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Removal of Lead from Contaminated Soils with Chelating Agents
Masakazu Niinae, Koudai Nishigaki* and Kenji Aoki
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The biodegradable chelating agents [S,S]-ethylenediaminedisuccinic acid (EDDS), citric acid and the low biodegradable chelating agent
ethylenediaminetetraacetic acid (EDTA) were investigated for their applicability for the removal of lead from soil by soil washing and
electrokinetic processing.
In the soil washing tests at 298 K, the removal eﬃciency of lead with EDDS and EDTA was high in the pH range from 7 to 10 and the
ability of lead removal with EDDS in this pH region is comparable to that with EDTA. Meanwhile, the removal eﬃciency of lead with citric acid
was approximately 50% at pH 4 and decreased with increasing pH. Therefore, citric acid was hardly useful. Acid contribution was predominant
for the removal of lead with EDDS and citric acid at pH 4 and the complexation between these chelating agents and lead were negligible.
In the electrokinetic tests at ambient temparature, EDTA was more eﬀective than EDDS and citric acid for lead transport through the soil
by electrokinetic processing. [doi:10.2320/matertrans.M-MRA2008825]
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Keywords: soil remediation, lead, chelating agent, ethylenediaminetetraacetic acid, [S,S]-ethylenediaminedisuccinic acid, citric acid

1.

Introduction

The contamination of soils with heavy metals is a major
environmental problem throughout the world, which may
threaten ecosystems and human health. Various heavy metal
remediation techniques have been investigated, of which the
possible ones are ex-situ soil washing and in-situ electrokinetic soil remediation. In soil washing, the excavated soil is
washed with chemical extractants in an aqueous solution. It
consists of the physical separation of the clay and silt fraction
containing the majority of the metals due to their high
speciﬁc adsorption capacity and the removal of heavy metals
using mineral acids or chelating agents. Washing with
mineral acids has been widely tested but the cost of chemicals
used for acidiﬁcation to around pH 1 and for subsequent
neutralization is usually prohibitive.1) Meanwhile, use of
chelating agents in the washing process oﬀers the advantages
of high potential extraction eﬃciencies and homogeneous
treatment of the polluted matrix. In electrokinetic soil
remediation, contaminants are removed from soil and
groundwater by action of an electrical potential applied
across electrodes embedded in the contaminated medium.2)
The primary removal mechanisms are electroosmotic advection and ionic migration. Therefore, in-situ electrokinetic soil
remediation can be used for cleaning up contaminants in
ﬁne-grained soils such as clay and silt. Since the rate of ionic
migration is proportional to the applied electric ﬁeld strength
and ion charge, ionic migration is generally more rapid
process than electroosmosis. Consequently, heavy metals
are typically removed by the ionic migration. Meanwhile,
uncharged contaminants, usually organic chemicals, have to
be removed by electroosmosis. Electrokinetic phenomena is
restricted to soluble substances in aqueous media. It is
necessary to dissolve contaminants that are adsorbed on the
soil or are present as precipitates in pore water. Pore water is
the aqueous media in the soil. The solubility of most heavy
metals is signiﬁcantly reduced at elevated pH values.
Furthermore, when impurities such as iron oxides are present
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in soil, electrokinetics alone may not be eﬀective in the
extraction of heavy metals due to the higher acid/base buﬀer
capacity.3,4) Also, the acidiﬁcation might cause dissolution
of part of the solid matrix,5) and so it is desirable to perform
the soil treatment at neutral pH.
The solubility of metals can be enhanced by adding
reagents that form metal complexes. Chelating agents bond
with the metal to form stable, ring-like coordination
complexes called chelates. Many researchers have reprorted
that ethylenediaminetetraacetic acid (EDTA) is excellent
solubilizing agents for metals including lead from contaminated soils. However, EDTA is quite persistent in the
environment due to its low biodegradability. Recently the
easily biodegradable chelating agent [S,S]-stereoisomer of
ethylenediaminedisuccinic acid (abbreviated as EDDS) has
been proposed to enhance the uptake of heavy metals in
phytoextraction.6) Apart from eﬃcacy as metal extractants,
chelating agents need also to be rated for safety of use.
Biodegradability is of importance because treated soils
always contain residual chelates that may, upon soil reuse
in the ﬁeld, result in actual metal mobilization and transport
to groundwater. It appears therefore essential for these
residual chelates to be rapidly biodegraded. This is even
more important for in-situ soil ﬂushing operations.
The aim of this study is to investigate the applicability
of EDTA, EDDS and citric acid in soil washing and electrokinetic processing to remove lead from the contaminated
soil.
2.

