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ABSTRACT

Incineration is a common technique worldwide for treating Municipal Solid Waste (MSW). 
However, incineration residues (e.g., bottom and fly ash) require special treatment to prevent 
environmental risks due to the high content of heavy metals. The present study evaluated the 
stabilization degree of Pb, a toxic heavy metal in MSW incineration fly ash (IFA) treating by 
size-fractionated natural fishbone (FB) hydroxyapatite (HA). Bones from various fish species 
were used at different size fractions (<600 µm, 600 µm–2 mm, and 0–2 mm). The effect of 
different fishbone hydroxyapatite (FB-HA) sizes was studied by batch tests under the FB/IFA 
ratios of 0.0 and 1:10 (wt.), the contact or settling time of 6, 12, 24, and 672 hours, and the fixed 
W/S ratio of 1.5 mL/g. Using only 10% FB, Pb stabilization efficiency after 672 hours obtained 
95.55% and 94.24% for FB sizes <600 µm and 600 µm–2 mm, respectively, and about 86.1% for 
non-fractionated FB (0–2 mm). The results indicated that contact time was the most critical 
factor for enhanced Pb stabilization. The FB particle size of 0–2 mm was deemed appropriate 
for Pb immobilization in short and long time settling periods. The adsorption isotherms were 
fitted well with the Langmuir and Freundlich models. The RL values of the Langmuir model 
were less than one and the n values of the Freundlich isotherm lie between 3 and 5, conferring 
the favorable adsorption of Pb to FB-HA for all size fractions.

Cite this article as: Nag M, Saffarzadeh A, Shimaoka T, Nakayama H. Degree of Pb stabiliza-
tion in MSWI fly ash using size-fractionated natural fishbone hydroxyapatite. Environ Res Tec 
2022;5:2:137–147.

INTRODUCTION

Incineration is a common technique worldwide for treat-
ing municipal solid waste (MSW), because it shrinks the 
volume and weight of waste by about 90% and 70%, respec-
tively [1]. In Japan, the solid waste incineration percentage 
was almost 75% in 2013 [2]. However, producing markedly 
huge amounts of solid remnants (e.g., bottom ash and fly 
ash) is one of the limitations of incineration technology. 

Furthermore, because of the high content of heavy metals 
(Zn, Pb, Cd, Cu, Cr, Sb, etc.), chlorine, soluble salts, organic 
compounds, and particles fineness, the incineration fly ash 
(IFA) is classified as a hazardous waste [3]. Therefore, IFA 
requires appropriate treatment to prevent environmental 
risks before utilization or landfilling [4]. MSWI fly ash is 
treated through various methods, such as chemical stabi-
lization by reagents (i.e., chelate compounds), cement or 
geopolymer solidification, advanced separation, thermal 
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treatment via melting, treatment by synthetic phosphate 
(phosphoric acid), and hydrothermal techniques [5, 6].

Soluble phosphate has been widely used as a chemical treat-
ment to convert heavy metals into insoluble compounds. 
Usually, phosphoric acid, potassium phosphates, sodium, 
and ammonium react with multivalent cations to com-
prise insoluble orthophosphates [7]. An insoluble metal 
phosphate produced through the reaction between soluble 
phosphate and the metal ions resembles a naturally growing 
mineral, which is geologically stable. In addition, various 
hydrogen and dihydrogen phosphates have also been ex-
plored for removing soluble heavy metals from toxic envi-
ronments [7].

One of the typical examples of lead phosphate with a very 
low solubility (Ksp=5×10-119) in a wide pH range, is pyro-
morphite, Pb5(PO4)3Cl [8]. Another frequently used phos-
phate is the apatite family, with hydroxyapatite (HA), which 
forms the principal member [Ca10(PO4)6(OH)2] of a large 
category of substituted compounds with resembling com-
positions. Solid compounds may be formed with an exten-
sive range of divalent or trivalent metals substituting flu-
orine, calcium or chlorine for hydroxyl ions, carbonates, 
vanadates, or arsenates found in place of phosphate [7].

Fishbones and mammal’s skeletons contain calcium phos-
phate that highly resembles to HA. HA, such as synthetic 
HA, bones, and bone char have been explored for their high 
absorption capacity for removing heavy metals from aque-
ous solutions [9]. Therefore, HA can also be effectively used 
for the stabilization of heavy metals in contaminated waste 
materials. Compared to other phosphate sources, biogenic 
apatite (e.g., fishbones) has less initial contamination with 
heavy metals than processed or mined phosphate rocks and 
fertilizers. In addition, its high solubility allows it to trap 
metals easily and release phosphate slowly, thus allowing for 
long-term stabilization [10]. Many studies have been per-
formed on the efficiency of phosphates and particularly ap-
atites [M10(PO4)6(OH)2, M: Metal], and the mechanisms in-
volved in immobilizing heavy metals in contaminated soil, 
wastewater, groundwater, and dredged sludge [7, 11, 12].

Phosphation or phosphate treatment is also a promising re-
mediation technique applied to IFA, BA and scrubber resi-
dues for heavy metal stabilization [13]. Assessing the effects 
of the fishbone (a natural phosphate) on heavy metal stabi-
lization in MSW IFA is one of the principal objectives of the 
present study. Previous researches [14–16] have shown that 
the fishbone hydroxyapatite (FB-HA) is an effective stabiliz-
er of heavy metals in IFA by considering various parameters 
such as modified fishbone, varied fishbone species, reaction 
time, fishbone dosage, and W/S ratio. In this study, size-frac-
tionated natural FB-HA was used to enhance the degree of 
Pb stabilization in IFA. Therefore, three different sizes of FB-
HA were used, and the effect of each size on Pb stabilization 
was investigated. The mechanism of Pb adsorption by FB-

HA and relevant adsorption isotherms were also studied. 
FB-HA can help reduce the need for disposal of fishbone 
waste, increase its recycling, reduce secondary contamina-
tion, and provide a low-cost and environmentally friendly 
technology for stabilizing heavy metals in MSWI fly ash.

