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Abstract: In this study, we aimed to conduct a multifaceted surface analysis of water repellent-
treated municipal solid waste incineration (MSWI) fly ash to determine the suppression mechanism
of fatty acid elution. The surface of water repellent-treated MSWI fly ash was analyzed using
scanning electron microscopy, Fourier-transform infrared spectroscopy, and X-ray diffraction analyses.
Scanning electron microscopy revealed the absence of needle-shaped crystals but distinct particle
agglomeration in the water repellent-treated fly ash. Fourier-transform infrared spectroscopy revealed
that the water repellent treatment caused fatty acids to form esters with aluminosilicates in the MSWI
fly ash. Crystalline phase analysis of the water repellent-treated fly ash before and after the leaching
test via X-ray diffraction revealed the presence of fatty acids on the fly ash surface and retention of the
fatty acid coating. Overall, the multifaceted surface analysis revealed that water repellent treatment
suppressed heavy metal elution by covering the surface of MSWI fly ash with hydrophobic groups.

Keywords: multifaceted surface analysis; surface conditions; municipal solid waste incineration fly
ash; fatty acids

1. Introduction

Municipal solid waste incineration (MSWI) fly ash has more Pb and 137Cs than the
MSWI bottom ash [1]. Concentrated hazardous metals mainly exist as chlorides that are
easily soluble in water [1]. Hazardous metals in MSWI fly ash are released into the en-
vironment via water [2–4]. Animals and plants in ecosystems concentrate toxic metals
released into the environment. These substances can be hazardous to human health if
absorbed [2–4]. Therefore, MSWI fly ash is required to be treated to prevent the leaching
of hazardous metals when it is landfilled. Many studies have performed insolubilization
treatment of hazardous metals in MSWI fly ash [5–8]. Cement and geopolymer solidi-
fication were focused on as effective insolubilization treatments. The reason is that the
aluminosilicate contained in MSW fly ash has the same composition as the raw material for
the solidification agent. Research has been conducted on the recycling of cement-solidified
MSWI fly ash as building materials [9]. When MSW fly ash is solidified with cement, heavy
metals are converted into hydroxides and carbonates inside the solidified body [9–12].
These compounds are insoluble in water and exist inside the cement-solidified body. It has
been reported that insoluble heavy metals present in cement-solidified bodies are captured
by cement hydrates [12]. The mechanism of elution suppression of heavy metal from MSWI
fly ash by geopolymer solidification is different from that by cement solidification. Heavy
metals in MSWI fly ash are encapsulated within the geopolymer solidification [13,14].
Heavy metals are immobilized as cations in the three-dimensional structure by alumi-
nosilicates in the geopolymer [8]. However, geopolymer solidification of MSWI fly ash
also increases its volume, as does cement solidification. This puts a strain on land for
reclaiming MSWI fly ash. Therefore, insolubilization methods with little volume change are
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being considered. Representative treatment methods include washing with pure water [15],
extraction with acidic liquids [16], and insolubilization treatment using dithiocarbamic acid
chelating agents [17]. Washing with pure water or extraction with an acidic liquid requires
concentrating hazardous metals from the extract [15,16]. Traditional washing methods
require the treatment of wash water containing toxic compounds [15]. Dithiocarbamic
acid chelating agents have metal selectivity for complex formation [17]. There is a need to
propose an insolubilization method that is easy to operate and has an elution suppression
effect for large amounts of metal elements. We focused on water repellent treatment to
solve this problem. Water repellent treatment [18], an insolubilization method, is used to
suppress the elution of hazardous metals from MSWI fly ash by modifying its surface with
a water repellent. We previously reported that commercially available silane-based water
repellents [19] and higher fatty acids, such as oleic acid [20,21], suppress the elution of metal
elements from MSWI fly ash. Silane-based water repellents chemically modify the silanol
groups of aluminosilicates contained in MSWI fly ash [19]. As a result, the silanol groups
are converted to dimethylsiloxane groups. The methyl group in the dimethylsiloxane group
has hydrophobic properties, which reduces contact with water [22]. Chemical modification
using oleic acid is different from that of silane-based water repellents. It has been reported
that the surface tension of MSWI fly ash is reduced by covering MSWI fly ash with oleic
acid [19]. However, most studies have evaluated leaching characteristics only using the
Japanese leaching test-13 (JLT-13) [23]. To the best of our knowledge, no analytical studies
have assessed the surface conditions of MSWI fly ash after water repellent treatment to date.
In addition, the mechanism by which water repellent treatment suppresses the elution of
heavy metals present in MSWI fly ash is unclear. Therefore, multifaceted analysis of MSWI
fly ash surfaces is necessary to elucidate the suppression mechanism of heavy metal elution
by water repellent treatment.