Experimental

2.1 Soil washing test
The soil used in this study was a kaolinite (South Carolina,
USA). The soil samples were prepared by mixing 30 g of
kaolinite with 400 cm3 of aqueous solution containing lead
ions (8:0  104 mol/dm3 Pb(NO3 )2 -1:0  102 mol/dm3
NaNO3 ) in water bath kept at 298 K. This mixing procedure
was conducted while adjusting the solution pH to around
6.8, periodically adding NaOH solution with a pH-stat.
After centrifugation, the soil sample was dried for 5 h at
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383 K. The concentration of lead in the soil was 1:05  105
mol-Pb/g-dry soil.
The soil washing tests were performed in a 1000 cm3 glass
reaction vessel equipped with a stirrer, placed in a water bath
kept at 298 K. 400 cm3 of solution including chelating agent
of 2 mole equivalent of total amount of lead in the soil was
placed in the reactor, and 2.0 g of the soil sample prepared
as mentioned above was added to there. The slurry was
stirred at 700 rpm and its pH was adjusted to the appropriate
value with a pH-stat.
Chelating agents used in this study were EDTA in the
di-sodium salt form (C10 H14 N2 Na2 O8 2H2 O, Nacalai
Tesque), EDDS ([S,S]-EDDS, in this article referred to as
EDDS) in tri-sodium salt form (C10 H13 N2 Na3 O8 , Chelest)
and citric acid in the tri-sodium salt form (C6 H5 Na3 O7 2H2 O,
Nacalai Tesque). The [S,S]-stereoisomer of EDDS is easily
biodegradable, while the [R,R]- and [S,R]-stereoisomers are
not. We therefore used the [S,S]-stereoisomer of EDDS.
Solution samples were taken from the slurry at appropriate
intervals during a run and the contents of lead were
determined using an atomic absorption spectrophotometer
(Shimadzu AA-6200).
2.2 Electrokinetic processing test
The soil samples were prepared by mixing 90 g of
kaolinite with 400 cm3 of aqueous solution (8:0  104 mol/
dm3 Pb(NO3 )2 -1:0  102 mol/dm3 NaNO3 ). This mixing
procedure was the same manner as soil washing test. After
centrifugation, the saturated soil sample was packed into a
polyvinyl chloride column (20 cm long, 2 cm diameter),
which is horizontally connected on each end to a reservoir
installed with a graphite electrode (2 cm diameter). The
kaolinite is prevented from entering the reservoirs by ﬁlter
paper supported on a stainless steel screen. Anolyte solution
was 1:0  102 mol/dm3 NaNO3 solution and anolyte pH
was adjusted to around 7, by periodically adding NaOH
solution with a pH-stat. Chelating agent was added to
1:0  102 mol/dm3 NaNO3 catholyte solution. Catholyte
pH was adjusted to around 8 by adding NaOH or HNO3
solution. Anolyte solution was circulated continuously to
anode reservoir with a micro tubing pump. Meanwhile, fresh
catholyte solution from cathode tank was continuously
introduced to the cathode reservoir with a micro tubing
pump. Pressure-induced ﬂow was prevented by equalizing
the water level in the both electrode reservoirs. The voltage
of 20 V DC was applied between the electrodes. The
apparatus used for these experiments is described in detail
in previous report.7) These electrokinetic experiments were
carried out at the ambient temperature. During the experiments, samples of solution were taken from the electrode
reservoirs for determining lead concentration. At the end
of the experiments, the kaolinite was sectioned into 10
segments, and each section was analyzed for pH and lead
concentration. Final soil pH was measured using a pH
meter. After the soil samples of each section were dried
for 24 h at 383 K, 1.0 g of each soil sample was mixed
with 50 cm3 of 1.4 mol/dm3 HNO3 solution before centrifugation for determining the concentration of lead. The
lead content was determined using an atomic absorption
spectrophotometer.