MATERIALS AND METHODS

Collection and Preparation of Fishbone and Fly Ash
Waste fishbone from miscellaneous species of fishes (salm-
on, fly fish sea bream, horse mackerel, mackerel, yellowtail, 
lizardfish, and Japanese amberjack) was collected from local 
fish markets in Japan. Fishbones except heads and tails were 
boiled for about 40 minutes. Upon completion of boiling, the 
flesh, spinal cords, and soft tissues were cautiously dispelled 
from bones and rinsed. Afterward, the bones were dipped 
in a detergent solution and boiled for 1 hour on low heat. 
The water to detergent ratio was 5:1. Again the bones were 
rinsed and dipped for 24 h in a hydrogen peroxide (30% 
H2O2) solution. The water to H2O2 ratio was maintained 
at 5:1. Next, the bones were throughly rinsed and dried 
for 24 hours at room temperature (under the dry mode of 
the air-conditioning system). Finally the dried bones were 
ground by a kitchen blender. The sieving method was used 
to separate the ground fishbone into three particle size frac-
tions (<600 µm, 600 µm–2 mm, and 0–2 mm). The details of 
the fishbone processing have been explained elsewhere [17].

Untreated IFA sample was collected from a WtE facility (S) 
in Fukuoka, Japan, and stored in hermetically sealed con-
tainers. Here “untreated” IFA means that the IFA was not 
stabilized with any stabilizing agents (such as chelate) in 
the facility before collection. The IFA sample was directly 
used for conducting metal stabilization and leaching ex-
periments in the laboratory without any pretreatment. For 
bulk mineralogical and compositional analyses, IFA was 
manually ground in an agate mortar.

Characterization of Fishbone and Fly Ash
The chemical composition of the bulk IFA sample was 
measured with the technique of X-ray fluorescence (XRF). 
Elemental concentration in the leachate from batch leach-
ing tests was analyzed with the inductively coupled plas-
ma optical emission spectroscopy (ICP-OES). The mineral 
phases of IFA ash and FB-HA were analyzed with X-ray 
diffractometry (XRD). Before and after the experiments, 
the compositions of both IFA and fishbone were measured 
by the scanning electron microscope coupled with an en-
ergy dispersive X-ray (SEM-EDX) detector in the mode of 
backscattered electron (BSE). Fourier Transform Infrared 
(FT-IR) Spectroscopy tests were performed on IFA samples 
(with and without FB-HA treatment) with an instrument 
of Infrared Spectrophotometer JASCO FT/IR-4200. Details 
of QA/QC for instrumental analysis has been provided in 
Supplementary Materials (Appendix 1, 2).
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Pb Stabilization Experimental Method
Two different size ranges of FB (<600 µm and 600 µm–2 
mm) and bulk (0–2 mm) were selected to stabilize Pb in 
IFA. Tests were conducted by batch experiments with 250 
ml polypropylene bottles at room temperature. In each bot-
tle, 20.0 g of IFA, 2.0 g of FB (10% of IFA weight), and de-
ionized water were added to maintain the initial W/S ratio 
at 1.5 mL/g. Bottles were settled for 6, 12, 24, and 672 h (28 
days) in the ambient condition. Deionized water was added 
to each bottle to increase the total leachant to 200 mL after 
each settlement period and the admixtures were subjected 
to a standard Japanese leaching test (JLT-46). Bottles were 
centrifuged for 20 min at 3000 rpm to obtain the leachate. 
The liquid and solid parts were separated by vacuum filtra-
tion through the 0.45 μm pore-size membrane. Every test 
was done in duplicate, and the results were conferred as 
mean values with standard errors.

The removal efficiency of Pb was calculated using Equation 1:

 
(1)

where Pbreff.=Pb removal efficiency; Ct=Pb concentra-
tion in the test group; and Cc=Pb concentration in the 
control group.

The competency of using FB-HA for stabilizing a target 
heavy metal (here Pb) was calculated using Equation 2 as 
the amount of metal stabilized by the unit mass of FB-HA. 

 (2)

where Cc and Ct are the concentrations of Pb in the control 
and test groups, respectively, and v is the volume of leachant 
(i.e., 100 mL).

Calculation of Adsorption Isotherm Constants
The sorption data were applied in two widely used sorp-
tion isotherm models such as the Langmuir and the Fre-
undlich isotherms. The equilibrium data for Pb cation 
over the concentration of 48.5 mg/L at room temperature 
has been correlated with the Langmuir isotherm, follow-
ing Equation 3.

 (3)

where Ce=equilibrium concentration, qe=number of metal 
ions sorbed onto FB-HA, Q and b are Langmuir constants 
related to the sorption capacity and energy, respectively. 
The linear plot is obtained when 1/Ce is plotted against 1/qe. 

The Freundlich adsorption isotherms were also applied to 

investigate the removal of Pb by the size-fractionated natu-
ral fishbone, FB-HA using Equation 4.

 (4)

Kf and n are the Freundlich adsorption equation constants, 
where Kf is the adsorption capacity. The constants Kf and n 
were determined by plotting logqe vs logCe.

