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Abstract

Heavy metal ions, one kind of harmful substance, may exist in the soil irrele-
vant to artificial development, and soil contamination, due to soil and rock
containing these naturally derived heavy metals, has recently become appar-
ent. Thus, in an amendment that came into effect in 2010 of Japan, the scope
of countermeasures and regulations for contaminated soil was amended to
“contaminated soil derived from artificial development” and “naturally de-
rived contaminated soil”. When naturally derived contaminated soil is en-
countered during the carrying out of construction work, countermeasures
against this type of soil contamination are necessary. In this research, new
metal-insolubilizing materials are developed in order to improve the insolubi-
lization treatment which is one method for treating contaminated soil. Specif-
ically, tests are conducted to clarify the insolubilization effect on heavy metals,
and the insolubilization mechanism is chemically and mineralogically dis-
cussed.

Keywords

Insolubilization Treatment, Insolubilization Mechanism, Metal-Insolubilizing
Material, Leaching Test, Contaminated Soil

1. Introduction

In recent years, soil contamination caused by naturally occurring heavy metals
in the soil has become a problem. One solution is to restore this contaminated
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soil and put it to practical use. Based on the Soil Contamination Countermea-
sures Act (Act No. 53 of 2002) by Ministry of the Environment, Government of
Japan [1], the restoration of contaminated soil involves satisfying the environ-
mental quality standards for the amounts leached in soil and content in soil. The
most reliable method for restoring contaminated soil is to purify it by soil wash-
ing. Purification is a very attractive and highly effective method for dealing with
contaminated soil. However, it is not very practical because it is economically
inefficient and can be applied only under limited conditions, such as when the
clay component of the soil is extremely low [2]. At present, there are few effi-
cient and economical methods for removing heavy metals, namely, inorganic
pollutants, from soil. As with excavation removal, it is common for contami-
nated soil to be brought to a treatment facility and processed. However, there is
a limit to the amount of contaminated soil that can be accepted at existing dis-
posal sites, and establishing new disposal sites is difficult due to the opposition
of neighboring residents and the strengthening of regulations. In view of the re-
cent circumstances, it has become necessary to avoid treatment by landfilling
with contaminated soil, to appropriately treat the target soil right at the excava-
tion site, and to create technologies for recycling this soil as earth and sand.
Thus, researching new methods for removing harmful substances from soil at a
low cost is important.

The focus is now being placed on an insolubilization treatment which can im-
prove contaminated soil while satisfying these conditions. Insolubilization
treatment means that when inorganic contaminants, such as heavy metals, are
contained in the soil and contaminate it, they are chemically insolubilized by
mixing in safe and harmless metal-insolubilizing materials; this eliminates the
risks of toxicity. Insolubilization treatment is more economical than other
treatments. It does not require the contaminated soil to be transported away
from the site. The risk of contamination diffusion at the time of movement is
low, and it has advantages such as low energy consumption. In addition, met-
al-insolubilizing materials which contain an inorganic mineral as the main raw
material cause less of an environmental burden than cementitious material.
However, with conventional inorganic mineral-based metal-insolubilizing mate-
rials, the insolubilization effect is exerted only for certain heavy metals. In some
cases, it is not possible to insolubilize plural heavy metals. In addition, consider-
ing the environment in which treated soil is placed, it is important for the pH
level to be kept constant over the long term in order to exert the insolubilization
of harmful substances over the long term.

In this study, upgrade of metal-insolubilizing materials proposed can improve
the instability of the insolubilization effect due to the type of heavy metal, which
is one of the problems of conventional metal-insolubilizing materials. Specifi-
cally, the aims are to conduct leaching tests on the insolubilization effect on
heavy metals, to elucidate the insolubilization mechanism from the test results,
and to ensure the long-term stability of the insolubilization treatment, as shown
in Figure 1.
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Figure 1. Purpose and flow of this research.

2. Insolubilization Treatment for Soil Contaminated with
Heavy Metals

2.1. Concept and History of Soil Contamination

Soil contamination means that the soil and the groundwater contain harmful
chemical substances which can cause adverse effects on people’s health, the liv-
ing environment, and the ecosystem [2] [3]. Soil contamination is roughly di-
vided into two categories, artificial soil contamination due to factory operations
and mining development, and soil contamination caused by substances depo-
sited in nature.

