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1

Preface

Global mercury contamination is an urgent matter for the international community. In 2003, the Global 
Mercury Assessment report noted significant adverse global impacts from mercury and its compounds and urged 
further international action. Due to its long-range atmospheric transport, its persistence in the environment and 
its significant negative impacts on human health, mercury accumulation and exposure have become global 
concerns, leading to adoption of the Minamata Convention on Mercury in 2015.  

Having entered into force in August 2017, the Minamata Convention aims to protect human health and the 
environment from anthropogenic emissions and releases of mercury. It restricts anthropogenic releases of 
mercury throughout its lifecycle, from mining, trade, usage, emissions and releases to storage and disposal. The 
Convention also highlights social issues related to mercury, such as vulnerable populations facing risks from 
mercury—particularly children and women of child-bearing age and the informal sector working in the field of 
artisanal and small-scale gold mining (ASGM). 

The international community has been working hard to comply with the measures established in the 
Convention. One of the remaining issues is how to certify long-term management of mercury waste as 
environmentally sound. There is estimated to be a large amount of surplus mercury in stocks around the world, 
and mercury waste generated unintentionally will continue to be emitted every year. Thus, proper management 
of mercury waste is the next big challenge for the Convention. Some countries, such as Japan and the EU have 
already legislated final disposal of mercury, but permanent mercury stabilization technologies are still new and 
need further development for certification of safe long-term storage in the environment. Enhancement of 
mercury waste management capacities in developing countries is also crucial.

In this Special Issue of Global Environmental Research, the latest research is reported by scientists and 
experts in the areas of mercury management, including the Secretariat of the Minamata Convention as well as 
government bodies and research institutes. What is unique about this Special Issue is that the ten manuscripts it 
presents cover a wide range of scientific and social aspects of mercury waste management, including analyses of 
mercury final disposal measures, long-term behavior of mercury in landfills, cognitive aversion to mercury, 
management of mercury-containing products, development of mercury thresholds, development of the 
Convention in the context of the Sustainable Development Goals (SDGs), implementation of the Convention 
and future challenges. I appreciate these experts for their efforts to provide valuable knowledge and expertise on 
this important matter, and hope that this information will facilitate global efforts to establish environmentally 
sound long-term management schemes for mercury waste.

July 2020
Guest Editor

Reiko SODENO

 (Shibaura Institute of Technology, Japan) 
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1. Introduction

The Minamata Convention on Mercury was agreed 
on by nations in 2013. After the convention enters into 
force, the utilization of metallic mercury will be restricted 
and appropriate and safe storage and disposal will be 
required to minimize mercury emissions into the 
environment. Fossil fuel (primarily coal) combustion and 
cement production processes are estimated to be the main 
sources of global anthropogenic mercury emissions to the 
atmosphere (Kim & Zoh, 2012; Zhao et al., 2019).  In 
Japan, mercury has mainly been emitted from waste 
incineration facilities; however, the amount of emissions 
was 5.44 tons/year in 2014 (Takiguchi & Tamura, 2018), 
much less than those of other countries around the world. 
According to a review by Tao et al. (2017), emissions 
from working faces in 10 landfills located in China, 
Korea and the USA are on the order of one to a thousand 
g/year, which may depend on differences in Hg content 
of received waste (0.0328–46.2 mg/kg). Immediately 
covering them with soil has been described as a strategy 
for emission control. Hg discharge with leachate from 
sites for landfilling municipal solid waste was also 

investigated by Chai et al. (2011) and Ilgen et al. (2008). 
Yanase et al. (2009) described long-term Hg behavior in 
a lysimeter filled with Hg-containing waste, i.e., used-
batteries and municipal solid waste. On the other hand, 
waste consisting of elemental mercury is never landfilled 
because elemental mercury can be recovered for resource 
use from the waste and its landfilling is discrouaged.  
Hence, the long-term behaviour of elemental mercury 
and its compounds when wastes with high concentrations 
of immobilized mercury are disposed of in landfills 
remains unknown.

International organizations and countries are 
developing regulations or guidelines for environmentally 
sound management of mercury waste. With regard to 
final disposal, elemental mercury waste in the EU can be 
permanently stored in geological repositories such as 
abandoned salt mines or hard rock (European Council, 
2008). The U.S. Department of Energy has already 
constructed an above-ground facility for storage of 
elemental mercury containers (Lee et al., 2012). In Japan, 
there has been discussion of the safe disposal of 
immobilized metal mercury in an engineered landfill if it 
satisfies certain criteria, e.g., regulation of leachability, 
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Abstract
A column leaching test was conducted for 258 days to demonstrate Hg emissions in an engineered 

landfill where stabilized and solidified mercury by using sulfur and a binder such as cement was disposed of 
under monofill conditions with a granite soil layer. Thermodynamical analysis considering leachate quality 
showed that the mercury in the leachate could be chlorides, indicating that the mercury in metacinnabar in 
stabilized/solidified products (below, s/s products) dissolved in percolation water. However, the gaseous and 
liquid emissions of soluble mercury were extremely low because of adsorption in the granite soil. Nearly all 
mercury released from the stabilized/solidified product into the soil stayed within 1.5 cm of the product. 
Mercury contents were greater in deeper soil than in upper soil layers. It seems that migration of Hg out of the 
columns was delayed due to absorption of mercury in the soil and moisture. Sulfur polymer effectively 
immobilized mercury than low-alkali cement. However, both s/s products could achieve effective containment 
of mercury-containing waste under monofill conditions with a mercury-adsorbing soil layer. It is important 
not only to achieve stabilization/solidification of mercury but also to install a mercury-adsorption layer 
surrounding the treated waste to minimize mercury emissions from landfills.
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4 M. SATO et al.

and mixed with a binder for solidification. Four types of 
stabilized/ solidified product (hereinafter called s/s 
products), were produced in the shape of cubes of about 
7.8 cm and named as SP, CA, CB and CB+ according to 
type of binder and amounts of components as shown in 
Table 1. Sulfur polymer was produced by mixing the 
components under decreased pressure in N2 gas at 130°C 
for 1 hour. Low-alkali cement cubes were produced with 
a curing period of 28 days. The mercury content in the s/s 
products was calculated by the amount of elemental 
mercury component during the sulfurization (shown in 
Table 1). The sulfur polymer was a binder which 
contained ~95% elemental sulfur (Rodríguez et al., 
2012). The low-alkali cement was composed of Portland 
cement, silica fume and fly ash (Codina et al., 2008; 
Mihara et al., 2008). The pH of the cement paste was 
lower than the equilibrium pH of portlandite. The two 
types of low-alkali cements (A and B) were commercial 
products and produced from different raw materials.

The mercury content of the SP (shown in Table 1) 
was slightly higher than that of the others because of the 
high metacinnabar content. The compounded amount of 
the components differed for each s/s product to facilitate 
comparison of the ability to bind mercury at the same 
ratio by weight of the binder and metacinnabar.

Decomposed granite soil was selected for the 
mercury-absorbing material due to its high permeability 
(2.3×10−5 m/s). The weight percentages of soil with 
particle sizes of less than 0.005, 0.005–0.075, 0.075–2 
and 2–75 mm were 3.8, 11.8, 51.2, and 33.2%, 
respectively. The maximum size of the soil particles was 
19 mm. The optimum moisture content was 13.4%.

2.2. Column Leaching Test
Considering safer landfilling of s/s products at an 

existing sanitary engineered landfill in Japan, we assumed 
the following landfilling conditions: The s/s product was 
filled above an old-waste layer that included organic 
waste, and was not mixed with other wastes; rainwater 
infiltrated under unsaturated conditions; the soil-
adsorption layer was placed around the s/s product; 
landfill gas migrated to the mercury-storage layer from 
the existing waste layer so that the conditions in the latter 

and is separated from other wastes. 
It is essential to control the mercury emissions from 

landfill bodies to the surroundings almost eternally, and 
appropriate treatment techniques are needed to 
immobilize mercury in a landfill. There are several 
mercury waste treatments which include mercury sulfide 
formation and a solidification method (UNEP, 2012; 
Donatello et al., 2012; López et al., 2015). As for 
stabilization/solidification processes, elemental mercury, 
which has high solubility and volatility, is reacted with 
sulfur powder to produce metacinnabar to reduce the 
mobility of the mercury by changing its chemical 
properties (UNEP, 2012). In addition, the stabilized 
mercury is mixed with a binder such as sulfur polymer to 
encapsulate and physically isolate it from the surrounding 
environment (UNEP, 2012; Rodríguez et al., 2012). A 
treatment technique for elemental mercury has been 
developed, with which leached and vaporized Hg 
concentrations from sulfur-polymer-treated waste 
containing mercury have been revealed to be at allowable 
levels and extremely low (Fuhrmann et al., 2002). 
However, these results were obtained under experimental 
conditions for assessing treatability. It is important to 
understand the behaviour of mercury in real landfilling 
situations in which both liquid and gas come in contact 
with the treated waste, i.e, under unsaturated percolation 
and landfill gas flow, from the point of view of 
identifying long-term mercury emissions, especially in 
post-aftercare. 

In this study, a column leaching test under simulated 
landfill conditions was conducted to clarify the release of 
mercury into the atmosphere and leachate, and to suggest 
appropriate landfilling of treated metallic mercury for 
safe management of its final storage and disposal.

2. Materials and Methods

2.1.  Stabilized/Solidified Products and Soil for the 
Column Leaching Test
As a pre-treatment of elemental mercury, 

metacinnabar was formed by reacting mercury (purity 
99.9%) and sulfur following the method shown by 
Fukuda et al. (2014). The product material was ground 

Table 1  Types of binders and components of the s/s products.

s/s 
product Type of binder

Component ratio by weight (%) Wp* MC**
Binder Water Mea Agantb (g) % w/w

SP Sulfur polymer 50 0 50 0 1509 43
CA Low-alkali cement “A” 40 20 40 0 1202 34
CB Low-alkali cement “B” 40 20 40 0 1145 34
CB+ Low-alkali cement “B” 40.8 18.3 40.8 0.2 1147 35

a: Metacinnabar (ground samples), b: Water-reducing agent for cement
* Weight of s/s product, ** Mercury content in the s/s product

佐藤.indd   4佐藤.indd   4 2020/07/30   17:46:102020/07/30   17:46:10



Emission Control of Mercury from Stabilized and Solidified Products under Monofill Conditions 5

layer became anaerobic. Figure 1 shows a schematic of 
one experimental column. The columns consisted of three 
main parts: a sprinkling device, column space for filling, 
and drainage. Each part was tightly sealed with a flange 
connection. Drops of water fell from the needles of the 
sprinkling device. A gas bag was connected to the vent 
hole of the sprinkling device to allow the gas pressure in 
the column to adjust to that of atmosphere. A Hg- 
adsorption tube containing a gold trap and air pump was 
connected to the vent hole to constantly circulate the 
gases and trap gaseous mercury in the top space of the 
column. The columns were set in a room with ambient 
temperature kept around 25 oC.

Decomposed granite soil was filled at a density of 
1,692 kg-dry/m3 above glass beads on the punched 
stainless-steel plate. The s/s product was placed at the 
center of the soil layer with a maximum thickness of 
15 cm. The top of the filling layer was covered with glass 
beads. The moisture content of the soil was adjusted to 
13.4% (OMC) before filling. 

Approximately 320 mL of degassed water was added 
once a day from the top of the column, so that the amount 
of infiltration per cross-sectional area of the column was 
about 4.5 mm/d, approximately corresponding to the 
average annual precipitation in Japan. Precipitation in a 
landfill cannot all percolate into the waste layer because 
of evaporation and run-off from the cover (Nakajima et 
al., 1991; Baccini et al., 1987). This experiment, 
however, assumed more Hg-leachable conditions. The 
cumulative amount of infiltration water per cross-
sectional area was 1,027–1,074 mm, depending on the 
column, at the end of the column leaching test (258 days). 
Aiming to create anaerobic circumstances in the columns 

and adjust the pH of the supplied water, L-cysteine and 
sodium hydroxide were added to the degassed water. 
Hence, the average quality of the supplied water was as 
follows: pH 7.5; Cl− concentration of 10.4 mg/L; and 
oxidation-reduction potential (Eh) of 28.4 mV. The 
leachate was kept constantly at a particular water level in 
the drainage system and smoothly collected, then stored 
in polypropylene bottles without exposure to air. The 
leachate weights were measured and their qualities were 
analyzed; the pH and Eh were measured by dedicated 
electrodes; concentrations of Ca2+, Cl−, SO4

2− were 
analyzed by ion chromatography and inductively coupled 
plasma atomic emission spectroscopy; and total mercury 
amounts in the leachate were measured by a direct 
thermal decomposition mercury analyzer (MA-3000, 
Nippon Instruments Corp., Tokyo, Japan).

As for simulating landfill gas exposure to the s/s 
products, 20 L of standard gas mixture was sent into the 
columns through the down vent hole. This ventilation 
was conducted 21 times during days 22–50 and 155–258 
of the column leaching test. The gas mixture was 
composed of 40% carbon dioxide, approx. 20 ppm 
hydrogen sulfide, and nitrogen (balance gas), chosen with 
reference to landfill gas concentration in anaerobic 
conditions (Nagamori et al., 2016; Kim et al., 2005; 
Gebert et al., 2011), except for CH4 gas which was 
considered not to affect the behavior of Hg.  Gas inside 
the soil layer was sampled via the sampling pipe and the 
composition of CO2, N2 and O2 by GC-TCD and H2S was 
measured by GC-FID. The gas in the upper part of the 
columns was constantly circulated by air pump so that 
gaseous mercury could be collected by the Hg adsorption 
tube (gold trap) installed in the upper vent hole of each 
column. The release rate was calculated by dividing the 
released Hg via leachate or gas by the initial amount of 
metallic Hg in each s/s product and the interval of 
sampling leachate or cumulative gaseous Hg.

After 258 days of the column leaching test, different 
zones of the granite soil were sampled from the columns 
at different depths. The zone surrounding the s/s product 
was less than 2 cm in thickness with an area of about 
100 cm2. The upper zone was at a depth of 0 to 2.5 cm, 
the lower zone was below the surrounding zone, at depth 
of 11.5 to 15.0 cm, and the horizontal zone was other 
bodies of soil at depths of 2.5 to 11.5 cm. The portions of 
the soil sampled from the columns, approx. 10 g each, 
were extracted using a solution containing nitric acid, 
sulfuric acid and potassium permanganate (30 g/L). The 
amount of Hg in the extract was analyzed using the 
mercury analyzer. Distributions of Hg in the granite soil 
were calculated by dividing amount of Hg in each part of 
the soil by the total Hg in all of the granite soil.

Fig. 1  Outline of the experimental column.
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6 M. SATO et al.

3. Results and Discussion

3.1.  Gas Composition in the Columns and Leachate 
Quality
Table 2 shows the range of gas compositions in the 

soil layer during gas ventilation. The CO2 concentrations 
were higher than the atmospheric composition, and O2 
gas also existed in the soil layer. After the gas 
replacement, the CO2 concentration in columns gradually 
declined. In contrast, the O2 concentration increased. No 
H2S gas was detected even just after the replacement. The 
solubility of CO2 and H2S gas in water are higher than 

that of O2 gas. It was thought that the CO2 and H2S gases 
were dissolving in the pore water. During times with no 
ventilation, the gas composition in the soil layer was the 
same as the atmospheric condition.

The ranges of leachate quality in each column are 
shown in Table 3. The pH of the leachates was almost 
stable and neutral. Figure 2 shows the Eh and 
concentrations of SO4

2−, Cl−, and Hg in the leachates. The 
Eh did not greatly change and ranged mostly from 400 to 
500 mV in each column because of the high concentration 
of O2 gas and insufficiency of reducing agents 
(L-Cysteine hydrochloride monohydrate and sodium 

Table 2  Gas composition in the soil layer during gas ventilation.

CO2 composition [%] O2 composition [%]
SP CA CB CB+ SP CA CB CB+

Minimum 5 2 4 2 4 5 3 6 
Maximum 26 24 27 21 16 19 17 15 
Average 14 9 13 11 10 12 10 10 

Table 3  Leachate quality in the column leaching test (“Ave” is average value during the test).

Cl– [mg/L] SO4
2– [mg/L] Ca2+ [mg/L] pH

Min Max Ave Min Max Ave Min Max Ave Min Max Ave
SP 11 54 15 31 194 62 11 71 20 5.6 6.5 6.1 
CA 7.8 15 13 33 182 133 30 66 53 5.6 6.7 6.2 
CB 7.8 13 12 25 106 63 14 28 26 5.6 6.7 6.2 
CB+ 9.3 13 12 41 129 56 13 35 23 5.5 7.3 6.2 
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2–, Cl–, Hg concentrations in the leachate during the leaching test.
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Emission Control of Mercury from Stabilized and Solidified Products under Monofill Conditions 7

hydroxide) in the supplied water. SO4
2− concentrations in 

the leachate from each column, except the SP column, 
increased during the periods of gas ventilation and 
gradually decreased in the other periods. High 
concentrations of SO4

2− in the leachate were detected in 
the CA column. The changes in Ca2+ concentrations were 
similar to those of SO4

2−. The concentration of Cl− in the 
leachate from the SP column initially rose to a maximum 
and then declined to the range of 12–15 mg/L. In other 
columns, the Cl− concentration increased from a 
minimum to a maximum as time went by. 

The change in Ca2+ and SO4
2− concentrations in the 

leachates of the CA, CB, and CB+ columns indicated 
dissolution of cement hydrates such as ettringite, 
including calcium and sulfate. Hydration of the low-alkali 
cement “A” was said the main cause of ettringite 
formation. The low-alkali cement “B” contained calcium 
silicate hydrates and a little ettringite (Hoshino et al., 
2014). Hence, the different SO4

2− concentrations in the 
leachates resulted from leaching of ettringite that seemed 
to decompose by carbonation during gas ventilation 
(Nishikawa et al., 1992). 

Hg concentrations in the leachate were higher than 
the limit for detection (0.03 μg/L) of Hg several times, 
never exceeding that for quantification (0.1 μg/L) in the 
analytical method used in this experiment. It is widely 
known that the leaching behavior of metacinnabar is 
affected by pH (Ravichandran et al., 1999). In addition, 
according to the pH–Eh diagram (shown by Gavis & 
Ferguson, 1972; Hem, 1970), the chemical form of Hg 
and its solubility in water depend on the presence of Cl 
and S and on the pH and Eh values. A thermodynamic 
analysis using software (FactSage) indicated that Hg in 

leachate could form chlorides (HgCl2, [HgCl4]2−) under 
these leaching test conditions ([Cl−] = 10−3.53 mol/L, 
[SO4

2−] = 10−2.82 mol/L, [Ca2+] = 10−2.7 mol/L). Hence, Hg 
leached from the s/s products and changed to chloride, 
which has higher solubility than metacinnabar.

The cumulative amounts of Hg in the leachates and 
gases are shown in Fig. 3. The amount of Hg released in 
the leachate increased prominently in the initial quarter 
term in which cumulative percolation was about 300 mm, 
except for the SP column. Hg was constantly released via 
gases thoroughout the days of the experiment. 

Table 4 shows the cumulative amount of Hg released 
in leachate or gas and adsorbed in the soil at the end of 
the column leaching test per the initial amount of metallic 
mercury in the s/s products. Emissions from the columns 
were extremely low, at a few ng/g, and almost the same 
via gas and leachate in any of the columns. On the other 
hand, the amount of Hg adsorbed by the soil was higher 
than that of the emissions and differed between the HgS-
binding sulfur polymer and low-alkali cement. 
Metacinnabar has low solubility (Drott et al., 2013), but 
Hg in leachate may have formed chloride, which has 
higher solubility, under the conditions in this column test, 
as mentioned above. It has been well observed that not 
only dissolution of soluble matter on the surface of a 
solid, especially a porous one, but also diffusion from 
inside to the surface of it contribute to leaching behavior.  
Gavis and Ferguson (1972) suggested that Hg forms 
hydroxide, which also has a higher solubility than 
metacinnabar, under the high pH and Eh of a system with 
S, Cl and Hg coexistence. The pH of the low-alkali 
cement is maintained at over 10, as Codina et al. (2008) 
showed, so more Hg may be diffused and dissolved from 

Table 4  Mercury release (ng/g) from s/s products under landfill conditions.

SP CA CB CB+

Emission from column Gas 0.85 2.4 2.2 4.5
Soluble 2.7 2.1 1.5 1.9

Adsorption in granite soils 5,660 122,000 39,200 55,900
Release from s/s products 5,664 122,004 39,204 55,906

Fig. 3  Cumulative amounts of Hg released from the column b via leachate (left) and evaporation (right).
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8 M. SATO et al.

the products of low-alkali cement than those of the sulfur 
polymer. Although the amounts of dissolved Hg from 
metacinnabar differed between the s/s products, the Hg 
emissions from the columns under the simulated landfill 
conditions were at the same level. This could be 
considered the result of adsorption in the soil.

Regarding the distribution of Hg in the granite soil at 
the end of the column leaching test (Table 5), 64% of 
mercury released from s/s product CB to the granite soil 
existed in the surrounding part within approx. 1.5 cm of 
the product, suggesting delayed migration of Hg by 
adsorption into the soil. The other 25.7% of the Hg was 
mobilized to the horizontal bulk parts. This indicates 
migration by diffusion. The upper and lower zones of s/s 
product CB over 1.5 cm from the products contained 
0.4 % and 9.9 % of Hg released to the soil from the s/s 
products, respectively. Similar results were also obtained 
from the column leaching test for s/s products SP, CA, 
and CB+. In terms of Hg content in each part of the soil 
(Table 5), the Hg content values were maximized in the 
surrounding soil within 1.5 cm of the s/s products. In 
addition, the Hg content tended to increase in the deeper 
zone of the columns. These results indicate that the soil at 
least 1.5 cm away from the s/s products was non-
saturated with Hg, although the strictly local soil might 
not be. Therefore, Hg leached from the s/s products 
seems to be slowly emitted from the columns due to 
repeated adsorption/desorption of soluble and gaseous Hg 
to/from the soils, and dissolution/evaporation of gaseous 
Hg to/from moist soils under conditions of unsaturated 
water flow. On the other hand, this Hg distribution among 
the three phases might change spatially and temporally, 
and the distributional variation more likely affects the 
temporal variation of Hg concentration than variations in 
pH and ion species in the leachates, as shown in Fig. 2. 
Moreover this variation results in increased release via 
leachates in the SP column, as shown in Fig. 3, but the 
Hg content of the soil was lower yet than in the other 
columns, as shown in Table 5: Thus soil has the potential 
for Hg adsorption. Therefore, it was thought that the 
release of Hg via the leachates could not constantly 
increase unless the metacinnabar in the SP leached 
dramatically.

Although discussion is needed on how much the 
amount of anthropogenic emissions affects the 
environment, selection of a stabilization/solidification 
method for waste mercury should also consider treatment 
costs and the containable amount per solidified volume. 
A higher Hg content per volume could lead to less space 
required and easier waste management in landfills.

For greater minimization of long-term mercury 
emissions from landfilling of s/s products, control of 
amounts of penetration should be discussed in terms of 
whether or not it would be effective at delaying migration 
of Hg via both leachates and gases.

4. Conclusions

In this study, a column leaching test for the solidified 
product of metacinnabar, which was obtained by 
stabilizing metallic mercury, was conducted in monofill 
conditions with a granite soil layer. With unsaturated-
water flow of 4.5 mm/day, the column entered condtions 
of oxidation with a natural pH. The results of 
thermodynamical analysis considering leachate quality 
show that the Hg in the leachate could be chlorides, 
indicating that the metacinnaber was soluble in pore 
water. However, the emissions of soluble Hg via leachates 
and gaseous Hg were extremely low because of Hg 
adsorption in the granite soil. Almost all Hg released 
from the s/s products existed in the soil within 1.5 cm 
away from it. Moreover, the deeper layers of soil 
contained more Hg than the upper ones. It seems that 
migration of Hg out of the columns was delayed due to 
adsorption/desorption of soluble Hg and dissolution/ 
evaporation of gaseous Hg between the soil, moisture, 
and pores in unsaturated water flow. The sulfur polymer 
immobilized Hg in the s/s product. However, both the 
sulfur polymer and low-alkali cement s/s products could 
achieve effective containment of mercury-containing 
waste under monofill conditions with a Hg-adsorbing soil 
layer. It is important not only to stabilize/solidify mercury 
but also to install a Hg-adsorption layer surrounding the 
treated waste to minimize Hg emissions from landfills.

Table 5  Distribution and content of Hg in soil in each zone at the end of the column leaching test.

Zone in column
Distribution of Hg (%) Hg Content (µg/g-wet)

SP CA CB CB+ SP CA CB CB+
Surrounding part*1 58 70 64 57 1.7 19.9 5.7 7.8
Upper part*2 0.5 0.1 0.4 0.6 0.008–0.011 0.018–0.033 0.016–0.054 0.023–0.232
Horizontal part *3 17 19 26 31 0.059, 0.066 0.53,1.1 0.32, 0.36 0.49, 0.81
Lower part*4 24 10 9.3 9.3 0.12–0.31 0.97–1.8 0.57–0.58 0.51–1.9

*1 within 1.5 cm of the s/s product, *2 at depths of 0–2.5 cm, *3 over 1.5 cm horizontally from the s/s product at depths of 2.5–11.5 cm, *4 depths of 
11.5–15.0 cm
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1. Introduction

In limiting the use of mercury by 2020, the 
Minamata Convention on Mercury has led to widespread 
decommissioning of mercury-based products, and a 
general increase in the disposal of hazardous mercury 
waste. Mercury is a toxic substance which is strictly 
regulated by environmental quality standards: in the final 
stages of disposal in landfill sites, waste mercury has to 
be stabilized in a sulfide form, and/or solidified with 
polymer or cement to minimize emission of the metal, 
through either leaching or volatilization. The containment 
performance in terms of both stabilization and 
solidification has been of great concern—in Japan, the 
leaching concentration from waste materials such as 
incineration bottom ash, incineration fly ash and crushed 
fluorescent lamps (mercury content < 10%) have been 
investigated. However, there have been limited findings 
on the leaching behavior of waste containing greater than 
10% mercury, as is the case with mercury metal waste; 
additionally, the vaporization of mercury has also yet to 
be sufficiently investigated in this context. To evaluate 
the long-term containment performance of mercury 
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Abstract
This study investigates the environmental safety of landfill sites in which mercury metal waste is 

disposed. Serial batch tests were conducted to evaluate the long-term leaching and volatilization rates of 
mercury waste stabilized in its sulfide form, and solidified using either a sulfur polymer or two different types 
of low-alkaline cement. Using measured mercury leaching and volatilization rates, numerical simulations 
were conducted to investigate the long-term behavior of mercury after its disposal in landfill sites. For 
leaching behavior, the concentration profiles of dissolved mercury accumulating in a drainage pipe at the 
bottom of a landfill site were calculated, while volatilization behavior was assessed by analyzing the gaseous 
mercury emissions from the final cover surface. The effects of covering the disposed mercury waste with 
either soil sorption layers or cut-off layers were evaluated through analysis of the calculated concentration 
profiles.

Key words :  final disposal, leaching, numerical simulation, volatilization, waste metal mercury

stabilization and solidification, serial batch tests were 
conducted using four stabilized mercury metal waste 
specimens which were solidified with different binding 
agents, and measuring the mercury leaching and 
volatilization rates over a period of 64 days. In addition, 
this study simulated the movement of emitted mercury 
through a landfill site, yielding cross-sectional 
concentration distributions: the concentration profiles of 
dissolved mercury in leachate accumulating in drainage 
pipes at the bottom of the disposal site were evaluated, 
along with gaseous mercury emitted from the surface of 
the final cover, and the effects of covering the bound 
waste with soil sorption and cut-off layers were clarified.

Based on the results, disposal strategies are discussed 
in terms of how well the different binding and disposal 
methods satisfy environmental quality standards.

2. Materials and Methods

2.1 Materials
According to previous studies, mercury metal waste 

stabilized as mercuric sulfide and solidified with sulfur 
polymer has a leaching concentration of < 0.005 mg/L, 
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fulfilling the Japanese waste acceptance criteria for 
controlled landfill sites. On the other hand, low-alkaline 
cement has been considered as an alternative binder with 
an aim at reducing mercury leaching. To prepare the 
testing materials, mercury metal waste with a purity of 
99.9% was first stabilized as mercuric sulfide, and then 
solidified with one of four binders, (1) sulfur polymer, (2) 
low-alkaline cement A, (3) low-alkaline cement B, and 
(4) low-alkaline cement B with a water reducing agent.

Low-alkaline cement A was a manufactured product. 
Low-alkaline cement B was prepared by mixing ordinary 
Portland cement, silica fume and fly ash in a 3: 2: 5 ratio. 
Sulfur polymer had been considered effective for 
reducing mercury leaching, but it was relatively 
expensive. This study aimed to investigate whether low-
alkaline cements A or B could exhibit the same 
performance as the sulfur polymer.

