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Abstract 

 Two types of apparatus were developed using cold vapor atomic absorption spectroscopy 

with a wavelength of 253.7 nm to investigate mercury (Hg) concentration at the ppm to ppb levels. 

This investigation was explicitly interested in natural gas components and gas processing chemicals 

used in acid gas removal units and dehydration units in gas processing facilities. 

 The Hg solubility in gaseous methane, ethane, carbon dioxide, and artificial natural gas was 

investigated by a flow-type apparatus at 268.15 to 303.15 K and up to 6.042 MPa. The mole fraction 

of Hg ranged from 4.842  10-9 to 8.103  10-7 in the vapor phase and decreased with the pressure. 

Under the isobaric condition, the mole fraction of Hg increased with the temperature and followed 

the van’t Hoff equation. The dissolution enthalpies were almost the same among these gases. 

Moreover, the enthalpies were the same as the enthalpy of vaporization of Hg. These results 

suggested that Hg and gas molecules will be isolated and the interaction between Hg and gas 

molecules will be weak. 

 The Hg solubility in methanol, mono-ethylene glycol, diethylene glycol, triethylene glycol, 

and N-methyldiethanolamine was measured at 298.2 to 333.4 K under atmospheric pressure of 

nitrogen. The mole fraction of Hg in these solvents ranged from 5.65  10-8 to 6.34  10-7 and 

increased with the temperature Moreover, it also followed the van’t Hoff equation. The dissolution 

enthalpies were far smaller than that in the isobaric gases. At the isothermal condition, the mole 

fraction of Hg was proportional to the number of their constituent atoms. This relationship could be 

applied to C5 to C8 and C10 of aliphatic hydrocarbons. It can predict the Hg solubility in heavy 

hydrocarbons in natural gas and oil. 

 The Peng-Robinson equation of state (PR-EOS) could be applied to correlate the 

experimental data by optimizing of the attractive parameter through the saturated vapor pressure of 

Hg and with the assumption that the liquid Hg phase was a solid with fluidity. The experimental data 

were well correlated and predicted with the PR-EOS just by the binary interaction parameters with 

temperature dependence. 
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Chapter 1 Introduction 

1.1 Background of research 

 Mercury (Hg) is a six-period metal, with the atomic number 80. Hg has similar 

characteristic as novel metals like gold and platinum; it can be recovered from mines in its pure 

elemental form. Elemental Hg also has interesting physical properties. For example, it is liquid under 

standard atmospheric pressure and room temperature, a property not found in other metals. Since the 

third century before Christ, liquid elemental Hg had been employed as a raw material for pigments 

in ancient China. Therefore, Hg is easy to convert to oxide, sulfide and chlorides, and giving vivid 

red, black, and white colors, respectively. In addition, its bactericidal property was believed to 

provide an eternal life to ancient Chinese Emperors. After developing electricity in the 20th century, 

the high electric conductivity received attention for its application in electric devices such as lumps, 

switches, relays, and sensors. Many researchers reported many specific physical and chemical 

properties of Hg, and these data are utilized in industry for thermometers, sanitizers, medical drugs, 

and catalysts. However, the usage of Hg was decreased, because of neurological disorders peculiar 

to Hg poisoning; this severe disease caused by the bioaccumulation of Hg in 1960s Japan was called 

"Minamata disease." The industrial wastewater containing methylmercury compounds were 

discharged into the Minamata Bay, and the methylmercury compounds were bioaccumulated in 

shellfishes and fishes. Consequently, serious neurological disease occurred in the people who ate 

these seafoods. Since the industry put corporate profits before investigating cause of the mercury 

pollution, a number of victims continued to increase, and the injury extended to the victim’s children. 

The relief for the victims continues even over 60 years later of the Minamata disease occurred. After 

the severe environmental pollution, the research topics were rapidly shifted from physical to 

analytical chemistry. Now ppm to ppb levels of Hg can be precisely detected by high sensitivity 

analyzers, and these analytical methods have been applied to environmental science and research. 

 In the oil and gas industry, it is well known that trace amounts of Hg are found in raw and 

untreated oil and gas produced from in-situ reservoirs. Mercury in natural gas can cause amalgam 
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corrosion or liquid metal embrittlement of aluminum heat exchangers in liquefied natural gas (LNG) 

plants. Consequently, natural gas processing facilities suffer severe damage to process equipment, 

causing unwanted shutdowns. The first reported incident caused by Hg in natural gas occurred in 

Skikda LNG, Algeria, in 1987 [1]. The other incident related to Hg in natural gas and oil occurred 

elsewhere from the 1980s to the 2000s [2, 3, 4, 5]. Hg in condensate and crude oil can also cause the 

poisoning of precious metal catalysts used in oil refineries and petrochemical manufacturers. For this 

reason, it is difficult for oil producers to sell crude oil and condensate with high mercury content to 

those customers; consequently, oil producers are forced to discount the sales price of crude oil and 

condensate [6]. 

 Furthermore, there is a risk of mercury emissions from oil and gas production facilities to 

the environment. Fig. 1.1 shows the global cycle of Hg assessed by the United Nations Environment 

Programme (UNEP) [7]. Emission sources of Hg to the atmosphere include geogenic, burning 

biomass, soil and vegetation, and anthropogenic. The UNEP identified primary anthropogenic five 

major emission sources: coal combustion, cement burning, non-ferrous metal refinery, waste burning, 

and artisanal small-scale gold mining. Governments that have a treaty with the UNEP Minamata 

Convention are working to reduce Hg emission from those five emission sources. The Hg emissions 

from the oil and gas industry are divided into upstream (oil and gas production) and downstream (oil 

refinery) emissions. The Hg emission from upstream is not quantified by the UNEP [8], while that 

from downstream is assumed to be less than 1 % of the total global anthropogenic emission to air [8]. 

Although the oil and gas industry is not a primary source of Hg, managing Hg emissions from this 

industry is crucial to prevent environmental pollution. Proper handling and removal of Hg during gas 

and oil production are important responsibilities of the oil and gas industries to prevent health, safety, 

and environmental issues. Hg in natural gas and oil is usually removed by commercial mercury 

adsorbents packed in the mercury removal unit (MRU). It is vital to know the Hg distribution in 

natural gas processing facilities for proper MRU management and design optimization. However, 

there are some technical challenges because field measurement of Hg sometimes indicates abnormal 
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values due to contamination and adsorption of Hg in sampling valves in the facility or sample 

chambers. A numerical prediction model that can accurately predict Hg distribution in production 

facilities is needed to address the problem. 

 

Fig. 1.1. Global mercury cycle (made from UNEP Global Mercury Assessment 2018 [7]) 

 

1.2 Objectives of doctoral research 

 In this doctoral research, three primary objectives are set as follows: 

1) Experimentally investigate Hg solubility in gaseous natural gas components, including 

methane, ethane, and carbon dioxide. Minimal literature values exist within the typical 

operating pressure and temperature ranges of natural gas processing facilities. 

2) Experimentally investigate Hg solubility in solvents for natural gas processing, which are 

mono-ethylene glycol (MEG), diethylene glycol (DEG), triethylene glycol (TEG), and N-

methyldiethanolamine (MDEA). Again, very few literature values exist within the 

necessary ranges. 

3) Establish a prediction model capable of calculating Hg distribution in natural gas 

processing facilities using literature and experimental data for Hg solubility in vapor and 
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liquid phases, which can be easily implemented on commercial process simulators. 

 

1.3 Composition of doctoral thesis 

 This doctoral thesis consists of six chapters. 

 Chapter 1 is the introduction of the doctoral thesis. The background and the issues related 

to Hg in oil and gas are outlined. Then, the objectives and the composition of the doctoral research 

were explained in this Chapter. 

 Chapter 2 contains a literature review, helping to identify the doctoral research objectives. 

Previous studies about Hg solubility measurements for vapor and liquid phases are reviewed. Then, 

insufficient datasets previously used to predict Hg distribution in natural gas processing facilities 

were identified. In addition, the chosen prediction model for the Hg soolubility in vapor and liquid 

phases is discussed in the context of previous research. 

 Chapter 3 is the experimental section. The experimental apparatus for Hg solubility 

measurements for vapor and liquid phases are described. Then, the method for the data correlation 

and prediction of Hg solubility is introduced. 

 Chapter 4 investigates the Hg solubility in gaseous natural gas components: methane, 

ethane, and carbon dioxide. The results of the Hg solubility measurement, and the data correlation, 

and the prediction by a modified cubic equation of state (EOS) model are also discussed. 

 Chapter 5 investigates the Hg solubility in solvents for natural gas processing: methanol, 

MEG, DEG, TEG, and MDEA. The Hg solubility in methanol was measured as the validation of the 

experimental apparatus. MDEA is widely used for acid gas removal and MEG, DEG and TEG are 

used for dehydration in natural gas processing. The results of the Hg solubility measurement are 

explained, and the data correlation and the prediction by the modified cubic equation of state model 

are also discussed. In addition, the relationship between the Hg solubility and the number of 

constituent atoms of solvents explored. 

 Chapter 6 is the conclusion. The results and findings of this research are summarized, then 
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future research directions and further challenges are explained. 

 This research will contribute to reduce Hg pollution to air and water during natural gas 

processing and help prevent Hg disasters such as the Minamata disease. 
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Chapter 2 Reviews of Measurements and Modeling of Hg in Vapor and 

Liquid Phases 

 This chapter provides an overview of previous research on measurement and modeling of 

Hg partitioning in vapor and liquid phases. The main purpose of the literature review is to survey 

previous studies and to find problems and insufficiency of their research. 

 

2.1 Methods of Hg solubility measurements 

 Richardson and Rowlinson [9] conducted the Hg solubility measurement in the vapor phase 

by a static method where they introduced the elemental Hg into a small reservoir and weighed it 

before and after the equilibrium. The weight loss of Hg was evaluated as the amount of Hg to vapor 

phase. Jepson et al. [10] also employed a static method where the drop of 203Hg was enclosed in a 

glass tube. They measured the gamma-ray of 203Hg in the vapor phase from the tube. Butala et al. 

[11] developed the apparatus based on the flow method. The apparatus had the pre-saturation cell 

and the Hg saturation cell to achieve the supersaturated condition in the saturation cell. Chapoy et al. 

[12] also used a similar flow type apparatus to Butala et al. However, contact methods between Hg 

and gases in the saturation cell were not mentioned in their work. 

 Regarding methods for Hg solubility measurement in the liquid phase, a static method was 

widely employed by Klehr and Voigt [13], Kuntz and Mains [14], Choi and Tuck [15], Spencer and 

Voigt [16], Glew and Hames [17], Vogel and Gjaldebaek [18], Onat [19], Sorokin et al. [20], Okouchi 

and Sasaki [21, 22], Migdisov et al. [23], Miedaner et al. [24], Bloom and Gallup [25], Gallup et al. 

[26], and Marsh et al. [27]. However, Corns et al. [28] conducted Hg solubility measurements using 

a flow method where the saturated Hg vapor continuously flowed into solvents until reaching 

equilibrium. Some researchers added a small amount of reducing agents to solvents to prevent the 

oxidation of elemental Hg. Sanemasa [29] and Li et al. [30] employed a closed-loop apparatus. 

 Regarding Hg detection methods, spectroscopic methods were widely employed by many 

researchers, including cold vapor atomic absorption spectroscopy (CVAAS) with the wavelength of 
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253.7 nm [11, 12, 14, 17 to 22, 29, 30] and cold vapor atomic fluorescence spectroscopy (CVAFS) 

[25, 26, 28]. Additionally, Marsh et al. [27] developed a laser-based technique utilizing two-photon 

excitations at 320.782 nm and 546 nm to measure Hg solubilities below 298 K. Radiation 

measurement was employed by some researchers, using radioactive Hg, 203Hg, as the source. Jepson 

et al. [10] employed a Geiger counter to detect the gamma-ray from 203Hg, which was used as a tracer. 

Klehr and Voigt [13] and Spencer and Voigt [16] used a single-channel scintillation counter in which 

the window width was adjusted to count only the photopeak at 279 keV. Migdisov et al. [23] and 

Miedaner et al. [24] performed Hg solubility measurements by a gravimetric method. They measured 

mass loss of elemental Hg in the equilibrium cell before and after the experiments by an analytical 

balance to evaluate Hg solubilities in solvents. 

 

2.2 Saturated vapor pressure of Hg 

 There is much data on the saturated vapor pressure of Hg by researchers. Huber et al. [31, 

32] summarized the previous data and proposed an empirical equation as the modified version of the 

Wagner equation. It can be argued that the Wagner equation is the empirical principle of 

corresponding states. Although the Huber equation can accurately correlate saturated vapor pressure 

of Hg, six fitting parameters are needed. Before the equation by Huber et al., a simplified Antoine 

equation was proposed by Dumarey in the 1980s. This equation is commonly known as the Dumarey 

equation [33] and is recommended for use as the calibration standard in the standard method of 

determining Hg concentration in natural gas, ISO 6978-2:2003 [34]. However, the Dumarey equation 

differs from the Huber equation by more than 7% at 20 °C [35]. 

 Recently, another approach using cubic EOS was proposed. Edmonds et al. [36] first 

proposed a cubic EOS to predict saturated pressure and Hg solubility in aliphatic hydrocarbons. They 

demonstrated that the advanced Soave-Redlich-Kwong EOS could reproduce the value of the Huber 

equation by adding temperature dependence to the parameter in their EOS model. However, the 

details of modification to the EOS were not disclosed. Smit et al. [37] proposed the Shell’s Modified 
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and Improved Redlich-Kwong EOS, which includes specified pure component parameters to 

calculate a good description of the vapor pressure of Hg. Unfortunately, they also did not explain the 

details of their modification. Mentzelos [38] presented the Peng-Robinson equation of state (PR-

EOS), which can reproduce the value of the vapor pressure of Hg in the Design Institute for Physical 

Properties (DIPPER) when the Matias-Copemen alpha function was implemented to the PR-EOS 

and correlated with the DIPPER in his Diploma Thesis. This result was published by Koulocheris et 

al. [38]. Although the PR-EOS with the Matias-Copeman can accurately calculate the saturated vapor 

pressure of Hg, three pure component parameters must be correlated with the experimental data. A 

more simplified prediction model for the saturated vapor pressure of Hg is preferred in practical use. 

