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Abstract A column experiment was conducted to eval-
uate the effectiveness of nanoscale zerovalent iron
(nZV]) for the in situ immobilization of Pb and Zn in
an acidic soil. The impact of nZVI on soil was evaluated
by monitoring the physicochemical characteristics of the
leachates and their ecotoxicological effects on three
species, Vibrio fischeri, Artemia franciscana, and
Caenorhabditis elegans. Treatment with nZVI resulted
in more effective Pb immobilization in comparison to
Zn and reduced the leachability by 98 and 72 %, respec-
tively; the immobilization was stable throughout the
experiment. Leachates from nZVI-treated soils showed
lower toxicity than leachates from untreated ones. The
highest toxicity in treated soils was observed in the first
leachate, which presented high values of electrical con-
ductivity due to the leachability of soil ions and those
provided by the commercial nanoparticle suspension
(Na and Fe). V. fischeri and C. elegans were more
sensitive to leachates from nZVI-treated soils polluted
with Zn than those from soils polluted with Pb;
A. franciscana showed the opposite trend.
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1 Introduction

Soil is both an important reservoir of chemical elements
and a living matrix, being a key component of terrestrial
ecosystems. In the last several decades, environmental
problems associated with soil pollution have attracted
the interest of the scientific community. Among other
pollutants, metals and metalloids are well known to be
toxic to most organisms when exceeding a threshold
level (Adriano 2001; USEPA 1992). The main causes
of the accumulation of metals and metalloids in soil are
anthropogenic activities such as mining, military activ-
ities, manufacturing, and the land application of indus-
trial or domestic sludge (Adriano 2001). Metals and
metalloids do not degrade like organic pollutants, and
for that reason, it is very difficult to eliminate metals
from soils. The total concentration of heavy metals in
soil provides limited information about their potential
mobility and their possible impact to organisms. The
main objective of many in situ remediation strategies is
to use metal immobilization to reduce their mobility and
bioavailability in the soil and minimize potentially ad-
verse effects. Both the mobility and bioavailability of
the metal in the soil depend on the physical and chem-
ical soil properties, the metal speciation, and the biolog-
ical organism (Vangronsveld and Cunningham 1998).
The immobilization of metals prevents their transport
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into deeper soil layers, rivers, and groundwater, an im-
portant source of drinking water.

In recent years, the environmental application of
nanoscale zerovalent iron (nZVI) has generated a great
deal of attention due to its potential for cost reduction
compared to other in situ treatments, higher reactivity,
and broader applications (Grieger et al. 2010; Karn et al.
2009; Li et al. 2006; Mueller et al. 2012; Zhang 2003).
Although most studies have focused on using nZVI to
remove metals and metalloids from water and ground-
water (Crane and Scott 2012; Liendo et al. 2013; Karn
et al. 2009; Klimkova et al. 2011; Mueller et al. 2012;
Zhang 2003), metal immobilization in soils using nZVI
has recently attracted attention (Fajardo et al. 2012;
Singh et al. 2012; Xu and Zhao 2007; Zhang et al.
2010). The direct application of nZVI for soil remedia-
tion is a potential entry of nZVI into groundwater. Thus,
characterizations of soil leachates as well as their poten-
tial toxicity have become crucial in evaluating the im-
pact of ZVI nanoparticles in soil remediation.

The ecotoxicity of the interaction between nanopar-
ticles and soil can be assessed by several tests conducted
in species ranging from microorganisms to eukaryotes
(Handy et al. 2012). To date, little information exists on
the assessment of nZVI-soil interactions. In this sense,
Cullen et al. (2011), Fajardo et al. (2012) and Pawlett
et al. (2013) have studied the effects of nZVI on typical
soil microorganisms. However, ecotoxicological analy-
sis in other species is being increasingly considered
(Chen et al. 2011; El-Temsah and Joner 2012; Keller
et al. 2012; Li et al. 2009).