2.2 Serial Batch Leaching Tests
Serial batch leaching tests were conducted to 

measure the mercury leaching rate from stabilized, 
solidified mercury metal waste. The specimens used 
in these tests were diamond-cut into 2 cm cubes, then 
tied up with fluoroplastic string and suspended from the 
cap of a 200 mL bottle. Eighty-four mL of distilled 
water—3.5 times the surface area of the specimen—was 
injected into the bottle, and the suspended specimens 
were immersed in the water by replacing the cap. The 
bottles were placed in a temperature-controlled room at 
25°C, thereby commencing the serial batch leaching tests. 
The leaching liquids were exchanged with fresh distilled 
water after 1, 2, 4, 8, 16, 32, and 64 days, and the 
concentrations of dissolved mercury in the exchanged 
leaching liquids were measured. The leaching rate was 
calculated by,

jw,i = ci L
ti – ti – 1 S  (1)

where ti = elapsed time (day), ci = i-th mercury 
concentration (ng/m3), jw,i = i-th mercury leaching rate 
(ng/m2/day), L = liquid volume (m3), S = sample surface 
area (m2), and i = index of the fraction. The obtained 
leaching rates, jw,i, are related to the average elapsed time, 
ti, by,

jw,i = Kw ti  
– aw (2)

where Kw = initial leaching rate (ng/m2/day) and aw = the 
leaching parameter. ti was calculated by,

ti = (√ t̄i + √t̄i – 1

2 )2

 (3)

The fitting parameters Kw and aw can be evaluated by 
plotting the relationship between logarithmic jw,i and 
logarithmic ti. In the plotted graph, the value of Kw 
denotes the intercept, and the value of aw shows the slope. 
As reported by Sakanakura et al. (2009), aw can take 

values between 0.0 and 1.0: a value of 0.0 indicates that 
dissolution processes dominate leaching; at 0.5, leaching 
becomes diffusion-controlled (depending on the 
concentration difference between liquid and solid); and at 
1.0, leaching reaches chemical equilibrium.

2.3 Serial Batch Volatilization Tests
Serial batch volatilization tests were conducted to 

measure the volatilization rate of mercury from the 
stabilized and solidified mercury metal waste samples. As 
with the leaching tests, 2 cm sample cubes were used: 
these were placed in a 500 mL bottle, which was sealed 
with a cap equipped with two connectors for attaching 
silicon tubes. After the silicon tubes were closed with 
pinchcocks, the tests were initiated, maintaining a 
constant temperature of 25°C. The gases in the bottle 
were extruded using purified air after periods of 1, 2, 4, 8, 
16, 32, and 64 days, and gaseous mercury in the extruded 
mixture was absorbed onto gold amalgam: the mercury 
content in the amalgam was then measured to ascertain 
the quantity of volatilized metal. The volatilization rate of 
mercury was calculated by,

jg,i = 1 mi

ti – ti – 1 S  (4)

where mi = i-th mercury content in the gold amalgam 
(ng), and jg,i = i-th mercury volatilization rate (ng/m2/day). 
The obtained leaching rates, jg,i, were also related to the 
average elapsed time, ti, 

jg,i = Kg ti
–ag (5)

where Kg = initial volatilization rate (ng/m2/day) and ag = 
the volatilization parameter. The fitting parameters of Kg 
and ag were evaluated from changes in the mercury 
volatilization rate with the average elapsed time.

2.4 Numerical Simulations
A seepage analysis and advection-diffusion analysis 

were conducted to investigate the long-term behavior of 
mercury in landfill sites containing stabilized, solidified 
mercury metal waste. When the waste layer in a landfill 
site is assumed to be an isotropic porous medium, the 
velocity of water fluid flow is given by Darcy’s law:

uw = – krwK ( Δ

pw+ρwg

Δ

z)
ηw

 (6)

where uw = volumetric water velocity (m/s), ηw = water 
viscosity (= 1×10–3 Pa·s), krw = relative hydraulic 
conductivity, K = intrinsic permeability (m2), pw = water 
pressure (Pa), ρw = water density (= 1×103 kg/m3), and g = 
gravitational acceleration (= 9.81 m/s2). Thus, the equation 
governing seepage flow can be written as,

∂(ρwθw)  = 

Δ

∙[– ρw
krwK ( Δ

pw+ρwg

Δ

z)]∂t ηw
 (7)

where θw = volumetric water content. The gas flow 
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velocity was assumed to be negligible, as the gas pressure 
in the main waste layer where incineration ash is disposed 
is almost the same as the atmospheric pressure, and 
therefore the gas pressure gradient is regarded to be zero.

The transports of dissolved and gaseous mercury are 
formulated respectively as follows:

∂(cwθw) + Δ

[ − (Dw + θwDe)

Δ

cw + uwcw]
∂t

= θgKH (cg − Hcw)
−

ρdKd
∂cw

∂t

 (8)

∂(cgθg) + Δ

 (− θgDe

Δ

cg)
∂t

= θgKH (Hcw − cg)

−

ρdKd
∂cg

∂t

 (9)

where cw = dissolved mercury concentration (ng/m3), cg = 
gaseous mercury concentration (ng/m3), Dw = the water 
phase dispersion coefficient (m2/s) (Bear, 1972), De = the 
effective diffusion coefficient (m2/s), KH = the mass 
transfer rate (1/s), H = the dimensionless Henry constant, 
ρd = the dry bulk density (kg/m3), and Kd = the distribution 
coefficient (m3/kg). In equations (8) and (9), the first term 
on the right-hand side indicates the amount of material 
transferred between the water and gas phases due to 
dissolution and volatilization of mercury, and the second 
term on the right-hand side represents soil adsorption of 
both mercury and gaseous mercury. The set of equations 
(7) to (9) was numerically solved using COMSOL ver 
5.1.

The cross-sectional analysis domain of the modelled 
landfill site is shown in Fig.1. The stabilized, solidified 
mercury waste metal was assumed to take the form of 
1 m3 cubes. The entire array of mercury waste cubes was 
covered with a soil sorption layer, designed to slow the 
transport of emitted mercury. A drainage pipe was placed 
at the bottom of the analysis domain to accumulate 
leachate, and a final cover or cut-off layer to reduce 

rainfall permeation was placed on top. Figures 1(b) and 
1(c) show the initial and boundary conditions of the 
analysis: the boundary condition at the top of the domain 
indicates the rainfall intensity. For the first 10 years of the 
analysis, the rainfall intensity for the top boundary 
condition was considered to be 0 mm/y, as landfilling of 
the mercury waste would be carried out under a roof; at 
the end of the landfilling process, the roof would be 
removed, so in subsequent years, rainfall at the top 
boundary condition is considered to permeate the final 
cover with an intensity of either 600 mm/y or 60 mm/y. 
The different rainfall intensity values were used to 
evaluate the effects of using a cut-off layer covering the 
waste site, which would decrease the overall ingress of 
water into the landfill site. The measured leaching and 
volatilization rates of mercury were applied to the surface 
boundaries of the stabilized, solidified mercury metal 
waste. In this numerical simulation, effects of the soil 
sorption and cut-off layers on the concentrations of the 
dissolved mercury in leachate in the bottom drainage pile 
and gaseous mercury emitted from the final cover were 
investigated: the analytical conditions for these models 
are listed in Table 1.

Table 1  Analytical conditions.

Parameters Unit
Waste 
layer

Soil sorption 
layer

Porosity 1 0.3 0.3
Intrinsic permeability m2 1×10−12 1×10−12

Dry bulk density kg/m3 1,400 1,800
VG parameter, a 1/m 2 2
VG parameter, n 1 1 1
Long. dispersivity m 3 3
Trans. dispersivity m 1 1
Distribution coefficient mL/g 0 100
Henry constant 1 0.43 0.43

Note: Henry constant value from Andersson et al. (2008)
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Fig. 1   Analysis domain and conditions: (a) two-dimensional cross section of landfill, (b) initial and boundary conditions 
for seepage analysis, (c) initial and boundary conditions for advection-diffusion analysis.
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3. Results and Discussion

3.1 Mercury Leaching and Volatilizing Rates
Figure 2 shows the results of the serial batch 

leaching tests. As shown in Fig. 2(a), the sulfur polymer 
was found to be the most effective binder for reducing 
mercury leaching: in comparison, the amount of mercury 
leached when solidified with low-alkaline cement was 
more than 10 times higher. The inclusion of a water 
reducing agent had little effect on decreasing the amount 
of leached mercury. Figure 2(b) shows the measured 
leaching rates and results obtained by fitting with 
equation (2). There were significant differences between 
the initial leaching rates among the samples bound with 
sulfur polymer and low-alkaline cement A and B, and the 
leaching rates were observed to decrease over time in all 
cases. The mercury metal waste solidified with the sulfur 
polymer had a leaching parameter of 0.53, demonstrating 
that leaching was dominated by the inner diffusion effect. 
In contrast, the mercury solidified with either low-
alkaline cement (A or B) exhibited leaching parameters 
of 0.75–0.85.

Figures 2(c) and 2(d) show the results of the serial 
batch volatilization tests. As was the case for leaching, 
binding with the sulfur polymer yielded the lowest levels 
of mercury volatilization, and low-alkaline cement A was 
just as effective in preventing gaseous mercury emission. 
The cumulative amount of volatilized mercury from 
mercury waste solidified with low-alkaline cement B was 
about 10 times higher than that with either the sulfur 

polymer or low-alkaline cement A. As shown in Fig. 2(d), 
the volatilizing rates also decreased over time, as was the 
case for leaching. Their volatilizing parameters were 
0.75–0.85.

In Table 2, the results of the serial batch leaching and 
volatilization tests are summarized. Mercury leachability 
and volatility were defined by dividing the amounts of 
leached and volatilized mercury by the initial mercury 
waste content. The mercury metal waste solidified with 
the sulfur polymer exhibited extremely low volatility 
(1.19×10−8%) as well as extremely low leachability 
(7.45×10−8%). In contrast, the low-alkaline cements were 
not as effective in reducing mercury leachability, 6.68 
×10−6% and 3.64 ×10−5% for low-alkaline cements A and 
B, respectively. However, mercury solidified with low-
alkaline cement A restrained mercury volatilization as 
well as the sulfur polymer, whereas the rate of 
volatilization from cement B-bound mercury was roughly 
10 times higher.

The parameters shown in Table 2 were evaluated at 
25°C. The temperature in landfills may be elevated up to 
60°C by biological degradation of organic substances in 
the landfills. The elevated temperature will enhance the 
leaching and volatilization of mercury. In particular, the 
temperature effect on the volatilization rate is considered 
significant, so further studies will be essential.

3.2 Mercury Behavior in Landfill Sites
Figures 3(a) to 3(d) show contour maps of the 

concentration distributions of dissolved and gaseous 
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Fig. 2   Results of serial batch leaching tests and serial batch volatilization tests: (a) cumulative amount of 
leached mercury, (b) leaching rate, (c) cumulative amount of volatilized mercury, (d) volatilizing rate.
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mercury in a landfill site in the 12th year after deposition, 
using high rainfall intensity values (600 mm/y) after an 
initial 10-year period with no rainfall. In these models, 
the disposed mercury waste was solidified with sulfur 
polymer, and the mercury leaching and volatilization 
rates from the solidified surface were taken to be jw

SP = 
205t−0.53 and jg

SP = 34.2t−0.75, respectively (see Table 2). 
Significant effects of the soil sorption layer on the 

decrease in mercury concentration levels in the landfill 
were seen, as shown in Figs. 3(b) and 3(d).

In contrast, Figs. 3(e) to 3(h) show the results of 
modelling with lower intensity rainfall (60 mm/y) after 
the initial 10-year period: this lower rainfall intensity was 
used to simulate a cut-off layer covering the top of the 
landfill site, instead of a general final cover.
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Fig. 3   Concentration distributions of mercury leaching and volatilization from sulfur polymer-solidified mercury waste in the 12th year 
after deposition (rainfall intensity = 0 mm/y for 0–10 years and 600 mm/y or 60 mm/y for > 10 years): (a) dissolved mercury 
concentration without a sorption layer with 600 mm/y, (b) dissolved mercury concentration with a sorption layer with 600 mm/y, (c) 
gaseous mercury concentration without a sorption layer with 600 mm/y, (d) gaseous mercury concentration with a sorption layer 
with 600 mm/y, (e) dissolved mercury concentration without a sorption layer with 60 mm/y, (f) dissolved mercury concentration 
with a sorption layer with 60 mm/y, (g) gaseous mercury concentration without a sorption layer with 60 mm/y, (h) gaseous mercury 
concentration with a sorption layer with 60 mm/y.

Table 2  Summary of serial batch leaching and volatilization tests.

Name SP CA CB CB+

Binder for solidification Sulfur polymer Low-alkaline cement A Low-alkaline cement B Low-alkaline cement B 
& water reducing agent

Bulk density (kg/m3) 3,440 2,550 2,440 2,410
Hg content (mg/kg) 430,000 340,000 340,000 350,000
Hg leachability (%) 7.45×10−8 6.68×10−6 3.64×10−5 3.73×10−5

Hg volatility (%) 1.19×10−8 2.01×10−8 1.40×10−7 9.23×10−8

Hg initial leaching rate, Kw 205 7,640 95,500 58,300
Hg leaching parameter, aw 0.53 0.74 0.83 0.74
Hg initial volatilization rate, Kg 34.2 49.6 320 214
Hg volatilization parameter, ag 0.75 0.84 0.75 0.77
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3.3  Mercury Concentration Profiles in Leachate and 
Landfill Surfaces
Figure 4(a) shows the concentration profiles of 

mercury dissolved in leachate accumulating in the 
drainage pipe at the bottom of the landfill where SP-
solidified mercury metal waste was disposed. During the 
first 10 years, the concentration of mercury in the 
leachate was zero as, in the simulation, the landfill was 
covered by a roof, thereby preventing rainfall from 
reaching the surface. When the roof was removed (in the 
10th year after deposition), rainfall began permeate the 
landfill, and mercury leached from the solidified waste 
was flushed towards the drainage pipe; hence, the 
dissolved mercury concentrations were calculated to 
increase after 10 years. The presence of a soil sorption 
layer was calculated to be able to decrease the peak 
concentration and delay the onset of leaching, whereas 
the use of a cut-off layer led to a substantial increase in 
peak concentration. It is thought that the flow velocity of 
rainfall passing through the cut-off layer would slow, 
thereby increasing the water retention time, and as a 
result, a greater proportion of mercury leaching from the 
solid waste could be dissolved in water accumulating in 
the layer pores. While the cut-off layer increased the peak 
concentration, the overall mercury flux would decrease 
due to the lower flow velocity, which is a major factor in 
determining mercury transport rates.

Figure 4(b) shows the concentration profiles of 
gaseous mercury emitted from the landfill surface: the 
gaseous mercury concentrations were calculated to 
increase over time, even during the first 10 years (in 
which no rainfall was considered to penetrate the landfill). 

This is observed as gaseous mercury, which can be 
transported through pores by diffusion effects, even in the 
absence of water penetration. As was the case for mercury 
leaching, the soil sorption layer was also effective in 
decreasing the peak concentration of gaseous mercury 
and delaying its onset. It is noted that mercury sorption in 
this study is expressed by the equilibrium Henry model 
considering both adsorption and desorption, resulting in 
simulation of retardation transport not related with 
adsorption capacity.

The model showed that the use of a cut-off layer 
may decrease the peak concentration of gaseous mercury, 
despite its role in increasing mercury concentrations in 
leachate. Limiting the infiltration of rainfall using a cut-
off layer can prevent the accumulation of water in the 
landfill site, thus maintaining pore widths in the layers—
the gaseous mercury can then diffuse into these wide 
pores, which could lead to an overall decrease in the 
gaseous mercury concentration.

Figure 4(c) shows the fluxes of mercury dissolved in 
leachate accumulating in the drainage pipe at the bottom 
of the landfill. During the first 10 years, the flux of 
dissolved mercury in the leachate was zero because the 
landfill was covered. After 10 years, the dissolved 
mercury flux abruptly increased. Focusing on the effect 
of a cut-off layer, the presence of a cut-off layer can 
decrease the dissolved mercury flux. This effect on the 
flux differed from that on the concentration. The presence 
of the cut-off layer led the peak concentration to increase 
as shown in Fig. 4(a). Even if the concentration was 
increased due to the installation of the cut-off layer, the 
flow velocity transporting the dissolved mercury 
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Fig. 4   Effects of soil sorption layer and cut-off layer on mercury concentration profiles: (a) dissolved mercury concentration in leachate in the 
bottom drainage pipe, (b) gaseous mercury concentration at the landfill surface, (c) dissolved mercury flux, (d) gaseous mercury flux.
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decreased, so the flux also decreased. The installation of 
the cut-off layer was considered effective in reducing 
dissolved mercury emissions. On the other hand, the 
presence of the sorption layer affected the decrease in the 
flux of dissolved mercury over the simulation duration. 
The effect on the decrease was larger for the sorption 
layer than for the cut-off layer under the conditions of 
this analysis. The installation of the sorption layer was 
also effective in reducing dissolved mercury emissions.

Figure 4(d) indicates the fluxes of gaseous mercury 
emitted from the landfill surface. The presence of the 
sorption layer decreased the gaseous mercury flux. The 
flux could be kept to under 1×10−2 ug/m2/y over the 
simulation duration. In contrast, the presence of the cut-
off layer led the flux of gaseous mercury to increase 
slightly under these analytical conditions. When there 
was a cut-off layer covering the landfill surface, the 
amount of rainfall infiltration was limited. The degree of 
water saturation in the landfill decreased. Therefore, the 
effective diffusion coefficient of the gaseous mercury 
increased and the flux became large. Although installation 
of the sorption layer was effective in reducing gaseous 
mercury emissions, installation of the cut-off layer had no 
influence on reduction of the emissions.

Table 3 summarizes the results of the numerical 
simulations. The mercury metal waste solidified with 
low-alkaline cement B had a peak concentration of 
around 100 times higher than the sulfur polymer-
solidified waste. In Japan, the water quality standard for 
effluents from controlled landfill sites sets a limit of 
0.005 mg/L for mercury: when stabilizing waste mercury 
in its sulfide form and solidifying it with sulfur polymer, 
the mercury concentration in the leachate will be able to 
satisfy this quality standard; however, solidification with 
low-alkaline cement B was not found to satisfy the 
standard according to the calculations of this study. 
Moreover, the study indicates the necessity of installing a 
soil sorption layer to decrease peak mercury 
concentration.

3.4 Mercury Emissions from Landfill Sites
Finally, regarding the total amount of mercury 

emissions from landfill sites, Figs. 5(a) and 5(b) show the 

total amount of mercury emitted from the landfill. In 
these figures, mercury metal waste was solidified using 
sulfur polymer or low-alkaline cement B, respectively. A 
drastic difference between sulfur polymer and low-
alkaline cement B appeared in the total amount of 
mercury emissions. The total amount of emissions in the 
case of sulfur polymer was approximately 100 times 
smaller than in the case of low-alkaline cement B.

4. Conclusions

This study investigated the rates of leaching and 
volatilization of from mercury metal waste stabilized in 
its sulfide form and solidified with a sulfur polymer or 
low-alkaline cements. Numerical simulations were 
conducted to clarify the long-term behavior of mercury in 
landfill sites in which the stabilized, solidified mercury 

Table 3  Summary of numerical simulation results.
Leachate in drainage pipe Gas emitted from landfill surface

Binder Cut-off layer Sorption layer Time that peak 
appears (year)

Peak conc.  
(ug/L)

Time that peak 
appears (year)

Peak conc.  
(ug/L)

Low-alkaline  
cement B  

(CB series)

No No 12 94.4 12 30,900
No Yes 330 1.64 8,710 127
Yes No 30 195 32 30,300
Yes Yes 2,900 5.16 13,600 587

Sulfur polymer  
(SP series)

No No 12 0.62 12 380
No Yes 330 0.01 12,400 4.93
Yes No 31 1.28 29 297
Yes Yes 2,900 0.03 12,200 7.32
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Fig.5   Total amount of mercury emitted from a landfill with SP-
solidified or CB-solidified mercury metal waste disposal: (a) 
case of SP-solidified mercury metal waste, (b) case of CB-
solidified mercury metal waste
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waste was disposed. The following were found:
 —  According to the results of the serial batch leaching 

and volatilization tests, mercury waste solidified 
with the sulfur polymer presented excellent 
containment performance and the lowest leachability 
of the solidification materials used, 7.45×10−8%. In 
contrast, when mercury waste was solidified with 
low-alkaline cements, the leachability was ~100 
times greater.

 —  The sulfur polymer-solidified mercury waste also 
displayed the lowest volatilization, 1.19×10−8%. 
Low-alkaline cement A performed similarly to the 
sulfur polymer in containing gaseous mercury 
emissions, while volatilization from low-alkaline 
cement B-solidified mercury waste was ~10 times 
greater.

 —  According to the numerical simulation results, when 
stabilizing mercury metal waste in its sulfide form 
and solidifying it with sulfur polymer, the resulting 
mercury concentration in the leachate will be less 
than 0.005 mg/L, thereby satisfying the Japanese 
water quality standard for effluent from controlled 
landfill sites.

 —  When using low-alkaline cements as a solidification 
agent, the dissolved mercury concentrations in the 
leachate were calculated to exceed 0.005 mg/L. The 
use of a soil sorption layer covering the solidified 
mercury waste was found effectively to decrease the 
peak concentration; in comparison, the application 
of a cut-off layer covering the solidified waste may 
substantially increase the dissolved mercury 
concentration, but simultaneously decrease its flux 
(emission), thereby also lowering its overall 
transport rate.

 —  The total amount of mercury emissions depended 
significantly on the presence of a soil sorption layer 
and cut-off layer as well as types of binders to 
solidify the mercury metal waste. The most effective 
countermeasure for reducing mercury emissions was 
considered to be sandwiching sulfur polymer-
solidified mercury waste between sorption layers 
and covering the landfill surface with a cut-off wall. 
Numerical analysis will help us design the required 
geometry and material quality of the soil sorption 
layer, cut-off wall, and stabilized, solidified mercury 
metal waste.
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1. Introduction

Mercury (Hg) is a ubiquitous, naturally occurring 
element in the environment. Despite being an industrially 
valuable resource, Hg is a global pollutant that seriously 
affects human and ecosystem health (Driscoll et al., 
2013). Among Hg compounds, methyl Hg (MeHg) is the 
most toxic form, and can affect the central nervous 
system by crossing the blood-brain barrier. MeHg can 
also bioaccumulate and biomagnify in the food chain. To 
reduce the risks of Hg to humans and the environment, 
the Minamata Convention on Hg was adopted in 2013, 
entering into force in August 2017. Adequate 
management of Hg (especially MeHg) emissions into the 
natural environment is an urgent issue.

MeHg, the most potent mercury neurotoxin, is 
generated in the environment predominantly by anaerobic 
microorganisms (Parks et al., 2013; Poulain & Barkay, 

2013), although abiotic (chemical) Hg methylation is also 
possible if suitable methyl donors are present (Celo et al., 
2006). Microorganisms capable of Hg methylation 
include sulfate-reducing bacteria, iron-reducing bacteria, 
syntrophic bacteria and methanogenic archaea, which are 
distributed in diverse phylogenetic groups, such as 
δ-Proteobacteria, Firmicutes, Chloroflexi and 
Methanomicrobia (Compeau & Bartha, 1985; Kerin et 
al., 2006; Hamelin et al., 2011; Gilmour et al., 2013; Bae 
et al., 2014).

Mercury has been used in a wide range of industrial 
products such as batteries, paints, electrical and electronic 
devices, thermometers, fluorescent and energy-saving 
lamps. Consequently, wastes containing Hg used for 
industrial and domestic purposes are disposed in waste 
landfills. A previous study estimated that 11–24 tons of 
Hg are annually disposed of in landfill sites in Japan 
(Takaoka, 2015). Indeed, the occurrence of Hg in landfills 
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Abstract
Waste landfills are a potential mercury (Hg) sink due to disposal of wastes containing mercury. In 

addition, anaerobic environments created under the surface in landfills facilitate Hg methylation, which 
produces methyl Hg (MeHg), the most potent mercury neurotoxin. Although Hg methylation in the 
environment is primarily mediated by microorganisms, little is known about the occurrence of Hg-methylating 
microorganisms in landfills. Therefore, this study aimed to assess the potential of biological Hg methylation 
in waste landfills by applying a DNA-based monitoring tool. First, useful polymerase chain reaction (PCR) 
primers targeting hgcAB genes that are involved in Hg methylation were selected from previously-developed 
ones, and PCR detection conditions were optimized. Then, the occurrence of hgcAB genes was investigated in 
core samples collected from landfills in Japan. Among a total of 20 samples from five landfill sites, hgcAB 
genes were detected in five samples. In addition, the abundance of hgcAB genes was estimated in three of the 
five positive samples by most probable number-PCR. The results indicated not ubiquitous but only sporadic 
occurrence of biological Hg methylation potential in landfill sites even under anaerobic conditions favorable 
for Hg-methylating microorganisms.
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(Table 1). After selecting effective PCR primers, the PCR 
thermal profile, which consists of denaturation, annealing 
and extension steps, was optimized. The following four 
strains were obtained from culture collection in Japan, 
and applied as positive strains for PCR detection of 
hgcAB genes: Methanocella palundicola NBRC 101707T, 
Methanomethylovorans hollandica NBRC 107637T, and 
Methanospirillum hungatei NBRC 100397T, which are 
methanogenic archaea and were provided by NITE 
Biological Resource Center, Japan (Chiba, Japan); and 
Desulfosporosinus acidiphilus JCM 16185T, which is a 
sulfate-reducing bacterium and was provided by RIKEN 
BRC through the National Bio-Resource Project of the 
Ministry of Education, Culture, Sports, Science and 
Technology (MEXT), Japan (Ibaraki, Japan). DNA was 
extracted from each strain using Cica Geneus DNA 
extraction solution (Kanto Chemical, Tokyo, Japan). PCR 
amplification was performed using the T100 thermal 
cycler (Bio-Rad Laboratories, Hercules, CA, USA). The 
PCR products were analyzed by electrophoresis on a 
1.5% (w/v) agarose gel stained with SYBR Green I 
(Takara Bio, Shiga, Japan).

2.2  Detection and Quantification of hgcAB Genes in 
Landfill Samples
The following two investigations were conducted to 

analyze the occurrence of hgcAB genes at waste landfill 
sites. In the first investigation, 14 core samples collected 
from three landfill sites, H3S-2, Y2 and Y4, were used 
(Table 2), while six core samples collected from two 
landfill sites, A and B, were used in the second 
investigation (Table 3). Among them, landfill sites H3S-
2, A and B were municipal landfills, while landfill sites 
Y2 and Y4 were industrial landfills receiving incineration 
residues from municipal and industrial wastes. In 
addition, landfill sites Y2, Y4 and A had been closed 
before our investigations, while landfill sites H3S-2 and 
B had been in active service.

Total microbial DNA was extracted from landfill 
core samples of the first and second groups using ISOIL 
Large for Beads kit ver. 2 (Nippon Gene, Tokyo, Japan) 
and ISOIL for Beads Beating kit (Nippon Gene), 
respectively. All the extracted DNA was purified using 

has been reported in different countries (Ilgen et al., 
2008; Lee et al., 2016; Tao et al., 2017; He et al., 2018; 
Yang et al., 2018). Hg can be discharged via landfill gas 
and leachate, which may pose potential risks to humans 
and wildlife. In addition, methylation of Hg can occur in 
landfills owing to the anaerobic environment beneath the 
surface, which is favorable for Hg-methylating 
microorganisms. Indeed, the occurrence of MeHg in 
landfills has been observed in previous studies (Lee et al., 
2016; Tao et al., 2017; Yang et al., 2018). Nevertheless, 
there is still limited knowledge on the occurrence of Hg 
methylation in landfills. In particular, the distribution, 
diversity and dynamics of Hg-methylating 
microorganisms in landfills have hardly been investigated 
at all, despite such information being required not only to 
evaluate the potential of Hg methylation in landfills but 
also to control the potential risks associated with Hg.

Therefore, this study was conducted to assess the 
potential for biological Hg methylation in waste landfills 
in Japan by applying a DNA-based monitoring tool. The 
hgcAB genes were applied as the target genes for 
monitoring Hg-methylating microorganisms. These genes 
have recently been identified as involved in Hg 
methylation (Parks et al., 2013). The hgcA gene encodes 
the corrinoid protein that works as methyltransferase, 
while the hgcB gene encodes a 2[4Fe-4S] ferredoxin 
which plays as an electron donor required for corrinoid 
cofactor reduction. In this study, polymerase chain 
reaction (PCR) primers to detect hgcAB genes in 
phylogenetically-diverse Hg-methylating microorganisms 
were selected from previously-developed ones, and 
conditions for PCR amplification were optimized. Then, 
the occurrence of Hg-methylating microorganisms in core 
samples collected from several landfills in Japan was 
investigated by applying the optimized method.