 

2.3 Measurement of Hg solubility in vapor phase 

 Although several researchers investigated Hg solubility in the vapor phase, few datasets are 

available. Focusing on the natural gas components, Hg solubility in methane, ethane, propane, carbon 

dioxide, and nitrogen has been reported. 

 

2.3.1 Methane 

 Figure 2.1 shows the reported Hg solubility in methane by Butala et al. [11] and Chapoy 

et al. [12]. Butala et al. [11] firstly reported the Hg solubility in methane at nine isotherms between 

253.15 K and 293.15 K, and the pressure conditions were 400 psia (2.76 MPa), 500 psia (3.45 MPa), 

and 1000 psia (6.89 MPa). They employed a flow-type apparatus and measured the Hg solubility in 

methane, ethane, propane, carbon dioxide, a binary gas mixture of propane (59.4 mole%) and iso-

butane (40.6 mole%), and a three components mixture of n-butane (32.4 mole%) + n-pentane (33.5 

mole%) + n-hexane (34.1 mole%). Although they conducted comprehensive Hg solubility 

measurement for natural gas components, the temperature conditions, particularly in the high-

temperature region, still did not extend to the operating condition of natural gas processing facilities. 

Most recently, Chapoy et al. [12] reported the Hg solubility in methane at temperatures between 
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244.35 K and 323.15 K and at pressure from 0.80 MPa to 18.62 MPa. They used a flow-type 

apparatus similar to Butala et al. 

 

 

Fig. 2.1 Reported Hg solubility in methane: Butala et al. [11] at 253.15 K (●), 258.15 K (■), 263.15 K 

(▲), 268.15 K (▼), 273.15 K (◆), 278.15 K (  ), 288.15 K (  ), 293.15 K (  ); Chapoy et al. [12] at 

244.35 K (●), 244.55 K (■), 245.15 K (▲), 246.15 K (▼), 258.15 K (◆), 273.15 K (  ), 278.15 K 

(  ), 283.15 K (  ), 288.15 K (  ), 293.15 K (+), 298.15 K (×), 323.15 K (*). 

 

2.3.2 Ethane 

 Koulocheris et al. [39] showed the vapor-liquid equilibrium (VLE) of an Hg-ethane system 

at five isotherms between 273 K and 293 K and pressure up to 37.7 bar (3.77 MPa); however, the 

exact values were not mentioned in the paper. The most recent data set was reported by Chapoy et al. 

[12] in both the VLE and the liquid-liquid equilibrium (LLE) condition. The temperature ranged 

between 244.1 K and 323.15 K, and the pressure ranged from 0.7 MPa to 11.38 MPa. Figure 2.2 

shows the Hg solubility in ethane reported by Chapoy et al. [12]. 
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Fig. 2.2 Reported Hg solubility in ethane: Chapoy et al. [12] at 244.10 K (●), 258.15 K (■), 273.15 K 

(▲), 298.15 K (▼), 323.15 K (◆). 

 

2.3.3 Propane 

 Jepson et al. [10] reported the VLE measurement on an Hg-propane system at three 

isotherms of 457.15 K, 491.15 K, and 529.15 K, and the pressure range was 0.001 MPa to 3.293 

MPa. Similarly, Butala et al. [11] measured the mole fraction of Hg in the vapor and liquid phase at 

five isotherms between 273.15 K and 293.15 K at around 7.0 psia (0.048 MPa) below the saturation 

pressure of propane due to the pressure drop across the experimental apparatus. Therefore, they 

suggested that the Hg solubility in propane extrapolated to saturation pressure for each temperature. 

The most recent data was reported by Chapoy et al. [12]. They measured the mole fraction of Hg in 

the vapor and liquid phase of ethane at 246.65 K to 307.69 K and a pressure of 1.03 MPa to 3.45 

MPa. 

 

2.3.4 Butanes 

 Jepson et al. [10] measured the Hg solubility in n-butane at three isotherms, 457.15 K, 
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491.15 K, and 529.15 K, with pressures up to 3.1 MPa. Richardson and Rowlinson [9] also reported 

eleven isotherms between 486.05 K and 572.95 K and pressures up 38.5 MPa. For the Hg solubility 

in iso-butane, Butala et al. [11] only investigated the VLE and the LLE conditions at five isotherms 

from 263.15 K to 283.15 K and pressures up to 8.3 MPa. 

 

2.3.5 Carbon dioxide 

 Butala et al. [11] first reported Hg solubility in carbon dioxide at five isotherms between 

273.15 K and 293.15 K. As they measured Hg solubility at about 7 psia below the saturation pressure 

of carbon dioxide for the same reason as the case of propane, they suggested the extrapolated data of 

Hg solubility in carbon dioxide as the same manner of propane. The most recent data was measured 

by Chapoy et al. [12] at five isotherms between 234.15 K and 323.15 K. The pressure condition was 

from 0.39 to 13.79 MPa. Figure 2.3 shows the reported Hg solubility in carbon dioxide. 

 

 

Fig. 2.3 Reported Hg solubility in carbon dioxide: Butala et al. [11] at 273.15 K (●), 278.15 K (■), 

283.15 K (▲), 288.15 K (▼), 293.15 K (◆); Chapoy et al. [12] at 243.15 K (●), 258.15 K (■), 273.15 

K (▲), 298.15 K (▼), 323.15 K (◆). 
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2.3.6 Nitrogen 

 Mentzelos [36] showed the six data points for the mole fraction of Hg in the vapor phase 

at 273.15 K, with pressure ranging from 7 to 67 bar (0.7 to 6.7 MPa). However, the exact values were 

not mentioned in the Diploma Thesis. Chapoy et al. [12] measured the most recent data at five 

isotherms between 244.35 K and 323.18 K, with pressure ranging from 0.70 to 17.28 MPa. 

 

2.4 Measurement of Hg solubility in liquid phase 

 Compared with the dataset for the Hg solubility in the vapor phase, many datasets are 

available for the Hg solubility in the liquid phase. However, datasets about some solvents used in 

natural gas processing are extremely few or not available. The Hg solubility in the liquid phase 

related to natural gas processing is reviewed hereafter. 

 

2.4.1 Aliphatic hydrocarbons 

 The Hg solubility in aliphatic hydrocarbons is available in a wide temperature range. 

Regarding the Hg solubility in pentanes, Marsh et al. [26] give data between 233 K and 383 K, while 

Okouchi and Sasaki [21] provide 278.15 K to 313.15 K, and Butala et al. [11] studied between 258.15 

K and 293.15 K. Bloom and Gallup [25] and Kuntz and Mains [14] reported the Hg solubility in n-

Pentane at 298.15 K. The Hg solubility in iso-Pentane was only reported by Kuntz and Mains [14] 

at 298.15 K. 

 Regarding the Hg solubility in hexanes, almost all data was reported by Okouchi and Sasaki 

[21] and Spencer and Voigt [16]. Okouchi and Sasaki [21] reported the solubility of mercury in n-

hexane at six isotherms between 278.15 K and 313.15 K. Spencer and Voigt [16] measured at five 

isotherms between 273.15 K and 308.15 K. Other data was collected by Reichardt and Bonhoeffer 

[40] at 313.15 K and 336.15 K, Bloom and Gallup [22] at 298.15 K, and Kuntz and Mains [14] at 

298.15 K. 

 Only two datasets have been reported on the Hg solubility in n-heptane. The first dataset 
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was reported by Spencer and Voigt [16]. The temperature ranged between 273.15 K and 308.15 K at 

six isotherms. The second dataset was measured by Okouchi and Sasaki [21] at six isotherms between 

278.15 and 313.15 K. 

 Compared with other aliphatic hydrocarbons, more datasets are available on the Hg 

solubility in n-octane with broader temperature ranges. The dataset measured by Spencer and Voigt 

[16] included six isotherms between 273.15 K and 313.15 K. Okouchi and Sasaki [21] also reported 

the data for six isotherms between 278.15 K and 313.15 K. Bloom and Gallup [25] and Vogel and 

Gjaldbeak [18] have measured the Hg content at 298.15 K. Marsh et al. [27] conducted the 

measurements with a broader temperature range between 233.15 K and 413.15 K at five isotherms. 

Migdisove et al. [23] and Miedanrer et al. [24] conducted Hg solubility measurements at higher 

temperature conditions. Migdisove et al. [23] measured the Hg solubility between 382.83 K and 

482.95 K. Although they conducted repeatability tests at some temperature conditions, the data was 

quite variable. Miedanrer et al. [24] reported the Hg solubility at three isotherms which were 383.15, 

423.15, and 473.15 K. 

 Regarding decanes, Klehr and Voigt [13] measured the Hg solubility in n-decane between 

273.15 K and 318.15 K. Kuntz and Mains [14] also conducted the solubility measurement at 298.15 

K. The Hg solubility in dodecane was measured by Bloom and Gallup [22] at 294.65 K and 298.15 

K. Miedanrer et al. [24] also measured the Hg solubility at five isotherms between 383.15 K and 

498.15 K. 

 

2.4.2 Water 

 Compared with all other substances investigated in this thesis, many datasets can be found 

in the literature for the Hg solubility in water. Figure 2.4 shows the reported Hg solubility in water. 

These experiments cover a wide range of temperatures between 273.15 K and 780.15 K, at pressure 

up to 102.3 MPa. Okouchi and Sasaki [22] measured the Hg solubility in water at temperatures 

between 278.15 K and 313.15 K at atmospheric pressure. Similar measurements were performed by 
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Onat [19] and Choi and Tuck [15] at temperatures from 298.15 to 363.15 K. Spencer and Voigt [16] 

were the other researchers who reported measurements of Hg solubility in water. These 

measurements were conducted at six isotherms with a temperature range of 273.16 to 313.15 K. Glew 

and Hames [17] measured the equilibrium concentration of Hg in water at various temperatures from 

277.45 to 345.59 K. Sanemasa [29] conducted experiments at atmospheric pressure and in a 

temperature range of 278.15 to 333.15 K. Sorokin et al. [20] measured the Hg solubility high 

temperature region ranged from 571.15 K to 780.15 K, at pressure up to 102.3 MPa using a reaction 

vessel made of titanium alloy. Although Sanemasa’s measured data was in close agreement with the 

other researchers in low-temperature region, there are considerable discrepancies between his data 

measured and the other researchers in the high-temperature region. Clever et al. [41] pointed out that 

possible air oxidation might have affected the measurements by Sanemasa [29]. Recently, Gallup et 

al. [26] carried out solubility measurements at atmospheric pressure. The temperature range in their 

measurements was 273.15 to 373.15 K. The most recent data was reported by Corns et al. [28], and 

the temperature condition ranged from 41 °F (278.15 K) to 120 °F (322.04 K) at four isotherms. 

Okouchi and Sasaki [22], Spencer and Voigt [16], Glew and Hames [17], Gallup et al. [26], and Corns 

et al. [28] added reducing agents, such as tin (II) compounds or hypophosphorous acid to prevent the 

oxidation of elemental Hg during their experiments. 
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Fig. 2.4 Reported Hg solubility in water: Choi and Tuck [15] (■); Spencer and Voigt [16] (□); Glew and 

Hames [7] (●); Onat [19] (〇); Sorokin et al. [20]: (▲); Okouchi and Sasaki [22] (△); Gallup et al. [26] 

(◆); Corns et al. [28] (◇); Sanemasa [29] (  ). 

 

2.4.3 Alcohol 

 Gallup et al. [26] measured the Hg solubility in methanol, and the temperature ranged 

between 243.15 K and 373.15 K. Another experimental measurement was conducted by Spencer and 

Voigt [42] at six isotherms between 298.15 K and 308.15 K. Li et al. [30] also reported the Hg 

solubility in methanol at five isotherms ranged from 253 to 333 K. The most recent data was reported 

by Corns et al. [28]. They conducted the measurements for pure methanol and an aqueous solution 

of methanol, for which concentrations were 90 wt% and 50 wt%. The temperature condition ranged 

from 41 °F (278.15 K) to 120 °F (322.04 K) for four isotherms. Figure 2.5 shows the reported Hg 

solubility in methanol. The Hg concentration increased as a function of increasing temperature and 

methanol concentration in the aqueous solution.  

 The investigation of Hg solubility in other alcohols was performed by Spencer and Voigt 
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[42], Bloom and Gallup [25], and Gallup et al. [26]. The Hg solubility in 1-propanol was investigated 

at eleven isotherms between 243.15 K and 373.15 K, and Spencer and Voigt [42] investigated the Hg 

solubility in 2-propanol at five isotherms ranging from 288.15 K to 308.15 K. Similar to the Hg 

solubility measurement in water, reducing agents were used to prevent the oxidation of elemental Hg 

in all studies mentioned above. 

 

 

Fig. 2.5 Reported Hg solubility in methanol: Spencer and Voigt [42] (●); Gallup et al. [26] (△); Li et al. 

[30] (◆); Corns et al. [28] (■). 