Water repellent-treated materials are generally analyzed by observing the surface via
scanning electron microscopy (SEM) [24,25] or mixing the material with water to assess the
water repellent effect [26]. SEM can be used to investigate changes in surface conditions
by observing materials before and after water repellent treatment. This result allows us to
estimate the affinity between the water repellent and material based on the surface conditions
of the water repellent-treated material [27]. Some studies have investigated water repellent-
treated glass [24] and fibers [25,26]. In this study, we aimed to observe the surface of water
repellent-treated MSWI fly ash using SEM, Fourier-transform infrared (FT/IR) spectroscopy,
and X-ray diffraction (XRD) analyses. FT/IR can be used to qualitatively characterize the
functional groups of organic and inorganic compounds by measuring the transmittance of
infrared light [28]. Previous studies have analyzed water repellent treatments using FT/IR
spectroscopy [29–32]. FT/IR spectroscopy can also be used to assess water repellent-treated
MSWI fly ash. We analyzed MSWI fly ash before and after water repellent treatment by
FT/IR. We thought that the obtained analytical results would enable us to investigate the
functional groups related to the water repellent treatment. XRD can identify the crystalline and
amorphous compounds in MSWI fly ash [33,34]. Ohbuchi et al. [34] identified the crystalline
phase of MSWI fly ash and quantified it by Rietveld analysis. The results suggest that heavy
metals in MSWI fly ash exist in an amorphous state [34]. However, there have been no reports
on the measurement of the crystalline phase in water repellent-treated MSWI fly ash by
XRD; therefore, it was used to assess the chemical reactions between fatty acids and metal
compounds in this study.

In this study, the surface of water repellent-treated MSWI fly ash was investigated
via SEM, FTIR spectroscopy, and XRD analyses. The surface conditions of MSWI fly
ash after water repellent treatment were evaluated via multifaceted analysis using these
three different analytical methods. Additionally, the suppression mechanism of heavy
metal elution by fatty acids was explored by assessing the surface conditions of water
repellent-treated MSWI fly ash.
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2. Materials and Methods
2.1. MSWI Fly Ash and Water Repellent Treatment

MSWI fly ash was collected from a general waste incineration facility in the Kanagawa
Prefecture, Japan, in 2021 (Figure 1).
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Figure 1. Photos of municipal solid waste incineration (MSWI) fly ash sampled at a municipal waste
incinerator in Kanagawa prefecture (a), photos of OA (b) and IS (c).

MSWI fly ash is mainly generated by the incineration of food waste and paper and is
not sprayed with slaked lime to inhibit the generation of dioxins [21]. General municipal
solid waste is incinerated at a temperature of 800–1000 ◦C in a stoker-type incinerator. This
is the temperature range in which dioxins are less likely to be produced when munici-
pal solid waste (MSW) is incinerated [35]. The MSWI fly ash was ground in a ball mill
(PULVERISETTE 6, Fritsch Japan, Kanagawa, Japan) at 300 rpm for 10 min to a uniform
particle size and was used as raw fly ash (RFA). RFA was mixed with oleic acid or isostearic
acid. Then, MSWI fly ash was mixed with two water repellents in a mass ratio of 1:1
(solid waste/water repellent). The mixed samples were dried at 20 ◦C for 1 h. Oleic acid
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) and isostearic acid (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan; Figure 2), which exhibited a high elution
suppression effect in a previous study by Akino et al. [21], were used as water repellents.
Both fatty acids are monocarboxylic acids containing 18 carbon atoms. Moreover, they exist
as liquids at room temperature and are easily mixed with MSWI fly ash.
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RFA treated with oleic acid and isostearic acid as water repellents are hereafter denoted
as OA and IS, respectively.
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2.2. Apparatus

