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a b s t r a c t

The chemical immobilization of Pb and As in contaminated soil from Lavrion, Greece, using monocalcium
phosphate and ferrous sulfate as stabilizing agents was investigated. Monocalcium phosphate was added
to contaminated soil at PO4 to Pb molar ratios equal to 0, 0.5, 1, 1.5 and 2.5, whereas ferrous sulfate was
added at Fe to As molar ratios equal to 0, 2.5, 5, 10 and 20. Phosphates addition to contaminated soil
decreased Pb leachability, but resulted in significant mobilization of As. Simultaneous immobilization
eywords:
tabilization
rsenic
ead
hosphates

of Pb and As was obtained only when soil was treated with mixtures of phosphates and ferrous sulfate.
Arsenic uptake by plants was also seen to increase when soil was treated only with phosphates, but co-
addition of ferrous sulfate was efficient in maintaining As phytoaccumulation at low levels. The addition
of at least 1.5 M/M phosphates and 10 M/M iron sulfate to soil reduced the dissolved levels of Pb and As in
the water extracts to values in compliance with the EU drinking water standards. However, both additives
contributed in the acidification of soil, decreasing pH from 7.8 to values as low as 5.6 and induced the

ive el
ron sulfate mobilization of pH sensit

. Introduction

Mining, beneficiation and smelting activities may lead to the
ontamination of soil and water resources with heavy metals and
etalloids. Apart from dust emission from smelting plants and

eposition on soils pathway, geochemical weathering processes
cting upon wastes and by-products may also initiate the process of
ransporting heavy metals and metalloids from contaminated areas
nd redistributing them to surrounding soils, surface and ground-
ater. Pb, As, Zn and Cd are of specific concern due to their relative

bundance at mining sites and their toxicity and phytotoxicity. Sev-
ral remedial technologies have been proposed and investigated for
reating heavy metal contaminated soils including chemical sta-
ilization techniques which aim to convert contaminants to their

ow leachability and bioavailability forms by adding solid or liquid
tabilizing agents. Kumpiene et al. [1] have reviewed the type of
tabilizing agents used and the mechanisms taking place for the
mmobilization of a number of heavy metals and metalloids.

It is well known that phosphorus reacts with many heavy met-

ls, metalloids and radionuclides to form secondary phosphate
recipitates that are considered stable over a wide range of envi-
onmental conditions, regarding pH, redox values and geochemical
omposition of natural waters. As seen in Table 1, Pb phosphates

∗ Corresponding author. Tel.: +30 210 772 2300; fax: +30 210 772 2168.
E-mail address: axen@central.ntua.gr (A. Xenidis).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.01.006
ements, such as Zn and Cd.
© 2010 Elsevier B.V. All rights reserved.

present low solubility, generally several orders of magnitude lower
than the analogous oxides, hydroxides, carbonates and sulfates.
Therefore, the application of phosphate amendments has been
identified as a potentially efficient in situ chemical immobilization
technique for heavy metal contaminated soils.

Lead phosphates have been demonstrated to be the most stable
Pb form under a wide variety of environmental conditions. Fur-
thermore, they can form rapidly in the presence of adequate Pb
and phosphate. A detailed thermodynamic basis for the reaction
of Pb and phosphates in aqueous solutions has been established
by Nriagu [4–6]. Among all the Pb–P minerals, it was found that
chloropyromorphite, Pb5(PO4)3Cl, is the most stable under condi-
tions representing a wide range of natural environments, regarding
pH, redox conditions and geochemical background. It is also pre-
dicted that other solid phase Pb species would be converted to
pyromorphite by a dissolution–precipitation mechanism. Several
researchers identified chloropyromorphite as a common weath-
ering product of Pb bearing compounds in mine wastes, as well
as urban and motorway roadside soils at normal soil phosphorus
concentrations [7].

Many natural or industrial materials including natural or syn-
thetic apatites, phosphate rocks, phosphoric acid or phosphoric

salts mainly of calcium and sodium were tested and used as sources
of phosphates for immobilizing heavy metals in soils [8–20]. The
role of phosphates for treating Pb contaminated soil and in partic-
ular firing range soils has been reviewed by Chrysochoou et al. [21].
Although phosphate addition to contaminated soil immobilizes

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:axen@central.ntua.gr
dx.doi.org/10.1016/j.jhazmat.2010.01.006
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Table 1
Solubility products (Ksp) of selected Pb compounds.

Name Reaction log Ksp

Anglesite PbSO4 = Pb2+ + SO4
2− −7.79a

Galena PbS = Pb2+ + S2− −27.51b

Litharge PbO = Pb2+ + H2O − 2H+ 12.89a

Cerrusite PbCO3 = Pb2+ + CO3
2− −13.1b

Lead hydrogen phosphate PbHPO4 = Pb2+ + HPO4
2− −11.45a

Lead phosphate Pb3(PO4)2 = 3Pb2+ + 2PO4
3− −44.36a

Hydroxypyromorphite Pb5(PO4)3OH = 5Pb2+ + 3PO4
3− + OH− −76.79a

Chloropyromorphite Pb5(PO4)3Cl = 5Pb2+ + 3PO4
3− + Cl− −83.70a

Fluoropyromorphite Pb5(PO4)3F = 5Pb2+ + 3PO4
3− + F− −71.63a

Bromopyromorphite Pb5(PO4)3Br = 5Pb2+ + 3PO4
3− + Br− −78.14a

Corkite PbFe3(PO4)(SO4)(OH)6 = Pb2+ + 3Fe3+ + PO4
3− + SO4

2− + 6OH− −112.6c

H)6 =
·H2O =
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Hinsdalite PbAl3(PO4)(SO4)(O
Plumbogummite PbAl3(PO4)2(OH)5

Obtained from: aLindsay [2], bStumm and Morgan [3]

eavy metals, many studies indicated that it has a negative effect
n As, inducing its mobilization [9,10,15,22–24]. Therefore, in cases
here soils are contaminated with both Pb and As, other additives

hould also be applied to eliminate the problem of As mobilization.
Arsenic and phosphorous are both Group 5A elements of the

eriodic table and their respective pentavalent oxoanions, arsenate
nd phosphate, have very similar structure and chemical reactivity;
hey form similar minerals and their sorption behavior follows alike
atterns. Due to their chemical similarity, phosphates can replace
orbed or even structurally bound arsenate anions and this has been
roposed as one of the most important mechanisms contributing in
he mobilization of arsenic and the subsequent pollution of water
esources. Several laboratory and field scale studies have demon-
trated the ability of phosphates to displace adsorbed arsenic or
nhibit arsenic adsorption [25–30].

