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Abstract

The present manuscript studies the effectiveness of commercial nano zero valent iron (nZVI) particles in decreasing the
availability of Cd, Cu, Ni, and Pb in spiked soil samples and to remove the same heavy metals from aqueous solutions. The
difference of nZVI efficiency between single and multi-metal contamination was evaluated. The application of nZVI in water
samples showed higher effectiveness in the cases of single metal contamination. The effectiveness of single- and multi-metal
(mixtures of Cu, Ni, Pb and Cd, Cu, Ni, Pb) immobilization in soil using different doses (0%, 0.85%, 1.7%, 2.55%, and 5.1%)
of nZVI was determined. Immobilization efficiency was assessed using the leaching procedure and depended on a particular
metal and the dose of nZVI. In all cases, it was determined that an increasing amount of nZVI resulted in decrease in the
leaching of analysed metals. In cases, where higher nZVI doses were used, higher immobilization efficiency was observed
for heavy metals in multi-metal contamination. The application of nZVI significantly reduced leaching of all heavy metals

and this strategy can be successfully used for heavy metals stabilization in soils.

Article Highlights

e The highest removal efficiencies from aqueous solutions were for Cu2+ and Pb2+.
e The percentages of metal immobilized were higher in multi-metal polluted soils.
e Using nZVI the exchangeable fraction of heavy metals can be significantly reduced.

Keywords Availability - Heavy metals - Nano zero valent iron particles - Immobilization

Introduction

Heavy metals are constantly getting into the soil because of
human activities (Zeng et al. 2018). In contaminated areas,
heavy metals like lead (Pb), cadmium (Cd), copper (Cu), and
nickel (Ni) are often detected (Wuana and Okieimen 2011).
To protect human health and soil quality, treatment of the
soil contaminated by heavy metals is relevant.

Nano zero valent iron (nZVI) particles can be used to
immobilize heavy metals and for the remediation of con-
taminated sites. Iron nanoparticles have a higher sorption
capacity than conventional sorbents and can adsorb many
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pollutants including metals and metalloids (Boparai et al.
2011). Because of their sorption features, these particles
can be used for treating soil contaminated with heavy met-
als, and also for the remediation using the in situ method
(Komarek et al. 2013).

Zero valent iron has a strong reducing power (Zhao et al.
2016). Most studies using Fe” nanoparticles were performed
in water samples (Kanel et al. 2005, 2006; Li and Zhang
2007; Klimkova et al. 2011; Boparai et al. 2013; Wang et al.
2016). The studies done by scientists provided knowledge
about the possibilities of Fe® nanoparticles in transform-
ing metal cations in the water. nZVI can quickly eliminate
and/or reduce the amount of these ions in water samples.
Heavy metals are reduced on the surface of Fe” nanoparticles
(Boparai et al. 2011). Under environmental conditions, nZVI
reacts well in water and can be a good electron donor (Li and
Zhang 2006; Cook 2009):

