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Abstract: Radioactive cesium (r-Cs) released from the 2011 Fukushima Daiichi Nuclear Power Plant
attaches to vegetation/soil and is collected as municipal solid waste (MSW) for incineration, being
concentrated in incineration ash (bottom ash [BA], fly ash [FA], and chelate-treated FA [TFA]). r-Cs
in FA and TFA can easily leach upon contact with moisture. It is important to prevent further
contamination, as r-Cs has negative effects on ecosystems and the human body. Naturally available
clay minerals, considered effective for capturing r-Cs, are a good alternative. Here, we sampled ash
from MSW incineration facilities in Fukushima in August 2016 and February 2017. We used energy
dispersive X-ray fluorescence spectroscopy and Ge semiconductor detector to determine elemental
composition and r-Cs concentration in the samples and conducted leaching tests. We also determined
the extent of leaching suppression by zeolite, acidic clay, and vermiculite. Chloride contents and
r-Cs leaching rates were higher in FA and TFA than in BA, regardless of the season. Prior direct
addition and mixing of clay minerals (5 to 20 wt.%) effectively prevented r-Cs leaching. This study
is the first to examine r-Cs leaching inhibition by clay mineral direct addition and mixing to MSW
incineration ash.

Keywords: municipal solid waste; incineration ash; radioactive Cs; leaching properties; clay minerals;
safety measures

1. Introduction

Various radioactive substances were released into the environment during the accident
at the 2011 Fukushima Daiichi Nuclear Power Plant [1–3]. Among these substances,
radioactive cesium (r-Cs) has the longest half-life (134Cs: 2.1 y; 137Cs: 30 y) and is of concern
because of its effects on ecosystems and the human body [4].

Accordingly, r-Cs pollution in Fukushima Prefecture was investigated after the acci-
dent, and decontamination operations were conducted to reduce its air dose in areas where
the contamination degree was significant. The decontamination waste generated by this
operation was treated in a dedicated facility. However, r-Cs adhering to grass and soil
tends to gather in municipal solid waste (MSW) through pruned branches, leaf litter, and
daily outdoor activities of local residents (e.g., cleaning, herbicide use, and agricultural
operations).

This contaminated waste is often incinerated in MSW incineration facilities [5], and
the r-Cs is concentrated in the ash because the incineration treatment does not remove it.
Accordingly, r-Cs has been detected in the ash of incinerated MSW in Fukushima Prefecture.

The response measures for ash containing r-Cs change according to the r-Cs concentra-
tion [6]. In addition, r-Cs contained in fly ash (FA) and chelate-treated fly ash (TFA) leaches
easily upon contact with moisture [7]. Therefore, it has been suggested that r-Cs can leach
during temporary storage and after landfilling at the final disposal site [8].
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Thus, to ensure the safety of the treatment process and promote the proper handling
of this contaminant residue, it is important to ascertain the basic physical properties and
r-Cs leaching characteristics of MSW incineration ash, examine methods to control leaching,
and communicate the obtained results to local residents in an easy-to-understand manner.

In this study, we investigated ash samples from five MSW incineration facilities located
in Fukushima Prefecture sampling in August 2016 (summer) and February 2017 (winter)
to determine differences according to season, basic physical properties, and r-Cs leaching
characteristics.

We also analyzed the ability of clay minerals to capture r-Cs [9,10] and examined
the extent to which the leaching of r-Cs could be suppressed by the direct addition and
mixing of zeolite and vermiculite (5 to 20 wt.%) to MSW incineration ash. In addition, we
examined whether the direct addition and mixing of clay minerals could interfere with the
inhibition of heavy metal leaching by chelating agents.

Previous studies have investigated the high leaching rate of r-Cs from FA and TFA and
developed a method to remove r-Cs by washing FA and TFA [11]. However, this method
requires the construction of washing facilities and would likely require measures to ensure
safe management of contaminated water generated by the washing process. There are
also chemical methods to remove or inhibit r-Cs leaching [12–14], but they can restrict the
number of places where the ash can be recycled and create problems related to landfill
disposal. Therefore, it would be preferable to use materials that exist in nature when trying
to inhibit r-Cs leaching from MSW incineration ash, which is the reason we examined the
effect of clay minerals in this study.

Some clay minerals, such as zeolites and vermiculite, have been investigated for their
ability to capture r-Cs [15–18]. However, only few studies have analyzed the inhibition of
r-Cs leaching from r-Cs-contaminated MSW incineration ash by direct adding and mixing
clay minerals, which is thought to be effective for capturing r-Cs. This study is the first
to examine the extent to which r-Cs leaching can be inhibited by the direct addition and
mixing of clay minerals to MSW incineration ash.

