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Abstract 

 

Due to the adverse effects of mercury on human health and the environment, restrictive 

legislations and world-wide common efforts are now under way to reduce both the 

supply and demand of mercury. As a result, all excess Hg must be stored in safe 

conditions in secure places. This paper is an attempt to review the various treatment 

technologies types of liquid mercury (Hg0) and mercury-containing wastes, which can 

be used to store these residues in a safe way. The different treatments were classified as 

a function of the waste treated. The main treatments described are amalgamation, 

formation of sulfides, thermal treatments, vitrification, soil washing, sulfur polymer 

stabilization solidification, chemically bonded phosphate ceramics and other 

encapsulation processes, being highlighted the stabilization/solidification processes that 

are the treatments that provide better results, according to the consulted bibliography.  
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1. Introduction 

 

Mercury occurs naturally in the environment and can be found in elemental (metallic), 

inorganic, and organic forms. Historically, mercury and its compounds have been used 

for industrial, medicinal, and cosmetic purposes. Modern uses for mercury include 

production of chlor-alkali, in wiring devices and switches, measuring and control 

devices, lighting, and dental work.  

 

Mercury, and particularly the organic methylmercury form, is a potent neurotoxin 

capable of impairing neurological development in fetuses and young children and 

damaging the central nervous system of adults. High exposures to inorganic mercury 

may damage the gastrointestinal tract, the nervous system, and the kidneys. The toxicity 

of mercury depends strongly on its redox state (Clarkson, 1992). The most toxic form of 

mercury is the highly reactive Hg2+, which binds to the amino acid cysteinein proteins. 

In contrast, the danger of elemental mercury (Hg0) and organo-mercury compounds lies 

in their transport routes (Miretzky and Fernández, 2009). Mercury vapor is easily 

inhaled, enters the blood stream in the lungs and is thus distributed throughout the body. 

Within cells, it is oxidized to reactive Hg2+. The toxicity of monomethylmercury 

(MeHg+) or dimethylmercury (Me2Hg) is caused by its ability to penetrate membranes 

within seconds and also to cross the blood–brain barrier. Symptoms of mercury 

poisoning are mainly neuronal disorders, but also damage to the cardiovascular system, 

kidney, bones, etc. (Clarkson, 1992; Sigel, 1997). 

 

Both inorganic and organic mercury compounds are absorbed through the 

gastrointestinal tract and affect other systems via this route. However, organic mercury 
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compounds are more readily absorbed via ingestion than inorganic mercury compounds 

(US EPA, 2011). People are most likely to be exposed to harmful quantities of mercury 

through consumption of fish contaminated with methylmercury (US EPA, 2005). 

Elemental mercury causes adverse health effects when it is breathed as a vapor and 

absorbed through the lungs. These exposures can occur when elemental mercury is 

spilled or products that contain elemental mercury break and expose the substance to the 

air, particularly in warm or poorly ventilated indoor spaces (US EPA, 2011). Exposure 

to inorganic mercury can also occur from drinking contaminated water and touching 

contaminated water and soil, though these exposures are generally not thought to be 

harmful at typical ambient levels (US EPA, 1999). 

 

The three major sources of Hg emissions are natural, anthropogenic and re-emitted 

sources (US EPA, 2007). Urban discharges, agricultural materials, mining and 

combustion and industrial discharges are the principal anthropogenic sources of Hg 

pollution in the environment. The most important ore of mercury, cinnabar (HgS), has 

been mined continuously since 415 BC. In the period before the industrial revolution, 

Hg was used extensively in gold extraction; in the 1800s, it was used in the chlor-alkali 

industry, in the manufacture of electrical instruments, and as a medical antiseptic. Since 

1900, it has been used in pharmaceuticals, in agricultural fungicides, in the pulp and 

paper industry and in the production of plastics (Clarkson and Marsh, 1982). 

 

Mercury undergoes complex physical, chemical and biological transformations in the 

environment, being the principal ones: (a) the transport of Hg0 through the atmosphere, 

its photochemical oxidation to reactive Hg2+ and subsequent deposition on soils, lakes, 

rivers and the sea; (b) the methylation of Hg2+ by reducing bacteria in anoxic habitats, 
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its uptake by aquatic organisms and accumulation in the food web, resulting in high 

mercury concentrations in fish and chronic low level exposure of humans (Wagner-

Döbler, 2003). Hg contamination can be much more widespread than that observed for 

other metals due to atmospheric transport (Mason et al., 1994; Fitzgerald et al., 1998) or 

to biomagnification through the food chain, reaching fish and humans (Mason et al., 

1996).  

 

The following mercury compounds are most frequently found under environmental 

conditions: mercuric salts HgS, HgCl, Hg(OH) and HgS; the methylmercury ion 

(HgCH3
+) and its compounds methylmercuric chloride (CH3HgCl) and methylmercuric 

hydroxide (CH3HgOH); and, in small fractions, other organomercurics (for example, 

dimethylmercury and phenylmercury) (MADEP, 1996; US EPA, 1997a) 

Methylmercury is formed when mercury enters soil or sediments and is acted on by 

anaerobic microorganisms (US EPA, 2011). The solubility of mercury compounds 

ranges from negligible (HgCl, HgS) to very soluble (HgCl2) (MADEP, 1996).  

 

Table 1 shows some characteristics of the main mercury compounds (US EPA, 2007; 

Handbook of Mineralogy, 2011; Lide, 2005). 