RESULTS AND DISCUSSIONS

Chemical Composition of Fly Ash and Fishbone
The major elements of the IFA sample analyzed by XRF were 
Ca, Cl, Al, Zn, K, Mg, Na, Si, Ti, P, and S. Among all heavy 
metals, Pb and Zn were found remarkably higher than other 
elements as shown in Table 1. Detailed phase analysis was 
done by SEM-EDX technique. Figure 1a and 1b exhibit the 
BSE images and detailed composition of an IFA particle 
(from source S) and the FB-HA, respectively. As shown in 
Figure 1b, FB-HA presents a coarse and porous texture.

Table 1. Chemical composition of MSWI fly ash

Components (%) CaO Cl Na2O SiO2 K2O Al2O3 MgO Zn S P2O5

 35.70 21.07 9.31 9.39 4.06 3.52 2.93 0.06 2.73 2.08

Components (%) Fe2O3 TiO2 Pb Sb Cu Ba Cr Cd Others LOI

 1.40 0.14 0.06 0.07 0.04 0.096 0.02 0.01 7.03 6.50

Figure 1. The BSE images and detailed composition of (a) 
fly ash S and (b) yellowtail fishbone.

(a)

(b)
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Mineralogy of Fly Ash and Fishbone
The existing mineral phases in the IFA sample (S) are shown 
in Figure 2a. Sylvite (KCl) and Halite (NaCl) have found the 
major mineral phases, since the main sources of Cl is nota-
bly high in the IFA (Table 1). A series of Ca-rich minerals 
such as calcite (CaCO3), lime (CaO), anhydrite (calcium 
sulfate: CaSO4), and mayenite (Ca12Al14O33) were identified, 
which can elucidate the high concentration of Ca in IFA. 
It should be noted that IFA is not a completely crystalline 
material, but contains amorphous phases that cannot be de-
tected directly using XRD technique.

The mixed fishbone meal consisting of various fish species 
was divided into three different size fractions (<600 µm, 
600 µm–2 mm, and 0–2 mm) and analyzed by XRD pat-
tern, which showed similar patterns. As shown in Figure 
2b, hydroxyapatite (HA) with the chemical formula of Ca10 
(PO4)6(OH)2 is the only typical crystalline phase detected in 
all fishbone fractions.

Effects of Fishbone Hydroxyapatite on Pb Stabilization
Pb stabilization in MSWI fly ash was primarily pursued at 
few selected settling periods and a fixed W/S ratio. The tests 

were conducted on the batch-scale with fishbone/fly ash 
ratios of 0 (control group) and 1:10 (test groups), settling 
times of 6, 12, 24, and 672 h (28 days), and a W/S ratio 
of 1.5 mL/g. The effects of FB-HA on Pb stabilization were 
characterized by the decrease of Pb concentration in the 
leachate with contact time and removal efficiency.

The results in Figure 3 show that the decreasing trend is 
similar for Pb with different size-fractions of FB from the 
initial Pb concentration (48.5 mg/L) in IFA. Up to 24 h of 
contact time, the concentration of Pb in the separated sam-
ples was higher than the mixed fishbone meal (0–2 mm). 
However, the Pb concentration in the size-fractionated 
samples (<600 µm and 600 µm–2 mm) decreased signifi-
cantly after 28 days, and the removal efficiency exceeded 
95%. It was observed that even at the shortest contact time 
(6 h), the mixed FB (0–2 mm) achieved about 77.5% Pb sta-
bilization, reaching a maximum value of about 86.08% after 
28 days when only 10% (w/w) of FB was used.

The results show that FB immobilized a significant amount 
of Pb leached from fly ash within the first few hours. After 
adding FB to fly ash, hydroxyapatite can stabilize Pb and 
control its stability over time. Although Pb in IFA can be 
stabilized with a shorter settling time, the highest Pb sta-
bilization was achieved at a longer period (28 days) in all 
cases. This implies that in addition to the dissolution–pre-
cipitation mechanism, reaction time is a crucial factor in 
reaching equilibrium during the settling stage.

A slight decrease in removal efficiency was observed be-
tween 6 to 12 hours of settling. Therefore, desorption 
mechanism may have occurred following the initial 6-h 

Figure 2. The XRD patterns of (a) fly ash (S) and (b) 
size-fractionated fishbones.

(a)

(b)

Figure 3. The removal efficiency and the concentration of 
Pb with different FB-HA sizes.
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adsorption. High sorption of Pb onto FB-HA was achieved 
in the first 6 hours. However, shortly after that, the de-
sorption process likely enhanced the amount of soluble Pb 
in the process.

It was presumed that sufficient time was needed to reach 
equilibrium. The results suggested that fishbone particles 
size in the range of 0–2 mm, there is no significant change 
in Pb stabilization, even with short or long settling periods. 
However, if the variation in fishbone particle size is relative-
ly small, i.e., <600 μm or 600 μm–2 mm, Pb can be stabi-
lized significantly (>95%).

Competency of Fishbone Hydroxyapatite for Pb 
Stabilization in Fly Ash
As shown in Figure 4, the mixed particle size of FB (0–2 
mm) was about 1.5 times more competent than frac-
tionated FB-HA (<600 μm and 600 μm–2 mm) for sta-
bilizing Pb with a settling time of 6 hours. However, the 
size-fractionated FB (<600 μm and 600 μm–2 mm) com-
petitively promoted Pb stabilization after 28 days. Pb sta-
bilization capacity obtained 4.57 and 4.63 mg/g in <600 
μm and 600 μm–2 mm FB sizes, respectively, while 0–2 
mm reached 4.18 mg/g.

