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An analytical technique has been developed for the determination of methylmercury 

compounds in environmental samples. The technique is based on a two-stage procedure. 

In the first stage, methylmercury compounds are isolated from the sample matrix as 

methylmercury chloride (MeRgCI) by distillation. The distillation procedure is based on a 

series of published methods for the determination of methylmercury compounds in 

sediment and natural waters. In the second stage, MeRgCI is converted to the more 

volatile methylethylmercury (MeRgEt) by derivatization with an aqueous solution of 

sodium tetraethylborate. The volatile species is then determined by purge-and-trap sample 

concentration and gas chromatography/mass spectrometry (GC/MS) separation and 

detection. Initial work focused on the development of the method with optimization of 

the experimental parameters and operating conditions associated with the distillation and 

final measurement steps. 
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The concentration ofMeHgCl in standard solutions (concentration range from 0-30 

ng/L as Hg), with and without nitric acid preservation, was monitored as a function of 

storage time to evaluate storage losses. Aqueous solutions ofMeHgCl at the ng/L level 

are very stable for at least three months if stored (1) in the dark at 4 DC, (2) in acid

cleaned polypropylene flasks, (3) and without nitric acid preservation. Rapid loss of 

MeHgCl was observed for solutions acidified with nitric acid and stored under identical 

conditions (25% and 40% decrease in signal response after 3 and 96 days, respectively). 

The analytical technique was applied to the determination of methylmercury 

compounds in lake-bottom sediment and surface-water samples collected from Cottage 

Grove Reservoir, located in Lane County, Oregon. The concentration of methylmercury 

in a surface-water sample was 2.1 ± 0.11 ng/L as Hg(II). Recoveries of approximately 

100 percent were observed for surface-water samples spiked with MeHgCl to a level of 

4 ng as Hg(II). Concentrations of methylmercury in lake-bottom sediment ranged from 

0.143 ± 0.008 to 35 ± 3.1 ng/g sediment as Hg(II) (wet weight). Recoveries of 

approximately 90 percent were observed for sediment samples spiked with MeHgCl to a 

level of 15 ng as Hg(II). 

The reproducibility of the entire analytical technique and the measurement step alone 

were evaluated through the analysis of replicate sediment samples. The percent relative 

standard deviation (RSD) of the entire analytical procedure was 2.6 percent, while the 

percent RSD of the measurement step alone was determined to be 1.5 percent. The 

absolute detection limit for MeHgCl was determined to be 4 pg as Hg(lI) for the analysis 

of a 40-mL sample volume. 
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Development and Application of an Analytical Technique for the Determination of 
Methylmercury Compounds in Environmental Samples Based on Isolation by Distillation, 

Followed by Purge-and-Trap Sample Concentration and GC/MS Separation and 
Detection, after Aqueous Phase Ethylation with Sodium Tetraethylborate 

Chapter 1 
Introduction and Background 

I. I Historical Background and Uses ofMercmy 

Mercury is the seventh metal of antiquity. The metal and its principal ore, cinnabar 

(HgS), have been known and used for more than 3500 years (Nriagu, 1979). Samples of 

mercury were reported to have been found in ancient Egyptian tombs that date to 1500 or 

1600 BC (Farber, 1952). Aristotle (384-322) is acknowledged as having made the first 

recorded mention of mercury use during a religious ceremony (D'Itri, 1972). 

Ancient civilizations prized cinnabar for its density and reddish-gold color (D'Itri, 

1972). The highly prized red pigment vermillion, produced by reducing cinnabar-

containing ores, was used by early man in religious rites, in cosmetics, and as a decorative 

(Engel, 1967). Large amounts of cinnabar-containing ore were transported to Rome, 

converted to vermillion, and used to decorate Roman villas. The use of vermillion as a 

high-grade paint pigment survived into the 20th century (D'Itri, 1972). 