Table 1. Characteristics of mercury compounds (Addapted from US EPA, 2007) 
 

Compound 
name 

Elemental 
Mercury 

Mercuric 
sulphide  

Mercuric 
chloride 

Mercurous 
Chloride 

Methyl-
mercuric 
Chloride 

Dimethyl 
Mercury 

Molecular 
formula 

Hg0 HgS HgCl2 Hg2Cl2 CH3HgCl C2H6Hg 

Molecular 
weight 

200.59 232.66 271.52 472.09 251.1 230.66 

Solubility 
(g/l) 

(in H2O) 

5.6x10-5 
(25°C) 

Cinnabar: 
2x10-53 (25ºC) 69 

(20°C) 
2.0x10-3 
(25°C) 

0.100 (21°C) 
1 

(21°C) Metacinnabar: 
2x10-32 (25ºC) 

Density 13.53 Cinnabar: 5.40 7.15 4.06 3.19 
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(g/cm3) (25°C ) 8.17 (25º) 
Metacinnabar: 

7.70 (25ºC) 

(25°C) (19°C ) (20°C) (20°C) 

Boiling 
Point (ºC) 

357 Not available 302 384 Not available 93 

Melting 
Point (ºC) 

-39 

Cinnabar: 
Transform to 
metacinnabar 

at 344 
Metacinnabar: 

850  

277 302 170 -43 

Oxidation 
State 

0 +2 +2 +1 +2 +2 

 
 

Ionic forms of mercury are strongly adsorbed by soils and sediments and are desorbed 

slowly. Clay minerals optimally adsorb mercury ions at pH 6, while, iron oxides adsorb 

mercury ions in neutral soils. Most mercury ions are adsorbed by organic matter 

(mainly fulvic and humic acids) in acidic soils. When organic matter is not present, 

mercury becomes relatively more mobile in acid soils and can evaporate to the 

atmosphere or leach to groundwater (MADEP, 1996). 

 

The actual legislation about mercury (European Directive 2000/60/CE) considers 

mercury as a priority hazardous substance due to its adverse effects on human health 

and the environment, and indeed a world-wide common effort is now under way to 

reduce both, the supply and demand of mercury. EU Council and European Parliament 

Regulation, 1102/2008 (EC) set 2011 as the cutoff date for industrial use of Hg and the 

banning of mercury exports and addresses the issue of safe storage of metallic mercury. 

The export ban came into force on 15 March 2011 and affects metallic mercury, 

cinnabar ore, mercury (I) chloride, mercury (II) chloride, and mixtures of metallic 

mercury with other substances, including mercury alloys (EU Council and European 

Parliament Regulation, 636/2006). As a result, all excess Hg must be stored in safe 
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conditions and in secure places until definitive stabilization policies are established 

(López et al., 2010) 

 

There is a huge variety of described technologies that deal with the problem of the 

safely storing of liquid Hg0 and mercury wastes, and this review aims to highlight the 

most representative ones. The technologies will be classified according to the nature 

and/or origin of the waste in Hg0 treatments and solid waste treatments.  

 

However, there are specific technologies that not attend to the nature/origin of the 

waste, besides the fact that these are the most employed technologies, and this review 

attempts to highlight them, thus the stabilization/solidification technologies will be 

described in a separate section. 

2. Liquid mercury treatments 

 

Most of the treatments available for liquid mercury (Hg0) are based on the formation of 

sulfides and on amalgamation. In the case of the reaction with sulfur, various authors 

consider it as an amalgamation process (i.e. US5034054, 1991), however, combining 

mercury with sulfur results in mercuric sulfide. HgS is not an amalgam or alloy, and 

accordingly, the technologies for the formation of sulfides will be considered separately. 

 

2.1. Amalgamation 

 

The amalgamation is a chemical process unique to elemental mercury, in which another 

metal forms a semisolid alloy “amalgam” with mercury. Mercury dissolves in the solid 

metal, forming a solid solution. The process is reversible, so that mercury can be 
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released from these alloys by heating. Amalgams, although solid, show a significant 

vapor pressure and solubility of mercury (GRS, 2009).  

 

They are solid but sometimes quite soft or paste-like materials. In some processes 

amalgamation is used as a stabilization technique. Then mercury is mixed with a metal 

powder (mostly zinc or copper) to give the solid amalgam, e.g.: 

 

x Hg(l) + y Cu →  CuyHgx 

 

The process designed by Ecoflo (USA) consists on putting liquid mercury in a 

disposable bottle or container and mix it with a powdered amalgamating agent in ratio 

of 1:1 to 1:3. Proposed agents are copper, nickel or zinc. Shaking is performed by 

means of a paint mixer for at least 5 - 15 minutes, but 40 minutes for metals powders 

are recommended (US5034054, 1991). 

 

In the Institute of Gas Technology (USA), the powdered copper is cleaned from oxides 

and other compounds by immersing it into diluted hydrochloric acid/ammonium 

chloride or by heating it at 500-700 °C in hydrogen gas. Mercury is added (50 - 80 wt % 

in the final mixture) and the resulting mixture is agitated, as consequence, a slurry that 

hardens at ambient temperature within a day or two is produced (GRS, 2009).  

 

Gorin et al. (1994) proposed a copper amalgam, the procedure consists on washing fine 

copper powder (325 mesh) with nitric acid and then milled it in a laboratory shaker with 

stainless steel balls. Elemental mercury is added so that the mixture contains 65 wt % 

mercury. The mixture is milled for 45 minutes and the resulting paste is then stirred, 
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milled for other 45 minutes, hardened and then crushed into a powder, if necessary. The 

same authors proposed also a zinc amalgam, the fine zinc powder (325 mesh) is washed 

with nitric acid and then milled in a laboratory shaker with stainless steel balls (Gorin et 

al., 1994). Elemental mercury is added so that the mixture contains 45 wt % mercury. 

This mixture is milled for 2 h. The obtained amalgam with zinc does not comply the 

TLCP test (maximum Hg concentration=0.2 ppm, Land Disposal Restrictions 

Regulations for Mercury-Containing Non-wastewaters), so it can not be considered as 

an adequate technique. 