Adsorption Isotherms
The Langmuir model was effectively narrated the sorp-
tion data with all higher values of R2, and the RL values lie 
in 0<RL<1. This indicates that the isotherm is favorable 
according to Table 2. The RL values are calculated by fol-
lowing Equation 5:

RL=1+KLC0 (5) 

where C0 (mg/L) is the initial metal concentration and KL 
(L/mg) is the Langmuir constant related to adsorption en-
ergy. The RL value indicates that the shape of the isotherm 
is unfavorable (RL>1), linear (RL=1), favorable (0<RL<1), or 
irreversible (RL=0). 

One of the most extensively used mathematical descriptions 
is the Freundlich isotherm. This isotherm can be applied to 
experimental data for a wide range of metal concentrations. 
The Freundlich isotherm provides an expression that en-
compasses the surface heterogeneity and the exponential 
distribution of active sites, and their energies.

Table 2 shows the Freundlich adsorption equation constants 
(kf and n) for metal cations at different fishbone sizes. An n 
-value in the range of 2–10 exhibits good adsorption, but 
n<1 slightly inhibits the adsorption capacity at lower equi-
librium concentrations. In case of different fishbone sizes, 
the calculated n values between 3 and 5, indicate favorable 

Figure 4. Pb stabilization competency with different sizes 
of FB-HA.

Figure 5. The XRD pattern of fly ash after treatment with 
FB-HA (0–2 mm).

Table 2. Adsorption isotherm constants

FB sample   Langmuir isotherm   Freundlich isotherm

Sizes Q b R2 RL Kf n R2

<600 µm 5.50 19.76 0.97 0.001 6.20 3.45 0.96

600 µm–2 mm 4.99 28.21 0.99 0.001 5.40 5.03 0.99

0–2 mm 5.24 27.29 0.99 0.001 6.97 3.77 0.98
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adsorption of Pb on to FB-HA. According to literature [18], 
illimitable surface coverage is reckoned mathematically, 
which specifies the multilayer sorption on the surface as 
because this isotherm cannot predict any saturation of the 
sorbent by the sorbate. Apatite in fishbone is comparable to 
hydroxyapatite based on Ca content and is therefore suit-
able for removing heavy metal ions from IFA. In addition 
to synthetic hydroxyapatite, bones from fish waste have 
been studied as a potential source of calcium phosphate for 
heavy metal stabilization [19–22]. Hydroxyapatite is superi-
or to apatite ore because of its purity and much less unwant-
ed metal substitution.

The ion–exchange and dissolution–precipitation pro-
cesses are the two most common mechanisms proposed 
in capturing heavy metals with HA [23]. Through an 
ion-exchange mechanism, the metal adsorbs to the sur-
face of HA or diffuses inward, releasing Ca by expelling 
more insoluble endogenic Ca ions. The low solubility of 
heavy metal phosphates drives the exchange reaction to-
wards the release of Ca ions. In the dissolution–precipita-
tion mechanism, Ca is first dissolved with phosphate ions, 
and heavy metal ions precipitate by uniform (in solution) 
or non-uniform (on the remaining solid HA) nucleation 
[24, 25]. Both mechanisms can explain that the certainty 
of the sorption reaction is notably retarded since the ini-
tiatory HA surface is covered with less soluble phosphate. 
Following the ion exchange, a new sparingly soluble met-
al phosphate builds a casing that confines the subsequent 
dissolution of the underlying Ca ions and interrupts the 
exchange reaction. It resembles the effect of heavy met-
al phosphate casing of HA particles due to non-uniform 
precipitation [26]. Depending on the degree of crystal-
linity, specific surface area, density, and composition of 
hydroxyapatite certain amounts of heavy metal ions re-
moved in each mechanism [27]. The parameters, such as 
pH, initial metal concentration, rate of addition, and tem-
perature, also play a substantial role [28–32]. In general, 
both of the above mechanisms are strong evidence of Pb 
precipitation and the formation of hydroxypyromorphite 
(HPM), a very stable Pb compound in the environment as 
shown in Equation 6.

 (6)

The sorption mechanism on this topic has been reviewed 
details in elsewhere [17, 33].

Cheung et al. [22] used bone char to absorb heavy metals 
in solutions. Bone char is mainly comprised of HA and 
also contains 9–11% (by weight) carbon, accounting 50% 
of the total specific surface area of 100 m2 g-1. The sorption 
mechanism could be imposed to at least three pathways 
that found by their observations: i) ion exchange of diva-
lent metal ions with HA; ii) sorption of metal ions onto 
HA surface trellis; and iii) sorption of metal ions onto the 
surface of carbon.