The emergence of mercury technology other than its mining and smelting activities or 

decorative uses are traced back as early as the sixth century Be. During this era, the 

Egyptians made reference to mercury, its uses, preparations, and amalgamations with tin 

and copper (Engel, 1967). In the first century BC, the Romans described the process of 



amalgamation, notably, that mercury dissolves gold. One century later, the Romans 

described improvements in the use of mercury for the recovery of gold (D'Itri, 1972). 
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From the time of Aristotle through the Middle Ages, mercury became increasingly 

important as new uses were discovered. Accounts record the prominence of mercury and 

mercury salts in the journals of medicine. Mercurial therapy developed by the Indians 

spread through Indo-Persia and later into Europe. Medicinal applications became more 

diversified and mercurial drugs were used to cure eye diseases, staunch blood, heal burns, 

and treat skin diseases (Nriagu, 1979). The prescriptions for mercurial drugs as well as 

the misconceptions about the effects of mercury in the body would persist in Europe 

through the Dark and Middle Ages. 

As chemistry slowly evolved from alchemy during the 17th and 18th centuries, the 

physical and chemical properties of mercury were either discovered or reexamined. 

Torricelli made use of the dense liquid metal with the development of the barometer in 

1644, while Fahrenheit developed the mercury thermometer in 1720 (Nriagu, 1979). Both 

of these developments would herald the introduction of the element into scientific 

research. Additional developments, which have led to the ever-increasing demand for 

mercury, include the discovery ofpolyvinyl chloride (1835), which utilizes mercuric 

chloride as a catalytic reagent for the conversion of acetylene into vinyl chloride, the 

introduction of the first successful incandescent lamp by Thomas Edison (1891), the 

introduction of the mercury-cathode electrolytic cells for the production of chlorine and 

caustic soda (1894), and the development of the mercury dry-cell battery during World 

War II (Nriagu, 1979). 



1.2 MercYO' Deposits and Mining 

The significant mercury deposits of the world occur in one of two orogenic and 

volcanic belts; the Circumpacific and the Mediterranean-Himalayan (Nriagu, 1979). 

Exploitable ore bodies occur as veins, stockworks in brecciated zones, and as 

disseminations and replacements in host rocks, which include shales, sandstones, 

limestones, chert, and volcanic deposits (Nriagu, 1979). 
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Mercury and cinnabar deposits usually occur in geologically young volcanic areas, 

particularly those with recent tectonic movement. Cinnabar is the most important mercury 

ore and it occurs as the predominant sulfide mineral in most mercury deposits. It is 

formed under low-pressure hydrothermal conditions and is a common mineral in hot 

spring deposits (D'Itr~ 1972). It has been inferred that these mercury deposits formed as 

a result of hydrothermal solutions which transported the mercury as sulfide (or chloride) 

complexes (White, 1968). 

Commercial production of mercury is almost entirely from cinnabar. Small amounts of 

mercury have been obtained from mineral deposits containing native mercury and from 

other mercury-containing rnmerals including metacinnabar [HgS-(HgS)go(HgSe)20]' 

calomel (Hg2CI2)' livingstonite (HgSb4Sg), and corderite (Hg3S2CI2)' where they are found 

in association with cinnabar (Nriagu, 1979; D'Itri, 1972). The most common process for 

recovering the metal is to roast the crushed ore (most often cinnabar) at 500 to 600°C in 

the presence of air. Under these conditions, the sulfide decomposes and the volatilized 

mercury is condensed into a liquid (D'Itri, 1972). 
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The world production of mercury was dominated by three great mines prior to 1850. 

They included the Almaden mine in Spain, the Idria mine in present day Yugoslavia, and 

the Santa Barbara mine in Peru. From 1850 until the 1960s, the majority of the world 

mercury supply came from four districts, which included Almaden, Idria, Monte Amiata in 

Italy, and California. Today, sizable production of mercury also comes from Nikitowka 

(Donetz Basin) in the former Soviet Union, the Kveichow and surrounding provinces of 

China, the Hitzuco district in Mexico, and Humbolt County, Nevada (Nriagu, 1979). 