The history of soil contamination in Japan dates back to the Meiji era. The
oldest soil contamination problem is the Ashio copper mine pollution incident,
which occurred during the modernization period just after the Meiji Restoration.
In this incident, heavy metal ions that were contained in waste stone, and so on,
generated by mining, flowed into the Watarase River, and when the river
flooded, soil contamination by these heavy metal ions was widespread [4].

In addition, Itai-Itai disease, one of the Four Big Pollution Diseases in Japan,
is caused by the soil and groundwater contamination problem brought about by
cadmium ions, which are a kind of heavy metal ion [5].

As previously stated, there are cases where naturally derived heavy metal ions
exist regardless of artificial development. In volcanic countries, like Japan, igne-
ous rocks are distributed nationwide, and volcanic sedimentary rocks are scat-

tered on the surface due to crustal deformation [6]. Heavy metal ions may be
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contained in these volcanic sedimentary rocks; such soils are regarded as soil
contaminated with naturally derived heavy metal ions. As a result of the revision
of the law enacted in 2010, the scope of countermeasures and regulations for
contaminated soil was revised as “contaminated soil derived from artificial de-
velopment” and “contaminated soil derived from nature”, as shown in Table 1.
Therefore, when contaminated soil derived from nature is encountered in con-

struction work, a countermeasure is necessary [3].

2.2. Soil Contamination Countermeasures Act

In Japan, the Soil Contamination Countermeasures Act (Act No. 53 of 2002),
Ministry of the Environment, Government of Japan was enacted in 2003 to grasp
the soil contamination status by volatile substances, heavy metal ions, agricul-
tural chemicals, and so on, which are designated as hazardous substances, and to
prevent damage to human health due to contaminated soil. However, regarding
management and countermeasures in cases where soil contamination is found
by voluntary investigations and not based on the law, despite the promising ef-
fect of blocking the intake route for harmful substances, such as by an “em-
bankment” or “containment”, excessive countermeasures, such as “excavation
removal”, have frequently been taken due to the law. In this way, since the inap-
propriate treatment of contaminated soil was frequently conducted and the cases
of excavation removal increased, the Soil Contamination Countermeasures Act
was amended in 2010 [3] [7].

2.3. Soil Contaminated with Heavy Metals and Environmental
Quality Standards

The Ministry of the Environment assumes two routes of intake to people of des-
ignated hazardous substances, “direct intake” and “intake via underground wa-
ter”.

Environmental quality standards for content in soil (Environment Agency
Notification No. 19) based on the Soil Contamination Countermeasures Act
have been established for risks assuming the direct intake of hazardous sub-
stances. In the case of contaminated soil that exceeds the environmental quality
standards for the content in soil, in principle, measures, such as embankments,
are taken. The environmental quality standards for the amount leached in soil
(Environment Agency Notification No. 18) based on the Soil Contamination

Countermeasures Act have been established as standards for risks assuming the

Table 1. Amendment of soil contamination countermeasures act (Act No. 53 of 2002),
ministry of the environment, government of Japan.

Soil Contamination Countermeasures Act
Necessity of Countermeasures
Before amendment  After amendment
Contaminated soil derived from artificial development Necessary Necessary

Contaminated soil derived from nature - Necessary

DOI: 10.4236/jep.2018.97048 773 Journal of Environmental Protection


https://doi.org/10.4236/jep.2018.97048

S. Inazumi et al.

intake of hazardous substances via groundwater. In the case of contaminated soil
that exceeds the environmental quality standards for the amount leached in soil,
in principle, countermeasures, such as in-situ containment, are taken. However,
in view of the contamination situation, other countermeasures can be taken at
the request of the landowner, as shown in Table 2.