2. Materials and Methods

2.1  Selection of PCR Primers and Optimization of 
PCR Conditions for hgcAB Gene Detection
To select PCR primers for selective detection of 

hgcAB genes, the effectiveness of two universal PCR 
primers that had been previously designed were compared 

Table 1  Comparison of previously-designed PCR primers targeting hgcAB genes.

Reference Primer sequence (5'-3')* Amplicon size (bp) Sequences used to design primers

Schaefer et al., 2014
hgcA_261F: CGGCATCAA YGTCTGGTGYGC
hgcA_912R: GGTGTAGGGGGTGCAGCCSGTRWARKT

~650
δ-Proteobacteria: 12
Firmicutes: 6
Methanomicrobia: 5

Bae et al., 2014
hgcA_F: GGNRTYAAYRTNTGGTGYGC
hgcB_R: CADGCNCCRCAYTCVATRCA

ca. 900

δ-Proteobacteria: 23
Chloroflexi: 1
Firmicutes: 6
Methanomicrobia: 10

*Degenerate nucleotide: D = A, G, T ;  K = G, T ;  N = A, C, G, T ;  R = A, G ;  S = C, G ;  V = A, C, G ;  W = A, T ;  Y = C, T.
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MagExtractor-PCR&Gel Clean-up kit (Toyobo, Tokyo, 
Japan). The hgcAB genes in the extracted DNA were 
detected by PCR amplification with the following 
optimized thermal profile: initial denaturation at 94°C for 
5 min; six cycles of denaturation at 94°C for 30 s, 
annealing at 60°C (touching down to 55°C with ‒1°C/
cycle) for 30 s and extension at 72°C for 1 min; 30 cycles 
of denaturation at 94°C for 30 s, annealing at 55°C for 
30 s and extension at 72°C for 1 min; and a final 
extension at 72°C for 5 min.

In addition to normal PCR detection, hgcAB gene 
abundance was determined by the most probable number-
PCR (MPN-PCR; Picard et al., 1992). MPN-PCR has 
been applied to quantify functional genes possessed by 
multiple microbial groups, such as nitrifying and 
denitrifying genes (Sang et al., 2008; Inoue et al., 2012), 
the methyl coenzyme M reductase gene associated with 
methanogenesis (Sang et al., 2009) and catabolic genes 
associated with degradation of aliphatic alkanes (Sei et 
al., 2003) and aromatic compounds (Sei et al., 2004). For 
quantification of hgcAB gene abundance by MPN-PCR, 
the extracted DNA was serially diluted 10-fold, and 
triplicate samples of each 10-fold dilution series were 

subjected to PCR amplification. The abundance of hgcAB 
genes was determined with Cochran’s table (Cochran, 
1950) based on the combination of positive numbers 
within triplicate samples of three consecutive dilution 
series.

3. Results and Discussion

3.1  Optimization of PCR Conditions for hgcAB Gene 
Detection
Among the two previously-designed PCR primers 

for detection of hgc genes (Table 1), the primer set 
[hgcA_261F, hgcA_912R] (Schaefer et al., 2014) targeted 
only the hgcA gene, and was designed based on the 
alignment of 23 hgcA gene nucleotide sequences 
including 12 from δ-Proteobacteria, six from Firmicutes 
and five from Methanomicrobia. The forward and reverse 
primers include low numbers (2 and 5, respectively) of 
degenerate nucleotides. However, the sequence of reverse 
primers has many mismatches to the aligned sequences, 
especially those from Firmicutes and Methanomicrobia, 
due to great diversity in the hgcA sequences. On the other 
hand, to avoid the problem for the reverse primer, the 

Table 2  Characteristics of landfill core samples analyzed in the first investigation.

Landfill site Sample No. Depth
(m)

Hg concentration 
(mg/kg) Main components hgcAB gene

H3S-2 71 ‒4.5 51.16 Metals ‒

Y2

74 ‒6.0 ND* Ash ‒
81 ‒6.7 7 Iron and steel slag +
88 ‒5.5 ND Ash ‒
90 ‒5.7 2 Ash ‒
91 ‒5.2 1 Ash ‒
99 ‒4.0 5 not determined ‒

104 ‒4.1 1 Solidified ash ‒

Y4

107 ‒0.8 4 Foundry sand +
108 ‒0.9 12 Foundry sand ‒
110 ‒0.6 ND not determined ‒
111 ‒1.2 8 Slag ‒
112 ‒1.4 12 Foundry sand ‒
113 ‒1.6 2 Mixed wastes ‒

* ND: not detected.

Table 3  Characteristics of landfill core samples analyzed in the second investigation.

Landfill site Sample No. Depth (m) Main component Hg concentration 
(mg/kg)

B 10 ‒9 ~ ‒10 Incineration residue, fiber 0.102±0.020
11 0 ~ ‒1 Incineration residue, sand 4.45±0.799
22 ‒1 ~ ‒2 Incineration residue 0.503±0.130

A 43 ‒7 ~ ‒8 Iron wire with much rust 18.6±0.935
53 ‒7 ~ ‒8 Tiny stones 0.143±0.037
63 ‒7 ~ ‒8 Stone, less brick 0.440±0.024
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forward and reverse primers were respectively designed 
in hgcA and hgcB genes in the other primer set [hgcA_F, 
hgcB_R] (Bae et al., 2014). This PCR primer set was 
designed based on the alignment of 50 sequences 
including 23 from δ-Proteobacteria, one from 
Chloroflexi, six from Firmicutes and 10 from 
Methanomicrobia. In addition, the forward and reverse 
primers include seven and six degenerate nucleotides, 
respectively, due to the sequence diversity and 
consequently they have no or only one mismatch to the 
aligned sequences. Because little information was 
available regarding microorganisms capable of Hg 
methylation in the landfill environment, the PCR primer 
set [hgcA_F, hgcB_R], which should detect more diverse 
hgc genes, would be appropriate to the objective of this 
study.

Therefore, PCR amplification of hgc genes with the 
selected primer set was performed using genomic DNA 
from four known hgc gene-carrying strains, M. 
palundicola NBRC 101707T, M. hollandica 
NBRC107637T, M. hungatei NBRC100397T and D. 
acidiphilus JCM 16185T. However, the anticipated 
amplicons of approximately 900 bp were not amplified 
with the PCR thermal profile described in Bae et al. 
(2014). Therefore, optimization of the PCR thermal 
profile, especially the annealing step, was conducted. 
Consequently, the anticipated amplicons of 
approximately 900 bp were detected from the four test 
strains with the optimized PCR thermal profile, and 
unspecific PCR amplicons were also detected (Fig. 1). 
Generation of unspecific PCR amplicons also indicated 

that purification of PCR amplicons with anticipated size 
(ca. 900 bp) may be needed for further analysis of 
sequence diversities. It was also indicated that the primer 
set applied here would not be suitable for real-time PCR 
quantification, and thus MPN-PCR, which can estimate 
the abundance of target genes independently from the 
generation of unspecific PCR amplicons, is suitable for 
quantification of hgc genes with the applied primer set.

3.2  Occurrence of hgcAB Genes in Landfill Samples 
(First Investigation)
To clarify the occurrence of Hg-methylating 

microorganisms in landfills and their relationship with 
the presence and level of Hg, the first investigation was 
conducted with 14 core samples collected from three 
landfill sites, H3S-2, Y2 and Y4 (Table 2). The hgcAB 
genes were detected in two samples, No. 81 from landfill 
Y2 and No. 107 from landfill Y4. The target genes were 
not found in the other 12 samples. It was quite surprising 
that hgcAB genes were not detected even in samples 
Nos. 108, 111 and 112. These three samples were 
collected from the same core sample as sample No. 107 
at similar depth (10 – 60 cm distance), and had higher 
concentrations of Hg than sample No. 107. In addition, 
hgcAB genes were not detectable even in sample No. 71 
from landfill H3S-2 which had the highest Hg 
concentration (51.16 mg/kg) among the 14 samples. 
Based on these results, it is suggested that the Hg 
methylation potential is inherent in the landfill 
environment, and that the occurrence of Hg methylation 
potential might not be necessarily correlated with the Hg 
pollution level.

3.3  Occurrence of hgcAB Gene in Landfill Samples 
(Second Investigation)
The second investigation of the occurrence of hgcAB 

genes in landfills was conducted with six core samples 
collected from two landfill sites, A and B (Table 3). The 
anticipated PCR amplicons of approximately 900 bp were 
detected in three samples, Nos. 43, 53 and 63, collected 
from landfill site A, but not in the other three samples 
collected from landfill site B. Although many unspecific 
PCR amplicons were also detected, they disappeared 
when the DNA extracts were serially diluted with 
ultrapure water prior to use in PCR amplification (Fig. 2). 
This confirmed that the PCR amplicons of approximately 
900 bp were derived from hgcAB genes, and consequently 
the occurrence of hgcAB genes in the three samples 
(Nos. 43, 53 and 63) from landfill site A. By contrast, the 
lack of detection of hgcAB genes in samples from landfill 
site B would be due to strongly basic conditions in this 
landfill site that are not favorable for survival of 
microorganisms. Based on the results of the first and 
second investigations, it is indicated that the hgcAB 
genes, namely the biological Hg methylation potential, 
occur not ubiquitously but sporadically in landfill sites.

M N A B C D

Fig. 1   Detection of hgcAB genes from 4 hcgAB gene-possessing 
strains by optimized PCR conditions. Lane M, 100 bp DNA 
ladder; Lane N, negative control; Lane A, M. palundicola 
NBRC 101707T; Lane B, M. hollandica NBRC 107637T; 
Lane C, M. hungatei NBRC 100397T; Lane D, D. 
acidiphilus JCM 16185T. Arrows in lanes A to D indicate 
the PCR amplicons with the anticipated size (ca. 900 bp).
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To estimate the abundance of hgcAB genes in the 
three positive samples, MPN-PCR was conducted. The 
results showed the abundance of hgcAB genes to be 
2.8×102 MPN-copies/g-wet in sample Nos. 43 and 63, 
and 2.9×104 MPN-copies/g-wet in sample No. 53 (Fig. 3). 
No clear correlation was found between hgcAB gene 
abundance and Hg concentration (Fig. 3, Table 3). Thus, 
it was suggested that the occurrence of hgcAB genes (Hg 
methylation potential) in landfills would not be affected 
by Hg pollution levels. A previous study applying another 
PCR primer set targeting hgcA genes also found no 
correlation between hgcA gene abundance and total Hg 
and MeHg contents in landfill core samples (Yang et al., 
2018). Similar results were obtained in an investigation 
of core samples collected from natural sediment and soil 
(Christensen et al., 2019). These previous findings 
corroborated the results of this study. Such lack of 
correlation would be reasonable, because known Hg-
methylating microorganisms are distributed among 
sulfate- and iron-reducing bacteria and methanogens, and 
their existence is primarily governed not by Hg pollution 
at low levels but by their fundamental growth parameters 
(e.g., carbon sources, nutrients, temperature, pH, salinity, 
etc.). By contrast, our results indicate that Hg methylation 
might occur at sites where both Hg and Hg methylation 
potential occur at certain high levels. To suppress 
biological MeHg production in waste landfills, it is of 
primary importance to dispose of Hg-containing wastes 
in a manner that avoids contact with Hg-methylating 
microorganisms (e.g., concrete solidification and separate 
landfilling). In addition, controlling environmental 
conditions in waste landfills to inhibit the growth and 
activity of major Hg-methylating microorganisms might 
be another way to mitigate biological MeHg emissions 

from previously disposed Hg-containing wastes.

4. Conclusions

The results of this study revealed the occurrence of 
hgcAB genes in some of the investigated landfill core 
samples. It was thus indicated that the potential for 
biological Hg methylation exists but is not ubiquitously 
distributed in landfill sites. However, given the 
heterogeneity of disposed wastes in waste landfills, the 
microbial community should differ not only vertically but 
also horizontally. Thus, further investigations of vertical 
and horizontal distributions would be needed to clarify 
the overall biological Hg methylation potential in a waste 
landfill. Evaluation of biological methylation potential by 
the DNA-based monitoring applied in this study, in 
combination with chemical analysis of Hg, could be 

M N P 10 102 103 104

Dilution ratio

Fig. 2   PCR detection of hgcAB genes from landfill sample No. 53. The extracted DNA from the sample was diluted 10-104-fold, and 
subjected to PCR. Lane M, 100 bp DNA ladder; Lane N, negative control; Lane P, positive control.
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Fig. 3   Abundance of hgcAB genes in six core samples from 
landfills A and B, estimated by MPN-PCR. ND: not 
detected.
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helpful in predicting the possibility of MeHg production 
in waste landfills.

However, the hgcAB gene monitoring tool applied 
here cannot provide information on the composition of 
Hg-methylating microorganisms directly. Hg methylation 
ability differs among Hg-methylating microorganisms 
(Gilmour et al., 2013). Thus, to evaluate the Hg-
methylation potential, including its strength, the 
abundance of each group needs to be differentially 
monitored. Thus, analysis of the composition in the PCR 
amplicon obtained by the method presented above or the 
combined use of group-specific hgcAB gene monitoring 
tools would be required in the future for more correct 
estimation of biological Hg methylation potential.

Acknowledgements
This study was supported by the Environment 

Research and Technology Development Fund (3K143002 
and 3K153004) of the Ministry of the Environment, 
Japan.

References
Bae, H-S., Dierberg, F.E. and Ogram, A. (2014) Syntrophs 

dominate sequences associated with the mercury methylation-
related gene hgcA in the water conservation areas of the Florida 
Everglades. Applied and Environmental Microbiology, 80, 
6517‒6526.

Celo, V., Lean, D.R.S. and Scott, S.L. (2006) Abiotic methylation 
of mercury in the aquatic environment. Science of the Total 
Environment, 368, 126‒137.

Christensen, G.A., Gionfriddo, C.M., King, A.J., Moberly, J.G., 
Miller, C.L., Somenahally, A.C., Callister, S.J., Brewer, H., 
Podar, M., Brown, S.D., Palumbo, A.V., Brandt, C.C., Wymore, 
A.M., Brooks, S.C., Hwang, C., Fields, M.W., Wall, J.D., 
Gilmour, C.C. and Elias, D.A. (2019) Determining the reliability 
of measuring mercury cycling gene abundance with correlations 
with mercury and methylmercury concentrations. Environmental 
Science and Technology, 53, 8649‒8663.

Cochran, W.G. (1950) Estimation of bacterial densities by means 
of the “most probable number.” Biometrics, March 1950, 
105‒106.

Compeau, G.C. and Bartha, R. (1985) Sulfate-reducing bacteria: 
principal methylators of mercury in anoxic estuarine sediment. 
Applied and Environmental Microbiology, 50, 498‒502.

Driscoll, C.T., Mason, R.P., Chan, H.M., Jacob, D.J. and Pirrone, 
N. (2013) Mercury as a global pollutant: sources, pathways, and 
effects. Environmental Science and Technology, 47, 4967‒4983.

Gilmour, C.C., Podar, M., Bullock, A.L., Graham, A.M., Brown, 
S.D., Somenahally, A.C., Johs, A., Hurt, R.A. Jr., Bailey, K.L. 
and Elias, D.A. (2013) Mercury methylation by novel 
microorganisms from new environments. Environmental Science 
and Technology, 47, 11810‒11820.

Hamelin, S., Amyot, M., Barkay, T., Wang, Y. and Planas, D. 
(2011) Methanogens: principal methylators of mercury in lake 
periphyton. Environmental Science and Technology, 45, 
7693‒7700.

He, C., Arizono, K., Ji, H., Yakushiji, Y., Zhang, D., Huang, K. and 
Ishibashi, Y. (2018) Spatial distribution characteristics of 
mercury in the soils and native earthworms (Bimastos parvus) of 
the leachate-contaminated zone around a traditional landfill. 

Science of the Total Environment, 636, 1565‒1576.
Ilgen, G., Glindemann, D., Herrmann, R., Hertel, F. and Huang, 

J.H. (2008) Organometals of tin, lead and mercury compounds 
in landfill gases and leachates from Bavaria, Germany. Waste 
Management, 28, 1518‒1527.

Inoue, D., Yamazaki, Y., Tsutsui, H., Sei, K., Soda, S., Fujita, M. 
and Ike, M. (2012) Impacts of gene bioaugmentation with pJP4-
harboring bacteria of 2,4-D-contaminated soil slurry on the 
indigenous microbial community. Biodegradation, 23, 263‒276.

Kerin, E.J., Gilmour, C.C., Roden, E., Suzuki, M.T., Coates, J.D. 
and Mason, R.P. (2006) Mercury methylation by dissimilatory 
iron-reducing bacteria. Applied and Environmental 
Microbiology, 72, 7919‒7921.

Lee, S.-W., Lowry, G.V. and Hsu-Kim, H. (2016) Biogeochemical 
transformations of mercury in solid waste landfills and pathways 
for release. Environmental Science: Process & Impacts, 18, 
176‒189.

Parks, J.M., Johs, A., Podar, M., Bridou, R., Hurt, E.A. Jr., Smith, 
S.D., Tomanicek, S.J., Qian, Y., Brown, S.D., Brandt, C.C., 
Palumbo, A.V., Smith, J.C., Wall, J.D., Elias, D.A. and Liang, L. 
(2013) The genetic basis for bacterial mercury methylation. 
Science, 339, 1332‒1335.

Picard, C., Ponsonnet, C., Paget, E., Nesme, X. and Simonet, P. 
(1992) Detection and enumeration of bacteria in soil by direct 
DNA extraction and polymerase chain reaction. Applied and 
Environmental Microbiology, 58, 2717‒2722.

Poulain, A.J. and Barkay, T. (2013) Cracking the mercury 
methylation code. Science, 339, 1280‒1281.

Sang, N. N., Soda, S., Inoue, D., Sei, K. and Ike, M. (2009) Effects 
of intermittent and continuous aeration on accelerative 
stabilization and microbial population dynamics in landfill 
bioreactors. Journal of Bioscience and Bioengineering, 108, 
336‒343.

Sang, N.N., Soda, S., Sei, K. and Ike, M. (2008) Effect of aeration 
on stabilization of organic solid waste and microbial population 
dynamics in lab-scale landfill bioreactors. Journal of Bioscience 
and Bioengineering, 106, 425‒432.

Sei, K., Inoue, D., Wada, K., Mori, K., Ike, M., Kohno, T. and 
Fujita, M. (2004) Monitoring behavior of catabolic genes and 
change of microbial community structures in seawater 
microcosms during aromatic compound degradation. Water 
Research, 38, 4405‒4414.

Sei, K., Sugimoto, Y., Mori, K., Maki, H. and Kohno, T. (2003) 
Monitoring of alkane-degrading bacteria in a sea-water 
microcosm during crude oil degradation by polymerase chain 
reaction based on alkane-catabolic genes. Environmental 
Microbiology, 5, 517‒522.

Schaefer, J.K., Kronberg, R-M., Morel, F.M.M. and Skyllberg, U. 
(2014) Detection of a key Hg methylation gene, hgcA, in 
wetland soils. Environmental Microbiology Reports, 6, 441‒447.

Takaoka, M. (2015) Mercury and mercury-containing waste 
management in Japan. Journal of Material Cycles and Waste 
Management, 17, 665‒672.

Tao, Z., Dai, S. and Chai, X. (2017) Mercury emission to the 
atmosphere from municipal solid waste landfills: A brief review. 
Atmospheric Environment, 170, 303‒311.

Yang, J., Takaoka, M., Sano, A., Matsuyama, A. and Yanase, R. 
(2018) Vertical distribution of total mercury and mercury 
methylation in a landfill site in Japan. International Journal of 
Environmental Research and Public Health, 15, 1252.

井上.indd   24井上.indd   24 2020/07/30   18:53:382020/07/30   18:53:38



Occurrence of Hg methylation genes in landfills 25

Daisuke INOUE

Daisuke Inoue is an associate professor in the 
Division of Sustainable Energy and 
Environmental Engineering, Graduate School of 
Engineering, Osaka University, Japan. He earned 
his Ph.D. in environmental engineering from 
Osaka University, in 2005. He majored in biological 
environmental engineering, and his research 

fields are relevant to the treatment of and resource recovery from wastes 
and wastewater; the remediation of polluted environments using biological 
functions including those of plants, microorganisms and their associations; 
and the monitoring of microbial community dynamics in the environment 
using culture-dependent and -independent molecular techniques.

Jing YANG

Jing Yang received her Ph.D. in environmental 
engineering at the Graduate School of 
Engineering, Kyoto University, Japan in 2018. 
She has worked at the School of Geographic 
Science, Nantong University, China as an 
associate professor since 2019. Her research field 
is mercury behavior in municipal waste and 

incineration residuals. Her current research interests are the separation and 
recovery of mercury from spent fluorescent lamps and the removal of 
mercury from flue gas using activated coke.

Kazunari SEI

Kazunari Sei is a professor of environmental 
hygiene at the School of Allied Health Science 
and the Graduate School of Medical Sciences, 
Kitasato University, Japan. He received his Ph. D. 
from Osaka University in 2001. His research field 
is environmental engineering, and he has been 
working on monitoring specific bacteria in natural 

environments, wastewater treatment plants, waste landfill sites and the 
aquatic plant rhizosphere. Currently he is working on monitoring 
antimicrobial resistant bacteria and their genes, and vectors of infectious 
diseases in aquatic environments. He is director of general affairs of the 
Japan Society on Water Environment.

(Received 10 December 2019, Accepted 16 May 2020)

Tomonori ISHIGAKI

Tomonori Ishigaki is a senior researcher at the 
National Institute for Environmental Studies. He 
serves as an editorial board member for the 
emission factor database and lead author of the 
Guidelines for National Greenhouse Gas 
Inventories for the Intergovernmental Panel on 
Climate Change. He is also serving as a member 

of the Technical Committee (Solid Recovered Fuels) of International 
Organization for Standardization. His published works cover subjects such 
as the mechanism of waste conversion in landfills, technology development 
for emission reduction from landfills, assessment of the fate of hazardous 
substances in the environment, and appropriate management of solid waste 
in urban areas of Asia to prevent urban floods.

Masaki TAKAOKA

Masaki Takaoka is a professor in the Department 
of Environmental Engineering, Graduate School 
of Engineering, Kyoto University, Japan. He is a 
member of the Minamata Convention Group of 
Technical Experts on Mercury Waste Thresholds 
and a resource person under the UNEP Global 
Mercury Partnership―Waste Management 

Partnership Area. His main research subject is management and treatment 
of solid waste. He is particularly interested in controlling toxic substances 
such as heavy metals including mercury, persistent organic pollutants and 
radioactive nuclides in waste treatment processes and waste-to-energy 
projects.

井上.indd   25井上.indd   25 2020/07/30   18:53:392020/07/30   18:53:39



Preface-24-1.indd   2Preface-24-1.indd   2 2020/07/30   17:54:492020/07/30   17:54:49



27

1. Introduction

The Minamata Convention on Mercury entered into 
force on 16 August, 2017 to protect human health and the 
environment from anthropogenic emissions and releases 
of mercury and mercury compounds (Art. 1) (UNEP, 
2019). Mercury wastes are substances or objects in a 
quantity above the relevant thresholds and should be 
managed in an environmentally sound manner (ESM), 
taking into account the Basel Technical Guideline and 
requirements in an additional annex adopted by the 
Conference of Parties (COP) (Art. 11, para. 2 & 3) 
(UNEP, 2019). The entry into force of the Convention has 
changed the supply-demand balance worldwide, notably 
decreasing the demand for mercury. Inevitably, there will 
be an excess of mercury recovered from mercury wastes 
and industrial processes. Herein, the amounts of excess 
mercury worldwide and in Japan are estimated to reach 
24,000 to 25,000 and 600 to 1,400 metric tons, 
respectively, by 2050 (Sodeno & Takaoka, 2017). A 
variety of concepts, considerations, operations and 
combinations of these are available depending on the type 
and source of mercury wastes and the situation of each 
country. As an example, long-term storage, not disposal, 
of commodity grade mercury in warehouses with safety 
measures is ongoing at the Hawthorne Army Depot in 
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Nevada, U.S. (UNEP, 2015). On the other hand, mercury 
waste is being disposed of for permanent storage in 
underground salt mines at depths of 500 to 800 meters 
away from the biosphere, e.g., Herfa-Neurode in Hessen, 
with natural and artificial barriers in Germany (UNEP, 
2015). Japan has also taken a defense-in-depth approach, 
which is purification, stabilization and solidification of 
mercury wastes similar to Spain’s sulfur polymer 
stabilization/solidification (SPSS) (Fuhrman et al., 2002).  
The stabilized and solidified mercury is disposed of in a 
specially engineered landfill (SEL), which has been 
mandated by an enforcement order of the Waste 
Management and Public Cleansing Law since October, 
2017 in Japan.  

The recovery (purification) of elemental mercury 
from mercury wastes is performed through thermal 
treatment, e.g., a multiple-hearth furnace (Murase & 
Matsubara, 2013) or rotary kiln (Hawk & Aulbaugh, 
1998), due to its low boiling point, 356.73°C/629.88 K 
(Lide, 1999). The elemental mercury kicked out from the 
wastes into the gas phase is recovered in a cooled 
condenser and further purified by successive distillation.

Chemical stabilization of recovered elemental 
mercury is plausible because of its unique nature, the 
only metal that exists as a liquid at room temperature and 
low boiling point. Elemental mercury is chemically 

Global Environmental Research
24/2020: 027-033
printed in Japan

©2020 AIRES

kusakabe.indd   27kusakabe.indd   27 2020/07/30   14:44:082020/07/30   14:44:08



28 T. KUSAKABE and M. TAKAOKA

stabilized via sulfurization, selenization, amalgamation, 
etc. (Hagemann, 2009). Sulfurization of metallic mercury 
with sulfur powder proceeds spontaneously at room 
temperature.  Mercury sulfide (cinnabar, α-HgS and 
metacinnabar, β-HgS) is a stable and water-insoluble 
mineral, and an increase of excess sulfur worldwide is 
also expected due to IMO regulation on SOx emissions 
from fuel oil (IMO, 2016).  Mercury selenide (tiemannite, 
HgSe) is also a very stable and water-insoluble mineral, 
but its formation reaction cannot proceed at room 
temperature and the toxicity of selenium itself is a 
concern. Mercury can make an alloy (amalgam) with 
several metals, e.g., zinc, copper or gold. However, the 
vapor pressure of mercury of those amalgams is not so 
low even after amalgamation compared to that of 
elemental mercury, and some of the counter metals are 
expensive. Accordingly, sulfurization has been the main 
technology adopted for chemical stabilization. We 
investigated the feasibility of gas phase sulfurization of 
elemental mercury and also wet sulfurization in water for 
a mercury compound compared to our past research on 
dry mechanochemical sulfurization using a planetary ball 
mill for elemental mercury (Fukuda et al., 2014 and 
Nakamura et al., 2017).

Cement/mortar/concrete (Nakayama et al., 2015), 
asphalt/bitumen (Wati et al., 1992) and thermoplastic/ 
thermosetting resins (Ito et al., 1984) have been widely 
used as solidification materials for radioactive waste with 
pros and cons, and they are also thought to be applicable 
to sulfurized mercury. Modified sulfur, synthesized by 
modifying sulfur with dicyclopentadiene (DCPD) etc., 
was adopted in Japan as the sole solidification material in 
the Guidelines on Mercury Wastes to satisfy certain 
testing standards, e.g., compressive strength and 
leachability, (Ministry of the Environment, 2017). We 
have been developing a solidification method using a 
thermosetting and impervious epoxy resin for sulfurized 
mercury comparable to DCPD-modified sulfur 
solidification (Uenishi et al., 2018). The relevance of 

solidification of sulfurized mercury using cement, DCPD-
modified sulfur and epoxy resin as solidification materials 
was investigated at the laboratory scale. The objective 
herein was to demonstrate our laboratory-scale 
sulfurization and solidification technologies for wastes 
consisting of elemental mercury. A cement/mortar/ 
concrete solidification method was newly developed in 
this research, and other methods for sulfurization and 
solidification were developed and are summarized here.  

