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Abstract: Following the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident caused by the
2011 Tōhoku earthquake and tsunami, radioactive caesium (r-Cs) was detected in the ash generated
by municipal solid waste (MSW) incineration facilities in Fukushima Prefecture. This has led to
concerns of r-Cs leaching and subsequent environmental contamination during recycling or landfill
disposal. Therefore, it is crucial that the relevant authorities have a thorough understanding of
r-Cs leaching behavior to establish suitable prevention methods. In this study, we collected r-Cs-
contaminated fly and bottom ash (FA and BA) samples from five MSW incineration facilities in
Fukushima Prefecture and conducted tests to clarify their basic physical properties and r-Cs leaching
properties. We also examined the possibility of preventing r-Cs leaching by adding 5 wt% acid clay
to the FA. FA had greater chloride content and r-Cs leaching rate than BA and was found to absorb
moisture and deliquesce when stored under high-humidity conditions. However, the addition of acid
clay effectively prevented r-Cs leaching upon contact with moisture. From the results, we propose
some specific recommendations to counter the leaching of r-Cs from FA at MSW incineration facilities,
which will limit r-Cs leaching during recycling or landfill processes.
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1. Introduction

The 2011 Fukushima Daiichi Nuclear Power Plant (FDNPP) accident, caused by the
2011 Tōhoku earthquake and tsunami, resulted in the environmental release of radioactive
caesium (r-Cs) to residential areas [1,2]. The estimated amount of r-Cs released into the
environment was approximately 10% of that released by the Chernobyl accident [3].

However, the release of r-Cs into residential environments is of significant concern
because of the risk of r-Cs entering sewage treatment processes along with rainwater and
then concentrating in sewage sludge [4].

Moreover, r-Cs can attach to vegetation, soil and other substances, and be uninten-
tionally collected in municipal solid waste (MSW) incineration facilities along with waste
generated from daily outdoor activities. This waste is subsequently incinerated, which
greatly reduces its volume [5].

However, r-Cs is not removed by incineration, and instead becomes concentrated
in the MSW incineration ash. r-Cs has been detected in the incineration ash of MSW
incineration facilities in Fukushima Prefecture following the FDNPP accident.

Standards set by the Japanese government allow MSW incineration ash with r-Cs
concentrations below 8000 Bq/kg to be recycled or sent to landfills [6]. However, r-Cs in
fly ash (FA) may be prone to leaching upon contact with moisture [7,8]; therefore, there are
significant concerns that r-Cs will leach out of the ash during recycling or landfill disposal
processes and result in environmental contamination of the surrounding area.
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To prevent leaching during these processes and to ensure the appropriate handling of
r-Cs-contaminated MSW incineration ash, the relevant authorities need to understand its
basic physical and leaching properties upon contact with moisture.

In this study, field investigations were conducted at five MSW incineration facilities
generating r-Cs-contaminated MSW incineration ash. Ash samples were collected and
analyzed to determine the basic physical properties of the ash and the r-Cs leaching
properties upon contact with moisture.

Moreover, as acid clay is expected to be effective at capturing r-Cs [9], we examined
the effect of adding acid clay to r-Cs-contaminated FA on r-Cs leaching. Finally, we
considered whether the addition of acid clay interferes with the inhibitory effect of chelates
on heavy-metal leaching.

2. Experimental
2.1. Samples

Incineration ash samples were collected from five municipal solid waste (MSW)
incineration facilities in Fukushima Prefecture in August 2018. The furnaces that were
sampled were all stoker-type furnaces. Figure 1 shows an example of the process flow in a
stoker-type MSW incineration facility. Samples of bottom ash (BA) and chelate-treated fly
ash (FA) were taken from each furnace. BA is the residue left at the bottom of the furnace
when MSW is incinerated, which is sprayed with cooling water for extinguishing fire. FA
consists of fine particles contained in the flue gas produced during incineration, which
are collected in baghouse filters; chelates are then added to inhibit heavy-metal leaching.
Particles with a size of ≤2 mm were selected using a stainless-steel sieve.
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Figure 1. Example of the process flow in a municipal solid waste (MSW) incineration facility.