Calcium compounds in fishbone are mainly in the form of 
hydroxyapatite with low solubility. Furthermore, hydroxy-
apatite is embedded in the collagen matrix [34], making 
contact with the solution very difficult. Therefore, calcium 
in fishbone is very difficult to dissolve in water or acidic 
solutions. Calcium solubility in the solution increases as the 
particle size of the fishbone decreases. This may be due to 
the increased specific surface area and destruction of the 
collagen matrix. Therefore, it was suggested that reduced 
particle size in fishbone might promote metal absorption. 
Similar results were also obtained in this study with an FB 
particle size of less than 600 µm.
Figure 5 shows the mineral composition of a fly ash sam-
ple treated with mixed particle size FB-HA (0–2 mm). 
After treatment with FB-HA, the XRD pattern confirmed 
the occurrence of primitive HPM. However, since IFA has 
various principal mineral phases, the HPM peaks were not 
clear. Calcite (CaCO3) and halite (NaCl) as major phases 
were confirmed in the IFA treated with FB-HA. Other 
minor or trace mineral phases, such as basanite (2CaSO4.
H2O), vaterite (CaCO3), and lime (CaO), were also detect-
ed. Sylvite (KCl) disappeared in the treated fly ash (Fig. 5), 
due to its high solubility, and new phases, such as bassanite 
[2CaSO4.H2O], vaterite (CaCO3), and HPM, were devel-
oped in the system. Gehlenite [Ca2Al(AlSi)O7], a common 
Ca-rich mineral in incineration residues, was also detected.
The distribution of major elements in the fly ash treated 
with FB-HA (28 days) was determined using the elemental 
mapping technique. Ca, Si, and P (infer to bound with O) 
are the major elements extensively exist in the IFA particles. 
Despite the presence of hydrate phases in fly ash, light el-
ements like hydrogen (H) cannot be directly measured by 
the EDX technique. Pb and Zn (Fig. 6) were found to be 
homogenously distributed in the treated IFA particles. It is 
difficult to detect the newly-constituted compounds in the 
host medium, particularly the immensely scattered or as ul-
trafine aggregates [17].

Figure 7 shows the FT-IR spectrums of selected sample of 
fly ash S, before and after treatment with FB-HA (28 days) in 
the 400–4000 cm-1 scanning range. Compared to the origi-
nal fly ash sample S, the IR spectra suggested that no other 
phases developed after heavy metal stabilization. Stretching 
and bending vibrations of silicates were observed around 
910–1020 and 400 cm-1, sulfate anions around 1100–1150 
and 600–650 cm-1 and carbonate anions around 870 cm-1 
and 1420 cm-1. The variation peaks of phosphate (PO4

3-) 
were prominent around 541 cm-1, 592 cm-1, and 1100 cm-1. 
The bands of resembling intensities were ascribed to anhy-
drite (CaSO4) at 596, 617, 675, 1118, and 1157 cm-1 of wave-
lengths. Formation of anhydrite caused by the dehydration 
of gypsum, basanite, or both [35]. The IR spectra also con-
firmed the existence of gehlenite (485, 815, 860, 980, 880, 
and 922 cm-1), basanite (1154 cm-1), and calcite (1442 cm-1 
and 874 cm-1) in fly ash sample (S).
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Utilizing waste fishbone for metal stabilization from in fly 
ash can reduce the use of chelate, a complex and expensive 
chemical [36]. Thus, the technique has prospects as a cheap 
and environmentally friendly approach. In this study, a low 
dosage of FB-HA was used. Therefore, the amount of ulti-

mate mixture (fishbone and fly ash) would be lower than 
the amount of cement-treated fly ash, which can decelerate 
the occupation of landfill space. Furthermore, this study 
demonstrated that fishbone stabilized heavy metals such as 
Pb as one of the main hazardous heavy metals in fly ash, 
though the application is case-dependent. Additionally, the 
reuse or recycling of waste fishbone will be enhanced and 
therefore reduce the need for its disposal.

There are several advantages to using fishbone HA. Hy-
droxyapatite can sequester heavy metals and precipitate as 
minerals that are not biological. HA is considered the ideal 
non-specific surface sorbents for species that do not precip-
itate separately and the most economical reactionary medi-
um for many metals [7].

CONCLUSIONS

This study revealed that size-fractionated fishbone (<600 
µm and 600 µm–2 mm) was individually more efficient 
in Pb stabilization than non-fractionated FB (0–2 mm) 

Figure 6. The BSE image (a) and characteristic X-ray images (b to g) of different elements in fly ash treated with FB-HA (0–2 mm).

(a) (b)

(d) (e) (f)

(c)

(g)

Figure 7. FT-IR spectra of fly ash before and after treatment 
with FB-HA (0–2 mm size) (28 days).
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over longer contact periods. The finer fishbone fraction 
achieved the highest Pb removal efficiency (94–96%) over 
long settling periods due to the uniformity of the fishbone 
particles and possibly the extensive surface area. Fishbone 
particles in the size range of 0–2 mm are considered suit-
able for stabilizing Pb in both short (78%) and long (86%) 
settling periods. Under any circumstances, Pb stabilization 
was achieved using only 10% FB-HA. In addition, the use 
of waste fishbone can increase its recycling rate and reduce 
the need for disposal. Thus, this technique is expected to 
be a cheap and environmentally friendly approach. In-
stead of using a wide size range of FB (0–2 mm), size-frac-
tionated FBs (<600 µm and 600 µm–2 mm) can be used 
to achieve significant Pb immobilization (>95%) at longer 
contact time between IFA and FB. Equilibrium adsorption 
data were best fitted with both Langmuir and Freundlich 
isotherm models. The RL values of Langmuir isotherm in 
the present investigation were less than one and the n val-
ues of Freundlich isotherm lie between 3 and 5, suggesting 
the favorable adsorption of Pb onto FB-HA. The findings 
also suggest that fishbone meal, a locally attainable and an 
inexpensive adsorbent, is technically feasible for stabilizing 
heavy metals in MSWI fly ash.

ACKNOWLEDGMENT
The authors offer sincere gratitude to the Japan Society for 
the Promotion of Science (JSPS), Grant-in-Aid for Scien-
tific Research (C) no. 18K11697, for the financial support.