 

2.4.4 Glycols 

 The Hg solubility in glycols has been reported only for MEG and TEG; the Hg solubility 

in other glycols, such as DEG, has never been reported. Gallup et al. [26] reported the Hg solubility 

in an aqueous solution of MEG and TEG. The concentrations of MEG solution were 99.1 wt%, 81.6 

wt%, and 42.6 wt%, and the temperature condition in each solution was at three isotherms which 

were 274.65 K, 293.15 K, and 323.15 K. The concentrations of TEG solution were 99.1 wt%, 81.5 
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wt%, and 42.4 wt%, and the measurement was conducted just at 293.15 K. They used tin (II) citrate 

as a reducing agent to prevent the oxidation of elemental Hg. Similar measurements were performed 

by Li et al. [30]. They conducted the Hg solubility measurement for pure MEG and TEG by a closed-

loop apparatus with the seven isotherms between 253 K and 373K. They also performed the Hg 

solubility measurements on the aqueous solution of MEG and TEG. The concentrations of MEG 

solution were 99 wt%, 82 wt%, and 40 wt%, and the temperature condition was at five isotherms 

between 253 K and 373 K. The concentrations of TEG solution were 99 wt%, 80 wt%, and 40 wt%, 

and the temperature condition was at five isotherms between 293 K and 373 K. The most recent data 

on the Hg solubility in MEG and TEG were reported by Corns et al. [28]. They conducted the Hg 

solubility measurements in pure MEG and TEG, and the temperature condition ranged from 41 °F 

(278.15 K) to 120 °F (322.04 K) at four isotherms. They also conducted the measurements for 80 

wt% of an aqueous solution of MEG and TEG with the same temperature condition as pure MEG 

and TEG. They added tin (II) chloride as a reducing agent to prevent the oxidation of elemental Hg. 

Figure 2.6 shows the reported Hg solubility in MEG and TEG. The Hg measurements for MEG and 

TEG by three researchers show a similar tendency in which the Hg concentration increased due to 

increasing temperature and concentration of glycols in an aqueous solution. Additionally, the Hg 

solubility in TEG was shown to be greater than in MEG. 
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Fig. 2.6 Reported Hg solubility in MEG and TEG: Gallup et al. [26]: MEG: (●); TEG: (〇); Li et al. 

[30]: MEG: (▲); TEG: (△); Corns et al. [28]: MEG: (■); TEG: (□). 

 

2.4.5 Amines 

 Only Corns et al. [28] reported Hg solubility in aqueous amine solutions. They measured 

30 wt% and 15 wt% monoethanolamine (MEA) solutions and 50 wt% and 35 wt% of MDEA solution, 

with temperature conditions ranging from 41 °F (278.15 K) to 120 °F (322.04 K) at four isotherms. 

Tin (II) chloride was added as a reducing agent to prevent the oxidation of elemental Hg. The Hg 

concentration increased due to the increasing temperature and concentration of amines in the aqueous 

solution. 

 

2.5 Prediction method for Hg solubility in vapor and liquid phase 

 Several thermodynamic approaches have been used to develop models to predict Hg 

solubility and distribution. Edmonds et al. [36] first demonstrated a method by using EOS to calculate 

the solubility of elemental Hg in hydrocarbons and partitioning between gas and condensate phases. 
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They modified the SRK-EOS and tuned binary interaction parameters using literature data for Hg 

solubility. They also implemented the prediction model in their commercial simulation software, 

Multiflash, manufactured by KBC Advanced Technologies plc. 

 Smit et al. [37] calculated the mercury distribution in natural gas processing facilities using 

SMIRK-EOS, which contains binary interaction parameters for hydrocarbons, water, and TEG. 

However, the details of the model were not disclosed. Khalifa and Lue [42] developed a group-

contribution method to estimate the binary interaction parameters between mercury and some organic 

compounds for the SRK-EOS. Koulocheris et al. [39] investigated the PR–EOS with the UNIFAC 

activity coefficient model (UMR-PRU) to calculate Hg solubility in hydrocarbons, nitrogen, carbon 

dioxide, water, and methanol. A non-cubic EOS was also investigated by Polishuk et al. [44]. They 

proposed the Critical Point-based Perturbed-Chain Statistical Association Fluid Theory (CP-PC-

SAFT), with which they demonstrated Hg solubility in gaseous and light hydrocarbons by using a 

universal binary interaction parameter which was kij = 0.3. Although the prediction models suggested 

by Khalifa and Lue [43] and Koulocheris et al. [39] can estimate binary interaction parameters using 

group contribution methods for compounds, Hg solubilities are generally not available; therefore, 

implementation of the models on commercial simulators is complicated. A more simplified 

prediction model is preferred in practical use, as with the model for the saturated vapor pressure of 

Hg. The CP-PC-SAFT proposed by Polishuk et al. [44] could predict Hg solubilities in hydrocarbons 

by using only one binary interaction parameter; however, the applicability of this model to polar 

compounds such as glycols and amines has not been investigated. 

 

2.6 Overview on measurements and modeling of Hg in vapor and liquid phases 

 The Hg solubilities in the vapor and liquid phases discussed throughout this section are 

summarized in Table 2.1. Although the Hg solubilities were mainly investigated in liquid 

hydrocarbons, water, and alcohol, data for solutions in lighter hydrocarbons, such as methane and 

ethane, and carbon dioxide was minimal. Moreover, the datasets of the Hg solubility in glycols and 
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amines were also extremely few or not available in public. VLE and LLE data are essential for tuning 

the prediction model for Hg distribution in natural gas processing facilities. 

 Regarding methods for Hg solubility measurement in the vapor phase, Butala et al. [11] 

first developed the apparatus based on the flow method. Chapoy et al. [12] also used a similar flow-

type apparatus to Butala et al. However, contact methods between Hg and gases in the saturation cell 

were not mentioned in their literature. Regarding methods for Hg solubility measurement in the liquid 

phase, a static method was widely employed. Additionally, Gallup et al. [25] found a significant 

deviation between total Hg and elemental Hg concentration in oxygen-containing solvents, such as 

alcohols, without reducing agents and copper fillings during the solubility measurements for 

elemental Hg. They suggested that the deviation indicated the presence of ionic Hg (Hg2+), caused 

by the oxidation of elemental Hg, because the solubility of HgCl2 in hydrocarbons and alcohols was 

significantly greater than that of elemental Hg [25]. To avoid the enhancement of Hg solubility, 

Gallup et al. and some researchers added a small amount of reducing agents to solvents to prevent 

the oxidation of elemental Hg. Li et al. [30] constructed the closed-loop apparatus. 

 Regarding prediction methods, a modified version of the Wagner equation and the 

simplified Antoine equation were proposed to calculate the saturated vapor pressure of Hg. The 

Wagner equation is based on the principle of corresponding states, allowing it to be applied to pure 

components. However, the application of the Wagner equation to the mixture is complex. Cubic EOS 

approaches were widely used to predict the Hg solubility in the vapor and liquid phase. Although 

calculating the LLE by cubic EOS is not common, it can be applied to calculate the Hg solubility in 

the liquid phase. Group contribution methods to estimate binary interaction parameters and the PC-

SAFT were also suggested; however, simplified prediction methods are preferred given the practical 

use of commercial simulators. 
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Table 2.1. Availability of Hg solubility dataset 

System Type of equilibrium Temperature [K] Pressure [MPa] References 

Methane VLE 244 – 323 0.80 – 18.6 11, 12 

Ethane VLE/LLE 244 – 323 0.70 – 11.4 12, 39 

Propane VLE 247 – 529 1.03 – 3.45 10, 11, 12 

Butane VLE/LLE 263 – 573 0.001 – 38.5 9, 10, 11 

Pentanes LLE 233 – 383 Ambient – 2.06 11, 14, 21, 25, 26 

Hexanes LLE 273 – 336 Ambient 14, 16, 21, 22, 40 

Heptanes LLE 273 – 313 Ambient 16, 21 

Octanes LLE 273 – 483 Ambient 
16, 18, 21, 23, 24, 

25, 27 

Decanes LLE 273 – 318 Ambient 13, 14 

Dodecanes LLE 295 – 498 Ambient 22, 24 

Carbon dioxide VLE 234 – 323 0.39 – 13.8 11, 12 

Nitrogen VLE 244 – 323 0.70 – 17.3 12, 36 

Water LLE 273 – 780 Ambient – 102 
15, 16, 17, 19, 20, 

22, 26, 28, 29 

Alcohols LLE 243 – 373 Ambient 25, 26, 28, 30, 42 

Glycols LLE 253 – 373 Ambient 26, 28, 30 

Amines LLE 278 – 322 Ambient 28 

VLE: vapor-liquid equilibrium 

LLE: liquid-liquid equilibrium 
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Chapter 3 Experimental Section 

3.1 System investigated 

 In this thesis, the following experiments were carried out: 

I. Investigation of VLE of Hg 

1) Measurement of saturated vapor pressure of Hg 

The saturated vapor pressure of Hg was measured from 278.15 K to 298.15 K to ensure the 

reliability of the experimental data. 

2) Measurement of Hg solubility in compressed methane, ethane, carbon dioxide, and 

artificial natural gas 

Hg solubility in methane, ethane, carbon dioxide, and an artificial natural gas composed of 

methane, ethane and carbon dioxide was measured at high pressures. The temperature range 

was set from 268 K to 303 K, and the pressure from 0.5 MPa to 6.0 MPa. 

II. Investigation of LLE of Hg 

1) Measurement of Hg solubility in methanol 

Hg solubility in methanol was measured under the atmospheric pressure at 303 K to 333 K 

to ensure the reliability of the experimental data. 

2) Measurement of Hg solubility in solvents for natural gas processing 

Hg solubility in five solvents for natural gas processing were measured under atmospheric 

pressure, with the temperature range set from 303 K to 333 K. These solvents included: 

methanol, MEG, DEG, TEG, and MDEA. 

 

3.2 Materials 

 Table 3.1 lists the sample gas and the chemicals used in this study. Except for the artificial 

natural gas, the supplier reported purities are used. All sample gases and chemicals were used as 

received without further purification. Highly purified gases were purchased from suppliers especially 

for nitrogen and methane. Comparing with the two gases, the purities of ethane and carbon dioxide 
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were slightly low, 99.95 vol.% and 99.99 vol.%, respectively. Some researchers pointed out that 

water, as an impurity in carbon dioxide, sometimes affected its phase behavior. The discussion will 

be described later. However, ethane and carbon dioxide were used as highest as purities we could 

purchased from suppliers. A supplier specially prepared the artificial natural gas for this study. The 

contents were in the footnote of Table 3.1. The balance gas was methane, and the other components 

were ethane and carbon dioxide. However, as the five solvents, methanol, MEG, DEG, TEG, and 

MDEA, have some hygroscopicity, the density was measured by an oscillating U-tube density meter 

(Anton-Paar, Graz, Austria, DMA 5000M) at 298.15 K. 

 Table 3.2 compares the literature data at 298.15 K [45, 46]. The experimental data was 

within 0.17% of the literature values. Although mixing with water usually increases solvent density 

because of the difference in molecular size of water and solvents, it decreases solvent density in some 

cases when there is a strong interaction between water and solvents molecules, such as in icebergs. 

However, the lower density of MEG, DEG, and MDEA in measured data than that of literature data 

may have been caused by water mixing, though the gap between the measured data and literature 

data was not significantly different, and there may be no such influence on the measured density of 

methanol and TEG. 
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Table 3.1. Chemical reagent and sample gases employed in this study 

 Molecular weight Mw CAS RN Supplier Grade Purity 

Mercury a200.5920 7439-97-6 Kanto Chemical, Tokyo Special 99.5 mass % 

Nitrogen 28.01 7727-37-9 Taiyo Nippon Sanso, Tokyo Grade 1 99.99995 vol.% 

Methane b16.043 74-82-8 Tokyo Gas Chemicals, Tokyo 5N5 Grade 99.9995 vol% 

Ethane b30.070 74-84-0 Tokyo Gas Chemicals, Tokyo Research Grade 99.95 vol.% 

Carbon dioxide b44.010 124-38-9 
Showa Denko Gas Products, Kawasaki, 

Japan 
4N grade 99.99 vol% 

cArtificial natural gas e18.46 - Takachiho Chemical Industrial, Tokyo 

cPrepared for this 

study 
- 

Methanol e32,042 67-56-1 Kanto Chemical, Tokyo Special 99.98 mass% 

MEG e62.068 107-21-1 Kanto Chemical, Tokyo Special 99.5 mass % 

DEG e106.122 111-46-6 Kanto Chemical, Tokyo fRoHs2 99.5 mass % 

TEG e150.175 112-27-6 Tokyo Chemical Industry, Tokyo Special 99.0 mass% 

MDEA e105.137 105-59-9 Tokyo Chemical Industry, Tokyo Chemical 99.0 mass % 

aReported by supplier 

bRef. [47] 

cMethane based, Ethane 5.10 vol. %, Carbon dioxide 6.10 vol. % 

dCalculated from molecular weight of 16.043 (methane), 30.070 (ethane), 44.010 (carbon dioxide) [47] 

eRef. [48] 

fAcceptable chemical for the Restriction of the use of certain Hazardous Substances ver. 2 
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Table 3.2. Liquid density of chemical reagent  

 Density at 298.15 K [kg·m-3] 

Relative error 

[%] 
Ref. This work 

ρ 

Literature 

ρlit 

Methanol 786.63 786.37 0.0331 45 

MEG 1109.85 1110.00 -0.0135 45 

DEG 1112.83 1116.54 -0.332 45 

TEG 1119.92 1119.50 0.0375 45 

MDEA 1035.63 1037.40 -0.171 46 

 

3.3 Apparatus 

3.3.1 Apparatus for measurements of vapor-liquid equilibrium of Hg in compressed 

gases 

 Figure 3.1 shows a schematic diagram of the apparatus. The apparatus was based on a flow 

method, and the main piping and assemblies were put in a constant temperature bath (Thomas Ltd., 

Tokyo, TRL-101FEZ) with an inner volume of 32 L. The equilibrium cell was a sample tube made 

of stainless steel 316 (Swagelok Co., Solon, U.S., SS-4CS-TW-25) with an inner volume of 25 cm3. 

A cross-sectional view of the cell is shown in the figure. Spherical packings, made of tungsten carbide 

with o.d. 3 mm, were installed into the cell. The elemental Hg was loaded into the cell, and the sample 

gas was introduced into the cell. As described in section 3.2, water dissolved in carbon dioxide 

sometimes affects its phase equilibrium. A gas dryer should be installed downstream of the gas 

regulator. However, since the depressurized carbon dioxide was directly introduced into the heat 

changer, the gas seemed be distilled during measurements and be in a higher purity of the gas sample. 