In Table 2, if designated hazardous substances exceed the environmental
quality standards for the content in soil, insolubilization treatment cannot be
applied. However, when considering the risk of intake of harmful substances via
groundwater, insolubilization treatment can be applied. Insolubilization treat-
ment is very effective against low-concentration contaminated soil that satisfies
the environmental quality standards for the content in soil of designated ha-
zardous substances, and does not exceed the second level standards for the
amount eluted soil which are larger from 3 to 30 times than the first level stan-
dards for the amount leached in soil. Furthermore, this method is also very ef-
fective against naturally derived contaminated soil [3] [7]. In summary, insolu-
bilization treatment suppresses the leaching of heavy metal ions from soil for
which the content of the heavy metal ions in the soil is not so high, but the
amount of leaching into the groundwater exceeds the environmental quality

standards.

2.4. Insolubilization Treatment and pH

The three main types of insolubilizing materials are cement-based materials us-
ing cement, lime-based materials mainly containing quick lime and slaked lime,
and metal-insolubilizing materials mainly containing inorganic minerals. There
is no difference in performance among the cement-based materials, lime-based
materials, and inorganic mineral-based materials from the viewpoint of insolu-
bilization against designated hazardous substances (heavy metal ions), although
there is a difference in the pH levels (hydrogen ion exponents) in the soil after
the insolubilization treatment, as shown in Table 3. Therefore, depending on the
combination of contaminated soil and metal-insolubilizing material, the soil af-
ter insolubilization treatment can be reused as ground material in some cases.
Insolubilization treatment with inorganic mineral-based metal-insolubilizing

materials has the advantage of inducing the pH value.

Table 2. Countermeasures of designated hazardous substances.

Countermeasures in principle Other countermeasures
Exceeds the environmental quality Pavement
standards for the content in soil Embankments No trespassing
(Prevent direct intake) Soil replacement

Exceeds the environmental . .
. In-situ insolubilization
quality standards for the amount i . . . .
. X . In-situ containment Backfill insolubilized soil
leached in soil (prevent intake K K
. Water shield containment
via underground water)
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Table 3. Insolubilization effect and pH change of each metal-insolubilizing material.

Insolubilization effect pH after insolubilization treatment

Cement-based materials Effective Consistently alkaline
Lime-based material Effective Consistently alkaline
Metal-insolubilizing materials Effective Depending on the situation

2.5. Long-Term Weather Resistance of Soil after Insolubilization
Treatment

In soil subjected to insolubilization treatment, the heavy metal ions must be kept
in the soil for a long time so that they do not dissolve again. However, after the
insolubilized soil is backfilled to the ground, the heavy metal ions immobilized
in the soil may be re-eluted along with the changes in the pH of the soil due to
rainwater or external factors, and so on. Since cement-based materials and
lime-based materials exert and maintain their insolubilization effect under alka-
line conditions, heavy metal ions are re-eluted if the pH of the insolubilized soil
decreases. This phenomenon is called neutralization, and heavy metal ions may
leach into the surrounding soil and groundwater due to the neutralization of the
insolubilized soil.

Therefore, when insolubilizing with a cement-based material, a cover soil is
applied to the surface layer of the backfilled soil to prevent the re-elution of the
heavy metal ions due to soil neutralization [8]. Similarly, even in insolubilization
using a metal-insolubilizing material, it is necessary to apply a countermeasure
against stimulation to the soil pH due to external factors, such as acid rain, and

treat the soil so that the heavy metal ions do not dissolve.

3. Experimental Study on Insolubilization Effect of
Metal-Insolubilizing Material

3.1. Overview

As mentioned earlier, due to the amendment of the Soil Contamination Coun-
termeasures Act in 2010 [3] [7], countermeasures are now required for the de-
velopment of contaminated soil derived from nature which had not been regu-
lated in the past. Regarding the improvement of contaminated soil derived from
nature, the contaminated soil to be improved is widely distributed in many cas-
es, and increases in the environmental load and processing costs are expected in
the case of insolubilization treatment with conventional cement-based or lime-based
materials. Therefore, it is necessary to carry out mineral stabilization (insolubili-
zation treatment) on construction-generated soil in order to reduce the trans-
portation risk, costs, and environmental load.