2. Materials and Methods

2.1 Sulfurization
2.1.1 Gas Phase Sulfurization

The reaction between mercury (99.5%, Wako) and 
sulfur (98%, Nacalai Tesque) in the gas phase proceeded 
in a vertical tubular electric furnace (FT-POT300-VAC, 
Full-Tech) at high temperatures (Fig. 1). The inside 
dimensions of the furnace were 20 cm D×40 cm H (ca. 
12.6 L). This gas phase sulfurization was examined by 
optimizing operating factors such as input molar ratio (S/
Hg) of sulfur to mercury (1.05, 1.25, 1.50), temperature 
(500 °C and 600 °C) and reaction time (0.5 h and 1.0 h) 
(Hamaguchi et al., 2013). The initial input mercury 
amount was set at 40.00 g, and the internal total and O2 

partial pressures were 1.5×103 Pa and 100 ppm O2, 
respectively. After the reaction, the gas inside the vessel 
was drawn from the gas outlet of the vessel into an 
impinger filled with 1 M NaOH (as an SO2 absorber), 
following two impingers with 0.01 M KMnO4 with 3% 
H2SO4 using a suction pump at 0.9 L/min for 22 min.  
After trapping, the mercury concentration in the KMnO4 
solutions was determined according to JIS K 0222.  
2.1.2 Wet Sulfurization in the Water Phase

The sulfurization of mercuric chloride (99.5%, 
Wako) proceeded with sodium sulfide (98%, Wako) in a 
5-L stainless beaker. HgCl2 was dissolved into 4.00 L of 
pure water or 0.1 mol/L sulfuric acid solution with an 
initial mercury concentration of 1,000 mg Hg/L.  
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Fig. 1  Vertical tubular electric furnace for gas phase sulfurization.
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Following pH adjustment to 7.0 using NaOH or Ca(OH)2, 
a 10w/v% Na2S solution was added at a molar ratio 
(S/Hg) of 1.10, and then the excess sulfide was removed 
by adding a 10w/v% solution of iron (II) sulfate 
(99%–102%, Wako). Coagulation was performed to 
collect the sulfurized products in the water phase using a 
10w/v% aluminum sulfate (>85%, Wako) as a coagulant.  
Durations of rapid- and slow-mixings and settlement 
were 3, 15 and 10 min respectively. The final products 
were obtained by 1.0-μm membrane filtration and dried 
at 60°C for 48 h (Miyahara et al., 2017). 
2.1.3 Dry Mechanochemical Sulfurization

A mechanochemical reaction between elemental 
mercury (99.99%, Nomura Kohsan) and sulfur powder 
(98%, Nacalai Tesque) was attained using a planetary ball 
mill (BX382, Kurimoto) with two reaction vessels and 
25-mm balls. The sulfur powder was added to 1,152 g of 
elemental mercury at a molar ratio (S/Hg) of 1.05 in a 
2,400-mL vessel, accordingly 2,304 g of metallic mercury 
per batch. The operating conditions were ball filling ratio: 
30%, centrifugal acceleration: 30×G and reaction time: 
60 min (Nakamura et al., 2017). Dry mechanochemical 
sulfurization was conducted eleven times (i.e., in 
22 vessels) to evaluate its repeatability.

Sulfurized mercury for examination of cement/
mortar/concrete solidification was synthesized using 
a planetary mono mill (Pulverisette-6, Fritsch).  The 
leaching value by Japanese leaching test 46 (JLT-46) and 
mercury concentration in the headspace were 0.06 μg/L 
and 1.0 μg/m3, respectively (Fukuda et al., 2014).

2.2 Solidification
2.2.1 Cement, Mortar and Concrete Solidifications

The sulfurized mercury was solidified using a 
cement, mortar and concrete. Ordinary Portland cement 
(Taiheiyo Cement), sand as a fine aggregate (Japan 
Cement Association) and gravel as a coarse aggregate 
(Yura River, Japan) were used as solidification materials 
and mixed with sulfurized mercury and water using a 

mixer (KC-8, Kansai Kiki) at a water-cement ratio (w/c) 
by weight of 50% (Table 1). Fresh mix was poured into a 
mold (50 mm D×100 mm H) and immediately placed in a 
temperature and humidity-controlled chamber (25°C and 
60%RH) for 24 h. After demolding, membrane curing 
was conducted for the cylindrical specimens for 55 days. 
Materials recovered after a compressive strength test 
were put through a Japanese standard leaching test, JLT-
13, within a few days.  
2.2.2 Modified Sulfur Solidification

Sulfur powder was melted at 135 °C for 10 min in a 
mixer (HIVIS MIX 2P-1, PRIMIX), and modified by 
adding dicyclopentadiene (DCPD) as a modifier to 5wt%.  
After replacement of air by nitrogen gas inside a vessel, 
the modification reaction proceeded by mixing at 50 rpm 
and 135°C for 1 h. The modified sulfur was cooled at 
room temperature for 24 h and then powdered using a 
stamp mill (ANS-143, Nitto Kagaku).  

The modified sulfur was melted in the mixer at 
130°C for 10 min and mixed with sulfurized mercury at a 
weight ratio of sulfurized mercury to modified sulfur of 
50%. After gas replacement as before, the ingredients 
were mixed at 50 rpm and 130°C for 1 h. The mixture 
was poured into the mold and allowed to cool at room 
temperature for 24 h. (Uenishi et al., 2018). When 
transferring the melted product from the mixer to the 
mold, the mercury concentration in the working 
environment was directly monitored using a portable 
mercury survey meter (EMP-2, Nippon Instruments).  
2.2.3 Epoxy Resin Solidification 

Two bisphenol A (BPA) epoxy resins and four curing 
agents (amines) were selected to explore the optimum 
mixing ratio, eight combinations in total, in this research. 
A liquid epoxy resin (jER 828) and a curing agent (jER 
ST12) were purchased from Mitsubishi Chemical. A low-
viscosity liquid epoxy resin (diluted jER 828) and curing 
agents (J-882, B-2413, X-7000) were obtained from 
Daito Sangyo. The mix ratios were calculated based on 
the epoxide equivalent weight (EEW) of the epoxy resins 

Table 1  Mix proportions for cement, mortar and concrete solidifications.

Material w/c HgS (%) HgS (g) Cement (g) FA (g) CA (g) Water (g)

Cement

0.50
20 200 800 - - 400
40 400 600 - - 300
60 300 200 - - 100

0.60
20 200 800 - - 480
40 400 600 - - 360
60 600 400 - - 240

Mortar 0.50
5 60 400 740 - 200

10 120 400 680 - 200
20 240 400 560 - 200

Concrete 0.50
5 75 250 425 750 125

10 150 250 350 750 125
w/c: a water-cement ratio by weight, FA: fine aggregate, CA: coarse aggregate.
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and the amine hydrogen equivalent weight (AHEW) of 
the curing agents. The epoxy resin, sulfurized mercury 
and curing agent were mixed in a plastic beaker by hand 
or agitator (BLh300, Shinto Scientific) at weight ratios of 
sulfurized mercury of 0%, 50%, 60%, 70%, 80% and 
90% against the epoxy resin and curing agent. The 48 
combinations (eight epoxy resins and six weight ratios of 
sulfurized mercury) were finally examined. The mixtures 
were poured into the mold and cured at 40°C for 16 h 
(Uenishi et al., 2018).  

2.3 Testing and Analytical Methods
2.3.1 Compressive Strength

The testing method for the compressive strength of 
concrete (JIS A 1108:2018) was applied to specimens 
solidified in the mold (50 mm D×100 mm H). A 
minimum compressive strength of 0.98 MPa is required 
as a landfill standard in Japan.  
2.3.2  Japanese Standard Leaching Tests (JLT-13 and 

JLT-46)
The JLT-13 test is designed to evaluate the 

leachability from industrial wastes compared to landfill 
standards by a single batch extraction. Solidified 
specimens were pulverized into 0.5–5 mm and mixed 
with water at a liquid to solid ratio (L/S) of 10. Following 
shaking at 20 °C for 6 h, the liquid extracts were obtained 
by 1.0-μm membrane filtration and the dissolved mercury 
concentration determined using a reducing-vaporization 
mercury analyzer (RA-4300, Nippon Instruments). The 
landfill standard for mercury and its compounds is 5 μg/L 
or less in Japan.

JLT-46 is a test method to judge whether the 
environmental standard for soil is met or not. JLT-46 is 
similar to JLT-13, but the sample size (less than 2 mm) 
and pore size (0.45 μm) of the membrane filter differ. 
Japanese environmental standard for mercury and its 
compounds in soil is 0.5 μg/L or less.
2.3.3 Headspace Test

The mercury concentration in the headspace above 
the samples (sulfurized mercury and sulfurized/solidified 
mercury) was determined using continuous mercury 
analyzers (MS-1A/DM-6B or WLE-8/EMP-2, Nippon 
Instruments) (Fukuda et al., 2014). The headspace 
concentration of mercury for stabilized/solidified mercury 
wastes is not regulated in Japan, so the provisional 
regulatory standard of the EU (3 μg/m3)—the limit of 
detection of a used analytical instrument (BiPRO, 
2010)—and the working environment evaluation standard 
for mercury in Japan (25 μg/m3) were referred to as 
temporal criteria in this research.
2.3.4 Tank Leaching Test

The Japanese tank leaching test is a diffusion test to 
evaluate the leaching behavior from monolithic 
specimens using a single static-tank leaching procedure 
(Ministry of Construction, 2000). After allowing the tank 
to stand at 20 °C for 28 days, the mercury concentration 

in the 0.45-μm membrane filtered samples was 
determined using the RA-4300.
2.3.5  Powder X-ray Diffraction (XRD) and Rietveld 

Refinement
The XRD (Cu-Kα1) pattern of the sulfurized products 

was obtained using an X-ray diffractometer (RINT-
UltimaPC, Rigaku), and its Rietveld refinement was 
conducted to quantitatively calculate the percentage of 
cinnabar and metacinnabar in the sulfurized mercury.

3. Sulfurization

3.1 Gas Phase Sulfurization
Recovered mercury ranged from 60%–70% on 

average, and sulfurized mercury existed mainly as 
cinnabar in the products of gas phase sulfurization. The 
results of gas phase sulfurization are shown in Tables 2 
and 3 (Hamaguchi et al., 2013). When the mix ratio of 
S/Hg was set to 1.05 and 1.50 at 500/600 °C for 1.0 h, 
the resulting products satisfied the environmental 
standard for soil under JLT-46. However, the case in the 
condition of S/Hg = 1.25 did not satisfy it. The 
mercury concentrations in the headspace of the resulting 
products were below the EU’s provisional regulatory 
standard (3 μg/m3) when S/Hg was 1.25 at 500/600°C 
and when S/Hg was 1.50 at 500°C for 1.0 h, whereas 
the others exceeded the standard. As a result, our gas 
phase sulfurization was a little unstable, but the properties 
of the resulting products were comparable to DELA’s 
assessment, in which the leaching value was less than 
50 μg/L (9 μg/L on average) by German DEV S4/ DIN 
38 414-4 and the mercury vapor pressure was below 
3 μg/m3 (Hagemann, 2009).

The mercury concentration within the vessel after 
the reaction (157–389 μg/m3) was one order of magnitude 

Table 2   Leaching values (μg/L) of resulting products in gas phase 
sulfurization by JLT-46 (mean ± SD, N = 3).

Reaction time (h) 0.5 1.0

Temperature (°C) 500 600 500 600

S/Hg

1.05 8.42 ± 0.63 8.75 ± 0.20 0.32 ± 0.00 0.24 ± 0.01

1.25 7.86 ± 0.04 6.62 ± 0.14 1.23 ± 0.06 0.68 ± 0.05

1.50 6.10 ± 0.34 4.25 ± 0.02 0.06 ± 0.00 0.20 ± 0.00
Underlines indicate values below the environmental standard (0.5 μg/L).

Table 3   Mercury emissions (μg/m3) from resulting products in gas 
phase sulfurization.

Reaction time (h) 0.5 1.0
Temperature (°C) 500 600 500 600

S/Hg
1.05 32.9 39.9 35.8 56.9 
1.25 54.9 30.7 1.6 0.8 
1.50 4.3 9.8 1.6 21.0 

Underlines indicate values lower than 3 μg/m3.
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higher compared to the working environment evaluation 
standard for mercury in Japan (25 μg/m3). Under these 
circumstances, leakage of mercury from the vessel 
becomes a big concern in gas phase sulfurization.

3.2 Wet Sulfurization 
Mercuric ion (Hg2+) with an initial concentration of 

1,000 mg as Hg/L was quantitatively recovered as a 
mercury sulfide through a wet sulfurization process in the 
conditions of both pure water and dilute sulfuric acid 
(0.1 mol/L). XRD analysis demonstrated that the resulting 
products were a metacinnabar showing low crystallinity 
compared to that by dry mechanochemical sulfurization 
(Fukuda et al., 2014). The leaching values of all resulting 
products from wet sulfurization satisfied the JLT-13 
standard (5.0 μg/L) and those mercury emissions were 
below 0.1 μg/m3 (Miyahara et al., 2017). A drying process 
is additionally necessary due to high water content (ca. 
80%) of the products. In the case of dilute sulfuric acid as 
a solvent, the gypsum content as a by-product exceeded 
90% in the products, which is undesirable from the 
viewpoint of volume reduction.  

3.3 Dry Mechanochemical Sulfurization
All resulting products in dry mechanochemical 

sulfurization satisfied the JLT-46 standard (0.5 μg/L or 
less), and the mercury concentration in the headspace was 
1.7 ± 1.5 μg/m3 (mean ± SD), with 18 out of 22 samples 
(86%) satisfying the EU’s provisional regulatory standard 
(3 μg/m3). XRD-Rietveld analysis demonstrated the 
percentage of cinnabar, which is a relatively more stable 
crystal than metacinnabar, in the sulfurized mercury was 
48.6%.  

Overall, dry mechanochemical sulfurization can 
stabilize elemental mercury with high repeatability.  
Calculated under conditions of five days/week and 
52 weeks/year, three operations per day (6.9 kg/day at 
optimum conditions) could give an annual treatment 
capacity of ca. 1,800 kg/year even with the small pilot 
mill machine.

As a conclusion so far, dry mechanochemical 
sulfurization has advantages and greater reliability than 
the gas phase and wet sulfurization processes.  

4. Solidification

Mercury sulfurized by dry mechanochemical 
sulfurization was used for examining solidification 
methods. The results of JLT-13 and the headspace test for 
sulfurized mercury were below 5.0 μg/L and 3 μg/m3, 
respectively.  

4.1 Cement, Mortar and Concrete Solidification 
The results of compressive strength, JLT-13 and tank 

leaching test for cement/mortar/concrete solidified 
products are summarized in Table 4. One mortar-

solidified specimen (HgS, 20%) exhibited high leaching 
values in the tank leaching test, whereas all the solidified 
specimens including mortar-solidified products satisfied 
landfill standards (5 μg/L or less) under JLT-13. All of the 
cement- and concrete-solidified products satisfied the 
standards, but the sulfurized mercury content of the 
concrete-solidified specimens was relatively lower than 
that of the cement-solidified ones. Our preliminary 
examination of cement and concrete solidification using a 
high early strength Portland cement (Sumitomo Osaka 
Cement) demonstrated a positive correlation between the 
leaching behavior of mercury under JLT-13/-46 and the 
mix ratio of cement to sulfurized mercury (cement/HgS 
by weight) (Fig. 2). This is consistent with the fact that 
the solubility of HgS drastically increases under alkaline 
conditions (pH > 10) (Kadotani et al., 2009), which 
suggests that if the mixture of solidification material(s) 
and sulfurized mercury can be cured to achieve the 

Table 4   Compressive strength and leaching values of cement, 
mortar and concrete solidified products.

Material w/c HgS (%) Compressive strength 
(MPa)

Leaching value (μg/L)
JLT-13 Tank leaching

Cement

0.50
20 46.2 0.34 0.16
40 27.1 0.20 0.25
60 31.3 0.11 0.06

0.60
20 18.3 0.25 0.10
40 18.2 0.32 0.12
60 16.3 0.27 0.22

Mortar 0.50
5 34.0 0.24 0.96

10 37.7 0.34 0.26
20 39.3 0.38 3.41

Concrete 0.50 5 20.8 0.10 0.16
10 27.0 0.07 0.05

w/c: water-cement ratio by weight. Compressive strength was evaluated at 
a material age of 56 days.
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Fig. 2   Relationship between the leaching behavior of mercury 
under JLT-13/-46 and the mix ratio of high early strength 
Portland cement to sulfurized mercury from a preliminary 
examination. Specimens solidified with concrete (HgS = 1, 
5, 10 wt%) and cement (HgS = 40 wt %) with a water/cement 
ratio of 0.50 were cured in water for a week.
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requirements, a lower ratio of cement would be preferable 
to suppress mercury leaching.

4.2 Modified Sulfur Solidification
Solidification of sulfurized mercury with DCPD-

modified sulfur at a weight ratio of 1:1 was conducted 
following the Guidelines on Mercury Wastes in this 
research. The results of compressive strength, JLT-13 and 
headspace test for sulfurized/solidified mercury with 
modified sulfur were 30.6 MPa, 0.05 μg/L and < 
0.1 μg/m3, respectively, all of which satisfied standards 
(Uenishi et al., 2018). The tank leaching test 
demonstrated lower leaching behavior (< 0.01 μg/L) of 
mercury from a monolith solidified with DCPD-modified 
sulfur compared to that (0.05 μg/L) from pulverized 
monolith (0.5–5 mm) by JLT-13’s protocol. Modified 
sulfur solidification is effective and successful at 
encapsulating sulfurized mercury. When opening the 
vessel, mercury vapor was detected at ca. 5.0 μg/m3, 
which is below the Japanese working environment 
evaluation standard (25 μg/m3).  

4.3 Epoxy Resin Solidification
Following a screening examination based on JLT-13 

and the headspace test, the optimum mix ratio was 
decided as follows: epoxy resin: jER 828, curing agent: 
B-2413, and weight ratio of sulfurized mercury: 80%.  
B-2413, 1,3-bis(aminomethyl)cyclohexane (1,3-BAC), is 
a highly-reactive cycloaliphatic diamine, which offers 
advantages in UV resistance and clarity owing to its lack 
of conjugated double bonds; heat resistance due to high 
glass transition temperature (Tg), curing even at low 
temperature and high humidity; and cost saving through 
material reduction due to its low AHEW.  

The results of compressive strength, JLT-13 and the 
headspace test for sulfurized mercury solidified with the 
epoxy resin were 107.0 MPa, 0.09 μg/L and < 0.1 μg/m3, 
respectively, all of which satisfied standards (Uenishi et 
al., 2018). The tank leaching test showed lower leaching 
behavior (< 0.01 μg/L) of mercury from a monolith 
solidified with the epoxy resin compared to that 
(0.09 μg/L) from a pulverized monolith (0.5–5 mm) 
under JLT-13’s protocol. Epoxy resin solidification is also 
effective and successful at encapsulating sulfurized 
mercury.

The mercury concentration in the curing chamber 
increased up to 1.0 μg/m3 at a maximum as the central 
temperature in the mold increased up to 150°C about 
15 min after curing started, after which it decreased. 
When solidifying the same weight of sulfurized mercury, 
the volume of the monolith of epoxy resin was roughly 
half that of the DCPD-modified sulfur.

Seven epoxy resins other than the optimum one (jER 
828 and B-2413) can still solidify sulfurized mercury at a 
weight ratio of 70% and satisfy standards. As a result, 
solidification of sulfurized mercury with epoxy resin has 

advantages similar to or better than that with DCPD-
modified sulfur.  

5. Conclusions

A comprehensive examination was conducted to 
establish stabilization and solidification technologies for 
disposal of wastes consisting of elemental mercury in 
SELs. We conclude that dry mechanochemical 
sulfurization of elemental mercury using a planetary ball 
mill has advantages and reliability over gas phase 
sulfurization of elemental mercury and wet sulfurization 
of an inorganic mercury compound in the water phase.  
However, it is necessary to check whether the 
sulfurization reaction by the dry mechanochemical 
process is properly proceeding for each lot. The dry 
mechanochemical process has an annual treatment 
capacity of ca. 1,800 kg/year. Epoxy resin solidification 
has advantages similar to or better than DCPD-modified 
sulfur solidification, which has been adopted in the 
Guidelines on Mercury Wastes in Japan. We propose 
epoxy resin solidification as an alternative solidification 
technology. Further research will be required to evaluate 
and secure long-term stability of sulfurized and solidified 
mercury wastes in SELs.  
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1. Introduction

Mercury (Hg) is emitted into the atmosphere from 
both anthropogenic and natural sources. Because it is 
highly volatile, it subsequently enters oceans, lakes and 
rivers either directly from the atmosphere or from 
deposits in surrounding basins, even when no specific 
source of Hg exists. Hg handling and disposal are 
addressed by the 2017 Minamata Convention on Mercury 

(UNEP, 2017). Hg release from landfills poses serious 
health and environmental risks (Tao et al., 2017), and 
biogeochemical transformations caused by landfilling of 
unstable Hg waste, which is highly susceptible to 
dissolution and diffusion, increase these risks.

Many researchers have developed stabilization/ 
solidification technologies applicable to Hg waste 
treatment methods, including sulfurization of Hg to Hg 
sulfide (HgS) (López et al., 2010), sulfur (S) polymer 
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Abstract
Mercury (Hg) released from landfill Hg waste poses serious health and environmental risks. The 

Minamata Convention on Mercury (2017) emphasizes preventative management: landfills are to be stabilized 
and Hg waste controlled. When developing stabilization/solidification technologies to ensure the safety of 
landfilled Hg waste, leaching and headspace tests are currently used to assess dissolution and diffusion. 
However, it remains unclear whether Hg wastes remain stable in real landfill environments because there are 
few findings from long-term landfill experiments on Hg wastes. We used lysimeters and followed previous 
long-term semi-aerobic/anaerobic simulated-landfill experiments on dry-cell batteries to investigate Hg 
dissolution and diffusion of sulfurized/solidified Hg wastes in simulated landfill environments. Total Hg (T-
Hg) release from the lysimeters, containing sulfurized/solidified Hg waste, to the atmosphere was extremely 
small. Examination of Hg behavior in different landfill types, however, found semi-aerobic types to be 
associated with lower Hg dissolution and diffusion risks than anaerobic types. Regarding Hg behavior of 
sulfurized/solidified Hg wastes, Hg sulfide (HgS) waste solidified by cement was found to be more stable 
than non-solidified HgS waste and dry-cell batteries. Methyl Hg (M-Hg) monitoring in leachates found M-Hg 
concentration in leachates to fall below 0.5 µg/L under almost all landfilling conditions, with time change 
trends moving in tandem with changes in leachate T-Hg. Volatilization and leaching tests involving sulfurized/
solidified Hg wastes were performed while simulating landfill changes to judge important factors in 
landfilling conditions regarding Hg dissolution and diffusion through comparison with lysimeter experiment 
results. Laboratory tests showed temperature and pH (alkaline) to affect the stability of sulfurized/solidified 
Hg wastes and elucidated effects assumed to enhance Hg dissolution and diffusion in the lysimeter 
experiments.
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terms of dissolution and adsorption states. Important 
factors in Hg dissolution and diffusion under landfilling 
conditions are hard to judge solely from simulated-
landfill experiment results. We performed laboratory tests 
using the same samples used in the simulated-landfill 
experiment to determine landfilling conditions that affect 
Hg dissolution and diffusion. We explored the stability of 
sulfurized/ solidified Hg wastes using laboratory tests of 
isolated landfilling conditions including temperature, pH 
and leachate materials. Here, we present our results on 
the solubility and volatility of sulfurized/solidified Hg 
wastes under different conditions of leaching and 
volatilization tests. Finally, we investigate similarity-
based findings between the simulated-landfill lysimeter 
experiment and the laboratory tests. 

2. Materials and Methods

2.1 Simulated-Landfill Lysimeter Experiment
2.1.1 Mercury Waste Samples

Hg recovered from waste was ball-milled with 
powdered S at an S/Hg molar ratio of 1.05 to yield a basic 
sulfurized Hg waste (SMW) (Fukuda et al., 2014). The 
SMW powder was also solidified using cement to further 
enhance stability; the cement/Hg weight ratio was 1. This 
100-mm cubic monolith was termed C-SMW. We used 
sulfurization and solidification methods specified in JGL-
HgW (Ministry of the Environment, 2017) and a well-
known solidification technology used to prevent heavy 
metal dissolution (Yu et al., 2005), respectively. The 
technologies were selected in a phased manner under a 
plan to compare with a previous study targeting non-
treated Hg waste (Yanase, 2005) and a future study 
targeting new solidification technologies such as an S 
polymer recommended by JGL-HgW. 
2.1.2 Landfill Simulation Lysimeters 

Landfills were simulated using lysimeters (length 
250 × width 250 × depth 600 mm) operated under semi-
aerobic or anaerobic conditions by sidewall and leachate 
collection pipes as shown in Fig. 1 (a: semi-aerobic, b: 
anaerobic). Atmospheric air could penetrate into the 
lysimeter’s layers through a side wall pipe opened only 
for the semi-aerobic type (Zhang et al., 2019) and could 
not gain entrance to the lysimeter at height of the leachate 
collection pipe only in the anaerobic type (Hirata et al., 
2011). This lysimeter aerobic control using piping was 
used in previous studies and the obtained findings (e.g., 
leachate quality and gas composition) confirmed the 
authenticity of simulated semi-aerobic/anaerobic landfill 
conditions (Threedeach et al., 2012; Yanase, 2005). The 
waste layer (depth 450 mm) in the lysimeters was 
composed of solid incineration residue and sewage sludge 
compost. The SMW was either center-spotted onto the 
layer as shown in the spotted pattern (Fig. 1b), or 
thoroughly admixed with the layer as shown in the mixed 
pattern (Fig. 1a). The C-SMW monolith was center-

encapsulation (López et al., 2015), and treatments using 
magnesium potassium phosphate (Cho et al., 2014) or 
activated carbon and cement (Zhang & Bishop, 2002). 
Japan adopted the policy on environmentally sound 
management of mercury wastes recommended by the 
Central Environment Council in 2015 (Central 
Environment Council, 2015). To ensure environmentally 
sound management of Hg wastes, wastes consisting of 
Hg or Hg compounds are designated as “industrial waste 
requiring special management” due to their toxicity. In 
the Japanese guideline for Hg wastes (JGL-HgW), waste 
consisting of Hg must be stabilized to HgS by 
sulfurization using a ball-mill prior to landfill disposal to 
prevent Hg dissolution and diffusion. Then, solidification 
using S polymer is undertaken to enhance the stability of 
the sulfurized Hg (Ministry of the Environment, 2017). 
The stability of the sulfurized/solidified Hg waste is 
assessed by observing its dissolution and volatilization. 
Although fundamental stability of sulfurized/solidified 
Hg wastes can be obtained from leaching and headspace 
tests, it is unclear whether sulfurized/ solidified Hg 
wastes remain stable in real landfill environments over 
the long term. The latest research was undertaken from 
the viewpoint of long-term management of Hg wastes, 
assessing the stabilization/ solidification technologies 
developed through multiple laboratory tests (Kusakabe & 
Takaoka, 2020). Hg was positioned as a hazardous metal 
and its distribution and emission in and from landfills 
were surveyed on the basis of data derived from real 
landfills containing industrial and domestic wastes (Chai 
et al., 2013; Yang et al., 2018). However, there have been 
few studies involving long-term monitoring of Hg in 
specialized landfills for Hg wastes. Yanase provides a 
rare insight into Hg behavior in a continuous simulated-
landfill lysimeter experiment using dry-cell batteries 
(Yanase, 2005). Long-term monitoring data would be 
valuable for Hg waste management in real landfills. 

We identified the Hg behavior of sulfurized/ 
solidified Hg wastes in lysimeters following Yanase’s 
long-term simulated-landfill lysimeter experiment to 
investigate how conditions in the landfill interior affect 
Hg behavior. Eight lysimeters were operated concurrently 
in  different conditions of landfill type (semi-aerobic or 
anaerobic type) and landfilling Hg waste variety 
(sulfurized or solidified) over the long term (five years).  
On the other hand, there have been few comparative 
studies of methyl Hg (M-Hg) formation in landfilled 
sulfurized/solidified Hg wastes over the long term. In this 
study, Hg behavior in leachate was examined separately, 
divided into total Hg (T-Hg) and M-Hg for valuable data 
acquisition. 

The sulfurized/solidified Hg wastes used in our 
simulated-landfill experiment are subject to multiple 
influences from landfilling conditions such as changes in 
the gaseous environment in terms of being semi-aerobic 
or anaerobic, and changes in the liquid environment in 
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Fig. 1  Schematic diagram of simulated-landfill lysimeters (a: semi-aerobic type with mixed pattern, b: anaerobic type with spotted pattern).

spotted. Table 1 lists the weight proportions of the Hg 
wastes, incineration residue and sewage sludge compost 
in each of the layers. The Hg load was approximately 
100-fold more than the usual level of an industrial solid 
waste landfill. Eight lysimeters were prepared simulating 
different landfill types (semi-aerobic [LS] and anaerobic 
[LA]) and examples of either landfill pattern were 
numbered 1 (mixed SMW), 2 (spotted SMW), 3 (spotted 
C-SMW), and 4 control (no Hg waste), as shown in 
Table 1.

The lysimeter experiment was performed over a span 
of five years in a ventilated room. The upper layer of 
each lysimeter underwent semimonthly water sprinkling 
(6 L each time). The leachates were drained from the 
collection pipes after sprinkling. The T-Hg concentration 
in the leachate samples was measured via a direct thermal 

decomposition Hg analyzer (MA-3000; Nippon 
Instruments Co., Ltd., Japan) and the M-Hg concentration 
in the leachate samples was determined via gas 
chromatography with electron capture detection (GC-
ECD, G-3800; Yanaco Technical Science Co., Ltd., 
Japan) using a procedure that involves the pre-
condensation of the Hg species by the extraction of Hg 
dithizonates (Akagi & Nishimura, 1991; Matsuyama et 
al., 2011). The pre-condensation of the NIMD method 
(Akagi method) provides a lower limit detection of 
0.02 ng/L at a higher accuracy of measurement than the 
more commonly used method (0.5 µg/L). 

