vious studies, the determination of heavy metal fractions by the
sequential extraction procedures is only operationally defined, and
is generally considered to be more qualitative than quantitative
to provide good insight into the metal distribution and mobility
[48]. Therefore, the apparent metal redistribution obtained by the
sequential extraction procedure only reflects the increase in the
chemical availability of these metals after EDTA washing. Extensive
investigations are thus required in the future to reveal its mecha-
nism.

4. Conclusion

Currently, most studies on EDTA-enhanced soil washing focus
on the metal removal effectiveness, but in fact the mobility of met-
als still remaining in the washed soil does dominate the ecological
risk of the washed soil, as well as finally decide the success or failure
of soil washing technology. Therefore, we herein pay specific atten-
tion on the metal mobility and species in the soil already remedied
by EDTA-enhanced soil washing.

Results demonstrate that the washing combination of a diluted
0.0005M EDTA and a half hour of washing duration increased the
amounts of Cu, Ni, Zn and Pb extracted, likely because portion of
these metals were destabilized by EDTA surface complex, but had
yet not been detached from the soil structure herein. A linear corre-
lation between the metals extracted and the exchangeable fractions
indirectly corroborated this reason. However, a more concentrated



W. Zhang et al. / Journal of Hazardous Materials 173 (2010) 369-376 375

EDTA solution after a one or 2-h washing often lessens the Cu, Pb, Ni
and Cr extracted, but increase the Zn mobility from the washed soil,
hinting a much slower Zn detachment during EDTA-enhanced soil
washing. The increase of the metal fraction bound to carbonates, or
Fe/Mn oxides or organic matter during EDTA-enhanced soil wash-
ing implies the metal redistribution: the redistribution to organic
matter is often a slow process, while that to carbonates or Fe/Mn
oxides is a faster one and even occur in a half hour washing with
0.0005 M EDTA solution. This fast redistribution also may increase
the metal chemical availability. Accordingly, the concentration of
chelating agent and the washing duration are the two key factors,
and a diluted EDTA concentration with a short washing duration
often facilitates the redistribution of the remaining metals to the
exchangeable fraction as well as those bound to carbonates and
Fe/Mn oxides, and enhances the mobility and availability of these
metals in the washed soil.

Consequently, engineers should be prudent to control the EDTA
concentrations and washing duration to minimize the soil dis-
solution during washing and avoid the metal mobility problem
in the residual after soil washing remediation, when designing
the soil washing technology. Especially when the metal mobility
and availability are used to evaluate the soil washing perfor-
mance, we should comprehensively balance whether the washing
combination is capable to release the majority of the labile frac-
tions of target metals, but still unable to lead to significant
metal redistribution from the refractory fractions to the labile
ones. In addition, the mechanism of metal redistribution is still
not very clear, so further investigation is required to deepen
the understanding of the metal mobility and species affected by
EDTA-enhanced soil washing as well as to guide the soil washing
design.
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