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Abstract This report shows that soil heavy metals can be
totally immobilized by grinding with nano-Fe/Ca/CaO.
Remediation of soils contaminated by heavy metals is a
critical issue in Japan. Indeed, contaminated soils are noto-
riously difficult to remediate using available technologies.
Major setbacks in typical immobilization techniques for
heavy metals are wet conditions, forming secondary efflu-
ents and further treatment for effluents. Solidification with
nano-Fe/Ca/CaO dispersion mixture is a promising treat-
ment for the total immobilization of soil heavy metals As,
Cd, Cr, Pb, and separation in dry conditions. Here, we
studied the heavy metal immobilization by simple grinding
with the addition of three mixtures: nano-Fe/CaO, nano-Fe/
Ca/Ca0, and nano-Fe/Ca/CaO/PO,. Samples were analyzed
by inductively coupled plasma optical emission spectrom-
etry (ICP-OES) and scanning electron microscopy com-
bined with electron dispersive spectroscopy (SEM-EDS).
Results show that the addition of nano-Fe/Ca/CaO immo-
bilized 95-99 % of heavy metals, versus 65-80 % by simple
grinding. After treatment, 3645 wt% of magnetic and
64-55 wt% of nonmagnetic fractions of soil were separated.
Their condensed heavy metal concentration was 85-95 %
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and 10-20 %, respectively. Nano-Fe/Ca/CaO treatment
reduced the concentration of leachates heavy metals to
values lower than the Japan soil elution standard regulatory
threshold of 0.01 mg/1 for As, Cd, and Pb; and 0.05 mg/I for
Cr. This technology can therefore immobilize totally soil
heavy metals and reduce heavy metal by separation.

Keywords Heavy metals - Immobilization - Separation -
Soil remediation - Nano-Fe/Ca/CaO - Volume reduction

Introduction

The remediation of contaminated soils has shown a rapid
upward trend in Japan, especially after the Soil Contami-
nation Countermeasures Law, which was proclaimed in
2002 and enforced from 2003 (Ministry of Environment
Government of Japan 2002). Soils at heavy metal-con-
taminated sites, which pose a severe hazard to public health
and the environment, are notoriously difficult to remediate.
Consequently, remediation is an extremely difficult task to
be accomplished using suitable technologies.

Typical remediation techniques for heavy metals in soil
are extraction and immobilization (Sheppard and Thibault
1992; Glass 1999; Abramovitch et al. 2003). Soil washing
by the extraction of contaminants with water is one soil
remediation technology based on mineral processing
technologies such as grinding and sieving (Marino et al.
1997; Orumwense 2006). Various extractants were also
explored for ex situ remediation to remove heavy metals
from the soil matrix by transfer to another phase. Extrac-
tive techniques might involve inorganic acids (Tessier et al.
1979; Lair et al. 2007) or organic acids and surfactants
(Macauley and Hong 1995). Ex situ extractive technologies
are rarely adopted because of their attendant high risks and
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costs related to the use of hazardous extractants, their
consequent need for treating secondary wastewater, and the
worsening shortage of landfill sites. However, in situ
extractive technologies mainly constitute phytoextraction
and electrokinetic extraction (Garbisu and Alkorta 2001;
Reddy et al. 2001; Vithanage et al. 2011), but phytoex-
traction might require an extremely long time, and the
efficiency of electrokinetic extraction might be affected
strongly by the soil type and contaminant species to be
removed.

