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The insolubilization of cadmium in the soil of a naturally cadmium-contaminated paddy field was studied using an
atomized iron powder and an extracting reagent. Cadmium in the soil was extracted into the water phase by calcium
chloride. The extracted cadmium was deposited on the iron powder. The deposition of cadmium was significantly
influenced by calcium chloride, since the surface area of the iron powder increased with the increasing calcium chloride
concentration. We discuss the potential of the technique and the insolubilization mechanism.
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Introduction
The international standard value of a cadmium concentration
allowed in rice is less than 0.4 mg kg–1 (29th session of the
Codex Alimentarius Commision, 2006).
A removal or
insolubilization technique of cadmium in a paddy field is
necessary to decrease in the cadmium concentration in the rice.
Several methods, such as soil washing, phytoremediation, and
excavation/landfilling, have been used for the soil remediation
of cadmium-contaminated paddy fields.1–8 The soil remediation
cost should be low compared with the harvest yield. Cadmium
in soil has been frequently discussed on the basis of the chemical
form, such as an exchangeable form, that bind to carbonates,
and that bind to iron and manganese oxides.9 The cadmium
dissolved only in the water phase is likely to absorb into the
rice, so that the relatively soluble cadmium should be removed
or insolubilized in the soil. The exchangeable cadmium will be
readily dissolved into the water phase using an extracting
reagent.
However, harmful chemical reagents for the
environment and for the growth of rice plants cannot be added
into the soil, and highly concentrated cadmium cannot be poured
directly into a river.
Iron powder can be used for the removal of heavy metal.8,10,11
A heavy metal ion, such as Cu2+, Pb2+ and Cd2+, is reduced and
deposited as the metal, since the formal redox potential of the
heavy metal/metal ion couple is greater than that of the Fe/Fe2+
couple. In a paddy field, on the other hand, iron powder has
been scarcely used for the removal of cadmium. Frequently, the
amount of cadmium dissolved in water from the paddy field soil
is extremely low. Therefore, cadmium would not be efficiently
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removed from the soil by the addition of iron powder alone. If
cadmium is extracted into the water phase with an extracting
reagent, the cadmium may be insolubilized on the iron powder
in the paddy field.
Atomized iron powders containing various elements have
been developed. Heavy metals in water and volatile organic
compounds in soils have been reported to be efficiently
removed.12,13 Such iron powders are low-cost. An appropriate
amount of iron is expected to be harmless for the environment
and for the rice plant growth. Therefore, soil remediation for a
cadmium-contaminated paddy field using an extracting reagent
and the atomized iron powder will be an effective technique. In
the present paper, we report on a study of cadmium
insolubilization in a cadmium-contaminated paddy field soil.
The cadmium insolubilization could be performed by the
extraction of cadmium and the deposition of the cadmium on
the atomized iron powder. We discuss the potential of the
technique and the insolubilization mechanism of cadmium.

Experimental
An atomized iron powder was gifted from Kobe Steel, Ltd. The
grain size upon 50 or 80% accumulation in a cumulative grain
size distribution of the iron powder was 50 – 60 or 80 – 100 μm,
respectively. The content in the atomized iron powder used in
the present study was determined to be iron of 98.3 ± 0.3%,
sulfur of 1.5 ± 0.3%, and manganese of 0.2 ± 0.1% by electronprobe microanalysis (JEOL, JXA-8530F). Soil samples of
naturally cadmium-contaminated experimental paddy fields
from Niigata (P1) and Miyagi (P2 for the first experimental
field, P3 for the second experimental field) prefectures in Japan
were used. The soils were air-dried at 30°
C (Yamato Scientific,
IN604W), and were used after passing through a 2-mm mesh
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Fig. 1 Cadmium concentrations in soils for P1, P2 and P3 extracted
by: (a) Tessier’s method (n = 3 for P1 and P2, n = 4 for P3), (b) 0.1 mol
dm–3 CaCl2 (n = 5 for P1, n = 4 for P2, n = 3 for P3), and (c) 0.025 mol
dm–3 CaCl2 (n = 4 for P1 and P2, n = 7 for P3). Data are means ± SD.