Domestically, the most important deposits of mercury occur in the California coastal 

mountain range from Del Norte County to San Diego County. Mercury also occurs with 

gold and stibnite in Utah, Oregon, Pike County, Arkansas, and near National, Nevada and 

Terlingua, Texas. Mercury has also been mined in Alaska, Arizona, Idaho, Oregon, and 

Washington, with California and Nevada accounting for approximately 90 percent of the 

total domestic production (D'Itri, 1972). 

In western Oregon, mercury-ore deposits are scattered within a belt 20 miles in width, 

extending from Lane, Douglas, and Jackson counties in the southern Coast Range 

Mountains to the California border. The geology of this area is characterized by a 

combination of sedimentary and volcanic formations (Allen-Gil et al., 1995). In Lane 

County, past production of the Black Butte and Bonanza mines accounted for about one

half of Oregon's mercury production (Orr et al., 1992). 

The Black Butte Mine, located two miles south of and within the drainage basin of 

Cottage Grove Reservoir, was the second largest mercury mine in Oregon. The mine 

operated intermittently from 1882 to 1966 and produced in excess of 18,000 flasks (a 76-

pound vessel) of mercury (Brooks, 1971). 
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Incidentally, past mining activities at the Black Butte Mine has resulted in the 

contamination of surrounding soils with mercury. Elevated soil mercury concentrations 

have been observed (average concentration of250 j.)..g/g) for samples collected near the 

abandoned mine (park, 1996). In addition, sediment mercury concentrations in the main 

tributary to Cottage Grove Reservoir, which includes the Black Butte drainage area, were 

reported to be an order of magnitude higher than those from other reservoir tributaries. 

Allen-Gil et al. (1995) reported an average mercury concentration of 0.84 ± 0.2 j.)..g/g for 

sediment samples collected from the reservoir between 1989 and 1992. Park (1996) 

reported an average concentration of 0.67 ± 0.05 j.)..g/g for sediment samples collected in 

1994. As pointed out by Allen-Gil et al. (1995), the observed concentrations of mercury 

in the reservoir sediments were higher than those reported for numerous other lakes in the 

Pacific Northwest and elsewhere. Thus, elevated sediment mercury concentrations in the 

reservoir appear to be derived from past mining activities in the watershed. 

1.3 Modem Uses and Sources ofMercwy Contamination in the Environment 

Because of the increasing awareness of mercury and its related compounds, especially 

methylmercury, as important health hazards and a growing environmental problem, the 

scope and variety of scientific investigations have continued to broaden our understanding 

of mercury contamination, including the sources, mechanisms of transport, 

transformations, and sinks of mercury in the environment. The various sources of mercury 

to the environment, both natural and man-made, as well as the modem uses of mercury are 

discussed below. 



Mercury that is found in the environment comes from two major sources. First, 

mercury is naturally present in our environment and these sources are not the result of 

man's actions. Rather, the transport of mercury in the environment involves a general 

cycle that is global in scale (National Academy of Sciences, 1978; Andren and Nriagu, 

1979). A generalized geochemical cycle of mercury is presented in Figure 1.1. 
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The atmosphere plays an important role in the global transport of mercury. Since 

metallic mercury is volatile, having a vapor pressure of 0.0012 mm ofHg and a saturation 

concentration in air of 13.2 mg/m3 at 20 DC (Gavis and Ferguson, 1972), mercury can 

evaporate from the continents (crustal degassing) and from natural bodies ofwater 

(Andren and Nriagu, 1979; WHO, 1989). Volcanic action is another source of mercury 

vapor to the atmosphere. In the atmosphere, mercury may be present as the free vapor, 

associated with particulate matter as adsorbed elemental or organic mercury, as mercuric 

chloride vapor, or as methyhnercury (MeHg+) and dimethyhnercury (Me2Hg); however, 

most of the mercury emitted to the atmosphere is in the form of elemental vapor 

(Matheson, 1979). Mercury vapor has an atmospheric residence time of between 0.4 and 

3 years, whereas soluble forms have residence times on the order of a few weeks (WHO, 

1990). Recent estimates indicate that natural emissions of mercury amount to between 

2700 and 6000 tons annually (WHO, 1989). 