The flow rate and the sample gas pressure were controlled with a needle valve (Swagelok Co., Solon, 

U.S., SS-0RS2). 

 After saturating with Hg vapor, the sample gas was depressurized to the atmospheric 

pressure by the needle valve. Then, the gas was mixed with a nitrogen flow from a digital mass flow 

controller (Azbil Co., Tokyo, MQV0050). The Hg concentration in the gaseous phase was 
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continuously measured by a portable mercury survey meter (Nippon Instruments Co., Tokyo, EMP-

2) based on the CVAAS with an analytical wavelength of 253.7 nm. The detection range of the Hg 

concentration was up to 999.9 g·Nm-3. The measured Hg concentration was converted to the mole 

fraction of Hg by using the sample gas and nitrogen flow rates. The precise flow rate was measured 

using a wet gas meter (Shinagawa Co., Tokyo, W-NK-0.5) with a minimum indicator volume of 1 

cm3. The experimental temperature was measured with a built-in Pt resistance thermometer in the 

constant temperature bath. The pressure was determined using the averaged value from two pressure 

transducers (Kyowa Electronic Instruments Co., Tokyo, PG-100KU and PHB-A-10MP) set at the 

inlet and outlet of the cell. The maximum capacity of these transducers was 10 MPa. After analysis 

of the Hg concentration, the gas was finally sent to a column packed with a metal sulfide adsorbent 

for Hg removal and then diffused into the air. In the measurements, the estimated uncertainty of the 

temperature T, the gauge pressure Pg and the Hg concentration CHg､sensor were u (T) = 0.05 K, u (Pg) 

= 0.003 MPa, and u (CHg, sensor) = 0.4 g·Nm-3, respectively. 

 

 

Fig. 3.1. Schematic diagram of apparatus for Hg solubility measurements in high pressure gas; 1: Nitrogen 

cylinder 2: Sample gas cylinder 3: Air chamber 4: Needle valve 5: Pressure gauge 6: Relief valve 7: 

Constant temperature bath 8: Heat exchanger 9: In-line filter 10: Equilibrium cell 11: Built-in Pt resistance 

thermometer 12: Mass flow controller 13: Sampling port 14: Rotor meter 15: Wet gas meter 16: Absorber 

column for Hg 17: three-way valve 18: Mercury survey meter 
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The uncertainty of the mole fraction of Hg in the sample gas u (y2) and that of the pressure u (P) is 

described later. Effective digits of y2 depend on u (y2) because it was evaluated not only from T, Pg 

and CHg, sensor but also from flow rate of sample gases and nitrogen. 

 

3.3.2 Apparatus for measurements of liquid-liquid equilibrium of Hg in solvents 

 Figure 3.2 indicates a schematic of the experimental apparatus. The apparatus was based 

on a static method and constructed in this research. All solvents, methanol, MEG, DEG, TEG, and 

MDEA, were well purged with nitrogen gas before the experiment. Next, 40 mL of solvent was 

poured into borosilicate amber vials, successively and approximately 150 µL of liquid elemental Hg 

was put into the vials. In this way, elemental Hg was introduced into the organic liquid phase. After 

sealing tightly with a screw cap under a nitrogen atmosphere, the sample vials were placed in a 

constant-temperature dry bath (Taitec Corporation, Saitama, Japan, DTU-2CN) and allowed to settle 

for about two weeks until attaining equilibrium. The temperature range of the experiments was 298 

K to 333 K. A sample vial without Hg was separately prepared as a reference for the temperature of 

the samples. A small hole was bored through the screw cap to insert a thermistor thermometer (T&D 

Corporation, Nagano, Japan, TR-1320). The reference temperature was measured using the 

thermometer and assumed to be the same as the temperature of the samples. Aliquots of samples for 

analysis were periodically taken from the organic phase in the sample vials and were transferred to 

analytical vials at room temperature. The analytical vials were filled with the same solvent as the 

samples beforehand to avoid precipitation of elemental Hg. 

 The experimental procedures mentioned above were conducted in a nitrogen-purged glove 

box (UNICO, Ibaraki, Japan, UL-800A). The Hg concentration in the samples was analyzed by a 

total Hg analyzer (Nippon Instruments, Tokyo, MA-3000) based on the CVAAS. The calibration 

curve was prepared by the standard solution made from 100 mg·L-1 of mercury chloride solution 

(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) with L-cystine solution (Kanto 

Chemical, Tokyo) as a diluent reagent. The measured Hg concentration was converted to the mole 
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fraction of Hg in the solvents considering the sampling and dilution conditions. The uncertainties for 

the temperature T and the amount of Hg mHg,app detected by the total Hg analyzer were estimated to 

be u (T) = 0.6 K and u (mHg,app) = 0.003 ng, respectively. The uncertainty of the mole fraction of Hg 

in the solvents, u(x2), will be described later. Effective digits of x2 depend on u (x2) because it was 

evaluated not only from T and mHg, app but also from statistical dispersion of x2. 

 

 

Fig. 3.2. Schematic of experimental apparatus for Hg solubility measurements in solvents; 1: Reference 

vial for temperature measurement, 2: Constant-temperature dry bath, 3: Thermistor thermometer, 4: 

Solvent, 5: Elemental Hg, 6: Sample vials, 7: Nitrogen purged glove box. 

 

3.4 Data correlation and prediction 

3.4.1 Equation of state 

 The experimental data of vapor-liquid and liquid-liquid equilibrium of Hg in substances 

were correlated with the PR-EOS [47]: 

2 22

RT a
P

v b v bv b
= −

− + −
         (1) 

where the attractive parameter a and the excluded volume parameter b were evaluated from the 

critical temperature Tc, critical pressure Pc, and acentric factor : 
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R T
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P
=          (2) 

0.07780 c

c

RT
b

P
=          (3) 

2
1/2

1 1
c

T

T
 

    
 = + −  
     

        (4) 

20.37464 1.5226 0.266992  = + −       (5) 

 

The critical temperature and pressure of Hg obtained from the literature [31, 32] were used for the 

attractive parameter. The temperature dependence of the attractive parameter for Hg is described later. 

As literature values of the acentric factor of Hg were very few, it was estimated from the definition 

of the acentric factor [47] and the empirical equation for saturated Hg vapor pressure, 𝑃2
𝑆 [31, 32]: 

,2

2
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,2 0.7

log 1.000

c
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T

P
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=

= − −         (6) 

,2 1.89 2 8 8.5 92
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c

c
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a a a a a a

P T
     

   
= + + + + +    
  

     (7) 

,2

1
c

T

T
 = −           (8) 

where Pc,2 and Tc,2 are the critical pressure and critical temperature of Hg, respectively. 

 The attractive parameters of methane, ethane, carbon dioxide, and methanol were 

calculated with a modified version of the PR–EOS by Stryjek and Vera (PRSV-EOS) [50]. In the 

PRSV-EOS, the constant values in the attractive parameter and the excluded volume parameter were 

slightly different from those in Eqs. (2) and (3). A new parameter  was introduced to calculate the 

saturated vapor pressure precisely. 
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2 2

0.457235 c

c

R T
a

P
=         (9) 

0.077796 c

c

RT
b

P
=         (10) 

1/2

0 1 1 0.7
c c

T T

T T
  

     
= + + −    

     

      (11) 

2 20.378893 1.4897153 0.17131848 0.0196554   = + − +    (12) 

where the value of 1 was obtained from the literature [50]. Table 3.3 lists the parameter for Eqs. (2) 

to (10). 

 

Table 3.3. Parameters used to estimate constants in PR/PRSV-EOS 

 

Critical 

temperature 

Tc [K] 

Critical pressure 

Pc [MPa] 

Acentric factor 

 [-] 

Parameter in 

PRSV-EOS 

 [-] 

Mercury a1764 a167 b-0.190 - 

cMethane 190.555 4.505 0.01045 0.00159 

cEthane 305.43 4.87976 0.09781 0.02669 

cCarbon dioxide 304.21 7.38243 0.22500 -0.04285 

cMethanol 512.58 8.09579 0.56533 -0.16816 

dMEG 720.00 8.20 0.514  

dDEG 750.00 4.80 0.580  

dTEG 790.00 3.45 0.782  

eMDEA 678.00 3.88 1.302  

aRefs. [31] [32] 

bdiscussed in Chapter 4.1.3 

cRef. [50] 

dRef. [51] 

eRef. [48] 
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 A conventional function based on the van der Waals one-fluid model was used as the mixing 

rule for Eq. (1): 

1/2(1 )( )i j ij i j

i j

a x x k a a= −        (13) 

2

i i
i j

i j

b b
b x x

+
=        (14) 

where kij (= kji) is the binary interaction parameter. It is known to have temperature dependences. In 

this research, the following function, which is generally used in commercial process simulators, such 

as Aspen Plus, was adopted:  

2

0 1 ij

ij ij ij

k
k k k T

T
= + +         (15) 

where i and j are cumulative in the three coefficients 
0

ijk , 
1

ijk  and 
2

ijk .The values are determined 

using the experimental data to minimize the objective function. The selection of the objective 

function will be described later. 

 

3.4.2 Calculation of saturated vapor pressure of Hg 

 When Hg in the vapor phase becomes the saturation condition, the fugacity of Hg in the 

vapor phase equals the liquid Hg phase: 

1 1

V Lf f=         (16) 

The PR-EOS calculates the fugacity of Hg in the vapor phase, 1

Vf . The fugacity of the liquid Hg 

phase was calculated as that of the solid elemental Hg under the assumption that the elemental Hg 

phase was a liquid without immiscibility or a solid with fluidity: 

( )
exp

s s
L s i i

i i

v P P
f P

RT

 −
=  

 
       (17) 

where 
s

iP  and 
s

iv  are the saturated vapor pressure and the saturated molar volume of elemental 

Hg, respectively. 
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3.4.3 Calculation of phase equilibrium 

 For vapor-liquid equilibrium of Hg in pure gases, components 1 and 2 correspond to the 

pure gas and elemental Hg, respectively. Therefore, elemental Hg is just in the vapor and liquid phase. 

The equilibrium condition is given by: 

2 2

V Lf f=          (18) 

where 2

Vf   is the fugacity of Hg in the vapor phase calculated by the PR-EOS, and 2

Lf   is the 

fugacity of Hg in the liquid Hg phase, calculated by Eq. (17). 

 For vapor-liquid equilibrium of Hg in the artificial natural gas, components 1, 2, 3, and 4 

correspond to methane, ethane, carbon dioxide, and elemental Hg, respectively. The equilibrium 

condition is given in the same manner as the vapor-liquid equilibrium of Hg in pure gases: 

4 4

V Lf f=         (19) 

 For liquid-liquid equilibrium of Hg in solvents, components 1 and 2 correspond to the 

solvent and elemental Hg, respectively. Therefore, the solvent is in the vapor and liquid phases. 

Elemental Hg is in the vapor and two liquid phases. So, the equilibrium condition is given by Eq. 

(16) and the following equation: 

2

2 2 2

V L Lf f f= =        (20) 

where 2

2

Lf  is the fugacity of Hg in the liquid Hg phase calculated by Eq. (17). The detail of the 

calculation is described in the later section. 
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Chapter 4 Vapor-Liquid Equilibrium of Hg in compressed gases 

4.1 Vapor-liquid equilibrium of Hg in pure gases 

4.1.1 Measurement of saturated vapor pressure of Hg 

 The saturated vapor pressure of Hg was measured at 278.15 to 298.15 K to verify the 

reliability of the apparatus. Fig. 4.1 shows the saturated vapor pressure of Hg, and Table 4.1 lists the 

experimental data. The saturated vapor pressure was measured in the nitrogen flow from 0.40 to 0.46 

L·min-1 under atmospheric pressure. The Hg saturated gas flowing from the equilibrium cell was 

diluted by the nitrogen upstream of the mercury survey meter, which did not exceed its maximum 

detection range of 999 µg·Nm-3. These results represent Hg solubility in nitrogen. According to 

previous research, the partial pressure of Hg should increase by ~0.1% for a nitrogen density of 10 

mol·L-1 at 323 K [41]; the nitrogen density has been estimated to be around 0.04 mol·L-1 [52] under 

the experimental condition. Therefore, it does not affect the experimental vapor pressure of mercury. 

Ernsbeger and Pitman [53], Hildenbrand et al. [54], and Hill [55] have reported the saturated Hg 

vapor pressure at 285.22 K to 326.63 K, 295.0 K to 331.6 K, and 272.45 K to 308.03 K, respectively. 

The saturated vapor pressure of Hg was estimated using Eqs. (7) and (8); the calculation was also 

shown in Fig. 4.1. As shown in Table 4.1, the saturated vapor pressure ranged from 0.05 to 0.3 Pa in 

the experimental temperature range. Although the experimental data showed a tendency similar to 

that of the data obtained by Hildebrand et al. [54], the data was slightly higher than those obtained 

by Ernsbeger and Pitman [53]. Fig. 4.2 shows the van’t Hoff plot of the saturated vapor pressure of 

Hg. The experimental data were correlated with the van’t Hoff equation: 

2 2,298.15

1 1
ln ln

298.15

vapS S

K

H
P P

R T

  
− = − − 

 
     (21) 

where 2,298.15

S

KP  and vapH  are the vapor pressure at a reference temperature, 298.15 K and the 

vaporization enthalpy of Hg, respectively. The value of vapH was 62.90 kJ·mol-1. 
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Fig. 4.1. Saturated vapor pressure of Hg: this work (●); Ernsberger and Pitman [53] (□); Hildenbrand 

at al. [54] (▲); Hill [55] (■); PR-EOS (───); Eq. (7) (∙∙∙∙∙∙); PR-EOS with Eq. (17) (───). 