The marine bioluminescent bacterium Vibrio fischeri
(V. fischeri) has been broadly used in environmental
toxicity (Boluda et al. 2002). It is a very powerful tool
for screening the toxicity of nanoparticles (Mortimer
et al. 2008). The Artemia species have been used to test
the acute toxicity of metals because they offer several
advantages, including year-round availability, low cost,
ease of culture, high offspring production, and a short
life cycle (Kokkali et al. 2011; Sanchez-Fortin et al.
1997). The short-term toxicity test with Artemia nauplii
was tested by European and American laboratories to
determine the degree of standardization of the experi-
mental protocol; they concluded that its repeatability
and reproducibility were at least equal to those of the
short-term Daphnia test (Vanhaecke and Persoone
1984). Another organism group emerging in the field
of environmental sciences is the nematode. The soil-
dwelling bacterivorous nematode Caenorhabditis
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elegans (C. elegans) has been successfully used as a test
organism for investigating complex matrices, such as
soils, and the toxicity of both metals and engineered
nanoparticles (Hoss et al. 2009; Roh et al. 2006).

Therefore, the aim of this study was to examine (i)
the effectiveness of nZVI for the in situ immobilization
of metals (Pb or Zn) in soil column experiments, (ii) the
potential leachability of metals and nZVI, and (iii) the
physicochemical and ecotoxicological properties of the
leachates to determine the environmental risk of this
remediation technology.

2 Materials and Methods
2.1 Zerovalent Iron Nanoparticles

A commercial stabilized water dispersion of nZVI
NANOFER 258 (NANO IRON Rajhrad, Czech Repub-
lic) was used in these column experiments. The Fe(0)
percentage in the commercial product was between 14
and 18 %, according to the commercial specifications
(http://www.nanoiron.cz/en/nanofer-25s). Klimkova
et al. (2011) presented a complete characterization of
the commercial nanoparticles that were used. In brief,
the nZVI particles are coated by polyacrylic acid (3 %),
which stabilizes the product, prevents sedimentation and
agglomeration, and maintains its accessibility to reac-
tions; the nZVI particles show an average size of 60 nm
and an active surface area of 20 m* g~ '. Before use, the
solution was covered with aluminum foil to prevent
light degradation and stirred for 1 h. The pH of the nZVI
suspension was alkaline (12.2+0.1). A concentration of
10 % nZVI, representing 14-18 g Fe (0) per kg of soil,
was used in this experiment.

2.2 Soil

The soil used in this study was collected from an un-
treated agricultural field located in Talamanca del
Jarama (Madrid, Spain); this field had no agricultural
activities at least for the last 10 years. Bulk soil samples
were collected from surface layer A (0-30-cm depth).
The soil samples were air-dried and sieved (<2 mm)
prior to experimental use. The soil properties were ana-
lyzed according to the official Spanish methodology for
soil analysis (MAPA 1994), and results are shown in
Table 1. In brief, the electrical conductivity and pH were
measured at a 1:2.5 soil-to-water ratio; the organic
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Table 1 Physical and chemical properties of the soil used in the
study (mean+standard deviation, n=3)

Properties Soil

pH 53+04
Conductivity (dS m ™) 0.10£0.00
CaCO; (%) 0.15+0.05
N (%) 0.03+0.01
Organic matter (%) 0.61+0.04
P (mg kg ") 27+1

Ca (mg kg™ 719452
Mg (mg kg ) 87+14
Na (mg kg ") 4.7£0.4
K (mg kg ") 132424
Pb (mg kg ") 9.00.3
Zn (mg kg ") 20+1

Fe (mg kg ") 11.767+1.325
Sand (%) 42

Silt (%) 43

Clay (%) 15

matter and total nitrogen content were determined
using the Walkley—Black and Kjeldahl methods, re-
spectively. The percentage of carbonates was mea-
sured using the Bernard calcimeter; available phos-
phorus was evaluated using sodium bicarbonate at a
pH of 8.5. Available nutrients were extracted with
0.1 N NH4Ac and assessed using atomic absorption
spectrometry (AAS) (AA 240 FS, Varian, Victoria,
Australia). The soil texture was analyzed using a
Bouyoucos densimeter.