In this study, leaching tests by Environment Agency Notification No. 46, an-
nounced in 1991, used to determine the insolubilization effect [9]. The conta-
minated soil targeted in this study contains naturally derived heavy metals and
the like. In order to investigate the insolubilization effect of the met-

al-insolubilizing material on the contaminated soil, leaching and pH tests were
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performed. Moreover, in order to verify whether hazardous substances insolubi-
lized by the metal-insolubilizing material could be kept in a stable state for a
long time and could withstand the change in pH due to the aging of the soil, acid
addition leaching tests were performed based on acid rain precipitation equiva-
lent to 500 years recommended by the Geo-Environmental Protection Center
(2008). After insolubilization treatment, it was possible to cast steel pipe piles
and to drive concrete, and so on, into the soil via construction work. At this
time, the improved soil may be affected by alkali [10]. Therefore, considering the
stimulation by alkali, alkali addition tests, recommended by the Geo-Environmental
Protection Center (2008) were conducted and the long-term weatherability

against alkali was verified.

3.2. Characteristics of Metal-Insolubilizing Materials

Two kinds of metal-insolubilizing materials, A and B, were used in this study.
Metal-insolubilizing material A is composed mainly of calcium, silicon, and
aluminum components, as shown in Table 4. Metal-insolubilizing material B
newly incorporates a magnesium component into metal-insolubilizing material
A, and the magnesium becomes one of the main components instead of the sili-
con, as shown in Table 5. By adding these materials to contaminated soil, the
insolubilization effect brought about by the minerals produced by a chemical

reaction can be expected.

3.3. Leaching Test

According to the environmental quality standards for the amount leached in soil
(Environment Agency Notification No. 18) based on the Soil Contamination
Countermeasures Act, the leaching test (specified as Environment Agency Noti-
fication No. 46) shall be conducted for lead (Pb), arsenic (As), selenium (Se),

Table 4. Compounding ratio of metal-insolubilizing material A.

Compounding ratio (%)
Main components
Metal-insolubilizing material A

CaO 40
Sio, 40
ALO, 20

Table 5. Compounding ratio of metal-insolubilizing material B.

Compounding ratio (%)

Main components
Metal-insolubilizing material B

CaO 10
MgO 60
ALO, 15
SO, 15
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and cadmium (Cd) by a measurement method that is compatible with the type
of designated hazardous substances [9].

The batch typed leaching test method, which is used as the general evaluation
method for the leaching test in public works, is employed here, as shown in Fig-
ure 2 [11] [12] [13].

3.4. pH Test

The pH test (suspension method) is carried out according to the “JGS
0211-2009” standard set by the Japanese Geotechnical Society [14]. The test me-
thod stipulates that the pH be measured as a fluid in a state at which the soil and
the water are suspended, and targets particles with a particle size of 10 mm or

less.

3.5. Long-Term Weather Resistance Test

In this research, a long-term weather resistance test is carried out according to
the “Relative evaluation method of pH stability of soil after insolubilization
treatment—sulfuric acid added leaching test—slaked lime added leaching test”
guidelines established as technical standard No. 2 of the Geo-Environmental
Protection Center (2010), as shown in Figure 3. In addition, it is advisable that
the test method be simple, and as much as possible, that the variation in the re-
sults of the test be decreased in order to bring a certain accuracy to the results.
Therefore, test methods requiring complicated operations, such as the column
test and the sequential leaching test, are not used here; the batch typed leaching
test is used [11].

Sample preparation
and
sorting

l °%E={ Solvent ‘

Elution operation ‘

¥

‘ Settling ‘
4

‘ Centrifugation ‘
v

‘ Filtration operation ‘

v
‘ Filtrate ‘
¥
Analysis
{Measurement)

Figure 2. Flow of leaching test.
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Figure 3. Flow of long-term weather resistance test.

4. Insolubilization Effect on Soil Contaminated with Multiple
Types of Heavy Metals

In order to evaluate and investigate the insolubilization effect of metal-insolubilizing
materials, metal-insolubilizing material A was added to soil contaminated with
multiple types of heavy metals and a leaching test and a pH test were conducted,
as detailed in Table 6.