The ability of phosphate to displace As has been exploited by
ome researchers in an effort to develop appropriate techniques for
he remediation of As contaminated soils [31,32]. In these works
he soil was treated with an aqueous solution containing soluble
hosphate compounds and the main objective was to obtain the
emoval of As from the soil and its recovery in the aqueous solution.
n another work phosphates are added in the soil in order to obtain
he stabilization of heavy metals and the simultaneous mobilization
f As for subsequent phytoextraction [33].

The mobility of As in soil is mainly controlled by adsorp-
ion/desorption processes and co-precipitation with metal oxides
1]. Several agents were investigated for the stabilization of As bear-
ng soils. Among them, iron compounds mainly in the form of Fe(II)
r Fe(III) sulfates and zero valent iron, and, to a lesser extent, Al and
n compounds were proven efficient for the stabilization of As in

ontaminated soils [34–41,56].
Previous studies indicated that ferrous or ferric sulfate applied in

ontaminated soil effectively reduced As mobility and phytoavail-
bility [34–36]. Zero valent iron or iron oxides and hydroxides,
uch as goethite, were also examined as stabilizing agents for As
ontaminated soils [37–41]. It was reported that Fe(II)/Fe(III) salts
ombined with lime were more efficient stabilizing agents for As
ompared to zero valent iron, Fe(0), and goethite [36], with Fe(III)
ulfate being more efficient than Fe(II) sulfate [34,36]. However,
lthough zero valent iron oxidation and As stabilization reactions
re not as fast as those of iron salts, it is more beneficial in a
ong-term perspective, since it is oxidized slowly releasing Fe(II)
ontinuously, thus providing ideal conditions for the oxidation of
s(III) to As(V), which is easily adsorbed to newly formed iron

ydroxides [1,37].

In the present study, monocalcium phosphate and ferrous sul-
ate were used as stabilizing additives to contaminated soil from
avrion, Greece, polluted by former mining and metallurgical activ-
ties, in order to immobilize both Pb and As. The effectiveness
Pb2+ + 3Al3+ + PO4
3− + SO4

2− + 6OH− −99.1c

Pb2+ + 3Al3+ + 2PO4
3− + 5OH− −99.3c

gu [4].

of these additives as stabilizing agents was evaluated by apply-
ing leaching tests, according to the US EPA Toxicity Characteristic
Leaching Procedure (TCLP) [42] or using de-ionized water, and by
determining the phytoavailability of contaminants using Phaseolus
Vulgaris Starazagorski gw (dwarf beans) as plant indicators.

2. Materials and methods

2.1. Materials

A soil sample was collected from a location called “Neraki” in
Lavrion, Greece where the recent mining and metallurgical activ-
ities started in the end of 19th century and ceased in 1990 [43].
The soil sample was air-dried and sieved to remove the coarse
fraction (>2.0 mm), whereas the fine fraction (<2.0 mm) was used
as working sample for conducting characterization tests, analyses
and stabilization experiments. Analytical grade monobasic cal-
cium phosphate monohydrate (Ca(H2PO4)2·H2O, Sigma–Aldrich)
and ferrous sulfate heptahydrate (FeSO4·7H2O, Fluka chemicals)
were used as stabilizing agents.

2.2. Environmental characterization

Chemical analysis was carried out in duplicate on ground dry
samples. Samples were digested with aqua regia for total elemen-
tal analysis. Measurement of the ions concentration in solution was
conducted by Flame Atomic Absorption Spectrophotometry (AAS,
PerkinElmer 2100). Loss on ignition was measured by ignition of
the sample at 1000 ◦C for 1 h whereas total organic carbon (TOC)
was determined by heating at 500 ◦C. Cation Exchange Capacity
(CEC) measurements were performed by equilibrating 0.5 g of a
dry sample with 10 mL of 1 M CH3COONH4 at pH 7 for 24 h. Paste
pH measurements were conducted at water-to-solid ratio equal to
5 according to the EPA/600/2-78/054 guideline. Particle size dis-
tribution of the soil sample was determined by a combination of
screening for particle size coarser than 0.063 mm and laser parti-
cle size analyses using a Master Sizer/E, Malvern Instruments for
fractions finer than 0.063 down to 0.001 �m.

Mineralogical analysis was conducted by X-ray diffraction (XRD,
Siemens D5000) and Scanning Electron Microscopy techniques
with Energy Dispersive Spectroscopy using X-rays (SEM/EDS sys-
tem, JEOL 6100/NORAN TN 5500) for elemental microanalysis of
the solid phases.
2.3. Stabilization

To evaluate the effectiveness of the additives as stabilizing
agents for contaminated soil, pot experiments were performed.
550 g of soil sample was thoroughly mixed with a calculated dose
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Table 2
Stabilizing agents addition rates.

(a) Phosphates (b) Iron

PO4/Pb(1) (M/M) Ca(H2PO4)2·H2O (g/100 g soil) Fe/As(2) (M/M) V(3) (mL/550 g soil) FeSO4·7H2O added (g/100 g soil)

0 0 0 0 0.00
0.5 0.212 2.5 25 0.77
1 0.424 5 50 1.54
1.5 0.636 10 100 3.08
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1) Pb in soil: 33.7 mmole kg−1; (2) As in soil: 11.2 mmole kg−1; (3) V: volume from

f Ca(H2PO4)2·H2O and FeSO4 solution and placed in a 1 L pot. The
a(H2PO4)2·H2O dose was determined based on the stoichiomet-
ic ratio of PO4 ions to total Pb content in the soil sample. Five
olar ratios of PO4/Pb were tested: 0 (no addition), 0.5, 1.0, 1.5

nd 2.5; the 1 M/M ratio corresponds to the addition of 0.424 g
onocalcium phosphate hydrate to 100 g of soil (Table 2). Iron sul-

ate solution was prepared by dissolving 169.04 g of FeSO4·7H2O
n 1 L de-ionized water resulting in 0.61 M FeSO4 solution. The iron
ulfate addition ratio was determined based on the stoichiomet-
ic ratio of Fe ions to total As content in the soil. Again, five molar
atios of Fe/As were tested: 0 (no addition), 2.5, 5, 10 and 20. Based
n the total As content in the soil sample examined the 10 M/M
atio corresponds to the addition of 100 mL FeSO4 solution to a
ot containing 550 g of soil, which is equivalent to the addition of
.08 g FeSO4·7H2O per 100 g of soil (Table 2). All the tests were per-
ormed in duplicate. Therefore, the total number of pot experiments
erformed was 50.

In order to promote the chemical reactions between the ele-
ents in soil and the additives introduced in the mixture, pots were

ystematically hydrated and the mixtures were kept saturated in
ater for approximately one month. The equilibration time was

elected based on preliminary stabilization experiments of con-
aminated soil with phosphates which involved measurement of
H, redox potential and determination of elements leachability vs.
ime.