Mercury vapor in the atmosphere is converted to soluble forms (e.g., inorganic 

divalent mercury) and deposited onto land and water surfaces through precipitation (rain 

and snow) and atmospheric fall-out (WHO, 1990; Bloom and Fitzgerald, 1988). On the 

continents, mercury is captured by soils or enters the natural run-off cycle where it 

becomes part of the mercury content of natural water systems. 
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As a result ofnatural weathering processes and erosion, mercury, in the inorganic 

divalent state, is transported from the continents to the oceans in river run-off, largely in 

association with dissolved and particulate organic matter. Ocean sediment is believed to 

be the ultimate sink where mercury is deposited in the form of the highly insoluble 

mercuric sulfide (HgS). 

The second major source of mercury in the environment results from human activities 

and falls under the category of anthropogenic sources. These sources of mercury are the 

direct and indirect result of man' s actions in his environment. 

As a result of the unusual physicochemical properties of mercury and its compounds, 

they have found widespread application in industry and agriculture. The main modem 

uses of mercury and its compounds are presented in Table 1.1. Table 1.2 summarizes the 

major mercury-consuming industries in the United States and their annual consumption 

figures from 1945 to 1975. 

The principal uses of mercury, accounting for over 55 percent of the total consumed, 

has been for electrical apparatuses, in the production of caustic soda and chlorine 

(chloralkali process), and in the paint industry (Nriagu, 1979; WHO, 1989). While the 

figures in Table 1.2 reveal mercury consumption in the United States, it should be 

emphasized that an undetermined portion of mercury escapes into the environment 

through one or more routes. For example, mining activities result in losses of mercury 

through the dumping of mine tailings and direct discharges into the atmosphere (WHO, 

1990). Losses of mercury from chloralkali plants have been estimated at 0.45 pounds of 

mercury for each ton of chlorine produced (Nriagu, 1979). It has been estimated that as 

much as 500 tons of mercury was lost to the environment throughout the United States in 

8 



Table 1.1 Main Modem Uses of Mercury and Mercury Compounds 

Sector Uses 

Chloralkali process production of chlorine gas and caustic soda 

Electrical industry fluorescent and high-intensity arc discharge lamps, rectifiers, power control 
switches, dry-cell batteries 

General laboratory uses barometers, manometers, thermometers, porosimeters, coulometers, 
diffusion pumps, air pumps, pump seals, mercury jet and dropping mercury 
electrodes, coolant, radiation shields, research 

Amalgamation recovery of gold and silver, amalgams with potassium, zinc, and sodium as 
reducing agents, dental preparations and fillings 

Paints paint products with bactericide, fungicide, and mildewcide properties, anti
fouling marine paints (organomercurial compounds) 

Pulp and paper slimesides (organomercurial compounds, discontinued in 1973) 
industries 

Catalysis preparation of materials for chemical warfare (during World War 2), 
conversion of acetylene into acetaldehyde, vinyl chloride, and vinyl acetate, 
production of urethane and urethane resins 

Pharmaceuticals diuretics, antiseptics, anti syphilitics, skin preparations and preservatives, 
therapeutic and cosmetic creams 

Agriculture 8 fungicides (organomercurials) applied as seed dressings, foliar application 
on fruit and vegetable crops 

Miscellaneous mercury boilers, explosives, vermillion, felting process (discontinued) 

a A complete listing of previously used mercury-containing fungicides can be found in 
D'Itri (1972). 

Abstracted from Nriagu (1979) and D'ltri (1972). 

9 



Table 1.2 Major Mercury-Consuming Industries in the United States with Annual 
Consumption Figures 

Annual Consumption (76-pound flasks) 

Uses 1945 1955 1965 1975 

Agriculture 2863 7651 3116 600 

Amalgamation 183 217 495 7 

Catalysts 3654 729 924 838 

Dental preparations 513 1409 1619 2340 

Electrical apparatus 24468 6471 14764 16971 

Chloralkali plants 632 3108 8753 15222 

General laboratory use 309 976 2827 335 

Industrial and control instruments 3250 5412 4628 4598 

Munitions 1133 90 

Paints: 
Antifouling 1661 724 255 
Mildew-proofing 7534 6928 

Pulp and paper 619 

Pharmaceuticals 11133 1578 3261 445 

Redistilled 9647 9583 12257 

Others 2739 16708 15402 2554 

Grand total 62185 54656 76454 50838 

Abstracted from Nriagu (1979). 

