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ABSTRACT: In Japan, soil and groundwater contamination by harmful substances such as heavy metals and 
radioactive substances remains a persistent issue. In the treatment methods for removing such harmful substanc-
es, there is a lack of solutions that balance high treatment capacity with low cost, and they are not always envi-
ronmentally friendly. On the other hand, economic growth has led to increased waste emissions, but the disposal 
capacity of existing sites is decreasing year by year due to the difficulty of securing new final disposal sites. 
Since Goal 12 of the SDGs calls for a drastic reduction of waste generated in the production process by control-
ling and recycling it, the recycling of waste has been actively promoted in recent years. However, the recycling 
rate of food waste is low, especially fish residues, which are mostly used as feed or fertilizer, and have not been 
recycled beneficially. Therefore, this study aims not only to utilize fish bones as an adsorbent material but also to 
enhance the functionality and versatility of fishbone-derived adsorbents to adsorb a wide variety of harmful 
substances more efficiently and effectively. Three patterns of fishbone-based adsorbents with different manufac-
turing methods are tested for zinc (Zn), copper (Cu), cadmium (Cd), mercury (Hg), and strontium (Sr) with and 
without initial pH adjustment by immersion tests. The results show that some adsorbent types show high adsorp-
tion rates for all substances except Hg, with or without initial pH adjustment, but suggest for Hg a relationship 
between adsorption capacity of adsorbents and pH value in the solution. 
 
Keywords: Food waste, Fish bones, Adsorbent, Functionality, Multifunctionality 
 
1. INTRODUCTION 
 

In recent years, while anthropogenic environ-
mental pollution has decreased, soil contamination 
of naturally occurring harmful substances and the 
resulting groundwater contamination have become 
more apparent. According to the survey results on 
soil and groundwater contamination cases published 
by the Ministry of the Environment [1, 2], the num-
ber of occurrences of both cases has been increasing 
year by year. Notably, the enforcement of the Soil 
Contamination Countermeasures Act (SCCA) in 
2003 and its amendment in 2010 have led to a sharp 
increase in the number of reported cases. In addition, 
from 1991 to 2021, the cumulative number of cases 
exceeding soil environmental standards was over-
whelmingly due to heavy metals and other similar 
contaminants, accounting for approximately 80% of 
all cases. Heavy metals generally tend to adsorb onto 
soil particles, so even when soil contamination oc-
curs, it rarely extends to groundwater contamination. 
Meanwhile, the contamination from natural sources 
occurs frequently. When the contamination from 
natural sources occurs, heavy metals contained in 
soils, rocks, and geological formations leach out at 
high concentrations, potentially spreading contami-
nation not only within the soil but also to the 
groundwater [3]. As a case of contamination other 
than heavy metals in Japan, the giant tsunami caused 

by the March 2011 off the Pacific coast of Tohoku 
earthquake led to the severe accident at the Tokyo 
Electric Power Company's Fukushima Daiichi Nu-
clear Power Station, resulting in the widespread 
dispersal of a large amount of radioactive substances 
into the environment. Due to concerns about envi-
ronmental risks, decommissioning work at the Fuku-
shima Daiichi Nuclear Power Plant is ongoing. 
However, the medium to long-term decommission-
ing plan is currently behind schedule, and the pro-
cess is being reviewed and revised [4]. As a result of 
delays in decommissioning planning, contaminated 
water containing radioactive substances accumulates 
inside the nuclear reactor buildings. Remediation 
technologies and treatment methods for soil and 
groundwater contamination by heavy metals and 
wastewater include excavation removal, solidifica-
tion and insolubilization, containment, chemical 
treatment, such as hydroxide precipitation and sul-
fide methods, and adsorption treatment, such as ion-
exchange and chelation resins [5, 6]. However, few 
of these technologies simultaneously achieve both 
low cost and high treatment capacity. In addition, 
there are various problems such as the complexity of 
the treatment process, difficulty in securing disposal 
site, costs associated with disposal and treatment, 
concerns about long-term stability, and the disposal 
of materials after treatment. The contaminated water 
from the Fukushima Daiichi Nuclear Power Plant is 
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treated in a cesium removal equipment and the Ad-
vanced Liquid Processing System (ALPS). This 
treatment process employs various adsorbents, such 
as zeolite-based adsorbents and titanium silicate-
based adsorbents. Since these adsorbents often con-
tain expensive constituents such as titanium and 
silver, the treatment of contaminated water using 
these materials incurs high cost [7]. In addition, 
slurry waste is discharged during treatment in 
the ALPS and temporarily stored in a High Integrity 
Container (HIC). However, there are problems asso-
ciated with the storage of HIC, such as water leak-
age from the slurry contained in the HIC and the 
deterioration of the HIC due to radiation. Therefore, 
stabilization treatment of this slurry is currently 
under consideration [8]. Thus, current treatment 
methods face several challenges, including a lack of 
solutions that balance high treatment capacity with 
low cost. Additionally, these methods are not always 
environmentally friendly, presenting issues in terms 
of cost, treatment efficiency, and environmental 
impact. It is considered that a simplified treatment is 
suitable for on-site applications. Therefore, when the 
adsorption treatment is selected as a simple treat-
ment method, the materials are required to be inex-
pensive and environmentally friendly. In addition, 
since few materials can efficiently adsorb harmful 
substances such as heavy metals and radioactive 
materials using a single material in adsorption treat-
ment, there is a demand for adsorbents that can ef-
fectively adsorb a wide range of harmful substances 
with a single material. 

In Japan, economic growth has led to an increase 
in waste emissions. However, the disposal capacity 
of existing sites is decreasing year by year because 
of the difficulty in securing new final disposal sites. 
In the 12th goal of SDGs, which aims to "Substan-
tially reduction of waste generation through preven-
tion, reduction, recycling and reuse of waste by 
2030", and Japan actively promotes the recycling of 
waste materials. However, the recycling rate of food 
waste is not so high in Japan. Among various types 
of food waste, Japan has a notably higher consump-
tion of seafood compared to other countries. Conse-
quently, the amount of discarded seafood residues, 
such as shells and bones, is also significantly larger, 
yet the recycling rate for these materials remains low. 
According to the supply and demand data for fish 
and seafood in the fiscal year 2020 [9], Japan's esti-
mated fish residue output is a substantial 2.3 million. 
Currently, seafood residues are disposed of as indus-
trial waste, and this disposal incurs costs. Therefore, 
effectively utilizing seafood residues, which incur 
disposal costs, and improving their recycling rate is 
important from the perspective of SDGs. Neverthe-
less, the current recycling rate of seafood residues 
remains at approximately 30% of the total, and their 
uses are still limited to low-value products such as 
feed and fertilizers [10]. In conclusion, recycling 

seafood residues as adsorbents could contribute to 
improving the recycling rate of food waste. Fur-
thermore, if seafood residues, as a single material, 
can adsorb a wide variety of harmful substances, it 
would enable high-value recycling of these residues. 

Thus, in this study, from the viewpoints of low 
cost and high environmental compatibility, fish 
bones, one of the fish residues, are focused on. To 
achieve high-value recycling of fish bones, it is 
essential to enhance their functionality and versatili-
ty. Specifically, enabling fish bones to adsorb a wide 
variety of harmful substances requires diversifying 
their inherent properties and improving both the 
capacity and range of their adsorption capabilities. 
Kobayashi [11], Michikawa et al. [12] and Fuku-
mitsu et al. [13] state that changing the calcination 
temperature during manufacturing makes the pro-
duction of various materials can render the surface 
of various materials porous, and the porosity may 
affect the material's adsorption capacity. In addition, 
previous studies have reported that there is a rela-
tionship between the pH of the solution and the 
adsorption capacity of the adsorbent [14-17]. There-
fore, this study aims not only to recycle waste but 
also to add new value to it. Specifically, the goal of 
this study is to repurpose fish bones as an adsorbent 
and to enhance their functionality and versatility to 
adsorb a wide variety of harmful substances more 
efficiently by changing the calcination temperature 
during the manufacturing of the adsorbent and the 
pH of the solution. 

 
2. RESEARCH SIGNIFICANCE 

 
As has mentioned above, in Japan, soil and 

groundwater contamination by harmful substances 
such as heavy metals and radioactive substances 
remains a persistent issue. In addition, few treatment 
methods and materials for the removal of such harm-
ful substances can efficiently and effectively remove 
a wide variety of harmful substances using a single 
material. The significance of this study lies in its 
ability to efficiently adsorb a wide variety of harm-
ful substances using a single adsorbent material. 
This not only contributes to the achievement of the 
SDGs but also creates added value for fish bones. 

 
3. TEST METHOD  

 
In order to enhance the functionality and versatil-

ity of fishbone-based adsorbents, an immersion test 
is conducted by adding fishbone-based adsorbents 
with different calcination temperatures to various 
heavy metal solutions with and without initial pH 
adjustment. Through this test, it is verified whether 
or not the calcination temperature during the manu-
facturing of the fishbone-based adsorbent and the 
initial pH have an effect on the adsorption perfor-
mance of the adsorbent. In this test, three types of 
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fish bone-based adsorbents (Type A, Type B and 
Type C) with calcined at different temperatures are 
prepared. The target substances are zinc (Zn), copper 
(Cu), cadmium (Cd), mercury (Hg) and strontium 
(Sr) are selected. Zn and Cu are detected in mine 
wastewater, which is a source of natural groundwa-
ter contamination. Additionally, Cd and Hg are rep-
resentative natural contaminants. Furthermore, radi-
oactive Sr is present in large quantities in the con-
taminated water remaining inside the Fukushima 
Daiichi Nuclear Power Plant buildings. 

The test procedure is as follows (see Fig. 1). 
First, standard solutions of each heavy metal are 
diluted to initial concentration of 3 mg/L and adjust-
ed to the specified initial pH (see Table 1). Although 
heavy metals tend to precipitate beyond a certain pH 
level, in this study, the initial pH of each solution is 
set to prevent any precipitation of the heavy metals. 
At the same time, the solution without initial pH 
adjustment is also prepared. Next, 150 mL of the 
prepared solution is poured into a cylindrical con-
tainer, into which a piece of each adsorbent is added. 
These specimens are then immersed at 20°C for 24, 
72, 120 and 168 hours. After 24, 72, 120 and 168 
hours in the immersion test, the supernatant solution 
of the immersion test specimens is collected as the 
test solutions. Finally, the pH of the test solution and 
the residual concentration of each heavy metal in the 
test solutions are measured and analyzed with a pH 
meter and an ICP-AES (Inductively Coupled Plasma 

Atomic Emission Spectroscopy), respectively. The 
ICP-AES is an analytical instrument that utilizes 
emission spectrometry with an inductively coupled 
plasma (ICP) as the light source. Emission spec-
trometry involves measuring the spectral lines emit-
ted by atoms and ions excited by the energy from an 
Argon (Ar) plasma. The positions (wavelengths) of 
these spectral lines are used to identify the types of 
constituent elements, while the intensity of the lines 
is used to determine the concentration of each ele-
ment. Therefore, this instrument is used to measure 
the concentration of various elements in a sample. In 
the test, the adsorption rate is employed to evaluate 
the adsorption performance of each adsorbent. The 
adsorption rate is defined by the following Eq. (1).  
 

𝐴𝐴𝑟𝑟 (%) =
𝐶𝐶0 − 𝐶𝐶𝑖𝑖
𝐶𝐶0

× 100                                         (1) 

 
In the Eq. (1), “Ar” is the adsorption rate of each 
heavy metal, “C0” is the initial concentration of each 
heavy metal in the solution at the time of standard 
solution addition, “Ci” is the residual concentration 
of each heavy metal in the solution analyzed at the 
end of the immersion test. In order to ensure repro-
ducibility, each test is conducted three times, and the 
average values of the these are presented as the test 
results. 
 
4. RESULTS AND DISCUSSION 
 

Figs. 2 to 11 show the immersion test results for 
various heavy metals both with and without initial 
pH adjustment. The horizontal axis, primary vertical, 
and secondary vertical axis of the figures represent 
the immersion time, the adsorption rate of each 
heavy metal, and the pH values measured after the 
specified immersion period, respectively. It is noted 
that the pH value at the start of immersion (0 hours 
immersion) in these figures represents the initial pH.   

Figs. 2 and 3 show that the adsorption rate of Zn 
generally increases for all adsorbents with increasing 
the immersion time, and that Type A exhibits the 
highest adsorption performance for Zn when the 
initial pH is not adjusted, whereas Type B shows the 
highest adsorption performance for Zn when the 
initial pH is adjusted. On the other hand, from 24 
hours to 168 hours after the start of the immersion 
test, there is not much significant change in the pH 
values of the two figures, except for Type C when 
the initial pH is not adjusted. Although there is no 
significant difference in the variation of pH values 
between the cases with and without initial pH ad-
justment, there is a difference in adsorption perfor-
mance depending on the type of adsorbent. This is 
the reason that the factors other than pH affect the 
adsorption performance of the adsorbents.  

Figs. 4 and 5 show that the adsorption rate of Cu 
as well as Zn for all adsorbents increases as the 

 
Table 1 Initial pH value of each heavy metal 

 
Adsorption target 

substances Initial pH 

Zn(II) 6 

Cu(II) 4 

Cd(II) 6 

Hg(II) 5 

Sr(II) 6 
 

 
 
Fig. 1 Test overview diagram 
 

Zn, Cu, Cd, Hg or Sr
(With or without initial 

pH adjustment)

Adsorbent
(Type A/B/C)

Preparation Immersion
Collection &

analyze 
(ICP-AES)
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Fig. 4 Result of immersion test for Cu without initial 
pH adjustment 
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immersion time progresses. When the initial pH is 
not adjusted, the adsorption performance of Type A 
and Type B is relatively high. Particularly, the ad-
sorption rate of Cu is approximately 80% after 24 
hours from the start of the immersion test for Type 
A. In contrast, when the initial pH is adjusted, the 
adsorption performance for Type B and Type C is 
relatively high. The adsorption rate of Cu for both 
Types is over 90% after 72 hours from the start of 
the immersion test. Since the pH values when the 

adsorption rate of Cu is 80% or more generally indi-
cate a pH value of 8 or higher, it is suggested that 
the adsorption performance for Cu may be higher 
when the pH is 8 or higher under the conditions of 
this test.  

Figs. 6 and 7 indicate that the adsorption rate of 
Cd as well as Zn and Cu for all adsorbents increase 
as the immersion time progresses. After 168 hours 
from the start of the immersion test, the adsorption 
rate of Cd for all adsorbents except Type C is over 

 
 
Fig. 2 Result of immersion test for Zn without initial 
pH adjustment 
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Fig. 3 Result of immersion test for Zn in case of 
initial pH adjusted to 6 
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Fig. 5 Result of immersion test for Cu in case of 
initial pH adjusted to 4 
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80% regardless of whether the initial pH is adjusted. 
Additionally, Type B has the highest adsorption 
velocity for Cd, and the adsorption rate of Cd ex-
ceeds 80% after 72 hours from the start of the im-
mersion test regardless of whether the initial pH is 
adjusted. On the other hand, for all adsorbents ex-
cept Type B, the adsorption performance with initial 
pH adjustment is slightly lower than that without 
initial pH adjustment. There is no significant differ-
ence in the variation of pH values from 24 hours to 

168 hours after the start of the immersion test be-
tween the cases with and without initial pH adjust-
ment. Therefore, as well as Zn, it is presumed that 
factors other than pH affect the adsorption perfor-
mance of the adsorbents for Cd. As shown in  

Fig. 8, when the initial pH is not adjusted, the 
adsorption rate of Hg for all adsorbents increases 
with the passage of immersion time. Additionally, 
Type A exhibits the highest adsorption rate, fol-

 
 
Fig. 7 Result of immersion test for Cd in case of 
initial pH adjusted to 6 
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Fig. 8 Result of immersion test for Hg without initial 
pH adjustment 
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Fig. 9 Result of immersion test for Hg in case of 
initial pH adjusted to 5 
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Fig. 6 Result of immersion test for Cd without initial 
pH adjustment 
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lowed by Type B and Type C, at all immersion peri-
ods.  

In contrast, Fig. 9 shows that the differences in 
adsorption rates among the types of adsorbents with 
initial pH adjustment are more pronounced than 
those without initial pH adjustment. For Type A, the 
maximum adsorption rate of Hg is around 40%, 
whereas for Type B and Type C, these rates are less 
than 10%. Examining these two figures, it is found 
that the change in pH values varies significantly 
over time. Additionally, when the initial pH is not 
adjusted, the pH values are below 7 at all immersion 
periods, whereas, when the initial pH is adjusted, the 
pH values are above 7 at all immersion periods. The 
Hg reagent used in this test is HgCl2. The dissolved 
forms of divalent mercury are HgCl4²⁻, HgCl3⁻, or 
HgCl2 in acidic conditions, and are the hydrolyzed 
products; HgCl(OH) and Hg(OH)2, near neutral and 
alkaline conditions [18]. Yoshida et al. [19] reported 
that Hg is easily adsorbed onto activated carbon in 
the form of halogen complex anions (HgX4