.4. Evaluation of stabilization

Following the one-month stabilization period, the pH of satu-

ated soil samples was measured at soil to water ratio equal to 2:1.
hen, the stabilization efficiency was evaluated by conducting (a)
hemical extraction tests with de-ionized water and by applying
he US EPA Toxicity Characteristic Leaching Procedure and (b) bio-
ogical tests, in order to evaluate directly the effect of phosphate

able 3
hemical analysis and physicochemical properties of soil used.

Major elements mg/kga Contaminants

Ca 51725 ± 4278 Pb
Mg 8675 ± 318 As
Fe 41875 ± 1025 Zn
Al 32535 ± 870 Cd
Mn 2573 ± 74 Cu
K 8650 ± 212
Na 1275 ± 247

Other properties Texture

Ins. (%) 63.19 Sand (2–0.06
LOI (%) 9.55 Silt (0.063–0
TOC (%) 4.82 Clay (<0.002
CEC (meq/g) 0.13
pH 7.8
EC (mS/cm) 1.08

a Mean value ± deviation of duplicate measurements.
200 6.16

tion containing 0.61 M Fe(II) added in 550 g soil.

treatment on the accumulation of metal contaminants in plant
tissues using dwarf beans (Phaseolus Vulgaris Starazagorski gw) as
plant “indicator”.

Leaching tests with de-ionized water were carried out at liquid
to solid (L/S) ratio equal to 1 L kg−1 and after equilibrating for 1
day. The US regulatory Toxicity Characteristics Leaching Procedure
(TCLP) involved leaching of the sample with the TCLP extraction
fluid 1 corresponding to a solution of acetic acid/sodium hydrox-
ide with pH 4.93 ± 0.05, for 24 h at 5% pulp density (L/S = 20 L kg−1).
If the dissolved metals exceed the specified limits the material is
characterized as toxic and cannot be accepted for disposal in a
municipal wastes landfill.

Concerning the biological tests, the seeds were sown after 24 h
imbibition in de-ionized water. The seedlings were grown under
artificial light (for 15 h per day) in the laboratory environment
and watering with de-ionized water was adjusted to the needs
of plants. The plants were harvested after a period of 30 days,
when it was clear that their development was due to the nutri-
ents uptake exclusively from soil and not from the initial germ.
The shoot height was measured and the aerial parts of the plants
were collected and analyzed for their Pb, Zn, Cd and As content.
A wet digestion procedure was followed for the analysis of plant
tissues (Theodoratos et al. [10]). The dried and ground plant tis-
sue was placed in a small beaker with 10 mL of concentrated
HNO3 and the mixture was allowed to stay overnight. The beaker
was heated gently on a hot plate until the production of red NO2
fumes was ceased. After that the beaker was allowed to cool and
a small amount (2–4 mL) of 70% HClO4 was added. Finally, the
sample was heated again, allowed to evaporate to a small vol-

ume, transferred to a volumetric flask and diluted with distilled
water.

Metal concentrations in the aqueous solutions were analyzed
by flame AAS. A graphite furnace (GF-AAS) and a hydride generator
(HG-AAS) were also used for low concentrations.

mg/kga Dutch intervention values (mg/kg)

6973 ± 336 530
840 ± 71 55

5775 ± 35 720
43 ± 4 12

115 ± 7 190

3 mm) 24.2%
.002 mm) 52.4%
mm) 23.4%
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Fig. 1. Effect of PO4 and FeSO4 addition ratio on soil pH.

. Results and discussion

.1. Soil sample characterization

The chemical analysis results of the soil sample tested as com-
ared to the Dutch soil intervention values [44] are presented in
able 3. It is seen that the Pb, Zn, Cd, and As content was well above
he Dutch soil standards. The organic matter content of the soil
ample was 4.82% (w/w). Mineralogical analyses indicated that the
ain minerals in soil were quartz, illite, muscovite, chlorite and

alcite. Minor quantities of albite, biotite, ilmenite, rutile and antig-
rite were also observed. Lead was found mainly associated with
imonite, whereas minor quantities of lead carbonates, sulfates
nd arsenates were also identified. In the upper horizons of soils,
here oxic conditions prevail, arsenic occurs mainly in the form

f arsenate anions, which are retained by sorption mechanisms
n the surface of soil oxides and hydroxides. For the particular
ase of Lavrion soils, due to the high levels of both As and heavy
etals, As was found to occur not only associated with the Fe-

xides but also in the form of a wide variety of arsenate minerals,
uch as scorodite, FeAsO4·2H2O, mimetite, Pb5(AsO4)3Cl, beudan-
ite PbFe3(AsO4)(SO4)(OH)6, PbFe2(AsO4)2(OH)2, etc.

.2. Change of soil pH
pH measurements of the stabilized mixtures were performed to
valuate the degree of acidification and subsequent adverse effects.
s seen in Fig. 1, phosphate addition resulted in a decrease of soil
H. When only Ca(H2PO4)2 was used for stabilization, without any
Materials 177 (2010) 929–937

FeSO4 addition, the pH of soil decreased from the initial value of 7.8
down to 6.1 at the maximum dose of phosphates, 2.5 M/M PO4/Pb.
The generation of acidity is due to the acidic character of monocal-
cium phosphate salt that was used during this experimental work.
In the pH range between 7 and 11, the preponderant specie of
phosphate anions, is the monoprotonated form, i.e. HPO4

2−. As a
consequence, when Ca(H2PO4)2 is added to the soil, the diproto-
nated anions tend to release H+ according to reaction (1):

H2PO4
− → HPO4

2− + H+ (1)

At the maximum dose of 2.5 M/M PO4/Pb, the acidity introduced
in the soil corresponds to approximately 84 mmole of H+ per kg soil.

Ferrous sulfate addition also resulted in pH decrease and the
effect was more pronounced compared to the addition of phos-
phates (Fig. 1b). This can be attributed to the hydrolysis and
precipitation of Fe(III)-hydroxides, following the oxidation of Fe(II)
to Fe(III) by air, according to reactions (2) and (3):

Fe2+ + (1/4) O2 + H+ → Fe3+ + (1/2) H2O (2)

Fe3+ + 3 H2O → Fe(OH)3 + 3 H+ (3)

As seen in reaction (2) oxidation of ferrous iron to the ferric
state consumes H+, but due to the hydrolysis and precipitation of
Fe(III)-hydroxides (reaction (3)), there is net generation of acidity,
corresponding to 2 moles of H+ per mole of Fe(II). The dose of 5 M/M
Fe/As corresponds to 55.2 mmole kg−1 of Fe(II) and this generates
approximately 110 mmole of H+ per kg soil. This amount of acidity
exceeds, almost by 30%, the acidity generated by the highest dose
of phosphates. As seen in Fig. 1a, soil pH is close to 6.35 at the dose
of 5 M/M FeSO4 and remains constant regardless of the addition of
phosphates. Only at the most elevated phosphate dose, 2.5 M/M,
there is a significant decrease of soil pH to the value of 6.0 (Fig. 1b).
At the higher doses of FeSO4, soil pH is mainly determined by iron
(II) addition and varies between 6.0 and 6.1 at the dose of 10 M/M
and 5.6–5.8 at the dose of 20 M/M.