2. Experimental
2.1. Samples

Ash samples were collected from five MSW incineration facilities (Facility A–E) in
Fukushima Prefecture in August 2016 (summer) and February 2017 (winter). The sampled
furnaces were all of stoker type. Samples of bottom ash (BA), FA, and TFA were obtained
from each furnace. BA is the residue left at the bottom of the furnace when MSW is
incinerated, and it is sprayed with cooling water to extinguish the fire. FA is obtained by
collecting the fine particles contained in the flue gas generated when waste is incinerated
in a baghouse. TFA is obtained by adding a chelating agent to FA to suppress the leaching
of heavy metals. Particles with size ≤ 2 mm were selected using a stainless-steel sieve.

2.2. Analysis of Sample Elemental Composition

To investigate the elemental composition of the ash samples, energy dispersive X-ray
fluorescence (ED-XRF) spectroscopy (JSX-3220; JEOL Ltd., Tokyo, Japan) was conducted in
vacuum using the bulk fundamental parameter method. The voltage was set to 30.0 keV,
current was automatically set (between minimum and maximum values), and measurement
time was set to 600 s. The measured elements were Na, Mg, Al, Si, P, S, Cl, K, Ca, Fe, Cu,
Zn, and Pb. The samples were prepared using the pellet method, wherein each sample was
compacted in an aluminum ring with inner diameter of 3.1 cm and height of 0.5 cm using a
machine press.

2.3. Analyses of Concentration and Leaching of r-Cs

The r-Cs concentrations in the MSW ash samples were measured using a Ge semicon-
ductor detector (GC3018 CC-HI-U; Canberra, CT, USA). Each sample was compacted in a
100 mL U-8 polypropylene container to a height of 5 cm and then placed in the detector.
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Measurements were performed for 1 h to determine the r-Cs concentration. The measured
detection limit for both 134Cs and 137Cs was 5 Bq/kg, and the decay correction date was
considered the sampling date to calculate their concentrations. Moreover, moisture content
was measured by air oven drying method (PR-2KPH; ESPEC, Tokyo, Japan).

JIS K 0058-1 leaching tests [19] were performed to investigate r-Cs leaching from the
ash samples upon contact with moisture, which can occur during recycling or landfilling.
Approximately 300 g of ash was placed in a 5 L polyethylene bottle, to which 3 L of
ultrapure water was added. The mixture was stirred for 6 h at 200 rpm using an agitator,
and then passed through a filtration unit using a membrane filter with pore size of 0.45 µm.
Subsequently, a 2 L acrylic container was filled to a height of 12 cm with the filtrate
and placed in the Ge semiconductor detector. Measurements were performed for 6 h to
determine the r-Cs concentration. The measured detection limit for 134Cs and 137Cs was
0.1 Bq/L.

The r-Cs concentrations are expressed as the sum of 134Cs and 137Cs concentrations.
The r-Cs leaching rate was calculated using Equation (1):

Leaching rate (%) =
CFiltrate/ρ × WFiltrate

CSample × WSample
× 100 (1)

where CSample and CFiltrate are the r-Cs concentrations (Bq/kg) of the sample and filtrate,
respectively; WSample and WFiltrate are their respective weights (kg); and ρ is the solvent
density (ρ = 1.0 kg/L).

Moreover, the pH and electrical conductivity (EC) of the filtrate were also measured
using a glass electrode-type pH meter and an alternating-current bipolar-type electron
conductivity meter (pH: DS-52 and EC: F-52; both from Horiba, Kyoto, Japan).

2.4. Analysis of Inhibitory Effect of Clay Minerals on r-Cs Leaching

To reduce the leaching of r-Cs upon contact with water during temporary storage
and at the final disposal site, the following materials were direct added and mixing to the
samples at 5, 10, and 20 wt.%: zeolite crushed in an agate mortar (Zeofill 60P; Shin Tohoku
Chemical Industry Co., Ltd. (Miyagi, Japan); median diameter: 41.5 µm, specific surface
area: 4084.3 cm2/cm3), acidic clay (Mizuka Catcher DX; Mizusawa Industrial Chemicals,
Ltd., Tokyo, Japan; median diameter: 11.5 µm, specific surface area: 5555.6 cm2/cm3),
vermiculite from Fukushima Prefecture (raw stone before calcining, median diameter:
17.4 µm, specific surface area: 3994.7 cm2/cm3), and vermiculite from India (raw stone
before calcining, median diameter: 16.2 µm, specific surface area: 4993.2 cm2/cm3). The
samples were then subjected to measurements and JIS K 0058-1 leaching tests [19] using a
Ge semiconductor detector under the conditions described in Section 2.3. Equation (2) was
used to determine the amount of ultrapure water required for a moisture content of 30% in
the samples after the direct addition and mixing of 5–20 wt.% clay minerals:

MSample + MClay minerals + MUltra pure water

WSample + WClay minerals + WUltra pure water
= 0.3 (2)

where WSample, WClay minerals, and WUltrapure water represent the weights (kg) of the sam-
ple, clay minerals, and ultrapure water, respectively; and MSample, MClay minerals, and
MUltrapure water represent their respective moisture contents (kg). To confirm the long-term
inhibitory effect on r-Cs leaching, additional leaching tests (7, 14, and 30 d) were conducted
for 5 wt.% clay minerals.