 

 

Fig. 4.2. The van’t Hoff plot of saturated vapor pressure of Hg.
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Table 4.1. Saturated vapor pressure of Hg 

aTemperature 

T [K] 

Saturated vapor pressure of Hg 

P2
s  102 [Pa] u (P2

s)  102 [Pa] 

278.15 4.579 0.012 

283.15 7.154 0.026 

288.15 12.44 0.18 

293.15 18.88 0.76 

298.15 27.53 0.55 

au (T) = 0.05 K  

 

4.1.2 Measurement of Hg solubility in pure gases 

 Table 4.2 lists the experimental data of Hg solubility in methane, and Fig. 4.3 shows its 

eight isotherms. The Hg solubility in methane has been reported by Butala et al. [11] for 2.758 MPa, 

3.447 MPa, and 6.895 MPa at temperatures from 253.15 K to 293.15 K. Chapoy et al. [12] reported 

values for pressures of 0.80 MPa to 18.62 MPa and temperatures from 265.15 K to 323.15 K. These 

are also shown in Fig. 4.3. Although the experimental values were slightly lower than those of the 

literature, the isotherm showed a similar pressure dependence. Therefore, the mole fraction of Hg in 

the vapor phase decreased with rising pressure and seemed to be a constant or minimum. The latter 

is sometimes observed in solid-vapor equilibrium (SVE), such as in systems consisting of a solid 

organic compound in a supercritical fluid [56]. The physical properties of elemental Hg seem similar 

to organic solids because of their very low miscibility. Although elemental Hg was recognized as the 

liquid phase, its solubility was similar to that of solid organic compounds in SVE. 

 Tables 4.3 and 4.4 list the experimental data for Hg solubility in ethane and carbon dioxide, 

then Figs. 4.4 and 4.5 show their eight isotherms, respectively. The experimental temperature and 

pressure range are similar to those for methane. Additionally, the data point for ethane at 300.65 K is 

not shown in the figure. The Hg solubility in ethane has been reported by Chapoy et al. [12] for 0.83 

MPa to 11.38 MPa, and 244.10 K to 323.15 K. Their data on Hg solubility in the vapor phase are 
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shown in Fig. 4.4. The Hg solubility in carbon dioxide has been reported by Butala et al. [11] for 

3.475 to 5.702 MPa and 273.15 to 293.15 K, and by Chapoy et al. [12] for 0.39 to 13.794 MPa and 

243.15 to 323.15 K. Their data of Hg solubility in vapor phase are shown in Fig. 4.5. The pressure 

dependences were similar to those of methane, and the Hg solubility decreases with increasing 

pressure. 
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Table 4.2. Hg solubility in methane 

aTemperature 

T [K] 

Pressure 

Measurement Calculation 

Mole fraction 

of Hg 
 

Mole fraction 

of Hg 

bARLD 

P [MPa] u (P) [MPa] y2  109 [-] u (y2)  109 [-] y2  109 [-] |Δlog10y2| [-] 

268.15 6.031 0.020 4.842 0.104 4.187 0.00760 

273.15 6.042 0.023 7.486 0.072 6.905 0.00432 

278.15 6.039 0.031 11.81 0.104 11.18 0.00303 

283.15 6.025 0.029 18.40 0.20 17.77 0.00197 

288.15 6.029 0.024 27.82 0.17 27.69 0.000273 

293.15 6.026 0.021 42.20 0.26 42.47 0.000374 

298.15 6.028 0.028 62.87 0.65 65.55 0.00252 

303.15 6.030 0.028 91.06 0.43 95.30 0.00280 

268.15 3.502 0.014 6.220 0.049 6.315 0.00080 

273.15 3.501 0.016 10.21 0.10 10.36 0.00081 

278.15 3.486 0.035 15.63 0.23 16.74 0.00382 

283.15 3.509 0.026 25.18 0.26 26.33 0.00256 

288.15 3.493 0.009 39.14 0.08 41.09 0.00284 

293.15 3.497 0.016 59.96 0.33 62.80 0.00279 

298.15 3.499 0.010 91.40 0.42 95.83 0.00292 

303.15 3.502 0.019 139.4 5.1 140.5 0.000487 

268.15 2.816 0.014 7.337 0.138 7.590 0.00181 

273.15 2.818 0.014 12.03 0.14 12.42 0.00177 

278.15 2.814 0.011 18.77 0.07 20.00 0.00355 

283.15 2.814 0.011 29.68 0.10 31.58 0.00358 

288.15 2.819 0.010 46.18 0.33 48.97 0.00348 

293.15 2.816 0.012 70.43 0.38 74.94 0.00377 

298.15 2.801 0.008 107.1 0.6 114.5 0.00419 

303.15 2.819 0.012 162.5 5.5 167.5 0.00194 

268.15 2.520 0.040 7.821 0.133 8.360 0.00357 

273.15 2.526 0.043 12.63 0.20 13.65 0.00428 

278.15 2.520 0.035 20.26 0.29 21.98 0.00459 

Continued on next page 
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Table 4.2. Continued from the previous page. 

aTemperature 

T [K] 

Pressure 

Measurement Calculation 

Mole fraction 

of Hg 
 

Mole fraction 

of Hg 

bARLD 

P [MPa] u (P) [MPa] y2  109 [-] u (y2)  109 [-] y2  109 [-] |Δlog10y2| [-] 

283.15 2.525 0.030 31.92 0.39 34.63 0.00472 

288.15 2.520 0.034 50.54 0.68 53.86 0.00378 

293.15 2.528 0.030 76.87 0.87 82.09 0.00401 

298.15 2.540 0.025 117.3 0.4 124.3 0.00362 

303.15 2.536 0.028 177.6 6.6 183.1 0.00196 

268.15 1.529 0.0365 11.81 0.26 13.14 0.00585 

273.15 1.528 0.036 19.37 0.42 21.46 0.00577 

278.15 1.539 0.031 31.32 0.55 34.17 0.00504 

283.15 1.536 0.023 50.09 0.80 53.94 0.00440 

288.15 1.536 0.024 77.65 1.26 83.62 0.00452 

293.15 1.540 0.020 125.1 5.1 127.4 0.00112 

298.15 1.543 0.026 176.1 6.2 192.3 0.00567 

303.15 1.541 0.023 283.6 10.1 284.2 0.000136 

268.15 0.552 0.018 31.73 1.31 34.79 0.00533 

273.15 0.553 0.011 52.25 1.25 56.53 0.00470 

278.15 0.545 0.018 86.18 3.72 91.70 0.00382 

283.15 0.549 0.014 142.4 6.6 143.2 0.000355 

288.15 0.560 0.019 225.0 9.9 217.4 0.00223 

293.15 0.560 0.018 347.7 11.3 331.5 0.00320 

298.15 0.552 0.016 544.3 20.5 506.3 0.00501 

303.15 0.554 0.022 810.3 38.4 746.7 0.00583 

au (T) = 0.05 K 

bARLD: absolute relative logarithmic deviation 
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Table 4.3. Hg solubility in ethane 

aTemperature 

T [K] 

Pressure 

Measured Calculation 

Mole fraction 

of Hg 
 

Mole fraction 

of Hg 

cARLD 

P [MPa] u (P) [MPa] y2  109 [-] u (y2)  109 [-] y2  109 [-] |Δlog10y2| [-] 

298.15 3.516 0.024 104.9 4.1 102.9 0.00121 

b300.65 3.531 0.034 123.6 5.4 151.6 0.0129 

303.15 3.533 0.027 146.4 5.3 150.7 0.00185 

278.15 2.548 0.038 21.86 0.36 21.39 0.00124 

283.15 2.552 0.031 34.38 0.26 34.96 0.000981 

288.15 2.534 0.030 53.56 0.82 55.77 0.00242 

293.15 2.547 0.040 83.17 1.40 85.73 0.001861 

298.15 2.549 0.021 135.7 4.8 129.1 0.00315 

303.15 2.554 0.025 196.6 7.3 190.2 0.00215 

268.15 1.581 0.035 11.81 0.14 11.87 0.000292 

273.15 1.564 0.023 19.85 0.26 20.32 0.00131 

278.15 1.550 0.032 32.51 0.71 33.71 0.00210 

283.15 1.560 0.025 51.10 0.65 53.72 0.00298 

288.15 1.558 0.031 79.18 1.27 55.77 0.00242 

293.15 1.557 0.017 130.5 4.9 129.4 0.000557 

298.15 1.558 0.031 199.6 13.0 194.5 0.00166 

303.15 1.544 0.019 303.4 10.9 289.9 0.00303 

268.15 0.560 0.018  32.44 2.42 33.60 0.00204 

273.15 0.556 0.022 55.05 4.41 55.68 0.000682 

278.15 0.552 0.024 87.45 7.58 90.38 0.00203 

283.15 0.556 0.017 145.9 6.73 141.9 0.00176 

288.15 0.554 0.016 240.0 10.2 221.1 0.00537 

293.15 0.556 0.013 381.3 13.0 336.5 0.00846 

Continued on next page 



40 

 

Table 4.3. Continued from the previous page. 

aTemperature 

T [K] 

Pressure 

Measured Calculation 

Mole fraction 

of Hg 
 

Mole fraction 

of Hg 

cARLD 

P [MPa] u (P) [MPa] y2  109 [-] u (y2)  109 [-] y2  109 [-] |Δlog10y2| [-] 

298.15 0.560 0.014 568.4 20.0 502.3 0.00859 

303.15 0.548  0.011  869.3 25.1 759.6 0.00967 

au (T) = 0.05 K   

b Not shown in Fig. 4.4 

cARLD: absolute relative logarithmic deviation 



41 

 

Table 4.4. Hg solubility in carbon dioxide 

aTemperature 

T [K] 

Pressure 

Measured Calculation 

Mole fraction 

of Hg 
 

Mole fraction 

of Hg 

bARLD 

P [MPa] u (P) [MPa] y2  109 [-] u (y2)  109 [-] y2  109 [-] |Δlog10y2| [-] 

268.15 2.070 0.034 8.864 0.138 9.258 0.00234 

273.15 2.057 0.025 15.20 0.20 15.47 0.000985 

278.15 2.045 0.026 25.29 0.52 25.31 0.0000486 

283.15 2.057 0.027 39.33 0.47 40.18 0.00125 

288.15 2.049 0.016 62.64 0.65 63.21 0.000543 

293.15 2.041 0.027 93.63 2.20 97.76 0.00267 

298.15 2.029 0.023 143.6 1.4 149.1 0.00238 

303.15 2.040 0.023 220.7 5.0 221.8 0.000317 

268.15 1.560 0.019 11.88 0.17 12.24 0.00164 

273.15 1.555 0.018 19.52 0.29 20.27 0.00212 

278.15 1.560 0.020 32.37 0.40 32.70 0.000592 

283.15 1.561 0.014 51.14 0.52 51.94 0.000919 

288.15 1.565 0.012 80.56 0.87 80.92 0.00028 

293.15 1.561 0.014 122.0 0.9 124.7 0.00135 

298.15 1.557 0.019 187.3 3.5 189.1 0.000608 

303.15 1.541 0.017 287.5 2.5 284.6 0.000662 

268.15 0.545 0.020 34.60 1.47 34.64 0.0000622 

273.15 0.545 0.017 56.95 1.96 56.57 0.000398 

278.15 0.549 0.021 93.74 3.69 90.09 0.00245 

283.15 0.558 0.015 147.4 4.4 139.8 0.00335 

288.15 0.551 0.014 234.7 7.7 219.6 0.00434 

293.15 0.556 0.013 366.5 7.2 332.7 0.00653 

298.15 0.549 0.013 566.6 9.4 507.2 0.00770 

Continued on next page 
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Table 4.4. Continued from the previous page. 

aTemperature 

T [K] 

Pressure 

Measured Calculation 

Mole fraction 

of Hg 
 

Mole fraction 

of Hg 

bARLD 

P [MPa] u (P) [MPa] y2  109 [-] u (y2)  109 [-] y2  109 [-] |Δlog10y2| [-] 

303.15 0.552 0.014 819.6 23.5 749.4 0.00639 

au (T) = 0.05 K 

bARLD: absolute relative logarithmic deviation 

 

 

Fig. 4.3. Hg solubility in methane: this work (○); Butala et al. [11] (●); Chapoy et al. [12] (▲); 

PR/PRSV-EOS (───). 
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Fig. 4.4. Hg solubility in ethane: this work (○); Chapoy et al. [12] (▲); PR/PRSV-EOS (───).  

 

 

Fig. 4.5. Hg solubility in carbon dioxide: this work (○); Butala et al. [11] (●); Chapoy et al. [12] (▲); 

PR/PRSV-EOS (───). 
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Fig. 4.6 shows the van’t Hoff plots of saturated the Hg solubility in gaseous methane, 

ethane, and carbon dioxide using the data around 1.5 MPa and 3.5 MPa. The plots for carbon dioxide 

are just at 1.558 MPa. The data were correlated with the following equation: 

2 2,298.15

1 1
ln ln

298.15
K

H
y y

R T

  
− = − − 

 
     (22) 

where 2,298.15Ky  and ΔH are the Hg solubility at the reference temperature of 298.15 K and the 

dissolution enthalpy, respectively. The slopes for methane of the two isobars in Fig. 4.6 were the 

same. The resulting dissolution enthalpies at 1.537 MPa and 3.489 MPa were 61.01 kJ·mol-1 and 

59.89 kJ·mol-1, respectively. The van’t Hoff plots for the three compounds have similar tendencies 

at 1.5 MPa, and the dissolution enthalpies were 62.59 kJ·mol-1 and 61.28 kJ·mol-1 for ethane and 

carbon dioxide, respectively. These values were close to methane at 1.537 MPa and the vaporization 

enthalpy of Hg, which was 62.90 kJ·mol-1. The results suggest that the interaction of the molecules 

between Hg and the pure gases is a little. Although the van’t Hoff plots were unavailable for carbon 

dioxide around 3.5 MPa, those for methane and ethane were slightly different. The dissolution 

enthalpies of methane at 3.489 MPa and ethane at 3.527 MPa were 59.89 and 50.10 kJ·mol-1, 

respectively. The results suggest that ethane enhances Hg solubility near the saturated pressure. 