3.

Results and Discussion

3.1

Conditional stability constant for lead—EDTA,
EDDS and citric acid complexes
Ethylenediaminetetraacetic acid and [S,S]-ethylenediaminedisuccinic acid are tetraprotic acid abbreviated as H4 X
and H4 Y where X and Y denote the ethylenediaminetetraacetate ion EDTA4 and [S,S]-ethylenediaminedisuccinate ion
EDDS4 , respectively. Ligand causes acid-base reactions
and the species varies with pH. Also, metal ion forms the
metal-hydroxide complexes and metal-ligand complexes.
Therefore, these reactions must be considered as the side
reactions for determining the conditional stability constant
of the main reaction. The conditional stability constant is
related to the true stability constant by considering the side
reactions, and it has a maximum at a certain pH. That is the
pH where the ligand forms the complex with metal ion most
eﬀectively. Therefore, the pH region where the ligand forms
the more stable complex is estimated from the value of the
conditional stability constant. In this study, acid-base
reactions of ligand, formations of lead—hydroxide complexes and lead—ligand complexes were considered as the
side reactions. The conditional stability constant (KPbX 0 ) for
lead—EDTA complex (PbX2 ) is deﬁned as the following
equation:
KPbX 0 ¼ ðPbX =Pb X ÞKPbX

ð1Þ
2

Where KPbX denotes the stability constant of PbX and
 denotes the side reaction coeﬃcient, and each  is deﬁned
as the following equations:
PbX ¼ ð½PbX2  þ ½PbHX Þ=½PbX2 
¼ 1 þ KPbHX ½Hþ 
2þ

ð2Þ

þ

Pb ¼ ð½Pb  þ ½PbOH  þ ½Pb(OH)2 
þ ½Pb(OH)3  Þ=½Pb2þ 
¼ 1 þ 1 Kw =½Hþ  þ 2 Kw 2 =½Hþ 2
þ 3 Kw 3 =½Hþ 3
4

3

ð3Þ
2

X ¼ ð½X  þ ½HX  þ ½H2 X 
þ ½H3 X  þ ½H4 XÞ=½X4 
¼ 1 þ ½Hþ =KHX þ ½Hþ 2 =KHX KH2X
þ ½Hþ 3 =KHX KH2X KH3X
þ ½Hþ 4 =KHX KH2X KH3X KH4X

ð4Þ

Where KPbHX , Kw , n (n ¼ 1{4) and KHnX (n ¼ 1{4)
denote the stability constant of PbHX , the ion product of
water, the stability constant of lead—hydroxide complexes
and the acid dissociation constant of EDTA, respectively.
Meanwhile, the stability constants of lead—EDDS complexes are not available at present other than the stability
constant (KPbY ) for lead—EDDS complex (PbY2 ), therefore, only the formation of PbY2 was considered as the
complexation between EDDS and lead. The conditional
stability constant (KPbY 0 ) for lead—EDDS complex (PbY2 )
is deﬁned as the following equation:
KPbY 0 ¼ ðPbY =Pb Y ÞKPbY

ð5Þ

Where each side reaction coeﬃcient  is deﬁned as the
following equations:
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Table 1 Stability constants and acid dissociation constants used for
calculation of conditional stability constants.
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Fig. 1 Relationships between pH and conditional stability constants of
lead—EDTA complex (PbX2 ), lead—EDDS complex (PbY2 ) and
lead—citrate complex (PbL ).
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ð7Þ

Where KHnY (n ¼ 1{4) denotes the acid dissociation
constant of EDDS.
The conditional stability constant (KPbL 0 ) for lead—citrate
complex (PbL , H3 L: citric acid) is deﬁned as the following
equation:

pH 10
60

40

ð8Þ
20
þ 2

¼ 1 þ ðKPbHL =KPbL Þ½Hþ  þ ðKPbH2L =KPbL Þ½H 
L ¼ ð½L3  þ ½HL2  þ ½H2 L  þ ½H3 LÞ=½L3 