2.5. Analysis of Effect of Clay Minerals on Heavy Metal Chelation

To elucidate whether the direct addition and mixing of clay minerals interfered with
the inhibitory effect of chelating agents on heavy metal leaching, 6-h and 30-d leaching tests
were conducted on TFA with and without 5 wt.% clay minerals, and the concentration of
heavy metals in the filtrate was then measured, using an ion chromatography system (ICS-
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2000; Thermo Fisher Scientific, Waltham, MA, USA) with an inductively coupled plasma
(ICP) emission spectrometer (iCAP 6300; Thermo Fisher Scientific, Waltham, MA, USA)
and anion-exchange column (Dionex IonPac AS18; Thermo Fisher Scientific, Waltham,
MA, USA). To perform ICP emission spectrometry, quantification was performed using a
four-point calibration curve method with element standard solutions at of 0.5, 5, 10, and
50 mg/L. The standard solutions were prepared by diluting ICP Multi standard IV (Merch
Group, Darmstadt, Germany) with 0.1 mol/L nitric acid, and the sample solutions were
diluted 10-fold also with 0.1 mol/L nitric acid.

For ion chromatography, we used a three-point calibration curve and standard ion
concentration solutions (Anion Mixture Standard Solution; FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) diluted 5-, 10-, and 50-fold with ultrapure water. To prepare
the sample solution, 250- and 5000-fold dilutions with ultrapure water were employed.
In addition, a potassium hydroxide aqueous solution generated from an eluent generator
cartridge for anion analysis (EGC III-KOH; Thermo Fisher Scientific, Waltham, MA, USA)
was used as the eluent.

3. Results and Discussion
3.1. Elemental Composition of Ash Samples

Figures 1–3 show the results of the ED-XRF analysis. There were no significant changes
between samples collected in August 2016 and February 2017, which indicates that there
were no changes between seasons within the same facility. The BA samples contained high
concentrations of Ca, Si, and Al, indicating that the main components were CaO, SiO2,
and Al2O3 [20,21]. In contrast, the FA and TFA samples contained large amounts of Ca,
Cl, and Na. The Ca in FA and TFA was assumed to exist as Ca(OH)2, CaCl2, CaO, and
CaSO4 [22,23], and it was attributed to the slaked lime blown into the furnace as a measure
against HCl gas. The Na in the FA and TFA existed as NaCl and was likely generated by
the incineration of household food waste [24–26]. The Cl content was higher in FA and
TFA than in BA, suggesting the presence of large amounts of water-soluble chlorides in FA.
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fluorescence spectroscopy.

Cs is a volatile element [27,28] that can appear in BA, FA, and TFA in different
forms [21,29,30]. Most r-Cs enters MSW incineration facilities via vegetation and soil and is
volatilized into a gaseous state during incineration, thereby migrating into the flue gas [31].
r-Cs cools near the baghouse filter, which is controlled at approximately 200 ◦C, and then
solidifies and concentrates in the FA and TFA [8]. Therefore, Cs can exist in FA and TFA in
the form of highly water-soluble CsCl [29,30], CsOH, and Cs2SO4 [32,33].

3.2. Concentration and Leaching Properties of r-Cs in MSW Incineration Ash

Table 1 (for August 2016) and Table 2 (for February 2017) show the r-Cs concentrations
and leaching test results of the ash samples. If the r-Cs concentration of the filtrate was
below the detection limit (0.1 Bq/L), it was considered 0 Bq/L and is shown as ND in
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Tables 1 and 2. The water content of the ash samples was determined using an air oven
drying method and is also shown in Tables 1 and 2.

Table 1. Concentration and leaching of radioactive cesium (r-Cs) in August 2016.

Facility Sample

MSW Incineration Ash Leaching Test Filtrate

r-Cs
Concentration *

(Bq/kg)

Moisture
Content (%)

r-Cs
Concentration *

(Bq/L)

Leaching
Rate (%) pH EC (mS/m)