Air-dried soil samples (2.5 kg) were spiked with
800 mL of solution of Pb(NOj3), or Zn(NO3),
(625 mg L"), They were prepared from commercial
solutions of nitrate of Pb(Il) and Zn(Il) in nitric acid
(1,000 mg L") purchased from Scharlab (Sentmenat,
Spain). After soil spiking, a decrease of soil pH was
observed (pH=3). Spiked acid solutions were used to
simulate mining activities that often induce acid mine
drainage containing toxic metals (Klimkova etal. 2011).
Soil was properly mixed during metal addition to make
sure that the metal was evenly distributed in the soil.
Spiked soils were consolidated for 40 days. After this
40-day period, the soils were sieved (<2 mm) to homog-
enize the mixtures. The original soils were left unpol-
luted. The total Pb and Zn levels in the soil samples were
determined by AAS after acid digestion (0.5 g) with a

mixture of 6 mL of nitric acid (69 % purity) and 2 mL of
hydrochlorhydric acid (37 % purity), in a microwave
reaction system (Multiwave 3000, Anton Paar GmbH,
Graz, Austria); after the solutions were cooled to room
temperature, they were filtered and diluted to 50-mL
with Milli-Q water. The total Pb and Zn contents of
the spiked soils were 192+10 and 250+30 mg kg ',
respectively. The limits of quantitation were 0.01 and
0.1 mg L' for Zn and Pb, respectively. The iron con-
centration in the extract was also measured, and the
quantitation limit was 0.06 mg L'. All analytical deter-
minations were performed in duplicate.

2.3 Column Experiments

The leaching experiments were performed at room
temperature (23+1 °C). Glass columns with a
length of 30 cm and inner diameter of 4.5 cm were
used in the present study. The columns were closed
at the bottom with plastic mesh (0.2 mm), and 75 g
(4 cm) of gravel was added to prevent loss of the
soil. To quantify the effectiveness of nZVI for the
in situ immobilization of Pb or Zn and the leaching
of Fe from nanoparticles, three parallel column
systems were utilized: columns with unpolluted soil
(original soil), columns with polluted soil (Pb or
Zn), and columns with polluted soil treated with
nZVI at 10 % (called Pb-nZVI or Zn-nZVI). Three
independent columns were used per condition. The
columns filled with unpolluted soil provide infor-
mation about the potential impact of the remedia-
tion technique on soil characteristics. The columns
with original soil and columns with polluted soil
were uniformly packed with 400 g of air-dried soil.
To obtain the columns with polluted soil treated
with nZVI, 400 g of air-dried soil was mixed with
nZVI suspension and then introduced into the col-
umn. Deionized water was applied through the soil
column to saturate the soil (141 mL). Then,
100 mL of de-ionized water was added everyday
for 10 days by gravity flow. After irrigation, the
leachates were collected over a 24-h period in a
250-mL Erlenmeyer flask with a funnel and
Whatman paper (grade 40, 125 mm diameter).
The volume of leachate collected was in the range
of 83-103 mL. The total amount of water applied
to each column was 1,120 mL, simulating 2 years
of typical annual rainfall from central Spain.
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The total Pb or Zn in the leachates was deter-
mined by AAS after acidification. To quantify the
transportability of the Fe nanoparticles through the
soil column, the total Fe concentration in the leachates
was monitored by AAS. The physicochemical and
ecotoxicological characteristics of the leachates were
also analyzed.

Finally, the soil was removed from the column
and air-dried. Metal availability (Pb, Zn) was stud-
ied in the soils after applying a sequential extraction
procedure to determine the most available fractions
(exchangeable and linked to carbonates). The metal
concentrations were measured by AAS in all the
extracts obtained in the sequential extraction proce-
dure described below.

Exchangeable (EX) Soil samples (2.5 g) were extracted
with 25 mL of MgCl, (1 M, pH 7) for 1 h.

Linked to carbonates (CB) The residue from exchange-
able fraction was extracted with 25 mL of buffer
CH;COONa/CH3;COOH (1 M, pH 5) for 5 h.

After each successive extraction, separation was
done by centrifugation (Beckman Model J2-21) at
13,000 rpm for 30 min. The supernatants were removed
with pipette and filtered through 0.45-um regenerated
cellulose membrane filters (Phenomenex, Torrance,
CA).

The residue from carbonate fraction was air-dried
and grinded with an agate mortar. The grinded residue
(0.5 g) was digested in a microwave reaction system
(Multiwave 3000) as was described previously. This
fraction includes the metal content linked to the less
available fraction of the soil (called LA).