The gas used to fill each lysimeter after each 
previous gas sampling, was vacuum-aspirated for 20 min. 
at a rate of 0.5 L/min. and passed through tubes packed 
with gold amalgam to capture the Hg, which was detected 

Table 1  Landfill conditions for simulated landfill experiment.

Name of lysimeter LS-1 LS-2 LS-3 LS-4 LA-1 LA-2 LA-3 LA-4
Landfill type Semi-aerobic Anaerobic
Mercury waste samples SMW SMW C-SMW none SMW SMW C-SMW none
Landfill pattern mixed spotted spotted - mixed spotted spotted -
Mercury content in landfilled wastes 335 g 335 g 421 g none 335 g 335 g 421 g none
Weight of solid wastes 34 kg-wet (1.2 kg/L of layer)

Composition of solid wastes Incineration residue (water content: 85%)  : 80%
Sewage sludge compost (water content: 85%)   : 20%
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via a direct thermal decomposition Hg analyzer equipped 
with an atomizer (RH-MA3; Nippon Instruments Co., 
Ltd.). The amount of Hg diffused from the lysi-meters 
was calculated by dividing the amount of Hg detected by 
the number of days elapsed from the previous sampling 
day. For the gas sampling method we referred to a GHG 
emission assessment for simulated landfills using 
lysimeters (Hirata et al., 2011) and applied it to mercury 
measurement (Yanase, 2005).

2.2  Sulfurized/solidified Mercury Waste Stability 
Assessment

2.2.1 Mercury Waste Samples and Pretreatment 
SMW and C-SMW were subjected to volatilization 

and leaching tests. Because C-SMW ages during cement 
curing, the surface and inner part of the C-SMW monolith 
may differ in terms of Hg volatility and dissolution. 
Therefore, the tests were performed using C-SMW 
monolith samples that had or had not been washed with 
water. The C-SMW surface was rinsed away with 500 mL 
water and then scrubbed with a plastic brush on a tray 
filled with 1.5 L of water. 

The washed and unwashed C-SMW monolith 
samples were used intact for volatilization testing; 
another pair of monolith samples was crushed into 
particles <0.5 mm in diameter prior to the leaching test; 
while SMW in powder form was neither crushed nor 
screened before the volatilization and leaching tests. 
2.2.2  Mercury Volatilization Tests at Different 

Temperatures
To explore the effects of temperature on Hg volatility 

from SMW, C-SMW monoliths, and washed C-SMW 
monoliths, we prepared a laboratory-scale device 
featuring a desiccator with a petri dish. SMW (50 g) or a  
C-SMW monolith (1.2 kg) was placed on the dish and 

held at different temperatures (10 °C, 30 °C and 50 °C) 
for seven days. Desiccator gas (21 L) was vacuum-
aspirated for 42 min. at 0.5 L/min. by a vacuum pump for 
one, two, four and seven days. The gaseous Hg was 
measured via the tube capture method described above. 
The amount of Hg detected was added cumulatively at 
every temporal sampling for each volatilization test and 
the Hg volatilization rate was calculated by dividing the 
cumulative Hg amount by the test time and effective 
surface area of the Hg waste samples. Here, the values of 
the effective surface area were 60.8 cm2 for the SMW and 
365 cm2 for the C-SMW monoliths. 
2.2.3 Leaching Tests Using Various Solvents

We explored the effects of pH and ions on 
dissolution of Hg from SMW, C-SMW powder and 
washed C-SMW powder using various solvents. The 
sample and solvent were placed in sealed vials at a liquid/
solid ratio of 10. Each vial was mixed for 6 hrs. on a tube 
rotator operating at 30 rpm at room temperature, each 
solvent was filtered through a 0.45-µm-pore-sized 
membrane filter, and the pH and Hg concentrations were 
measured using a pH meter and a thermal-decomposition 
Hg analyzer (MA-3000), respectively. We varied the pH 
and the cation and anion levels: cations (Na+, K+, and 
Ca2+): 100 –10,000 mg/L; anions (Cl-, NO3

-, and SO4
2-): 

50 – 2,000 mg/L; pH (adjusted using HNO3 or NaOH): 
3–11. These settings encompassed all known real landfill 
environments (J. FIWMRA, 2010). 

3. Results and Discussion

3.1 Mercury Behavior in Lysimeters
3.1.1 Mercury Diffusion into the Atmosphere 

Figure 2 shows the changes over time of the amount 
of Hg diffused from the lysimeters. The amounts of Hg 

Fig. 2  Changes in amount of Hg diffused to the atmosphere for five years in lysimeter experiment.
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from the mixed pattern (LS-1 and LA-1) were large 
because SMW particles were present at the surface of the 
top layer. The amounts of Hg diffused from all of the 
lysimeters fluctuated seasonally and the peaks of the 
amounts of Hg diffused, observed uniformly at 7, 19, 31 
and 43 months, corresponded to summer season. Figure 3 
presents a plot of the amounts of Hg diffused  from LS-1 
and LA-1 against room temperature. We obtained a 
relationship between the amounts of Hg diffused from the 
lysimeters and the air temperature. Matsuto et al. found 
that temperature differences in the layer were the driving 
force behind gas flow through the layer (Matsuto et al., 
2015) and the driving force occurred due to seasonal 
variation in temperature affecting Hg diffusion from the 
lysimeters. 

Over time, the amounts of Hg diffused from the 
semi-aerobic type (LS-2, LS-3, and LS-4) remained at 
extremely low levels and gradually fell with time (Fig. 
2a). This indicates that Hg diffuses less to the atmosphere 

from SMW and C-SMW through semi-aerobic-type 
landfills over the long term. LS-3 was similar to LS-4 
(the control) in terms of amounts of Hg diffused. This 
indicates that cement solidification effectively inhibits Hg 
diffusion in semi-aerobic type landfills.  

When comparing the landfill types (LS and LA 
series), the amounts of Hg diffused were slightly larger 
from the anaerobic lysimeters than from the semi-aerobic 
lysimeters for both SMW and C-SMW. The amounts of 
Hg diffused were represented by spikes at 34 and 44 
months in LA-2 or LA-3 (Fig. 2b), the spikes may indicate 
that gas clogged within the layer was released all at once 
from the anaerobic type in which there was little air flow 
through the layer.
3.1.2 Mercury in Leachates 

The changes over time of T-Hg concentration in the 
leachates are shown in Fig. 4a (semi-aerobic lysimeters). 
The T-Hg concentration of LS-1 was about 10 mg/L after 
one month, decreasing gradually to about 0.01 mg/L over 
the last four years. However, even this concentration 
exceeded the effluent standard for wastewater in Japan 
(0.005 mg/L). The LS-2 leachate T-Hg concentrations 
ranged from 0.01 to 0.1 mg/L initially and fell below the 
environmental standard for water pollution in Japan 
(0.0005 mg/L) over the final two years. This is assumed 
to be due to small amounts of center-spotted SMW 
powder escaping into the bottom layer. The LS-3 leachate 
T-Hg concentrations ranged from 0.005 to 0.01 mg/L 
initially and became stable below the environmental 
standard from the second year. The Hg dissolution risk 
under real landfill environments is thus lower with 
cement solidification than with ball-milling sulfurization.

When the two landfill types were compared, leachate 
T-Hg concentrations were higher from the anaerobic type 
(Fig. 4b) than the semi-aerobic type. An aquifer attaining 
half the depth of an anaerobic type landfill was found to 
negate Hg adsorption in the layer, although the leachate 
Hg was adsorbed by incineration ash (Yanase, 2005). The 
times taken for the T-Hg concentrations in the anaerobic 
type to fall below the effluent standard were longer than 

Fig. 3   Plot of amounts of Hg diffused in LS-1 and LA-1 against 
room temperature.

Fig. 4  Changes in T-Hg concentration in leachate during the five years of the lysimeter experiment.
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in the semi-aerobic type, but the leachate T-Hg 
concentrations stabilized below the environmental 
standard by the fourth year. From the viewpoint of long-
term management, we found both ball-milling 
sulfurization and cement solidification to have low Hg 
dissolution risk under real landfill environments 
regardless of landfill type. 

Changes over time in the M-Hg concentration in the 
leachates are shown in Fig. 5. The M-Hg concentrations 
of the LS series (semi-aerobic types) fell below the 
common lower limit detection of 0.5 µg/L (Fig. 5a), 
because Hg methylation, caused by anaerobic bacteria, 
hardly occurs under aerobic conditions. Anaerobic 
conditions promote Hg methylation in landfills as is well 
known (Chai et al., 2015). The leachate M-Hg in LA-3 
was at almost the same level as in LA-4 (the control), 
while, in LA-1 and -2 M-Hg was detected transiently at 
common levels (Fig. 5b). When the two landfill types 

were compared, leachate M-Hg concentrations were 
higher from the anaerobic type than from the semi-
aerobic type. The changes in leachate M-Hg 
concentration over time in the leachates tended to move 
in tandem with leachate T-Hg changes in each lysimeter. 
Hg methylation in real landfills is assumed to be 
associated with Hg dissolution in Hg waste, and the 
stability of sulfurization and cement solidification is 
linked with a reduced Hg methylation risk. 

We checked the water quality of the leachates to seek 
factors that could cause increased Hg dissolution under 
landfill environments. The changes over time in the pH 
of the leachates are shown in Fig. 6. The pH in the first 
half period, in which Hg in the leachates was detected, 
hovered around 8.6 in the LS series and around 9.1 in the 
LA series. Pure HgS reagent (metacinnabar) has the 
property of increasing Hg solubility as pH becomes 
alkaline (Clever et al., 1985). The pH effect was 

Fig. 6  Changes in pH of leachate during the five years of the lysimeter experiment.

Fig. 5  Changes in M-Hg concentration in leachate during the five years of the lysimeter experiment.
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consistent with the result of the lysimeter experiment, 
where the anaerobic type, which showed a higher pH of 
leachates, had higher Hg concentrations detected in the 
leachates. 
3.1.3 Mercury Remaining in Lysimeters

Yanase examined the Hg behavior of dry-cell battery 
waste by using a lysimeter landfill simulation (spot 
pattern) similar to our study (Yanase, 2005). For 
comparing Hg stability in lysimeter experiments between 
sulfurized/solidified Hg wastes and dry-cell battery 
waste, the amount of Hg remaining in each lysimeter was 
calculated by subtracting the cumulative amount of Hg 
emissions over the five years from the initial amount of 
Hg. The percentage of Hg remaining  was 99.9583% in 
LS-1 and 99.9087% in LA-1, even for the mixed pattern, 
for which higher Hg emissions were detected in our 
experiment. Yanase reported that the percentage of Hg 
remaining after seven years was 99.337% in the semi-
aerobic type and 99.41% in the anaerobic type (Yanase, 
2005). The comparison showing that the percentage of 
Hg remaining  was higher in our study than in Yanase’s 
study proves that Hg sulfurized by ball-mill following 
JGL-HgW has significantly higher stability than Hg 
contained in dry-cell batteries. When comparing the 
percentage of Hg remaining  between semi-aerobic and 
anaerobic types, Yanase’s results contradict our results 
showing the percentage for spotted SMW to be 99.9997% 
in the semi-aerobic type (LS-2) and 99.9989% in the 
anaerobic type (LA-2). This conflicting finding is 
surmised to indicate Hg dissolution from dry-cell battery 
to depend greatly on whether the exterior of the dry-cell 
batteries is corroded due to oxygen in the layer (Yanase, 
2005); while Hg dissolution from SMW influenced by 
contact with an aquifer occurred only in anaerobic 
landfilling in our lysimeter design. Moreover, the 
remaining Hg percentage was highest in LS-3 (over 

99.9999%) and LA-3 (99.9999%). This result indicates 
that cement solidification maintains stability almost 
completely when treated Hg waste is exposed to real 
landfill environments over the long term. 

3.2  Mercury Volatility of Sulfurized/solidified Hg 
Wastes
Figure 7a plots Hg volatility against temperature in 

the volatilization tests. SMW and washed C-SMW 
exhibited similar Hg volatility but the temperature 
dependence of such volatility was more evident for 
SMW. Real landfill temperatures are high due to 
biodegradation of organic matters and seasonal 
temperature changes (J. FIWMRA, 2010). We described 
seasonal temperature variation affecting diffused Hg 
concentrations, finding Hg diffusion of SMW to be higher 
than of C-SMW in lysimeters simulating landfills. The 
results obtained from the lysimeter experiment are 
thought to be related to differences in temperature-
dependence obtained from the volatilization tests. 

The Hg volatility from unwashed C-SMW was 25-
fold greater than that from washed C-SMW. Volatility of 
C-SMW differs between the surface and inner portions 
because only the surface of C-SMW is exposed to air 
during cement curing. Thus, it is thought that most of the 
diffused Hg in lysimeters LS-3 and LA-3 (Fig. 2) was 
attributable to the C-SMW surface. The unstable Hg on 
the surface was removed by washing with water. Thus, 
washing C-SMW reduces the risk of Hg diffusion in 
landfills. 

3.3  Mercury Dissolution from Sulfurized/solidified 
Hg Wastes
JLT-13 for industrial wastes stipulates assessment of 

whether Hg concentrations in solvents exceed a criterion 
of 0.005 mg/L (Environment Agency, 1973). We used the 

Fig. 7  Results of volatilization and leaching tests (a: plot of Hg volatility against temperature, b: effects of solvent pH on Hg solubility). 
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criterion of 0.05 mg/g in the present study because the Hg 
content varied between SMW and C-SMW. Figure 7b 
presents the effects of pH on dissolved Hg content; the 
dashed line is the “converted” JLT-13 criterion. The 
amount of HG dissolved from SMW increased under 
alkaline conditions, as found in a previous study 
(Mizutani, 2014). Svensson et al. found that some 
residual sulfur in SMW is ionized to HgS2

2- under strongly 
alkaline conditions (Svensson et al., 2006). While, 
C-SMW (surface-washed or not) met the JLT-13 criterion 
over the entire pH range. HgS was weakly soluble under 
alkaline conditions; the use of C-SMW resolves this 
problem. The alkaline effect obtained from the leaching 
test results is assumed to play a role in increasing the 
dissolution risk in anaerobic-type landfills in the 
simulated-landfill lysimeter experiment. The washed 
SMW leaching test results implied that surface washing 
solidified Hg waste marginally reduces Hg solubility.

The amounts of HG dissolved from all samples met 
the JLT-13 criterion at all cation and anion levels tested. 
Both SMW and C-SMW were stable to cations (Na+, K+, 
and Ca2+) and anions (Cl−, NO3

−, and SO4
2−) at 

concentrations encompassing all known real landfill 
environments. 

4. Conclusions

We operated eight lysimeters to clarify the behavior 
of Hg in sulfurized/solidified Hg wastes in lysimeters 
simulating landfills and explored the effects of controlled 
landfill conditions. Cement-solidified Hg waste was more 
stable than ball-milling-sulfurized Hg waste. The semi-
aerobic landfill type reduced the solubility and volatility 
risks of sulfurized/solidified Hg wastes.

We performed volatilization and leaching tests of 
sulfurized/solidified Hg wastes under conditions 
simulating landfill environments, and defined the factors 
rendering such waste unstable. Sulfurized Hg waste was 
weakly soluble under alkaline conditions and weakly 
volatile with temperature; cement solidification was 
effective. Alkaline and temperature effects are assumed to 
be related to Hg dissolution and diffusion behaviors in 
the simulated-landfill lysimeter  experiment. 

The similarity-based findings between the simulated- 
landfill lysimeter experiment and laboratory tests 
suggested that changing operating conditions and using 
solvents for volatilization and leaching tests enable 
assessment of Hg stability, which was affected by landfill 
conditions such as temperature and pH. 
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1. Introduction

Mercury is a liquid metal under natural conditions 
and has been used in many products like fluorescent 
lamps owing to its unique characteristics (UN 
Environment, 2019). Because mercury is highly toxic and 
its methylated species have bioaccumulative properties 
(Morel et al., 1998), international efforts have been made 
to reduce mercury applications. In this context, the 
Minamata Convention on Mercury was accepted on Oct. 
2013 and effectuated on Aug. 2017 (UN Environment, 
2019). It aims to protect human health and the 
environment from anthropogenic emissions and releases 
of mercury, including its compounds. Mercury 
applications are required to be reduced and/or substituted. 
Therefore, mercury, which is now used by society and 
industries, will need to be recovered for environmentally 
safe control. This means that the final disposal of 
recovered mercury in environmentally safe ways will be 
required in the near future. Mercury disposal in controlled 
landfill sites might be a feasible option (Lee & Lee, 
2012). On the other hand, building public acceptance for 
construction of landfill sites for final mercury disposal is 
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Abstract
The Minamata Convention on Mercury, which entered into force on Aug. 2017, requires mercury to be 

recovered from society and its final disposal to be accomplished in environmentally safe ways. Because it is 
very difficult to obtain public acceptance of mercury landfill disposal, this study focuses on emotional 
perceptions of mercury. The author quantitatively evaluated aversions to mercury and other harmful matters 
such as radioactive waste or those perceived as hazardous using a pairwise comparison method with 
Thurstone’s law of comparative judgement (sample size = 1030). The strongest aversion was found for 
radioactive waste, followed by mercury. Although gender and age usually affect risk perception to any hazard, 
this study found that gender and age had no significant impact on mercury aversion at the 5 percent 
significance level. When the participants had strong concerns about well-known hazards (radioactive waste, 
dioxins, infectious medical waste and cadmium), they had a stronger aversion to mercury than those who 
were concerned more with other matters like genetically modified foods or ultraviolet light. On the other 
hand, the participants who had moderate or weak concerns about well-known hazards had even greater 
mercury aversion than the group with strong concerns. No clear difference in mercury aversion was found 
regardless of different strengths of concerns regarding waste recycling. Cognitive aversion to mercury is 
associated with hazard perceptions and not affected by concerns regarding waste recycling.
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expected to be difficult. The major factors influencing 
public acceptance are risk perception, benefit perception 
and public attitude (Alhakami & Slovic, 1994; Barnett et 
al., 2007; Costa-Font et al., 2008; Purvis-Roberts et al., 
2007; Schulte et al., 2004; Slovic et al., 1991). In 
addition, trust, knowledge and individual differences may 
also be greatly relevant (Gupta et al., 2012). Therefore, 
risk perceptions and attitudes toward mercury may be 
important considerations for forming acceptance for the 
construction of mercury landfill sites. According to 
Hirono’s survey on the history of mercury applications, 
mercury toxicity has been known since the ancient 
Grecian era and many mercury poisonings have occurred, 
even before Minamata disease (Hirono, 2017). In risk 
perception research by Slovic, 81 hazards were analyzed 
focusing on 18 risk characteristics. These were 
categorized based on two major risks: dread risk and 
unknown risk (Slovic, 1987). Mercury was grouped in 
the high dread and high unknown risk categories along 
with cadmium and radioactive waste. On the other hand, 
risk perceptions can be affected by cultural and social 
background as well as context (Kinoshita, 2002; 
Kleinhesselink & Rosa, 1991). According to a study on 
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mercury risk perceptions in Japan, methylmercury was 
perceived more strongly as a risk than other food-related 
hazards like high fat content, synthetic colorants and 
genetically modified materials (Niyama et al., 2011). 
Structural equation modeling proposes that knowledge 
and emotional appraisal of mercury hazards are 
associated with mercury risk perception as well as 
cognitive difficulty of avoiding mercury exposure. In 
contrast to mercury risk perception, cognitive attitudes to 
mercury are still uncertain, in particular in terms of long-
term storage or landfill disposal. Therefore, as a first step, 
this study focused on emotional perceptions of mercury, 
in particular cognitive aversion. Cognitive aversion 
toward mercury was quantitatively measured using a 
pairwise comparison method. Personal characteristics like 
concerns about well-known hazards such as radioactive 
waste, dioxins and infectious medical waste and about 
waste recycling were also focused on in terms of their 
impact on cognitive aversion toward mercury.

2. Survey and Analysis Methods

2.1 Matters Targeted in Aversion Evaluation
To quantitatively scale cognitive aversion toward 

mercury, this study selected seven matters that also 
seemed subject to public aversion like mercury for 
comparison. These were radioactive waste, dioxins, 
infectious medical waste, cadmium, ultraviolet light, 
heavy noise, and genetically modified foods, listed in 
Table 1. Although genetically modified (GM) foods 
might not be appropriate as a hazard source, they were 
included owing to strong public concern about the safety 
of GM foods (Frewer et al., 2004; Bawa & Anilakumar, 
2013). 

2.2  Pairwise Comparison Method with Thurstone’s 
Law of Comparative Judgement
This study quantitatively evaluated aversion to 

“hazardous” matters, listed in Table 1, using a pairwise 
comparison method with Thurstone’s law of comparative 
judgement. A questionnaire survey was employed, with 

pairs of matters presented to the survey participants in 
random order. In this study, 45 pairs were shown to each 
participant for binary choice. The participants selected 
one matter to which they felt a stronger aversion. This 
method is based on a psychological model proposed by 
Thurstone (Thurstone, 1927). When two psychological 
stimuli are compared, they each invoke a “discriminal 
process” on a psychological continuum. The judgement 
between the two stimuli, which is a selection of the more 
abhorrent matter in this case, is driven by the rank 
produced by the discriminal process associated with each 
stimulus (Cheng et al., 2013). Because psychological 
processing usually fluctuates, the discriminal process is 
not fixed but subject to variation, called discriminal 
dispersion. In Thurstone’s model, the probability 
distribution of the discriminal process is described by 
normal Gaussian distribution. The concept of this model 
is shown in Fig. 1. When ZA and ZB are the aversions that 
the survey participants perceive to matter A and matter B, 
respectively, the difference between the two aversions, 
(ZA − ZB) has the relationship of a cumulative normal 
distribution with a selection ratio of matter A (or matter 
B). When the aversion difference is larger, the selection 
ratio will increase or decrease correspondingly. When the 
two aversions are equal, no aversion difference is 
expected, resulting in a balanced selection ratio of each 
matter (0.5). This study used case V of the initial 
condition, in which the expected value (or mean) of the 
aversion difference was assumed to be zero and the 
variances of the discriminal dispersions of the two matter 
aversions were equal. The variance was set at 1.0, which 
is usual. As shown in Fig. 1, the selection ratio could be 
inversely transformed to the difference between two 
matter aversions. The aversion to matter A could be 
calculated from the average of all differences related to 
matter A because of the initial condition of zero mean. In 
this study, a larger score means greater aversion intensity. 

2.3 Consistency of Respondence Data
Before the aversion was quantified, the consistency 

of participant respondence was checked. In the case of 

Table 1  Matters tested for aversion evaluation.

Matter Hazard Source
Mercury Neurotoxicity, like Minamata disease Chang (1977)
Radioactive waste Carcinogenicity IARC (2001)
Dioxin Carcinogenicity IARC (1997)
Infectious medical waste Pathogenicity Windfeld and Brooks (2015)
Cadmium Neurotoxicity, carcinogenicity IARC (1993)
Ultraviolet light Skin damage, carcinogenicity IARC (1992)
PM2.5 Positive to cardiovascular and lung cancer mortality Laden et al. (2006)
Noise Adverse effects on cognitive performance Stansfeld et al. (2005)
Gene-modified foods Concerns about toxins, allergens or genetic hazards Bawa and Anilakumar (2013)
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three matters, say A, B and C for example, in all there are 
three possible pairs of two matters for pairwise 
comparison (A-B, A-C, and C-B). When one participant 
responds with aversion intensities in the order of A>B 
and B>C, the aversion to matter A is assumed to be 
greater than that to matter C (A>C) in terms of 
consistency. If the response is C>A, the aversion order 
will be circular (A>B>C>A), which is called a circular 
triad. To evaluate respondence consistency, Kendall 
proposed a coefficient of consistency (ξ), which is the 
ratio of the number of circular triads in one participant’s 
respondence data to the theoretically maximum number 
of circular triads as described by Eq. 1 and 2 (Kendall, 
1985), with “K” being the number of matters, and “d,” 
the number of circular triads.

When K is odd

ξ = 

1 (K 3−K) − d
24  = 1− 24d

1 (K 3− K)
24

K 3−K  (Eq. 1)

When K is even

ξ = 

1 (K 3− 4K) − d
24  = 1− 24d

1 (K 3− 4K)
24

K 3− 4K  (Eq. 2)

When the respondence is more consistent, ξ reaches 
1.0. In contrast, worse consistency of the respondence 
causes ξ to approach 0. On the hypothesis that the 
participants give random selections in binary choices, the 
statistic χ2, described by Eq. 3, follows χ2 distribution 
with a degree of freedom described by Eq. 4 (Kendall, 
1985). Therefore, the randomness of the respondence can 
be assessed by χ2 test.

χ2 = 8 { K(K− 1)(K− 2)  − d + 1 }+ dfK− 4 24 2  (Eq. 3)

df = K(K− 1)(K− 2)
(K − 4)2  (Eq. 4)

where df is degree of freedom, K is the number of the 
matters and d is the number of circular triads. 

2.4 Web Questionnaire Surveys
Web questionnaire surveys were conducted in March 

2018 by QuickMill®, Macromill Inc., Japan. The number 
of survey participants, sample size (N), was 1,030. The 
participants were randomly selected and anonymous to 
the author. On the other hand, each participant’s 
respondence was traceable through a participant 
identification number. Therefore, cross-tabulation 
analysis was possible for detecting cognitive trends. The 
participants were pretreated to obtain equal gender ratios 
and an equal age distribution with 10-year age intervals 
(20s, 30s, 40s, 50s and 60s). Participant regionality might 
yield biased data. For example, public concerns about 
mercury and radioactive waste may be specifically large 
in Kumamoto and Fukushima, respectively. To prevent 
regionality-derived bias, participant pre-screening was 
also used to harmonize participant regionality with real 
regional population densities in Japan. The percentages 
of participants from Kumamoto and Fukushima were 
1.4% and 0.7%, respectively. Attributes and demographic 
characteristics of the survey participants are shown in 
Fig. 2.
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Fig. 2  Attributes and demographic properties of the survey respondents.
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2.5  Aversion Score Adjustment for Comparisons and 
95% Confidence Intervals
Not only the “hazardous” matters listed in Table 1 

but also concerns about waste recycling were surveyed in 
the questionnaire. This consisted of six questions as 
follows: 1) Do you know the collection day of cans in 
your residence area? 2) Do you know the correct rules for 
can disposal? 3) Do you know the collection day for glass 
in your residence area? 4) Do you know the correct rules 
for glass disposal? 5) Do you wash cans before you 
dispose of them? 6) Do you separate PET bottles from 
other plastic wastes? Because the aversion scores 
evaluated by Thurstone’s method are relative to each 
other, they can vary depending on the initial condition of 
variance (1.0 in this study). To fairly compare the 
aversion scores among different gender and age groups 
and different intensities of concerns about hazardous 
wastes and waste recycling, the range of aversions was 
adjusted to 2.0, with a maximum aversion score of 1.0 
and minimum aversion score of −1.0. Owing to the 
methodology of Thurstone’s approach, it is impossible to 
calculate 95% confidence intervals of aversion scores 
directly using a single survey dataset. Therefore, the 95% 
confidence interval of the selection ratio was first 
calculated and then the aversion score ranges were 
calculated. The 95% confidence intervals of the aversion 
scores were also adjusted correspondingly to be 
harmonized with the score range adjustment.

3. Results and Discussion

3.1 Respondence Data Quality
The consistency of the respondence data was 

assessed by the coefficient of consistency, and the 
cumulative distribution of the coefficient of consistency 
is shown in Fig. 3. Although there is no common standard 
to certify sufficient consistency, it is regarded as sufficient 
when the coefficient of consistency is more than 0.8 (Van 
Riel et al., 2016). More than 80% of the respondence data 
exceeds 0.8 (see Fig. 3a). In addition, more than 90% of 
the respondence data are regarded as non-random 
selection by the χ2 test at the 5% significance level (see 
Fig. 3b). According to these results, it is concluded that 
this study successfully collected respondence data with 
sufficient quality. 