4.1. Test Method and Conditions

a) Target soil

The target soil was mudstone contaminated with multiple types of heavy met-
als, and the soil was acidic (pH = 3.6) before adding the metal-insolubilizing
material.

b) Leaching test

The leaching test was conducted as explained in 3.3. An inductively coupled
plasma mass spectrometer (ICP-MS) was used for the test.

c) pH test

The pH test was conducted as detailed in 3.4.

4.2, Test Results

a) Leaching test

The results of the leaching test are shown in Table 7 and Figure 4.

By adding metal-insolubilizing material A, it is clear that the leaching
amounts of As, Pb, Se, and Cd are below the environmental quality standards for
soil (0.01 mg/L). Regarding Cd, although the leaching amount of the target soil

(raw soil) is 0.009 mg/L, less than the environmental quality standard for soil,
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Figure 4. Results of leaching test.

Table 6. Test method and conditions.

Target soil Mudstone
Metal-insolubilizing material Metal-insolubilizing material A
Addition amount of metal-insolubilizing material 30, 60 kg/m’
Leaching test method Soil Contamination Countermeasures Act

Environmental quality standards for soil

0.01 Lorl
(s, Pb, Se, Cd) mg/L orless
pH test method Suspension method
Curing period of sample 3 days

Table 7. Results of leaching test.

Addition amount of metal-insolubilizing material A (kg/m?®)

0 30 60
cd 0.009 0.001 -
Leaching amount As 0.011 0.005 -
(mg/L) Pb 0.021 0.010 0.008
Se 0.011 0.003 -

the leaching amount of Cd was greatly reduced by the addition of met-
al-insolubilizing material A, and the insolubilization effect is observed. In addi-
tion, the leaching amount of Pb in the raw soil is 0.021 mg/L. When 30 kg/m’
of metal-insolubilizing material A is added, the material shows the same value as
the environmental quality standard for soil; and thus, a sufficient insolubiliza-

tion effect cannot be obtained. However, when 60 kg/m® of A is added, the
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leaching amount of Pb is be decreased; and thus, the insolubilization effect is
observed for Pb.

b) pH test

Regarding the results of the pH test, the pH of the soil after the addition of 30
kg/m’ of metal-insolubilizing material A was 7.5, whereas the pH of the target
soil (raw soil) was 3.6. That is, although the raw soil was acidic, the soil was neu-
tral after adding metal-insolubilizing material A. It is thought that the neutrali-
zation reaction occurs due to the mixing with the target soil (raw soil), resulting
in the increase in pH, since the main component of metal-insolubilizing material

A, such as lime, is alkaline.

4.3. Issues for Metal-Insolubilizing Material A

In order to maintain the insolubilization effect over a long period of time, it is
necessary to evaluate and examine the insolubilization effect under external sti-
mulus, such as from acid and alkali. When the contaminated soil is alkaline be-
fore the insolubilization treatment, there is concern that the insolubilization ef-
fect due to metal-insolubilizing material A cannot be exerted. Therefore, it is
necessary to investigate metal-insolubilizing materials that do not cause the soil

pH to become extremely acidic or alkaline after the insolubilization treatment.

5. Insolubilization Effect Taking External Stimulus into
Account

The insolubilization effects due to the difference between insolubilizing mate-
rials A and B were examined by conducting an acid or alkali addition leaching
test, which considered the long-term weather resistance, along with the leaching
test and the pH test, as shown in Table 8.

5.1. Test Method and Conditions

a) Target soil
The target soil was gravel soil contaminated only with arsenic (As); the soil

was alkaline (pH = 11.9) before the metal-insolubilizing material was added.

Table 8. Test method and conditions.

Target soil Gravel soil

Metal-insolubilizing material Metal-insolubilizing materials A and B

Addition amount of metal-insolubilizing material 20, 40, 60, 80 kg/m’

Leaching test method Soil Contamination Countermeasures Act
Environmental quality standards for soil (As) 0.01 mg/L or less
pH test method Suspension method
Curing period of sample 1 day

Acid or alkali addition leaching test Geo-Environmental Protection Center

Regarding acid or alkali addition leaching test, the addition amount is only 20 kg/m?
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b) Leaching test

The leaching test was conducted as explained in 3.3. An inductively coupled

plasma mass spectrometer (ICP-MS) was used for the test.

c) pH test

The test was conducted as defined in 3.4.
d) Acid addition leaching test

The test was conducted as given in 3.5.
e) Alkali addition leaching test

The test was conducted as given in 3.5.