Considering the limitations of the extractive techniques
described above, immobilization processes are generally
preferred for treating soils contaminated with heavy metals
(Paff and Bosilovich 1995). Immobilization is typically
performed by mixing the contaminated soil with suitable
binders, which can reduce heavy metal leachability through
pH to minimize their solubility, or by increasing the
adsorption, ionic exchange, and precipitation of pollutants
(USEPA 1982; Stegmann et al. 2001). Various binders
designed to immobilize heavy metals in soils have been
investigated, but they mainly comprise hydroxyapatite
(Boisson et al. 1999), zeolites, calcium hydroxide (Castaldi
et al. 2005), and phosphates (Patricia and Alicia 2008; Cao
et al. 2003; Raicevica et al. 2005). Cement-based stabili-
zation/solidification treatment processes for immobilizing
hazardous substances that contain heavy metals are well
known (USEPA 1993; Lin et al. 1998; Li et al. 2001;
Polettini et al. 2001). Unfortunately, these immobilization
treatment processes are also wet conditions, forming sec-
ondary effluents and necessitating their treatment, entailing
additional costs, and the use of cement. Therefore, treat-
ment under dry and water-free conditions should be
considered.

Our recent investigations showed that the nanometallic
Ca/Ca0O mixture was the most effective for hydrodechlo-
rination of about 98 % of polychlorinated dibenzodioxins
(PCDDs), polychlorinated dibenzofurans (PCDFs), and
polychlorinated biphenyls (PCBs) in contaminated fly ash,
and also, for cesium immobilization of about 96 % in soil
by ball-milling treatment (Mitoma et al. 2011; Srinivasa
Reddy et al. 2012). The high PCDD, PCDF, and PCB
hydrodechlorination and cesium immobilization with the
addition of nanometallic Ca/CaO might result from the
high reduction potentials and high surface area produced
by ball milling. In the case of cesium immobilization,
Ca/CaO can also produce immobile salts with moisture and
CO, in atmosphere, including pozzolanic cement and
hydraulic properties, which bring cesium into the immobile
Ca/PO, salts. Therefore, a CaCO3/Ca(OH), layer in the soil
surface can be produced in the presence of moisture
because of its electron sources. Consequently, the cesium
on the soil surface can be enclosed or bound (Srinivasa
Reddy et al. 2012).
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We assumed that the addition of the nano-Fe/Ca/CaO
would reduce the heavy metal leaching potential from
contaminated soil because of its high reduction potential
and high surface area achieved with simple grinding. The
main advantage of this process is that the natural moisture
content in soil can bind heavy metals in the presence of
nano-Fe/Ca/Ca0O in a simple grinding process. Further,
encapsulated nano-Fe particles in solidified soil media can
also be separated by magnetic separation, this way heavy
metals-contaminated soil volume can be reduced. There-
fore, in the present work, the use of three different addic-
tive (nano-Fe/CaO, nano-Fe/Ca/CaO, and nano-Fe/Ca/
CaO/PO,) for the immobilization of heavy metals (As, Cd,
Cr, and Pb) in contaminated soil was investigated using a
simple grinding process. The degree of metal immobili-
zation was evaluated by analyzing the leachable fraction of
heavy metals obtained through the application of the Jap-
anese soil elution standards. Furthermore, the detailed
heavy metal immobilization and separation mechanism
were also assessed.

Materials and methods
General experimental condition

In typical experiments, soil samples are non-polluted and
commercially available mica/fibrolite soils produced in
Okayama prefecture, Japan, were obtained and used. Their
physical and chemical characteristics are the following
particle dimensions: 75 pm-2.0 mm; chemical composi-
tion (JIS M 8856-1998)—Si0O, (74.1 %), Al,O3 (13.0 %),
Na,O (3.2 %), K;0 (2.7 %), Fe,05 (1.7 %), CaO (0.86 %),
TiO, (0.20 %), MgO (0.16 %), the remainder (4.08 %)
being organic material. The determined moisture content
(JIS A 1203-1999) is 7.6 %. Heavy metals for the con-
tamination of soil samples were prepared in laboratory,
where sodium arsenate (HAsNa,O,), cadmium nitrate
tetrahydrate [Cd (NOj3), 4H,O), chromium (III) nitrate
(CrN30O9 9H,0), and lead nitrate (Pb (NOs3),] of each 0.1 g
were dissolved in 5 ml water, solution was spread to 1 kg
of soil in a plastic bottle, and mixed thoroughly for 24 h to
obtain each 100 mg/kg of As, Cd, Cr, and Pb desired
concentrations.