However, further investigation is required for confirmation. 
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Fig. 4.6. van’t Hoff plots of Hg solubility in methane (○) at 1.537+0.007 and 3.489+0.013 MPa; ethane 

(□) at 1.559+0.022; 3.527+0.011 MPa, and carbon dioxide (●) at 1.558+ 0.017 MPa; Eq. (22) (───). 

 

4.1.3 Modeling of vapor-liquid equilibrium of Hg in pure gases 

 Although there are only a few data points on gas solubilities in liquid Hg, helium solubility 

has just been reported by Hasegawa et al. [57]. Their reported mole fraction of helium in liquid Hg 

was 1.53 × 10–6 at 0.362 MPa and 300 K. Considering the gas concentration in liquid Hg, the 

elemental Hg phase can be assumed to be a liquid without immiscibility or a solid with fluidity. 

Therefore, as shown in Eq. (17), the fugacity of the Hg phase is equal to that of the elemental Hg. 

Eq. (17) has a similar function to the fugacity of solid [58], and the saturated vapor pressure and the 

saturated molar volume are evaluated by the PR-EOS. For vapor-liquid equilibrium of Hg in pure 

gases, components 1 and 2 correspond to the pure gas and elemental Hg, respectively. Therefore, 

elemental Hg is just in the vapor and liquid phase. The equilibrium condition is given by Eq. (18). 

 The saturated Hg vapor pressure estimated by the PR-EOS is shown in Fig. 4.1. Although 
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its temperature dependence was similar to those found experimentally, the estimated values differed 

significantly from the experimental data. The temperature dependence of the attractive parameter 

was investigated to correlate the PR-EOS to the experimental data. Fig. 4.7 shows the value of α in 

the PR-EOS calculated from experimental data. The attractive parameter did not depend on the 

temperature in the experimental range. As the resistivity of Hg is very low, only coulombic 

interaction is present among the Hg molecules. Coulombic force does not have temperature 

dependence. Therefore, the attractive parameter seemed not to have temperature dependence. A 

similar result for the attractive parameter has been reported for a polymer [59]. By fitting the values 

of α, a constant value could be determined in the following equation: 

2 2

0.45724 1.1036c

c

R T
a

P
=         (23) 

The saturated vapor pressure of Hg calculated by the PR-EOS with Eq. (23) is shown in Fig. 4.1; the 

results showed a similar tendency to that of Eq. (7). The PR-EOS calculated the liquid density both 

with and without Eq. (23). The density of Hg was estimated to be 27.715 and 27.742 g·cm-3 at 298.15 

K with and without Eq. (23), respectively. This estimate was not sufficient when compared with the 

actual density of Hg, 13.487 g·cm-3 at 298.15 K [47]. However, this error did not occur when using 

Eq. (1). Therefore, the improvement was just for the saturated vapor pressure. Eq. (23) was used to 

estimate Hg solubility in the vapor and liquid in this research phase. 
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Fig. 4.7. Value of α in the PR-EOS calculated from experimental data: this work (●); α = 1.1036 (∙∙∙∙∙∙). 

 

 The calculation results of Hg solubility in methane, ethane, and carbon dioxide by the 

PR/PRSV-EOS are shown in Figs. 4.3 to 4.5. When the temperature dependence was implemented 

for the binary interaction parameter as shown in Eq. (15), the calculations showed a good agreement 

with the experimental data. The reproducibility was assessed by the absolute relative logarithmic 

deviation (ARLD):  

exp

10 2 10 2
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10 2
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y

−
 =       (24) 

The ARLDs for methane ethane, and carbon dioxide are listed in Tables 4.2 to 4.4. 

 Table 4.5 lists the binary interaction parameters kij fitted with the Hg mole fraction in the 

vapor phase, and Figs. 4.8 to 4.10 shows their temperature dependence. The value of the binary 

interaction parameter was determined by minimizing with the following objective function (OF): 
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2 2

V LOF f f= −         (25) 
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Table 4.5. Coefficients in binary interaction parameter for PR-EOS 

 

Coefficients in binary interaction parameter kij 

kij
0 (= kji

0) [-] kij
1 (= kji

1) [K-1] kij
2 (= kji

2) [K] 

methane (1) – mercury (2) -1.220 0 438.57 

ethane (1) – mercury (2) -36.67 0.065916 6021.87 

carbon dioxide (1) – mercury (2)  -1.754 0 610.30 

 

 

Fig. 4.8. Temperature dependence of binary interaction parameter in PR/PRSV-EOS for methane (1) – 

Hg (2).; 0.5 MPa, fitted (○); 1.5 MPa, fitted (●); 2.5 MPa, fitted (□); 2.8 MPa, fitted (■); 3.5 MPa, 

fitted (△); 6.0 MPa, fitted (▲); Eq. (15) (──). 
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Fig. 4.9. Temperature dependence of binary interaction parameter in PR/ PRSV-EOS for ethane (1) – Hg 

(2).; 0.5 MPa, fitted (○); 1.5 MPa, fitted (●); 2.5 MPa, fitted (□); 3.5 MPa, fitted (■); Eq. (15) (──). 

 

 

Fig. 4.10. Temperature dependence of binary interaction parameter in PR/PRSV-EOS for carbon dioxide 

(1) – Hg (2).; 0.5 MPa, fitted (○); 1.5 MPa, fitted (●); 2.0 MPa, fitted (□); Eq. (15) (──). 
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 Figs. 4.11 to 4.13 show the calculation results of the PR-EOS for methane, ethane, and 

carbon dioxide, respectively, where the pressure is extended to 20 MPa. In the high-pressure region, 

all calculations were different from the data by Chapoy et al. [12]. The calculation values of the Hg 

solubility in the liquid phase for ethane and carbon dioxide decreased in the low-temperature region 

in contrast with that in the high-temperature region. As Chapoy et al. [12] found that the sensitivity 

of the binary interaction parameter for Hg solubility in the vapor phase was lower than that in the 

liquid phase, it is considered that this discrepancy was caused by the binary interaction parameters 

in the PR-EOS, which were determined by the Hg solubility in the vapor phase in this study. Since 

there was no discrepancy up to around 7 MPa, the standard operating pressure in natural gas 

processing facilities, there are no practical issues for using of the PR-EOS to calculate Hg partitioning 

in natural gas processing facilities. 

 

 

Fig. 4.11. Hg solubility in methane up to 20 MPa: this work (○); Butala et al. [11] (●); Chapoy et al. 

[12] (▲); PR/PRSV-EOS (───). 
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Fig. 4.12. Hg solubility in ethane up to 20 MPa: this work (○); Chapoy et al. [12] (▲); PR/PRSV-EOS 

(───). 

 

 

Fig. 4.13. Hg solubility in carbon dioxide up to 20 MPa: this work (○); Butala et al. [11] (●); Chapoy 

et al. [12] (▲); PR/PRSV-EOS (───). 
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4.2 Vapor-liquid equilibrium of Hg in artificial natural gas 

4.2.1 Measurement of Hg solubility in artificial natural gas 

 Table 4.6 lists the experimental data of Hg solubility in the artificial natural gas, and Fig. 

4.14 shows its eight isotherms. The isotherm showed a similar pressure dependence to the Hg 

solubility in methane. The Hg solubility decreased with rising pressure and seemed to be a constant 

or minimum. The physical properties of elemental Hg seemed similar to organic solids because of its 

very low miscibility. Although elemental Hg was defined as the liquid phase, its solubility was similar 

to that of solid organic compounds in SVE. 

 

Table 4.6. Hg solubility in artificial natural gas 

aTemperature 

T [K] 

Pressure 

Measured Calculation 

Mole fraction 

of Hg 
 

Mole fraction 

of Hg 

bARLD 

P [MPa] u (P) [MPa] y4  109 [-] u (y4)  109 [-] y4  109 [-] |Δlog10y4| 

268.15 6.031 0.023 4.991 0.049 5.050 0.0618 

273.15 6.009 0.034 8.157 0.072 8.123 0.0221 

278.15 6.010 0.045 11.92 0.10 11.93 0.00544 

283.15 6.002 0.033 18.36 0.10 18.37 0.00262 

288.15 6.027 0.030 27.93 0.13 27.90 0.00684 

293.15 6.008 0.032 43.02 0.30 42.97 0.00647 

298.15 6.009 0.034 63.72 0.43 63.67 0.00521 

303.15 6.027 0.031 92.25 0.68 92.20 0.00362 

268.15 3.489 0.029 6.481 0.235 6.870 0.310 

273.15 3.482 0.034 9.907 0.103 10.10 0.105 

278.15 3.487 0.028 16.13 0.23 16.50 0.128 

283.15 3.492 0.034 24.66 0.23 25.00 0.0792 

288.15 3.503 0.026 39.14 0.36 39.80 0.0975 

Continued on next page 
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Table 4.6. Continued from the previous page. 

aTemperature 

T [K] 

Pressure 

Measurement Calculation 

Mole fraction 

of Hg 
 

Mole fraction 

of Hg 

bARLD 

P [MPa] u (P) [MPa] y2  109 [-] u (y2)  109 [-] y2  109 [-] |Δlog10y2| [-] 

293.15 3.505 0.022 58.92 0.36 59.50 0.0588 

298.15 3.495 0.020 91.14 0.90 92.80 0.112 

303.15 3.492 0.021 138.7 4.9 142.0 0.147 

268.15 2.542 0.029 8.157 0.133 8.420 0.171 

273.15 2.508 0.022 13.22 0.17 13.50 0.115 

278.15 2.512 0.033 21.08 0.46 21.80 0.190 

283.15 2.513 0.034 32.96 0.59 33.90 0.163 

288.15 2.506 0.029 51.21 0.68 52.20 0.114 

293.15 2.543 0.016 76.95 0.49 77.80 0.0673 

298.15 2.540 0.027 121.4 4.7 125.0 0.185 

303.15 2.555 0.022 176.6 6.5 181.0 0.160 

268.15 1.557 0.025 12.50 0.23 12.90 0.183 

273.15 1.538 0.026 21.30 0.52 22.20 0.233 

278.15 1.544 0.022 31.84 0.55 32.90 0.189 

283.15 1.548 0.024 50.28 0.78 51.70 0.166 

288.15 1.552 0.026 78.32 1.30 80.60 0.175 

293.15 1.549 0.024 123.0 4.7 127.0 0.202 

298.15 1.546 0.026 187.0 7.5 194.0 0.238 

303.15 1.556 0.026 278.4 7.7 285.0 0.155 

268.15 0.549 0.027 32.44 1.62 35.10 0.457 

273.15 0.549 0.022 53.33 2.52 57.70 0.470 

278.15 0.551 0.015 86.89 2.81 91.60 0.325 

Continued on next page 

Table 4.6. Continued from the previous page. 
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aTemperature 

T [K] 

Pressure 

Measurement Calculation 

Mole fraction 

of Hg 
 

Mole fraction 

of Hg 

bARLD 

P [MPa] u (P) [MPa] y2  109 [-] u (y2)  109 [-] y2  109 [-] |Δlog10y2| [-] 

283.15 0.550 0.018 142.6 7.2 152.0 0.406 

288.15 0.555 0.020 226.5 9.8 244.0 0.488 

293.15 0.541 0.021 366.4 19.1 402.0 0.626 

298.15 0.548 0.018 551.6 22.8 593.0 0.503 

303.15 0.545 0.017 812.5 32.7 879.0 0.561 

au (T) = 0.05 K 

bARLD: absolute relative logarithmic deviation 

 

 

Fig. 4.14. Hg solubility in artificial natural gas: this work (○); PR/PRSV-EOS: (──)  
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carbon dioxide 
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(2) – carbon dioxide (3) reported at 270.00 K [63, 64], 283.15 K [65], 288.15 K [65], 291.15 K [65], 

293.15 K [65], and 298.15 K [65]. Fig. 4.17 shows the literature data of VLE for methane (1) –carbon 

dioxide (3) reported at 270.00 K [63, 66, 67, 68], 271.48 K [69], 273.15 K [70], 288.15 K [70], 288.5 

K [71], and 293.4 K [71]. In Fig. 4.17, the calculations were shown at 293.4 K, 288.5 K, and 270.00 

K. The binary interaction parameters kij were evaluated for three binaries, methane – ethane, ethane 

– carbon dioxide, and methane – carbon dioxide. The parameters were determined such that the 

critical point, or the azeotropic point, was reproduced for the three binaries. As shown in Fig. 4.18 

to 4.20, the parameters were given as a linear function of temperature. Table 4.7 lists the coefficients 

for Eq. (15). 

 

 

Fig. 4.15. Vapor-liquid equilibrium for methane (1) – ethane (2): Gupta et al. at 270.00 K and 280.00 K 

[60] (○, ●); Raabe et al. at 270.00 K [61] (□, ■); Janisch et al. at 270.00K [62] (△, ▲); Wei et al. 

at 270.00 K [63] (▽, ▼); PR/PRSV-EOS: (──).  
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Fig. 4.16. Vapor-liquid equilibrium for ethane (2) – carbon dioxide (3): Wei et al. at 270.00 K [63] (△, 

▲); Brown et al. at 270.00 K [64] (□, ■); Ogaki and Katayama at 283.15 K, 288.15 K, 291.15 K, 

293.15 K, and 298.15 K [65] (○, ●); PR/PRSV-EOS: (──).  

 

Fig. 4.17. Vapor-liquid equilibrium for methane (1) – carbon dioxide (3): Davalos at 270.00 K [66] (○, 

●); Somait and Kidnay at 270.00 K [67] (□, ■); Al-Sahhaf et al. at 270.00 K [68] (△, ▲); Wei et al. 

at 270.00 K [65] (▽, ▼); Donnelly and Katz at 271.48 K [69] (×, +); Arai et al. at 273.15 K and 288.15 

K [70] (  ,   ); Xu et al. at 288.5 K and 293.4 K [71] (◇, ◆); PR/PRSV-EOS: (──). 
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Fig. 4.18. Temperature dependence of binary interaction parameter in PR/PRSV-EOS for methane (1) – 

ethane (2).  