 

In amalgamation process, the vapor pressure obtained in the amalgam is similar than the 

obtained for elemental mercury, which makes this technique by itself insufficient to 

immobilize the mercury, but it can be used as complementary technique, together with 

another immobilization process (BiPro, 2010). 

 

2.2. Formation of sulfides and selenides of Hg 

 

Processes that implement this approach often start with elemental mercury -Hg(l) that 

reacts with elemental sulfur or with other sulfur-containing substances like thiosulfate 

or pyrite (FeS2) to mercury sulfide (GRS, 2009): 

 

Hg(l) + S → HgS 

 

The conversion into mercury sulfide can be achieved by mixing solid sulfur with liquid 

mercury, by dissolving mercury in liquid sulfur or in a gas phase reaction between 
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gaseous mercury and gaseous sulfur. At room temperature, solid mercury sulfide exists 

on two kinetically stable modifications (Table 2): 

Table 2. Characteristics of α-HgS (cinnabar) and β-HgS (metacinnabar) 
 
 

 
α-HgS 

cinnabar 
β-HgS 

metacinnabar 
Colour red black 

Crystal system hexagonal cubic 
Structure type cinnabar sphalerite 

Z 3 4 
a (Å) 4.149 9.495 
c (Å) 5.8517 - 

Hardeness 2.3 3.0 

Index of 
refraction 

nα 2.814 - 
nβ 3.143 - 
nγ - - 

∆H0
f (kJ/mol) -58.10 -53.50 

∆tG
0

f (kJ/mol) -50.58 -47.65 
Cp (J/molK) 48.4 - 

 

The latter is thermodynamically slightly less stable, but it is the principle product of 

reactions in a very broad temperature range. Both compounds are only very slightly 

soluble in water. 

 

An also quite insoluble compound is mercury selenide that is formed from elemental 

mercury and selenium: 

Hg(l) + Se →  HgSe 

HgSe is also known under its mineral name Tiemannite. Mercury selenide cannot be 

synthesized by mixing the elements at room temperature. Therefore, either a gas phase 

reaction or a reaction in aqueous media, after oxidation of Hg(0) to Hg(II), is required. 

 

In bibliography, a variety of processes using this technique for the stabilization of liquid 

mercury can be found. These processes differ from each other by the temperature, 



 10

pressure and ratio of reagents employed. In the case of the process developed by DELA 

(Germany), elemental sulfur is vaporized in a heated vacuum mixer and reacts in the gas 

phase with added elemental mercury to form mercury sulfide. The process utilizes a 

vacuum mixer, a device that is also being employed at DELA to treat different types of 

mercury-containing waste. First the vacuum mixer is flooded with nitrogen in order to 

replace any oxygen in the system that might oxidize mercury or sulfur. A vacuum (< 0.9 

bar) is applied and the necessary amount of sulfur is added (S:Hg ratio between 0.16:1 

to 0.32:1). The mixer is heated to a temperature higher than the boiling temperature of 

mercury (> 580 °C). Then mercury is added over a period of time. Unlike processes at 

lower temperature a nearly stoichiometric ratio between mercury and sulfur can be used. 

Due to the high temperature employed, within several seconds mercury completely 

reacts with the gaseous sulfur to form mercury sulfide. Afterwards, mixing is continued 

for a defined time and the still gaseous mercury sulfide can be condensed by cooling 

down the gas phase. The process can be operated in batch mode as well as in continuous 

mode. The final product is a mixture of black metacinnabar (β-HgS) and red cinnabar 

(α-HgS). A pilot plant has been operated batch-wise with a capacity of 500 kg per day. 

The maximum treatment capacity will be in the range of 3 to 6 t per day 

(DE102008006A1, 2009; US7914757, 2011). 

Traditionally, mercury (II) sulfide generation technologies have relied on physically 

mixing or blending elemental mercury with sulfur at relative low temperatures, and 

these technologies fail to completely purge residual elemental mercury from mercury 

(II) sulfide (US7691361B1, 2010). In the treatment, patented by Bethelem apparatus 

Company (USA), the reaction between elemental mercury and sulfur takes place under 

high temperature and pressure conditions and creates a more stable and less soluble 

form of mercury (II) sulfide (cinnabar). The ratio sulfur/elemental mercury (by weight) 
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is between about 0.168 and 0.176 (US7691361B1, 2010). The material obtained is 

equal, in its physical and chemical properties, to naturally occurring cinnabar. 

According to the company information, the produced mercury sulfide did not show any 

trace of elemental mercury and headspace analyses also, confirmed the absence of 

mercury in the gas phase (GRS, 2009). The operating system will be capable of 

processing 500 to 1000 kg of mercury per day (BiPro, 2010). 

 

In the process built up by STMI (France), liquid mercury and elemental sulfur react in a 

glass apparatus by stirring the mixture at elevated temperature. The process employs a 

molar Hg/S ratio of 1:1 to 1:3. Both reactants are poured into the round-bottom flask of 

an apparatus consisting of a motor, an axial glass pipe and a rotatable axial flask. 

Stirring is accomplished by rotating the flask, preferably at 50 rpm for 2 hours (higher 

speed gave slower reaction rates). Reaction already takes place at 20 °C but heating to 

60 - 80 °C is preferred. Application of even higher temperatures (e.g. 360 °C) enables 

the distillation and purification of mercury itself. Mercury is then collected in a receiver 

that subsequently can be employed to act as a reactor also. The product obtained is a 

finely grained black powder, identified as a mixture of metacinnabar and sulfur. 

According to available information, the method in its semi-pilot stage is limited to 

batches with 1 kg mercury (US7560087B2, 2009). 