2-), and 
that, for heavy metal complex anions to be adsorbed 
onto activated carbon, it is necessary for the heavy 
metal ions to form stable complex anions and for the 
resulting complex anions to have significant affinity 
for the surface of the activated carbon. Since the pH 
value without initial pH adjustment indicates an 
acidic range, it is considered that the high adsorption 
rate of Hg without initial pH adjustment is due to 
mercury being adsorbed in the form of complex 
anions onto the adsorbent used in this test. On the 
other hand, only Type A exhibits adsorption behav-
ior for Hg in the case of adjusting the initial pH, 
suggesting that the adsorption performance for Hg 

can be improved by changing the calcination tem-
perature during the manufacturing of the adsorbent.  

Figs. 10 and 11 indicate that Type A exhibits the 
highest adsorption rate of Sr, followed by Type B 
and Type C, at all immersion periods regardless of 
whether the initial pH is adjusted. On the other hand, 
unlike other heavy metals, there are significant dif-
ferences in the adsorption rates of Sr among the 
various adsorbents as the immersion time progresses. 
The adsorption rate for Type A is the highest in the 
Sr adsorption tests, reaching up to approximately 
80%. There is no significant difference in the varia-
tion of pH value from 24 hours to 168 hours after the 
start of the immersion test between the cases with 
and without initial pH adjustment. This is the reason 
that the difference in calcination temperature during 
the manufacturing of the adsorbents affects the ad-
sorption performance for Sr. 
 
5. CONCLUSION 
 

This study aimed not only to utilize fish bones as 
an adsorbent material but also to enhance the func-
tionality and versatility of fishbone-derived adsor-
bents to more efficiently and effectively adsorb a 
wide variety of harmful substances such as heavy 
metals. In the test, in order to discuss the optimal 
conditions for the adsorption of harmful substances 
such as heavy metal, it was verified whether or not 
the calcination temperature during the manufactur-
ing of the fishbone-based adsorbent and the initial 
pH of the solution have an effect on the adsorption 
performance of the adsorbent for representative 
heavy metals such as Zn, Cu, Cd, Hg and Sr.  

 
 
Fig. 10 Result of immersion test for Sr without initial 
pH adjustment 
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Fig. 11 Result of immersion test for Sr in case of 
initial pH adjusted to 6 
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From the series of test results, although there 
were differences in the adsorption rates of various 
heavy metals depending on the calcination tempera-
ture during the manufacturing of fishbone-based 
adsorbents, these adsorbents generally exhibited 
high adsorption performance for heavy metals other 
than Hg with and without adjusting the initial pH. 
Regarding Hg, the adsorption rate with the initial pH 
adjustment was lower than that without the initial 
pH adjustment. This indicates that the pH of the 
solution affects the adsorption performance of the 
fishbone-based adsorbent. However, the adsorption 
performance of the fishbone-based adsorbents for 
Hg can be improved by changing the calcination 
temperature during the production of the adsorbent, 
even when the initial pH is adjusted. From these 
observations, it is possible to develop adsorbent 
materials that can adsorb a wide variety of harmful 
substances more efficiently by altering the manufac-
turing conditions. Since the results suggest that it is 
possible to adsorb a wide variety of harmful sub-
stances using only fish bones, not only the contribu-
tion to the achievement of the SDGs, but also the 
high-value recycling of discarded fish bones can be 
realized. 

In the future, in order to manufacture adsorbents 
that exhibit high adsorption performance for Hg 
even when the initial pH is adjusted, it is necessary 
to vary the calcination temperature during the manu-
facturing of the adsorbents, and to conduct the ad-
sorption test using these adsorbents. Additionally, 
when considering the use of fishbone-based adsor-
bents in actual contaminated sites, it is important to 
recognize that not only harmful substances but also 
other chemical species are contained at these sites. 
Therefore, it is necessary to investigate how the 
presence of these coexisting chemical species affects 
the selective adsorption performance of fishbone-
based adsorbents for harmful substances. 
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