Due to the slightly alkaline pH of the initial soil, i.e. pH 7.8, it
is probable that ferrous iron initially precipitates as Fe(OH)2 and is
subsequently oxidized to some form of Fe(III)-oxyhydroxide. Even
in the form of solid ferrous hydroxide, Fe(II) is oxidized to the triva-
lent state with a relatively rapid kinetics. According to the study of
Olowe and Genin [45], when a suspension of ferrous hydroxide is
stirred in a vessel open to the atmospheric air, it is oxidized to some
form of ferric oxyhydroxide in less than 6 h. It is noted that during
the current experimental work the soils were left under aerated
conditions for more than 1 month after the addition of stabilizing
agents, it is thus expected that all ferrous iron will have been oxi-
dized. It should also be noticed that the generation of acidity due
to the addition of ferrous sulfate is not affected by the sequence
of reactions, i.e. oxidation followed by hydroxide precipitation or
vice versa. In both cases each mole of ferrous iron results in the
generation of 2 moles of H+.

3.3. Leaching test results

3.3.1. Lead leachability
Lead concentrations in the TCLP leachates and the water extracts

vs. phosphates addition ratios are given in Figs. 2 and 3, respec-
tively. As seen in Fig. 2, Pb concentration in the TCLP leachate of
the untreated soil is equal to 6.7 mg L−1, i.e. above the regulatory
limit of 5 mg L−1. Addition of monocalcium phosphate reduces the

leachability below this limit, even at the low dose of 0.5 M/M of
phosphates. Increasing the dose of phosphates from 0.5 to 2.5 M/M
(without FeSO4 addition) decreases Pb leachability from 4.2 to
2.3 mg L−1. Further decrease is obtained when there is simultane-
ous addition of FeSO4. A dose of 10 M/M FeSO4, combined with
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ig. 2. Effect of PO4 and FeSO4 addition ratios on Pb concentration in the TCLP
eachate (TCLP limit for Pb 5 mg L−1). Bars represent deviations of duplicate mea-
urements from mean values.

.5 M/M phosphates, reduces Pb extractability in the TCLP buffer
olution to the value of 0.65 mg L−1.

The reduction of Pb availability due to monocalcium phosphate
nd iron sulfate addition is more pronounced when water is used as
eaching agent (Fig. 3). As seen in this figure, monocalcium phos-
hate addition to contaminated soil reduced Pb concentration in
he water extract from 140 �g L−1 (no addition) to levels below the
alue of 10 �g L−1, which is the upper permitted level for drinking
ater (DW) according to the European Directive 98/83/EC. Without

eSO4 addition, concentrations lower than 10 �g L−1 were obtained
hen the PO4 dose was higher than 1.5 M/M. Addition of FeSO4 at
oses 2.5, 5 and 10 M/M were also very effective in maintaining
he extractability of Pb in water below the DW limit, regardless of
he PO4 dose. However, stabilization was less efficient, at the high-
st FeSO4 dose of 20 M/M. In this case, co-addition of phosphate
t a dose greater than 1.5 M/M was required in order to obtain Pb
olubility lower than 10 �g L−1.

The role of phosphates in the stabilization of Pb is more or
ess well understood. As previously mentioned Pb phosphates, and

ore particularly pyromorphites, are the thermodynamically most
table Pb bearing minerals, exhibiting very low solubility between
H 3 and 11 [4–6]. It is thus reasonable to assume that in the pres-

nce of phosphates and in the long term, all lead species will be
ransformed to the form of pyromorphites. However, Hashimoto et
l. [46] presented evidence that pyromorphite formation may not
e always kinetically favored. The researchers examined a series
f soils stabilized with several phosphate amendments, 380 days

ig. 3. Effect of PO4 and FeSO4 addition ratios on Pb concentration in the water
xtract. Drinking water (DW) limit: 10 �g L−1 (according to the EU Directive
8/83/EC); detection limit (d.l.) 5 �g L−1 with GF-AAS. Bars represent deviations of
uplicate measurements from mean values.
Fig. 4. Effect of PO4 and FeSO4 addition ratios on As concentration in the TCLP
leachate. (TCLP limit for As 5 mg L−1). Bars represent deviations of duplicate mea-
surements from mean values.

after their treatment. They used extended X-ray absorption fine
structure (EXAFS) spectroscopy and found out that transformation
of initial Pb species of soil in the form of chloropyromorphite was
no more than 31% of total Pb, despite the long incubation period.

Moreover, the exact mechanism and the kinetics of pyromor-
phite formation are not clear and remain still a subject of debate,
particularly when the main source of phosphates are compounds
of limited solubility, such as the hydroxylapatite, Ca5(PO4)3OH, or
other natural phosphate rocks [1,17,21]. In our case, the phosphate
source is soluble, therefore the main constrain is the limited solu-
bility of Pb compounds in the contaminated soil, e.g. PbCO3, PbSO4,
etc. Decrease of soil pH can increase the concentration of lead in
pore water, and this can favor the formation of pyromorphite type
minerals. In this experimental work both soil amendments, i.e.
Ca(H2PO4)2 and FeSO4, contribute in the acidification of soil and
this can explain the synergetic effect of the admixture on Pb stabi-
lization. However the highest dose of FeSO4, 20 M/M, reduces soil
pH to rather low values, i.e. 5.6–5.8, which seems to affect adversely
Pb solubility in water, particularly at low PO4 doses.

Ferrous sulfate addition was found to stabilize Pb even without
phosphate addition (Fig. 3). In this case, the preponderant mech-
anism is most probably the retention of mobile Pb species in the
freshly produced ferrihydrite. The stabilizing potential of ferrous
sulfate has been exploited by Lundtorp et al. [47], who developed
a method called Ferrox process for the stabilization of toxic ele-
ments in several industrial residues. The Ferrox process is carried
out by mixing the waste material with a ferrous sulfate solution
and subsequently aerating the suspension to promote oxidation of
Fe(II) to Fe(III) and formation of ferrihydrite. They have applied this
method for the stabilization of a residue produced from the air pol-
lution control equipment of a municipal solid waste incinerator.
The amount of water-soluble elements was reduced from the ini-
tial values of 990 mg Pb per kg solid and 0.29 mg Cd per kg solid to
the values of 0.28 mg Pb kg−1 and 0.0092 mg Cd kg−1 solid after the
treatment.