 

The process patented by CSIC (Spain) (P200930672, 2009) and developed in a LIFE 

project MERSADE, consists on convert the elemental mercury to mercury sulfide by 

milling at room temperature. Equal weight amounts of mercury and sulfur (according to 

a stoichiometric excess of 45 wt %) were brought to reaction in a planetary ball mill 

containing stainless steel balls The impact and friction forces of milling on the Hg and S 
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mixture resulted in the formation of metacinnabar by reducing the size of mercury 

drops, giving rise to microspheres, and lowering the surface tension to allow sulfur 

grains to become adhered at the reaction interface. Milling was done at 400 rpm for 15 

minutes to 3 hours. After 60 min of milling, the metacinnabar formation reaction was 

observed to be more than 99.99 % complete. The TCLP test on this sample yielding 

values of 3.1 µg/L Hg. Thus the final product complies with the limits of the most 

stringent Universal Treatment Standard requirements, which allow a maximum TCLP 

concentration of 25 µg/L (López et al., 2010). 

  

The formation of sulfides and selenides greatly improves the solubility with respect to 

the elemental mercury; however complementary processes as the 

stabilization/solidification with sulfur polymer, or encapsulation technologies could 

contribute to a major isolation of the residue from the surrounding atmosphere. These 

processes will be described below. 

 

Although the processes of stabilization of mercury, by means of the formation of 

sulfides and selenides, are commonly used in Hg0 waste, they have also been used in 

solid wastes containing large amount of mercury. Piao and Bishop (2006) tested 

inorganic high mercury wastes (wastes containing greater than 260 mg/kg total 

mercury). The addition of sodium sulfide to the mercury waste substantially reduced the 

amount of mercury released from the waste during leaching. It is concluded that the 

most effective stabilization occurred at pH 6 combined with a sulfide/mercury molar 

ratio of 1. The mercury stabilization efficiency reached as high as 99 %, even in the 

presence of interferents (Cl-, PO4
3-, CO3

2-, Fe2+, Pb2+ and EDTA). 
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2.3. Other treatments 

 

Other treatments to stabilize the liquid mercury, mainly by the use of adsorbents, are 

described in the bibliography. A number of them are based on activated carbon. Zhao et 

al., 2010, used an activated carbon obtained from modified rice husk ash (RHA) (Zhao 

et al., 2010). They prepared modified sorbents (I2/CaO/RHA sorbents, prepared by 

combustion of rice husk (RH), followed by water hydration method, to synthesized 

CaO/RHA and then impregnated with I2 to achieve the final sorbent) for Hg0 removal 

using a laboratory-scale fixed-bed reactor with an online total Hg analyzer. These 

sorbents exhibited effective Hg0 removal; even the lower loading sorbent (0.6% using 

anhydrous ethanol) revealed initial maximum Hg0 removal efficiency of 90% under 

simulated flue gas including only N2 and Hg0. The physical characteristics of sorbents 

(surface area and pore size distribution) and iodine impregnation modes did not 

significantly affect Hg0 capture efficiency, while fair correlation was observed between 

Hg uptake capacity and iodine content. Therefore, the content of I2 impregnated on the 

sorbents is the most important factor influencing the capacity of these sorbents for Hg0 

capture. The experiment under a wide range of temperature implied that chemisorptions 

played an important role in Hg0 removal. The benefit of this treatment lies in using a 

waste (RHA) to treat another one (Hg0), being a good environmental solution. However, 

this kind of treatment can only be employed to treat small amounts of Hg0, besides the 

fact that RHA/Hg0 must be stored and make it suitable only for particular cases nor for  

a global solution. 
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3. Treatments for solid waste containing mercury  

 

Traditionally, the main source of solid wastes of mercury has been the mercury mines 

(from cinnabar) (Navarro et al., 2009). The released Hg into the environment, in 

mercury mining areas, is generally associated with the abandonment of mine waste, 

which is mainly composed of calcines (waste originated in the metallurgy of Hg) and 

mining wastes impoundments, which contain waste rock and low-grade stockpiles 

(Gray, 2003; Rytuba, 2003; Higueras et al., 2003; Fernandez-Martinez et al., 2006; Qiu 

et al., 2006; Navarro et al., 2006). Wastes are also generated in gold and silver mining, 

and chlor-alkali manufacturing, both the surrounding soil and solid waste generated 

during industrial activity. On the other side, a huge amount of Hg wastes are generated 

in the manufacturing of lamps, (Chang et al., 2009) especially cold cathode fluorescent 

lamps (CCFLs), ultraviolet (UV) lamps, and high pressure mercury lamps (SHPs), 

which are produced and used worldwide. These are large volumes of wastes that can be 

treated in different ways, the most commonly used technologies are described below 

which are grouped according to the type of the principal treatment employed: processes 

evolving heating (at low or at high temperatures) and water based technologies.  

 

 

3.1. Thermal treatment 

 

Thermal desorption and retorting or roasting (US EPA 2007; Federal Remediation 

Technologies Roundtable, 2001; Washburn and Hill, 2003) are two common ex situ 

methods of thermal treatment for mercury. These technologies have been used to treat 

mercury-contaminated soil, sediments, and wastes at full scale. Thermal treatment 
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usually involves application of heat and reduced pressure to volatilize mercury from the 

contaminated medium, followed by conversion of the mercury vapors into liquid 

elemental mercury by condensation. The liquid elemental mercury collected from the 

condenser units can be reused or further treated, typically by amalgamation, for 

disposal. Off-gasses also may require further treatment. It uses heat to volatilize 

mercury from the contaminated medium. The main components of a thermal desorption 

system are a pre-treatment and material handling unit, a desorption unit, and a post-

treatment unit for treatment of off-gas and processed medium (soil or waste). A typical 

thermal desorption unit for mercury removal operates at temperatures ranging from 320 

to 700 °C (Federal Remediation Technologies Roundtable, 2001; Washburn and Hill, 

2003; US EPA, 1996; US Department of Energy Office of Science and Technology, 

2002). 