2.4 Physicochemical Properties of Leachates

The conductivity and pH of the leachates were moni-
tored; the available nutrients Ca®*, Mg®", Na", and K*
were also determined by AAS, and the anions CI,
NO,, SO,*", and PO,>~ were determined by ionic
chromatography with a conductivity detector (Dionex
ICS-1100). The chromatography conditions were an
analytical column, Dionex Ion Pac AS9-HC (4x
250 mm); a guard column, Dionex AG9-HC; a suppres-
sor column Anion Micromembrane Suppresor III,
AMMS III (4 mm); the eluent, 9.0 mM sodium carbon-
ate; the flow rate, 1.0 mL minfl; and the injection
volume, 25 L.
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2.5 Ecotoxicological Analysis of Leachates
2.5.1 Vibrio fischeri (Microtox® Test)

The Microtox® Basic Test was carried out using the
following protocol from the manufacturer (Microbics
Corporation, Carlsbad, USA). Briefly, a range of culture
filtrate dilutions from 45 to 0.56 % was made in solvent
supplied by the manufacturer. For the reactions, freeze-
dried V. fischeri were reconstituted with 0.01 % sodium
chloride, and 10 mL was mixed with 500 mL of each
culture filtrate dilution.

A Microtox® Model 500 Analyzer (AZUR Environ-
mental, Carlsbad, CA, USA) was used to measure the
luminosity from the reconstituted bacteria after 5 and
15 min of exposure to the culture filtrate. Because there
were no significant differences between the two mea-
surements, the luminescence inhibition after a 5-min
exposure was taken as the endpoint (Froehner et al.
2000). A 2 % sodium chloride solution was used for
bacterial regeneration, sample dilution, and control. The
osmotic control was made using an Osmotic Adjusting
Solution (OAS) of 22 % sodium chloride.

In the Microtox® test, the inhibition of light emission
was measured in relative units of luminescence. The
data were used to calculate the leachate volume required
to induce full luminescence inhibition for each of the
samples tested. The behavior of the bacteria was tested
according to normative AFNOR T90-320 (AFNOR
1991).

2.5.2 Artemia franciscana

The Artemia cysts were purchased from Argent
(Argentemia Silver Grade, Argent Chemical Lab., WA,
USA). To obtain Artemia for the test, the method of
Persoone et al. (1989) was modified according to the
following procedure. Encysted 4. franciscana were hy-
drated in distilled water at 4 °C for 12 h, followed by
washing to separate the cysts that float from those that
sink. The sinkers were collected in a Buchner funnel and
washed with cold distilled water followed by synthetic
seawater. Synthetic seawater was prepared by mixing
35%o Synthetica Sea salts (Waterlife Research Ltd., UK)
with distilled and deionized (Milli-Q) water, stirring for
24 h with suitable aeration and filtering through 30-um
Millipore cellulose filters.

The cysts were incubated in a graduated glass cylin-
der in 100 mL of seawater medium at 25 °C and pH 8.6.
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A photon irradiance of 16 umol m 2 s~ over the wave
band 400-700 nm was employed, and slight aeration
was maintained by a small tube in contact with the
bottom of the cylinder. Under these conditions, the time
required for the cysts to hatch was approximately 24 h.

The standard environmental conditions for all acute
toxicity bioassays were as follows: temperature 25 °C,
salinity 35%o, and pH 8.6. All tests were performed in
darkness and conducted in sterile 24-well polystyrene
tissue culture plates.

To confirm the nZVI toxicity assays, preliminary
24-h static toxicity tests were performed to define the
range of concentrations covering 0 to 100 % mortality.
The test concentrations used, chosen on the basis of
preliminary range-finding tests, were 1,000—
5,000 mg L™". To determine the toxic effect of leachates
from soil polluted with Pb or Zn, samples from these
leachates had been previously lyophilized and resus-
pended in an equal volume of seawater.

In all toxicity assays, each nZVI concentration or
leachate sample was replicated four times and involved
ten organisms per well; at least four replicate test series
were performed. All plates were placed in an incubator
under standard conditions for 24 h. Larvae were consid-
ered dead if they showed neither internal nor external
movement over a 10-s observation period.