2.2. Elemental Analysis

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 a vacuum using the bulk fundamental parameter (FP) method. The voltage was set to
30.0 keV, the current was set automatically (between minimum and maximum values), the
measurement time was set to 600 s, and 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 an inner diameter of 3.1 cm and a
height of 0.5 cm using a machine press.

2.3. Analysis of Water Absorption and Deliquescence

To investigate the extent to which the sample weight changed, and whether deli-
quescence occurred in the presence of moisture, such as when samples are temporarily
stored outdoors during the recycling or landfill disposal processes, water absorption and
deliquescence tests were conducted as follows. Approximately 10 g of ash was placed in a
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glass Petri dish and stored for one month in a thermo-hygrostat (PR-2KPH; ESPEC, Tokyo,
Japan) maintained at a constant temperature of 25 ± 5 ◦C and a humidity of 75 ± 5%. The
samples were then removed from the thermo-hygrostat, weighed, and visually checked for
the occurrence of dissolution.

2.4. Measurement of r-Cs Concentration and Leaching Properties

The r-Cs concentration of the ash samples was measured using a Ge semiconductor
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 Ge semicon-
ductor detector. Measurements were performed for 1 h to determine the r-Cs concentration.
The measured detection limit for 134Cs and 137Cs was 5 Bq/kg. The decay correction date
used to calculate the concentrations of 134Cs and 137Cs was taken as the date on which the
sample was collected.

JIS K 0058-1 leaching tests [10] were performed to investigate the leaching properties
of r-Cs when the ash samples came into contact with moisture, which may occur during
recycling or landfill disposal processes. Approximately 300 g of ash was placed into a 5 L
polyethylene bottle. Next, 3 L of ultrapure water was added and the mixture was stirred
for 6 h at 200 rpm using an agitator. The mixture was then passed through a filtration
unit using a membrane filter with a pore size of 0.45 µm to obtain a filtrate. 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 pH and
electrical conductivity (EC) of the filtrate were also measured (pH: DS-52; Horiba, Kyoto,
Japan; EC: F-52; Horiba).

2.5. Analysis of the Inhibitory Effect of Acid Clay on r-Cs Leaching

To examine the potential inhibitory effect of acid clay on r-Cs leaching when the
samples come into contact with moisture, 5 wt% acid clay (Mizuka Catcher DX; Mizusawa
Industrial Chemicals, Ltd., Tokyo, Japan; specific surface area: 100 m2/g; average particle
size: 25 µm) was added to the samples. Measurements were then performed using the Ge
semiconductor detector and by leaching tests under the same conditions as those described
in Section 2.4. Equation (1) was used to determine the amount of ultrapure water that
should be added to obtain a moisture content of 30 wt% in the samples after adding 5 wt%
acid clay.

MSample + MAcid clay + MUltra pure water

WSample + WAcid clay + WUltra pure water
= 0.3, (1)

where WSample, WAcid clay, and WUltrapure water represent the weights (kg) of the sample,
acid clay, and ultrapure water, respectively, while MSample, MAcid clay, and MUltrapure water
represent their respective moisture contents (kg).

To confirm the long-term inhibitory effect of acid clay on r-Cs leaching, in addition to
the normal leaching test (6 h), leaching tests lasting 7, 14, and 30 days were also conducted.