3.3.2. Arsenic leachability
Arsenic concentrations in the TCLP leachates and the water

extracts are presented in Figs. 4 and 5, respectively. As seen in
both figures, As was mobilized by adding monocalcium phos-
phate in contaminated soil. The concentration of As in the TCLP
leachate increased from 31 �g L−1 (untreated soil) to 1555 �g L−1
at the maximum phosphates addition ratio applied. Furthermore,
the concentration of As in the water extract increased from
135 �g L−1 (untreated sample) to as high as 16,000 �g L−1 at the
maximum phosphate addition ratio (Fig. 5). This mobilization
strongly depends on the phosphates addition ratio and is explained
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It is known that Zn and Cd are more easily mobilized due to soil
acidification in comparison with Pb. A study by Covelo et al. [51]
demonstrated that acidic soils, with pHs varying between 4.6 and
6.6, can retain much more effectively Pb than Zn or Cd. Another
characteristic example is the behavior of these elements during
ig. 5. Effect of PO4 and FeSO4 addition ratio on As concentration in the water
xtract. Drinking water (DW) limit: 10 �g L−1 (according to the EU Directive
8/83/EC); detection limit (d.l.) 5 �g L−1 with HG-AAS. Bars represent deviations
f duplicate measurements from mean values.

onsidering the close chemical similarity between the phosphate
nd arsenate ions that leads to the partial substitution of the
atter by phosphates during this intense phosphate treatment
9,10,15,22–24].

Ferrous sulfate addition to soil counterbalanced the adverse
ffect of As mobilization due to phosphates addition. It is clearly
een that by increasing the amount of FeSO4 in the soil–phosphates
ixture, As concentration in both the TCLP leachate and the water

xtract is decreased. At the maximum phosphate addition ratio
2.5 M/M), As TCLP concentration progressively decreased from
720 to 20 �g L−1 by increasing the FeSO4 addition ratio from 0
o 20 M/M (Fig. 4). At the phosphate addition ratio of 2.5 M/M, the
oncentration of As in the water extract decreased from 16,000 to
�g L−1 by increasing the amount of FeSO4 added from 0 to 20 M/M

Fig. 5). As seen in Fig. 5, the leachability of As in water remains
elow the drinking water limit of 10 �g L−1 at all phosphate doses,
nly at the highest FeSO4 addition of 20 M/M.

The immobilization of As by iron compounds is a well known
rocess, which has been widely applied for the treatment of con-
aminated industrial effluents, natural surface and underground
aters, as well as soils and sediments. The stabilization of As
ith iron is achieved via the formation of amorphous or crys-

alline iron(III) arsenate compounds or through its adsorption on
he surface of iron oxyhydroxides. The amorphous ferric arsenates
ith stoichiometric ratio Fe/As = 1 M/M and approximate formulas

eAsO4·H2O or FeAsO4(OH)·xH2O [48] have very high solubility and
annot immobilize effectively arsenic. On the other hand crystalline
corodite FeAsO4·2H2O, is formed only at higher temperatures
r following a long ageing period. It has a considerably higher
tability compared to the amorphous stoichiometric compounds,
ut is mainly stable in slightly acidic pHs. Solubility calculations,
arried out with VMinteq software [49] and using the compiled
hermodynamic data by Drahota and Filipi [50], indicated that
he solubility of As at pH 7.0 corresponds to 31.5 mg L−1 for the
morphous ferric arsenate and 0.25 mg L−1 for crystalline scorodite.
olubilities in the order of ppb can be achieved using high sto-
chiometric ratios between Fe and As, e.g. Fe/As > 4 M/M, and in
his case the preponderant mechanism is adsorption on the surface
f Fe(III) hydroxides, and more particularly the poorly crystalline
errihydrite. The common industrial practice to stabilize arsenic
n metallurgical circuit is to form precipitates having Fe/As molar

atios greater than 3 or 4. Although of major practical importance
he meaning of this ratio remained unknown. Paktunc et al. [48]
emonstrated that due to structural constraints, As concentration
n ferrihydrite surfaces cannot exceed the value corresponding to
e/As molar ratio of 4. At lower Fe/As ratios the resulting product
Fig. 6. Effect of PO4 and FeSO4 addition ratio on Zn concentration in the water
extract. Bars represent deviations of duplicate measurements from mean values.

is a mixture of ferric arsenate and ferrihydrite and the mobility of
arsenic is primarily dictated by the unstable ferric arsenate. Current
study confirms the necessity to use a rather high molar excess of Fe
in order to maintain the solubility of As at low levels, particularly
in the presence of phosphates.

3.3.3. Zinc and cadmium leachability
Zinc and cadmium concentrations in the water extracts are

given in Figs. 6 and 7, respectively. Both additions of Ca(H2PO4)2
and FeSO4 had a negative effect on the stability of Zn and Cd.
Water leachability of these elements in the initial soil were 165
and < 40 �g L−1 for Zn and Cd, respectively. The addition of phos-
phates (at 0 M/M FeSO4) increased the solubility of Zn up to the
value of 3900 �g L−1 and that of Cd up to 60 �g L−1. More impor-
tant mobilization was observed during the addition of FeSO4.
At the highest dose of FeSO4 20 M/M (without phosphate addi-
tion) the concentration of Zn in the water extract was as high as
32,000 �g L−1 and that of Cd 790 �g L−1. The observed mobiliza-
tion of Zn and Cd during the addition of Ca(H2PO4)2 or FeSO4 can
be attributed to the acidification of soil. As previously mentioned
the addition of Ca(H2PO4)2 decreased soil pH from 7.8 to 6.1 and
that of FeSO4 from 7.8 to 5.7.
Fig. 7. Effect of PO4 and FeSO4 addition ratios on Cd concentration in the water
extract. Detection limit (d.l.) in Atomic Absorption Spectroscopy-Flame Emission
40 �g L−1. Bars represent deviations of duplicate measurements from mean values.
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Fig. 9. Effect of PO4 and FeSO4 addition ratios on Pb uptake by plants.