2.5.3 Caenorhabditis elegans

The C. elegans wild-type strain N2 from the
Caernorhabditis Genetic Center (University of Minne-
sota, St. Paul, MN, USA) was used for the bioassay. The
strain was maintained on nematode growth medium
(NGM) plates seeded with Escherichia coli strain
OP50 at 20 °C (Brenner 1974). The NGM consisted of
agar, peptone, cholesterol, KH,PO, and K,HPO, buffer,
NaCl, and MgSO,. E. coli was cultured overnight in
sterilized Luria Bertani (LB) medium (5 g L' of yeast
extract, 10 g L' of tryptone, and 10 g L™ NaCl).

Chunks of agar with worms from a stock of dauer
larvae (an alternative juvenile stage of C. elegans that
occurs with a lack of food) were transferred to fresh
NGM plates seeded with OP50. After 3 days, many
gravid hermaphrodites, as well as L1 and L2 stage
juveniles, were found on the NGM.

Toxicity testing was conducted in 24-well microtiter
plates (Nunclon Delta SI, Nunc, Roskilde, Denmark).
Each test well was loaded with an adult gravid nema-
tode; 1 mL of the test leachate recovered at 48-h

intervals and E. coli (OP50 15 mg mL™" suspended in
K-medium as the food supply plus cholesterol
5 ug mL™"). Wells in which leachates were substituted
with 1 mL of K-medium were used as the internal
controls. Leachates from soils without Pb, Zn, or nano-
particles were also tested as controls.

The plates were then incubated in darkness at 20 °C.
Three days later, the content of each well was mixed
with 0.5 mL of an aqueous solution of Rose Bengal
(0.3 g L") to stain the worms (Hoss et al. 2009). The
assay was stopped by heat-killing the worms at approx-
imately 80 °C after 10 min. The content of each well
was removed with tap water, transferred to a centrifuge
tube, and poured into a Petri dish. The nematode repro-
duction was quantified by counting the offspring per test
organism under a stereomicroscope. For each solution,
the average number of progeny from four wells was
obtained for each test replicate, and the testing was
replicated three times.

2.6 Statistical Analysis

The physicochemical properties of leachates are shown
graphically in the form of breakthrough curves, i.e.,
concentration versus time (days), and indicate the
means+standard deviation. Statistical calculations of
toxicological endpoints were performed using
Graphpad Prism 5 (San Diego, CA, USA) software.
One-way ANOVA was carried out followed by a post
hoc multiple comparison of means using the Tukey test
(p<0.05).

3 Results and Discussion
3.1 Metal Immobilization

To test the effectiveness of nZVI in enhancing Pb and
Zn immobilization, column experiments were per-
formed, and the leachability of untreated and nZVI-
treated soils was compared. As shown in Fig. la, the
concentrations of Pb and Zn in leachates from columns
containing soils treated with nZVI were significantly
lower than those from the untreated soils. Most of the
nonimmobilized metal was leached on the first day.
Lead-polluted soils treated with nZVI only leached
1.5 % of the total Pb. In the case of Zn, treated soils
leached 21 % of the total Zn, as the immobilization was
significantly less effective than that for Pb. Successive
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water irrigations did not increase the metal availability,
suggesting that metal immobilization remained stable
through the experiment. This fact is of great interest
because of the need for applying long-term immobiliza-
tion technologies. The observed differences in the im-
mobilization percentages between Pb and Zn can be
explained in terms of the different chemical characteris-
tics between both metals. Sorption and partial chemical
reduction are the removal mechanisms for metal ions
such as Pb(II), which has a standard potential for reduc-
tion to a metallic state (E°=—0.14 V) that is slightly
more electropositive than iron (—=0.41 V). In the case
of Zn(Il), whose E° (—0.76 V) is more negative than
iron, its reduction is thermodynamically unfavorable.
Zn ions are attracted to the iron surface by sorption or
surface complex formation, which may include electro-
static interactions and specific surface bonding (Li and
Zhang 2007). Regarding the mobility of nZVI, as
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expected, higher amounts of iron were found in leach-
ates from soil columns with nanoparticles than those
from untreated ones (Fig. 1b). According to the com-
mercial specifications, the mean amount of iron in the
nZVI suspension added to the soil column was approx-
imately 6,400 mg. In the first leachate, the highest
concentration of iron was detected, 127 mg for columns
with Pb and 195 mg for columns with Zn (the mean
volume of leachate was 103+7 and 97+1 mL, respec-
tively). In the following leachates, the amounts of iron
leached from treated and untreated soils were sim-
ilar. The total percentages of iron leached through-
out the column experiment were 2.1 and 3.1 % of
the total iron added, for Pb and Zn experiments,
respectively. Subsequently, the use of nZVI to im-
mobilize metals in soils could produce an initial
input of Fe to the groundwaters that was less than
3.5 % of the total Fe added.
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After the leaching experiments, soils were removed
from the columns, and the metal availability was ana-
lyzed according a sequential extraction procedure. Soils
treated with nZVI showed a significantly higher per-
centage of metal in the less available fractions than those
from untreated soils (Fig. 2), which agrees with the rate
of leachability. In treated soils, the percentages of metal
in the less available fractions were 65.6 % for Pb and
45.4 % for Zn, confirming the greater effectiveness in
the immobilization of Pb compared to that of Zn. The
obtained results suggest that metal immobilization
would be stable after simulating 2 years of rainfall from
Central Spain, which is a critical factor in determining
the effectiveness and the stability of a remediation
procedure.