sieve. The soil pH in the soil (20.0 g)/water (50.0 cm3) system
was 5.1 for P1, 5.8 for P2, or 5.7 for P3.
The contents of cadmium in the soil were measured according
to sequential extraction reported by Tessier et al.9 The total
cadmium concentration was determined using a method reported
For insolubilization measurements of
by Asami et al.14
cadmium, a sample tube (glass tube of 100 cm3 for shaking
without soil, polypropylene tube of 250 cm3 for that with soil)
containing an aqueous solution (50 cm3), the soil (0 or 10.0 g),
and the iron powder (0, 0.10, 0.50 g) was shaken at 200 rpm
(Yamato Scientific, MK161) (25°
C). The sample was passed
through a filter paper and a membrane filter (Millipore
Millex-HN, pore size = 0.45 μm). The cadmium (228.802 nm)
and iron (239.562 nm) concentrations in solution were
determined by inductively coupled plasma atomic emission
spectrometry (Shimadzu, ICPS-8100).
The surface area of iron powder was analyzed by a surface
area and pore size analyzer (Coulter, SA-3100). The cadmium
concentration in brown rice was determined on the basis of
Ordinance No. 47 of 1971, Ministry of Agriculture and Forestry,
Japan.

Results and Discussion
Insolubilization in soil samples
The insolubilization of cadmium was demonstrated using soil
samples of naturally cadmium-contaminated paddy fields. The
total cadmium concentrations in the soils for P1, P2, and P3
were 1.20 (mean) ± 0.04 (standard deviation, SD), 3.36 ± 0.05,
and 4.09 ± 0.08 mg kg–1 (number of experiments, n = 3),
respectively. By sequential extraction based on Tessier’s
method,9 the concentrations of cadmium in the soil as an
exchangeable form (F1), that bound to carbonates (F2), that
bound to iron and manganese oxides (F3), and that bound to
organic matter (F4) were determined (Fig. 1). The cadmium
concentration in the residual (F5), estimated from the total
cadmium concentration in the soil, was smaller than 0.1 mg kg–1.
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Fig. 2 Time dependence of the cadmium concentration in aqueous
solutions of 0 (□), 0.025 (▲), and 0.1 mol dm–3 CaCl2 (○) in the
presence of iron powder. Data are means ± SD (n = 3).

In these soils, F1 was the main component, and was relatively
soluble cadmium. We consider that the extraction of F1 and the
successive insolubilization of F1 are indispensable.
To efficiently extract cadmium from soil, calcium chloride
was used in the present system, since calcium chloride of low
concentration is not harmful for the environment and for the
growth of rice plants.2,3 The cadmium concentration extracted
from soil into the water phase for 48 h (Cs) was measured in the
soil (10.0 g)/CaCl2 solution (50 cm3) system (Fig. 1). The
calcium ion is expected to exchange with H+, Cd2+ and so forth
adsorbed on the soil through cation exchange. A cation, such as
H+, can also extract the cadmium in soil.2 Furthermore,
cadmium-chloride complex formation proceeds in the water
phase by highly concentrated Cl–. The logarithmic complex
formation constant for [CdCl]+ has been reported to be 2.0.15
Under the present experimental conditions, the contribution of
[CdCl]+ is significant. A relatively soluble cadmium, such as
F1, is extracted into the water phase by CaCl2. Actually, Cs at
0.1 mol dm–3 CaCl2 agreed well with the cadmium concentration
for F1 (Fig. 1).
When iron powder of 0.50 g was added to a soil (10.0 g)/
CaCl2 solution (0.025 or 0.1 mol dm–3, 50 cm3) system, the
cadmium concentration in the water phase was smaller than
0.01 mg dm–3. Since [CdCl]+ and Cd2+ are easily reduced to Cd
using iron powder, cadmium in the water phase could almost be
removed. A metal ion such as Zn2+ is frequently removed from
an aqueous solution with an iron powder, as adsorption and
coprecipitation with precipitated iron oxides.10 The cadmium
ions may be removed by such coprecipitation in the presence of
the iron powder. As a separate experiment, when an aqueous
Cd(NO3)2 solution (27.1 mg dm–3, 50 cm3, pH = 5.5) containing
the iron powder (0.10 g) was shaken (6 h), the cadmium
concentration in water decreased to 21 ± 2 (SD) mg dm–3.
Then, by the addition of Cu(NO3)2 (16.6 mg dm–3), the cadmium
and copper concentrations were changed to 27.2 ± 0.5 (SD) and
0.2 ± 0.2 mg dm–3 (n = 3, pH = 4.9 ± 0.2 (SD)), respectively
(2 h). This result suggests that Cd on the iron powder is
oxidized to Cd2+ by the redox reaction with Cu2+. Therefore, the
main reaction between the iron and the cadmium ions will be
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Table 1 wFe, wCd, and estimated amount of cadmium
insolubilized on iron powder (0.10 g) in soil samples (a, b, and c)
of P3
Sample