 

A retorting or roasting process is similar to thermal desorption except that it does not 

involve agitation (The Interstate Technology & Regulatory Council, 1998). The main 

components of a mercury retort system include a retort oven, condensers, a mercury 

trap, a sulfonated carbon adsorber, and a vacuum pump. The retort chamber typically 

operates at temperatures of 425 to 540 °C under a vacuum to facilitate volatilization of 

mercury. The resulting off-gas is passed through condensers to collect liquid elemental 

mercury. 

 

Thermal desorption and retorting follow the same process, a scheme of both processes 

can be seen in Figure 1. This method is recommended by US EPA for wastes with 

contents of mercury higher than 260 mg/kg (US EPA, 2008). 
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Recent studies (Busto et al., 2011) show that this treatment is very effective to remove 

the Hg from chlor-alkali industry wastes, obtaining mercury removal efficiency close to 

100 %. Leachability according to the US EPA TCLP leaching test decreases below the 

threshold value of 0.2mg Hg/l after treatment at a temperature of 400 ºC or higher 

(retorting time of 1 hour). Similar results were reported by Chang and Yen (2006). Also 

similar findings were reported by Taube et al. (2008), but in this case, working with 

mercury contaminated soils.  

 

Other studies use solar energy to provide the required energy to the thermal treatment of 

soils, a very favorable technique from the environmental point of view. The removal of 

mercury from the polluted soil reached 76 % using this technique (Navarro et al., 2009). 

 

Microwave energy has also been used to achieve the optimum temperature to volatilize 

the mercury. Thus, Tranquila (2005) describes a process which uses microwave energy 

to provide the heat necessary for mercury vaporization without the need for any flame 

or combustion gases. The means for such process, for example a metallic fluidized bed 

vessel into which the mercury contaminated material is continuously fed and removed 

and into which microwave energy is introduced, is a compact and efficient equipment 

which has certain advantages over other retorts and pyrolysers (US20050089460, 2005). 

 

Due to the high energy consumption of this type of treatment and in an attempt to 

reduce it, Comuzzi et al. (2011) combine this technology with a cation exchange 

process. Although the technology is still on development, a decreasing in the process 

cost is expected because of the decreasing in the temperature of treatment.  
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Fig. 1. Thermal desorption or retort system. 

 

3.2. Vitrification 

 

Vitrification is a high-temperature treatment technology designed to immobilize 

contaminants by incorporating them into the vitrified end product, which is chemically 

durable and leach resistant (US EPA, 1997b) (Khan et al, 2004).  

 

There are two types of vitrification, in-situ and ex-situ. In-situ vitrification (Fig. 2) uses 

electrical current to heat (melt) and vitrify the treatment material in place, and it is 

mainly employed for the treatment of soils. An electric current is passed through the soil 

to be treated by an array of electrodes inserted vertically into the surface of the 

contaminated zone. As soil is non-conductive, a starter pattern of electrically conductive 

glass frit that contains graphite is placed on the soil in the paths of the electrodes (US 

EPA, 1997b). The temperature of the contaminated soil could reach values between 

1600 and 2000 ºC. The presence of chlorides, fluorides, sulfides, and sulfates may 



 18

interfere with the process, resulting in higher mobility of mercury in the vitrified 

product. 

 

 

 

 

 

 

 

Fig. 2. In-situ vitrification system (Addapted from US EPA, 2007). 

 

Ex-situ vitrification involves the heating of contaminated material in a melter or 

furnace. Two processes have been employed to treat solid wastes containing mercury: 

the Glass Furnace Technology (GFT) (US EPA, 2004) and the Plasma Hearth Process 

(US EPA, 1998). The patented GFT process uses a dryer to reduce the moisture content 

in the waste feed to below 10 percent (US EPA, 2004). The dried feed is mixed with a 

flux material to control melting temperatures and improve the physical properties of the 

glass aggregate product. It is then fed to the furnace. Oxygen and natural gas are 

combusted in the furnace to raise its internal temperature to about 1600 ºC. The molten 

material is quickly cooled in a water-quench system to form a glass aggregate product.  

 

The Plasma Hearth Process uses an electric arc to melt non-combustible inorganic 

material and volatilize and oxidize organic materials (US EPA, 1998). Of course, the 

use of a drier, to eliminate the moisture, and the addition of fluxes are also required. 

Figure 3 shows a typical ex situ vitrification system. 
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Fig. 3. Ex-situ vitrification system (Addapted from US EPA, 2007). 

 

The use of vitrification technologies for the treatment of contaminated land, involves 

changes in the morphology and chemical-physical properties of the soil, so it is 

necessary to asses the impact that such treatment could have on soil properties, once 

decontaminated. 

 

Huang et al. (2011) showed that thermal decontamination at temperature >400 ºC can 

lower the Hg content to the regulation level. The effectiveness of thermal 

decontamination was less affected by the Hg fractionation when heating at this 

temperature. Thermal decontamination via an oxygen-lean, indirect-heating approach 

was shown to have a slight effect on the texture and organic carbon content of soil 

samples. However, thermal decontamination caused repartitioning of metals. Heavy 

metals in Fe/Mn oxides transformed into acid-extractable, organic-matter bound and 

residual forms after thermally treated at 550 ºC; Cr, Cu, and Ni became less mobilized 

and difficult to extract, which may greatly affect the effectiveness of subsequent 
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decontamination approaches, such as acid washing or chemical extraction. Authors 

suggested that removal of heavy metals, via acid washing or chemical extraction, should 

be done before thermal treatment for Hg removal to achieve the greatest removal of all 

the heavy metals presenting in the contaminated soils. 

 

3.3. Soil washing  

 

Soil washing is a water-based technology that uses a combination of physical particle 

size separation and aqueous-based chemical separation methods to reduce contaminant 

concentrations in soil. It is based on the concept that most contaminants tend to bind to 

the finer soil particles (clay and silt) rather than the larger particles (sand and gravel). 