Fe — Fe?* + 2e” (D
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The reaction mechanisms of Fe® nanoparticles with heavy
metals include (O’Carroll et al. 2013): adsorption (Pb, Ni,
Cd), oxidation/reoxidation (Pb), reduction (Cu, Pb, Ni), pre-
cipitation (Cu, Pb, Cd) and co-precipitation (Ni). The con-
trolling mechanism is the standard electrode potential (E®)
of the heavy metal (Boparai et al. 2011). The immobiliza-
tion mechanisms of nZVI mainly include adsorption/surface
complexation for metal ions, whose electrode potential is
very close to or more negative than Fe? (—0.44 V) (Liang
et al. 2014). For example, the standard Cd>* redox potential
(— 040V, 25 °C) is very close to zero valent iron, and there-
fore the removal of Cd** ions by nZVI is due to sorption
(Li and Zhang 2007). On the surface, adsorbed Cd** ions
become non-mobile. Lead (Pb>*) can be removed from aque-
ous solutions by reducing to Pb” or by adsorbing it on an iron
(hydr)oxide layer. After reaction with nanoparticles, Pb>*
precipitates as Pb(OH), or oxidizes as a-PbO, (Ponder et al.
2000; Xi et al. 2010). For metal ions such as Cu**, whose E°
is more positive compared to Fe’, the removal of metal ions
mainly occur through the surface-mediated reduction reac-
tions. Cu’* can be removed from aqueous solutions through
the chemical reduction to elemental form and sorption on
the surface of oxidized nZVI (Karabelli et al. 2008; Uziim
et al. 2009; Yan et al. 2010). Both reduction and surface
complexation (sorption) are observed when removing Ni>*
from the aqueous medium. The ability of nZVI to remove
Ni** was experimentally determined to reach 0.13 g Ni**/g
Fe. High-resolution X-ray photoelectron spectroscopy (HR-
XPS) has shown that the amount of Ni° on the surface of the
nZVI increases with time. At equilibrium, about 50% of Ni**
is reduced to Ni° and 50% of Ni** remains adsorbed on the
surface of iron nanoparticles. The surface complex is nickel
hydroxide (Li and Zhang 2006).

Studies on the use of nZVI for the immobilization of
heavy metals in soil have been initiated lately. Compared
to the other heavy metals, most of the studies have focused
on the immobilization of As (Gil-Diaz et al. 2014, 2017a;
Vitkova et al. 2017) and Cr in soil samples using nZVI (Xu
and Zhao 2007). Franco et al. (2009), Di Palma et al. (2015)
investigated the reduction of Cr®" in soil in batch or column
tests. Iron nanoparticles can also be used to remove heavy
metals from the soil by washing (Mohamadiun et al. 2018).
However, there is a lack of data that analyses the effective-
ness of nZVI in immobilizing Cu and Ni in soil. Also, the
interaction of nZVI with several heavy metals present in soil
has been only slightly investigated.

In soil, Fe® oxidizes and forms Fe hydroxides (Fe(OH)j;).
The used amount of iron should be up to 5% by weight. The
application of more than 5% of Fe” in soil can have negative
effects on soil structure and vegetation (Mench et al. 2000).

The study primarily aimed at investigating the efficiency
of immobilization of heavy metals cadmium (Cd), copper
(Cu), lead (Pb), nickel (Ni) and their mixtures in soil using
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different doses of nZVI. To investigate the dependencies
of immobilization efficiency on the amount of nZVI, the
selected doses of Fe’ in soil samples were between 0 and
5.1% by weight. In this study, the available fraction of heavy
metals was determined using CaCl, solution. This is one of
the methods used to determine the bioavailable fraction of
heavy metals in the aqueous phase, which has similar ionic
strength as many soil solutions. The removal of the same
heavy metals from their aqueous solutions using nZVI was
also investigated.

Materials and Methods
Chemicals and Iron Nanoparticles

The heavy metal salts Cd(NO;),-4H,0, Cu(NO;),-3H,0,
Ni(NO;),-6H,0, and Pb(NO;), were of analytical grade
and were purchased from Merck, Darmstadt, Germany. All
heavy metal solutions were prepared by dissolving the corre-
sponding amounts of metal salts in deionized water. During
the investigations, nZVI suspension (NANOFER 25S) pur-
chased from Nano Iron s.r.o. (Czech Republic) was used. A
detailed chemical composition of nZVI suspension is shown
in Table 1.

According to the supplier information, the amount of
Fe in the used suspension was 17%. Particles of nZVI are
coated with polyacrylic acid, which stabilizes nanoparticles
and prevents the nanoparticles from settling and agglomera-
tion. The average particle size is 50 nm, the particle size
distribution is 10—-100 nm and the average surface area is
20-25 m?/g.