3.2 Cognitive Aversions and Age/Gender Effects
Aversion scores of the matters tested are shown in 

Fig. 4. The error bar indicates the 95% confidence 
interval. The strongest aversion was found for radioactive 
waste. Strong concerns about radioactive waste may be 
the main contribution to this. Although the survey was 
limited to university students, public attention to 
everything “nuclear” has increased in Japan since the 
Fukushima Daiichi nuclear accident in 2011 (Gallardo et 
al., 2014). Mercury had the second strongest aversion 
followed by dioxins, infectious medical waste, PM2.5 
and cadmium. Ultraviolet light and genetically modified 
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Fig. 4  Aversion scores of tested matters (after range adjustment).
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foods provoked similar aversions which were greatly less 
than that to cadmium. Noise pollution elicited the weakest 
aversion among the matters tested. The 95% confidence 
intervals of the aversion scores do not overlap between 
radioactive waste and mercury, or between mercury and 
dioxins. This suggests that mercury elicits significantly 
larger and smaller aversions than dioxins and radioactive 
waste, respectively. On the other hand, dioxin aversion 
should be regarded as comparable with that to infectious 
medical waste owing to the large overlap of confidence 
intervals. Publicly shared lessons on Minamata disease 
may contribute to the strong aversion to mercury. For 
example, in-depth news and documentaries about 
Minamata disease, comprising straight news, school 
education, public welfare announcements and other 
sources, have been broadcasted periodically throughout 
the past 60 years (1956–2015), appearing more frequently 
in recent years (Kato et al., 2018). On the other hand, the 
strong mercury aversion might also result from 
environmental stigma (Colocousis, 2012). In fact, the 
stigmatization of contaminated or pseudo-contaminated 
matters has raised disgust (Rozin et al., 1985; Rozin et 
al., 1986; Kecinski et al., 2018) and this effect might be 
persistent (Kecinski et al., 2018). A long-term 
stigmatizing effect has been found in real estate asset 
valuation even after remediation (McCluskey & Rausser, 
2003). As shown in Fig. 5, gender produced no significant 
differences in aversions. The paired t-test supports it at 
any significance level (P = 1.000) for aversion scores 
both with and without range adjustment. According to the 
two-way ANOVA test, not only gender but also age had 
no significant impact on mercury aversion at the 5% 
significance level (P = 0.538 for gender and P = 0.618 for 
age in range-adjusted data). It differs from risk perception 
to various hazards. Gender and age usually have 
significant or non-negligible impacts on risk perception 
(Siegrist et al., 2005). In terms of risk attitude, risk 
avoidance is higher among females than males and 
increases strongly with age (Dohmen et al., 2011). If 
mercury aversion is associated directly with risk 
avoidance, mercury aversion in females would be 
expected to be stronger than that in males. As expected, 
mercury aversion scores of the female group were 4% 
higher than that of male group when aversion scores 
without range adjustment were compared. On the other 
hand, the mercury aversion score of the female group was 
slightly lower than that of the male group for range-
adjusted data. This inconsistency is caused by a limitation 
of Thurstone’s model. As described above in Section 2.5, 
any scores scaled by Thurstone’s method are relative to 
each other and can vary depending on the initial condition 
of the variance. To verify age and gender effects on 
mercury aversion, use of different approaches is 
recommended, like Scheffé’s method, which consists of a 
main effect, combination effect, order effect and error 
terms based not on a psychophysical model but the multi-

way ANOVA model (Scheffé, 1952; Inoue, 2012). 

3.3  Effects of Concerns about Other Hazards and 
Waste Recycling 
People who are concerned strongly about hazardous 

matters like dioxins may have a stronger aversion to 
mercury. According to the respondence data, the 
participants were categorized into three groups based on 
the strength of their concerns regarding matters  listed in 
Table 1, excluding mercury. In the case of dioxins, for 
example, the number of selections of dioxins in all binary 
choices was counted for each participant. When the 
number of dioxin selections was seven to eight, it was 
categorized as a strong concern about dioxins. If the 
number of selections was four to six they were 
categorized as moderate, and for zero to three, weak 
levels of concern. In the cases of GM foods, ultraviolet 
light and heavy noise, the categorization criteria were 
changed to 6–8 for strong concern, 3–5 for moderate 
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Fig. 5  Aversion scores for matters tested, by gender and age group.

Takahashi.indd   49Takahashi.indd   49 2020/07/30   19:27:432020/07/30   19:27:43



50 F. TAKAHASHI

concern, and 0–2 for weak concern. The average mercury 
aversions of different concern strength groups are shown 
in Fig. 6. When the participants had strong concerns 
about well-known hazards, which were radioactive waste, 
dioxins, infectious medical waste and cadmium, they had 
a stronger aversion to mercury than those who were 
concerned more about other matters like GM foods, 
ultraviolet light and heavy noise. However, the two-way 
ANOVA test suggested that these differences were not 
significant at the 5% significance level (P = 0.762). On 
the other hand, the participants who had moderate or 
weak concerns about any of the tested hazards excluding 
mercury had stronger mercury aversion than the group 
with strong concerns (see Fig. 6). This is regarded as a 
significant difference according to a multiple comparison 
by the Tukey-Kramer method (P = 0.00005). In contrast 
to the initial expectations, cognitive aversion to mercury 
might not be associated directly with concerns about 
other hazards. 

The participants were also categorized into three 
groups based on the strength of their concerns regarding 
waste recycling. They were categorized based on the 
number of positive answers (yes) to the six questions 
described above in Section 2.5. The categorization criteria 
was 5–6 for strong concern, 3–4 for moderate concern, 
and 0–2 for weak concern about waste recycling. Because 
Cronbach’s alpha of the construct on waste recycling was 
0.721, the internal consistency satisfied the acceptable 
level of the Nunnally criterion in terms of construct 
validity (Cronbach, 1951); Nunnally, 1978). Mercury 
aversions of groups with different levels of concern about 
waste recycling are shown in Fig. 7. No clear trend was 
found between mercury aversion and concern about waste 
recycling. Aiming for sustailability, an educational 
campaign for sustainable development has been emerging 
in Japan (Nomura & Abe, 2009). In fact, the 
environmental education campaign has been effective at 
raising awareness and concern about waste recycling and 
sustainable behaviors (Gallotti et al., 2012). In this social 

movement, the author expected that concerns encouraged 
regarding waste recycling by environmental education 
campaigns might collaterally mitigate the negative 
perception of mercury and thus help the mercury disposal 
problem be addressed more comprehensively. However, 
this study concluded that such a secondary effect on 
mercury aversion mitigation was unlikely. 

3.4 Limitations
In this study, the associations of gender, age and 

concerns about the matters tested or waste recycling were 
investigated with regard to mercury aversion. It should be 
noted that the demographic properties tested are probably 
insufficient for an in-depth analysis to reach any 
generalized conclusions on mercury aversion. If mercury 
aversion is, more or less, associated with awareness of 
mercury toxicity, it should be considered that awareness 
and knowledge of methylmercury would be significantly 
linked to demographic characteristics like gender, race, 
education, income, fish preparation experience and risk 
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perceptions, as reported by a survey in the US (Lando & 
Zhang, 2011). In addition, risk perception has strong links 
to gender, age, education, income and race (Savage, 
1993). Not only demographic characteristics but also 
instinctive emotion processing might need to be 
considered. Negative emotions, in particular disgust, are 
elicited by risk perception of pathogen transmission 
(Curtis et al., 2004). Disgust efficiently functions to 
promote avoidance of contaminants (Davey & Bond, 
2006) and/or hazardous substances (Rozin & Fallon, 
1987). Disgust is often associated with the objective 
presence of health threats. It motivates avoidance, and 
appears to be predominantly a health-promoting discrete 
emotion (Consedine & Moskowitz, 2007). Although 
mercury aversion was quantified in this study, it is only a 
semblance of observations of emotions. Mercury aversion 
is produced through biological, personal and 
sociopsychological processing mechanisms.

4. Conclusions

This study quantified emotional perceptions of 
mercury. Cognitive aversions to mercury and other 
harmful matters like radioactive waste or those perceived 
as hazardous were quantitatively evaluated using a 
pairwise comparison method with Thurstone’s law of 
comparative judgement (sample size = 1,030). The 
strongest aversion was found for radioactive waste, 
followed by mercury. Although gender and age usually 
affect risk perception of any hazard, this study found that 
gender and age had no significant impact on mercury 
aversion at the 5% significance level. To verify these 
results, use of different approaches is recommended like 
Scheffé’s method, which was designed based on the 
multi-way ANOVA model. When the participants had 
strong concerns about well-known hazards (radioactive 
waste, dioxins, infectious medical waste and cadmium), 
they had stronger aversion to mercury than those who 
were concerned more about other matters like genetically 
modified foods and ultraviolet light. On the other hand, 
the participants who had moderate or weak concerns 
about well-known hazards had stronger mercury aversion 
than the group with strong concerns. No clear differences 
in mercury aversion were found regardless of different 
strength of concerns about waste recycling. Cognitive 
aversion to mercury is associated with hazard perception 
and not affected by concerns about waste recycling.
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1. Mercury-containing Products

Mercury is the only metal that is fluid at ordinary 
temperatures and pressures. It has a history of a variety of 
uses. As shown in Fig. 1, it is estimated that 1,480 tonnes/
year of mercury, a third of the global mercury demand, is 
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Mercury has been used in a wide range of products: batteries, lighting appliances, measuring devices and 

more. In compliance with the Minamata Convention on Mercury, efforts have been made for the production 
of mercury-free alternatives, but some mercury-containing products will continue to be used in the future. 
Appropriate management of used mercury-containing products will continue to be indispensable. Attention 
and inventiveness are demanded at each stage of the management flow process, which includes discharging, 
collecting, transporting, storing during transshipment, intermediate processing, final disposal and recycling. 
Therefore mercury-containing products discharged from households should be separated from and not be 
mixed with other wastes. In Japan, municipalities have their respective collection methods: receiving wastes 
at fixed collection bases, mobile collection bases, etc., sometimes combining several methods. Regarding 
wastes discharged from companies, criteria have been defined for each stage of the process from storage to 
disposal according to the categories specified by law, and the waste is disposed of in accordance with those 
criteria. As a future task, the collection rate of mercury-containing products in Japan must be raised. In many 
developing countries where the separation of waste has just begun, priority should be put on coping with 
hazardous substances, as well as separation and appropriate disposal of mercury-containing waste, a typical 
example, should be promoted.

Key words :  battery, collection, lamp, municipal solid waste (MSW), waste management

used in products. Table 1 shows that mercury is used in 
batteries, dental amalgam, measuring devices, lamps, 
electrical and electronic products, and that those products 
are found everywhere in life and industry.  It should be 
noted that although there is an increasing trend in the 
demand for mercury globally, the demand for mercury 

Fig. 1   Global mercury supply and demand, 2015 (United Nations Environment Programme, 2017).
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has decreased significantly in Japan due to reduction of 
the amount of mercury used in products and industrial 
processes and use of mercury-free materials (Asari et. al., 
2008). As a typical example of reduction in Japan, Fig. 2 
shows changes in the amount of mercury contained in 
fluorescent lamps (Japan Lighting Manufacturers 
Association, 2018).

2.  Measures for Mercury-containing Products 
in Compliance with the Minamata 
Convention on Mercury

The Minamata Convention on Mercury requires that 
mercury-containing products be appropriately managed 
throughout each product’s lifecycle. This is summarized 
as follows:

Mercury-containing products (Articles 4 and 6)
In principle, each Party to the Convention shall

・�ban by 2020 the manufacture, export and import of 
mercury-containing products (Annex A *with certain 
exceptions) including batteries*, switches and relays*, 
fluorescent lamps for general lighting that contain more 
than a certain amount of mercury*, high pressure 
mercury lamps for general lighting, cold cathode 
fluorescent lamps and external electrode fluorescent 

lamps for liquid crystal displays*, soaps and 
cosmetics*, agricultural chemicals, pesticides, and local 
disinfectants, non-electrified measuring devices 
(barometers, hygrometers, manometers, clinical 
thermometers, sphygmomanometers)*, etc. However, 
the phase-out date can be extended for up to a 
maximum of 10 years depending on the respective 
countries’ needs,
・�reduce the use of mercury in dental amalgams,
・�control the inclusion of banned mercury-containing 

products in products, control the manufacture and sale 
of new products in which mercury is used, and provide 
the Secretariat with information on mercury-containing 
products listed in Annex A.

Efforts for reducing or eliminating the use of 
mercury should be made as stated above. However, some 
countries/regions will continue to use mercury-containing 
products and some mercury-containing products will 
continue to be in use generally (*with certain exceptions). 
Used product stocks will continue to be discharged. 
Consequently, appropriate separation and disposal will 
become indispensable. This paper focuses on how used 
mercury-containing products are managed in Japan.

In Japan, to promote accurate, smooth management 
in compliance with the Minamata Convention on 
Mercury, the Act on Preventing Environmental Pollution 
of Mercury (Mercury Pollution Prevention Act) was 
established in 2015, with related laws being revised. For 
example, regarding mercury-containing products and 
industrial waste from products that use mercury, a 
government ordinance was published to make partial 
amendments to the Act on Implementing the Waste 
Disposal Law in November 2015, and put into force in 
October 2017. The guidelines on mercury waste were 
published, summarizing specified applicable products 
and measures.

To ensure that mercury-containing products will be 
appropriately separated and discharged, it must be easy to 
determine if products contain mercury. The Mercury 

Fig. 2  Trend in mercury amount per fluorescent lamp (mg-Hg/lamp).

Table 1   Global mercury consumption by sector (United Nations Environment Programme, 2017).
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Pollution Prevention Act prescribes that manufacturers 
and importers shall endeavor to make information on the 
use of mercury in mercury-containing products available 
through labelling. “Guidelines for Providing Information 
by Labelling to Ensure Appropriate Separation and 
Discharge of Mercury-Containing Products” was 
published to explain desirable methods of making this 
information available and facilitate its availability. In 
accordance with the Guidelines, some industry groups 
have prepared their own guidelines for making this 
information available in labelling.

3.  Mercury-containing Products Discharged 
from Households

The Mercury Pollution Prevention Act prescribes 
roles as below for the appropriate disposal of mercury-

containing products discharged from households. 
(Ministry of the Environment, 2015)
・�Local municipalities shall make efforts to take measures 

required for the appropriate collection of mercury-
containing products discharged in their district, 
according to their respective economic and social 
conditions.
・�The national government shall make efforts to give 

technical advice and take measures necessary for local 
municipalities to appropriately collect mercury-
containing products.

The main products discharged from households in 
Japan are expected to include fluorescent tubes, button 
cells, clinical mercury thermometers, mercury 
manometers and others. Keeping in mind the points at 
each stage of the process as Fig. 3 shows, municipalities 
are to create methods of collection and disposal suitable 

Fig. 3   Flowchart of discharge to processing/disposal of mercury-containing products and summary of measures at each stage of the process 
(Ministry of the Environment, 2015; slightly modified by the author).

① How to discharge 
from households 

② How to collect 

③ How to transport 

④ How to store during 
transshipment 

⑤ Intermediate 
processing, final 

disposal and recycling

・
・
・
・

Discharge the waste without breakage.  
Separate the waste without mixing it with other wastes. 
Make it clear that the waste should not be discharged as burnable waste. 
Disseminate to residents information on how to discharge the waste. 

・
・

Collect the waste without mixing it with other wastes.  
Based on current waste collection methods, choose efficient collection methods. 
E.g., collection stations, collection bases, entrusted collection bases, mobile 
collection bases, and collection at stores

・
・
・

Take adequate measures not to damage the waste during transshipment.  
Take measures to protect the storage site from rain water infiltration. 
Store the waste separated from other wastes without mixing them up. 

・
・

To prevent mercury from scattering or flowing out, take care not to break the waste. 
Separate and transport the waste without mixing it with other wastes. 

・
・

・

・

Do not incinerate separated and collected mercury-containing waste products.  
In intermediate/final disposal, dispose of the waste appropriately so that the 
mercury does not scatter or flow out into the environment.   
When disposing of the waste or outsourcing its disposal, be sure to have 
facilities and equipment that enable infallible disposal, and ensure 
appropriate disposal of the waste without scatter or outflow of mercury into 
the environment.
Exchange a contract stipulating items for ensuring appropriate disposal with 
operators.

・Disseminate correct knowledge of mercuryʼs adverse effects  on the 
environment and human health to residents so that mercury-containing 
waste can be appropriately handled.   

・Disseminate information to residents on how to deal with mercury-
containing waste products when breakage of the waste occurs in households. 

⑥ How to disseminate 
information to 

residents 

⑦ How to cope with   
damaged products 
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Fig. 4  A mobile collection base in Kyoto.

to their respective districts.
Kyoto, for example, is adopting management 

methods with the following features:
・�Applicable products: fluorescent tubes, dry batteries, 

button cells, clinical mercury thermometers, mercury 
manometers (separated according to product category)
・�Collection Method 1: waste collection bases (the 

Kamigyo Recycle Station, “Ecotown (ekomachi) 
Stations” (environment consultation counters at ward 
offices), and “Town Beautification Offices” set up in 
eight locations in the city)
・�Collection Method 2: mobile collection bases (Fig. 4) 

set up, with city staff going out and collecting 
recyclable garbage, and temporary collection of 
recyclable garbage
・�Collection Method 3: fluorescent tubes collected at 

electronic appliances stores cooperating with the 
municipal government in collecting the waste
・�Disposal: outsourcing disposal to private business 

operators
Many disused clinical mercury thermometers, 

mercury manometers, etc. are thought to be kept in 
households (Asari et al., 2011). An effective way to 
collect those products in as short a time as possible would 
be, for example, to implement a collection campaign.

4.  Mercury-containing Products Discharged 
from Companies

In compliance with the Minamata Convention on 
Mercury, new measures are required for industrial waste 
consisting of mercury-containing products, mercury-
containing particulate matters and waste mercury, in 
addition to specially controlled industrial waste 
(discharged from certain facilities in which the mercury 
elution amount exceeds criteria). Table 2 gives an 
overview.

5. Forthcoming Challenges

As a forthcoming challenge, the collection rate of 
mercury-containing products must be raised in Japan as it 
has elsewhere. To meet these requirements, it will be 
necessary to make more efforts to disseminate 
information to residents and consider effective collection 
methods. Since public awareness in Japan remains low, it 
will be necessary to carry out campaigns effectively that 
combine awareness-raising and collection of mercury-
containing products. In Taiwan, they collect about 90 
percent of fluorescent tubes and have achieved the 
highest collection rate in the world. Under the concept of 
extended producer responsibility (EPR), a collection 
recycling tax is imposed on manufacturers and importers, 
and the tax revenues are used to promote recycling. The 
amount of subsidies for collecting and recycling which 
are paid to recycling companies is determined according 
to the collection rate, enhancing motivation for collection. 
Recycling companies buy collected products from 
collecting companies according to the quantity and 
condition of the collected products. Recycling companies 
try to buy as many collected products in good condition 
as possible. This system works well. Local governments 
collect wastes according to a unique method. In Taipei, 
for example, as seen in Fig. 5, several waste collection 
vehicles go to the waste collection bases in the city 
almost every weekday. Those vehicles have the function 
of separating the wastes. One vehicle collects burnable 
waste, and the other has a kitchen garbage box and 
hazardous waste box, so that the residents can easily sort 
wastes.

Many developing countries, in particular, have just 
started separating waste. Priority should be put on 
measures against hazardous wastes, and the separation 
and appropriate disposal of mercury-containing waste 
should be promoted. In the UNEP Global Mercury 
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Partnership (https://web.unep.org/globalmercurypartnership/), 
Japan has been leading activities in the Waste 
Management Area. The present situation needs to be 
understood in developing countries and educational 
programs developed, including on good practices to be 
shared in the future.  Needless to say, even if the waste 
products can be collected, it will be necessary to establish 
systems for collecting mercury from the products and for 
proper disposal. Institutionalization and cooperation of 
stakeholders will be required to construct a management 
system that covers the entire lifecycle.

Category Applicable matters (Newly) required measures
Industrial 
waste 
consisting 
of mercury-
containing 
products

Mercury-containing 
products that have become 
industrial waste (excluding 
certain products for which 
that cannot be determined)

・�Operation license, outsourcing contract, manifest, signboards at waste storage sites, and 
ledgers【A】
・�Storage: Take measures, such as establishing partitions and not mixing the waste with 

other wastes.
・�Outsourcing disposal: Outsource collection, transportation or disposal of the waste to 

business operators licensed to perform operation of the applicable matters. When 
outsourcing disposal of waste from which mercury is to be collected, outsource the 
operation to business operators capable of collecting mercury.  【B】
・�Collection and transportation: Collect and transport the waste, causing no damage to the 

waste and separate from other wastes without mixing with them.
・�Disposal and recycling: Take necessary measures to prevent mercury or mercury 

compounds from escaping into the air. Regarding matter from which mercury is to be 
collected, the mercury shall be collected using a mercury separation method after roasting 
it in a roasting facility or taking measures to prevent the mercury from being released into 
the air. 【C】Do not dispose of the waste in least-controlled final landfill sites.

Mercury- 
containing 
particulate 
matters, 
etc.

Particulate matters, cinders, 
sludge, slag, waste acids 
and waste alkalis with a 
mercury content exceeds a 
specified amount (15 mg/
kg, 15 mg/L)*

・�Same as in【A】【B】【C】above

Mercury- 
containing 
specially 
controlled 
industrial 
waste

Particulate matters, sludge, 
slag, waste acids and waste 
alkalis that are discharged 
from specified facilities 
and whose elution amount 
exceeds 0.005 mg/L*

・�Same as in【A】【C】above

Waste 
mercury

①�Waste mercury or waste 
mercury compounds 
generated in specified 
facilities
②�Waste mercury collected 

from mercury-containing 
items or products using 
mercury that have 
become waste

・�Storage and transshipment: Take measures: ① to prevent mercury from scattering, flowing 
out or vaporizing, ② to keep mercury away from high temperatures, and ③ to protect 
mercury from corrosion.
・�Outsourcing disposal: Outsource disposal to business operators licensed to collect, 

transport or dispose of “waste mercury.” The term “waste mercury” shall be specified in 
the outsourcing contract and in the waste type field in the manifest.
・�Collection and transportation: Waste mercury must be contained in (airtight, easy to store, 

and hard to damage) transportation containers for collection and transportation.
・�Intermediate processing: When waste mercury is disposed of in a landfill, raise the purity 

of the mercury prior to sulfurizing it with sulfur powder and solidifying it with modified 
sulfur at a licensed sulfurization facility in an industrial waste disposal facility.
・�Final disposal: When the solidified material (processed waste mercury) does not meet the 

criteria (with mercury content < 0.005mg/L in elution test) results), the waste shall be 
disposed of at an isolated final disposal site. When it meets the criteria, the waste shall be 
disposed of at a controlled final disposal site with additional measures taken.

*Products with a mercury content of greater than 1,000  mg/kg or 1,000 mg/L shall be collected.

Table 2   Overview of management of mercury-related products and waste discharged by companies.  (Ministry of the Environment, 2017)

Fig. 5  Household garbage collection in Taipei.

Compactor
for burnableTruck for

recyclables

Box for food
waste
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1. Introduction

Following preceding agreements such as the Aarhus 
Convention and the Genève Air Emission Reduction 
Protocol from 1972, the Minamata Convention entered 
into force in August 2017 with a clear mandate to protect 
human health and the environment from the adverse 
effects of mercury. Amongst other countries like Norway, 
Switzerland played the role of facilitator for the 
convention from the start. The basis for this engagement 
is twofold: on the one hand, the long-term engagement 
and rich experience of the Swiss in several international 
environmental treaties such as the Basel, Stockholm and 
Rotterdam conventions were brought in to facilitate the 
process to establish this new Convention. The other 
aspect is the historical and still growing expertise of 
Swiss industry in chemicals and pharmaceuticals, 
including their treatment and disposal. The latter have 
included the use and treatment of mercury in different 
processes, applications and products. Although most of 
these applications are no longer legal, the technical 
knowledge for treating mercury still exists and is used by 
several corporations. Last but not least, the uses of 
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Abstract
Beneficial management of mercury can be achieved by applying certain logical, technically oriented 

principles. Swiss environmental provisions for soil, site remediation and waste have been developed using 
these strategic, long-term-oriented rules. Describing the historical development of state-of-the-art techniques 
might help others shorten their own pathway to development. This paper reviews development of these rules 
and gives practical guidance and a comparison of data in the specific matter of mercury. Special attention is 
paid to the design of a threshold system within the chain starting from observation, proceeding to remediation, 
followed by treatment and ending with final storage. Thresholds are shown not necessarily to be rigid borders, 
but beneficial frameworks, which can even be flexible to local circumstances if designed well. The overall 
target of the demonstrated strategy is to keep the anthroposphere safe from hazards and at the same time 
maintain the lithosphere in a way that does not add new risks of environmental damage. Finally, for a few 
holistic cases, keeping in mind the targets of the Minamata Convention, practically proven elements of a 
transparent and lucid management system for mercury are suggested. As in many processes, involving all 
stakeholders in a transparent and integrative way is crucial for success.
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mercury in Switzerland described herein have resulted in 
contamination of sites. Most of these are undergoing 
remediation nowadays or have been cleaned up already, 
using a national fund to support these activities through 
effective funding from a landfilling fee. Again even these 
projects create expertise and capacity, as well as establish 
regulations in their specific domain. This paper reviews 
the milestones of Switzerland’s development of a state-
of-the-art mercury management system starting in the 
1970s. Retracing this pathway may help others facilitate 
their own processes to improve environmental conditions. 
Additionally this paper aims to provide hints on specific 
challenges of the Convention, e.g., the process of 
establishing thresholds for mercury waste.

2. Development of Environmental Law

Environmental law in Switzerland was not 
established on the basis of a uniform concept, but as a 
continuous reaction to specific problems that were 
occurring. Following changes to the country’s economy 
from mainly agricultural to that with a strong second 
industrial leg in the last century, the first environmental 
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regulations aimed to improve the quality of water and air 
(FOEN, 2013). 

Today environmental regulation is still problem-
oriented but much more specific (e.g., biogenetics, climate-
change, mercury). As a cornerstone, the Swiss 
Environmental Protection Act (EPA) was established in 
1985. The economic boom in these decades laid the ground 
for a strong increase in the amount of waste, which was 
then tackled by the internationally well-perceived 
Technical Ordinance on Waste (TOW), according to which 
waste had to be recycled after treatment or deposited in a 
suitable landfill site in an environmentally sound manner. 
The effectiveness of the TOW provisions had a positive 
environmental effect, for example, mercury emissions to 
air have shown a reduction by 90% since 1990. Side note: 
In the same period, deposition did not drop by the same 
percentage, suggesting global transport mechanisms for 
mercury and its compounds (Fig.1). TOW in its current 
format as the Ordinance on the Avoidance and the 
Disposal of Waste (ADWO, in force from 2016) is again 
a ground-breaking instrument as it settles new issues such 
as phosphorus recycling and handling waste from 
construction and demolition works (SFC, 2015) while 
still respecting proven basic principles.

Several additional Swiss environmental ordinances 
provide rules with respect to mercury (particularly for 
soil and remediation of contaminated sites). Nevertheless, 
if treatment of these materials is intended, the materials 
derived have to be handled as waste. This lays the ground 
for further consideration in this paper, examining the role 
and design of mercury waste management.

3. Basic Principles

In the years during development of TOW some basic 
principles were established as a beneficial framework and 
touchstone for this policy. These rules have proven 
helpful and are still applied today in updated versions of 
the environmental provisions. Chapter 2.2 of Bundesamt 
für Umweltschutz (BUS, 1986) gives a set of scientific 
and technical guidelines that can facilitate the setup of an 
environmentally safe management system for mercury.

3.1 Treatment and Recovery
Anticipating the now widespread rules of the circular 

economy, the following notion for tackling waste 
treatment was presented for the first time: “All waste 
treatment systems shall produce only two types of 
materials: reusable material and material suitable for final 
landfilling.” With respect to mercury, this principle today 
is a core consideration of the Minamata Convention. The 
now evident toxicity of mercury makes the removal of 
the element from economic cycles to the utmost degree 
desirable. As mentioned above in the Introduction, Swiss 
companies have developed vast experience in the 
treatment of mercury waste to fulfill this task. The 
diminishing usage of mercury products on the other hand 
generates a continuous flow of recovered mercury for 
stocks or landfilling, so clear rules and procedures for the 
final disposal of mercury will be crucial to fulfilling the 
goals of the Convention.

3.2 Landfilling
Both the aforementioned TOW and ADWO contain 

detailed provisions for landfilling of wastes, including 
thresholds for mercury. The main long-term consideration 
for landfilling is that landfilling shall be considered a 
transition of the material from the anthroposphere to the 
lithosphere without incurring environmental damage to 
either of them.

Substances are suitable for final storage if they can 
be kept long-term in an appropriate environment (in geo-
physical and geo-chemical terms) in a way so that they 
are releasing only substances which cause no harm to air, 
water or soil. At the site, final disposal shall be substance 
specific: only solids are considered appropriate for final 
disposal.

3.3 Petrologic Approach
The petrological approach (Zeltner, 2002) was 

initially used to evaluate and project the behavior of 
residues derived from waste melting processes. It 
combines geological modelling, petrographic evaluation, 
material flux analysis and long-term experience with 
alteration and erosion. As a result, technical processes 

Fig. 1   Emission and Deposition of mercury in Switzerland (kg/year). (FOEN (2017), MSC-E (2017), Ritscher et.al. (2018))
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shall be steered in a dedicated way to gain materials of 
so-called “final storage quality,” which in most cases 
result in a chemical and specifically mineralogical 
composition similar to the Earth’s crust. 