A
BA 587 (87 + 500) 23.2 1.0 (0.2 + 0.8) 1.7 11.6 367
FA 2260 (360 + 1900) 0.6 178 (28 + 150) 78.8 12.4 2420

TFA 2020 (320 + 1700) 14.6 165 (25 + 140) 81.7 12.6 1920

B
BA 258 (48 + 210) 26.4 ND (0 + 0) ND 11.7 360
FA 1880 (280 + 1600) 1.7 141 (21 + 120) 75.0 12.5 3520

TFA 1430 (230 + 1200) 14.2 115 (17 + 98) 80.4 12.5 2820

C
BA 42 (7 + 35) 32.2 ND (0 + 0) ND 11.8 563
FA 383 (63 + 320) 0.8 29 (4 + 25) 75.7 12.5 3710

TFA 250 (40 + 210) 21.5 19 (3 + 16) 76.0 12.6 2960

D
BA 686 (96 + 590) 32.6 0.2 (0 + 0.2) 0.3 11.8 200
FA 5870 (870 + 5000) 0.6 421 (61 + 360) 71.7 12.4 3100

TFA 4560 (660 + 3900) 18.1 362 (52 + 310) 79.4 12.6 2310

E
BA 3060 (460 + 2600) 27.7 0.6 (0.1 + 0.5) 0.2 11.8 360
FA 8600 (1300 + 7300) 0.4 532 (82 + 450) 61.9 12.5 3510

TFA 6260 (960 + 5300) 16.1 441 (61 + 380) 70.4 12.5 2620

* 134Cs + 137Cs; MSW = municipal solid waste; BA = bottom ash; FA = fly ash; TFA = chelate-treated FA; EC = electrical conductivity;
ND = not detected.

Table 2. Concentration and leaching of radioactive cesium (r-Cs) in February 2017.

Facility Sample

MSW Incineration Ash Leaching Test Filtrate

r-Cs Concentration
* (Bq/kg)

Moisture
Content (%)

r-Cs
Concentration *

(Bq/L)

Leaching
Rate (%) pH EC (mS/m)

A
BA 63 (7 + 56) 6.9 0.1 (0 + 0.1) 1.6 11.2 192
FA 1030 (140 + 890) 0.8 79 (11 + 68) 76.7 12.3 3810

TFA 860 (120 + 740) 16.3 74 (10 + 64) 86 12.5 3000

B
BA 136 (16 + 120) 32.7 ND (0 + 0) ND 11.6 290
FA 1850 (250 + 1600) 1.2 141 (21 + 120) 76.2 12.5 3920

TFA 1410 (210 + 1200) 15.1 116 (16 + 100) 82.3 12.5 3110

C
BA 94 (14 + 80) 35.2 ND (0 + 0) ND 12.0 210
FA 642 (82 + 560) 0.1 44 (7 + 37) 68.5 12.3 3150

TFA 485 (75 + 410) 19.1 41 (5 + 36) 84.5 12.4 2610

D
BA 636 (86 + 550) 33.1 0.2 (0 + 0.2) 0.3 12.6 930
FA 3580 (480 + 3100) 1.0 277 (37 + 240) 77.4 12.5 4360

TFA 2330 (330 + 2000) 19.5 196 (26 + 170) 84.1 12.5 3280

E
BA 3600 (500 + 3100) 21.3 0.4 (0 + 0.4) 0.1 11.9 127
FA 11,000 (1500 + 9500) 0.6 676 (86 + 590) 61.5 12.3 2210

TFA 7090 (990 + 6100) 24.3 510 (60 + 450) 71.9 12.2 1470

* 134Cs + 137Cs; MSW = municipal solid waste; BA = bottom ash; FA = fly ash; TFA = chelate-treated FA; EC = electrical conductivity;
ND = not detected.

The r-Cs concentrations showed that some facilities presented higher Cs levels in
August, whereas others showed higher Cs levels in February. This indicates that Cs levels
were not constant throughout the year, and there were slight seasonal differences among
the samples. The r-Cs concentrations in BA, FA, and TFA also showed substantial variation
among the incineration facilities. This was consistent with results of previous studies, in
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which the type of waste supplied to the incinerator influenced the properties of BA, FA,
and TFA [34,35].

A possible reason for the large difference between r-Cs concentrations in samples from
urban and rural MSW incineration facilities is the variations in type of waste, industrial
structures, and regional characteristics. For instance, the amount of vegetation, leaf litter,
and attached soil generated by agricultural work can differ depending on the location of
the incineration facility.

The r-Cs concentrations tended to be higher in FA and TFA than in BA, regardless
of the season. Some facilities presented higher r-Cs concentrations of filtrates in August,
whereas others presented higher r-Cs concentrations in February. We believe this was
influenced by the r-Cs concentration of the samples used in the leaching test.

There were no significant differences in r-Cs leaching rates in different seasons. In
addition, the r-Cs leaching rate tended to be higher for FA and TFA than for BA, regardless
of the season. Different forms of r-Cs may have caused the differences in the r-Cs leaching
rates [21,29,30]. According to previous studies, the leaching rates of r-Cs from ash gen-
erated during incineration of decontamination waste or sewage sludge are not typically
high [8,36–38], which disagrees with our results for MSW incineration ash.

The pH of all filtrates was strongly alkaline. The EC values of FA and TFA were higher
than that of BA, and there was a certain correlation between EC and r-Cs leaching rate.
However, no correlation was observed between pH and r-Cs leaching rate. Therefore,
considering the difficulty in preventing r-Cs leaching during landfilling using only chelat-
ing agents, additional measures are required to inhibit r-Cs leaching from FA and TFA,
particularly for MSW incineration ash.

3.3. Inhibitory Effect of Clay Minerals on r-Cs Leaching

Tables 3–5 summarize the results obtained using BA, FA, and TFA collected from
Facility A in August 2016 to confirm the suppression of r-Cs leaching upon direct addition
and mixing of clay minerals.