Investigation of Cd?*, Ni?*, Cu?*, Pb?** Removal
from Aqueous Solutions

To investigate how heavy metals are removed from aque-
ous solutions, individual aqueous solutions of heavy metals
(Cd>*, Ni**, Cu**, Pb>*) and a solution with a mixture of all
heavy metals were prepared. The pH of the prepared heavy
metal solutions was not adjusted. The concentration of each
heavy metal in the solutions was 250 mg/L. Experiments

Table1 Chemical composition of nZVI suspension (https://www.
nanoiron.cz/en/nanofer-25s)

Component Weight content, %
Iron (Fe®) 14-18

Magnetite (Fe;0,) 2-6

Carbon (C) 0-1

Water (H,0) 77

Surfactant 3
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were carried out in 100 ml plastic bottles. 1 g of nZVI
suspension (or 0.17 g of Fe®) was added to the solutions.
The solutions were mixed for 3 h in rotoshaker (15 rpm)
and then filtered through 0.45 pm cellulose acetate filters.
Before and after the treatment, the pH of the solutions was
determined. pH values were measured using Mettler Toledo
SevenMulti pH metre. The same solutions of heavy met-
als without nanoparticles were also prepared. The uptake
of heavy metals was calculated by dividing the difference
between the amount of heavy metal ions added at the begin-
ning and the residual amount after sorption from the amount
of used nZVI. Experiments were performed in triplicate. The
concentrations of heavy metals were determined using the
atomic absorption spectroscopy analysis method using the
Buck Scientific 2010 VGP. Depending on the concentration,
heavy metals were analysed using a flame atomizer spectro-
photometer or a electrothermal atomizer. Before each test,
the solutions were acidified with a few drops of concentrated
HNO; acid.

Soil Sampling and Spiking

Sandy soil was collected from a forested place in Vilnius at a
depth between 0 and 20 cm in the month of December. Inert
materials were used for taking and storing samples. Before
analysis, the samples were air dried, sieved (<2 mm) and
homogenized. Soil properties were analysed (Table 2).
Soil pH and electrical conductivity were determined
according to ISO 10390. The ratio of soil to deionized water
and soil to 1 M KCI suspension (w:v) was 1:5. The soil
organic matter (OM) was calculated from the loss of igni-
tion (LOI) and determined as a percentage loss of weight
after ignition in a muffle furnace at a temperature of 550 °C
for 2 h. Before the ignition, the soil sample was dried at
105 +2 °C to the constant mass. The texture of the soil was
analysed following the hydrometer method (Bouyoucos
1962). Calcium carbonate equivalent (CCE) in soils was
determined by the titration method. The cation exchange
capacity (CEC) was determined using ammonium acetate.

Table 2 Soil properties

Parameter Value
pH-H,O 6.36
EC-H,0 (uS cm™) 74
pH-KCl 5.40
CEC, cmol+/kg 21
CaCO; eqv. 1.14
Organic matter, % 10%
Sand, % 89%
Silt, % 9%
Clay, % 2%

Air-dried soil samples (200 g) were spiked with heavy
metal solutions (soil/solution ratio was 2 g: 1 ml), which
were prepared from the corresponding metal salts by dis-
solving them in deionized water. The target concentrations
in the soil for heavy metals Cu, Pb, Ni were 1000 mg/
kg, Cd—300 mg/kg. Soil samples were mixed with heavy
metal nitrate solutions using a glass rod (about 5 min) so
that the heavy metals could be evenly distributed in the
soil. Spiked soil samples were incubated for 30 days (with-
out humidity control) at room temperature (about 20 °C).
After 30 days, the soil was air dried and sieved (<2 mm).

The total concentration of heavy metals in soil sam-
ples was determined by acid digestion of 0.5 g of soil
for 45 min using a mixture of 3 mL of nitric acid (69%
purity) and 9 mL of hydrochloric acid (37% purity) in a
microwave reaction system. After acid digestion, the solu-
tions were filtered, poured into 50 mL flasks and diluted to
50 mL using deionized water.