JLT-13 eluate was analyzed via inductively coupled plasma–atomic emission spectrom-
etry (ICP-AES; Thermo Fisher Scientific, Waltham, MA, USA). ICP-AES conditions were set
as follows: radio frequency power of 1150 W, coolant Ar flow of 12 L min−1, auxiliary Ar
flow of 0.5 L min−1, nebulizer Ar flow of 0.5 L min−1, substituted flow quantity of 100 rpm,
and flow rate of 50 rpm. Next, concentrations of blank and the Cr, Fe, Cu, Cd, and Pb
series were prepared to 0.1 mol L−1 using 1000 mg L−1 elemental standards (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) and HNO3 for the calibration of ICP-AES.
ICP-AES emission wavelengths of 283.563 nm (Cr), 259.940 nm (Fe), 324.754 nm (Cu),
228.802 nm (Cd), and 220.353 nm (Pb) were used to assess these elements. In Japan, there
are criteria for determining specific controlled industrial waste established by the Ministry
of the Environment. Of hazardous metals investigated in this study, there are standards for
Pb, Cr, and Cd: Pb: 0.3 mg/L; Cr: 1.5 mg/L; and Cd: 0.3 mg/L [36].

The surface properties of water repellent-treated MSWI fly ash were analyzed using
SEM (JSM-6390LA; JEOL, Tokyo, Japan). The accelerating voltage of the device was set to
5.0 keV to suppress discharge due to electrolysis. FT/IR spectra of RFA, OA, and IS were
measured via FT/IR spectroscopy (FT/IR 4000; JASCO, Tokyo, Japan) using the KBr tablet
method. The wavenumber was set to 600 to 4000 cm−1, and the absorbance was calculated
from the obtained transmittance. The absorbance was calculated from the transmittance at
3359 cm−1, 1708 cm−1, and 1538 cm−1 using the following Equation (1):

A = 2 − log10(%T) (1)

Then, crystalline phases of RFA, OA, and IS were qualitatively analyzed using XRD
(MiniFlex 600; Rigaku Co., Tokyo, Japan). The XRD system was equipped with an X-ray
tube with a Cu target (operated at 40 kV and 15 mA). The Bragg–Brentano focusing optical
system was used for analysis. The intensity of each peak was recorded from 5◦ to 70◦/2θ in
steps of 0.01◦, with a scanning speed of 1◦ min−1. Phase identification was performed using
integrated X-ray powder diffraction software (SmartLab Studio II; Rigaku Co. Tokyo, Japan).

2.3. JLT-13

JLT-13 is among the most rapid and easy methods to assess the leachability of heavy
metals from various types of waste in a waste landfill [37]. For JLT-13, a mixture of
pure water and classified MSWI fly ash (S/L = 0.1) was subjected to continuous shaking
for 6 h at room temperature. A mechanical shaker (TBK 602DA; Advantec Inc., Tokyo,
Japan) was used to prepare the eluted solutions from fly ash. The velocity of the shaker
was approximately 200 rpm. After shaking, the eluted solutions were separated from
the corresponding MSWI fly ash using a filter paper (Whatman glass microfiber filters;
100 mmφ; GE Healthcare Life Science Japan, Tokyo, Japan).

3. Results and Discussion
3.1. Suppression of Heavy Metal Elution by Water Repellent Treatment

Here, suppression of heavy metal elution by water repellent treatment of MSWI fly ash
was investigated. The elution suppression effect of water repellent treatment with two types
of fatty acids (oleic and isostearic acids) was evaluated using JLT-13. Concentrations of
Cr, Fe, Cu, Cd, and Pb in the OA and IS eluates are shown in Figure 3. Typical MSWI
fly ash particles are finer than 500 µm in size [37]. MSWI fly ash is not crushed during
intermediate processing. It was milled to perform the analysis, but also treated with fatty
acids without ball-milling for application in the intermediate treatment. Water repellent
treatment is possible by coating the surface of MSWI fly ash with fatty acid without crushing
(Figure 3). Water repellent treatment using fatty acid provides hydrophobicity to the surface
of MSWI fly ash without relying on crushing. We would like to study the durability due to
mechanical stress further, as this is important information for landfill disposal.
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The relative elution rate of each heavy metal was calculated by normalizing the heavy
metal elution rate with that of RFA as 100%. These results indicate that mixing fatty acids
with MSWI ash has a high elution suppression effect on Fe, one of the heavy metal elements
contained in MSWI fly ash. Fe is not easily concentrated in MSWI fly ash and is an element
that does not dissolve much from MSWI fly ash [38]. Water repellent treatment using
fatty acids reduced the elution of Cu and Pb into water by about half. Takaoka et al. [39]
reported that Cu is a compound in which CuCl2 and CuO are easily dissolved in water. We
believe that the water repellent treatment of MSWI fly ash prevented these compounds
from contacting water, thereby reducing heavy metal leaching into the water. In particular,
Cu and Pb are designated as specific hazardous metals worldwide. Regarding Cu in MSWI
fly ash, the amount of Cu eluted increases as Cu(OH)2 increases during the process of
generating MSWI fly ash [40]. Among the Pb present in MSWI fly ash, PbCl2 and PbO are
easily soluble in water. Regarding Pb, it has been reported that Pb present in MSWI fly ash
is dissolved in the form of PbCO3 and Pb(OH)2 under strongly alkaline conditions [41].
The background to these problems is that hydrated lime is sprayed onto MSWI fly ash from
MSW incineration, but other causes are being investigated. Similar results were obtained
in reports by Ogawa et al. [18] and Akino et al. [21]. We compared the elution suppression
effect of water repellent treatment with that of solidification treatment (Table 1).