10 
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1968 (D'Itri, 1972). Fortunately, regulations have been imposed that minimize the release 

of mercury from chloralkali plants still in production. Further, many countries are 

switching from the use of mercury cells to diaphragm cells for the production of chlorine. 

In fact, the Japanese government mandated that all chloralkali plants in the country switch 

over to the diaphragm cell by 1978 (Nriagu, 1979). 

Several of man's activities, not directly related to mercury, account for substantial 

releases into the environment. These include burning offossil fuels, the production of 

stee~ cement, and phosphate, the smelting of metals from their sulfide ores, and refuse 

incineration (WHO, 1989, 1990). Recent estimates indicate that the total man-made 

global release of mercury to the atmosphere amounts to between 2000 and 3000 tons 

annually (Lindberg et aI., 1987). 

Current models (National Academy of Science, 1978; Andren and Nriagu, 1979) 

indicate that between 25 and 30 percent of the atmospheric mercury burden is due to man

made emissions. These same models predict that the mercury burden to rivers (water plus 

bottom and suspended sediment) has increased by a factor of four in comparison to pre

man levels. The increase has been attributed to greater suspended sediment loads as well 

as man's use of mercury. In addition, mercury concentrations in sediment cores taken 

from freshwater lakes and estuaries indicate that these reservoirs have increased by a 

factor of two to five. 
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1.4 MercYO' in the AQuatic Environment 

It is generally recognized that the speciation of mercury is a primary factor controlling 

its behavior and fate in aquatic systems and that the different chemical and physical forms 

ofmercury have different toxic properties. At present, the current knowledge of the 

physicochemical forms of mercury in natural and waste water systems is not entirely 

complete; however, a review of the existing literature is discussed below. 

Mercury can form a variety of species in the aquatic environment since it can exist in 

three possible oxidation states: as the native metal itself, in the + 1 (mercurous) state, and 

in the +2 (mercuric) state. In addition, divalent mercury is capable offorming complexes 

with many inorganic and organic chemical species (complexing ligands) in solution (Benes 

and Havlik, 1979). Further, divalent mercury can form organomercuric compounds of the 

form R-Hg-X or R-Hg-R'. The most common substituents (R or R') include methyl and 

phenyl groups, whereas frequently encountered inorganic ligands (X) include chloride, 

hydroxide, nitrate, and sulfate anions (Gavis and Ferguson, 1972; Benes and Havlik, 1979; 

Carty and Malone, 1979; WHO, 1989). 

The complexity of the physicochemical state and the behavior ofmercury in water 

systems is further magnified by the tenacity ofmercury to become adsorbed onto solid 

particles present in water, by the low solubility of certain mercury compounds, and by the 

bioaccumulation ofmercury by aquatic organisms. Thus, in addition to the dissolved or 

soluble forms of mercury present in water systems, mercury can exist in association with 

larger solid particles which represent the particulate, suspended, or insoluble forms (Benes 

and Havlik, 1979). 
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From thermodynamic data for the known compounds of mercury, the chemical species 

of mercury expected to be thermodynamically stable and to predominate in solution at 

equilibrium have been predicted. Hem (1970), Gavis and Ferguson (1972), and Wollast et 

al. (1975) calculated the chemical species of mercury expected to predominate in typical 

fresh waters and found that redox, pH, and ligand conditions were very important. These 

results are typically expressed in the form of Eh-pH diagrams. 