Table 3. Concentration and leaching of radioactive cesium (r-Cs) upon direct addition and mixing of clay minerals at 5 wt.%.

Sample

MSW Incineration Ash Leaching Test Filtrate

r-Cs
Concentration *

(Bq/kg)

Moisture Content
(%)

r-Cs
Concentration *

(Bq/L)
pH EC

(mS/m)

Facility A BA + Zeolite 5% 512 (72 + 440) 29.8 ND (0 + 0) 11.5 362
Facility A BA + Acid clay 5% 520 (70 + 450) 29.9 0.3 (0 + 0.3) 11.5 306
Facility A BA + Fukushima

vermiculite 5% 516 (66 + 450) 29.9 0.2 (0 + 0.2) 11.5 368

Facility A BA + India vermiculite 5% 516 (76 + 440) 30.1 ND (0 + 0) 11.6 388

Facility A FA + Zeolite 5% 1530 (230 + 1300) 29.9 20 (3 + 17) 12.5 2710
Facility A FA + Acid clay 5% 1450 (250 + 1200) 30.2 47 (7 + 40) 12.4 2530
Facility A FA + Fukushima

vermiculite 5% 1520 (220 + 1300) 30.0 60 (9 + 51) 12.5 2640

Facility A FA + India vermiculite 5% 1540 (240 + 1300) 30.1 42 (6 + 36) 12.5 2660

Facility A TFA + Zeolite 5% 1650 (250 + 1400) 30.0 21 (3 + 18) 12.5 1940
Facility A TFA + Acid clay 5% 1550 (250 + 1300) 30.1 40 (6 + 34) 12.4 1520
Facility A TFA + Fukushima

vermiculite 5% 1660 (260 + 1400) 29.9 50 (9 + 41) 12.3 1690

Facility A TFA + India vermiculite 5% 1580 (280 + 1300) 29.8 29 (5 + 24) 12.3 1440

* 134Cs + 137Cs; MSW = municipal solid waste; BA = bottom ash; FA = fly ash; TFA = chelate-treated FA; EC = electrical conductivity;
ND = not detected.
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Table 4. Concentration and leaching of radioactive cesium (r-Cs) upon direct addition and mixing of clay minerals at
10 wt.%.

Sample

MSW Incineration Ash Leaching Test Filtrate

r-Cs
Concentration *

(Bq/kg)

Moisture Content
(%)

r-Cs
Concentration *

(Bq/L)
pH EC

(mS/m)

Facility A BA + Zeolite 10% 468 (68 + 400) 30.1 ND (0 + 0) 11.6 354
Facility A BA + Acid clay 10% 467 (67 + 400) 29.8 0.2 (0 + 0.2) 11.3 339

Facility A BA + Fukushima
vermiculite 10% 488 (78 + 410) 29.7 ND (0 + 0) 11.5 387

Facility A BA + India vermiculite 10% 480 (70 + 410) 30.3 ND (0 + 0) 11.6 395

Facility A FA + Zeolite 10% 1430 (230 + 1200) 30.1 10 (2 + 8) 12.5 2680
Facility A FA + Acid clay 10% 1400 (200 + 1200) 29.9 33 (5 + 28) 12.5 2820

Facility A FA + Fukushima
vermiculite 10% 1410 (210 + 1200) 29.8 43 (7 + 36) 12.5 2690

Facility A FA + India vermiculite 10% 1450 (250 + 1200) 30.0 31 (4 + 27) 12.5 2820

Facility A TFA + Zeolite 10% 1510 (210 + 1300) 29.9 7 (2 + 5) 12.5 2020
Facility A TFA + Acid clay 10% 1530 (230 + 1300) 30.0 25 (4 + 21) 12.3 1650

Facility A TFA + Fukushima
vermiculite 10% 1490 (190 + 1300) 30.1 15 (3 + 12) 12.4 1780

Facility A TFA + India vermiculite 10% 1530 (230 + 1300) 29.8 18 (2 + 16) 12.5 1510

* 134Cs + 137Cs; MSW = municipal solid waste; BA = bottom ash; FA = fly ash; TFA = chelate-treated FA; EC = electrical conductivity;
ND = not detected.

Table 5. Concentration and leaching of radioactive cesium (r-Cs) upon direct addition and mixing of clay minerals at
20 wt.%.