The obtained concentrations of Cd, Cu, Ni, and Pb, in
soil spiked with single metal, were 296 mg/kg, 1035 mg/
kg, 836 mg/kg, 1214 mg/kg, respectively, and in soil
spiked with three metals (Cu, Ni and Pb), the concentra-
tions were 1056 mg/kg, 766 mg/kg, 1498 mg/kg, respec-
tively, while in soil spiked with four metals (Cd, Cu, Ni,
and Pb), the concentrations were 348 mg/kg, 1060 mg/kg,
828 mg/kg, 1654 mg/kg, respectively.

Experimental Setup

Batch leaching tests were performed to evaluate the effi-
ciency of heavy metals immobilization using zero valent
iron nanoparticles.

Soil samples (40 g) were placed in plastic vials of
100 ml and treated with nZVI suspension at the doses of
0, 5, 10, 15, and 30% by weight. This is the equivalent
of applying 0, 0.85, 1.7, 2.55, and 5.1% of Fel or 0 mg,
8.5 mg, 17 mg, 25.5 mg, and 51 mg of Fe® in 1 g of soil.
Deionized water was added to reach a soil to water ratio of
2:1 (w:w). The soil was thoroughly mixed with nZVI sus-
pension. Then, the mixture of soil and nZVI was air dried.

The effectiveness of immobilization was investigated
after 1 month. Control tests were performed in parallel
with the same amount of soil and deionized water without
nZVI. Each test was performed in duplicate.

The leaching procedure according to Houba et al.
(2000) was used to determine the proportion of bioavail-
able elements in the soil. 10 g of soil was transferred to
150 mL glass vials and a 100 mL of 0.01 M CaCl, extrac-
tion solution was added to obtain a ratio of 1:10 (m:V).
Samples were mixed in a rotoshaker for 2 h. The liquid
was filtered and acidified with few drops of 65% HNO;.
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Results and Discussion
Removal of Heavy Metals from Aqueous Solutions

Table 3 shows the removal of single heavy metal cations
from aqueous solutions. The highest removal efficiencies
were observed for Cu?* and Pb** and exceeded 99%. Cu*
and Pb>* electrode potentials (E) are much more positive
than Fe. The electrode potentials of copper and lead elec-
trodes are 0.338 V (Cu®*/Cu) and —0.126 V (Pb**/Pb),
respectively. A higher potential difference generates a higher
driving force of electrons’ transport from nZVI to mentioned
metal ions. The efficiency of removal of cadmium, whose
electrode potential (—0.404 V) is close to iron, was the
lowest.

Table 4 shows the removal of heavy metal cations from
multi-metal solution. As in the single metal treatment, the
highest removal efficiencies were observed for Cu** and
Pb>*, however, the removal of Cd** and Ni** decreased sig-
nificantly. The competition between different metal cations
led to a relatively low Ni and Cd removal efficiency. Also,
the lower efficiency of nZVI could have been due to the fact
that the pH value of the mixture of heavy metals was small
and reached ~5. At low pH, nanoparticles have a positive
charge and attract anionic ligands. When the pH of the solu-
tion is above the isoelectric point (zero point of charge of
nZVI=8), the surface of nZVI becomes negatively charged
and the sorption of metal cations is more favourable (Li et al.
2006).

After measuring the pH of the heavy metal solutions
before and after the use of nZVI, pH of all solutions (except
for Pb solution) decreased. After the treatment, the pH of

the solution containing Pb ions increased from 5.49 to 9.09.
One of the reasons for the decrease in pH is that soluble iron
(Fe?*) forms compounds with OH™ ions and more free H*
ions can appear in the solutions. After analysing the amount
of iron in solutions after the use of nZVI (analysis was done
at pH <2), it was observed that if the solution had a high pH,
it contained less iron. After the use of nZ VI, the lowest iron
content (0.77 mg/L) was in a solution with a pH of 9.09, and
the maximum iron concentration (222 mg/L) was in a solu-
tion with a pH of 4.46 (in a solution of all heavy metals). In
addition, the consumption of OH™ ions in the reactions with
the remaining heavy metals reduced the pH of solutions.