0 to 2.5 M/M, respectively (Fig. 10), which is attributed to the
increase of As mobility due to phosphates addition, as has been
already observed during the leaching tests (Figs. 4 and 5). How-
ever, by increasing the quantity of FeSO4 in the soil–phosphates
mixture, the enhanced As uptake by plants was reduced to lower
ig. 8. Solubilities of Zn3(PO4)2, Cd3(PO4)2 and Pb5(PO4)3Cl vs. pH, as calculated
sing VMinteq software [49]. Measured Pb, Zn and Cd concentrations during the

eaching tests with distilled water are also included in the chart.

heir sorption on amorphous or crystalline Fe(III) oxyhydroxides
52–54]. According to the data compiled by Dzombak and Morel
52], the pH edge for Pb adsorption on amorphous hydrous ferric
xides (HFO) is located to relatively acidic pH values, i.e. between
.5 and 6.0 (when total Fe = 1 × 10−3 M and total Pb = 5 × 10−6 M).
he corresponding adsorption edges for Zn and Cd are located at
Hs 5.5–7.0 and 6.0–7.5, respectively. The exact position of pH edge
epends on the relative amounts of metals and Fe oxide, but the
eneral trend does not change. A similar trend is also observed dur-
ng the sorption of metals on more crystalline oxides, such as the
errihydrite or the goethite [53,54]. The ability of Pb to be strongly
etained by the Fe(III) oxyhydroxides at pHs as low as 6.0 can
xplain the positive effect of FeSO4 additions on Pb stability (see
ig. 3), despite the acidification of soil. On the contrary the decrease
f soil pH below the initial value of 7.8 mobilized Zn and Cd, with-
ut any secondary adsorption on the surface of Fe(III) hydroxides
Figs. 6 and 7 at PO4 0 M/M).

At the highest ferrous sulfate addition ratio (20 M/M), Zn and
d concentrations in the water extracts decrease from 32,000 to
700 �g L−1 and from 790 to 150 �g L−1 respectively, with the

ncrease of phosphate addition ratio from 0 to 2.5 M/M. This is
n indication that Zn and Cd can form relatively insoluble phos-
hates, which can stabilize part of the mobilized Zn and Cd. It
hould be noted that Zn and Cd cannot form stable compounds
imilar to Pb-pyromorhite [17]. The simple Zn and Cd orthophos-
hates, i.e. Zn3(PO4)2, Cd3(PO4)2, are much more soluble compared
o Pb-pyromorhite as seen in Fig. 8. However, in most studies Zn
nd Cd were found to be associated with other phosphate com-
ounds, such as the hydroxylapatite, Ca5(PO4)3(OH). Panfili et al.
55] have identified Zn-rich hydroxylapatite phases in sediments
reated with phosphates. On the other hand, Raicevic et al. [17]
ave demonstrated that Cd can be retained even inside the crys-
al lattice of the mineral with a combined mechanism of surface
recipitation and ion diffusion.

The results indicate that due to the coexistence of Pb, As, Zn
nd Cd, the treatment scheme should be completed with an addi-
ional step aiming at increasing soil pH at the initial slightly alkaline
alues. Addition of lime or limestone is often applied to avoid the
cidification of soil [56]. However, pH correction should be car-
ied out at a later stage, because the initial acidification of soil was
ound to favor the stabilization of Pb, probably through the partial
issolution of existing Pb phases that makes more Pb available for
recipitation in the form of pyromorphite.
.4. Biological tests

The metal uptake results are presented in Figs. 9–12. As seen in
ig. 9 the results of Pb uptake present significant scatter, however as
n overall trend it is observed that Pb uptake by plants decreases by
Fig. 10. Effect of PO4 and FeSO4 addition ratios on As uptake by plants.

increasing phosphates addition ratio from 0 to 2.5 M/M. The ferrous
sulfate addition ratio has not any effect on Pb uptake by plants
for almost all the phosphates addition ratios examined. When no
phosphate is added in the soil Pb uptake varies between 10.2 and
12.6 mg kg−1. At the highest dose of phosphate, 2.5 M/M, the uptake
ranges between 3.6 and 7.6 mg kg−1.

Arsenic uptake by plants increased from 10 mg kg−1 to approx-
imately 35 mg kg−1 by increasing phosphates addition ratio from
Fig. 11. Effect of PO4 and FeSO4 addition ratios on Zn uptake by plants.
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Fig. 12. Effect of PO4 and FeSO4 addition ratios on Cd uptake by plants.

alues (Fig. 10). At the maximum FeSO4 addition ratio applied the
s uptake was not affected by the addition of phosphates and
emained almost constant to less than 5 mg kg−1.

The results of zinc and cadmium uptake by plants are pre-
ented in Figs. 11 and 12 respectively. It is seen as a general trend
hat Zn uptake increases by increasing FeSO4 addition ratio from

to 20 M/M. The increase of Zn uptake by plants by increasing
errous sulfate addition ratio is more abrupt at low phosphate addi-
ion ratios. At 0 M/M PO4, concentration of Zn in the plant tissues
ncreases from 108 mg kg−1 in the untreated soil to 400 mg kg−1 in
he soil treated with 20 M/M FeSO4. At the dose of 2.5 M/M PO4
n uptake increase from 170 to 330 mg kg−1, when the FeSO4 dose
ncreases from 0 to 20 M/M.

Cd uptake by plans increased by increasing the dose of FeSO4,
n agreement with the observed increase of Cd solubility in water
ue to the acidification of soil. At 0 M/M PO4 phytoaccumulation
f Cd increases from 0.25 to 5.2 mg kg−1 when the dose of FeSO4
ncreases from 0 to 20 M/M. At the maximum PO4 dose, 2.5 M/M,
d increases from 0.83 to 3.8 mg kg−1.

In general, the pattern of Zn and Cd phytoaccumulation reflects
he two antagonistic actions taking place by adding phosphates
nd ferrous iron in the soil mixture: (a) the decrease of pH due
ainly to iron sulfate addition and partially to the addition of

hosphates addition, and (b) the co-precipitation of Zn and Cd in
he form of mixed metal phosphates. These two effects result in
ither increased or decreased total Zn or Cd solubility affecting their
ptake by plants.

. Conclusions

Based on the results of the present study, monocalcium phos-
hate and/or iron sulfate addition in contaminated soil had a
ositive effect on Pb immobilization. However, monocalcium phos-
hate addition resulted in a significant As mobilization. This
dverse effect was restricted by adding ferrous iron sulfate. It was
ound that a phosphates addition ratio of 1.5 M/M or higher is
equired to effectively immobilize Pb in Lavrion soil sample tested
nd address the adverse effect of Pb mobilization observed at iron
ulfate addition ratios higher than 5 M/M. Furthermore, it was
ound that the minimum phosphate and iron sulfates addition ratio
hat result in the reduction of Pb and As dissolved concentration in
he water extracts below the EU drinking water values is 1.5 and

0 M/M, respectively. An undesirable side effect is that Ca(H2PO4)2
nd FeSO4 additions decreased soil pH from the initial value 7.8
o values as low as 5.6, causing the mobilization of Zn and Cd. To
void this effect the treatment scheme should be combined with the
ddition of lime or limestone, which is a common agricultural prac-

[

[
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tice, to obtain the effective control of soil pH at neutral or slightly
alkaline values.

References

[1] J. Kumpiene, A. Lagerkvist, C. Maurice, Stabilization of As, Cr, Cu, Pb and Zn in
soil using amendments—a review, Waste Manag. 28 (2008) 215–225.