2.6. Analysis of the Influence of Acid Clay on the Sorption Capacity

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

For ion chromatography, quantification was performed using a three-point calibration
curve with standard ion concentration solutions (Anion Mixture Standard Solution; FU-
JIFILM Wako Pure Chemical Corporation, Osaka, Japan) diluted 5, 10, and 50-fold with
ultrapure water. For 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

Figure 2a,b show the results of the ED-XRF analysis. The bottom ash (BA) samples
contained high concentrations of Ca, Si, and Al, indicating that the main components were
CaO, SiO2, and Al2O3 [11].
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Figure 2. Energy dispersive X-ray fluorescence spectroscopy (ED-XRF) results showing the elemental composition of
incineration ash samples from different facilities: (a) bottom ash (BA); (b) fly ash (FA).

Conversely, the fly ash (FA) samples contained large amounts of Ca, Cl, and Na. The
Ca in the FA, which is considered to exist as Ca(OH)2, CaCl2, CaO, and CaSO4 [12,13],
is derived from the slaked lime that is blown into the furnace as a measure to neutralize
hydrogen chloride gas (Figure 1).

The Na in the FA is likely to have been generated by the incineration of household
food waste, and exists as NaCl [8,12–14]. Thus, the Cl content is higher in FA than in BA,
suggesting the presence of large amounts of water-soluble chlorides.

Cs is known to be a volatile element [15]. In addition, the Cs present in BA and FA
exists in different forms [11,16–18]. This is because most r-Cs enters municipal solid waste
(MSW) incineration facilities via vegetation and soil and is volatilized into a gaseous state
during incineration, following which it migrates into the flue gas [19].

The r-Cs cools near the baghouse filter, which is controlled at a temperature of approx-
imately 200 ◦C. The r-Cs then solidifies and concentrates in the FA. Therefore, Cs may exist
in FA in the form of highly water-soluble CsCl [8,17,18], CsOH, and Cs2SO4 [20,21].
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3.2. Moisture Absorption and Deliquescence of Ash Samples

Figure 3 shows the change in the weight of samples retained for 30 days at a tempera-
ture of 25 ± 5 ◦C and humidity of 75 ± 5%. The weight increase was calculated relative to
the initial sample weight as follows:

Weight increase (%) =
WAfter − WBefore

WBefore
× 100, (2)

where WBefore and WAfter represent the sample weights (g) before and after being placed
in the thermo-hygrostat chamber, respectively. Although the BA and FA samples were
maintained under the same conditions, the latter showed significantly higher moisture
absorbency and a greater weight increase.
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25 ± 5 ◦C; humidity: 75 ± 5%).

The FA from Facility A exhibited the greatest weight gain of 109% (2.09 times the
original sample weight). Furthermore, all five FA samples showed deliquescence (Figure 4).
A comparison of these results with the ED-XRF results indicates that components such as
CaCl2, NaCl, and KCl influence the moisture absorption and deliquescence of incineration
ash [22,23].
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In Fukushima Prefecture, r-Cs-contaminated MSW incineration ash tends to be packed
into flexible container bags during the recycling or landfill process and temporarily stored
in the MSW incineration facility. In addition, MSW incineration ash that cannot be recycled
or disposed of in landfills because of excess r-Cs concentration tends to be packed into
flexible container bags and stored long-term in concrete boxes until its r-Cs concentration
decreases (Figure 5).
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Figure 5. Example of temporary (left) and long-term (right) ash storage conditions in an MSW
incineration facility.

The flexible container bags block the flow of air and water to a certain extent; however,
considering the results of this test, if MSW incineration ash is stored long-term in a humid
location the liquid produced as a result of moisture absorption and deliquescence could
leak from the flexible container bag and contaminate the storage area.

In addition, the increase in weight due to water absorbance could affect the durability
of the flexible container bags and place a burden on operators when removing the con-
tainers. Therefore, in the case of long-term storage, it is advisable to regularly monitor the
humidity and temperature around the storage area and check the flexible container bags
for deterioration.