The Immobilization of Heavy Metals in Soil
Soil pH

Soil pH is one of the parameters that determine the mobility
of heavy metals. Soil pH (using 1 M KCl) was determined
before and after the treatment of the soil with nZVI. The
pH dependence of soil samples spiked with different heavy
metals on the amount of nZVI suspension used is shown in
Table 5.

The pH of used nZVI suspension was 11.5. Contrary
to the removal of heavy metals from aqueous solutions
in which the pH of the solutions (except for Pb solution)
decreased after the application of nanoparticles, the use
of nZVI in the soil increased its pH. As can be seen from
Table 3, the soil pH increased in all cases by increasing the
amount of nZVI in the soil. The highest pH increment was
found in soil spiked with mixtures of heavy metals: from
4.91 to 6.62 when the soils were spiked with three heavy

Table 3 Sorption of single

heavy metals, and pH values Ion Initial Final

before and after the addition of con/i., con/i.,

nZVI (0.17 g) in water samples mg mg
Ccd** 250126
Cu?* 2500.43
Ni** 2509.7
Pb>* 2500.96

Uptake, % pHbefore pH after Fe® conc. in initial Fe conc. in
solution, mg/L. final solution,
mg/L
50.0 6.02 5.54 1700 12.09
99.8 5.25 4.92 1700 72.50
96.0 6.34 5.94 1700 292
99.6 5.49 9.09 1700 0.77

Table 4 Sorption of heavy metals from multi-metal solution, and pH values before and after the addition of nZVI (0.17 g) in water samples

Ion Initial Final Uptake, % pHbefore pHafter  Fe® conc. in initial solution, mg/L.  Fe conc. in final solution, mg/L
conc., conc.,
mg/L mg/L

cd* 250 212 15.0 4.99 4.46 1700 222

Cu** 250 3.6 99.0

Ni** 250 187 25.0

Pb>* 250 30 88.0

@ Springer



International Journal of Environmental Research (2019) 13:465-474

469

Table 5 The pHg(, dependence of soil samples on nZVI suspension quantity

nZVI suspension pH of soil spiked pH of soil spiked pH of soil spiked pH of soil spiked pH of soil spiked with  pH of soil spiked with

in soil (%) with Cd** with Cu?* with Ni%* with Pb>* Cu®*, Pb?, Ni?+ Cd**, Cu®t, Pb**, Ni?*
5.61 5.36 5.60 5.49 491 4.98

5 6.17 6.26 6.31 6.12 6.06 6.07

10 6.21 6.33 6.35 6.17 6.22 6.32

15 6.26 6.35 6.40 6.22 6.48 6.54

30 6.30 6.53 6.51 6.49 6.62 6.65

metals and from 4.98 to 6.65 when the soils were spiked
with four heavy metals.

Immobilization of Heavy Metals

The leaching of heavy metals was tested using the CaCl,
solution. As can be seen from Fig. 2, in all cases, it was
found that an increasing amount of nZVI in the soil resulted
in a decrease of the leaching of all analysed heavy metals.
The increasing pH of the soil, when the amount of nZVI
increased, was one of the reasons for the decrease of heavy
metal leaching. The increase of OH™ anions in soil also
causes the precipitation of studied metal cations. So, the
increase of the immobilization efficiency is influenced by
the increase of both soil pH and nZVI dose.