Sample

MSW Incineration Ash Leaching Test Filtrate

r-Cs
Concentration *

(Bq/kg)

Moisture Content
(%)

r-Cs
Concentration *

(Bq/L)
pH EC

(mS/m)

Facility A BA + Zeolite 20% 446 (66 + 380) 30.0 ND (0 + 0) 11.5 382
Facility A BA + Acid clay 20% 451 (71 + 380) 30.1 ND (0 + 0) 11.4 387

Facility A BA + Fukushima
vermiculite 20% 461 (61 + 400) 30.0 ND (0 + 0) 11.6 396

Facility A BA + India vermiculite 20% 455 (65 + 390) 29.9 ND (0 + 0) 11.6 413

Facility A FA + Zeolite 20% 1300 (200 + 1100) 29.8 4 (0 + 4) 12.5 2650
Facility A FA + Acid clay 20% 1290 (190 + 1100) 30.0 16 (2 + 14) 12.5 2750

Facility A FA + Fukushima
vermiculite 20% 1310 (210 + 1100) 30.2 21 (4 + 17) 12.5 2580

Facility A FA + India +vermiculite 20% 1320 (220 + 1100) 29.8 12 (2 + 10) 12.5 2660

Facility A TFA + Zeolite 20% 1310 (210 + 1100) 29.9 2 (0 + 2) 12.5 2080
Facility A TFA + Acid clay 20% 1300 (200 + 1100) 29.8 5 (1 + 4) 12.4 1790

Facility A TFA + Fukushima
vermiculite 20% 1280 (180 + 1100) 30.1 2 (0 + 2) 12.5 1840

Facility A TFA + India vermiculite 20% 1360 (260 + 1100) 30.0 8 (2 + 6) 12.5 1630

* 134Cs + 137Cs; MSW = municipal solid waste; BA = bottom ash; FA = fly ash; TFA = chelate-treated FA; EC = electrical conductivity;
ND = not detected.

Based on the results shown in Tables 3–5, we calculated the r-Cs leaching rates, and
the main changes in r-Cs leaching rate with respect to wt.% of clay minerals is shown in
Tables 6–8.

Tables 3–8 indicate that the direct addition and mixing of clay minerals suppressed the
leaching of r-Cs from all the samples. In addition, this inhibition effect was enhanced with
increasing proportion (wt.%) of clay minerals. However, the direct addition and mixing of
clay minerals would also increase the total amount of waste destined for landfills or storage
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sites (Figure 4). Therefore, we proposed a maximum limit of 20 wt.% of clay minerals.
The results show that the inhibition effect on r-Cs leaching could be achieved by 5 wt.%
of clay minerals, which reduced the r-Cs leaching rate to less than half the original value.
Subsequently, we investigated whether the leaching of r-Cs could be suppressed over a
long period when 5 wt.% clay minerals (Table 3) was used.

Table 6. Changes in radioactive cesium (r-Cs) leaching rate according to wt.% of clay minerals
(bottom ash, BA).

Sample
r-Cs Leaching Rate (%)

No Added 5 wt.% 10 wt.% 20 wt.%

Facility A BA + Zeolite

1.7

ND ND ND
Facility A BA + Acid clay 0.6 0.4 ND

Facility A BA + Fukushima vermiculite 0.4 ND ND
Facility A BA + India vermiculite ND ND ND

Table 7. Changes in radioactive cesium (r-Cs) leaching rate according to wt.% of clay minerals (fly
ash, FA).

Sample
r-Cs Leaching Rate (%)

No Added 5 wt.% 10 wt.% 20 wt.%

Facility A FA + Zeolite

78.8

13.1 7.0 3.1
Facility A FA + Acid clay 32.4 23.6 12.4

Facility A FA + Fukushima vermiculite 39.5 30.5 16.0
Facility A FA + India vermiculite 27.3 21.4 9.1

Table 8. Changes in radioactive cesium (r-Cs) leaching rate according to wt.% of clay minerals
(chelate-treated fly ash, TFA).

Sample
r-Cs Leaching Rate (%)

No Added 5 wt.% 10 wt.% 20 wt.%

Facility A TFA + Zeolite

81.7

12.7 4.6 1.5
Facility A TFA + Acid clay 25.8 16.3 3.8

Facility A TFA + Fukushima vermiculite 30.1 10.1 1.6
Facility A TFA + India vermiculite 18.4 11.8 5.9
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Tables 9–11 show the r-Cs concentrations of the filtrates obtained using the leaching
tests. For comparison, the same conditions were applied to test samples without the direct
addition and mixing of clay minerals.

Table 9. Radioactive cesium (r-Cs) leaching test results (bottom ash, BA + 5 wt.% clay minerals).

Sample
r-Cs Concentration * (Bq/L)

6 h 7 d 14 d 30 d

Facility A BA 1.0 (0.2 + 0.8) 1.0 (0.2 + 0.8) 0.9 (0.1 + 0.8) 1.2 (0.3 + 0.9)
Facility A BA + Zeolite 5% ND (0 + 0) ND (0 + 0) ND (0 + 0) 0.1 (0 + 0.1)

Facility A BA + Acid clay 5% 0.3 (0 + 0.3) 0.4 (0 + 0.4) 0.4 (0 + 0.4) 0.4 (0 + 0.4)
Facility A BA + Fukushima vermiculite 5% 0.2 (0 + 0.2) 0.2 (0 + 0.2) 0.2 (0 + 0.2) 0.2 (0 + 0.2)

Facility A BA + India vermiculite 5% ND (0 + 0) ND (0 + 0) ND (0 + 0) ND (0 + 0)

* 134Cs + 137Cs.