Nano-Fe/Ca/CaO preparation and heavy metal-
contaminated soil treatment

Nano-Fe/CaO and Fe/Ca/CaO were prepared with Fe and
CaO/and or Fe/metallic Ca/CaO through planetary ball mill
(Retsch PM-100). Granular particles of metallic calcium
were purchased (99 %, 2.0-2.5 mm particle size distribu-
tion, 0.43-0.48 m? g_1 surface area; Kishida Chemical).
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Fine grade CaO was also obtained commercially with 98 %
purity (Kishida Chemical). Similarly, iron (Fe) powder
(size 0.15 mm) and sodium phosphate (NaH,PO,) were
also obtained from Kishida Chemical. Room temperature
Ar atmosphere, Fe/metallic Ca/CaO (825 °C for 2 h)
composition (Fe/CaO = 2/5; Fe/Ca/CaO = 2/2/5) were
individually introduced into the planetary ball mill (20
stainless steel balls; 10 mm diameter). Stirring was con-
ducted for 1 h at 600 rpm to a rotation-to-revolution ratio
of 1:2. These Fe/Ca/CaO composition, balls-to-powder
ratio, and rotation-to-revolution ratio conditions were
established after performing several experiments to ascer-
tain the optimal conditions. After stirring, samples were
collected in glass bottles and Ar was filled and stored for
use in further treatment experiments.

Heavy metal-contaminated soil alone and mixtures of
soil and individual nano-Fe/CaO (10:1), nano-Fe/Ca/CaO
(10:1), and nano-Fe/Ca/CaO/PO,4 (10:0.5:0.5 (NaH,PO,))
mixers were grinded with a ceramic tumbling mill (500 ml
ceramic pot along with 10 ceramic balls; 10 mm diameter)
for 2 h at 100-150 rpm under an air atmosphere. At the end
of each treatment interval untreated soils, mixing time
equal to 0, were sampled to be analyzed. Further, after
treatment of magnetic and nonmagnetic fractions, soils
were separated with laboratory magnetic stick.

Heavy metals analysis

Initially, total heavy metal content concentrations in soil
were measured using the method described by Baker and
Amacher (1982), and this method is used to analyze the total
contents of As, Cd, Cr, and Pb, which involves the digestion
of soil samples in a mixture of HF-HNO;-HCIO4-H,SO, in
Teflon beakers placed on a hot plate. However, after treat-
ment with and without the addition of nano-Fe/CaO, nano-
Fe/Ca/Ca0, and nano-Fe/Ca/CaO/PQy, the soil mixture was
cooled to room temperature and soil elution tests were per-
formed according to Japanese standard methods (Ministry of
Environment Government of Japan 2003).

Heavy metal concentrations in eluted solutions were
measured using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, 720-ES; Varian). These
experiments were repeated three times, yielding similar
results. To elucidate the immobilization mechanisms and to
verify whether soil alterations occurred during the treat-
ment, the following analyses were conducted. Scanning
electron microscope combined with energy dispersive
X-ray spectrometer (SEM—-EDS) microanalysis and semi-
quantitative analysis were performed [JSM6510A equipped
with a Si(Li)] probe with 138 eV resolution; JEOL) to
analyze As, Cd, Cr, and Pb distribution within the solid
matrix. Generally, EDS was able to detect the fluorescent
X-rays from the surface layer to 10 pm depth.

Table 1 Eluted heavy metals (As, Cd, Cr, and Pb) concentration by
elution test in soil after various treatments

Different treatment conditions  As Cd Cr Pb
(mg/l)  (mg/l) (mg/) (mg/l)
Mixed soil (magnetic and nonmagnetic)
Only mixing 0.696 1.02 0.97 0.987
Nano-Fe/CaO 0.108  0.161 0.196  0.161
Nano-Fe/Ca/CaO 0.010 0.012  0.031 0.046
Nano-Fe/Ca/CaO/PO, 0.001  0.000 0.043  0.037
Magnetic fraction soil
Nano-Fe/CaO 0.056  0.053 0.059 0.084
Nano-Fe/Ca/CaO 0.029 0.025 0.031 0.043
Nano-Fe/Ca/CaO/PO, 0.06 0.029  0.010 0.021
Nonmagnetic fraction soil
Nano-Fe/CaO 0.031  0.021 0.005  0.025
Nano-Fe/Ca/CaO 0.011  0.001 0.005  0.006
Nano-Fe/Ca/CaO/PO,4 0.010  0.003  0.002  0.007