Hem (1970) concluded that in well-oxygenated waters (Eh - 0.5 V), mercuric species 

will be the predominant form of inorganic soluble mercury. Under these conditions, 

mercuric hydroxide [Hg(OH)21 and mercuric chloride (HgCI2) are the predominant species 

in most surface waters (Gavis and Ferguson, 1972). Under moderately oxidizing to mildly 

reducing conditions (Eh -0.2 to 0.4 V), elemental mercury or mercuric species will 

predominate (Hem, 1970); however, complexes of hydro sulfide [Hg(HS)21 and sulfide 

(HgS2
2-) with divalent mercury can occur if the concentration of sulfide is high enough 

(Benes and Havlik, 1979). Under reducing condition (Eh < -0.2 V), elemental mercury 

exists with divalent mercury effectively immobilized by sulfide ion (Gavis and Ferguson, 

1972). Under reducing conditions and elevated pH values (pH> 9), the solubility 

increases with the formation ofthiomercurate ions (Hgst) (Gavis and Ferguson, 1972). 

The mercurous ion is commonly polymerized into the diatomic species (Hg22+) and can 

exist in solution. The region of stability on the Eh-pH diagram constructed by Hem 

(1970) is, however, rather narrow and is in accordance with the known tendency of 

monovalent mercury to disproportionate (Benes and Havlik, 1979). In addition, Wollast 

et al. (1975) have demonstrated that the Hg/+ ion can only exist at concentrations greater 

than 450 mglL of total mercury, a level that is not expected in most natural waters. 
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As mentioned above, mercury can form organometallic compounds and these 

compounds are of importance in the aquatic chemistry of mercury. Gavis and Ferguson 

(1972) point out that these compounds do not appear on Eh-pH diagrams. They maintain 

that the organic residues bound to mercury are thermodynamically unstable in water, 

under natural conditions, and that the mercury-carbon bond is a weak one, with an energy 

of only 15-19 kcal/mole, depending upon on the organic residue bound to mercury. These 

compounds, however, are not decomposed by water and their apparent stability is 

attributed to kinetic barriers to decomposition rather than to thermodynamics. 

Organomercurials of the form R-Hg-X can be rather soluble in water and can 

dissociate to give the R-Hg+ cation and X- anion, especially when the anion is nitrate or 

sulfate. However, the chlorides, bromides, and iodides are covalent, nonpolar compounds 

that are more soluble in organic solvents than in water (Carty and Malone, 1979; WHO, 

1989). The composition, properties, and the extent of dissociation also depend on the 

nature of the organic moiety and on the composition of the aqueous solution (Benes and 

Havlik, 1979). Stability constants of complexes of organomercuric ions with various 

ligands have been used to calculate the most probable forms of this type of 

organomercurial in natural waters. Reimer and Krenkel (1974) suggest that 

methylmercuric chloride (MeHgCI) or hydroxide (MeHgOH) should predominate in 

natural water, depending on the pH and chloride concentration in the water. 

Organomercurial of the form R-Hg-R' are covalent, volatile, and nonpolar in nature 

and include compounds such as dimethylmercury and diphenylmercury. It is unlikely that 

these compounds represent a significant portion of the mercury dissolved in water. 



In the aquatic environment, there are many kinetic factors that can change the 

speciation of mercury. These include (1) associations with dissolved organic matter, (2) 

associations with suspended particulate matter (e.g., clays, hydrous oxides, and detrital 

organic matter), and (3) methylation-demethylation processes (Benes and Havlik, 1979). 
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Lindberg and Harriss (1973) and Andren and Harriss (1975) observed a strong 

association between dissolved organic matter and mercury in fresh, estuarine, and 

interstitial waters. Weber (1988) observed that between 50 and 90 percent oftotal 

mercury in estuaries and coastal waters was bound to humic matter. Mercury forms very 

strong complexes with dissolved humic substances (Allard and Arsenie, 1991), especially 

fulvic acid (Xu and Allard, 1991), and is stabilized as divalent mercury in natural waters. 

Strohal and Huljev (1971) have demonstrated by radiotracer experiments that mercuric ion 

forms a strong but reversible complex with humic acids (stability constant of 1.7 x 105
). 

Lindberg et al. (1975) have indicated that strong mercury-organic matter associations also 

prevent the highly insoluble mercury sulfide from precipitating in reduced sediments. 