While performing tests in aqueous solutions, heavy metal
removal efficiency was significantly reduced in a solution
containing a mixture of heavy metals. However, the higher
effectiveness of heavy metal immobilization was observed
in soil samples spiked with several heavy metals (Fig. 2). In
the control samples spiked with several heavy metals, the pH
of the soil was below 5, and the leaching of metals was much
higher than that of soil samples spiked with single heavy
metals. Increasing the amount of nZVI suspension in soils
spiked with several heavy metals from O to 30% increased
its pH much more than in soils that were spiked with sin-
gle heavy metals. This could have been one of the reasons
why the effectiveness of immobilization was higher in soils
spiked with several heavy metals. Also, one of the reasons
for more efficient immobilization in the case of soil spiked
with several heavy metals is that Ni and Cu act as catalysts
and they are reduced by Fe® forming bimetallic nanopar-
ticles, i.e., y Fe%Ni® and Fe’/Cu® (O’Carroll et al. 2013).
According to other researchers (Hu et al. 2010; Schrick et al.
2002), the reactivity of bimetallic nanoparticles is higher
than that of iron nanoparticles. Such catalysts can be used
to improve the efficiency of heavy metal immobilization,
taking into account that the soil may be spiked with several
heavy metals (Lien et al. 2007).

Figure 1 shows the images of untreated and treated soil
samples. Images of treated soil samples were taken after
1 month after immobilization. Using 30% nZVI in the soil,

after immobilization it was observed that the soil spiked
with Cu and Pb got a dark red colour. This indicates that
excess amounts of nZVI have been used and there are a lot
of unreacted iron nanoparticles in the soil that were oxidized
to trivalent iron. Figure 1b and ¢ show red Fe(IIl) oxide
deposits on soil particles.

In cases where the soil was spiked with heavy metal mix-
tures, the soil colour was almost unchanged (since the soil
was spiked with several heavy metals, a major portion of
nZVI was used for reactions with heavy metals).

Since Cu and Pb formed complexes with soil organic mat-
ter and were bound, in the soil samples which were spiked
with Cu and Pb, a small amount of nZVI reacted with the
mentioned metals.

The dependencies of leaching (mg/kg) of heavy metals
and the effectiveness of immobilization on the used quantity
of nZVI is presented in Fig. 2.

With increasing concentrations of nZVI suspension in
the soil from 0 to 30%, cadmium leaching decreased when
the soil was spiked with only Cd and when the soil was
spiked with a mixture of heavy metals. Cadmium is a very
mobile metal in the soil. When the soil was spiked only
with Cd, its leaching was 44.7 mg/kg, i.e., 15.1% of Cd has
been leached from total Cd content. After using the dose of
5%, 10%, 15%, 30% of nanoparticles in soil, Cd leaching
decreased, respectively, to 5.9%, 4.0%, 3.7%, 2.9% (Fig. 2a).
Compared to the other heavy metals (in soil samples spiked
with single metal), the efficiency of cadmium immobiliza-
tion was the lowest. Also, the removal of Cd from aqueous
solutions using the same nZVI was the lowest. The lowest
Cd immobilization efficiency in soil spiked with single metal
was obtained by Gil-Diaz et al. (2017a, b). When soil was
spiked only by Cd, the immobilization efficiency was 61%,
73%, 76%, 81%, respectively (Fig. 2b). One of the reasons
why Cd immobilization in the soil was the lowest is that
Cd>* ions are sequestrated on the iron (hydr)oxide shell only
by adsorption (Soto-Hidalgo and Cabrera 2018).

In untreated soil spiked with several heavy metals, the
leaching of Cd reached 117 mg/kg, i.e., 33.6% of Cd had
been leached from the total Cd content. After using 5%,
10%, 15%, 30% of nZVI suspension in soil, Cd leaching
decreased, respectively, to 11%, 4.9%, 2.1%, 0.74% of total
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Fig. 1 The image of soil
samples (40 times magnifica-
tion by Motic optical micro-
scope): a soil spiked with

Cd + Cu+Ni+Pb without
nZVI; b soil spiked with Pb and
treated with nZVI suspension
(30% by weight); ¢ soil spiked
with Cu and treated with nZVI
suspension (30% by weight); d
soil spiked with Cd and treated
with nZVI suspension (30% by
weight); e soil spiked with Ni
and treated with nZVI suspen-
sion (30% by weight); f soil
spiked with Cd +Cu+Pb+Ni
and treated with nZVI suspen-
sion (30% by weight)