[2] W.L. Lindsay, Chemical Equilibria in Soils, John Wiley & Sons Inc., New York,
1979.

[3] W. Stumm, J.J. Morgan, Aquatic Chemistry, 2nd edition, John Wiley and Sons,
New York, 1981.

[4] J.O. Nriagu, P.B. Moore, Phosphate Minerals, Springer-Verlag, Berlin, 1984.
[5] J.O. Nriagu, Lead orthophosphates—II. Stability of cholopyromorphite at 25 ◦C,

Geochim. Cosmochim. Acta 37 (1973) 367–377.
[6] J.O. Nriagu, Lead orthophosphates—IV. Formation and stability in the environ-

ment, Geochim. Cosmochim. Acta 38 (1974) 887–898.
[7] J. Cotter-Howells, S. Capron, Remediation of contaminated land by formation

of heavy metal phosphates, Appl. Geochem. 11 (1996) 335–342.
[8] Q.Y. Ma, T.J. Logan, S.J. Traina, Lead immobilization from aqueous solutions

and contaminated soils using phosphate rocks, Environ. Sci. Technol. 29 (1995)
1118–1126.

[9] A. Xenidis, C. Stouraiti, I. Paspaliaris, Stabilisation of oxidic tailings and con-
taminated soils by calcium oxyphosphate addition: the case of Montevecchio
site (Sardinia, Italy), J. Soil Contam. 8 (1999) 681–697.

10] P. Theodoratos, N. Papassiopi, A. Xenidis, Evaluation of phosphates for the
immobilization of lead in heavily contaminated soils from Lavrion, J. Hazard.
Mater. 94 (2002) 135–146.

11] W. Geebelen, D.C. Adriano, D. van der Lelie, M. Mench, R. Carleer, H. Cli-
jsters, J. Vangronsveld, Selected bioavailability assays to test the efficacy of
amendment-induced immobilization of lead in soils, Plant Soil 249 (2003)
217–228.

12] R.X. Cao, L.Q. Ma, M. Chen, S.P. Singh, W.G. Harris, Phosphate-induced metal
immobilization in a contaminated site, Environ. Pollut. 122 (2003) 19–28.

13] R. Melamed, X. Cao, M. Chen, L.Q. Ma, Field assessment of lead immobilization in
a contaminated soil after phosphate application, Sci. Total Environ. 305 (2003)
117–127.

14] S. Brown, B. Christensen, E. Lombi, M. McLaughlin, S. McGrath, J. Colpaert, J.
Vangronsveld, An inter-laboratory study to test the ability of amendments to
reduce the availability of Cd, Pb, and Zn in situ, Environ. Pollut. 138 (2005)
34–45.

15] C.A. Impellitteri, Effects of pH and phosphate on metal distribution with empha-
sis on As speciation and mobilization in soils from a lead smelting site, Sci. Total
Environ. 345 (2005) 175–190.

16] D.R. Ownby, K.A. Galvan, M.J. Lydy, Lead and zinc bioavailability to Eisenia fetida
after phosphorus amendment to repository soils, Environ. Pollut. 136 (2005)
315–321.

17] S. Raicevic, T. Kaludjerovic-Radoicic, A.I. Zouboulis, In situ stabilization of toxic
metals in polluted soils using phosphates: theoretical prediction and experi-
mental verify cation, J. Hazard. Mater. 117 (2005) 41–53.

18] K.G. Scheckel, J.A. Ryan, D. Allen, N.V. Lescano, Determining speciation of Pb in
phosphate-amended soils: method limitations, Sci. Total Environ. 350 (2005)
261–272.

19] D. Dermatas, M. Chrysochoou, D.G. Grubb, X. Xu, Phosphate treatment of firing
range soils: lead fixation or phosphorus release? J. Environ. Qual. 37 (2008)
47–56.

20] Y. Hashimoto, T. Taki, T. Sato, Sorption of dissolved lead from shooting range
soils using hydroxyapatite amendments synthesized from industrial byprod-
ucts as affected by varying pH conditions, J. Environ. Manage. 90 (2009)
1782–1789.

21] M. Chrysochoou, D. Dermatas, D.G. Grubb, Phosphate application to firing range
soils for Pb immobilization: the unclear role of phosphate, J. Hazard. Mater. 144
(2007) 1–14.

22] F.J. Peryea, A. Kammereck, Phosphate-enhanced movement of arsenic out
of lead arsenate contaminated topsoil and through uncontaminated subsoil,
Water Air Soil Pollut. 93 (1997) 243–254.

23] N.T. Basta, S.L. McGowen, Evaluation of chemical immobilization treatments
for reducing heavy metal transport in a smelter-contaminated soil, Environ.
Pollut. 127 (2004) 73–82.

24] D. Dermatas, X. Cao, V. Tsaneva, G. Shen, D.G. Grubb, Fate and behavior of
metal(loid) contaminants in an organic-matter rich shooting range soil: impli-
cations for remediation, Water Air Soil Pollut.: Focus 6 (2006) 143–155.

25] J.E. Darland, W.P. Inskeep, Effects of pH and phosphate competition on the
transport of arsenate, J. Environ. Qual. 26 (1997) 1133–1139.

26] F. Liu, A. De Cristofaro, A. Violante, Effect of pH, phosphate and oxalate on
the adsorption/desorption of arsenate on/from goethite, Soil Sci. 166 (2001)
197–208.

27] M.L. Polizzotto, C.F. Harvey, G.C. Li, B. Badruzzman, A. Ali, M. Newville, S. Sutton,
S. Fendorf, Solid-phases and desorption processes of arsenic within Bangladesh
sediments, Chem. Geol. 228 (2006) 97–111.
28] E. Smith, R. Naidu, A.M. Alston, Chemistry of inorganic arsenic in soils: II. Effect
of phosphorus, sodium, and calcium on arsenic sorption, J. Environ. Qual. 31
(2002) 557–563.

29] C.H. Swartz, N.K. Blute, B. Badruzzman, A. Ali, D. Brabander, J. Jay, J.
Besancon, S. Islam, H.F. Hemond, C.F. Harvey, Mobility of arsenic in a
Bangladesh aquifer: inferences from geochemical profiles, leaching data, and



rdous

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

A. Xenidis et al. / Journal of Haza

mineralogical characterization, Geochim. Cosmochim. Acta 68 (2004) 4539–
4557.

30] A. Violante, M. Pigna, Competitive sorption of arsenate and phosphate on dif-
ferent clay minerals and soils, Soil Sci. Soc. Am. J. 66 (2002) 1788–1796.

31] M. Alam, S. Tokunaga, T. Maekawa, Extraction of arsenic in a synthetic arsenic-
contaminated soil using phosphate, Chemosphere 43 (2001) 1035–1041.