The concentrations of heavy metals in the eluted solution after
treatment with nano-Fe/Ca/CaO and nano-Fe/Ca/CaO/PO, signifi-
cantly decreased. While these values in nonmagnetic soil fraction are
much lower than the Japan soil elution standard regulatory threshold,
<0.01 mg/l for As, Cd and Pb and 0.05 mg/l for Cr, respectively,
each value is the mean of 3 measurements

Results and discussion
Heavy metals immobilization and separation

The total concentrations of As, Cd, Cr, and Pb in the solu-
tion, after acid digestion of untreated soil, were 3.15, 2.83,
3.21, and 2.95 mg/l. The concentrations of heavy metals in
the eluted solution after treatment by grinding and soil
samples ground with nano-Fe/CaO, nano-Fe/Ca/CaO, and
nano-Fe/Ca/CaO/PO, are presented in Table 1. All values
presented in the table are the averages of three replications.
By simple grinding, As, Cd, Cr, and Pb eluted concentrations
decrease from 3.15, 2.83, 3.21, and 2.95 mg/1 to 0.696, 1.02,
0.97, and 0.987 mg/1, respectively. On the other hand, when
nano-Fe/CaO, nano-Fe/Ca/Ca0, and nano-Fe/Ca/CaO/PO,
were added during grinding, significantly leaching heavy
metal concentration decreased (Table 1), while these eluted
concentration of heavy metals corresponds to intrinsic heavy
metal immobilization efficiencies of about 95-99 % with
nano-Fe/Ca/CaO grinding treatment.

On the other and, after treatment with nano-Fe/CaO,
nano-Fe/Ca/Ca0, and nano-Fe/Ca/CaO/PQ,, about 36, 44,
and 45 wt% of magnetic fraction soil were separated
(Fig. 1), while only mixing, without any addition of ad-
dictives, soil magnetic separation was not possible due to
the absence of Fe particles. Results indicating that Fe/Ca
and NaH,PO, presence showed better magnetic separation.
Further, the condensed total concentrations of As, Cd, Cr,

@ Springer



122

Environ Chem Lett (2013) 11:119-125

Fig. 1 Magnetic and
nonmagnetic separated fraction
soil and its condensed heavy
metals, As, Cd, Cr, and Pb, after
treatment with various
additives. After treatment with
nano-Fe/Ca/CaO dispersion
mixture, significantly, high and
low percent of condensed heavy
metal were separated with
magnetic and nonmagnetic
fractions soil. These condensed
heavy metal percent was
calculated from initial total
heavy metals concentration.
Each value is the mean of 3
measurements
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Table 2 Scanning electron microscope combined with energy dispersive X-ray spectrometer (SEM—-EDS), semiquantitative analysis on before

and after treatment with nano-Fe/Ca/CaO mixtures

Elements Before treatment

After nano-Fe/CaO treatment After nano-Fe/Ca/CaO treatment After nano-Fe/Ca/CaO/PO, treatment

Mass (%) Atoms (%) Mass (%) Atoms (%) Mass (%) Atoms (%) Mass (%) Atoms (%)
Si 60.67 75.04 34.52 45.15 36.92 48.73 42.42 54.89
Ca 9.47 8.21 46.00 42.15 37.10 34.31 31.98 29.00
Fe 21.14 1.36 18.23 0.59 24.55 0.43 22.87 0.37
Cr 2.03 13.15 0.83 11.99 0.60 16.30 0.53 14.88
As 2.16 1.00 0.00 0.00 0.00 0.00 0.90 0.44
Cd 3.47 1.07 0.35 0.12 0.57 0.19 0.30 0.12
Pb 1.06 0.18 0.06 0.01 0.27 0.05 0.00 0.00