In Japan, cement solidification is used to suppress the elution of heavy metals from
MSWI fly ash. It was reported that the elution of heavy metals from cement-solidified
MSWI fly ash was suppressed by 40–50% [10]. Therefore, similar results were obtained
without physically solidifying the MSWI fly ash. Water repellent treatment using fatty acids
is effective in suppressing the elution of Fe, Cr, and Pb contained in MSWI fly ash. On the
other hand, the water repellent treatment with fatty acids had little effect on suppressing the
elution of Cr and Cd in MSWI fly ash. Cr contained in MSWI fly ash exists not only in the
form of chlorides, but also in the form of oxides, hydroxides, carbonates, and complexes [42].
Cr hydroxide and Cr carbonate are easily dissolved under acidic conditions [43]. Therefore,
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we believe that mixing fatty acids with MSWI fly ash promoted the dissolution of Cr in
the form of hydroxide and carbonate. Cd contained in MSWI fly ash exists mainly as
chloride and hydroxide. There have been many reports that hydroxides are eluted under
strong alkaline conditions [40,43]. Funatsuki et al. [44] reported that small amounts of
Cd(OH)2 were present in the eluate from MSWI fly ash. In this study, we could not identify
Cd(OH)2 in the leaching solutions of OA and IS. Takaoka et al. [39] also suggested that
the proportion of Cd(OH)2 increases with changes in pH in m MSWI fly ash. Based on
the above, we are investigating the chemical forms and leaching behavior of Cr and Cd
in water repellent-treated MSWI fly ash in order to suppress the leaching of Cr and Cd.
Moreover, Akino et al. [21] reported that OA produces coagulant substances during JLT-13
that inhibit its elution suppression effect. However, this phenomenon was not observed
in this study. Therefore, further investigation is necessary to assess the formation of the
solidified material.

Table 1. Comparison of heavy metal leaching control treatment methods for MSWI fly ash.

Treatment Elution Suppression
Effect Advantage Disadvantage

Water repellent 16–19% (Fe)
45–55% (Pb, Cu)

Easy processing
operations
No increase in
volume

Difficult tocontrol Cr
and Cd elution

Cement
solidication [10,11]

Not detected (Fe)
40–50% (Pb, Cd)

Easy processing
operations
Low cost

Increase in volume
Metal elution by
cracks

Geopolymer
solidication [12,13]

Not detected (Fe)
40–94% (Pb, Cd)

Easy processing
operations
No CO2 emissions

Increase in volume
Weak to acidity

Chelating agent
stabilization [15]

41% (Fe)
27–45% (Pb, Cd)

Easy processing
operations
Low cost

Dependence on the
Cl content in MSWI
fly ash

3.2. SEM Images of RFA, OA, and IS

Figure 4 shows the SEM images of MSWI fly ash before and after water repellent
treatment using oleic and isostearic acids.