Table 10. Radioactive cesium (r-Cs) leaching test results (fly ash, FA + 5 wt.% clay minerals).

Sample
r-Cs Concentration * (Bq/L)

6 h 7 d 14 d 30 d

Facility A FA 178 (28 + 150) 199 (39 + 160) 201 (41 + 160) 201 (41 + 160)
Facility A FA + Zeolite 5% 20 (3 + 17) 19 (3 + 16) 19 (3 + 16) 25 (4 + 21)

Facility A FA + Acid clay 5% 47 (7 + 40) 50 (8 + 42) 50 (8 + 42) 55 (9 + 46)
Facility A FA + Fukushima vermiculite 5% 60 (9 + 51) 61 (9 + 52) 64 (10 + 54) 63 (10 + 53)

Facility A FA + India vermiculite 5% 42 (6 + 36) 44 (6 + 38) 42 (6 + 36) 45 (6 + 39)

* 134Cs + 137Cs.

Table 11. Radioactive cesium (r-Cs) leaching test results (chelate-treated fly ash, TFA + 5 wt.% clay minerals).

Sample
r-Cs Concentration * (Bq/L)

6 h 7 d 14 d 30 d

Facility A TFA 165 (25 + 140) 175 (25 + 150) 189 (29 + 160) 190 (30 + 160)
Facility A TFA + Zeolite 5% 21 (3 + 18) 27 (4 + 23) 37 (6 + 31) 40 (6 + 34)

Facility A TFA + Acid clay 5% 40 (6 + 34) 42 (7 + 35) 45 (7 + 38) 44 (6 + 38)
Facility A TFA + Fukushima vermiculite 5% 50 (9 + 41) 45 (8 + 37) 42 (7 + 35) 43 (7 + 36)

Facility A TFA + India vermiculite 5% 29 (5 + 24) 27 (4 + 23) 26 (4 + 22) 26 (4 + 22)

* 134Cs + 137Cs.

Figures 5a–d, 6a–d and 7a–d show the r-Cs leaching rates calculated based on the
results in Tables 9–11, and the changes in the r-Cs leaching rate with respect to time.
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r-Cs leaching rate did not rapidly increase in any of the samples during the tests, which
demonstrated the long-term inhibition of r-Cs leaching. Furthermore, depending on the
clay mineral direct added and mixing, the r-Cs leaching rate increased gradually over the
test period, which was attributed to the influence of the various ions in the filtrate [39–41].

3.4. Effect of Clay Minerals on Heavy Metal Chelation

Tables 12 and 13 show the results of the tests conducted on TFA samples collected
from Facility A in August 2016 with and without the direct addition and mixing of 5 wt.%
clay minerals for leaching tests of 6 h and 30 d, respectively. The tables also show the
concentrations of heavy metals in the filtrate. For comparison, leaching tests were also
performed with only clay minerals to confirm that the heavy metal concentrations in the
filtrate were indeed attributed to the clay minerals. An en dash (–) is used to indicate
heavy metal concentrations below the quantification limit (shown in the bottom rows of
Tables 12 and 13).
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Table 12. Leaching test results indicating the effect of clay minerals on the chelating effect (6 h).

Sample
Element (mg/L)

Na K Ca Fe Cu Zn Pb Hg Cd Cr As Cl−

Facility A TFA 1300 2200 2800 – – 0.02 0.03 – – 0.01 – 8100
Facility A TFA + Zeolite 5% 1300 1700 1500 – – – – – – – – 6200

Facility A TFA + Acid clay 5% 1100 1500 1300 – – – – – – – – 5600
Facility A TFA + Fukushima

vermiculite 5% 1100 1700 1800 – – – – – – – – 5900

Facility A TFA + India
vermiculite 5% 1200 1700 1800 – – – – – – – – 6000

Zeolite 7.7 1.0 12 – – – – – – – – –
Acid clay 3.4 3.3 2.7 – – – – – – – – –

Fukushima vermiculite 0.9 0.4 2.5 – – – – – – – – –
India vermiculite 5.1 10.0 9.7 – – – – – – – – –

Quantification limit 0.2 0.2 0.01 0.01 0.01 0.01 0.01 0.0005 0.009 0.01 0.005 5.0

TFA = chelate-treated FA.

Table 13. Leaching test results indicating the effect of clay minerals on the chelating effect (30 d).

Sample
Element (mg/L)

Na K Ca Fe Cu Zn Pb Hg Cd Cr As Cl−

Facility A TFA 1500 2300 3100 – 0.05 0.01 0.05 – – – – 9300
Facility A TFA + Zeolite 5% 1300 1800 1700 – – – – – – – – 6300

Facility A TFA + Acid clay 5% 1300 1700 1300 – – – – – – – – 6000
Facility A TFA + Fukushima

vermiculite 5% 1200 1700 2000 – – – – – – – – 6200

Facility A TFA + India
vermiculite 5% 1200 1700 2100 – – – – – – – – 6400

Zeolite 16 1.9 46 – – – – – – – – –
Acid clay 7.9 10 8.5 – – – – – – – – 8.0

Fukushima vermiculite 1.7 0.6 2.8 – – – – – – – – –
India vermiculite 11 13 11 – – – – – – – – 7.0

Quantification limit 0.2 0.2 0.01 0.01 0.01 0.01 0.01 0.0005 0.009 0.01 0.005 5.0

TFA = chelate-treated FA.