3.2 Physicochemical Properties of Leachates
Because nZVI applied to the soil can potentially reach

groundwater, the physicochemical characterization of
leachates is an important endpoint to be considered;

however, little information in this area is available. As
shown in Fig. 3a, leachates from soils polluted with Pb
or Zn presented pH values that are significantly more
acidic than both the original (unpolluted) and nZVI-
treated soils from the beginning to the end of the exper-
iments. Furthermore, in all of the cases, the pH values
tended to stabilize at 4-5 days. The electrical conduc-
tivity was dramatically high in leachates collected from
all soils except the unpolluted ones as a consequence of
contamination and the nanoparticle treatment. The arti-
ficial soil contamination resulted, on the one hand, a
supply of ions, and on the other hand, a decrease of the
soil pH, which favors soil salt solubilization. However,
after 2448 h, conductivity significantly decreased to
the level of the unpolluted soil where it remained until
the end of the experiments (Fig. 3b).

The influence of soil remediation with nZVI on cat-
ion and anion leaching was also studied. The amount of
ions leached depends primarily on the amounts of solu-
ble ions present in the soil and also on the amount of
leachate (Terman 1977). Thus, the extent of anion and
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cation leaching depends on both the chemical and phys-
ical soil properties as well as other factors, such as the
amount and rate of drainage. The monitoring of the
available nutrients K, Na®, Ca**, and Mg®" is shown
in Fig. 4. In general, the original soil showed low levels
of ion leaching, which was expected because of its
chemical properties, an acidic soil with low levels of
nutrients. Metal-contaminated soils (Pb, Zn) demon-
strated a low pH, contributing to an increase in the ion
mobilization. The treated soils presented different be-
haviors depending on the ion; in general, significant
mobilization of cations was observed at the early stages
of the experiment. These results are in strong agreement
with those related to electrical conductivity. In the first
leachate, Pb-polluted soils leached significantly
(p<0.05) higher amounts of K" and Mg** than nZVI-
treated ones, while in the case of Zn, the concentration
of these cations was similar in both the treated and
untreated soil leachates. Soils treated with nZVI showed
higher elution of Ca®" than untreated ones, most likely
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due to exchangeable processes with Fe?*, which are
favored by the excess of iron in the soil. Regarding
Na', the original and contaminated soils released signif-
icantly lower concentrations (p<0.05) than the approx-
imate concentration of 1,400 mg L' released by soils
treated with nZ V1. In these soils, Na" originates from the
commercial nanoparticles because it is a by-product of
nZVI synthesis. Monitoring the soil cations shows that
iron nanoparticle soil treatment seems to release cations
from positions that were unavailable in the polluted soil.