Before the water repellent treatment, a substance with many voids was observed on
the surface of MSWI fly ash [45]. MSWI fly ash is produced by rapid cooling during the
process of MSWI followed by collection in a dust collector [46]. As a result, the substances
contained in MSW tend to be amorphous. MSWI fly ash also consists of chlorides such
as NaCl and KCl, and ash from paper, rubber, and plastic [47]. The latter has more voids
due to loss of moisture during incineration [48]. On the other hand, in the SEM images of
the water repellent-treated MSWI fly ash using fatty acids, no irregularities were observed
on the surface of the water repellent-treated MSWI fly ash using oleic acid (Figure 4c) and
isostearic acid (Figure 4e). Liu et al. [49] reported that water repellent treatment causes
MSWI fly ash particles to agglomerate with a rough surface. In this study, SEM images
showed that the surface shape of MSWI fly ash changed after water repellent treatment
due to the penetration of fatty acids. Roughening the surface reduces the surface tension
of water [22]. A water repellent layer was also observed on the MSWI fly ash surface,
consistent with previous reports [18,19]. Ogawa et al. [18] reported that by applying a
water repellent treatment to MSWI fly ash, fatty acids penetrate into the pores of the MSWI
fly ash and form a water repellent layer. In addition, the volume increase rate of the MSWI
fly ash that has been treated for water repellency is less than 1% [18]. This volume increase
rate is much smaller than that of solidification treatments such as cement and geopolymers.
The SEM observations suggest that MSWI fly ash can be made water repellent simply by
mixing it with fatty acids. Furthermore, the water repellent-treated MSWI fly ash is more
compact than the solidified MSWI fly ash.
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3.3. Qualitative Analysis of Water Repellent-Treated RFA via FTIR Spectroscopy

FT/IR spectra of RFA (a), oleic acid (b), OA (c), isostearic acid (d), and IS (e) measured
using the KBr tablet method are shown in Figure 5.

The O–H and Si–O stretching vibrations of RFA in Figure 5a were 3359, 1643, and
1095 cm−1, respectively. These stretching vibration peaks originate from silicates. Harja
et al. [50] and Katara et al. [51] identified the wavenumbers originating from aluminosil-
icates in RFA. From Figure 4b,d, the peak at 2924 cm−1 of the fatty acid-derived peaks
indicates the C-H asymmetric stretching vibration in the long-chain alkyl group. The peaks
representing the C=O stretching vibration are 1709 cm−1 for oleic acid (b) and 1701 cm−1

for isostearic acid (d) [52]. Considering the peak at 3359 cm−1 (A) in Figure 5a,c,e, the
absorbance due to the O-H stretching vibration of aluminosilicates in RFA was 3.17. The
absorbance calculated from the peak (A) decreased to 0.17 and 0.22 for OA and IS, respec-
tively. In Figure 5b,d, no peaks at around 3400 cm−1 indicating O-H stretching vibrations
were observed in the spectra of oleic acid and isostearic acid. The reason for this is that
fatty acid molecules self-associate through hydrogen bonds between the carboxyl groups to
form dimers [52]. As a result, the hydrocarbon groups cover the carboxyl groups, making
it difficult to observe the O-H stretching vibration. In the FT/IR spectra of the water
repellent-treated MSWI fly ash, the peak at 1708 cm−1 (B) decreased from 1.03 to 0.02, the
peak at around 1538 cm−1 increased from 0.02 to 0.13, and the peak at around 1467 cm−1

decreased from 0.28 to 0.13 (C and D). When fatty acids form dimers, a sharp peak at
around 1710 cm−1 indicating the C=O stretching vibration is observed, but no peak at
around 1538 cm−1 is observed. It has been reported that when fatty acids change from
dimers to monomers, a peak at around 1538 cm−1 indicating the asymmetric stretching
vibration of C=O and a peak at around 1467 cm−1 indicating the symmetric stretching
vibration are observed to the same extent. It has been reported that when fatty acids change
from dimers to monomers [52], the FT/IR spectrum shows a peak at around 1557 cm−1
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indicating the asymmetric stretching vibration of C=O and a peak at around 1428 cm−1

indicating the symmetric stretching vibration of the fatty acid ion [31]. Therefore, it is
presumed that the fatty acids mixed with MSWI fly ash are converted from dimers to
monomers. In addition, peaks were observed at 1634 cm−1 for OA and 1687 cm−1 for IS.
These peaks indicate the C=O stretching vibration in the ester bond. The above results
suggest that the carboxyl and hydroxyl groups of the fatty acids at the ends of the alumi-
nosilicates in MSWI fly ash form ester bonds [31]. Because the hydroxyl groups have been
converted to ester groups, MSWI fly ash has a lower affinity for water. Similar results have
been reported by Liu et al. [49] and Sakthivel et al. [53]. Therefore, when MSWI fly ash is
mixed with a water repellent, the hydrophilic carboxyl group modifies the hydroxyl group
at the end of the aluminosilicates [49]. As a result, the hydroxyl groups are converted to
long-chain alkyl groups, which cover the surface of the MSWI fly ash, making the MSWI
fly ash hydrophobic.
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3.4. Crystal Phase Analysis via XRD