Cd content in soil. When the soil was spiked with four dif-
ferent metals, the immobilization efficiency was higher
than when the soil was spiked only with Cd. With increas-
ing concentration of Fel in the soil, the Cd immobiliza-
tion efficiency was 68%, 85%, 94%, 98%. Using the same
nanoparticles, Gil-Diaz et al. (2017a, b)studied heavy metal
immobilization and found that in the calcareous soil spiked
with several heavy metals, at n”ZVI dose of 5% and 10%, the
percentage of exchangeable Cd in the soil decreased more
than in the soil spiked only with Cd.

With increasing concentrations of nZVI suspension in
the soil from O to 30%, the leaching of Cu decreased from
both single and multi-metal spiked soil. Cu is a slightly
mobile metal in the soil and its available fraction in the
soil was very small. Cu has a high affinity for organic
matter and insoluble organic matter can bind significant
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amounts of Cu in soil (Kumpiene et al. 2008). From the
control samples, where the soil was spiked only with cop-
per, its leaching amounted to 8.83 mg/kg, i.e., only 0.85%
of the total Cu content had been leached. After using 5%,
10%, 15%, 30% of nZV1 suspension in soil, Cu leaching
decreased to 0.29%, 0.25%, 0.17%, 0.15%, respectively
(Fig. 2c). The efficiency of copper immobilization reached
66%, 711%, 81%, 82%, respectively. Cu?* ions adsorb to
iron (hydr)oxides as inner-sphere complexes (Peacock
and Sherman 2004). The increase of immobilization effi-
ciency was also influenced not only by the increase of
nZVI dose, but also by the increase of pH. Cu>* adsorption
to nZVI and soil organic matter increases with increasing
pH (Tiberg et al. 2016). As only a small amount of Cu
was available in soil, a large part of Fe” nanoparticles was
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unused in the reaction with mentioned metal. This caused
the change in soil colour from dark to reddish brown.

In the untreated soil spiked with several heavy metals, the
leaching of Cu was higher and amounted to 2.0% of the total
Cu content in the soil. As it can be seen from Fig. 2d, the
efficiency of immobilization was higher when the soil was
spiked with several heavy metals. When soil samples were
spiked with three heavy metals, using 5%, 10%, 15%, 30% of
nZVI suspension in soils, the Cu immobilization efficiency
was 79.1%, 81.6%, 82.2%, and 87.6%, respectively. When
soil samples were spiked with four heavy metals, using 5%,
10%, 15%, 30% of nZVI suspension in soils, the Cu immo-
bilization efficiency was high and amounted to 85%, 87%,
89%, 92%, respectively.

Like cadmium, nickel is a very mobile metal in the soil.
E? of Ni is slightly more positive than E° of Fe. Therefore,
the mechanisms of immobilization of Ni** in soil are reduc-
tion and adsorption on nZVI. With increasing concentrations
of nZVI suspension in the soil from 0 to 30%, the leaching
of Ni decreased from both single and multi-metal spiked
soil. When the soil was spiked only with Ni, its leaching
from control sample was 12% of the total Ni contained in the
soil. After using 5%, 10%, 15%, 30% of nZVI suspension in
soil, Ni leaching, respectively, decreased to 2.34%, 0.25%,
0.17%, 0.15% of the total amount of it in soil. The efficiency
of nickel immobilization was the highest compared to other
metals (in cases where the soil was spiked with one metal)
and, respectively, reached 80%, 81%, 86%, 90%.