wFe/mg

wCd/mg

Insolubilized Cd/mg

a
b
c

23.6
31.4
26.6

0.0078
0.011
0.0091

0.033
0.035
0.034

Fig. 3 Cadmium concentration removed in the aqueous solution (○)
and surface area of iron powder (▲) at 4 h for 0, 0.025, and 0.1 mol
dm–3 CaCl2. Data of cadmium concentration are means ± SD (n = 3).

the redox reaction.
CaCl2 effect on the redox reaction of iron powder
The calcium chloride concentration dependence of cadmium
insolubilization with the iron powder (0.10 g) was analyzed in
an aqueous Cd(NO3)2 solution at pH = 5.5 (50 cm3) in the
absence of soil. Figure 2 shows the time dependence of the
cadmium concentration in the aqueous CaCl2 solution in the
presence of iron powder. The cadmium concentration in the
aqueous solution significantly decreased with increasing CaCl2
concentration. The cadmium concentration removed from the
aqueous solution at 0.1 mol dm–3 CaCl2 was 2.5-times that
without CaCl2 (Fig. 3).
The surface area of the iron powder (BET surface area,
correlation coefficient > 0.999) after addition into the solution
(4 h) increased with the increasing CaCl2 concentration (Fig. 3).
The total pore volume and the pore volume with the pore
diameter smaller than 80 nm of the iron powder after addition
into the solution (4 h) were 0.028 and 0.025 cm3 g–1 in the
absence of CaCl2, 0.129 and 0.106 cm3 g–1 at 0.025 mol dm–3
CaCl2, and 0.167 and 0.148 cm3 g–1 at 0.1 mol dm–3 CaCl2,
respectively, indicating that the iron powder becomes porous
due to CaCl2. It is noteworthy that the increasing ratio of the
surface area is in good agreement with that of the cadmium
concentration removed from the aqueous solution (4 h) (Fig. 3).
Therefore, since the surface area of the iron powder is directly
proportional to the amount of cadmium removed from the
solution, the cadmium insolubilization is influenced efficiently
by the CaCl2 concentration. The corrosion of iron has been
reported to be induced by Cl–, which forms soluble complexes
with iron leading to pit growth.16 In the present system, the
redox reaction between the iron and the cadmium ions will
proceed efficiently by such a complex formation of iron with
Cl– and pit growth.
Insolubilization mechanism in the soil system
To quantitatively analyze the insolubilization mechanism, we
determined the cadmium concentration adsorbed on the iron
powder. In this case, iron powder of 0.10 g was added into the
soil of 10.0 g for P3 and an aqueous 0.025 mol dm–3 CaCl2
solution of 50 cm3. After shaking the sample for 48 h (200 rpm,

Fig. 4 Time dependence of the cadmium concentration in the water
phase for the soil of P3 at 0.025 mol dm–3 CaCl2. Data are means ± SD
(n = 3 (n = 2 for 30 min)).