These results emphasize the importance of organic matter, especially dissolved humic 

substances, in regulating the solubility and movement of mercury in aquatic environments. 

1.5 MethylmercUQ' Formation and Decomposition in the Aquatic Environment 

Until the late 1960s, it was the general belief that mercury compounds and elemental 

mercury released into the environment would simply be assimilated by the environment 

and, in effect, be diluted to the point where they would no longer pose an environmental 

threat. The discharge of mercury into the aquatic environment has been primarily in the 



form of elemental mercury, inorganic divalent mercury, and phenyl-, alkoxyalkyl-, and 

alkylmercury in general resulting from the widespread use of mercury and its related 

compounds in industry and agriculture (Johnels and Westermark, 1969). 
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Analysis offish and other aquatic organisms has shown, however, that the mercury 

accumulated in their tissues is almost entirely in the form of methylmercury (WestOo, 

1966; WestOo, 1969; Bache et aI., 1971; Mayet aI., 1987; Bloom, 1989; Lansens et al., 

1991b; Rezende, 1993; Emteborg et al., 1994). Methylmercury is the most hazardous and 

toxic mercury species known. Methylmercuric compounds are more soluble in lipids than 

are divalent or metallic mercury in solution. In fact, they are about 100 times more soluble 

in lipids than in water (Hughes, 1951). Due to its high stability, ionic properties, affinity 

for sulfhydryl groups, and enhanced solubility, methylmercury is able to penetrate more 

readily into the membranes of living organisms as compared to its inorganic counterparts 

(Gavis and Ferguson, 1972). Thus, despite the lack of significant methylmercury inputs to 

natural aquatic environment, methylmercury accumulation occurs in mercury contaminated 

aquatic organisms. 

In 1967, Jensen and JemelOv were the first to demonstrate that inorganic divalent 

mercury could be methylated in bottom sediments contained in freshwater aquaria to form 

both methylmercury and dimethylmercury (Jensen and Jemelov, 1967, 1968, 1969). They 

suggested that certain living organisms (i.e., microorganisms) have the capacity to 

methylate any mercury compounds that are present to yield methylmercury and 

dimethylmercury. A year later, Wood et ai. (1968) demonstrated methylation by cell-free 

extracts of methanogenic bacteria. Since this early work, the methylation of mercury has 

been observed under a wide variety of environmental conditions (Carty and Malone, 1979) 



17 

and by many species of bacteria. In addition, there has been considerable research aimed 

at understanding and describing the mechanisms and rates of biotic and abiotic production 

and decomposition of methylmercury. 

1.5.1 Methylmercury Formation 

The methylation of mercury requires the presence of a methyl donor molecule. A 

large array of such molecules exist in the natural aquatic environment, most of which are 

biologically synthesized. Alkylation of inorganic mercury has been shown for both direct 

(enzymatic alkylation) and indirect (nonenzymatic alkylation) biological reactions. 

Enzymatic methylation requires the presence of actively metabolizing organisms, while 

nonenzymatic methylation requires only the products (methyl donors) of active 

metabolism (Bisogni, 1979). Thus, in the aquatic environment, mercury may be 

methylated through biotic and abiotic processes or through a combination of the two. 

1.5.1.1 Enk)lmatic Methvlation of Mercury - Biotic Methylation 

Three methylating coenzymes have been discovered that participate in biomethylation 

reactions in biological systems: (1) S-adenosylmethionine, (2) N-methyltetrahydrofolate 

derivatives, and (3) methylcorrinoid derivatives (vitamin B12) (National Academy of 

Science, 1978; Beijer and Jemelov, 1979). Both from a theoretical viewpoint and from 

direct experimental evidence, it has been established that only the methy1corrinoid 

derivatives are capable of methylating soluble inorganic mercury salts to methylmercury 

and dimethylmercury (National Academy of Science, 1978). 
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For the methylation of mercuric mercury, a transfer of carbanion methyl group (CH3-) 

is required. Both S-adenosylmethionine and "N -methyltetrahydrofolate donate carbonium 

methyl groups (CH3 +) (Shapiro and Schlenk, 1965). The methylcorrinoid derivatives are 

the only known agents in nature capable of doing this directly and, therefore, are believed 

to be the primary active agents in microbial methylation (Bertilsson and N eujahr, 1971; 

Ridley et aI., 1977). 