When the soils were spiked with several heavy metals, the
percentage of leached Ni from untreated soil reached 36%
(Cu+Ni+Pb) and 45% (Cd + Cu+ Ni+ Pb) from the total
amount of Ni in soil. Compared to the other heavy metals,
the Ni immobilization efficiency was the highest in multi-
metal spiked soils (except in the case of Pb, the immobiliza-
tion efficiency of which was the greatest with 5% and 10%
of nZVI suspension used in soil). When soil samples were
spiked with three heavy metals, using 5%, 10%, 15%, 30% of
nZVI suspension in soil, resulted in Ni immobilization effi-
ciency of 83.5%, 92.4%, 96.8%, 98.6%, respectively. When
soil samples were spiked with four heavy metals, using 5%,
10%, 15%, and 30% of nZVI suspension in soil, resulted
in Ni immobilization efficiency of 94.8%, 95.7%, 98.1%,
99.3%, respectively. One of the reasons why Ni immobi-
lization efficiency was very high is that its sorption in the
soil was low and that a large portion of Ni was exposed to
nanoparticles.

With increasing dose of nZVI in the soil, the leaching
of Pb decreased both from the soil which was spiked only
with Pb and from soil spiked with several heavy metals. Pb
is a slightly mobile metal in soil. When the soil was spiked
only with Pb, its leaching reached 0.4% of the total Pb con-
tained in the soil. Pb leaching decreased to 0.11%, 0.09%,
0.06%, 0.05% of total Pb in soil after treating the soil with

@ Springer

5%, 10%, 15%, 30% of nZVI suspension (Fig. 2g). Pb
immobilization efficiency was 74%, 79%, 85%, and 87%,
respectively. As only a small amount of Pb was available
in soil, a large part of nZVI remained unused. As it was
mentioned before, this caused the change in soil colour
from dark to reddish brown.

When the soils were spiked with several heavy met-
als, the percentage of leached Pb from the total amount
was higher and reached 0.62% (Cu+ Ni+ Pb) and 0.93%
(Cd+Cu+Ni+Pb). Compared to the control samples, the
leaching of Pb was most decreased in soil spiked with sev-
eral heavy metals. When soil samples were spiked with three
heavy metals, using 5%, 10%, 15%, 30% nZVI suspension
in soil, Pb immobilization efficiency was 91.8%, 92.5%,
94.7%, and 95.2%, respectively. When soil samples were
spiked with four heavy metals, using 5%, 10%, 15%, 30%
nZVI suspension in soil, immobilization efficiency of Pb
was 96.3%, 97.0%, 97.2%, 97.9%, respectively. As E of Pb
is slightly more positive than E° of Fe, the mechanisms of
immobilization of Pb** in soil were reduction and adsorption
on nZVI surface.

Conclusions

The immobilization of Cd**, Cu®*, Ni**, and Pb** using
nZVI reduced the available fraction of heavy metals in the
soil. The immobilization of heavy metals, when the soil
was spiked with single heavy metals and their mixtures was
different: immobilization efficiency in all cases was higher
in soils which were spiked with several heavy metals. In
both cases, the best immobilization was found for Ni. While
individually immobilizing heavy metals, the worst immo-
bilization efficiency was for Cd, however, as the amount of
nZVlIin the soil increased, Cd immobilization efficiency has
increased the most compared to other heavy metals. With
the use of 15% and 30% of nZVI suspension in soil spiked
with several heavy metals, immobilization efficiency of Cd
reached over 90%. However, such an amount of nZVI could
be used in industrial contaminated sites, where it is impor-
tant to control heavy metal migration.

Although the removal of Cu and Pb from aqueous solu-
tions was the highest, the immobilization efficiency of Cu
and Pb in single metal polluted soil was only slightly higher
than Cd. This can be explained by the fact that there was a
considerable amount of organic matter in the soil in which
these metals were sorbed. For Cu and Pb immobilization in
soils with high insoluble organic matter content, it is rec-
ommended not to use higher than 5% of nZVI suspension
according to the soil mass. Also, further experiments are
needed to evaluate the effectiveness of nZVI in other types
of soils.
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