32] M. Jang, J.S. Hwang, S.I. Choi, J.K. Park, Remediation of arsenic-contaminated
soils and washing effluents, Chemosphere 60 (2005) 344–354.

33] A.O. Fayiga, L.Q. Ma, Using phosphate rock to immobilize metals in soil and
increase arsenic uptake by hyperaccumulator Pteris vittata, Sci. Total Environ.
359 (2006) 17–25.

34] J.-Y. Kim, A.P. Davis, K.-W. Kim, Stabilization of available arsenic in highly con-
taminated mine tailings using iron, Environ. Sci. Technol. 37 (2003) 189–195.

35] G.P. Warren, B.J. Alloway, N.W. Lepp, B. Singh, F.J.M. Bochereau, C. Penny, Field
trials to assess the uptake of arsenic by vegetables from contaminated soils and
soil remediation with iron oxides, Sci. Total Environ. 311 (2003) 19–33.

36] W. Hartley, R. Edwards, N.W. Lepp, Arsenic and heavy metal mobility in iron
oxide-amended contaminated soils as evaluated by short- and long-term leach-
ing tests, Environ. Pollut. 131 (2004) 495–504.

37] O.X. Leupin, S.J. Hug, Oxidation and removal of arsenic(III) from aerated ground-
water by filtration through sand and zero-valent iron, Water Res. 39 (2005)
1729–1740.

38] J. Kumpiene, S. Ore, G. Renella, M. Mench, A. Lagerkvist, C. Maurice, Assessment
of zerovalent iron for stabilization of Cr, Cu, As in soil, Environ. Pollut. 144 (2006)
62–69.

39] S. Lidelöw, D. Ragnvaldsson, P. Leffler, S. Tesfalidet, C. Maurice, Field trials to
assess the use of iron-bearing industrial by-products for stabilization of chro-
mate copper arsenate-contaminated soil, Sci. Total Environ. 38 (2007) 68–
78.

40] J. Ascher, M.T. Ceccherini, L. Landi, M. Mench, G. Pietramellara, P. Nannipieri,
G. Renella, Composition, biomass and activity of microflora, and leaf yields
and foliar elemental concentrations of lettuce, after in situ stabilization of an
arsenic-contaminated soil, Appl. Soil Ecol. 41 (2009) 351–359.

41] K. Tyrovola, N.P. Nikolaidis, Arsenic mobility and stabilization in topsoils, Water
Res. 43 (2009) 1589–1596.
42] U.S. Environmental Protection Agency, Office of Solid Waste and Emergency
Response, Test Methods for Evaluating Solid Waste, SW-846, Method 1311,
Toxicity Characteristic Leaching Procedure, Rev. 1, Washington, DC, USA, 1996.

43] A. Kontopoulos, N. Papassiopi, K. Komnitsas, A. Xenidis, Environmental char-
acterization and remediation of the tailings and soils in Lavrion, in: E.
Diamadopoulos, G.P. Korfiatis (Eds.), Proceedings of the International Confer-

[

Materials 177 (2010) 929–937 937

ence on Protection and Restoration of the Environment III, Chania, Greece, 1996,
pp. 484–493.

44] Dutch Intervention values for soil remediation, Parliamentary Paper II 1993/94,
2 2 727, nos. 5 and 7, Dutch Government Printing Office, The Hague.

45] A.A. Olowe, J.M.R. Genin, The mechanism of oxidation of ferrous hydroxide in
sulfated aqueous media: importance of the initial ratio of the reactants, Corros.
Sci. 32 (1991) 965–984.

46] Y. Hashimoto, M. Takaoka, K. Oshita, H. Tanida, Incomplete transformations
of Pb to pyromorphite by phosphate-induced immobilization investigated by
X-ray absorption fine structure (XAFS) spectroscopy, Chemosphere 76 (2009)
616–622.

47] K. Lundtorp, D.L. Jensen, M.A. Sørensen, H. Mosbækb, T.H. Christensen, On-site
treatment and landfilling of MSWI air pollution control residues, J. Hazard.
Mater. B97 (2003) 59–70.

48] D. Paktunc, J. Dutrizac, V. Gertsman, Synthesis and phase transformations
involving scorodite, ferric arsenate and arsenical ferrihydrite: implications for
arsenic mobility, Geochim. Cosmochim. Acta 72 (2008) 2649–2672.

49] J.P. Gustafsson, Visual MINTEQ Ver. 2.22, A geochemical Assessment
Model for Environmental Systems, 2003, available at http://www.lwr.kth.se/
English/OurSoftware/vminteq (last visited 10/8/2009).

50] P. Drahota, M. Filippi, Secondary arsenic minerals in the environment: a review,
Environ. Int., in press.

51] E.F. Covelo, F.A. Vega, M.L. Andrade, Simultaneous sorption and desorption of
Cd, Cr, Cu, Ni, Pb, and Zn in acid soils I. Selectivity sequences, J. Hazard. Mater.
147 (2007) 852–861.

52] D.A. Dzombak, F.M.M. Morel, Surface Complexation Modeling: Hydrous Ferric
Oxide, John Wiley & Sons, New York, 1990.

53] P.J. Swedlund, J.G. Webster, G.M. Miskelly, The effect of SO4 on the ferrihydrite
adsorption of Co, Pb and Cd: ternary complexes and site heterogeneity, Appl.
Geochem. 18 (2003) 1671–1689.

54] P.J. Swedlund, J.G. Webster, G.M. Miskelly, Goethite adsorption of Cu(II), Pb(II),
Cd(II), and Zn(II) in the presence of sulfate: properties of the ternary complex,
Geochim. Cosmochim. Acta 73 (2009) 1548–1562.

55] F. Panfili, A. Manceau, G. Sarret, L. Spadini, T. Kirpichtchnikova, V. Bert, The effect
of phytostabilization on Zn speciation in a dredged contaminated sediment

using scanning electron microscopy, X-ray fluorescence, EXAFS spectroscopy,
and principal component analysis, Geochim. Cosmochim. Acta 69 (2005)
2265–2284.

56] T.J. Moore, C.M. Rightmire, R.K. Vempati, Ferrous iron treatment of soils
contaminated with arsenic-containing wood-preserving solution, Soil Sedim.
Contam. 9 (2000) 375–405.

http://www.lwr.kth.se/English/OurSoftware/vminteq

	Stabilization of Pb and As in soils by applying combined treatment with phosphates and ferrous iron
	Introduction
	Materials and methods
	Materials
	Environmental characterization
	Stabilization
	Evaluation of stabilization

	Results and discussion
	Soil sample characterization
	Change of soil pH
	Leaching test results
	Lead leachability
	Arsenic leachability
	Zinc and cadmium leachability

	Biological tests

	Conclusions
	References