5.2. Test Results

a) Leaching test

The results of the leaching test are shown in Table 9 and Figure 5. The inso-

lubilization effect on arsenic (As) can be confirmed for each metal-insolubilizing

material.

b) pH test
The results of the pH test are shown in Table 10 and Figure 6.

0.020

0.016

0.012

0.01
0.008

Leaching amount of As (mg/L)

0.004

0.000

Figure 5. Results of leaching test.

Table 9. Results of leaching test.

=#=Metal-insolubilizing material A
==Metal-insolubilizing material B

—Environmental quality standards for soil

0

40 60 80

Addition amount of metal-insolubilizing material (kg/m?)

Addition amount of metal-insolubilizing material (kg/m?)

0 20 40 60 80
Leaching Metal-insol. A 0.019 0.002 0.002 0.002 0.002
amount of
As (mg/L) Metal-insol. B 0.019 0.003 0.002 0.002 0.002
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13
12
)
o,
11
=*=Metal-Insolubilizing material A
=*~Metal-Insolubilizing material B
10

0 20 40 60 80

Addition amount of metal-insolubilizing material (kg/m?)

Figure 6. Results of pH test.

Table 10. Results of pH test.

Addition amount of metal-insolubilizing material (kg/m?)

0 20 40 60 80
Metal-insol. A 11.9 12.2 124 12.5 12.6
pH
Metal-insol. B 11.9 11.6 11.4 11.3 11.5

When metal-insolubilizing material A is added, the pH of the soil rises in
comparison to that before the addition. As a result, it is conceivable that the
main component of metal-insolubilizing material A is alkaline. In addition,
when metal-insolubilizing material B is added, the pH of the soil decreases in
comparison to that of the target soil and the case in which metal-insolubilizing
material A is added. As a result, the amount of the metal component, indicating
the acid, is increased in metal-insolubilizing material B in comparison to met-
al-insolubilizing material A, and it is thought that the addition of the magnesium
component causes the pH buffering action [15].

¢) Acid or alkali addition leaching test

The results of the acid or alkali addition leaching test are shown in Table 11
and Figure 7.

When the soil receives external stimulus, such as acid and alkali after adding
metal-insolubilizing material A, the leaching amount of arsenic exceeds the en-
vironmental quality standards for soil and cannot maintain the insolubilization
effect. On the other hand, after adding metal-insolubilizing material B, the inso-
lubilization effect can be maintained. Thus, it is thought that the insolubilization
effect is maintained by the pH buffering action because metal-insolubilizing ma-

terial B contains a large amount of the magnesium component [15].
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Figure 7. Results of acid or alkali addition leaching test.

Table 11. Results of acid or alkali addition leaching test.

Addition amount of metal-insolubilizing

material (kg/m?)
0 20

Metal-insol. A 0.019 0.011
Add acid

Leaching amount Metal-insol. B 0.019 0.005

of As (mg/L) Metal-insol. A 0.019 0.010
Add alkali

Metal-insol. B 0.019 0.002

6. Insolubilization Mechanism for Heavy Metals
6.1. Classification of Insolubilization Mechanism

This study focuses on insolubilization by minerals. Therefore, it is necessary to
clarify the mechanism. First, the reaction caused by insolubilization will be
summarized. The factors of insolubilization are roughly divided into adsorption
and sorption. Adsorption is divided into physisorption and chemisorption de-
pending on the mechanism [16] [17] [18].

a) Physisorption

Physisorption is due to van der Waals’ force and Coulomb’s force. In particu-
lar, adsorption by Coulomb’s force (electrostatic force) is called electrostatic ad-
sorption. Such physical adsorption is also called an outer sphere complex forma-
tion reaction; it constrains the molecules and ions in the solution by the
above-mentioned force and has no chemical bond [16] [17] [18]. Therefore,
physisorption is weaker than chemisorption, which will be described later.