3.3. r-Cs Concentrations and Leaching Properties of Contaminated MSW Incineration Ash

Table 1 shows the r-CS concentrations and leaching test results of the ash samples.
The r-Cs concentrations are expressed as the sum of the 134Cs and 137Cs concentrations.
The leaching rate of r-Cs was calculated using Equation (3):

Leaching rate (%) =
CFiltrate/ρ × WFiltrate
CSample × WSample

× 100, (3)

where CSample and CFiltrate represent the r-Cs concentrations (Bq/kg) of the sample and the
filtrate used in the leaching test, respectively, while WSample and WFiltrate represent their
respective weights (kg). ρ represents the density of the solvent used in the leaching test
(ρ = 1.0 kg/L). If the r-Cs concentration of the filtrate was below the detection limit (below
0.1 Bq/L), it was calculated as 0 Bq/L, and shown as ‘ND’ in Table 1. The water content of
the ash samples, which was determined using an air oven drying method, is also shown in
Table 1.
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Table 1. Radioactive caesium (r-Cs) concentration and leaching test results of BA and FA samples from different facilities.

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 601 (91 + 510) 22.5 0.6 (0 + 0.6) 1.0 11.7 355
FA 2140 (340 + 1800) 13.0 187 (27 + 160) 87.4 12.6 1978

B
BA 49 (9 + 40) 32.0 0.1 (0 + 0.1) 2.0 11.5 244
FA 314 (54 + 260) 23.6 29 (5 + 24) 92.4 12.2 3900

C
BA 262 (42 + 220) 29.0 0.2 (0 + 0.2) 0.8 11.6 235
FA 1800 (300 + 1500) 13.8 144 (24 + 120) 80 11.7 3050

D
BA 1320 (220 + 1100) 0.2 8 (1 + 7) 6.1 12.7 1201
FA 6000 (1000 + 5000) 17.5 397 (67 + 330) 66.2 11.7 2650

E
BA 51 (8 + 43) 28.6 ND (0 + 0) ND 11.4 188
FA 350 (60 + 290) 19.2 32 (5 + 27) 91.4 12.2 3610

* 134Cs + 137Cs; ** EC = electrical conductivity.

Comparison of the r-Cs concentrations in Table 1 demonstrates that there is substantial
variation among incineration facilities. The reason for this wide variation may be that the
type of waste differs between facilities owing to different industrial structures and regional
characteristics, such as whether they are located in an urban or rural area.

For example, the amount of vegetation, leaf litter, and attached soil generated by
agricultural work can differ depending on the incineration facility. This agrees with
previous findings that the type of waste supplied to the incinerator influences the properties
of the incineration ash [24,25].

Despite the differences among facilities, the FA samples had higher r-Cs concentrations
than the BA samples at all facilities. Moreover, the r-Cs concentrations and leaching rates
of the filtrates were higher for FA than BA.

Our results for MSW incineration ash disagree with previous findings that the r-Cs
leaching rate from the incineration ash of decontamination waste and sewage sludge is
typically not high [8,26]. The fact that r-Cs is present in different forms in the BA and FA
could explain the difference in the r-Cs leaching rates between BA and FA [11,16–18].

The pH values and EC of the filtrates are also shown in Table 1. All filtrates were
strongly alkaline; however, there was no correlation between the pH and r-Cs leaching rate.
In contrast, there was a certain correlation between the EC and r-Cs leaching rate, with the
FA samples having higher EC values than the BA samples.

Considering the difficulty in preventing r-Cs leaching during recycling or landfill
disposal using only chelating agents, additional measures are required to inhibit r-Cs
leaching from FA, particularly for MSW incineration ash.

3.4. Inhibitory Effect of Acid Clay on r-Cs Leaching

Table 2 shows a summary of the r-Cs concentrations of samples prepared by adding
5 wt% acid clay to each FA sample and adjusting the water content to 30% using ultrapure
water. Table 3 shows a summary of the r-Cs concentrations of the filtrates obtained after
leaching tests on each prepared sample.

Table 2. r-Cs concentration results of FA samples with 5 wt% acid clay addition.