The guidance from BUS (1986) explains the same 
circumstances as follows: “Waste treatment processes 
shall be designed in a way that environmentally harmful 
substances, can be derived in a concentrated form, and 
environmentally harmless substances shall be in a form 
similar to soil or the Earth’s crust.” As Switzerland has a 
range of contaminated sites and some of the sites have to 
be remediated, the lesson learned was to avoid the 
buildup of new landfills that produce harmful emissions 
to the three environmental compartments of air, water and 
soil.

4. Threshold Systems and Levels

Prior to specification of a material as a waste, 
decisions have to be made, in most cases using chemical 
analyses and applying national legislation or guidelines. 
To facilitate triage of mercury contaminated sites or soils, 
ART (2013) recommends three levels of thresholds: 
background, observation and remediation levels (Fig.2).

The Swiss guideline to derive threshold values (if 
they are not present in existing policies) sets a stepwise 
approach to effectively assess the whole chain from 
investigation to remediation and finally, waste 
management procedures, keeping in mind human health 

and environmental soundness. (BAFU, 2013)
The guideline uses US-EPA Regional Screening 

Levels (RSL) and the slope factor to evaluate toxicity and 
combines these with an exposure scenario defined by 
SFC (2017) to establish remediation thresholds. 
Derivation of landfilling thresholds starts with an 
assessment of the local geogenic background levels. This 
approach enables concentration levels to be differentiated 
depending on the genesis of the rock on-site, which can 
be remarkably different (e.g., mining areas with high 
naturally occurring mercury minerals) (Fig.3). 

As a core element for evaluating the landfilling 
threshold, a so-called virtual leaching test is used as 
represented in equation (1).

ct = cw·(Kd+(W/S·1/ρw) ・・・ (1)

ct = threshold (total solid concentration) [mg/kg]
cw =  conc. of constituent in pore solution (leachate) 

[mg/l]
Kd = solid/water distribution coefficient [liter/kg]
W/S = solid/water ratio [1]
ρw = density of pore-water [kg/liter]

4.1 Background Mercury Levels
As a definition, if the mercury concentration remains 

under the so-called background level, it produces no risk 
to human health, animals or the environment. 

As deduced above in Section 3.3, Earth-crust values 
build a logical basis for development of background 
levels. Various sources in literature show the abundance 
of mercury in Earth's continental crust to be between 0.05 
and 5 mg/kg, also known as clarke values. Table 1 (ART, 

Fig. 3   Risk based scheme to derive threshold values for remediation 
and landfilling. (BAFU, 2013)

Fig. 2   Schematic diagram of levels to differentiate measures in 
management of mercury of soil or contaminated sites.

Table 1   Mercury background level in different countries. (ART, 
2013, SFC 1998)

Country Background mercury 
value (mg/kg)

Comments

Belgium 
(Flanders)

0.05

China 0.15 Nature reserve area
China 0.3–1 Agriculture
China 1.5 Forestry
Czech Republic 0.4
Germany 0.1–1 Dependent upon soil type
Finland 0.2
France 3.5
Netherlands 0.3–0.5
Norway 0.05–0.2
Slovakia 0.3
Switzerland 0.5 Soil (SFC, 1998)
Sweden 2.5 Industry
4.2 Mercury Levels Necessitating Observation

GÖSSNITZER.indd   61GÖSSNITZER.indd   61 2020/07/31   14:12:332020/07/31   14:12:33



62 A. GÖSSNITZER

2013) summarizes background levels in terms of mg/kg.
A total of 82 literature sources provided the basis for 

the mercury observation levels in ART (2013). Table 2 
displays these concentration values, recorded for several 
land-use categories. The rather wide range of values 
results from different definitions of the term “observation 
level” in most of the countries, for instance a given value 
can trigger restriction of an intended land use or, at a 
minimum, the obligation to observe or investigate the on-
site situation in more detail. The recommendation is to 
apply the risk analysis approach. 

4.3 Mercury Levels Necessitating Remediation
Similar to the sites under observation, regarding 

remediation there are a wide ranges of definitions and 
measures to take if a given threshold is exceeded, e.g., 
decontamination (removal of the contaminant), 
containment (prevention, neutralization or reduction of 
contaminant diffusion) or restrictions on land use. The 
latter can be an option if remediation costs exceed the 
locally bearable level (Table3).

Switzerland applies a strict definition of its levels for 
remediation. SFC (2017) defines the obligation to 
remediate if the given values overshoot the limits. In the 
related ordinance, the mercury level requiring 
remediation of allotments (community gardens) and 
children’s playgrounds was lowered from a value of 

5 mg/kg to 2 mg/kg in 2015. The Swiss level for 
remediation of lands for agricultural use and horticulture 
was deduced in ART (2013) resulting in a level for 
mercury remediation of 20 mg/kg. 

5. Mercury Waste Management

The chain of sustainable management of mercury 
ends with treatment and final disposal as a waste. In the 
past Swiss industry with its strong focus and vast 
experience on chemical and pharmaceutical products, 
caused mercury contamination incidents which have been 
remediated or still await remediation.

5.1 Mercury Waste Treatment
Swiss waste management firms play an important 

and innovative role in the field of mercury waste 
treatment.

One such firm, founded in 1989 with a state-co-
funded operation, is dedicated to thermal treatment of 
batteries. The cooperative (which today is a subsidiary of 
an international waste management company) became a 
global player in the field of mercury treatment. Their 
scope of activities has expanded over time, so today, 
treatment of catalysts and activated carbon, in addition to 
batteries and various types of mercury-containing 
products, is their core expertise. Subsequently, in 
accordance with the aims of the Minamata Convention, 
the company developed a treatment plant to convert 
metallic mercury into its sulfidic form (HgS, cinnabar). 
This process provides the next-to-last step for producing 
the aforementioned final storage quality of mercury. 
Excavated salt mines provide the ultimate step today 
through their final disposal services for mercury in its 
stable, naturally occurring form as mercury sulfide 
(Fig.4).

To treat waste derived from mercury-contaminated 
sites in the Swiss canton Valais, another treatment facility 
started operation in 2019. The thermal process reclaims 
mercury and enriches it for further processing. The 
remaining matrix shall reach mercury levels suitable for a 
standard landfilling operation or even utilization in 
construction works.

5.2 Recovery and Landfilling Operations
As stated in Swiss Environmental Report 2018 (SFC, 

2018), 84% of all waste falls under the categories of 
excavation and demolition materials. Efforts are being 
made to increase recovery of this high volume waste 
stream. In the same logic as discussed above in Section 4 
to reach qualities similar to the composition of the Earth’s 
crust (or background levels), the provisions of the Waste 
Ordinance (SFC, 2015) include mercury thresholds to be 
considered as unpolluted or to restrict landfilling with 
thresholds according to Table 4. Demolition and 
excavation materials with mercury levels below 0.5 mg/

Table 2   Range of mercury observation values for different  
land-use categories. (ART, 2013)

Land use category Range: Mercury observation 
values (mg/kg)

Agricultural 0.362–10
Industry 2–4000
Gardening, sports, playgrounds 1–400
Housing 0.83–600
Other 0.1–36

Table 3   Mercury remediation values for different land-use 
categories. (ART, 2013, SFC, 2017)

Country Category Mercury remediation 
value (mg/kg)

Belgium Agriculture 2.9
Canada Agriculture 6.6

Finland Industrial 5
Finland None Industrial 2
Germany Agriculture 2
Switzerland Children’s 

Playgrounds, 
Allotments

2
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kg are considered unpolluted and therefore can be kept in 
the economic cycle continuously to fulfil the goals of the 
circular economy.

5.3 State of Techniques and Procedures
Management of mercury has improved even in the 

short period of time since the Minamata Convention went 
into effect. Its guidelines, as well as corresponding 
corporate innovation, have brought progress in fulfilling 
national provisions as well as the Convention’s 
objectives. Swiss best-practice in that respect is strong 
cooperation between industrial associations, enforcement 
bodies (cantons) and governmental authorities. Swiss 
authorities have had very positive experience establishing 
a state-of-the-art technique working group involving the 
aforementioned stakeholders. It enables exchanges and 
quick action in response to new provisions and acute 

environmental issues, as well as to reported issues. The 
following elements have helped to establish best practice, 
specifically in the field of mercury:

• Transparent, well-documented sampling procedures (if 
needed by third parties)

• Complete mercury mass balances of treatment facilities
• Tracking of the value chain
• Verification of intended mercury uses if not brought to 

final disposal

6. Conclusions

A holistic approach and view on the management of 
mercury is helpful toward achieving the goals of the 
Minamata Convention. Considering the whole value 
chain of this metal and its substances and applying best 
practice for each of the steps is important.

Mercury thresholds provide clarity and transparency 
along the cycle from products to waste and final disposal. 
This survey shows that thresholds can be handled with a 
certain flexibility, recognizing the needs of local 
circumstances, e.g., the mining industry. As a first 
priority, treated materials should reach a degree of quality 
that will enable them to be used in the economic cycle 
without damaging human health or the environment. 
Secondly, residues from treatment should be brought 
back into the geological cycle in a form which is stable 
long-term and the degradation of which does not create 
the need for remediation. Fig. 4   Final storage of drums in a excavated salt mine deposit.

Table 4  Mercury threshold in the Waste Ordinance (SFC, 2015)

Annex 3 (ref. in Article 17) Criterion for demolition and excavation material  
(unpolluted) 

0.5 mg mercury/kg dry matter 

Annex 3 (ref. in Article 17) Criterion for demolition and excavation material  
(subject to further use in construction materials) 

1 mg mercury/kg dry matter 

Annex 4 (ref. in Article 24) Criteria for waste, used as raw material in 
cement and concrete production  
1) Use of waste as raw material and raw 
mix corrective in cement clinker production  
2) Use of waste as alternative fuel in cement 
clinker production 

1 mg mercury/kg dry matter  
1 mg mercury/kg dry matter 

Annex 5 Criteria for landfilled waste  
1) Type B landfills (inert waste)  
2) Type C landfills (solidified MSWI1fly ash)  
 

3) Type D landfills (MSWI slag)  
4) Type E landfills (other wastes, slightly reactive) 

2 mg mercury/kg dry matter  
0.01 mg mercury/liter dry matter (leaching)  
The total content of mercury may not exceed 
5 mg/kg dry matter for metal-containing, 
inorganic and badly soluble waste  
5 mg mercury/kg dry matter  
5 mg mercury/kg dry matter 

Reference measurement methods for total mercury concentration: For sample preparation, microwave pressure digestion with aqua regia or conc. HNO3 or 
HNO3/H2O2 with a 0.5 to 2 g sample of material; measurement by cold-vapour AAS, AAS, ICP-MS, AFS (ISO 12846).
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1. Introduction

Mercury is recognized as a substance with 
significant adverse health effects. There are particular 
concerns over its harmful effects on infants and unborn 
children. A global mercury assessment (UNEP, 2002) 
showed that there was sufficient evidence of significant 
adverse global impacts from mercury and its compounds. 
The global transport of mercury pollution in the 
environment has been a key driver for global action taken 
by international society to address the problem of 
mercury pollution. After international discussion based 
on a scientific evaluation presented in the assessment 
report, the Minamata Convention on Mercury (UNEP, 
2013a) was adopted in 2013 and enacted in 2017.

Compared to other multilateral environmental 
treaties, the Minamata Convention is unique in that its 
sole target is mercury, which it aims to manage 
throughout its lifecycle including mining, trade, usage, 
emissions, releases, storage and disposal. The Convention 
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also highlights social issues related to mercury, such as 
vulnerable populations facing risks from mercury, and the 
informal sector working in the field of artisanal and 
small-scale gold mining (ASGM). This comprehensive 
approach, addressing not only environmental issues but 
also social and economic issues related to mercury, 
corresponds to the principles of the United Nations’ 2030 
Agenda for Sustainable Development (UNGA, 2015).

The Agenda was adopted by the United Nations 
Assembly in September 2015, underpinned by 17 
Sustainable Development Goals (SDGs) and 169 targets. 
The Agenda emphasizes the importance of integrating the 
three dimensions of sustainable development, namely 
environmental, social and economic issues, in a balanced 
manner, with the principle of inclusion represented by the 
slogan of “no one will be left behind” being consistent 
with all goals of the SDGs. As Griggs et al. (2013, 2014) 
emphasized, a comprehensive approach is necessary for 
seeking sustainable development, since all of the goals 
are deeply interlinked with each other and cannot be 
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achieved by separate approaches. The SDGs, therefore, 
can be utilized as a toolkit or a guide to confirm whether 
policies address all necessary issues for pursuing a 
sustainable world without sacrificing other issues. After 
the adoption of Agenda 2030, the world, including 
international organizations, governments, local 
governments, the private sector, research institutions, and 
civil society, has shifted its activities toward pursuing 
achievement of the SDGs. Therefore, the Minamata 
Convention also needs to respond to these international 
expectations of achieving the SDGs by 2030.

This paper explores the relationship between the 
Minamata Convention and the SDG targets to clarify the 
possible effect of the Convention on sustainable 
development, including both positive and negative 
impacts. Then, this paper seeks to understand the key 
directions and challenges for further development of the 
Minamata Convention from the perspective of achieving 
the SDGs that pursue a comprehensive approach across 
environmental, social and economic challenges.

2. Methodology

The SDGs consist of 169 targets under 17 goals, 
which cover the environmental, social, economic and 
governance spheres, and facilitate a goal-oriented 
approach (Kanie & Biermann, 2017). Firstly, this paper 
analyses the interlinkages between the provisions of the 
Minamata Convention and the SDGs at the target level, 
examining both synergies and trade-off relations. The 
main body of the Minamata Convention in association 
with the regulation of mercury or arrangements by the 
Parties is a target of analysis in this paper. ICSU (2017) 
and Nilsson et al. (2016) have developed a framework, 
whereby interactions between the SDGs and targets are 
classified on a seven-point ordinal scale. The framework 
identifies categories of causal and functional relationships 
underlying progress toward or achievement of goals and 
targets, and gives scores classifying interactions as 
‘enabling,’ ‘reinforcing’ and ‘indivisible’ for positive 
interactions, and ‘constraining,’ ‘counteracting’ and 
‘cancelling’ for negative interactions. This framework has 
been applied in analysis in this paper in a simple manner, 
focusing on significant positive and negative 
relationships.

In the case that the provisions of the Convention 
don’t explicitly address the SDG targets, but its effect 
obviously contributes to achievement of the SDG targets, 
that kind of synergy is also included, with clarification as 
“indirect synergy.” For instance, reduction of mercury 
emissions to the atmosphere under Article 8 doesn’t 
explicitly address reduction of marine pollution, which is 
in SDG 14. According to a recent total mercury budget 
assessment (UNEP, 2018), however, the main flow of 
global mercury is anthropogenic emissions to air (2,500 
tons per year) and deposition to oceans from the air 

(3,800 tons per year), which means that Article 8 certainly 
contributes to SDG 14. In this case, the relationship 
between Article 8 and SDG 14 is classified as “indirect 
synergy.” Likewise, phasing out fluorescent lamps using 
mercury under Article 4 doesn’t directly link with climate 
change (SDG 13) or energy efficiency (SDG 7), but it 
leads to the propagation of LED lamps, which contributes 
to achieving those SDGs indirectly.

Secondly, based on the above analysis, future 
challenges are discussed for achieving a sustainable 
society and fulfilling the purposes of the Minamata 
Convention.

3. Results

3.1  Synergies between the Minamata Convention and 
SDGs
Given the purpose of the Minamata Convention 

prescribed in Article 1, which is “to protect the human 
health and the environment from anthropogenic emissions 
and releases of mercury and mercury compounds,” it is 
obvious that the Convention gives the highest priority to 
Goal 3 of the SDGs, good health and well-being, in 
particular SDG Target 3.9, which is “by 2030, 
substantially reduce the number of deaths and illnesses 
from hazardous chemicals and air, water and soil 
pollution and contamination.” In line with protection of 
the environment, Target 12.4, which is “by 2020, achieve 
the environmentally sound management of chemicals and 
all wastes throughout their life cycle, in accordance with 
agreed international frameworks, and significantly reduce 
their release to air, water and soil in order to minimize 
their adverse impacts on human health and the 
environment,” is also directly addressed by the Convention.

Table 1 lists synergies between the Minamata 
Convention and the SDGs at the target level. It reveals 
that the Minamata Convention covers all 17 goals of the 
SDGs to a greater or lesser extent, which means the 
Convention has taken the concept of Agenda 2030 in 
advance, and implemented it for achieving a sustainable 
society.

Looking at the synergies at the SDG target level, 
many articles of the Convention have synergies with 
Targets 3.9 and 12.4, which are recognized as core targets 
of the Convention prescribed in the purpose of the 
Convention as described above. Although Target 3.9 
accounts for more than half of the indirect synergies, 
Target 3.d under Goal 3 of the SDGs, “Strengthen the 
capacity of all countries, in particular developing 
countries, for early warning, risk reduction and 
management of national and global health risks” is 
directly addressed in seven articles of the Convention in 
the context of health risk assessment, education or 
capacity building. Other than those two targets, Target 
17.16, prescribing a global partnership and multi-
stakeholder partnerships that mobilize and share 
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knowledge, expertise, technology and financial resources, 
has many synergies with the articles of the Convention. 
Not only the articles regarding cooperation among 
parties, but also the articles regarding ASGM, interim 
storage, waste management and contaminated sites 
explicitly prescribe encouragement of cooperation among 
parties, relevant intergovernmental organizations such as 
the Basel Convention, WHO and ILO, and other entities. 
It can be concluded that the Minamata Convention puts 
great importance on partnerships in its implementation. 
In fact, the UNEP Global Mercury Partnership is regarded 
as one of the main mechanisms for delivery of immediate 
actions on mercury, and current projects in the eight 
prioritized areas reflecting the major sources of mercury 
release categories have been conducted with a wide range 
of stakeholders including the private sector (UNEP, 
2019a).

Looking at the articles of the Convention, Article 7 
(ASGM) shows the widest coverage among the targets of 
the SDGs. The ASGM provision under Article 7, Annex 
C (i) explicitly addresses measures for vulnerable 
populations as “strategies to prevent the exposure of 
vulnerable populations, particularly children and women 
of child-bearing age, especially pregnant women, to 
mercury used in artisanal and small-scale gold mining,” 
who should be taken into account as important stake-
holders in the SDGs.

Figure 1 summarizes those synergies, classifying 
them into the 17 goals of the SDGs. It shows that the 
Minamata Convention addresses Goal 17 (partnerships), 
followed by Goal 12 (responsible consumption and 
production), and Goal 3 (health), in particular. In 
addition, Goal 9 (industries, innovation and 
infrastructure) is also an important area dealing with it in 
the Convention. The Convention is regarded as covering 
the SDGs in collaboration with environmental, social and 
economic measures.

〇: direct synergy △: indirect synergy

1.5 2.4 3.9 3.ｄ 4.4 4.7 5.c 6.3 7.3 8.4 9.4 9.5 9.ｂ 10.ｂ 11.6 12.2 12.4 12.a 12.c 13.2 14.1 15.1 16.10 17.2 17.7 17.9 17.16

Article 3 Mercury supply
sources and trade

△ 〇 〇

〇 △ △ △ 〇 △ 〇 〇 △
Pesticides Lamp Lamp

Article 5 Manufacturing
processes in which mercury are
used

△ 〇 △ 〇 〇 〇

Article 7 Artisanal and small-
scale gold mining (ASGM)

〇 〇 〇 〇 〇 △ △ 〇 〇 〇 〇 〇 〇 〇 〇

△ 〇 〇 〇 〇 〇 〇 △ △

Article 9 Release to land and
water

△ 〇 〇 〇 〇 〇 〇

Article 10 Environmentally
sound interim storage of
mercury

△ △ 〇 〇 〇 〇 〇

Article 11 Mercury wastes △ △ 〇 〇 〇 〇 〇

Article 12 Contaminated sites 〇 〇 〇 〇 〇 〇

Article 13 Financial resources
and mechanism △ △ 〇 〇 〇 〇 〇 〇

Article 14 Capacity-building,
technical assistance and
technology transfer

〇 〇 〇 〇 〇 〇 〇

Article 16 Health aspects 〇 〇 〇 〇

Article 17 Information exchange 〇 △ △ 〇

Article 18 Public information,
awareness and education △ 〇 〇 〇 〇

Article 19 Research,
development and monitoring

〇 〇 〇 〇 〇

Synergy: 〇 1 1 3 7 1 4 0 1 0 0 5 3 2 1 3 6 9 5 1 1 1 1 1 2 4 6 10
Indirect synergy: △ 0 0 8 0 0 1 1 2 1 3 1 1 0 0 1 0 0 0 0 1 1 1 1 0 0 0 0
Sum 1 1 11 7 1 5 1 3 1 3 6 4 2 1 4 6 9 5 1 2 2 2 2 2 4 6 10

Minamata Convention
Target of SDGs

Coal-fired
facilities

Coal-fired
power plants

Article 4 Mercury-added
products

Article 8 Emissions to the
atmosphere

Table 1   Synergies between the Minamata Convention and the SDGs.
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3.2 Trade-off Relationships
With respect to trade-off relationships between the 

Minamata Convention and the SDGs, no strong negative 
impacts, such as effects detrimental to other targets of the 
SDGs, have been observed. However, there are potential 
trade-off relationships, which may constrain achievement 
of SDG targets to some extent. Table 2 shows a few 
possible negative relationships between the Convention 
and the SDGs. For instance, phasing out of thermometers 
and sphygmomanometers that use mercury may have a 
negative impact on accessing health care services (Target 
3.8) for those who cannot afford electrical measurement.

Given the economic burden of coping with 
regulation under the Convention, the highest concern 
should be paid to the relationship with economic growth 
(Target 8.1), which accounts for nine articles with trade-
off relationships. However, certain conditions, 
exemptions, or special considerations are already 
accommodated in the Convention to minimize the 
negative impact of regulation. For instance, current 
mining of primary mercury is allowed for up to 15 years, 
though primary mercury mining is basically banned under 
Article 3. Also, the phase-outs of mercury-added products 
have exemptions if those products are essential for civil 
protection or military uses, or where no feasible mercury-
free alternative for replacement exists, for instance 
(Article 4).

The trade-off relationship with waste reduction 
(Target 12.5) needs more careful consideration in the 
implementation of the Convention. To ban the use of 
mercury results in generating wastes originating from the 
products or industrial processes in which mercury is used. 
For instance, in accordance with Article 5, 
decommissioning of chlor-alkali facilities results in 
generation of significant amounts of excess mercury, 

which is estimated at approximately 10,456 tons globally 
(UNEP, 2013b), including 8,000 tons in the EU (COWI 
& BiPRO, 2015) and 1,200 tons in the US (DOE, 2011). 
To prevent those huge amounts of mercury from reaching 
the global market, under Paragraph 5 (b) of Article 3, 
measures shall be taken so that excess mercury from the 
decommissioning of chlor-alkali facilities is disposed of, 
not to lead to recycling or re-use. This indicates a trade-
off relationship with Target 12.5.

With regard to reduction of mercury emissions to the 
atmosphere (Article 8), measures could include changes 
in raw fuels or materials to those containing less mercury, 
or removal of mercury from exhaust gas. Considering the 
total material flow of mercury, the latter measure leads to 
increased mercury waste, such as mercury-contaminated 
sludge. In this context, Article 8 has a possible negative 
impact on Target 12.5.

4. Discussion

4.1 Enhancement of Synergies
As the above analysis shows, the Minamata 

Convention addresses all 17 goals of the SDGs with some 
gradation from strong to weak linkages. For further 
development of the Minamata Convention, enhancement 
of synergies could be one option. In light of strengthening 
its weak synergies, gender (Goal 5), which showed the 
weakest synergy with the Convention, should be one 
target to consider. In the Convention, women of child-
bearing age, especially pregnant women are explicitly 
addressed in terms of preventing their exposure to 
mercury through the ASGM process. It is estimated that 
10 to 15 million miners, including 4 to 5 million women 
and children, are involved in the ASMG sector (UNEP, 
2019b). Since the predominant source sector is ASGM 

1.2 3.8 7.1 8.1 8.5 12.5

reduce poverty achieve universal
health coverage

access to
affordable

energy services

 sustain per
capita economic

growth

achieve full
employment

reduce waste
generation

Article 3 Mercury supply sources and trade 〇 〇

〇 〇 〇

thermometer,
sphygmomanometer

Article 5 Manufacturing processes
in which mercury are used 〇 〇

Article 7 Artisanal and small-scale
gold mining (ASGM) 〇 〇 〇

〇 〇 〇

Coal-fired power plants

Article 9 Release to land and water 〇 〇

Article 10 Environmentally sound
interim storage of mercury 〇

Article 11 Mercury wastes 〇

Article 12 Contaminated sites 〇 〇

Sum 1 1 1 9 2 5

Minamata Convention

Target of SDGs

Article 4 Mercury-added products

Article 8 Emissions to the atmosphere

Table 2   Potential trade-off relationships between the Minamata Convention and the SDGs.
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(about 38%) in mercury emissions to air (UNEP, 2018), 
introducing cleaner technologies in the ASGM sector is 
an urgent issue together with continuous efforts at 
formalization, education and organization of miners. To 
link these efforts to the promotion of the SDGs, it is 
recommended to consider efforts leading to education 
and empowerment of women. When an ASGM project 
under a global partnership of the Convention is 
formulated, such gender perspectives should be taken into 
account. Appropriate coordination among other on-going 
projects is recommended.
4.2 Consideration of Trade-off Relations

For the Convention to accommodate sustainability, it 
needs to consider possible negative effect of policies. An 
analysis of the trade-off relationships between the 
Convention and the SDG reveals that waste issues (Target 
12.5) are the biggest concern. The regulations under the 
Minamata Convention lead to increased amounts of 
mercury waste, contrary to the SDGs. It should be noted 
here that mercury waste is generated in two forms, 
intentional and unintentional.

With respect to mercury waste emitted intentionally, 
decommissioning of chlor-alkali facilities using mercury 
in their processes, for instance, results in generation of 
huge amounts of waste mercury. In terms of preventing 
mercury from being supplied to the market, it should be 
appreciated that the Convention prohibits recycling of 
mercury and prescribes that mercury has to be dealt with 
as waste. What is important next is whether that mercury 
waste is treated in an environmentally sound manner or 
not.

With respect to mercury waste emitted 
unintentionally, mercury contained as impurities in raw 
fuel will continue to be emitted from, for example, non-
ferrous metal manufacturing industries and coal-fired 
power plants. While mercury waste emitted intentionally 
will decrease due to reductions in mercury use in 
processes and products, it should be borne in mind that 
mercury waste emitted unintentionally will be 
continuously generated in the future. Although mercury is 
still a valuable metal on the global market and will be 
allowed to be used in certain products or processes that 
the Convention permits, as a whole, it is obvious that 
demand for mercury will decline in the near future. 
Therefore, as far as demand for mercury exists, the 
mercury supply should consist of recycled mercury 
recovered and purified from mercury waste and supplied 
in place of primary mining. In fact, however, as statistics 
(USGS, 2017) show, primary mining of mercury has been 
continuously increasing from 2,320 tons in 2013 to 3,790 
tons in 2017, revealing that adjustment of primary mining 
has not been progressing during these years since the 
Convention was adopted. Given these circumstances, the 
exception of existing primary mining that allows that 
mining to continue for the next 15 years should be 
reconsidered.

4.3 Challenges and Further Discussion
Along with implementation of the Convention, a 

remaining issue is how to certify long-term management 
of mercury waste in an environmentally sound manner. 
Even after demand for mercury nearly disappears in the 
near future, mercury waste generated unintentionally will 
continue to be emitted every year. Sodeno and Takaoka 
(2017) estimate that the amount of surplus mercury will 
fluctuate from about – 2 to 35,000 tons in 2050, 
depending on scenarios of mercury recovery from the 
non-ferrous industry. Thus, proper management of 
mercury waste is the next big challenge for the 
Convention. It should be noted that under the Convention, 
details of mercury waste regulation are entrusted to 
discussions under the Basel Convention. This 
arrangement should be appreciated in terms of using 
expertise in the community and promoting partnerships, 
but concrete measures for regulating mercury waste have 
yet to be determined other than prescribing that “mercury 
waste is managed in an environmentally sound manner,” 
even though the “technical guidelines for the 
environmentally sound management of wastes consisting 
of elemental mercury and wastes containing or 
contaminated with mercury” was produced under the 
regime of the Basel Convention for the Minamata 
Convention (UNEP, 2015). Although the EU and Japan 
legislated final disposal of mercury such as mercury 
sulphide in underground salt mines or hard rock 
formations or solidified forms in specially controlled 
landfill sites (EU, 2017; Cabinet of Japan, 2015), 
permanent mercury stabilization technologies are still 
new and need further development for certification of 
safe long-term storage in the environment. Enhancement 
of mercury waste management capacity in developing 
countries is also crucial, since many countries lack 
sufficient general waste management systems. Given that 
there are only a few companies treating mercury waste 
commercially in limited countries, a regional approach 
and establishment of partnerships could be considered in 
terms of specialization of treatment. Further discussion is 
needed on formulating a global mercury waste 
management scheme.