In addition, the concentrations of the ClI, NO, ,
SO,%, and PO, anions in the leachates were analyzed
(Fig. 4e-h). Nitrate was not quantified because metal
contamination was carried out with the respective nitrate
salt; so, it should be the dominant anion in the leachates.
The analyzed anion concentrations in leachates from the
unpolluted, polluted, and treated soils were moderate,
with SO,*~ showing the highest amounts. The break-
through curve of Cl” was similar to those of the cations
because the Cl in soils results from potassium, sodium,
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calcium, and magnesium salts. The highest amounts of

experiment and were significantly higher (»<0.05) in
Cl" were eluted at the beginning of the leaching

the nZVI-treated soils than in the polluted and original
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Fig. 5 Luminescence inhibition induced by leachates from nZVI-
treated and untreated soils polluted with a Pb or b Zn on Vibrio
fischeri. Bars represent mean+SD (n=3, 4 replicates each) of
leachates from soils treated with nZVI (black bars) and untreated

(unpolluted) ones. Chloride is a mobile anion; it is
barely adsorbed and moves with water in the soil. Under
these experimental conditions, the application of nZVI
favored Cl availability, although the leached amount
was lower than the level allowed by Spanish Water
Regulations. The results obtained for NO, show that
the use of iron nanoparticles results in an important
mobility and these values were significantly higher
(»<0.05) than those from the original and polluted soils
throughout the column experiment. The ZVI nanoparti-
cles favored the reduction of nitrate to nitrite (it should
be noted that metal contamination was carried out with
the nitrate salts, as explained above) which is in agree-
ment with the results obtained by Chen et al. (2004).
Treatment with nZVI induced the immobilization of the
PO4>~ anion because of the high binding strength of
PO,>" to ferric oxides (Ryden et al. 1977). Under the
experimental conditions of acidic soil with high concen-
trations of iron, iron phosphate minerals, such as
strengite (FePO,4-2H,0) and vivianite (Fe;(POg),-
8H,0), and complexes are dominant (Reddy et al.
1999). The binding strength of phosphate to ferric
oxides is higher than that of the inorganic anions
SO,*, CI', and NO, (Ryden et al. 1977). How-
ever, metal-polluted soils showed an increase in
the elution of PO,*", which could produce eutro-
phication problems. Sulfate behavior was contrary
to PO,>"; substantial leaching of S0,> was ob-
served after soil remediation with nZVI. Both an-
ions, SO42_ and PO43_, compete for the active
sites that are more specific to the latter (Rhue
and Kamprath 1973).
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3.3 Ecotoxicological Analysis of Leachates

To determine if leachates from soils polluted with Pb or
Zn and treated with nZVI induce ecotoxicological ef-
fects, select toxicity endpoints were evaluated for
V. fischeri, A. franciscana larvae, and C. elegans.

The marine bioluminescent bacterium V. fischeri,
through the specific Microtox® bioassay, has been used
broadly in ecotoxicology. This bioassay tests the de-
crease in V. fischeri bioluminescence in the presence of
pollutants or other toxic agents (Boluda et al. 2002). The
mean results obtained by the Microtox® tests are pre-
sented in Fig. 5. The leachates from the soils polluted
with Pb or Zn exhibited a time-dependent decrease in
luminescence inhibition. In the soil contaminated with
Pb, leachates from the treated and untreated soil induced
similar toxicity on V. fischeri on day 1. With Zn, the
leachates from nZVI-treated soils showed significantly
lower toxicity than the leachates from untreated soils.
The application of nZVTI to polluted soils decreased the
leachate toxicity, reaching values similar to those from
the original (unpolluted) soil on days 2 and 4 for Pb-NP
and Zn-NP, respectively. These differences could be due
to the lower effectiveness of Zn immobilization
(Fig. 1a), resulting in a higher metal concentration in
leachates on days 2 and 3.

The lethal effect on A. franciscana nauplii induced
by selected leachates is shown in Fig. 6. The results
showed that there are no significant differences between
the time-dependent Pb and Zn leachate decreases. How-
ever, when nZVI is added to the soil, the nauplii lethality
was significantly different between Pb-NP and Zn-NP
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Fig. 6 Lethal effect induced by leachates from nZVI-treated and
untreated soils polluted with a Pb or b Zn on Artemia franciscana
nauplii. Bars represent mean+SD (n=3, 4 replicates each) of
leachates from soils treated with nZVI (black bars) and untreated

during the first 24 h of exposure. At 24 h, leachates from
the Zn-NP soils induced 63.30+6.16 % of the nauplii
lethality, whereas Pb-NP soils induced 100 % of the
lethality. From the second day, both leachates induced
a lethal effect of less than 10 %, demonstrating practi-
cally any toxicological risk to 4. franciscana nauplii.