ð9Þ
0
0

¼ 1 þ ½Hþ =KHL þ ½Hþ 2 =KHL KH2L
þ ½Hþ 3 =KHL KH2L KH3L

18.0

1

2

3

4

5

6

Time, t/h
ð10Þ

Where KPbHL , KPbH2L and KHnL (n ¼ 1{3) denote the
stability constants of PbHL and PbH2 Lþ , and the acid
dissociation constant of citric acid, respectively.
Figure 1 shows the dependence of the conditional stability
constants of PbX2 , PbY2 and PbL on pH calculated from
eqs. (1)–(10). The values of stability constants and acid
dissociation constants used for calculation are given in
Table 1. The larger the conditional stability constant, the
more stable the complex. As shown in Fig. 1, the conditional
stability constant of PbX2 and PbY2 were relatively large
in the pH range from 7 to 10, indicating the eﬀectiveness
of EDTA and EDDS in lead removal from contaminated
soils as compared with citric acid in the same pH region.
3.2 Removal of lead by soil washing
The soil washing experiments without chelating agent
were performed at pH 4, pH 7 and pH 10. Figure 2 shows

Fig. 2 Removal of lead from contaminated soil as a function of washing
treatment time without chelating agent.

the relationship between the removal of lead from contaminated soil and the treatment time. The extraction of lead is
approximately 40% at pH 4, but lead is hardly removed from
soil at pH 7 and pH 10.
Figure 3 and Fig. 4 show similar experimental results
with EDTA and EDDS at pH 4, pH 7 and pH 10. As shown
in Fig. 3, the removal of lead with EDTA is very high in
the pH range from 4 to 10. However, it is considered that
acid also contributes to the extraction of lead at pH 4. The
removal of lead rapidly increases for ﬁrst 1 h and remains
nearly constant thereafter. Meanwhile, the removal of lead
with EDDS is very high at pH 7 and pH 10 as shown in
Fig. 4. The ability of lead removal in this pH region with
EDDS is comparable to that with EDTA. However, the
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Fig. 3 Removal of lead from contaminated soil as a function of washing
treatment time with EDTA.
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Fig. 5 Removal of lead from contaminated soil as a function of washing
treatment time with citric acid.
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Fig. 4 Removal of lead from contaminated soil as a function of washing
treatment time with EDDS.

ability decreases signiﬁcantly at pH 4. From the results of
Figs. 2 and 4, it is considered that acid contributes signiﬁcantly to the lead removal at pH 4 and the complexation
between EDDS and lead is negligible.
The removal of lead with citric acid at pH 4, pH 7 and
pH 10 are shown in Fig. 5. As shown in the ﬁgure, the
removal of lead is approximately 50% at pH 4 and decreases
with increasing pH. Therefore, at pH 4, acid contribution is
predominant for the lead removal and citric acid is hardly
useful.
3.3 Removal of lead by electrokinetic processing
The electrokinetic lead removal experiments were performed for 264 h without chelating agent. Figure 6 shows the
pH and lead concentration in the soil. The initial soil pH was
6.75 through out the column. Anolyte pH and catholyte pH
were maintained at 7 and 8, respectively, during the run. The
soil pH at the end of experiment ranged between 6 and 8
through out the column and did not change signiﬁcantly from