Physical methods can be used to separate the relatively clean larger particles from the 

finer ones because the finer particles are attached to larger particles through physical 

processes (compaction and adhesion). This process thus concentrates the contamination 

bound to the finer particles for further treatment. 

 

Soil washing technology is best suited to treat contaminated soil composed primarily of 

larger-grained particles such as sand and gravel, rather than fine-grained particles such 

as clay and silt. It is also best suited to treat contaminants that preferentially adsorb onto 

the fines fraction. An advantage of soil washing is that it can be used to reduce the 

volume of material that will require further treatment, which potentially lowers the cost 

of cleanup and disposal of the contaminated material. Soil washing may not be cost-

effective for small quantities of contaminated material. This treatment is usually 

performed at the site of the contamination, avoiding the risks associated with 

transporting the contaminated soil off-site to a treatment facility. Chemicals are seldom 



 21

released from the soil washing process to the air. When the procedure is properly 

designed and operated, soil washing is relatively safe (US EPA 2007). 

 

According to Dermont et al. (2008), soil washing is a technology particularly relevant 

for the remediation of metal-contaminated soils. The majority of projects are based on 

physical separation methods which are cost effective and well established technologies 

in the mineral processing industry. From the economic and environmental point of 

view, soil washing may be an effective alternative to stabilization/solidification and 

landfilling. The soil washing technology presents many advantages: (1) the processes 

attempt to remove permanently metals from soils and can allow recycling of metal in 

certain cases; (2) the volume of contaminated soil is markedly reduced; (3) the 

processed soil can be returned to the site; and (4) the process duration is typically short 

to medium-term, compared to other metal extraction methods. Soil washing can be used 

independently or in conjunction with other treatment technologies. Despite being 

frequently used in Europe, the soil washing method has not been used extensively in the 

USA nor in Canada. Soil washing has been performed successfully in Europe, due in 

part to regulatory actions taken to drastically restrict landfilling options. The soil 

washing technology is often used for reducing the volume of soils and residues placed 

in landfills. Soil washing in Europe is mostly performed in fixed facilities, while mobile 

soil washing plant appears to be more common in the USA and Canada. 

 

4. Stabilization/Solidification (S/S) 

 

Stabilization is a chemical method which attains to the chemical immobilization by the 

formation of stable compounds or water-nonsoluble compounds. Stabilization reduces 
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or eliminates the possibility of vaporization or leaching to the environment. To stabilize 

means to convert to a solid, hard, non-flowable mass or a solid and inert particulate 

material which resists common solvents and retains the materials contained therein, 

when subjected to leaching conditions. 

 

Solidification is used to encapsulate or absorb the waste, forming a solid material, when 

free liquids other than elemental mercury are present in the waste. To encapsulate 

means to embed within a stable matrix. Molten and casting are part of the encapsulation 

process. The objective of these methods is to seal the waste from the surrounding 

environment. 

 

Encapsulation technologies are based primarily on solidification processes that act to 

substantially reduce surface exposure to potential leaching media, and can also involve 

a combination of physical entrapment through solidification and chemical stabilization 

through precipitation, adsorption or other interactions (Randall and Chattopadhyay, 

2004). Waste can be encapsulated in two ways: microencapsulation and 

macroencapsulation. Microencapsulation is the process of mixing the waste with the 

encasing material before solidification occurs. Macroencapsulation refers to the process 

of pouring the encasing material over and around the waste mass, thus enclosing it in a 

solid block (Chattopadhyay and Condit, 2002). 

 

There are a large number of processes of encapsulation of elemental mercury and 

mercury waste, classified depending on the encasing material, such as Portland cement, 

sulfur polymer cement (SPC), sulfide and phosphate binders, cement kiln dust, 

polyester resins, or polysiloxane compounds to create a slurry, paste, or other semi-
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liquid state, which is allowed time to cure into a solid form. (US EPA, 2007), these 

processes will be described below. In the majority of the processes described there is no 

chemical reaction between the encasing material and the mercury, and therefore a 

stabilizing pre-treatment step would be necessary. 

 

Although most of the processes described in the literature consist principally of 

combined technologies, and their classification in clearly differentiated groups involves 

a number of difficulties, an attempt to classification based on highlight the most 

employed techniques is presented in this paper.  

 

4.1. Sulfur Polymer Stabilization Solidification (SPSS) 

 

The Sulfur Polymer Stabilization Solidification (SPSS) process is based on the sulfur 

stabilization with the advantage that, in the case of SPSS, the final product is monolithic 

with a low surface area. This improves the vapor and leaching performance of the 

product (BiPro, 2010). 

 

SPSS is a modification of sulfur stabilization. Within this process elemental mercury 

reacts with sulfur to form mercury (II) sulfide. Simultaneously, the HgS is encapsulated 

and thus the final product is a monolith. The process relies on the use of ~95 wt % of 

elemental sulfur and 5 % of organic polymer modifiers also called sulfur polymer 

cement (SPC). The SPC can be dicyclopentadiene or oligomers of cyclopentadiene. The 

process has to be carried out at a relatively high temperature of about 135 °C, which 

may lead to some volatilization and thus emission of the mercury during the process. In 
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any event, the process requires the provision of an inert atmosphere in order to prevent 

the formation of water soluble mercury (II) oxide. 

 

In the case of SPC, β-HgS is obtained. The addition of sodium sulfide nonahydrat 

results in α-HgS as a product. A relatively high Hg load of the monolith (~70 %) can be 

achieved with this process, as there is no chemical reaction of the matrix required to set 

and cure. The process is robust and relatively simple to implement and the resulting 

product is very insoluble in water, has a high resistance to corrosive environment, is 

resistant to freeze-thaw cycles and has a high mechanical strength. During the process, 

volatile losses are liable to occur and therefore, appropriate engineering controls are 

needed. Engineering controls to avoid possible ignition and explosions are also 

necessary. 