No significant changes were observed in the chelating effect upon direct addition
and mixing of 5 wt.% clay minerals. Moreover, no unusual heavy metal concentrations
were observed in the leaching tests performed with only clay minerals. Therefore, it can
be inferred that the direct addition and mixing of clay minerals did not interfere with the
effect of chelating agents, and the inhibitory effect on heavy metal leaching was maintained.
The Cl concentration increased with time in all the samples.

Previous research suggests that Cs leaching is caused by an increase in the concentrations
of K, Na, or Cl in the surrounding areas (Cs leaching by ion exchange) [39–41]. Therefore,
the gradual increase in r-Cs leaching rate with time in our study (Figures 5–7) may be
attributed to the r-Cs captured by the clay minerals that leached out via ion exchange.
In addition, r-Cs leaching was more pronounced for FA and TFA than for BA during
temporary storage and after landfilling. Furthermore, because of the strong alkalinity and
high Cl concentration of the filtrate, possible corrosion and damage to concrete containers
must be considered for long-term storage of FA and TFA. Based on these results, we
recommend the direct addition and mixing of 5 wt.% clay minerals to inhibit the leaching
of r-Cs from TFA without interfering with the effect of chelating agents. Some clay minerals
can simultaneously inhibit r-Cs and heavy-metal leaching [42]. Therefore, the type of clay
mineral can be defined to obtain this simultaneous inhibition.

The results indicating that the direct addition and mixing of clay minerals to both FA
and TFA can inhibit the leaching of r-Cs suggest that clay minerals should be pre-mixed
into slaked lime for the treatment of HCl gas and be simultaneously blown with slaked
lime. Additional tanks and instruments for clay minerals should be obtained, and clay
minerals should be direct added and mixing simultaneously with chelating agents in the
chelation treatment.
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The method of pre-mixing slaked lime with clay minerals and simultaneously blowing
clay minerals requires silos for the slaked lime (Figure 8), which are already installed in
MSW incineration facilities. Therefore, hurdles associated with the introduction of this
method are not high because the process utilizes structures that are already in place.
However, the new process would require periodic inspections to check whether the piping
is worn or the baghouse is deteriorated. In addition, to direct addition and mixing clay
minerals together with chelators, a clay mineral direct addition and mixing system for
the chelation treatment system should be constructed (Figure 9), and periodic inspections
should also be conducted to investigate wear and damage in the chelation treatment system.
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Finally, clay minerals can also be direct added and mixing to MSW incineration
ash storage containers and when repacking waste into new containers during container
inspection to improve the safety of long-term storage (e.g., Figure 4).
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4. Conclusions

Based on our experimental results, the following conclusions were made. First, the BA
samples contained high concentrations of elements such as Ca, Si, and Al, and the main
components were CaO, SiO2, and Al2O3. Conversely, the FA and TFA samples contained
high concentrations of Ca, Cl, and Na. The higher Cl content in FA than in BA suggested the
high abundance of water-soluble chlorides in the former. Moreover, no significant changes
in elemental composition were observed for different seasons within the same facility. In
contrast, the r-Cs concentrations in BA, FA, and TFA showed substantial variation among
the incineration facilities and between the seasons. FA and TFA presented higher r-Cs
concentrations than BA in all the facilities. Moreover, both the filtrate r-Cs concentration
and r-Cs leaching rate were higher in FA and TFA than in BA.

Second, it is difficult to prevent r-Cs leaching during recycling or landfilling using
only chelating agents. Therefore, additional measures are required to inhibit r-Cs leaching
from FA and TFA, particularly from MSW incineration ash. The direct addition and mixing
of clay minerals suppressed the leaching of r-Cs in all samples. In addition, the leaching
inhibition was enhanced with increasing proportion (wt.%) of clay minerals.

Third, no significant change was observed in the chelating effect upon direct addition
and mixing of 5 wt.% clay minerals. Moreover, no unusual heavy metal concentrations were
observed in the leaching test results performed on only clay minerals. Therefore, we con-
cluded that the direct addition and mixing of clay minerals did not interfere with the effect
of the chelating agents, and the inhibitory effect on heavy-metal leaching was maintained.

Therefore, we recommend the direct addition and mixing of clay minerals during the
treatment of incinerated MSW to inhibit r-Cs leaching from FA, as they do not interfere
with chelating agents. Moreover, clay minerals can be direct added and mixing to MSW
incineration ash storage containers and when repacking waste into new containers during
container inspection to improve safety during long-term storage.
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