 

Fig. 4.19. Temperature dependence of binary interaction parameter in PR/PRSV-EOS for ethane (2) – 

carbon dioxide (3). 
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Fig. 4.20. Temperature dependence of binary interaction parameter in PR/PRSV-EOS for methane (1) – 

carbon dioxide (3). 

 

Table 4.7. Coefficients in binary interaction parameter for PR/PRSV-EOS 

afrom Table 4.5 

 

4.2.3 Modeling Hg solubility in artificial natural gas 

 Table 4.7 lists the coefficients in Eq. (15) for methane - Hg, ethane – Hg, and carbon 

dioxide – Hg. These were determined in section 4.1.3. The Hg solubility was calculated using the six 

binary interaction parameters for the artificial natural gas. Table 4.6 and Fig. 4.14 show the 

3.4 3.6
0.08

0.10

0.12

0.14

B
in

ar
y
 i

n
te

ra
ct

io
n
 p

ar
am

et
er

 k
ij
 [

-]

Temperature 1/T x 103 [K-1]

300 290 280 270

Temperature T [K]

 

Coefficients in binary interaction parameter kij 

kij
0 (= kji

0) [-] kij
1 (= kji

1) [K-1] kij
2 (= kji

2) [K] 

methane (1) – ethane (2) 0.07199 -0.01512 0.00 

methane (1) – carbon dioxide (3) -0.04528 0.04315 0.00 

amethane (1) – mercury (4)  -1.220 0.00000 438.57 

ethane (2) – carbon dioxide (3) 0.1877 -0.01690 0.00 

aethane (2) – mercury (4) -39.68 0.06592 6021.87 

acarbon dioxide (3) – mercury (4) -1.754 0.00000 610.30 
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calculation results. The calculation showed good reproducibility with the experimental data. 

Therefore, the proposed method will be applicable even for the natural gas in the actual conditions. 

The reproducibility was assessed by the absolute relative logarithmic deviation (ARLD): 

exp

10 4 10 4
10 4 exp

10 4

log log
log

log

caly y
y

y

−
 =       (26) 
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Chapter 5 Liquid-Liquid Equilibrium of Hg in solvents for natural gas 

processing 

5.1 Measurement of Hg solubility in solvents for natural gas processing 

5.1.1 Hg solubility in methanol 

 Table 5.1 lists the experimental data for the Hg solubility in methanol. The listed u (x2) 

values were estimated from the volume ratio for the dilution solvent at the CVAAS, and Fig. 5.1 

shows the temperature dependence of the experimental data. The measurements were performed 

under a nitrogen atmosphere to avoid the oxidation of elemental Hg. The measurements were also 

performed in the open air without any nitrogen purge to confirm the effectiveness of the experimental 

procedures. The data are shown together with those from the literature, Spencer and Voigt [41], 

Gallup et al. [25], and Corns et al. [27]. All the experimental data correlated well with the equation 

followed the van’t Hoff equation: 

2 2,298.2

1 1
ln ln

298.2
K

H
x x

R T

  
− = − − 

 
     (27) 

where 2,298.2Kx  and H are the Hg solubility at a reference temperature, 298.2 K, and the dissolution 

enthalpy. The 2,298.2Kx  for MEG, DEG, TEG, and MDEA were obtained from the correlation of the 

experimental data. That for methanol was obtained directly from the experiment. Table 5.2 lists the 

values for the experimental data. As shown in Fig. 5.1, the experimental data were lower than those 

of Spencer and Voigt [42], Gallup et al. [26], and Corns et al. [28]. Otherwise, the data without 

nitrogen purging agreed well with those from the literature. The data of Gallup et al. [26] at 283 and 

273 K, and the data of Corns et al. [28] at 289 and 278 K had a similar tendency to an extrapolation 

of the experimental data. The enhancement of the Hg solubility was likely caused by the oxidation 

of elemental Hg, considering the low reaction rate in the low-temperature range. Spencer and Voigt 

[42], Gallup et al. [26], and Corns et al. [28] conducted their experiments with reducing agents, such 

as tin (II) chloride, to prevent the oxidation of mercury without purging nitrogen. Compared with the 

data without nitrogen purging, it seems that the reducing agents could not prevent the oxidation of 
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Hg. The dissolution enthalpy was ΔH = 32.13 kJ·mol-1, and the value was lower than the vaporization 

enthalpy of Hg, which was 62.90 kJ·mol-1. The result suggests that the interaction between Hg and 

methanol is strong. 

 

 

Fig. 5.1. Hg solubility in methanol: this work (○); this work without glove box (□); Spencer and Voigt 

[42] (●); Gallup et al. [26] (▲); Corns et al. [28] (■); PR/PRSV-EOS: (──); Eq. (27): (- - -). 
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Table 5.1. Hg solubility in methanol, MEG, DEG, TEG, and MDEA 

aTemperature T [K] 

Measured  Calculated by using Eq. (15) 

Mole fraction of Hg in liquid phase 
 Mole fraction of Hg in liquid 

phase 
bARLD Binary interaction parameter 

x2  109 [-] u (x2)  109 [-]  x2  109 [-] |log10x2| [%] k12 (= k21) [-] 

Methanol 

298.2 83.1 5.4  86.8 0.264 0.4598 

313.2 164 13  158 0.229 0.4864 

323.3 242 13  233 0.255 0.5043 

333.3 323 15  337 0.278 0.5221 

    average 0.256  

MEG 

303.3 56.5 4.8  58.9 0.247 0.5291 

313.3 80.4 6.0  77.9 0.196 0.5558 

323.4 108 8  102 0.330 0.5828 

333.2 127 6  133 0.276 0.6089 

    average 0.262  

DEG 

303.2 159 10  175 0.611 0.4084 

313.2 267 33  235 0.853 0.4377 

323.4 314 25  309 0.110 0.4676 

333.2 382 28  402 0.339 0.4963 

    average 0.478  

     Continued on next page 
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Table 5.1 Continued from previous page      

aTemperature T [K] 

Measured  Calculated by using Eq. (15) 

Mole fraction of Hg in liquid phase 
 Mole fraction of Hg in liquid 

phase 
bARLD Binary interaction parameter 

x2  109 [-] u (x2)  109 [-]  x2  109 [-] |log10x2| [%] k12 (= k21) [-] 

TEG 

303.2 274 23  279 0.150 0.3433 

313.2 380 48  377 0.032 0.3727 

323.4 523 32  499 0.337 0.4026 

333.4 634 54  655 0.229 0.4320 

    average 0.187  

MDEA 

303.2 180 14  183 0.122 0.4103 

313.2 239 22  234 0.138 0.4425 

323.4 303 15  295 0.179 0.4753 

333.2 361 16  369 0.144 0.5068 

    average 0.146  

au (T) = 0.6 [K] 

bARLD: absolute relative logarithmic deviation 
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Table 5.2. Mole fraction of Hg reference at 298.2 K and apparent enthalpy for Eq. (27) 

aCorrelation data 

 

 

Number of 

Data 

N 

Temperature T [K] Parameters in Eq. (27) 

Ref. 
(lowest) (highest) 

Mole fraction of Hg 

reference at 298.2 K 

x2,298.2 K  109 [-] 

Dissolution enthalpy 

ΔH [kJ·mol-1] 
u (ΔH) [kJ·mol-1] 

Methanol 4 298.2 333.3 83.1 32.13 0.11 This work 

MEG 4 303.3 333.2 49.8 23.08 0.10 This work 

DEG 4 303.2 333.2 149 23.46 0.14 This work 

TEG 4 303.2 333.4 238 23.82 0.11 This work 

MDEA 4 303.2 333.2 160 19.66 0.13 This work 

Pentane 36 258 336 673 43.09 - 
10, 19, a39, 

a70 

Hexane 40 273 338 827 41.56 - 
13, 15, 19, 23, 

a39, a70 

Heptane 12 273 313 952 42.06 - 15, 19 

Octane 35 273 336 1086 40.59 - 
15, 19, 23, 

a39, a70 

Decane 11 273.15 336.15 1352 41.33 - a70 
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5.1.2 Hg solubility in glycols, MEG, DEG, and TEG 

 Table 5.1 lists the experimental data for the Hg solubility in the three glycols, MEG, DEG, 

and TEG. Table 5.2 summarizes the Hg solubility at a reference temperature, 298.2 K, and the 

dissolution enthalpy for the three glycols. Figure 5.2 shows the experimental data of the Hg solubility 

in MEG, together with those of Gallup et al. [26], Li et al. [30], and Corns et al. [28]. The data from 

Li et al. [30] agreed well with those of Gallup et al. [26] and Corns et al. [28], and the experimental 

data were lower than those of the three literature reports. However, the data at the lowest temperature 

reported by Li et al. [30] is quite suspicious because the temperature was below the melting point of 

MEG, which is Tf = 260.15 K [48]. Therefore, MEG was thought to be in the solid phase or at least 

a supercool liquid phase. Compared with the data by Gallup et al. [26] and Corns et al. [28], this 

discrepancy was attributed to the same reason as that in methanol, the oxidation of elemental Hg. 

Figure 5.3 shows the Hg solubility in MEG, DEG, and TEG. The data of Gallup et al. [26] and Corns 

et al. [28] for TEG are also shown. Similar to the data of methanol and MEG, those of Gallup et al. 

[26] at 293.2 K were slightly larger than the extrapolating value from the experimental data, and the 

data of Corns et al. [28] at 289 and 278 K had a similar tendency to the extrapolation of the 

experimental data. Among the three glycols, the dissolution enthalpies were approximately  ΔH = 

23.45±0.37 kJ·mol-1. 
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Fig. 5.2. Hg solubility in MEG: this work (○); Gallup et al. [25] (●); Corns et al. [28] (■); Li et al. [30] 

(▲); PR-EOS: (──); Eq. (27): (- - -); Tf of MEG (- - -). 

 

Fig. 5.3. Hg solubility in glycols: this work: MEG: (○); DEG: (□); TEG: (△); Gallup et al. [26]: TEG: 

(▲); Corns et al. [28]: TEG: (■); PR-EOS: (──); Eq. (27): (- - -). 
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5.1.3 Hg solubility in MDEA 

 Table 5.1 lists the experimental Hg solubility data in MDEA, and Table 5.2 summarizes 

the Hg solubility at a reference temperature, 298.2 K, and the dissolution enthalpy. Figure 5.4 shows 

the experimental data of the Hg solubility in MDEA. The dissolution enthalpy was ΔH = 19.66 kJ·

mol-1, and the value was slightly lower than the glycols. However, the Hg mole fraction was a similar 

value to that in DEG in the experimental temperature range. The molecular structure and the 

reactivity of MDEA differed from those of DEG. Otherwise, the number of constituent atoms in 

MDEA, except hydroxyl and methyl groups, was the same as DEG. We consider the relationship 

between the number of constituent atoms in the solvent molecule and the Hg solubility. 

 

 

Fig. 5.4. Hg solubility in MDEA: this work (○); PR-EOS (──); Eq. (27): (- - -). 
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proposed in this study: 

2
2

2,

r

ref

x
x

x
=         (28) 

where x2,ref is the Hg solubility in the reference solvent at a given temperature. In this study, DEG 

was used as a reference solvent. Table 5.3 lists the reduced Hg solubilities for MEG, TEG, and 

MDEA at the four isotherms, 303.2 to 333.2 K, and Fig 5.5 shows the comparison of the reduced Hg 

solubilities. The reduced Hg solubilities were calculated from Eq. (28) with the Hg solubility at a 

reference temperature, 298.2 K and the dissolution enthalpies listed in Table 5.2. The dissolution 

enthalpies for MEG, DEG, and TEG were similar. Furthermore, the Hg solubility in MDEA was 

almost the same as that in DEG. The number of constituent atoms of MDEA, excluding hydroxyl 

and methyl groups and hydrogen atoms, is nA = 5, which is the same as that of DEG. Examples for 

counting the number of constituent atoms are shown in Fig. 5.6. The numbers of constituent atoms 

are nA = 2 and 8 for MEG and TEG, respectively. The ratio of the numbers of constituent atoms in 

MEG : TEG : MDEA was thus 0.40 : 1.60 : 1.00. As shown in Table 5.3, this ratio was similar to the 

reduced Hg solubility, i.e., 0.33 : 1.62 : 0.98. Based on literature data [11, 14, 16, 21, 25] and 

correlation data [41, 72], the method was applied to consider Hg solubilities in liquid C5 to C8, and 

C10 aliphatic hydrocarbons at 258 to 338 K. Figure 5.7 shows the temperature dependences. As 

shown in Fig. 5.7, all data correlated with Eq. (27). Table 5.2 lists the Hg solubility at a reference 

temperature, 298.2 K, and the dissolution enthalpy for C5 to C8, and C10 hydrocarbons. The 

dissolution enthalpies were approximately ΔH = 41.73±1.36 kJ·mol-1 for the five hydrocarbons. 

Although the value of the dissolution enthalpy was larger than those of the three glycols, similar 

dissolution enthalpies were obtained among the C5 to C8, and C10 aliphatic hydrocarbons. Pentane 

was used as a reference solvent for the hydrocarbons because the constituent number of atoms is the 

same as DEG, nA = 5. Table 5.3 lists the reduced Hg solubilities for hexane, heptane, octane, and 

decane for the seven isotherms, 273 to 333 K. The average ratios of the reduced Hg solubilities were 

1.22 : 1.41 : 1.60 : 1.99 for the ratio of hexane : heptane : octane : decane. These values were close 



69 

 

to the ratio of the numbers of constituent atoms for hexane, heptane octane, and decane, i.e., 1.20 : 

1.40 : 1.60 : 2.00. As the same relationship was observed in both diols and aliphatic hydrocarbons, 

the mechanism of dissolving elemental Hg in these solvents is presumed physical rather than 

chemical interaction. Figure 5.8 depicts the images of dissolving elemental Hg in glycols. Since 

elemental Hg was presumed to be trapped on a carbon, oxygen or nitrogen atom with the probability 

about 3  10-8 to 6  10-8 considering the mole fraction measured in this research, Hg solubility 

increased with the number of constituent atoms of solvents. Although the theoretical basis for this 

relationship remains unclear, this method is applicable for solvents with a similar dissolution 

enthalpy in terms of Hg solubility. 