 

Additionally, the volume of the resulting waste material is considerably increased. 

Polysulfide is added to elemental mercury and sulfur in order to obtain a monolithic 

product, but the synthesis of a mercury polysulfide complex with higher leaching value, 

compared to mercury sulfide, shall be avoided. This can be done by adding the sulfur 

first and in a second step the sulfur polymer. Formation of mercury polysulfide can also 

be avoided by adding a polysulfide inhibitor. 

The generation of toxic H2S can be inhibited by limiting the exposure of the stabilizing 

inorganic sulfur compounds to air and sunlight or by adding antioxidants. 

 

This process is used in bibliography for different types of wastes: elemental mercury 

(López-Delgado et al., 2011a), mercury contaminated with radionuclides, (Fuhrmann et 

al. 2002), contaminated soils (López et al., 2009a), etc. Studies about monoliths 
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durability, concluded that the obtained HgS-S-concrete exhibits excellent mechanical 

properties, extremely low water absorption by capillarity, very high impermeability and 

high durability in different aggressive environment conditions (alkaline medium, salt 

mist, freeze-thaw cycles) (López et al., 2009b, López-Delgado et al., 2011b).  

 

Different patents described the use of SPSS technology for the treatment of mercury and 

mercury-containing wastes, both in USA (US6399849B1, 2002; US5678234, 1997; 

US6403044B1, 2002) and Europe (P200930672). Several additives e.g. sodium sulfide, 

sulfide and calcium phosphine triisobutyl polysulfide are used to decrease the content of 

mercury in the leachates. In the process described in patent US20100312036, a 

solidification process with paraffin is employed after the sulfur stabilization.  

 

4.2. Chemically bonded phosphate ceramics 

 

In this case, the stabilization of mercury as sulfide is followed by subsequent 

solidification in a phosphate matrix. Powdered calcined magnesium oxide (MgO) and 

potassium dihydrogen phosphate (KH2PO4) are blended in equal molar amounts (GRS, 

2009). Additional ingredients like fly ash or potassium (sodium sulfide (0.5 wt %) are 

added and all components together with water mixed with the waste for approx. 30 

minutes. MgO and KH2PO4 react to form solid and insoluble MgKPO4•6H2O. 

Afterwards, the mixture is allowed to set. Setting occurs in approximately 2 h while 

curing needs about two weeks (Wagh et al., 2000). The process has been tested for a 

wide range of wastes including evaporator residues, contaminated soils, various salts, 

wastes, small homogenous debris wastes, wastewater residues, sludges from uranium 

ore processing operations, incinerator ash, and spent incinerator scrub solutions, 
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including elemental mercury. The waste load in the final product is up to 70 wt %, 

depending on the type of waste (Chattopadhyay, 2003; US DOE ,1999).  

 

Chemically bonded phosphate ceramics (CBPCs) are fabricated by an acid-base reaction 

between calcinated magnesium oxide (MgO) and mono-potassium-phosphate (KH2PO4) 

in solution to form a hard dense ceramic of magnesium potassium phosphate hydrate. 

For this purpose calcinated magnesium oxide powder and monopotassium phosphate 

are stirred under an aqueous condition to produce magnesium potassium phosphate 

(MKP). In a second step, the MKP is combined with the mercury. The process 

temperature is lower than 80° C and therefore, little hazardous off-gasses arise and no 

secondary waste is generated. 

 

CBPC treatment of elemental mercury will form low solubility chemical bonded 

phosphate solids (Hg3(PO4)2), but a further improved stabilization by forming HgS in a 

first step, can be realized with a small amount of sodium sulfide (Na2S) or potassium 

sulfide (K2S). The sulfides significantly improve the performance of the final CBPC 

waste and are therefore recommended. An excess of sulfide will increase the 

leachability and therefore, careful processing is needed. 

 

The product of the CBPC process can have a mercury load as high as 78 % with a 

density of 1.8 g/cm³. The immobilization is a result of chemical stabilization and a 

physical encapsulation (solidification). An advantage for phosphate glass is the high 

physical stability (BiPro, 2010). 
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The stabilization/solidification of this phosphate ceramic could be improved by adding 

ground granulated blast furnace slag (GGBFS) (Liu et al., 2008). The addition of 

GGBFS significantly reduced Hg2+ leaching concentration and enhanced compressive 

strength of mercury-doped CBPC matrixes, made the pore structure of mercury doped 

CBPC matrixes finer by reducing its critical pore size, could also refrain from the 

reaction temperature rise of matrix to prevent the volatilization of mercury, and both 

physical filling of GGBFS and microencapsulation of cementing gel were responsible 

for less leaching and better physical performances of mercury-doped CBPC matrixes. 

 

4.3. Other encapsulation technologies 

 

The technologies involving encapsulation with other binders, such as Portland cement, 

asphalt and resins, will be described next. These technologies are not as widely used as 

sulfur polymer and ceramic phosphates. 

4.3.1. Cement mixtures  

 

The high strength, low permeability and relatively high durability of hydraulic cement 

make it a good binder for this waste management technique; however heavy metals, as 

mercury, often alter the course of cement hydration reactions. Hydrolyses of heavy 

metals result in the reduction of pH and accelerate cement hydration. They may 

influence the formation and properties (structure and permeability) of the protective 

hydrated layer, and further influence the nucleation and growth of reaction products. 