XRD patterns of RFA before and after water repellent treatment are shown in Figure 6.
Table 2 shows the crystalline phase in MSWI fly ash and water repellent-treated samples
observed before and after JLT-13.
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Figure 6. X-ray diffraction (XRD) images of MSWI fly ash with and without water repellent treat-
ment before and after JLT-13. (a) MSWI fly ash before JLT-13, (b) OA before JLT-13, (c) IS before
JLT-13, (d) MSWI fly ash residue from JLT-13, (e) OA residue from JLT-13, (f) IS residue from
JLT-13. Hal: halite (NaCl); CCH: calcium chloride hydroxide (CaCvvlOH); Syl: sylvite (KCl);
Alb: albite (NaAlSi3O8); Cor: cordierite (Mg2Al3(AlSi5O18)); Qrz: quartz (SiO2); Cal: calcite (CaCO3);
Geh: gehlenite (Ca2Al2SiO7); Ahy: anhydrite (CaSO4); Bas: bassanite (CaSO4(H2O)0.5); Tob: to-
bermorite (Ca4(Si6O15)(OH)2(H2O)5); Por: portlandite (Ca(OH)2); CAO: calcium aluminum ox-
ide (Ca3Al2O6); Hyc: hydrocalumite (Ca2Al(CO3)0.25Cl0.5(OH)6(H2O)2.4); Mfh: magnesio-ferri-
hornblende (Ca2(Mg4Fe3+)[(Si7Al)O22](OH)2).

Table 2. The crystalline phase in MSWI fly ash (RFA) and water repellent-treated samples (OA and
IS) observed before and after JLT-13.

Before JLT-13 After JLT-13

RFA OA IS RFA OA IS

Halite ✓ ✓ ✓ - ✓ ✓
Sylvite ✓ ✓ ✓ - ✓ ✓

Anhydrite ✓ ✓ ✓ ✓ ✓ ✓
Calcite ✓ ✓ ✓ ✓ ✓ ✓

Calcium aluminum oxide - - - ✓ - -
Calcium Chloride Hydroxide ✓ - - - - -

Hydrocalumite - - - ✓ ✓ ✓
Portlandite - - - ✓ - -

Albite ✓ ✓ - - -
Quartz - - - ✓ ✓ ✓
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Halite (NaCl), sylvite (KCl), calcium chloride hydroxide (CaClOH), calcite (CaCO3),
portlandite (Ca(OH)2), and anhydrite (CaSO4) were identified in the XRD pattern of RFA
(Figure 6a). Chlorides, carbonates, and sulfates are typical crystalline phases in RFA [33,45].
Aluminosilicates [33,34] were also identified as RFA. XRD patterns of OA (Figure 6b) and IS
(Figure 6c) showed the presence of halite (NaCl) and sylvite (KCl), which are easily soluble
in water [1,33,54]. Furthermore, crystalline phase analysis revealed haloes originating from
the fatty acids coating the fly ash surface in the diffraction patterns of OA and IS. A halo
peak (OA: approximately 19◦; IS: approximately 16◦) was detected at a similar diffraction
angle in the XRD patterns of both fatty acids used as water repellents. In contrast, peaks
corresponding to calcium chloride hydroxide and portlandite disappeared from MSWI
fly ash patterns after water repellent treatment. Furthermore, there was no change in the
diffraction intensity in the crystalline phase identified from the XRD pattern after the water
repellent treatment using fatty acids. Omote et al. [55] reported that when measuring the
intensity of liquid organic matter by XRD, a halo peak is observed at approximately 20◦.
Calcium fatty acids can be formed by the chemical reactions of calcium salts [20]. In the
future, we plan to qualify calcium fatty acids using FT/IR and XRD, and investigate the
detailed chemical reactions involved in water repellent treatment using fatty acids. Halite
(NaCl) and sylvite (KCl) were not identified in the XRD pattern of RFA after JLT-13 in
Figure 6d. The presence of water-soluble compounds in the leaching test residue indicated
that the water repellent-treated MSWI fly ash was hydrophobic (Figure 6e,f). Halo peaks
of OA and IS before and after JLT-13 treatment revealed that the fatty acid coating was
retained after the leaching test. Furthermore, crystalline phase analysis before and after the
leaching test confirmed that the fatty acid coating was retained in water repellent-treated
MSWI fly ash. It is inferred that the water repellent treatment of MSWI fly ash using
fatty acids is not destroyed under strong shaking conditions in pure water. From these
results, it can be said that no chemical reaction was confirmed between fatty acids and
alkali metal compounds even after the water repellent treatment of MSWI fly ash. We
have confirmed through leaching tests using JLT-13 that heavy metals are leached from
water repellent-treated MSWI fly ash. These results suggest that it is necessary to consider
methods for quantifying crystalline phases such as halite (NaCl) and sylvite (KCl). Since
there is a possibility that a chemical reaction occurred between fatty acids and calcium
compounds, a detailed investigation is required. We will focus on the chemical form and
content of Ca in MSWI fly ash, rather than on the addition of Ca(OH)2.