25°
C), the iron powder was partially recovered from the sample
by a magnet. After drying in a vacuum for 2 days, the iron
powder was dissolved in hydrochloric acid of 2.5 cm3 for
15 min, and the cadmium and iron concentrations in the solution
were determined. The residue of the iron powder was completely
dissolved by a hydrochloric acid and nitric acid solution (1:1) of
5.0 cm3. Cadmium could not be detected in the residue. The
amount of iron powder recovered from the sample (wFe) was
assumed to be equal to that of the iron determined by the iron
concentration in the HCl and HCl/HNO3 solutions (Table 1).
The ratio of wFe to 100 mg (iron powder added into the sample)
(wFe/100) was ~0.3. Although the amount of cadmium adsorbed
on the iron powder (wCd) was influenced by the sample, the
amount of cadmium insolubilized on the iron powder of 100 mg
can be estimated to be 0.034 mg from 100 wCd/wFe, independent
of the sample (Table 1). In the absence of soil, an analogous
experiment was demonstrated using an aqueous Cd(NO3)2
solution (cadmium concentration, 5.00 mg dm–3) at pH = 5.5
(50 cm3) containing 0.025 mol dm–3 CaCl2 (n = 2). After
shaking the sample (4 h), the iron powder was almost recovered
from the sample by a magnet (wFe/100 = 0.99 ± 0.03 (SD)). In
this case, wCd was determined to be 0.236 ± 0.005 (SD) mg, the
value of which agreed well with the amount of cadmium existing
in the solution (0.250 mg). We consider that the cadmium ions
in water can almost be insolubilized on the iron powder.
Figure 4 shows the extraction rate of cadmium from the soil
of P3 (10.0 g) into the aqueous 0.025 mol dm–3 CaCl2 solution
(50 cm3). The concentration of cadmium extracted into the
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water phase was saturated to 0.21 mg dm–3 at ~60 min; namely,
0.010 mg cadmium is extracted from 10.0 g soil (1.0 mg kg–1,
as shown in Fig. 1), and 80% of the saturated value was
extracted during 5 min. In the presence of iron powder,
however, cadmium deposition of 0.034 mg greater than
0.010 mg was estimated from an analysis of the iron powder
(Table 1), indicating that F1 is almost extracted even in the
0.025 mol dm–3 CaCl2 system (Fig. 1).
From these results, we propose the insolubilization mechanism
of cadmium in the paddy soil system. Using CaCl2 and the iron
powder, cadmium of F1 in paddy soil is quickly extracted from
the soil into the water phase as [CdCl]+ or Cd2+. The extracted
cadmium is deposited on the iron powder because of the redox
reaction with Fe. Since the cadmium concentration in the water
phase decreases owing to cadmium deposition on the iron
powder, further extraction of cadmium from the soil proceeds.
Moreover, the increase in the surface area of the iron powder by
CaCl2 facilitates cadmium deposition.

successfully demonstrated using atomized iron powder and
CaCl2. Cadmium as F1 could be extracted from paddy soil into
the water phase by CaCl2. The extracted cadmium was
efficiently insolubilized because the surface area of the iron
powder increased by the CaCl2 effect. We consider that the
present technique has sufficient potential to decrease the
cadmium concentration in rice. Further studies on cadmium
insolubilization at actual cadmium-contaminated paddy fields in
several prefectures in Japan are now in progress in our laboratory.

Insolubilization in actual paddy field
In the cadmium-contaminated paddy field of P1, the
insolubilization of cadmium by the present technique was
demonstrated. Before 1 week of rice planting (rice variety,
Koshihikari), iron powder of 74 or 1000 kg was dispersed in a
49 m2 area (P1-1) or a 660 m2 area (P1-2) of the paddy field,
respectively. The iron powder could be homogeneously
contained in the soil by soil puddling. As a control, the iron
powder was not dispersed in a 660 m2 area (P1-3) of the paddy
field. Because the absorption of cadmium into the rice will
proceed after ear emergence, calcium chloride of 27 kg was
added in P1-1 23 days before harvesting (before ear emergence),
and P1-1, P1-2 and P1-3 were filled with water within 1 week.
As a water depth of 0.15 m, CaCl2·2H2O of 0.55 kg/m2 (P1-1)
corresponds to CaCl2 of 0.025 mol dm–3 in the water phase.
The cadmium concentrations in brown rice harvested from P1-1,
P1-2, and P1-3 were 0.18, 0.27, and 0.27 mg kg–1, respectively.
The cadmium concentration in the rice for P1-2 was as high as
that for P1-3, indicating that the cadmium in the soil cannot be
insolubilized on the iron powder without the extraction of
cadmium by CaCl2 (P1-2). Using CaCl2 and the iron powder,
the removal efficiency of cadmium from the rice was 0.33
(= (0.27 – 0.18)/0.27). The soil could not be stirred after the
addition of CaCl2, so that the extraction of cadmium from the
soil into the water phase would be limited. Furthermore, the
activity of the iron powder would be decreased because of the
long period between the dispersion of the iron powder and the
addition of CaCl2. Therefore, the cadmium insolubilization is
expected to proceed efficiently by the addition of CaCl2 and the
soil puddling before rice planting. Nonetheless, the cadmium
concentration absorbed in the rice was lowered by the present
technique. Moreover, the cadmium concentration in new brown
rice harvested from P1-1 after 2 years was 0.16 mg kg–1,
indicating that the cadmium deposited on the iron powder would
not dissolve in P1-1 during 2 years.

Conclusions
Cadmium insolubilization in paddy-field soils could be
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