Facility r-Cs Concentration * (Bq/kg) Moisture Content (%)

A 1650 (250 + 1400) 29.8
B 273 (53 + 220) 29.5
C 1330 (230 + 1100) 29.7
D 4800 (800 + 4000) 30.1
E 290 (50 + 240) 29.6

* 134Cs + 137Cs.
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Table 3. Leaching test results of FA with 5 wt% acid clay addition.

Facility
r-Cs Concentration * (Bq/kg)

6 h 7 Days 14 Days 30 Days

A 40 (6 + 34) 42 (7 + 35) 45 (7 + 38) 47 (7 + 40)
B 7 (1 + 6) 7 (1 + 6) 8 (1 + 7) 8 (1 + 7)
C 29 (5 + 24) 31 (5 + 26) 31 (5 + 26) 33 (6 + 27)
D 83 (14 + 69) 85 (14 + 71) 88 (15 + 73) 90 (15 + 75)
E 7 (1 + 6) 7 (1 + 6) 7 (1 + 6) 8 (2 + 6)

* 134Cs + 137Cs.

For comparison, leaching tests were conducted under the same conditions on FA
without adding acid clay (Table 4). Figure 6a–e summarize the r-Cs leaching rates of the
samples as a function of the number of days of leaching.

Table 4. Leaching test results of FA with no acid clay addition.

Facility
r-Cs Concentration * (Bq/kg)

6 h 7 Days 14 Days 30 Days

A 187 (27 + 160) 189 (29 + 160) 189 (29 + 160) 189 (29 + 160)
B 29 (5 + 24) 29 (5 + 24) 29 (5 + 24) 30 (5 + 25)
C 144 (24 + 120) 144 (24 + 120) 145 (25 + 120) 145 (25 + 120)
D 397 (67 + 330) 410 (70 + 340) 410 (70 + 340) 411 (71 + 340)
E 32 (5 + 27) 33 (5 + 28) 34 (6 + 28) 34 (6 + 28)

* 134Cs + 137Cs.

Previous researchers have exploited the high r-Cs leaching rate from FA to develop a
method for r-Cs removal by washing [27]. However, this method requires the construction
of washing facilities. Further, even if the r-Cs can be removed, other problems may arise,
such as the safe management of contaminated water generated by the washing process. In
addition, other methods of removing or inhibiting r-Cs leaching using chemicals are being
considered [28,29].

However, chemical treatment may lead to restrictions on where the ash can be recycled,
and other problems related to landfill disposal. Therefore, with the aim of inhibiting r-Cs
leaching from FA, preferably using materials that exist in nature, this study examined the
effect of added acid clay, which can be mined stably in areas of Japan on the Sea of Japan.

Some clay minerals such as zeolites are considered capable of capturing r-Cs [30,31].
However, few studies have analysed the inhibition of r-Cs leaching from r-Cs-contaminated
MSW incineration ash by adding clay minerals that are thought to be effective for capturing
r-Cs. Therefore, this study is the first to examine the extent to which r-Cs leaching can be
inhibited by adding acid clay to FA.

According to the results in Tables 3 and 4, adding 5 wt% of acid clay to FA reduced
the r-Cs leaching rate from >80% to ≤30% in all FA samples, even after a maximum testing
duration of 30 days.

This indicates that acid clay has a long-term inhibiting effect on r-Cs leaching, which
will limit r-Cs leaching when FA is recycled or disposed of in landfills. Furthermore,
Table 1 shows that the r-Cs concentration of the filtrate differed depending on the r-Cs
concentration of the FA; however, the r-Cs leaching rate was often higher than 80%. This can
be used to approximate the r-Cs concentration of contaminated water produced by leaching.