The efficacy of cement-based solidification/stabilization can be improved by modifying 

cement phase compositions and controlling temperature, water/solid ratios, particle size, 

and other factors, that affect setting and strength development and long-term durability 



 28

of solidified waste forms (Chen et al., 2009a; Habib et al., 2011). One factor that seems 

to have a large influence on the properties of the binder is the carbonation of Portland 

cement (Chen et al 2009b). McWhinney et al. (1990, 1993) noted that metals, such as 

Ba, Cr, Pb, Cd and Hg, promoted cement carbonation in the presence of CO2. Walton et 

al. (1997) found that nickel, cadmium, mercury, lead and cobalt exhibited higher 

leaching rates from carbonated waste forms compared to non-carbonated analogues. 

Chen et al. (2009b) demonstrated that the accelerated carbonation with a combination of 

dissolved Na2CO3 and gaseous CO2 can improve significantly compressive strength of 

solidified sediment containing mercury, lead, copper, nickel and zinc, by reducing 

porosity and consequently permeability that would, in principle, be desirable for a 

matrix used to encapsulate toxic wastes. 

 

In some cases, a pre-treatment, to render such substances harmless, e.g., by adsorbent 

addition, is necessary (Chen et al., 2009a). Zhang et al. (2009) used a thiol-

functionalized zeolite as pre-treatment of the mercury waste before cement stabilization. 

The thiol-functionalized zeolite (TFZ) used in the study was obtained by grafting the 

thiol group (–SH) to the natural clinoptilolite zeolites. The mercury adsorption capacity 

is greatly enhanced upon thiol grafting and the maximum adsorption capacity is 

increased from 0.041 mmolHg/g to 0.445 mmolHg/g. The optimum pH for the mercury 

stabilization using TFZ is around 5.0. The optimum TFZ dosage is about 5 % and the 

optimum cement dosage is about 100 %. In the study of stabilization of the surrogates 

without interferences, mercury-loaded TFZ successfully passed the TCLP leaching test. 

Though Cl− and PO4
3− have a negative influence on mercury adsorption by TFZ, the 

Portland cement solidification of TFZ stabilized surrogates successfully passed the 

TCLP leaching test even in the presence of Cl− or PO4
3−. The stabilization/solidification 
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process using TFZ and Portland cement is an effective technology to treat and dispose 

of mercury-containing wastes. Other authors use a previous stabilization of the Hg with 

sulfur (see 2.1) followed by an encapsulation in cement matrixes (Svensson et al., 

2007). After an initial period of 60 days, the leach rate was very low in all studied 

systems, including in some systems similar to the reference system containing HgS 

from the start. It was likely that a major fraction of the added mercury had been 

transformed to HgS.  

 

As an alternative to the S/S method employing cement, Zhuang et al. (2004) had 

reported the treatment of brine purification sludge (BPS) with ferric-lignin derivatives 

(FLD) and Portland cement (PC). They find that this treatment is an economical and 

simple process for the stabilization of BPS. FLD had demonstrated the capability to 

immobilize the leachable Hg contaminants through the strong bonding strength with 

Hg-contaminants in BPS. The FLD technology has provided an alternative solution for 

BPS treatment, which should be beneficial to the environmental protection. In addition, 

the application of FLD technology reduced the BPS treatment and disposal costs. 

 

Cement (e.g. ordinary Portland cement) acting as the cementitious filler material is used 

for the encapsulation of elemental mercury. To improve the leaching properties, a 

previous stabilization step (amalgamation with Cu) is carried out. Additional inorganic 

fillers can be added to this process as pulverized fuel ash, hydrate lime, finely divided 

silica, limestone flour and organic and inorganic fluidizing agent and especially blast 

furnace slag (BFS). The ratio of the inorganic filler to the cementitious filler material 

can be in the range of 3:1 w/w. The immobilized mercury shall be mixed Requirements 
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for facilities and acceptance criteria for the disposal of metallic mercury in a ratio of 1:1 

w/w with the filler material (US20080234529, 2008).  

 

4.3.2. Asphalt 

 

Asphalt micro-encapsulation can be used for encapsulating different wastes. For 

mercury containing waste, cold-mix asphalt seems to be more appropriate than hot-mix 

asphalt due to the possible volatilization of mercury (Randall and Chattopadhyay, 

2004). The papers cited in the bibliography, use this kind of stabilization for low 

quantities of mercury, for example Cerkinkova et al. (2007). 

 

4.3.3. Polyester resins 

 

Polyester is a thermosetting resin that undergoes a chemical reaction to solidify. With 

this kind of encapsulation, waste loads of 50 % have been reported but no information 

for the usability for metallic mercury is available (BiPro, 2010).  

  

5. Conclusions 

 

A huge number of researches have been carried out for the treatment of liquid mercury 

and mercury-containing wastes which is a consequence of the global concerns on 

mercury. Although it is difficult to considerer which is nowadays the best technology to 

be applied, because of the different chemical and physical characteristics and properties 

of the wastes to be treated, it seems that stabilization/solidification is one of the most 

effective and safest technologies. In the case of amalgamation, the obtained vapor 
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pressure of amalgams is not as low as to consider it a valid method. In the case of heat 

treatment and vitrification, the major disadvantage is the high energy consumption, 

besides in the case of heat treatment, once recovered Hg0, it is necessary to undergo 

further treatment. 

 

Within the different stabilization/solidification technologies it seems that the more 

mature one is SPSS, which provides final products with very scarce leachability of 

mercury and high durability. Nevertheless various processes should be scaled up to 

ensure that bench scale results are transferable to larger scale. 

 

To define the best technologies for the treatment of mercury and mercury-containing 

wastes, in a global concept, might be quite improper, due to the different nature and 

physic-chemical characteristic of wastes. A proper evaluation of each individual case, 

which should include the environmental and the economical costs, along with the 

detailed study of the available technologies seems to be recommended. Thus, for 

example in the case of radioactive wastes containing Hg, the application of vitrification 

or thermal treatment could be applicable, in spite of the high cost of these technologies.   
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