DATA AVAILABILITY STATEMENT
The authors confirm that the data that supports the findings 
of this study are available within the article. Raw data that 
support the finding of this study are available from the cor-
responding author, upon reasonable request.

CONFLICT OF INTEREST
The authors declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of 
this article.

ETHICS
There are no ethical issues with the publication of this man-
uscript.

REFERENCES

[1] C. Ferreira, and A. Ribeiro, and L. Ottosen, “Possible 
applications for municipal solid waste fly ash,” Jour-
nal of Hazardous Materials, Vol. 96, pp. 201–216, 
2003. [CrossRef]

[2]  Ministry of the Environment of Japan, “The outline 
of waste treatment in Japan: results of fiscal year,” 
Ministry of the Environment of Japan, 2013.

[3] Z. Zhang, A. Li, X. Wang, and L. Zhang, “Stabiliza-

tion/solidification of municipal solid waste incin-
eration fly ash via co-sintering with waste-derived 
vitrified amorphous slag,” Waste Management, Vol. 
56, pp. 238–245, 2016. [CrossRef]

[4]  I. Garcia-Lodeiro, V. Carcelen-Taboada, A. 
Fernández-Jiménez, and A. Palomo, “Manufacture 
of hybrid cements with fly ash and bottom ash from 
a municipal solid waste incinerator,” Construction 
and Building Materials, Vol. 105, pp. 218–226, 
2016. [CrossRef]

[5]  F. Wang, F. Zhang, Y. Chen, J. Gao, and B. Zhao. “A 
comparative study on the heavy metal solidification/
stabilization performance of four chemical solidify-
ing agents in municipal solid waste incineration fly 
ash,” Journal of Hazardous Materials, Vol. 300, pp. 
451–458, 2015. [CrossRef]

[6]  L. Chen, L. Wang, D. W. Cho, D. C. W. Tsang, L. 
Tong, Y. Zhou, J. Yang, Q. Hu, and C. S. Poon, “Sus-
tainable stabilization/solidification of municipal 
solid waste incinerator fly ash by incorporation of 
green materials,” Journal of Cleaner Production, 
Vol. 222, pp. 335–343, 2019. [CrossRef]

[7] A. Nzihou, and P. Sharrock, “Role of phosphate in 
the remediation and reuse of heavy metal polluted 
wastes and sites. waste and biomass valorization,” 
Vol. 1, pp. 163–174, 2010. [CrossRef]

[8] J.O. Nriagu, “Formation and stability of base metal 
phosphates in soils and sedimentsi,” In: J.O. Nriagu, 
P.B. Moore, (eds). Phosphate Minerals. Springer–
Verlag, 1984. [CrossRef]

[9] S.K. Amerkhanova, A.S. Uali, and R.M. Shlyapov, 
“Sorption of heavy metal ions from water by natural 
apatite ore,” Journal of Water Chemichal Technolo-
gy, Vol. 40, pp. 70–76, 2018. [CrossRef]

[10]  A. S. Knox, D.I. Kaplan, and M. H Paller, “Phos-
phate sources and their suitability for remediation of 
contaminated soils,” Science of Total Environment, 
Vol. 357, pp. 271–279, 2006. [CrossRef]

[11] G. Dermont, M. Bergeron, and G. Mercier, “Met-
al-contaminated soils: remediation practices and 
treatment technologies,” Practice Periodical Haz-
ardous Toxic, and Radioactive Waste Management, 
Vol. 12, pp. 188–209, 2008. [CrossRef]

[12] D. A. C Manning, “Phosphate minerals, environ-
mental pollution and sustainable agriculture,” Ele-
ments Vol. 4, pp. 105–108, 2008. [CrossRef]

[13]  A. Nzihou, and P. Sharrock, “Calcium phosphate 
stabilization of fly ash with chloride extraction,” 
Waste Management, Vol. 22, pp. 235–239, 2002. 
[CrossRef]

[14] Y. Mu, A. Saffarzadeh, and T. Shimaoka, “Influence 
of ignition of waste fishbone on enhancing heavy 
metal stabilization in municipal solid waste incin-
eration (MSWI) fly ash,” Journal of Cleaner Produc-

https://doi.org/10.1016/S0304-3894(02)00201-7
https://doi.org/10.1016/j.wasman.2016.07.002
https://doi.org/10.1016/j.conbuildmat.2015.12.079
https://doi.org/10.1016/j.jhazmat.2015.07.037
https://doi.org/10.1016/j.jclepro.2019.03.057
https://doi.org/10.1007/s12649-009-9006-x
https://doi.org/10.1007/978-3-642-61736-2_10
https://doi.org/10.3103/S1063455X18020030
https://doi.org/10.1016/j.scitotenv.2005.07.014
https://doi.org/10.1061/(ASCE)1090-025X(2008)12:3(188)
https://doi.org/10.2113/GSELEMENTS.4.2.105
https://doi.org/10.1016/S0956-053X(01)00074-5


Environ Res Tec, Vol. 5, Issue. 2, pp. 137–147, June 2022 145

tion, Vol. 189, pp. 396–405, 2018. [CrossRef]
[15]  Y. Mu, A. Saffarzadeh, and T. Shimaoka, “Utilization 

of waste natural fishbone for heavy metal stabiliza-
tion in municipal solid waste incineration fly ash,”
Journal of Cleaner Production, Vol. 172, pp. 3111–
3118, 2018. [CrossRef]