Therefore, the amount of acid clay to be added could also be determined by estimating
the r-Cs concentration of contaminated water produced by leaching from the r-Cs con-
centration of FA. For example, we estimated that the concentration of Cs in contaminated
water generated by leaching was reduced to 10 Bq/L or less by adding acid clay. However,
the excessive addition of acid clay could hinder recycling or lead to pressure on landfill
sites. Therefore, we propose a maximum limit of 20 wt% acid clay.
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3.5. Interference of Acid Clay with the Sorption Capacity

Tables 5 and 6 show the concentration of heavy metals contained in the filtrate after 6 h
and 30 days leaching tests of FA, respectively, with and without the addition of 5 wt% acid
clay. For comparison, leaching tests were also performed with only acid clay to confirm
the heavy-metal concentration in the filtrate obtained from acid clay. If the heavy-metal
concentration of the filtrate was below the limit of quantification (shown in the bottom row
of Tables 5 and 6), it was noted as ‘–’.

Table 5. Leaching test results indicating the effect of acid clay on the sorption capacity of FA (6 h duration).

Facility Acid Clay (wt%)
Element Concentration (mg/L)

Na K Ca Fe Cu Zn Pb Hg Cd Cr As Cl

A
0 1400 2200 2700 – – 0.02 0.05 – – 0.02 – 8300
5 1200 1600 1400 – – – – – – – – 5800

B
0 4000 4300 5400 0.02 – 0.01 – – – 0.06 – 16,000
5 3000 3500 3800 – – – – – – 0.01 – 13,000

C
0 2500 3500 2100 – – 0.03 0.09 – – 0.02 – 9400
5 2400 3500 1400 – – – – – – – – 9200

D
0 2200 2900 3000 – – – 0.02 – – 0.03 – 9500
5 1900 2800 2700 – – – – – – – – 9200

E
0 3300 4400 4000 – – 0.01 0.03 – – – – 15,000
5 2700 3600 2500 – – – – – – – – 11,000

N/A * 100 3.4 3.3 2.7 – – – – – – – – –

Limit of quantification 0.2 0.2 0.01 0.01 0.01 0.01 0.01 0.0005 0.009 0.01 0.005 5.0

* Data for acid clay leaching test.

Table 6. Leaching test results indicating the effect of acid clay on the sorption capacity of FA (30 days duration).

Facility Acid Clay (wt%)
Element Concentration (mg/L)

Na K Ca Fe Cu Zn Pb Hg Cd Cr As Cl

A
0 1500 2200 3100 – 0.08 0.01 0.07 – – – – 9000
5 1200 1700 1400 – – – – – – – – 5900

B
0 4400 4600 5400 – – – – – – 0.1 0.02 18,000
5 3100 3700 3700 – – – – – – 0.06 – 14,000

C
0 3500 4500 1800 – – – – – – 0.03 – 12,000
5 2700 3500 1200 – – – – – – – – 9400

D
0 2400 3400 3000 – – – – – – 0.05 – 12,000
5 1900 2900 2600 – – – – – – – – 9300

E
0 3700 4900 3600 – – 0.04 0.05 – – 0.03 – 16,000
5 2800 3700 2200 – – 0.01 – – – – – 12,000

N/A * 100 7.9 10 8.5 – – – – – – – – 8.0

Limit of quantification 0.2 0.2 0.01 0.01 0.01 0.01 0.01 0.0005 0.009 0.01 0.005 5.0

* Data for acid clay leaching test.

No significant change was observed in the sorption capacity with the addition of
5 wt% acid clay. Moreover, no unusual heavy-metal concentrations were observed in the
leaching test results performed on only acid clay. Therefore, it is inferred that the addition
of acid clay did not interfere with the sorption capacity, and that the inhibitory effect of
chelating agents on heavy-metal leaching was maintained.

The Cl concentration tended to increase with increasing leaching test duration in
all samples. Previous research suggests that Cs leaching is caused by an increase in the
concentrations of K, Na, or Cl in the surrounding area (Cs leaching by ion exchange) [32–34].
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Therefore, the gradual increase in the r-Cs leaching rate with the test duration, as shown
in Figure 6, may be because the r-Cs captured by the acid clay was then leached out by
ion exchange.