4. Conclusions

In this study, MSWI fly ash samples treated with oleic acid and isostearic acid (OA and
IS, respectively), which effectively suppressed heavy metal elution in a previous study, were
used in this study. Both oleic acid and isostearic acid have 18 carbons in their structures.
However, oleic acid, a linear long-chain fatty acid, and isostearic acid, a branched-structure
fatty acid, have different molecular structures. The purpose of this study is to clarify the
elution suppression mechanism of hazardous metals in MSWI fly ash. It also aims to
consider the relationship between the molecular structure of fatty acids and the elution
suppression mechanism. The results of the elution test using JLT-13 showed that oleic
acid and isostearic acid were effective in suppressing the elution of Fe, Cu, and Pb. Water
repellent treatment decreased the leaching quantity from MSWI fly ash from 1.86 ppm
to 0.30 ppm for Fe, from 5.13 ppm to 2.65 ppm for Cu, and from 2.11 ppm to 1.00 ppm
for Pb. These results indicate that the water repellent treatment had the same effect of
suppressing elution as the cement solidification treatment. It is thought that if the number
of hydrocarbons in the fatty acids is the same, the elution suppression effect will tend to be
similar. The surface of water repellent-treated MSWI fly ash was subjected to multifaceted
analysis using three analytical methods: SEM, FT/IR spectroscopy, and XRD. SEM revealed
particle agglomeration and the presence of a water repellent layer in the water repellent-
treated MSWI fly ash. FT/IR spectroscopy revealed that the carboxyl group derived from
the water repellent and hydroxyl group at the end of the aluminosilicate salt formed an ester
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bond. XRD, which was used to identify the crystalline phase, showed that water repellent
treatment retained the fatty acid repellent layer and inhibited the elution of highly water-
soluble metal compounds. Multifaceted surface analysis was used to estimate the changes
in the surface conditions of MSWI fly ash after water repellent treatment. Water repellent
treatment caused the carboxyl groups of fatty acids to bond with the hydroxyl groups of
aluminosilicates in MSWI fly ash via electrostatic interactions. Consequently, hydrocarbon
groups were introduced at the ends of the aluminosilicates. The surface of MSWI fly ash
was hydrophobic and prevented contact with water, thereby suppressing the elution of
heavy metals (Figure 7). Notably, no chemical reactions occurred between the fatty acids
and alkaline metal compounds on the MSWI fly ash surface. Leaching tests of MSWI fly
ash revealed intact ester bonds between the fatty acids and aluminosilicates after water
repellent treatment. Therefore, MSWI fly ash mixed with fatty acids has water repellency
due to the hydrophobic groups covering its surface. Multifaceted surfaced analysis of
water repellent-treated MSWI fly ash will contribute to the elucidation of the suppression
mechanism of hazardous metals elution by water repellent treatment. Furthermore, the
volume increase of the water repellent treatment is smaller than that of the solidification
treatment. The water repellent treatment is expected to be a stabilization method for larger
quantities of MSWI fly ash.
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