Although several endpoints have been proposed for
assessing the toxicity of soils contaminated with
C. elegans, reproduction is one of the most commonly
used (Hoss et al. 2009). Reproduction determination, as
described here, can only be performed using adult-stage
worms. The advantages are the use of few worms (one
per well) and a simple technique; however, this endpoint
requires a relatively long exposure time and manual
scoring (Anderson et al. 2001).

The average number of offspring obtained (53+9)
when leachates from unpolluted soils were tested was
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Fig. 7 Effect of collected leachates, at 48-h interval, from col-
umns containing soils polluted with Pb (a) or Zn (b) in the
presence or absence of nZVI on Caenorhabditis elegans repro-
duction. Results are expressed as mean+SEM (n=3, 4 replicates
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soils (white bars) and expressed as percent (v/v). Asterisk on bars
corresponding to leachates treated with nZVI means significant
differences (p<0.05) compared to its untreated equivalent

not significantly different from the number obtained in
internal controls (56+8) (wells containing K-medium,
see “Methods”). Therefore, they were used as controls
for comparison. As shown in Fig. 7, leachates collected
on the first day from columns containing soil polluted
with Zn or Pb significantly inhibited the reproduction of
C. elegans. After 5 days, leachates from soils did not
affect the reproduction of C. elegans in any instances.
Notably, when ZVI nanoparticles were added to the
soils, they prevented the inhibitory effect of the leach-
ates on nematode reproduction on the third day of
exposure to leachates from Pb-NP. In soils polluted with
Zn, the effect lasted 2 more days; nevertheless, nZVI
significantly reverted the inhibitory effect of the leachate
on the third day (Fig. 7b).

Taken together, the results of the ecotoxicological
analysis indicate a lower toxicity in nZVI-treated soils

b)
/) Zn
EEm Zn+nZVI

100+

Offspring (% of control)

days

each). Comparisons of leachate effects with respect to original soil
(unpolluted), as well as between them, were performed. **p<0.01;
ik <0.001. p<0.01, with respect to leachates from soil with Zn
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than in untreated ones. In the case of the treated soils,
three species showed the highest toxicity effects on the
first day (Figs. 5-7), and the toxicity dramatically de-
creased after that. This agrees with the characteristics of
the first leachate: more acidic pH; high conductivity due
to the leachability of soil ions, especially Na and Fe
from commercial nanoparticles; and higher concentra-
tion of Pb or Zn in comparison to the following leach-
ates (Figs. 1, 3, and 4). V. fischeri and C. elegans showed
a longer effect from Zn when compared to Pb (nZVI-
treated and untreated soil leachates), and A. franciscana
was more sensitive to Pb-NP leachates than to Zn-NP
leachates. This could be explained by the different sen-
sitivity of the species to heavy metals (van der Oost et al.
2003; Wright and Welbourn 2002). In addition, the
lower effectiveness of Zn immobilization by nZVI
would allow a higher concentration of this metal to be
available in the leachates; thus, a higher sensitivity of
V. fischeri and C. elegans to Zn leachates compared to
Pb ones can be expected.

4 Conclusions

The application of nZVI to remediate an acidic soil
polluted with Pb or Zn significantly decreased the
soil metal availability. Metal immobilization was
stable after simulating 2 years of typical annual
rainfall from central Spain, which is very interest-
ing because of the need to apply long-term immo-
bilization technologies. The first leachate from the
nZVl-treated soils showed a high conductivity due
to the elution of soil ions and those provided by the
commercial nanoparticle suspension (Na and Fe),
resulting to the highest toxicity levels. Toxicity
from nZVlI-treated soils was lower than that from
untreated ones. The impact of nZVI on the soil-
water system should be taken into account before
the application of this remediation strategy, partic-
ularly in the more permeable soils. Toxicity assays
using the selected test organisms could be consid-
ered suitable tools to analyze soil toxicity after the
application of nZVI. The results obtained in the
present study suggest that the use of nZVI to re-
mediate soils polluted with Pb or Zn is a promising
in situ strategy.
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