The amount of heavy metals mass and atoms percent in soil particle surface significantly decreased and Ca increased after grinding with nano-Fe/
Ca/CaO/POy. The soil surfaces might enclose/bind with Ca-associated [CaCO3/Ca(OH),] salts. All values presented in the table are averages of

three replications
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Fig. 2 Schematic representation of possible mechanisms, which may
determine the remediation, and separation of heavy metal-contami-
nated soils after simple mixing in dry conditions: a soil before

and Pb in the solution, after acid digestion of magnetic and
nonmagnetic fractions soil was about 80 and 20 %,
respectively, from initial total heavy metals concentration
(Fig. 1). This fact indicating that the above-mentioned
magnetic separated fraction (about 44 wt% with nano-Fe/
Ca/CaO) contains highly condensed heavy metals, while
nonmagnetic fraction (about 66 wt%) soil contains very
low concentrations of heavy metals. By this way, high
heavy metals-contaminated soil volume can be reduced.
Furthermore, it may also clearly seen from Table 1 that the
leachable heavy metal concentrations in nonmagnetic soil
fraction are much lower than the Japan soil elution standard
regulatory threshold, <0.01 mg/l for As, Cd, and Pb, and
0.05 mg/1 for Cr, respectively (Ministry of Environment
Government of Japan 1991). These results appear to be
very promising, and the addition of nano-Fe/Ca/CaO
mixture with simple grinding technique may be considered
potentially applicable for the remediation and volume
reduction of contaminated soil by heavy metals.

Immobilization and separation mechanism of heavy
metals

Semiquantitative SEM-EDS analysis, for heavy metals-
contaminated soil before and after nano-Fe/CaO, Fe/Ca/
Ca0, and Nano-Fe/Ca/CaO/PO, treatment was presented in
Table 2. Semiquantitative SEM-EDS analysis clarified that
the surface amounts of As, Cd, Cr, and Pb in the soil surface

High concentrated
heavy metal soil

Low concentrated
heavy metal soil

treatment heavy metals adsorption and nano-Fe/Ca/CaO addition,
b soil surface covered/enclosed/heavy metals immobilization, and
¢ high and low concentrated heavy metals soil separation by magnet

decrease after nano-Fe/Ca/CaO treatment (Table 2), while
these decreased mass percent corresponds to 99 % Cr,
100 % As, 99.4 % Cd, and 99.7 % for Pb. On the other hand,
the Ca and Fe mass percent increased about 70 and 7 %,
respectively. The reduction in As, Cd, Cr, and Pb amounts on
the soil particle surface and is a possible explanation for the
increase in immobilization efficiency with nano-Fe/Ca/CaO
treatment, by an enclosed/bound soil surface with Ca-asso-
ciated compounds.

The most probable mechanisms for the enhanced heavy
metal immobilization capacity with nano-Fe/Ca/CaO
treatment might be due to the adsorption and entrapment of
heavy metals into newly formed aggregates because of the
aggregation of soil particles and enclosure/binding with
Ca-associated immobile salts and its separation, as por-
trayed schematically in Fig. 2. It is possible to assume that
when soil is contaminated, heavy metals are adsorbed onto
soil particles through a surface coordination process
(Fig. 2a). By simple grinding, coarser sand or gravel soil
particles decreases to fine clay or silts particles; hence, the
particle surface area increased and the heavy metal
mobility decreased because of adsorption area increase
(Orumwense 2006). On the other hand, grinding with nano-
Fe/Ca/CaO additives, soil particles are subjected to colli-
sions that might promote aggregation and breakage phe-
nomena (Montinaro et al. 2007). When aggregation occurs
in the presence of nano-Fe/Ca/CaO, the amount of heavy
metal adsorbed onto the surface of two overlapping
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particles might be entrapped within the newly formed
aggregates. However, nano-Fe/Ca/CaO/PO, can produce
immobile salts with moisture and CO, in atmosphere,
including pozzolanic cement and hydraulic property. As a
result, heavy metals (As, Cd, Cr, and Pb) would be brought
into the immobile Ca/PO, salts. Therefore, the soil surfaces
might enclose/bind with Ca-associated [CaCO3/Ca(OH),]
salts (Fig. 2b) (Srinivasa Reddy et al. 2012; Nakayama and
Itoh 2003; Ganjidoust et al. 2009).