b) Chemisorption
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In chemisorption, electrons are exchanged between adsorbed solutes (mole-
cules and ions) and atoms on a solid surface, resulting in a strong chemical
bond. Adsorption with such chemical bonds is also called an inner sphere com-
plex formation reaction [16] [17] [18].

c) Sorption

Sorption is a phenomenon in which adsorption and absorption occur simul-
taneously. That is, molecules and ions in the solution are adsorbed on the solid
surface, and the adsorbates pass through the solid surface layer and enter the in-
side [16] [17] [18]. In addition, when the adsorbates are incorporated into the
solid, it is thought that the crystal structure of the solid changes and a rear-
rangement occurs. In other words, a new compound is generated, as seen in

Figure 8.

6.2. Insolubilization by Generated Minerals

Focus is on insolubilization by various kinds of minerals based on the contents
described in 6.1. From the above test results, insolubilization by met-
al-insolubilizing material A is thought to be insolubilization by schwertmannite
and apatite. In addition, insolubilization by metal-insolubilizing material B is
thought to be insolubilization by hydrotalcite together with schwertmannite and
apatite, as shown in Figure 9 and Figure 10. Therefore, the insolubilization
mechanism by these minerals, generated after adding the metal-insolubilizing

material, is discussed.

Adsorpiion | Ahsorplion | Rearrangement of

cryslal structure

@ ;
° ST WY e
ol =% ° % @ )
| Solid | | Solid | \_compound |

@ Heavy metal ion

Figure 8. Image of sorption.

Metal-insalubilisng material A

Ca, 8i, Al ete,

v Addition
v and
v Mixtlure

@emical reaction I

| Insolubilization by renerated minerals | |

* Heavy metal Apatite

Figure 9. Insolubilization mechanism by metal-insolubilizing material A.
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Metal-insolubilizing matcrial B

Ma, Al, Ca, Fe, ete.

v Addition
v and
v Mixture

Chemical reaction |

| Insolubilization by generated minerals

‘ 1leavy metal A patite . Hydrotaleite Q Schwertmannite

Figure 10. Insolubilization mechanism by metal-insolubilizing material B.

a) Insolubilization by schwertmannite

After the addition of the metal-insolubilizing material, the iron component,
the sulfuric acid component, and the water in the soil cause a chemical reaction,
whereby schwertmannite is generated. Schwertmannite is a metastable phase
mineral of goethite, but its solubility decreases due to adsorb anions, such as ar-
senate ions, and it becomes structurally stable [19] [20].

Regarding the insolubilization mechanism, it is thought that the sulfate ions in
the schwertmannite are exchanged for arsenate (HZASOﬁ_) ions or the like due
to the anion exchange reaction (ligand exchange reaction) and that arsenic is
adsorbed, as shown in Figure 11.

The selectivity of oxy anion species on schwertmannite-holding sulfate ions is
“arsenate ion > chromate ion > selenate ion”; arsenate ions are preferentially
adsorbed [21]. In addition, the phase change time from schwertmannite to goe-
thite is also long in the above order, and the retention stability of adsorbed oxy
anion species is also high in the above order [22] [23].

Therefore, schwertmannite is a long-term stable mineral especially for arse-
nate ions.

b) Insolubilization by hydrotalcite

After the addition of the metal-insolubilizing material, the magnesium com-
ponent, the aluminium component, and the water in the soil cause a chemical
reaction whereby hydrotalcite is generated.

Hydrotalcite has a host layer which is a positively charged octahedral layer
formed by substituting AI** for a part of Mg*" of Mg(OH),, and a guest layer
which is composed of an anion and interlayer water compensating for this posi-
tive charge. Hydrotalcite has a structure in which it is alternately stacked with
host layers and guest layers [23].

Regarding the insolubilization mechanism, when the positively charged host

layer of hydrotalcite is formed, heavy metal anions, such as water, arsenate ions,
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selenate ions, and the like, are adsorbed into the guest layer, as shown in Figure
12.