4. Safety Measures of r-Cs-Contaminated MSW Incineration Ash during Recycling or
Landfill Disposal Processes

The results of this study show that the r-Cs present in municipal solid waste (MSW) in-
cineration ash, particularly fly ash (FA), will gradually leach out due to moisture absorption
and contact with rainwater during the recycling or landfill disposal processes.

In addition, because of the strong alkalinity and high Cl concentration of the filtrate,
the possibility of corrosion and damage to concrete containers must be considered during
the long-term storage of FA until its r-Cs concentration decreases.

Therefore, we recommend adding 5–20 wt% acid clay to r-Cs-contaminated FA to
inhibit the leaching of r-Cs without interfering with the effect of chelating agents. Some
clay minerals may also be able to simultaneously inhibit heavy-metal leaching [35].

For example, acid clay is considered to be effective at capturing Pb [36,37]. The clay
minerals should be added at certain points in the MSW incineration and ash storage
processes (Figure 1).

The following recommendations are proposed as specific countermeasures to the
leaching of r-Cs from FA at MSW incineration facilities.

1. Clay minerals can be premixed with slaked lime, which is blown into the furnace to
neutralize hydrogen chloride gas.

2. A clay mineral tank and additional equipment can be installed such that clay minerals
are added at the same time as the chelates during chelate treatment.

3. Clay minerals can be added to MSW incineration ash storage containers (and when
repacking waste into new containers during container inspection) to improve safety
during long-term storage. This will facilitate the recycling and landfill disposal of
MSW incineration ash.

5. Conclusions

1. Based on the experimental results, the following conclusions were drawn.
2. Bottom ash (BA) contains high concentrations of elements such as Ca, Si, and Al, and

the main components are CaO, SiO2, and Al2O3. Conversely, fly ash (FA) contains
large amounts of Ca, Cl, and Na. The Cl content of FA is higher than that of BA,
suggesting the presence of large amounts of water-soluble chlorides.

3. Under the same temperature and humidity conditions, FA shows higher moisture
absorbency and a greater weight increase than BA. Furthermore, all five types of FA
show deliquescence.

4. When municipal solid waste (MSW) incineration ash is stored long-term in a humid
location, the liquid produced as a result of moisture absorption and deliquescence
could leak from the flexible container bag and contaminate the storage area. Therefore,
in the case of long-term storage, it is advisable to regularly monitor the humidity
and temperature around the storage area and check the flexible container bag for
deterioration.

5. A comparison of r-Cs concentrations in different incineration ash samples demon-
strated that there is substantial variation among incineration facilities. However, FA
had higher r-Cs concentrations than BA at all facilities. Moreover, both, the r-Cs
concentration and leaching rate of the filtrate were higher for FA than BA.

6. Considering the difficulty in preventing r-Cs leaching during recycling or landfill
disposal using only chelating agents, additional measures are required to inhibit r-Cs
leaching from FA, particularly for MSW incineration ash.

7. Adding 5 wt% of acid clay reduced the r-Cs leaching rate from >80% to ≤30% in all
FA samples. This indicates that adding acid clay can achieve the long-term inhibition
of r-Cs leaching when recycling or disposing of FA in landfills. However, excess acid
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clay addition could hinder recycling or lead to pressure on landfill sites. Therefore,
we propose a maximum limit of 20 wt% acid clay.

8. No significant change was observed in the sorption capacity with the addition of
5 wt% acid clay. Moreover, no unusual concentrations of heavy metals were observed
in the leaching test results performed on only acid clay. Therefore, it is inferred that
the addition of acid clay does not interfere with the effect of chelating agents, and
that the inhibitory effect on heavy-metal leaching was maintained. Consequently, we
recommend that acid clay should be added at certain points in the MSW incineration
and ash storage processes, in order to inhibit the leaching of r-Cs from FA without
interfering with the effect of chelating agents.
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