Further more, the controlling mechanism is a function of
the standard redox potential of the contaminant metal in the
presence of nano iron (Fe). Heavy metals are either
reduced at the nano-Fe surface, Cu”, Ag2Jr or directly
adsorbed to the nano-Fe surface where they are rendered
immobile, Zn>*, Cd**, Cr®*, Cu?*, Pb**, As** etc. (Bo-
parai et al. 2011; Uzum et al. 2009; Kanel et al. 2005;
Jegadeesan et al. 2005). The standard redox potential of
zero-valent iron is (—0.41 V) very close to that of cd*t
(—0.40 V), Cr’" (=0.42 V), Pb>" (—0.13 V), and As**
(—0.23 V); thus the removal of As, Cd, Cr, and Pb ions by
nano-Fe is due to sorption (Li and Zhang 2007; Boparai
et al. 2011; Kanel et al. 2005; Jegadeesan et al. 2005).
Moreover, the magnetic properties of nano-Fe facilitate the
rapid separation of nano-Fe from soil, via a magnetic field
(Yavuz et al. 2006; Liu et al. 2009). By this way, encap-
sulated nano-Fe particles in solidified (small/finer and
bigger/aggregate) soil fractions can also be separated
(Fig. 2c). Consequently, the grinding treatment for con-
taminated soil with nano-Fe/Ca/CaO can reduce heavy
metal leachability with the minimization of their solubility
by the reduction in heavy metals, or fixing by adsorption,
and precipitation of heavy metals, or the decrease of con-
tact change of solution to heavy metals by soil aggregation
or covering of its surface, or by all three factors. The
amount of heavy metals exposed to leaching is reduced;
thereby, enhancing high immobilization and volume
reduction (by its separation) of heavy metal in contami-
nated soil was achieved with nano-Fe/Ca/CaO treatment.

Conclusion

This study was conducted to evaluate a nano-Fe/Ca/CaO
dispersion mixture as an immobilization treatment for
heavy metal (As, Cd, Cr, and Pb)-contaminated soils and
its separation. With simple grinding, 65-80 % heavy (As,
Cd, Cr, and Pb) metal immobilization can be achieved in
soil. Grinding can achieve about 95-99 % of heavy metal
immobilization with a nano-Fe/Ca/CaO dispersion mixture.
After treatment, about 3645 wt% of magnetic and 64-55
wt% of nonmagnetic fraction soils were separated, and its
condensed heavy metals concentration was about 80 and
20 %, respectively.
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After nano-Fe/Ca/CaO treatment, the leachable heavy
metal concentrations were reduced to a concentration lower
than the Japan soil elution standard regulatory threshold.
SEM semiquantitative analysis revealed that the amounts
of As, Cd, Cr, and Pb that were detectable on soil particle
surfaces decrease after nano-Fe/Ca/CaO treatment. The
most probable mechanism for heavy metal immobilization
is the minimization of the through reduction of heavy
metals and the decrease in the surface of the solution to
heavy metals by soil aggregation or covering of its surface
and its separation by grinding with nano-Fe/Ca/CaO. The
results obtained in this study suggest that the nano-Fe/Ca/
CaO mixture is a suitable treatment for the gentle immo-
bilization and its separation of heavy metals in contami-
nated soil. The addition of nano-Fe/Ca/CaO that enhanced
heavy metal immobilization and its separation in soil in
normal moisture conditions is an innovative approach for
the remediation of soils polluted with heavy metals.
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