 

Table 5.3. Reduced Hg solubility x2r and its reference solvent 

Temperature 

T [K] 

Reduced Hg solubility x2r [-] 

x2,ref : DEG   x2,ref : Pentane 

MEG TEG MDEA  Hexane Heptane Octane Decane 

273.2     1.30 1.47 1.77 2.14 

283.2     1.27 1.45 1.70 2.09 

293.2     1.24 1.43 1.64 2.03 

303.2 0.36 1.72 1.13  1.22 1.41 1.59 1.99 

313.2 0.30 1.42 0.90  1.19 1.39 1.54 1.94 

323.2 0.34 1.67 0.96  1.17 1.37 1.49 1.90 

333.2 0.33 1.66 0.95  1.15 1.36 1.45 1.87 

average 0.33 1.62 0.98  1.22 1.41 1.60 1.99 
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Fig. 5.5. Comparison of ratio of constituent atoms to reference molecule, and reduced Hg solubility x2r 

listed in Table 5.3. 

 

 

Fig. 5.6. Molecular structure of solvents; (a) methanol; (b) MEG; (c) DEG; (d) TEG; (e) MDEA; Methods 

for counting nA are shown beside the molecular formulae. 

 

MEG TEG MDEA Hexane Heptane Octane Decane
0.0

0.5

1.0

1.5

2.0

2.5

Ratio of constituent atoms to reference molecule

Average reduced Hg solubility for reference solvent



71 

 

 

Fig. 5.7. Hg solubility in liquid C5 to C8, and C10 aliphatic hydrocarbons: purple: pentane; red: hexane; 

blue: heptane; orange: octane; green: decane; Clever [41]: (○); Okouchi and Sasaki [21]: (■); Clever 

and Iwamoto [72]: (△); Bloom and Gallup [25]: (□); Butala et al. [11]: (+); Kuntz and Mains [14]: (×); 

Spencer and Voigt [16]: (*); Eq. (27): (───).  

 

 

Fig. 5.8. Images of dissolving elemental Hg in glycols: (a) MEG; (b) DEG; (c) TEG. 
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should only be evaluated from the Hg mole fraction in the organic liquid phase. Figure 5.9 shows an 

example of the phase equilibrium calculation for methanol (1) – Hg (2) at 298.2 K. The calculation 

is explained as follows: 

 

Fig. 5.9. Calculation scheme for three phase equilibrium for methanol (1) - Hg (2) at 298.2 K. 

 

 The binary interaction parameter, kij, was first given by Eq. (15). Successively, Eqs. (16) 

and (19) were applied under the assumption that the Hg phase was immiscible with the solvent. As 

shown in Fig. 5.9, pressure dependencies on the Hg mole fractions could be evaluated in the organic 

liquid and the vapor phases. Then, pressure dependences on the fugacity of methanol were also 

evaluated at given pressures. The point of intersection, shown in Fig. 5.9, was satisfied under the 

conditions of Eq. (16); hence, the equilibrium pressure, P, could be determined. Considering the self-

consistency of Eq. (15), the binary interaction parameter kij was determined. The value of the binary 

interaction parameter was determined by minimizing with the following objective function (OF): 

( )
2

2

2 2

L LOF f f= −         (29) 

Table 5.4 lists the binary interaction parameters kij fitted with the Hg mole fraction in the organic 

liquid phase, and Fig. 5.10 shows their temperature dependence. Based on Eq. (15), the calculation 

results are listed in Table 5.1, and the Hg solubilities in the organic liquid phase are shown in Figs. 
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5.1 to 5.3. The calculation results of the Hg solubility agreed with the experimental data. The 

reproducibility was assessed by the absolute relative logarithmic deviation (ARLD): 

exp

10 2 10 2
10 2 exp

10 2

log log
log

log

calx x
x

x

−
 =       (30) 

 Table 5.1 lists the ARLDs and their averages. The average ARLDs were 0.256, 0.272, 0.479, 

0.190, and 0.146 % for methanol, MEG, DEG, TEG, and MDEA, respectively. Although this 

calculation method was originally developed to calculate Hg solubility in gaseous methane, ethane, 

and carbon dioxide at high pressures, it also could be applied to evaluate vapor-liquid-liquid 

equilibria between other liquid organic solvents and elemental Hg in the low-pressure range. 

 

 

Fig. 5.10. Temperature dependence of binary interaction parameter in PR/PRSV-EOS; methanol-Hg, 

fitted (○); MEG-Hg, fitted (●); DEG-Hg, fitted (■); TEG-Hg, fitted (▲); MDEA-Hg, fitted, (△); Eq. 

(15) (──). 
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Table 5.4. Coefficients in binary interaction parameter for PR/PRSV-EOS 

 

Coefficients in binary interaction parameter kij 

kij
0 (= kji

0) [-] kij
1 (= kji

1) [K-1] kij
2 (= kji

2) [K] 

methanol (1) – mercury (2) -0.0696 0.00178 0.00 

MEG (1) – mercury (2) -0.2805 0.00267 0.00 

DEG (1) – mercury (2) -0.4801 0.00293 0.00 

TEG (1) – mercury (2) -0.5468 0.00294 0.00 

MDEA (1) – mercury (2)  -0.5653 0.00322 0.00 
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Chapter 6 Conclusion 

 This chapter summarizes the findings of this study and provides main conclusion. Future 

prospects and further challenges are also discussed for future research. 

 The investigation of Hg solubility in gaseous natural gas components started with the 

experimental apparatus based on the flow method was constructed, then the saturated vapor pressure 

of Hg was measured for the validation of the apparatus. Next, the Hg solubility measurements for 

gaseous methane, ethane, carbon dioxide, and artificial natural gas, which simulated natural gas, were 

conducted. The investigation of Hg solubility in solvents for natural gas processing included the Hg 

solubility in methanol, MEG, DEG, TEG, and MDEA under atmospheric pressure. The main findings 

of this work are as follows: 

⚫ The mole fraction of Hg was decreased with the pressure up to 6 MPa in gaseous methane. 

Under the isobaric condition, the mole fraction of Hg increased with the temperature and 

followed the van’t Hoff equation. The trends were similar to ethane, carbon dioxide, and 

artificial natural gas. The dissolution enthalpies evaluated from the van’t Hoff plots were 

almost identical among methane, ethane, carbon dioxide, and artificial natural gas. Moreover, 

the enthalpies were the same as the enthalpy of vaporization of Hg calculated from the 

saturated vapor pressure of Hg. At the pressure close to the saturated dew point for ethane and 

carbon dioxide, the dissolution enthalpy was slightly decreased. These results suggested that 

the Hg and gas molecules will be isolated, and the interaction between gas molecules and Hg 

will not be substantial. The aggregation of Hg will be promoted in the vapor phase close to 

the dew point as well as in the supercritical fluid. These phenomena were similar to SLE if 

Hg had immiscibility with these compounds. Therefore, we consider that the mole fraction of 

Hg is increased at higher pressure. 

⚫ The mole fraction of Hg in MEG, DEG, TEG, and MDEA increased with the temperature and 

followed the van’t Hoff equation. Among the four chemicals, the dissolution enthalpy was 

around 23 kJ·mol-1. The value was far smaller than that in isobaric gases of methane, ethane, 
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and carbon dioxide, 61 kJ ·mol-1. At the isothermal condition, the mole fraction was 

proportional to the number of their constituent atoms. In addition, the Hg solubilities in C5 to 

C8 and C10 of aliphatic hydrocarbons also followed this relationship. It can be utilized to 

predict the Hg solubility in heavy hydrocarbon impurities in natural gas and oil, especially 

for estimating the Hg solubility in pseudo-components of heavy hydrocarbons for process 

simulation of natural gas processing facilities [73]. 

⚫ Conventional cubic EOS, such as the PR-EOS, could correlate the mole fraction of Hg in 

methane, ethane, and carbon dioxide with the assumption that the liquid Hg phase was a solid 

with fluidity. Then, the attractive parameter should be optimized for Hg by using the saturated 

vapor pressure of Hg. The correlations were acceptable and agreed well with the experimental 

data. The calculation method could also be applied to the artificial natural gas with the binary 

interaction parameters among the three binary constituents: methane–ethane, ethane–carbon 

dioxide, and carbon dioxide-methane. The PR-EOS could also be applied to Hg solubilities 

without modification in methanol, MEG, DEG, TEG, and MDEA by assuming vapor-liquid-

liquid equilibrium (VLLE). 

 One of the most important findings in this research is that conventional cubic EOS could 

be applied to calculate the VLE and the VLLE, including liquid metal, such as elemental Hg. 

However, there are some technical challenges for future research. First is the expandability of the 

value of α in the PR-EOS. As discussed in section 4.1.3, the value of α in the PR-EOS was determined 

by considering the temperature dependence of α against the measured values of the saturated vapor 

pressure of Hg. As the reliability of α depends on the temperature range of the measurement of the 

saturated vapor pressure of Hg, the expandability of the value of α should be investigated. Second is 

the prediction of the reactivity of Hg in natural gas processing. As investigated in section 5.1, 

elemental Hg was easily oxidized by oxygen from the atmosphere, increasing its solubility. Oxygen 

possibly intrudes into natural gas processing facilities from supply lines of the gas processing 

chemicals, including glycols and amines. The reactivity of Hg should be investigated and modeled 
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to predict Hg distribution in natural gas processing facilities completely. Though further research is 

necessary, the prediction model for the Hg distribution can significantly contribute to managing Hg 

emission and preventing Hg pollution and occupational exposure of Hg to plant workers in natural 

gas processing facilities. Although this research focused on gas processing facilities, other 

applications will be expected. For example, the method will be capable to modeling phase behavior 

of molten metals, such as molten iron and impurities in converter furnace of steel manufacturing and 

float glass process using lead or tin, and to the development of liquid metal battery [74] which is 

expected to apply secondary battery for renewable energies. 
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APPENDIX II: Modeling of Hg Distribution in Natural Gas Processing 

Facility 

 Since some parts of the result of the actual Hg distribution in natural gas processing 

facilities are containing confidential data only used in INPEX Corporation, they were not described 

in the main body of the thesis. The data was disclosed here as possible as INPEX Corporation was 

approved. 

 

II-1. Experimental Section 

II-1.1 Sampling site 

 The sampling site for the investigation of Hg distribution was a three-phase separator in a 

natural gas processing facility. The pressure and the temperature of the separator were 7.645 MPa 

and 309.63 K, respectively.  

 

II-1.2 Sampling and analytical method of gas samples 

 Natural gas samples were collected by 5 L or 10 L of Tedlar® gas sampling bags (GL 

Sciences Inc., Tokyo) from sampling ports of gas lines. Prior to the sampling, natural gas was purged 

for 5 minutes at 1 L·Nm-3 of flow rate. Then, natural gas was collected in the sampling bag at 1 L·

Nm-3 of flow rate. The sampling valve was continuously heated during the sampling by a heating 

element made of quicklime to avoid Hg drop out by Joule-Thomson effect. After the samplings, Hg 

in the natural gas samples were immediately collected by passing through Hg collector tubes (Nippon 

Instruments, Tokyo) based on gold amalgamation method, while volume of natural gas passed 

through the tubes was measured by a wet gas meter (Shinagawa Co., Tokyo, W-NK-0.5) with a 

minimum indicator volume of 1 cm3. Then Hg amounts in the Hg collector tubes were measured by 

a total Hg analyzer for gas sample (Nippon Instruments, Tokyo, WA-4) based on the CVAAS. 
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II-1.3 Sampling and analytical method of pressurized liquid samples 

 Pressurized liquid samples were collected 500 mL of 1 L of stainless sample cylinders made 

of stainless steel 316 (Swagelok Co., Solon, U.S.) with SilcoNert2000 inert coating (SilcoTek Co., 

Bellefonte, U.S.) from sampling ports of gas lines. Liquid samples were well purged before the 

samplings. After the samplings, the valve in the cylinder was carefully opened, then a gas flew from 

the cylinder was collected Tedlar® gas sampling bag. After the gas collection, a depressurized liquid 

in the cylinder was collected a PTFE sample bottle. Hg content in both the depressurized gas and the 

liquid was measured the total Hg analyzer for gas (Nippon Instruments, Tokyo, WA-4) and the total 

Hg analyzer for liquid (Nippon Instruments, Tokyo, MA-3000), respectively. 

 

II-1.4 Modeling 

 The Hg partitioning calculation in the separator was performed by Aspen HYSYS V10 

(Aspen Technology Inc., Bedford, U.S.). Cubic Plus Association (CPA) EOS was used as the 

prediction model. Binary interaction parameters (BIPs) in the cubic term of CPA-EOS between 

mercury and some components (nitrogen, carbon dioxide, ethane, propane, iso-butane, n-pentane, 

and water) were tuned to fit the experimental data or literature data of Hg solubility in each 

component by the data regression system of Aspen Plus V10 (Aspen Technology Inc., Bedford, U.S.). 

Other BIPs in the cubic term and in the association term of CPA-EOS were used as the default values 

of HYSYS. Critical pressure, critical temperature, and acentric factor of the pseudo components (C6*, 

C7*, C8*, C9*, C10-12*, C13-16*, C17-20*, C21-27*, and C28+*) were tuned to fit the phase 

envelop of the separator inlet fluid by Multiflash 7.0 (KBC Advanced Technologies Ltd., London). 

The BIPs in the cubic term of CPA-EOS between mercury and the pseudo components were 

estimated based on the mercury solubility of C6 to C8, and C10 aliphatic hydrocarbons. 

 

II-2. Results 

 Figure A-II-1 shows the results of the Hg distribution in the three-phase separator both the 
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actual measurements and the calculation by HYSYS. The condensate and the water calculations 

showed good agreement with the experimental measurements. 

 

 

Fig. A-II-1. Results of Hg distribution in the three-phase separator. 
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