Methylcorrinoid derivatives (e.g., methylcobalamin) have been isolated from 

microorganisms and are therefore believed to be widely distributed in nature. 

Methanogenic bacteria, which are very numerous in the sediments of rivers and in the 

sludge of sewage beds, are reported to contain methylcobalamin in large quantities as an 

intennediate of methane biosynthesis (Imura et aI., 1971). 

Wood (1975) has proposed a number of mechanisms by which mercury can be 

enzymatically methylated under both aerobic and anaerobic conditions. The first 

mechanism involves the cobalamin-dependent "N-methyltetrahydrofolate-homocysteine 

transmethylase (methionine synthetase) enzyme. Some anaerobes and facultative aerobes 

are known to use methionine synthetase to synthesize methionine from homocysteine. 

Microbes that utilize this enzyme system are capable of producing methylmercury from 

inorganic divalent mercury. Figure 1.2 summarizes the proposed mechanism. The second 

mechanism is the acetate synthetase system. Anaerobic organisms that synthesize acetic 

acid from carbon dioxide using this enzyme can produce methylmercury from divalent 

mercury. The mechanism is summarized in Figure 1.3. The third mechanism proposed 

involves the methane synthetase system, which is common in anaerobic ecosystems 

(Bisogni, 1979). A simplified version of the mechanism is presented in Figure 1.4. 
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Figure 1.2 Proposed mechanism of mercury methylation in a methylcobalarnin
methionine synthetase system under aerobic conditions. 

Adapted from Wood et al. (1972). 
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Figure 1.3 Proposed mechanism of mercury methylation in a methylcobalamin-acetate 
synthetase system under anaerobic conditions_ 

Adapted from Wood et al. (1972)_ 
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Figure 1.4 Proposed mechanism of dimethylmercury formation in a methane synthetase 
enzyme system. 

Adapted from Wood et al. (1972). 
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The vitamin Bt2 derivatives (methylcorrinoids) implicated in the methylation processes 

above are not known to be involved in the metabolism ofthe fungus Neurospora crassa. 

However, Landner (1971) reported that the mold was capable of synthesizing 

methylmercury and proposed a model for the methylation process. He proposed that the 

methylation of mercuric salts involved one or more steps of the methionine biosynthesis 

pathway. Further, he suggested that the methyl group, whether synthesized de novo or 

not, was transferred to the mercury atom, which is complexed to homocysteine. Lander 

concluded that the methylation of mercury might be regarded as an incorrect synthesis of 

methionine, which is normally formed through the methylation of homocysteine. 

Bacterial methylation has been studied by several other investigators. Vonk and 

Sijpesteijn (1973) reported that five aerobic bacterial species and three fungal species were 

capable of methylating sublethal amounts of mercuric chloride. They postulated that the 

capacity to methylate mercury may be a rather common property of aerobic bacteria in 

general. 

Yamada and Tonomura (1972) observed a very high capacity of mercury methylation 

in the anaerobe Clostridium cochlearium. However, it is questionable whether this 

bacterium or other anaerobes might produce methylmercury under natural anaerobic 

conditions because, in the presence of hydrogen sulfide, mercuric mercury will precipitate 

as mercuric sulfide or as the thiomercurate ion, which are not methylated to an appreciable 

extent according to Yamada and Tonomura (1972). The failure ofRissanen et al. (1970) 

to observe methylmercury formation in anaerobic mud may have resulted from the 

formation of mercuric sulfide. Fagerstrom and Jemelov (1971) and Craig and Moreton 
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(1985) observed the formation of methylmercury from pure mercuric sulfide in aerobic 

organic sediments but the rate of methylation was considerably lower compared to control 

experiments with mercuric chloride. However, Gilmour et al. (1988) observed the 

conversion ofmercurlc sulfide to methylmercury in the presence ofthiomercurate. 

In experiments with marine sediments, