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that multi-stage treatment could be necessary, and 
the short treatment time could be an important fac-
tor. Within a short elapsed time (3 h), the remediation 
efficiency of zinc and nickel under the 1% AS condi-
tion was higher than with 0.1 M EDTA. In terms of 
environmental and economic feasibility, it was veri-
fied that the use of 1% AS would be reasonable. The 
results of this research could be valuably applied to 
process design and optimization as basic data pre-
sented before the development of remediation tech-
nologies in the future.

Keywords Deep-sea mining tailings · Eco-
friendly additives · Aluminum sulfate · Remediation 
technologies · Chemical washing

1 Introduction

With developing human activities, the demand for 
mineral resources is being continuously increased 
(Watzel et al., 2020). The total amounts of remained 
mineral resources and their grades have been rap-
idly decreasing while their prices increased (Gor-
man & Dzombak, 2018). Developed countries have 
been continuously interested in marine mineral 
resources containing large amounts of useful met-
als (iron, manganese, copper, nickel, etc.), and are 
also planning for commercial development by secur-
ing exclusive exploration rights for deep-sea mineral 
resources (Moon et al., 2020). Since the environment 
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friendly treatment of deep-sea mining tailings in the 
sea areas and mainly dealt with evaluating the opti-
mal conditions by comparing aluminum sulfate (AS), 
which had been proven recently to have an effect 
as a heavy metal extractant, with ethylenediamine-
tetraacetic acid (EDTA) in terms of environmental 
and economic feasibility. Harmful heavy metals in 
the manganese nodules (2%, w/v) were chemically 
washed by mixing with each EDTA and AS concen-
tration for 16 elapsed times. Copper, zinc, nickel, 
and cadmium, which could have a fatal effect due to 
their high total content or high bioavailable content, 
were selected as the primary treatment target materi-
als. The content of harmful heavy metals was 293.2 
times more for nickel when compared with environ-
mental standards of various countries. When 1% AS 
was used as the extractant, the removal efficiency of 
harmful heavy metals compared to the bioavailable 
content was 32.77% on average. It has been verified 
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may commonly conflict with development, it could 
be necessary to consider treatment and management 
based on a life-cycle perspective to minimize envi-
ronmental impact and pollution for sustainable devel-
opment. Mining tailings, inevitably generated when 
developing mineral resources, contain a large amount 
of harmful heavy metals in fine particles, less than 
63  μm, which may give a fatal impact on the envi-
ronment and ecosystem when disposed of in a natu-
ral environment (Lee & Kim, 2020). Currently, there 
are about 2500 industrial-sized mines worldwide, and 
99.3% of them dispose of mining tailings on land 
(Kwong et al., 2019). Due to economic, spatial, and 
temporal restrictions, transporting mining tailings 
by ship and treating them on land could not be eas-
ily conducted in countries like Korea (Rep. of) (Lee 
& Kim, 2022). So it could be essentially required to 
treat mining tailings in the sea areas (on-site/ex-situ).

When mining tailings are disposed of in sea areas, 
the natural environment including marine life could 
be affected apparently by fine particles such as turbid-
ity production or gill occlusion. Harmful heavy met-
als in fine particles could be accumulated in marine 
life and then in human beings, like in the Minamata 
disaster (G et al., 2022; Meena et al., 2018; Yorifuji 
et  al., 2017). Recently, international environmental 
standards have been prepared to manage deep-sea 
mining in the marine environment by the London 
Protocol, 1996 (LP), under the International Mari-
time Organization (IMO) and the International Sea-
bed Authority (ISA) (International Seabed Authority 
[ISA], 2019; Kim & Kim, 2019; Lodge et al., 2014; 
Ramirez-Llodra et al., 2015). It could be essential to 
reduce harmful heavy metals before disposal in com-
pliance with the international environmental guide-
lines to be prepared. Although various countries are 
interested in deep-sea tailings disposal, only a few 
research results related to treatment or disposal in sea 
areas have been reported until now (Vare et al., 2018).