Fig. 6 Distributions of lead concentration across soil column and soil pH
after 264 h treatment without chelating agent. (Initial lead concentration in
soil: 2:59  106 mol-Pb/g-dry soil)

the initial soil pH. As shown in Fig. 6, the lead concentration
across the soil after 264 h treatment hardly changes as
compared to the initial lead concentration. Also, lead was not
detected in the electrode reservoirs. Therefore, it is considered that lead does not migrate through the soil without
chelating agent.
The similar experiment was performed for 264 h with
0.1 mol/dm3 EDTA. Anolyte pH and catholyte pH were
maintained at 7 and 8, respectively. The results are shown
in Fig. 7. The initial soil pH of 6.90 hardly changes after
the experiment, but the lead in soil migrates toward the
anode. Figure 8 shows the time change of lead concentration in the anode reservoir. Lead is not detected for ﬁrst
150 h in the anode reservoir, but lead concentration
increases thereafter. EDTA with negative charge migrates
through the soil toward the anode by ionic migration and
forms negatively charged lead—EDTA complex (PbX2 ).
This dissolved chelate then migrates toward the anode by
ionic migration.
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Fig. 7 Distributions of lead concentration across soil column and soil pH
after 264 h treatment with 0.1 mol/dm3 EDTA. (Initial lead concentration
in soil: 2:55  106 mol-Pb/g-dry soil)

Fig. 9 Distributions of lead concentration across soil column and soil
pH with EDDS. (Initial lead concentration in soil: 0.1 mol/dm3 EDDS,
354 h: 2:38  106 mol-Pb/g-dry soil; 0.2 mol/dm3 EDDS, 264 h: 2:49 
106 mol-Pb/g-dry soil)

Lead concentration, C/mol dm-3

( × 10-5)
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4.

Conclusions

Eﬀectiveness of EDTA, EDDS and citric acid as chelating
agents to the removal of lead from contaminated soil was
examined both in the soil washing and the electrokinetic
processing. In the soil washing, the removal eﬃciency of lead
with EDTA and EDDS was high in the pH range from 7 to 10.
Meanwhile, citric acid was less eﬀective than EDTA and
EDDS. In the electrokinetic processing, EDTA was more
eﬀective reagent than EDDS and citric acid.
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Fig. 8 Time change of lead concentration in anode reservoir.

The similar experiments with 0.1 mol/dm3 and 0.2 mol/
dm3 EDDS were performed over the duration times of
354 h and 264 h, respectively. The initial soil pHs of each
run were 6.77 and 6.81, respectively. Anolyte pH and
catholyte pH were maintained at the same as those of
EDTA. The experimental results are shown in Fig. 9. The
soil pHs do not change signiﬁcantly from the initial soil pHs.
As compared with Figs. 7 and 9, the transport of lead toward
the anode at 354 h with 0.1 mol/dm3 EDDS is less than that
at 264 h with 0.1 mol/dm3 EDTA. However, as shown in
Fig. 9, the transport of lead toward the anode at 264 h with
0.2 mol/dm3 EDDS is signiﬁcantly enhanced as compared
to that at 354 h with 0.1 mol/dm3 EDDS. Meanwhile, the
treatment with 0.1 mol/dm3 citric acid hardly change the
lead content in the soil even after 264 h. This result was
similar to that without chelating agent. From these results,
it is found that EDTA is more eﬀective than EDDS and
citric acid for lead transport through the soil by electrokinetic processing.
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Appendix
: Side reaction coeﬃcient
n (n ¼ 1{4): Stability constant of lead — hydroxide
complexes
H3 L: Citric acid
H4 X: Ethylenediaminetetraacetic acid
(EDTA)
H4 Y: [S,S]-ethylenediaminedisuccinic acid
(EDDS)
KHnL (n ¼ 1{3): Acid dissociation constant of citric
acid
KHnX (n ¼ 1{4): Acid dissociation constant of EDTA

KHnY (n ¼ 1{4): Acid dissociation constant of EDDS
KPbL , KPbHL , KPbH2L : Stability constant of lead — citrate
complexes
KPbL 0 : Conditional stability constant for lead
— citrate complex (PbL )
KPbX , KPbHX : Stability constant of lead — EDTA
complexes
KPbX 0 : Conditional stability constant for lead
— EDTA complex (PbX2 )
KPbY : Stability constant of lead — EDDS
complex
KPbY 0 : Conditional stability constant of lead
— EDDS complex (PbY2 )
Kw : Ion product of water
L: Citrate ion
X: Ethylenediaminetetraacetate
ion
(EDTA 4 )
Y: [S,S]-ethylenediaminedisuccinate ion
(EDDS4 )