[16] A. Saffarzadeh, M. Nag, T. Nomichi, T. Shimaoka,
H. Nakayama, and T. Komiya, “A novel approach
for stabilizing heavy metals in municipal solid
waste incineration (MSWI) fly ash using waste
fishbone hydroxyapatite (FB-HAP),” Proceedings
of 2nd Euro-Mediterranean conference for Envi-
ronmental Integration, 10-13 October, Sousse, Tu-
nisia, 2019. [CrossRef]

[17] M. Nag, A. Saffarzadeh, T. Nomichi, T. Shimaoka,
and H. Nakayama, “Enhanced Pb and Zn stabiliza-
tion in municipal solid waste incineration fly ash
using waste fishbone hydroxyapatite,” Waste Man-
agement, Vol. 118, pp. 281–290, 2020. [CrossRef]

[18] S. M. Hasany, M. M. Saeed, and M. Ahmed,
“Sorption and thermodynamic behavior of zinc
(II)-thiocyanate complexes onto polyurethane
foam from acidic solutions,” Journal of Radioan-
alytical and Nuclear Chemistry, Vol. 252, pp. 477–
484, 2002. [CrossRef]

[19] I.L. Shashkova, A.I. Rat’ko, and N.V. Kitikova, “Re-
moval of heavy metal ions from aqueous solutions
by alkaline-earth metal phosphates,” Colloids and
Surfaces A, Vo. 160, pp. 207–215, 1999. [CrossRef]

[20] S. Sugiyama, M. Fujisawa, T. Koizumi, S. Tanimoto,
K. Kawashiro, T. Tomida, and H. Hayashi, “Immobi-
lization of aqueous heavy metal cations with phos-
phates and sulfates. Bulletin of the Chemical Society
of Japan, Vol. 76, pp. 2419–2422, 2003. [CrossRef]

[21]  E. Deydier, R. Guilet, S. Cren, V. Pereas, F. Mouchet, 
and L. Gauthier, “Evaluation of meat and bone meal
combustion residue as lead immobilizing material
for in situ remediation of polluted aqueous solu-
tions and soils: ‘chemical and ecotoxicological stud-
ies,’” Journal of Hazardous Materials, Vol. 146, pp.
227–236, 1999. [CrossRef]

[22] C. W. Cheung, J. F. Porter, and G. McKay, “Remov-
al of Cu (II) and Zn(II) ions by sorption onto bone
char using batch agitation,” Langmuir Vol. 18, pp.
650–656, 2002. [CrossRef]

[23] Y. Suzuki, and Y. Takeuchi, “Uptake of a few divalent 
heavy metal ionic species by a fixed bed of hydroxy-
apatite particles,” Journal of Chemichal Engineering
Japan Vol. 27, pp. 571–576, 1994. [CrossRef]

[24] M. Manecki, P. A. Maurice, and S. J. Traina, “Kinet-
ics of aqueous Pb reaction with apatites,” Soil Sci-
ence, Vol. 165, 920–933, 2000. [CrossRef]

[25]  M. Manecki, P.A. Maurice, and S.J. Traina, “Uptake of
aqueous Pb by Cl-, F-, and OH- apatites: mineralog-

ic evidence for nucleation mechanisms,” American 
Mineralogist, Vol. 85, pp. 932–942, 2000. [CrossRef]

[26] S. K. Lower, P. A. Maurice, S. J. Traina, and E.H.
Carlson, “Aqueous Pb sorption by hydroxylapatite:
applications of atomic forcemicroscopy to disso-
lution, nucleation, and growth studies,” American
Mineralogist, Vol. 83, pp. 147–158, 1998. [CrossRef]

[27] C. Stötzel, F. A. Müller, F. Reinert, F. Niederdraenk,
J. E. Barralet, and U. Gbureck, “Ion adsorption be-
haviour of hydroxyapatite with different crystal-
linities,” Colloids Surfaces B Biointerfaces, Vol. 74,
91–95, 2009. [CrossRef]

[28] Y, Takeuchi, and H. Arai, “Hironori Removal of
coexisting Pb2? Cu2? and Cd2? ions from water
by addition of hydroxyapatite powder,” Journal of
Chemichal Engineering Japan Vol. 23, pp. 75–80,
1990. [CrossRef]

[29] Y. Hashimoto, and T. Sato, “Removal of aqueous
lead by poorly-crystalline hydroxyapatites,” Che-
mosphere, Vol. 69, pp. 1775–1782, 2007. [CrossRef]

[30] Y. Xu, and F.W. Schwartz, “Lead immobilization
by hydroxyapatite in aqueous solutions. Journal
of Contaminant Hydrology, Vol. 15, pp. 187–206,
1994. [CrossRef]

[31] S. Sugiyama, T. Ichii, H. Hayashi, and T. Tomida,
“Lead immobilization by non-apatite-type calci-
um phosphates in aqueous solutions,” Inorganic
Chemistry Communications, Vol. 5, pp. 156–158,
2002. [CrossRef]

[32] G. Lusvardi, G. Malavasi, L. Menabue, and M. Sal-
adini, “Removal of cadmium ion by means of syn-
thetic hydroxyapatite,” Waste Management, Vol. 22,
pp. 853–857, 2002. [CrossRef]

[33] F. Monteil-Rivera, and M. Fedoroff, “Sorption of in-
organic species on apatites from aqueous solutions,”
Encyclopedia Surface Colloid Science, Vol. 1, pp.
1–26, 2002.

[34] M. J. Olszta, X. Cheng, S. S. Jee, R. Kumar, Y. Y.
Kim, M. J. Kaufman, E. P. Douglas, and L. B. Gower,
“Bone structure and formation: A new perspective,”
Materials Science and Engineering R: Reports, Vol:
58, pp. 77–116, 2007. [CrossRef]

[35] P. Fermo, F. Cariati, A. Pozzi, F. Demartin, M. Tet-
tamanti, E. Collina, and U. Russo, “The analytical
characterization of municipal solid waste incinera-
tor fly ash: Methods and preliminary results,” Frese-
nius' Journal of Analytical Chemistry, Vol. 365, pp.
666–673, 1999. [CrossRef]

[36] H. Kitamura, T. Sawada, T. Shimaoka, and F. Taka-
hashi, “Geochemically structural characteristics of
municipal solid waste incineration fly ash particles
and mineralogical surface conversions by chelate
treatment,” Environmental Science and Pollution
Research, Vol. 23, pp. 734–743, 2016. [CrossRef]

https://doi.org/10.1016/j.jclepro.2018.03.301
https://doi.org/10.1016/j.jclepro.2017.11.099
https://kyushu-u.pure.elsevier.com/en/publications/a-novel-approach-for-stabilizing-heavy-metals-in-municipal-solid-
https://doi.org/10.1016/j.wasman.2020.08.026
https://doi.org/10.1023/A:1015890317697
https://doi.org/10.1016/S0927-7757(99)00193-4
https://doi.org/10.1246/bcsj.76.2419
https://doi.org/10.1016/j.jhazmat.2006.12.021
https://doi.org/10.1021/la010706m
https://doi.org/10.1252/jcej.27.571
https://doi.org/10.1097/00010694-200012000-00002
https://doi.org/10.2138/am-2000-0707
https://doi.org/10.2138/am-1998-1-215
https://doi.org/10.1016/j.colsurfb.2009.06.031
https://doi.org/10.1252/jcej.23.75
https://doi.org/10.1016/j.chemosphere.2007.05.055
https://doi.org/10.1016/0169-7722(94)90024-8
https://doi.org/10.1016/S1387-7003(02)00326-X
https://doi.org/10.1016/S0956-053X(02)00078-8
https://doi.org/10.1016/j.mser.2007.05.001
https://doi.org/10.1007/s002160051543
https://doi.org/10.1007/s11356-015-5229-5


Environ Res Tec, Vol. 5, Issue. 2, pp. 137–147, June 2022146

APPENDIXS

Appendix 1. Definition of analytical quality control samples used in laboratory analysis

a: MDL: Method detection limit; b: RL: Reporting limit; c: RPD: Relative percent difference.

QC type

Performance test 
standard (PT) 
 
 
 
 

Continuing 
Calibration (CC) 
 
 
 

Laboratory Control 
Sample (LCS) 
 
 
 
 
 

Instrument or 
Analytical Blank 
(Lab Blank) 
 
 
 
 
 
 
 

Laboratory 
Duplicate (Lab 
Dup)

Definition

Certified reference 
standard 
 
 
 
 

Standard solution 
at a concentration 
in the center of the 
calibration curve 
 

Standard solution 
from a different 
vendor than that 
of the calibration 
standard spiked 
with compounds of 
interest into a clean 
water matrix

Clean water matrix, 
free of analyte. 
Analyzed in same 
manner as samples 
 
 
 
 
 
 

Analytical duplicate

Frequency

Per analytical 
method or 
manufacturer's 
specifications 
 
 

Every 10 samples 
 
 
 
 

Every analytical 
batch or 20 
samples, whichever 
is more frequent 
 
 
 

Every analytical 
batch or 20 
samples, whichever 
is more frequent 
 
 
 
 
 
 

Every analytical 
batch or 20 
samples, whichever 
is more frequent

Used to evaluate

Accuracy, precision 
 
 
 
 
 

Accuracy, 
comparability 
 
 
 

Accuracy, 
comparability 
 
 
 
 
 

Accuracy 
 
 
 
 
 
 
 
 
 

Comparability,

precision

Limits

Per manufacture's 
specifications 
 
 
 
 

80–120% 
 
 
 
 

80–120% 
 
 
 
 
 
 

Measured value less 
than MDLa or RLb 
 
 
 
 
 
 
 
 

RPDc <25% 
(n/a if native 
concentration of 
either sample <RL

Corrective action

Affected samples 
and associated 
quality control 
must be reanalyzed 
following successful 
instrument 
recalibration

Analysis cannot 
proceed unless CCs 
pass. All samples/
QA after the last 
passing CC must be 
re-analyzed

Perform instrument 
maintenance 
and prepare new 
standard solution if 
necessary. Samples 
and associated QA 
must be re-analyzed 

In some cases, 
target compound 
values may be 
subtracted out, 
in other analyses 
target compounds 
present in blank 
must be flagged 
as contamination 
and may not be 
subtracted out

Rerun sample. 
If second result 
is not within 
limits, report with 
qualifier
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Appendix 2. Summary of laboratory QA/QC for analyzed samples

QA/QC test Fly ash, fishbone Fly ash Fly ash, fishbone Fly ash, treated fly JLT-46, 
 XRD XRF SEM-EDX ash samples FT-IR treated samples ICP

Total number of samples analyzed* 10 2 6 4 26

Completeness of samples collected (%) 100 100 100 100 100

Samples completed on time (%) 100 100 100 100 100

CC's (%) 100 100 100 100 100

LCS passing (%) 100 100 100 100 100

Lab dup passing (% ) 100 100 100 100 98.5

Lab blanks passing (%) 100 100 100 100 100

Overall (%) 100 100 100 100 99.8

*: Including duplicates.