That is, heavy metal anions are physically (electrically) adsorbed between the
hydrotalcite layers; and thereafter, there is a risk of the heavy metal anions
re-elution when the heavy metal anions are exchanged for other anions. Howev-
er, if the heavy metal anions form inner sphere complexes with hydrotalcite sur-
faces after physisorption, the possibility of re-elution greatly decreases.

¢) Insolubilization by apatite

After the addition of the metal-insolubilizing material, the calcium compo-
nent, the phosphoric acid component, and the water in the soil cause a chemical
reaction whereby apatite is generated.

For insolubilization by apatite, hydroxyapatite is firstly formed, and then
heavy metals are insolubilized by the substitution reaction between the hydrox-
yapatite and the heavy metal ions. Therefore, insolubilization progresses in stag-
es, so it is thought that the above-described sorption occurs. In other words, it is
conceivable that heavy metal ions are adsorbed on the surface of hydroxyapatite
and afterwards incorporated into hydroxyapatite, resulting in the formation of
apatite crystals containing heavy metals, as shown in Figure 8.

Hydroxyapatite is represented by Ca,(PO,);(OH), which can be expected to
insolubilize many hazardous substances, such as lead, cadmium and arsenic. The

reaction is shown below.

} Positively charged . Mg2* or AD*

sz Water, Anion . H,0
Positively charged . OH-

Figure 12. Insolubilization mechanism by hydrotalcite.
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Regarding the insolubilization mechanism for lead and cadmium, lead ions
(Pb*") which are present in an unstable state in the soil are stabilized and insolu-
bilized by substituting them for calcium ions (Ca®") in hydroxyapatite. In addi-
tion, since divalent heavy metal cations show a common behavior, it is thought
that cadmium ions (Cd**) are likewise insolubilized, as seen in Equations (1) and
2).

Ca, (PO, ), OH+5Pb*" — Pb, (PO, ), OH+5Ca** (1)

Ca, (PO,), OH+5Cd*" — Cd, (PO, ), OH +5Ca** )

Regarding the insolubilization mechanism for arsenic, the arsenate ions
(ASOZ’ ) which are present in an unstable state in alkaline soil are stabilized and

insolubilized by substituting them for phosphate ions ( PO ) in hydroxyapatite,

as seen below (Equation (3)).

Ca, (PO, ), OH +3AsO;” — Ca,(AsO,)OH +3PO;” 3)

7. Conclusions
7.1. Insolubilization Effect

In this study, a leaching test, a pH test, and an acid or alkali addition leaching
test were performed on metal-insolubilizing materials A and B with different
main components to confirm the insolubilization effect.

When the target soil was acidic and the insolubilization treatment was per-
formed using metal-insolubilizing material A, a sufficient insolubilization effect
was obtained for the complex contaminated soil and the treated soil was neutra-
lized. When the target soil was alkaline and the insolubilization treatment was
performed using both metal-insolubilizing materials A and B, a sufficient inso-
lubilizing effect on arsenic was obtained for each metal-insolubilizing material,
but the pH of the soil after the insolubilization treatment was different. In addi-
tion, only metal-insolubilizing material B was able to bring about a long-term

insolubilization effect.

7.2. Insolubilization Mechanism

In this study, the insolubilization mechanism was clarified from chemical and
mineralogical considerations based on the data obtained from the tests. Then,
based on phenomena such as adsorption, absorption, and sorption, attention
was focused on insolubilization by minerals, such as schwertmannite, hydrotal-
cite, and apatite.

Moreover, as insolubilization by other minerals and compounds is also con-

ceivable, further consideration is necessary.

7.3. Future Tasks

Although the insolubilization effect could be confirmed in this study, it was not

possible to identify the compounds present in the soil after insolubilization
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treatment. Therefore, in order to confirm the compounds in the soil in detail, it
will be necessary to perform an analysis using an electron microscope and so on,
together with an X-ray analysis.

In addition, metal-insolubilizing materials with different compositions and
compounding ratios were prototyped, and the insolubilization effect on soil
contaminated with heavy metals under various conditions was confirmed. As a

result, the metal-insolubilizing materials could be improved.
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