To treat deep-sea mining tailings in the sea areas, 
it could be essential to overcome the limitations in the 
marine environment (sea weather conditions, space, 
infrastructure, etc.), and the development of eco-
friendly remediation technologies that do not affect the 
marine environment and ecosystem is urgently required 
(Lee & Kim, 2019). Since the use of highly reactive 
or toxic substances could be extremely limited in the 
sea areas, the effect of extracting harmful heavy metals 
by aluminum sulfate (AS) was evaluated together with 

ethylenediaminetetraacetic acid (EDTA), a common 
traditional commercial extractant, in previous research 
(Lee & Kim, 2022). Both removal efficiency and opti-
mum additive conditions were verified for the AS 
conditions compared to that of EDTA. These research 
results could be successfully applied as basic data for 
the development of commercial remediation technolo-
gies and actual process design to protect the marine 
environment as well as the terrestrial environment.

2  Materials and Methods

2.1  Site Characterization

The Clarion-Clipperton Fracture Zone (CCFZ), 
located in the Northeast Pacific Ocean, is explora-
tion areas for manganese nodules noted by vari-
ous countries and multinational corporations, 
and Korea has secured exclusive development 
rights in the locations 10°27.3′N ~ 10°32.7′N, 
131°22.68′W ~ 131°17.22′W in 2002 (Fig. 1).

Manganese nodules used in this research were 
collected from specific areas (Fig. 1) in March 2018 
using a free fall grab and a box corer (Lee & Kim, 
2022). After natural drying on the vessel, they were 
crushed with a jaw crusher and a ball mill in the lab-
oratory. The crushed manganese nodules were clas-
sified by particle size through auto-sieving (Fritsch 
Analysette 3 Pro Vibratory Sieve Shaker, Germany) 
(> 63 μm, 20 ~ 63 μm, < 20 μm), and stored at room 
temperature 25 °C (Fig. 2) (Kim & Kim, 2019).

2.2  Preparation

2.2.1  Manganese Nodules

In consideration of the lower limit (~ about 100 μm) 
of the ore-dressing process on a vessel during the 
actual development of deep-sea mineral resources, 
the manganese nodules (nodules) used for the experi-
ments were selected in the size of 20 ~ 63 μm (Lee & 
Kim, 2019). The nodule samples were diluted with 
ultrapure water (SARTORIUS, Germany) in consid-
eration of the solid–liquid ratio (1:10 ~ 1:20) of a gen-
eral commercial treatment process and used to pre-
pare 2% (w/v) concentration.
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Fig. 1  Sampling area 
of nodules used in this 
research

Fig. 2  Schematic diagram of research strategies
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2.2.2  Ethylenediaminetetraacetic Acid and Aluminum 
Sulfate

The concentration conditions of the additives were set 
to 4 each way in order to identify the characteristics 
of the extraction of harmful heavy metals from the 
sample (EDTA: 0.01 M, 0.03 M, 0.05 M, 0.1 M/AS: 
0.1%, 0.3%, 0.5%, 1%). Afterwards, the concentration 
of the additive mixed with the nodules was replaced 
as follows. EDTA 0.01, 0.03, 0.05, and 0.1  M were 
expressed as conditions 1, 2, 3, and 4, respectively, 
and AS 0.1, 0.3, 0.5, and 1% were expressed as con-
ditions 5, 6, 7, and 8, respectively. Additives were 
prepared using ultrapure water as a solvent for each 
concentration. EDTA and AS were purchased from 
JUNSEI (CAS No. 60–00-04) and KANTO Chemical 
(CAS No. 7784–31-8) in Japan. The purity percent-
ages of each chemical were 99.5% and 51.0 ~ 57.5%, 
respectively.

2.3  Remediation Experiments

In a glass vial with an effective volume of 60  mL, 
20  mL of a 2% (w/v) nodule sample and 20  mL of 
each concentration of additive were injected. The 
reaction was carried out while mixing at 80 rotations 
per minute (rpm) using a magnetic bar (cross type) 
and a stirrer for a total of 16 elapsed time conditions 
from 5 min  to 168 h  (Kim & Kim, 2019). The liquid 
and solid phases were separated by a centrifuge (Sor-
vall™ ST 40 Centrifuge, Thermo Fisher Scientific, 
USA) at 4200 rpm for 1 h from the mixture in which 
the reaction was completed according to each elapsed 
time condition (Lee & Kim, 2019). The separated 
liquid was collected with a plastic syringe (30 mL), 
filtered through an acrylic filter (0.45  μm), and was 
used as a sample for analysis while refrigerated at 
4 °C. In order to have representativeness of the data, 
the experiment was repeated a total of three times, 
and at least three repetitions were set for each experi-
ment (Lee & Kim, 2022).

2.4  Analysis of Harmful Heavy metals

Harmful heavy metals, copper (Cu), zinc (Zn), nickel 
(Ni), and cadmium (Cd), extracted in the liquid phase 
were analyzed with a UV–Vis spectrophotometer 
(DR-5000, Hach, USA) according to US EPA Meth-
ods (8506, 8009, 10220 and 10217).

2.5  Verification of Analytical Recovery

In order to confirm the reliability of the analy-
sis, analytical recovery was performed for each 
analysis. As standard materials for each heavy 
metal, Cu (1.19786.0500, Merck Co, Germany), 
Zn (1.19806.0500, Merck Co, Germany), Ni 
(1.19792.0500, Merck Co, Germany), and Cd 
(1.19777.0500, Merck Co, Germany), were used. 
The average recovery rates were about 96.1 ± 4.1% 
for Cu, 95.5 ± 6.0% for Zn, 98.3 ± 2.5% for Ni, and 
97.9 ± 4.0% for Cd, respectively.

2.6  The Evaluation of Total Heavy Metal Contents 
and Bioavailable Contents in Manganese 
Nodules

The total heavy metal contents in nodules were ana-
lyzed according to the total digestion method (Sim 
et  al., 2014). Nitric acid  (HNO3, Merck Co, Ger-
many) and perchloric acid  (HClO4, Merck Co, Ger-
many) were added to 20 mg of nodules, and the mix-
ture was heated at about 180 °C. for 12 h. After that, 
hydrofluoric acid (HF, Merck Co, Germany) was 
added and heated again at 180 °C for 12 h to volatil-
ize the acid. The harmful heavy metals of the sam-
ple were extracted by dissolving it with 1% nitric 
acid (Sim et al., 2014). The content of harmful heavy 
metals present in the bioavailable state was extracted 
by mixing and reacting 1 g of nodules and 20 mL of 
1 M hydrochloric acid (HCl) for 4 h following a sin-
gle extraction method (Bettiol et al., 2008; Sim et al., 
2014). All harmful heavy metals extracted in the 
liquid phase were analyzed with an inductively cou-
pled plasma-mass spectrometer (ICP-MS, Thermo X 
series, ThermoFisher, USA) (Sim et al., 2014). Total 
organic carbon (TOC) was determined using TOC 
analyzer (Shimadzu, TOC-Vcph, Japan).

3  Results and Discussions

3.1  The Contents of Nodules

The content of bioavailable harmful heavy met-
als and total harmful heavy metals in manganese 
nodules were analyzed to determine whether reme-
diation was necessary compared with environmen-
tal standards of various nations, which are discussed 
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in Sect. 3.4.1 and confirm the effect of extracting of 
harmful heavy metals by additives. The total contents 
of harmful heavy metals were highest in the order 
of Ni (15,130  mg/kg), Cu (12,930  mg/kg), and Zn 
(1462  mg/kg). The fraction of bioavailable contents 
was 71.6% (1046 mg/kg), 66.7% (12.00 mg/kg), and 
52.5% (6784 mg/kg) in the order of Zn, Cd, and Cu, 
respectively (Table 1). TOC in the nodules was only 
about 0.3333% (Lee & Kim, 2019).

Based on the analysis results, Cu, Zn, Ni, and Cd 
were selected as primary target materials to be treated 
essentially. This is because even a small amount may 
have a fatal effect due to the highest content or the 
highest bioavailable content.

3.2  The Characteristics of the Extraction of Harmful 
Heavy Metals in Nodules Depending on EDTA 
Concentration

Figure 3 shows the results of the extracted concentra-
tion of harmful heavy metals (Cu, Zn, Ni, and Cd) by 
EDTA under the concentration conditions (1, 2, 3, 
and 4) and elapsed times (5  m ~ 168  h). The reason 
that the experiment was carried out up to an elapsed 
time of 168  h (7 d) was to determine the ultimate 
maximum extraction limit for the development of 
commercial remediation technologies.

The highest Cu concentration was 41.19 (± 2.446) 
mg/L at 96  h of elapsed time, which occurred in 
condition 4 (Fig.  3a). As the EDTA concentration 
increased from condition 1 to 4, the Cu concentra-
tion also increased about 4.273 times. According to 
the conditions 1, 2, 3 and 4, a common tendency was 
confirmed to decrease to 6.664 (± 1.032) mg/L, 24.14 

(± 1.653) mg/L, 22.89 (± 3.069) mg/L, and 35.53 
(± 1.626) mg/L at the 168 h of elapsed time.

As the EDTA concentration increased from condi-
tion 1 to 4, the Zn concentration also increased about 
6.685 times from 0.5028 (± 0.0372) mg/L to 3.361 
(± 0.2962) mg/L (Fig. 3b). Zn was extracted by con-
dition 2 on average about 0.3795 times less than con-
dition 3 from 5 m to 6 h elapsed time, and after that 
period about 1.381 times higher except for 72 h. The 
extracted concentration by condition 3 did not show 
a significant difference from condition 1 until the 
elapsed time of 6 h, and then showed a tendency to 
increase by about 2.922 times.

The highest concentration of extracted Ni was 
13.98 (± 0.1586) mg/L at 48  h in condition 4 
(Fig. 3c). As the EDTA concentration increased from 
condition 1 to 4, the Ni concentration also increased 
about 12.53 times, but the concentration of Ni extrac-
tion by conditions 3 and 4 showed a similar trend, 
with difference of about 0.0752 on an average until 
2  h of elapsed time. As the elapsed time increased, 
the extraction concentration also increased by about 
3.863 times, so that an increase in the concentration 
of Ni extraction according to the elapsed time was 
apparent.

As the elapsed time increased from 5 m to 168 h, 
the Cd concentration increased by 7.333 times, 9.000 
times, and 8.367 times under conditions 2, 3 and 4, 
respectively, but increased by 1.957 times at condition 
1, indicating a relatively low increase rate (Fig. 3d).

Unexpectedly, there was a section in which the 
concentration of Cd extraction rapidly increased at 
40 m and 90 m for conditions 3 and 4. As the EDTA 
concentration increased from condition 1 to 4, the Cd 
concentration also increased about 9.178 times.

3.3  The Effect of Extraction for Harmful Heavy 
Metals in Nodules by Aluminum Sulfate

Figure 4 shows the results of the extracted concentra-
tion of harmful heavy metals (Cu, Zn, Ni, and Cd) 
by AS concentration (conditions 5, 6, 7, and 8) and 
elapsed time (5 m ~ 168 h).

Among the conditions 5, 6, 7 and 8, Cu extracted 
concentration according to elapsed time showed 
the highest value at short elapsed time within 2  h 
except for condition 8 (Fig. 4a). When the elapsed 
time reached 168 h, the extraction concentration for 
each condition showed a value of 0.0211 (± 0.0117) 

Table 1  Comparison of bioavailable fraction based on total 
contents of harmful heavy metals in nodules

Harmful 
heavy met-
als

Raw Bioavailable 
fraction

Residual fraction

mg/kg mg/kg % mg/kg %

Cu 12,930 6,784 52.47 6,148 47.53
Zn 1462 1046 71.55 416.0 28.45
Ni 15,130 2194 14.50 12,940 85.50
Cd 18.00 12.00 66.67 6.000 33.33
As 55.30 N.D 0.0000 55.30 100.0
Pb 254.0 108.0 42.52 146.0 57.48
TOC 0.3333%
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mg/L, 1.957 (± 0.2627) mg/L, 4.865 (± 0.5298) 
mg/L, and 11.62 (± 2.239) mg/L, which was lower 
than the value within 2 h or showed a similar trend.

The Zn extraction concentration of condition 5 
was higher on average by about 1.431 times than 
condition 6 up to 6-h elapsed time (Fig. 4b). After 
that, as the elapsed time increased, the concentra-
tion under the condition 5 decreased from 1.031 
(± 0.7236) mg/L to 0.3042 (± 0.2770) mg/L, unlike 
the condition 6. The Zn concentration was also the 
highest at 3.253 (± 2.002) mg/L under condition 8, 
similar to Cu, and there was no significant differ-
ence with the elapsed times.

Ni and Cd were found to be less than the detection 
limit due to the small extraction by condition 5. The 
highest Ni concentration was 6.817 (± 0.7858) mg/L 
at 168 h, which occurred in the condition 8 (Fig. 4c). 
As the AS concentration increased from condition 5 
to 8, the concentration of extracted Ni also increased 
about 97.39 times. In all conditions (5 ~ 8), the Ni 
concentrations rapidly increased to an average of 
about 34.68 times after 24  h. The concentration of 
extracted Cd in the conditions 6 and 7 increased by 
about 6.333 times and 1.803 times as the elapsed time 
increased (Fig. 4d). When the elapsed time was more 
than 48 h, the Cd concentrations in condition 6 were 

Fig. 3  Extracted concentration of each target heavy metal (Cu, Zn, Ni, and Cd) depending on the concentration of EDTA (0.01 M 
(condition 1), 0.03 M (condition 2), 0.05 M (condition 3), 0.1 M (condition 4))
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about 1.347 times higher on average than in condition 
7. In condition 8, the highest extracted concentration 
was 0.2813 (± 0.1665) mg/L at 96 h of elapsed time, 
but decreased to 0.1660 (± 0.0053) again when reach-
ing 168 h of elapsed time.

3.4  Discussions

3.4.1  Reviewing the Scope of Treatment for Harmful 
Heavy Metals in Nodules

Since international environmental standards for deep-
sea mining resource development are currently being 
discussed led by LP and ISA, so it could likely be set 

similarly to the existing standards for marine sedi-
ments (Lee & Kim, 2022). The potential impact on 
the marine environment was evaluated by comparing 
the total heavy metal content and bioavailable heavy 
metal content in the nodules identified in Sect.  3.1 
with the marine sediment environmental standards 
and the ocean dumping standards of dredged materi-
als (including marine sediments) of the USA, France, 
and Korea (Table  2) (Alvarez-Guerra et  al., 2007; 
Bebianno et  al., 2015; Canadian Council of Minis-
ters of the Environment [CCME], 1999; Kim & Kim, 
2019; Mulligan et al., 2010).

The total and bioavailable content of each harm-
ful heavy metal was shown in Sect. 3.1 (Table 1). The 

Fig. 4  Concentration of each harmful heavy metal (Cu, Zn, Ni, and Cd) extracted by the variation of AS’s concentration (0.1% (con-
dition 5), 0.3% (condition 6), 0.5% (condition 7), 1% (condition 8)
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ERL (effect range low) and TEL (threshold effects 
level) used in environmental standards refer that 
chemical concentrations below which adverse effects 
would be rarely observed (Bebianno et al., 2015).

In addition, the ERM (effect range medium) and 
PEL (probable effects level) mean that chemical con-
centrations above which adverse effects are expected 
to occur frequently (Bebianno et al., 2015). The con-
tent of harmful heavy metals in the nodules was com-
pared with the criteria judged to may have adverse 
effects frequently. Compared with the most stringent 
environmental standards for marine sediments, the 
total contents of Cu, Zn, Ni, and Cd exceeded the 
PEL by 119.7, 5.395, 353.5, and 4.286 times, respec-
tively. The bioavailable content was also excessive 
at 62.81 times, 3.860 times, 51.26 times, and 2.857 
times, respectively, and the effect on living organ-
isms is expected to be immense. The standards for 
ocean dumping mean that dumping at sea areas may 
be prohibited if the analysis shows that concentrations 
exceeds action level 2 (in the case of Korea (Rep. of), 
it corresponded to action level 1) (Mulligan et  al., 
2010). The total and bioavailable content of Cu, Zn, 
Ni, and Cd in the nodules also significantly exceeded 
the ocean dumping standards for dredged materials 
including sediments.

The content of harmful heavy metals (Cu, Zn, Ni, 
and Cd) in the nodules exceeded the environmental 
standards for marine sediments and ocean dumping 
standards of dredged materials in numerous coun-
tries. Cu, Zn, Ni, and Cd are the main substances to 
be remedied because it means that mining tailings 
could have a serious adverse effect on the ecosystem 
and the environment when directly discharged to the 
marine environment.

3.4.2  Evaluation of Remediation Efficiency

The remediation efficiency was evaluated by com-
paring bioavailable content and the harmful heavy 
metal concentrations removed by conditions 4 and 
8, which showed the maximum extracted concen-
tration in the results in Sects. 3.2 and 3.3 (Table 3). 
The reason for comparing the bioavailable content 
and not the total content in the nodules is that the 
total amount of harmful heavy metals in the nodules 
also includes residual content that does not affect the 
water quality environment and ecosystem, so there is 
a limit to comparing the total amount and remediation Ta
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efficiency. The result values were the concentration 
(mg/L) of harmful heavy metals extracted in the liq-
uid phase, and in the discussion, the converted val-
ues (mg/kg) were used in consideration of the nodules 
mass and the solution volume in a single experiment 
to compare with the removal efficiency and environ-
mental standards.

The maximum extracted Cu concentration under 
condition 4 was 4119  mg/kg, dw when converted 
to mg/kg, dw. About 60.72% of bioavailable frac-
tion of Cu in nodules was removed by condition 4. 
The extracted concentration of Zn was 336.1 mg/kg, 
which was about 32.13% of bioavailable Zn. About 
1398  mg/kg of Ni was extracted which was about 
63.72% of the bioavailable content. About 41.01 mg/
kg of Cd was removed, and all Cd present in the 
nodules was extracted and removed. Among the tar-
get harmful heavy metals, only Cd showed 100% 
efficiency.

Converting the maximum extracted Cu, Zn, Ni, 
and Cd concentrations (mg/L) under condition 8 into 
mg/kg, dw is 1376 mg/kg, 325.3 mg/kg, 681.7 mg/kg, 
and 28.13  mg/kg, respectively. Comparing this with 
the bioavailable content in the nodules, 20.28% of Cu 
was removed, and about 31.10% and 31.07% of Zn 
and Ni were removed. In addition, Cd was removed 
by 100.0% compared to the bioavailable content in 
the nodules, showing the same results as condition 4.

Except for Cd, Cu, Zn, and Ni require additional 
treatment because the concentration of harmful heavy 
metals remaining in the mining tailings exceeded the 
environmental standards which showed the highest 
value for each by about 8.970 times and 16.96 times 
on average even after treatment with conditions 4 and 
8. If condition 4 or 8 is used in the actual process 

design, it is judged that multi-stage treatment process 
of re-treating the treated material would be necessary. 
An important factor in multi-stage treatment would 
be reaction time, so it would be important to achieve 
high efficiency within a short elapsed time.

3.4.3  Verification of Suitable Conditions 
for the Extraction of Harmful Heavy Metals 
in Nodules

We compared and evaluated the two additives accord-
ing to the following three details.

First, the removal efficiency was compared. When 
multi-stage treatment would be assumed based on 
the importance of the short elapsed time confirmed 
in Sect.  3.4.2, the chemical washing process design 
should be set within 3  h considering the generally 
required treatment time, which is 2 h, multiplied by 
the safety factor, 1.5. Therefore, since multi-stage 
treatment requires two or more treatments within the 
treatment time (3 h) except additional treatment such 
as dewatering, etc., the treatment efficiency up to 2 h 
was evaluated. Figure 5 shows the comparison of the 
remediation efficiency of conditions 4 and 8 in a short 
elapsed time of less than 3 h.

The extracted concentrations of harmful heavy 
metals in conditions 4 and 8 were 15.79  mg/kg and 
12.25 mg/kg for Cu, 0.7385 mg/kg, 2.663 mg/kg for 
Zn, 2.273  mg/kg, 0.6542  mg/kg for Ni, 0.1038  mg/
kg, and 0.1883  mg/kg for Cd, on average (Fig.  5). 
In Sects.  3.2 and 3.3 results, as the elapsed time 
increased, the extracted concentration of harmful 
heavy metals by EDTA gradually increased, while 
a significant amounts of harmful heavy metals were 
extracted by AS even within a relatively short elapsed 
time. In particular, Zn and Cd extracted by condition 
8 showed about 3.606 times and 1.814 times higher 
efficiency than condition 4 within 3 h elapsed time.

Second, in order to check economic feasibility, 
the unit costs of EDTA and AS were investigated 
considering the amount of additive required for pro-
cessing 1 kg of nodules. The amounts of EDTA and 
AS required to treat 1 kg of nodules are 1.469 kg and 
1.164  kg, respectively, considering the purity and 
water content. The prices of industrial-grade EDTA 
and AS in bulk were investigated at about 8.000 USD 
and 0.0103 USD per 1 kg, respectively. Therefore, it 
could be expected that the cost of additives per 1 kg 
of nodules treatment would be about 11.75 USD for 

Table 3  Verification of optimum remediation conditions and 
efficiencies

Specifica-
tion

EDTA, 0.1 M AS, 1%

Extracted 
amounts
(mg/kg, 
dw)

Bioavail-
able
fraction 
(%)

Extracted 
amounts
(mg/kg, 
dw)

Bioavailable
fraction (%)

Cu 4,119 60.72 1376 20.28
Zn 336.1 32.13 325.3 31.10
Ni 1398 63.72 681.7 31.07
Cd 41.01 100.0 28.13 100.0
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EDTA use and about 0.0120 USD for AS use. When 
AS is used as an additive, it could be possible to 
reduce costs by about 99.90% compared to EDTA, 
so it is considered that the use of AS is about 979.2 
times more economical feasibility. If commercial 
remediation technologies for deep-sea mining tailings 
are developed in the near future, the ore-dressing con-
ditions should have to be specified, and then accord-
ingly, economic feasibility should be considered by 
optimizing the solid–liquid ratio of treatment pro-
cesses. Thus, these results may be successfully used 
to develop actual remediation technologies for the 
future.

Third, the environmental impact of the use of addi-
tives was evaluated by referring to previous studies. 

EDTA has been frequently used for chemical washing 
treatment of soil contaminated with harmful heavy 
metals. However, recent studies have shown that 
EDTA is a synthetic chelating agent that is not eas-
ily decomposed because it binds easily with metals. 
EDTA causes secondary contamination due to such 
toxicity, so studies on washing agents to replace it are 
being actively conducted (Feng et  al., 2020; Gluhar 
et al., 2020). On the other hand, AS is non-toxic and 
is a versatile material that is widely used as a coagu-
lant precipitant in the terrestrial environment.

When remedying soil contaminated with harm-
ful heavy metals, in general, the lower the pH of the 
chelating agent solution, the greater the extraction 
efficiency of the harmful heavy metals (Tandy et al., 

Fig. 5  Comparison of remediation efficiencies during short elapsed time (3 h) depending on extractants (EDTA, AS)
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2004). This pH adjustment processes will require high 
equipment requirements (Wu et  al., 2015). As men-
tioned in the introduction, the use of highly reactive 
materials to treat nodules in the sea areas is extremely 
limited. Therefore, in this study, deionized water with 
a pH of about 7.790 was used without pH adjustment 
(this is similar to the pH of actual seawater).

The pH of conditions 4 and 8 was about 4 or less 
on average and for AS, when mixing with nodules, 
a high extraction efficiency of harmful heavy met-
als was achieved due to the low pH as well as the 
ion exchange mechanism. In addition, the following 
results suggested that waste water with a lower pH 
than the surrounding sea waters will be generated. 
Therefore, it is judged that it is necessary to treat 
wastewater in the sea areas, and it will be possible to 
treat it with currently actively used technologies such 
as ion exchange membrane filtration. And a treatment 
method without using strong acids or bases should be 
applied in sea areas for future. Also, in connection 
with this, solidification·stabilization treatment and 
technologies in the sea areas should be developed in 
each field to minimize the impact of fine particles in 
the waste water.

As a result of integrating efficiency and economic 
and environmental feasibility, AS could be consid-
ered very suitable as an extractant for the treatment 
of mining tailings generated during the development 
of deep-sea mineral resources. As the concentration 
of AS increases from 0.1 to 1%, the extraction effect 
of harmful heavy metals tends to increase by about 
54.98 times on average, so it could be verified that the 
condition 8 was the optimized additive concentration 
in this experimental condition. This was due to the 
ion exchange effect of AS (Kim, 2021), and a study 
on the evaluation of the effect of chemical washing 
treatment of harmful heavy metals with higher con-
centrations of AS will be reported subsequently. AS 
is expected to be used not only as a chemical wash-
ing agent for deep sea mining tailings but also in ter-
restrial soils, so, it will be necessary to compare and 
evaluate whether agents used as flocculants similar to 
AS can also be used like chemical washing agents.

4  Conclusions

1) Deep-sea mining tailings were highly polluted 
with harmful heavy metals (Cu, Zn, Ni, and 

Cd) compared to the environmental standards 
of numerous countries and could have a serious 
impact on the marine environment and ecosys-
tem, so proper remediation should be required 
before disposal in the sea.

2) Based on research results, when EDTA was used, 
there was a clear tendency to increase the extrac-
tion effect of harmful heavy metals according to 
elapsed time and additive concentration. Unlike 
EDTA, when using AS, the extraction effect of 
harmful heavy metals was high even in a short 
elapsed time (3 h), and it was confirmed that the 
extraction effect increased according to the con-
centrations of additive.

3) The remediation efficiency of the condition 8 (AS 
1%) within a short elapsed time (3  h) consider-
ing the multi-stage treatment was about 2.710 
times higher or similar to condition 4 without pH 
adjustment.

4) Considering economic and environmental feasi-
bility, the condition 8 (AS 1%) was verified as an 
appropriate additive that could be applied to the 
development of remediation technologies for pro-
cessing mining tailings in the sea areas.

5) When using AS, the extraction effect of harm-
ful heavy metals was apparently increased as the 
concentration increased, so it could be necessary 
to conduct a research to evaluate the extraction 
effect of harmful heavy metals using high con-
centrations of AS.

The results of this research will be usefully 
applied to process design and optimization as basic 
data presented prior to the development of remedia-
tion technologies in the future. The development of 
on-site treatment and disposal technology will also 
be continuously reported in connection with solidi-
fication or stabilization technologies to minimize 
the impact of fine particles on the marine envi-
ronment when the treated products would be dis-
posed of in the sea areas followed by remediation 
treatment.
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