With respect to the contribution of the Convention 
for achieving the SDGs, a quantitative evaluation should 
be a future consideration. It has been three years since the 
Convention was enacted, and the first national reports 
have been provided by Parties based on Article 21. Using 
that information, further analysis through quantitative 
evaluation should be considered, including setting 
concrete targets for achieving the SDGs and indicating 
comprehensive measures under the Convention.

5. Conclusions

This paper reveals that the Minamata Convention 
addresses all 17 goals of the SDGs, covering the 
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environmental, social and economic spheres. It can be 
concluded that the Convention contributes to achievement 
of a sustainable society. In terms of synergies between the 
Convention and the SDGs, health (Goal 3), responsible 
consumption and production (Goal 12) and partnerships 
(Goal 17) have strong interlinkages. For further 
development of the Convention, it is recommended that a 
gender perspective be incorporated in implementation of 
the Convention. In addition, as the Convention 
emphasizes partnerships, comprehensive approaches for 
seeking synergies with other policies and enhancing 
partnerships is important, connecting in areas such as air 
pollution control, waste management policy, the Basel 
Convention, the Paris Agreement and, additionally, 
education and job creation.

In the context of trade-off relationships, generation 
of mercury waste needs to be dealt with properly. Taking 
into account the circumstances of developing countries, it 
is recommended that mercury from primary mining needs 
to be phased out in advance of the current schedule, 
considering the balance between global supply from 
recovered mercury and demand for mercury. ASGM and 
mercury waste management are still the biggest concerns 
for fulfillment of the Convention. Mercury never 
decomposes or vanishes. It is, therefore, essential to 
formulate a global scheme for safe mercury waste 
management in the long term.
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1. Background

Mercury is one of the ten chemicals of major health 
concern identified by the World Health Organization 
(WHO). It exists in various chemical forms — elemental, 
inorganic and organic, with different levels of toxicity to 
the nervous, digestive, immune and other systems. One 
of the most toxic forms of mercury is methylmercury, 
which caused Minamata Disease in Japan in the 1950s 
and 1960s with devastating neurological and developmental 
effects on those who consumed fish from Minamata Bay 
and the surrounding seas, and those exposed prenatally.

Mercury pollution is of a global nature. Once emitted 
to the environment, it travels a long distance through the 
atmosphere, deposits on land and water and is re-emitted 
to the atmosphere. It is methylated in the ecosystem, 
bioaccumulates in organisms and through the food chain, 
and finds its way into human body through the diet. 
Although mercury is a naturally occurring element, the 
United Nations Environment Programme (UNEP) (2019) 
estimates that the total atmospheric concentration of 
mercury is 450 percent higher than the natural level, 
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including the contribution of historical anthropogenic 
emissions.

When industrialized countries started to tackle 
widespread environmental pollution in 1960s and 1970s, 
mercury was one of the target pollutants. The 
Organization for Economic Cooperation and 
Development issued a Council Recommendation on 
Measures to Reduce all Man-Made Emissions of Mercury 
to the Environment in 1973. WHO selected mercury for 
its first Environmental Health Criteria series published in 
1976.

In the 1990s, the international community started to 
address mercury pollution as a transboundary and global 
issue. The Aarhus Protocol on Heavy Metals under the 
Convention on Long-range Transboundary Air Pollution 
of the United Nations Economic Council for Europe was 
adopted in 1998. UNEP published its first Global 
Mercury Assessment in 2002, which presented 
information on the chemistry, toxicity and risks of 
mercury, its production and use, environmental pathways, 
and preventive and control measures. Based on the key 
findings of the Assessment, the Governing Council of 
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UNEP agreed at its 22nd meeting in 2003 that there was 
sufficient evidence of significant global adverse impacts 
from mercury to warrant further international action to 
reduce the risks to human health and the environment. 
The 23rd Governing Council in 2005 established a Global 
Mercury Partnership as a non-legally-binding mechanism 
to reduce the environmental and health risks of mercury. 
UNEP convened meetings of the open-ended working 
group on mercury in 2007 and 2008, and based on the 
outcome of these meetings, the 25th Governing Council 
in 2009 decided to elaborate a legally binding instrument 
on mercury, and established an intergovernmental 
negotiating committee (INC) with a mandate to prepare a 
global legally binding instrument by 2013. This timeline 
was comparable with that of a similar committee for 
persistent organic pollutants (POPs), which was 
established in 1997 in view of the global nature of POPs, 
and finalized a draft for the Stockholm Convention on 
POPs in 2001.

UNEP convened an ad hoc open ended working 
group meeting to prepare for the INC in 2009. The INC, 
through five meetings, finalized the draft for the 
Minamata Convention on Mercury in January 2013. The 
Convention was formally adopted at the Conference of 
Plenipotentiaries held in Kumamoto, Japan on  October 
10 and 11, 2013. This meeting was preceded by a 
ceremonial opening held in Minamata City on October 9, 
2013. The Convention was opened for signature on 
October 10, and was signed by 91 countries and the 
European Union in Kumamoto during the first two days. 
It was open for signature until  October 9, 2014, and the 
final number of signatories became 128. The Convention 
entered into force on August 16, 2017, 90 days after the 
50th instrument of ratification, acceptance, approval or 
accession was deposited. At the time of the third meeting 
of the Conference of the Parties (COP) in November 

2019, the Convention had 113 parties.
The Minamata Convention consists of a preamble, 

35 articles and 5 annexes. Its preamble recognizes the 
substantial lessons of Minamata disease, and the need to 
ensure proper management of mercury and the prevention 
of such events in the future. Article 1 sets out the 
objective of the Convention to protect human health and 
the environment from anthropogenic emissions and 
releases of mercury and mercury compounds. Articles 3 
to 12 establish the obligation of parties to control the 
whole life cycle of mercury—from its supply to trade, 
use, emissions, releases, storage and disposal, and the 
management of contaminated sites (Fig. 1). Articles 13 to 
15 provide for measures to support the parties in 
implementing the Convention. Articles 16 to 20 relate to 
information and awareness raising. Articles 21 to 35 
concern administrative and procedural matters regarding 
the Convention. 

2. Overview of Implementation

2.1  Development of Tools and Guidance for 
Implementation
After the adoption of the Convention, the INC met 

twice to prepare for the entry into force and 
implementation of the Convention. After the Convention 
entered into force, the first meeting of its COP was held 
in Geneva in September 2017. Building on the 
preparatory work by INC, COP-1 adopted rules and 
guidance for implementing the Convention, including 
rules of procedure for COP, financial rules and guidance 
on the financial mechanism, leaving a few unsettled 
issues in brackets. It also adopted technical guidance and 
formats on mercury trade, identification of mercury 
stocks, artisanal and small-scale gold mining (ASGM), 
mercury emissions and national reporting. 

Fig. 1  Control measures and technical guidance under the Minamata Convention

戸田.indd   72戸田.indd   72 2020/07/30   16:28:522020/07/30   16:28:52



Minamata Convention and Future Challenges 73

The rules of procedure stipulate that the first three 
COP meetings were to be held on a yearly basis, and 
thereafter every two years. The second and third COP 
meetings were held in November 2018 and November 
2019 respectively, and agreed on guidance documents on 
the interim storage of mercury and management of 
contaminated sites. COP-4 will be held in Bali, Indonesia 
in November 2021.

Work on technical issues continued between the 
COP meetings. A group of technical experts on mercury 
waste thresholds was established after COP-2. Building 
on the group’s report, COP-3 agreed on a definition of 
wastes consisting of and containing mercury. COP-3 did 
not agree between two approaches to define waste 
contaminated with mercury—one based on total mercury 
content in waste and the other based on leaching 
potential. The group will continue to work towards COP-
4. A group on mercury releases into water and land was 
established after COP-2, and it will also continue to work 
on guidance on the releases inventory. The group on 
effectiveness evaluation submitted a proposal to COP-3 
for the framework for the first evaluation to be done in 
2023. COP-4 will discuss the arrangements for the first 
evaluation further. 

2.2 Support to Parties
Article 13 requires each party to provide resources 

for implementing the Convention, through domestic, 
bilateral and multilateral funding, as well as private sector 
involvement. The financial mechanism defined in that 
article to support developing country parties and parties 
with economies in transition in implementing their 
obligations under the Convention includes two elements: 
the Global Environment Facility (GEF) and Specific 
International Programme to support capacity-building 
and technical assistance (SIP).

GEF was supporting mercury-related projects even 
before it was nominated as part of the financial 
mechanism of the Minamata Convention. During its 5th 
replenishment negotiations in May 2010, it agreed to set 
aside USD 10 million of resources for assessment-type 
activities to support the development of a mercury 
agreement, and an additional USD 10 million was 
authorized for the funding of an early action pre-
ratification program for the Minamata Convention in 
June 2013. The 6th and 7th replenishment cycles (2014–
2018 and 2018–2022) indicatively allocated USD 141 
million and USD 206 million respectively to 
implementing the Minamata Convention. The resources 
programmed for mercury-related activities until June 
2019 are summarized in Table 1. Enabling activities 
include the development of the Minamata Convention 
Initial Assessments (MIA) in 111 countries and the 
National Action Plans (NAP) on ASGM pursuant to 
Article 7 of the Convention in 35 countries. Medium-
sized (below USD 2 million) and full-sized (over USD 

2 million) projects support the fulfilment of the 
obligations under the Convention by parties. One major 
example of the programmatic approach is planetGOLD, 
in which USD 45 million was granted to address the use 
of mercury in ASGM in Burkina Faso, Colombia, 
Ecuador, Guyana, Indonesia, Kenya, Mongolia, Peru and 
the Philippines. The project aims at reducing mercury use 
in ASGM through the formalization of the sector, 
improved access to finance and the gold market, and 
demonstration of alternative technologies.

SIP is the other component of the financial 
mechanism of the Minamata Convention. This 
programme is intended to support capacity-building and 
technical assistance for implementing the Convention, 
with voluntary contribution from donors. COP-1 adopted 
guidance on the programme, and agreed that the 
programme be open for 10 years, with a possibility of 
extending it no more than seven years. It supports 
projects undertaken by developing country parties and 
parties with economies in transition for implementing the 
Convention with amounts between USD 50 and 250 
thousand. The Governing Board, consisting of 10 
members nominated by parties, reviews the applications 
and approves projects for funding. So far the Board has 
reviewed two rounds of applications, approving 15 
projects for a total amount of USD 3 million. Major 
financial contributions to the Programme have been 
provided so far by Norway and Switzerland, as well as by 
Austria, Denmark, Germany, the Netherlands, the United 
Kingdom and the United States.

There are also other arrangements for supporting 
capacity-building, technical assistance and technology 
transfer for implementing the Convention. UNEP’s 
Chemicals and Waste Management Programme supports 
institutional strengthening for implementing multilateral 
environmental agreements including the Minamata 
Convention. The Minamata Convention website includes 
a database of projects under multilateral and bilateral 
arrangements to support implementation of the 
Convention. The secretariat also implements capacity-
building and technical assistance projects with funding 
from donors. One significant example is a project with 
funding from the European Union of half a million euros 

Table 1   GEF funding programmes for mercury-related activities 
(in million USD).

Project type
GEF-5 

July 2010 –  
June 2014

GEF-6 
July 2014 –  
June 2018

GEF-7 
July 2018 –  
June 2019

Enabling activities 7.9 34.3 1.7
Medium-sized projects 11.3 1.2 0.9
Full-sized projects 1.9 34.9 15.3
Programs - 64.0 4.8
Total 21.1 134.3 22.6

Compiled from GEF’s report to COP. The figures do not include agency 
fees and project preparation grants.
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to support parties in implementing the Convention’s 
provisions on mercury trade and emissions. 

The Minamata Convention has a mechanism for 
promoting implementation of the Convention and 
reviewing compliance with it. Article 15 establishes an 
Implementation and Compliance Committee consisting 
of 15 members elected from among the parties. The 
Committee examines issues of implementation and 
compliance in a facilitative manner, and makes 
recommendations to COP as appropriate. The Committee 
considers issues on the basis of submissions from parties 
with respect to their own compliance, national reporting 
and requests from COP. So far the Committee has met 
twice and elaborated on its rules of procedure, terms of 
reference and template for written submissions.

2.3 Secretariat
The secretariat of the Minamata Convention is 

hosted by UNEP. It is headed by the Executive Secretary 
and consists of 15 staff positions. It is located in Geneva, 
Switzerland, where the secretariat of the Basel, Rotterdam 
and Stockholm Conventions and the Chemicals and 
Health Branch of UNEP are also located. These three 
entities have established a joint task force to focus on 
programmatic and other collaboration in the work of 
chemical and waste management. COP-1 agreed on the 
initial arrangements for the secretariat, and COP-2 
decided to continue that arrangement. COP-3 requested 
enhanced cooperation within the UNEP’s chemicals and 
waste cluster by setting up inter-secretariat working 
groups under the overall steering of the task force to 
cooperate on administrative, programmatic and technical 
matters, and to continue sharing services between the two 
secretariats.

2.4 Initial Implementation Efforts by Parties
As discussed in Section 2.2, GEF supports 

developing country parties and parties with economies in 
transition in developing their MIA, which consists of the 
following:
•  A National Mercury Profile, including identification of 

significant sources of emissions and releases, as well 
as inventories of mercury and mercury compounds;

•  An overview of structures, institutions and legislation 
already available for implementing the Convention;

•  Challenges to implementation, including identification 
of legal and/or regulatory gaps to be addressed prior to 
ratification

•  Capacity building, technical assistance as well as other 
needs required for implementing the Convention.

MIA reports provide a basis for examining parties’ 
needs for capacity-building and technical assistance. The 
secretariat analyzed 39 MIA reports submitted by August 
2019, and found that mercury-added products (Article 4) 
and mercury waste (Article 11) are recognized as priority 
areas by almost all the parties (Secretariat of the 

Minamata Convention, 2019). Other major priority areas 
include ASGM (Article 7), emissions (Article 8), releases 
(Article 9) and monitoring (Article 19).

Control measures under the Convention have 
differing timelines. Obligations on mercury trade under 
Article 3 have immediate effect. Parties can export 
mercury only if they receive written consent from the 
importing country, and only for the purposes allowed 
under the Convention or for environmentally sound 
interim storage. UNEP (2017) examined the pattern of 
international trade in mercury, and observed that the 
mercury export bans enforced in the European Union and 
the United States in 2011 and 2013, respectively, had 
caused a major shift of mercury trade to international 
hubs such as Hong Kong, Singapore, Viet Nam and 
Turkey. It also observed that the increase in mercury 
prices in the global market had provided incentives to 
increase mercury mining in countries such as Indonesia 
and Mexico, and export from these countries. Since 
parties are to report on the import consents that they have 
received as a part of their first short reporting under 
Article 21 by the end of 2019, it is expected that a clearer 
picture on mercury trade will be available soon.

Although parties are making efforts to control 
mercury trade, illegal and illicit trade in mercury remains 
a major challenge. UNEP (2020) estimates that 15 major 
ASGM countries informally import mercury in the range 
of 365–1075 tonnes per year, whereas the reported 
mercury import in these countries was about 375 tonnes 
per year. Confiscation of dozens of tonnes of illegally 
traded mercury and mercury compounds have been 
reported in Brazil, Indonesia and other countries, but the 
main routes for illegal trade of mercury and other 
hazardous chemicals pass through places where 
regulation or monitoring is weaker.

Another control measure that has a relatively short 
timeframe is stipulated in Article 4 and Annex A, which 
do not allow the manufacture, import or export of certain 
mercury-added products after 2020, unless parties register 
exemptions for up to five years. Exemptions have been 
registered by 11 parties only. China, the largest 
manufacturer and exporter of many mercury-added 
products such as batteries and medical devices (UNEP, 
2017), registered exemptions for the manufacture of 
clinical thermometers and sphygmomanometers, but not 
for their import or export. Therefore, the manufacture, 
import and export of mercury-added products are 
expected to decrease considerably after 2020. 

Control of mercury emissions has a longer 
timeframe. Parties are required to take control measures 
on new and existing emission sources as soon as 
practicable but no later than five and 10 years after the 
entry into force of the Convention respectively. Annex D 
to the Convention lists five point source categories 
controlled under the Convention: coal-fired power plants, 
coal-fired industrial boilers, non-ferrous metal 
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production, waste incineration and cement clinker 
production. These sources account for 47% of total 
anthropogenic mercury emissions to the atmosphere 
(Table 2). Of this, 82% originates from parties to the 
Minamata Convention. As UNEP (2019) found that 
anthropogenic mercury emissions to the atmosphere are 
still on an upward trend, with emissions in 2015 20% 
higher than in 2010, implementation of Article 8 of the 
Convention is very important for reversing this trend. 
Although parties have more time to comply with Article 
8, it is encouraging to note that many of the large emitting 
countries, such as China, India and Indonesia, have 
already established regulations to limit mercury emissions 
from major point sources (Secretariat of the Minamata 
Convention, 2020).

One important immediate obligation of parties is 
national reporting under Article 21. Parties are to report 
to COP, through the secretariat, on the measures they 
have taken to implement the Convention, effectiveness of 
such measures, and challenges in implementing the 
Convention. COP-1 agreed on the timing of the reporting 
and format for it. Parties must submit a short report every 
two years starting from December 31, 2019, and a full 
report every four years starting from December 31, 2021. 
The short report addresses four topics: primary mercury 
mining, stocks and supply of mercury, export of mercury 
and facilities for the final disposal of waste consisting of 
mercury. An on-line reporting tool is available to facilitate 
the submission and compilation of biennial reports. The 
secretariat will put together information on reporting and 
submit it to COP, which will review the report pursuant 
to paragraph 5(c) of Article 23. National reports will also 
be used by the Implementation and Compliance 
Committee (Article 15), and for evaluating the 
effectiveness of the Convention (Article 22). COP-3 
requested the secretariat to draft guidance for the full 
report to be used in the first full reporting in 2021.

3. Future Challenges

3.1 Responding to Parties’ Needs
The Minamata Convention in its preamble stresses 

the importance of financial, technical, technological and 
capacity-building support, particularly for developing 
countries and countries with economies in transition. 
Article 13 on financial resources and mechanism states 
that the overall effectiveness of implementation of the 
Convention by developing country parties will be related 
to effective implementation of that article.

Many developed countries had already implemented 
obligations under the Conventions when they became 
parties, as notified by Canada, Japan and the United 
States pursuant to Paragraph 4 of Article 30, and as 
shown in legislative instruments established at the time of 
becoming parties, such as the European Mercury 
Regulation (EU, 2017; and also see the European 
Commission’s proposal for regulation (COM/2016/039 
final), which includes an explanation on the coverage of 
Minamata obligations by European legislation). Major 
challenges remain for developing country parties and 
parties with economies in transition. It should also be 
noted that many countries with considerable production, 
use, emissions and releases of mercury are still to become 
parties to the Convention.

111 countries have developed, or are in the process 
of finalizing, MIA reports that include an overview of 
mercury inventories, existing legislation and challenges 
in implementing the Convention. These reports will be an 
important source of information on identifying the 
parties’ needs and delivering support based on the needs 
identified. The first short national reporting by 31 
December 2019 included a question on possible 
challenges in meeting the objectives of the Convention. 
Although a response to this question was not mandatory, 
responses from even some parties will also be useful in 
considering effective support to parties. As shown in 

Table 2   Estimated mercury emissions into air (2015, in metric tonnes).

Parties Non-parties Total

ASGM 624 213 838 (38%)

Stationary combustion of coal 409 65 474 (21%)

Non-ferrous metal production 257 70 327 (15%)

Cement production 186 47 233 (10%)

Waste from products 103 44 147 ( 7%)

Waste incineration 13 2 15 (0.7%)

Others 153 38 191 ( 9%)

Total 1,745 479 2,224

Calculated from data in UNEP (2019).
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Fig. 2, some countries, especially non-parties in Central 
and West Asia and North Africa, have not started MIA 
projects, and these countries may need support for 
becoming parties to the Convention.

ASGM is the largest source of emissions and 
releases of mercury to the environment. Under Article 7, 
all Parties that have ASGM in their territory have an 
obligation to reduce, or eliminate where feasible, the use 
of mercury in ASGM. Those Parties with more than 
insignificant ASGM are required to develop a NAP. GEF 
has supported 35 countries in developing NAPs. By the 
end of 2019, two plans had been submitted to the 
secretariat, and many others were expected to be available 
soon. Parties have an obligation to implement the plan, 
and review in progress every three years. COP-3 
specifically requested the secretariat, in cooperation with 
the UNEP Global Mercury Partnership, to develop 
guidance on the management of ASGM tailings in the 
NAP guidance document adopted at COP-1. There may 
be a need for revisiting other parts of the guidance in 
view of the three-yearly review of progress on NAP.

Mercury use in ASGM is closely related to 
controlling mercury trade. The Convention does not 
allow the use of primary-mined mercury and excess 
mercury from the decommissioning of chlor-alkali plants 
in ASGM. However, illegal and illicit trade in mercury 
may compromise this restriction. Capacity-building in the 
control of mercury trade is a priority.

The second largest source of mercury emissions is 
coal combustion, followed by non-ferrous metal 
production and cement production. In terms of the global 
consumption of mercury, ASGM is followed by mercury-
added products, vinyl chloride monomer production and 
chlor-alkali production (UNEP, 2017). GEF has provided 
resources for technical assistance targeted to these 
sectors, and is expected to continue to do so, as well as 

other funding sources. The effectiveness of these support 
measures will be evaluated in the effectiveness evaluation 
under Article 22.

Mercury-added products and waste management are 
recognized as priority areas in most of the MIA reports 
reviewed so far. SIP supports several projects in these 
areas: out of 15 projects approved for SIP, Article 4 
(mercury-added products) and Article 11 (mercury waste) 
are included in the scope of nine and eight projects 
respectively. The outcomes of these projects are expected 
to be disseminated and replicated by other parties.

3.2 Effectiveness Evaluation
The Minamata Convention has a mechanism for 

evaluating its effectiveness embedded in its text. Article 
22 requires COP to evaluate the effectiveness of the 
Convention beginning no later than six years after its 
entry into force, and to initiate the establishment of 
arrangements for using comparable monitoring data for 
this purpose. COP-1 established an ad hoc group of 
experts consisting of members nominated by parties and 
observers to discuss an effectiveness evaluation 
framework and monitoring arrangements. The group 
considered these issues, learning from the experience of 
the Stockholm Convention on POPs which has a similar 
provision, and submitted a report to COP-2. COP gave 
the group a further mandate to elaborate an effectiveness 
evaluation framework, methodology, schedule and use of 
monitoring data. The group submitted a report to COP-3.

The report proposed the following four policy 
questions as a basis for evaluating effectiveness: 
•  Have the parties taken actions to implement the 

Convention?
•  Have the actions taken resulted in changes in mercury 

supply, use, emissions or releases into the environment?
•  Have those changes resulted in changes in levels of 

Fig. 2  Minamata Convention Parties.
As of November 2019. Although the European Union is a party to the Convention, EU member states are colored according to 
whether the state is a party.
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Fig. 3  Framework for evaluating the effectiveness of the Minamata Convention.

mercury in the environment, biotic media or vulnerable 
populations that can be attributed to the Convention?

•  To what extent are existing measures under the 
Convention meeting the objective of protecting human 
health and the environment from mercury?

Sources of information were identified for 
addressing these questions, methodologies for compiling, 
synthesizing and integrating such information were 
described, and a list of indicators for evaluating 
individual provisions of the Convention was proposed.

COP-3 reviewed the report of the group and 
discussed the evaluation framework extensively. In spite 
of the week-long discussion at COP, no agreement could 
be reached on the full details of the evaluation framework 
such as terms of reference for the Effectiveness 
Evaluation Committee or global monitoring 
arrangements. It was concluded that a further exchange of 
views was needed on the evaluation indicators, and that a 
guidance document on monitoring needed to be 
developed. The COP-3 decision included a schematic 
effectiveness evaluation framework depicting information 
flow (Fig. 3) and mentioning five reports to be prepared 
in the process: a synthesized report on national reporting; 
a trade, supply and demand report; an emissions and 
releases report; a monitoring report; and a modelling 
report. However, COP only agreed to request the 
secretariat to work on the first two reports by COP-4.

3.3 Policy Making Based on Sound Science
The history of the Minamata Convention started with 

shared scientific knowledge on the global nature of 
mercury pollution. The work of COP to support 
implementation of the Convention, including the work of 
the ad hoc group of experts on evaluating effectiveness, 
has been carried out on the basis of scientific and 

technical expertise provided by experts, including the 
four Global Mercury Assessment reports.

At its first three meetings, COP adopted guidance on 
implementing the control measures under the Convention, 
with the support of technical experts nominated by parties 
and observers (Fig. 1). These documents need to be 
continuously reviewed and updated in view of the 
progress in scientific and technical knowledge. COP-3 
agreed on intersessional work towards COP-4 in five 
areas: (1) review of annexes A (mercury-added products) 
and B (manufacturing processes using mercury); (2) use 
of customs codes for identifying mercury-added products; 
(3) dental amalgam and its alternatives; (4) 
methodologies for developing inventories of mercury 
releases to land and water; and (5) establishment of 
thresholds for mercury waste. The expert groups and 
partnerships are expected to continue to provide scientific 
and technical input to this process. It should also be noted 
that the work on the environmentally sound management 
of mercury waste is undertaken in close collaboration 
with the Basel Convention, since the Minamata 
Convention requires the parties to manage mercury waste 
taking into account the guidelines developed under the 
Basel Convention.  The intersessional work on evaluating 
effectiveness described above also needs to be based on 
sound science.

The International Conference on Mercury as a 
Global Pollutant (ICMGP) is an important avenue for 
scientific-policy interface in relation to the Convention.  
Established in 1990, ICMGP has worked as a primary 
forum to advance mercury science such as environmental 
and health assessment, the global mercury cycle and 
control technology. The 13th ICMGP meeting in July 
2017 included a series of sessions on understanding 
implications of the Minamata Convention and the role of 

戸田.indd   77戸田.indd   77 2020/07/30   16:28:532020/07/30   16:28:53



78 E. TODA

scientific assessments in informing the implementation of 
the Convention. Selin et al. (2018) provide an overview 
of the discussion on mercury science-policy interface in 
Ambio (and other articles in the same edition of Ambio 
summarize the sessions on science-policy interface at 
ICMGP 2017). Chen et al. (2018) review the contribution 
of ICMGP to international mercury policy. COP-3 
included a special lunchtime session on mercury science, 
inviting co-chairs of the 14th and 15th ICGMP meetings 
held in 2019 and to be held in 2021 respectively. The 
panelists of the session proposed to establish a scientific 
advisory panel consisting of the top mercury scholars 
worldwide, linked with ICMGP. Innovative ideas may be 
needed for creating such mechanisms without excessive 
formalities, conflicts of interest or regional, disciplinary 
or gender bias.

3.4 Linking with Broader Agendas
The Minamata Convention has an important role in 

the broader agenda of chemicals management, 
environmental protection and sustainable development. 
Agenda 21, adopted at the United Nations Conference on 
Environment and Development in 1992, outlined 
measures to be taken by governments to reduce 
environmental and health risks of toxic chemicals. It 
observed that concerted activities by governments could 
encompass both regulatory and non-regulatory measures, 
such as promoting the use of cleaner products and 
technologies; emission inventories; product labelling; use 
limitations; economic incentives; and the phasing out or 
banning of toxic chemicals that pose an unreasonable and 
otherwise unmanageable risk to the environment or 
human health and those that are toxic, persistent and bio-
accumulative and whose use cannot be adequately 
controlled. The Minamata Convention is consistent with 
this overall approach in chemical management, and 
constitutes a building block of the global efforts towards 
sustainable development.

The coming years towards 2022 are expected to be a 
pivotal period for protecting the global environment and 
achieving sustainable development, celebrating 50 years 
after the UN Conference on Human Environment and 30 
years after the Rio summit. The 5th International 
Conference on Chemicals Management, originally 
planned for 2020 but postponed until 2021, is expected to 
agree on arrangements for chemical and waste 
management, building on the Strategic Approach to 
International Chemicals Management, which had 2020 as 
its target year. Biodiversity COP-15, which was also 
postponed, is expected to adopt its post-2020 biodiversity 
framework. The Paris Agreement will govern the post-
2020 climate regime. In addition to pursuing specific 
linkages between the Minamata Convention and these 
broader agendas, such as the biodiversity and land-use 
implications of ASGM and co-benefits of reduced 
dependence on coal, UNEP is committed to promoting 

cooperation, coherence and synergies among multilateral 
environmental agreements, not only in responding to 
environmental challenges but preserving human well-
being, healthy ecosystems and food security (Andersen, 
2019).
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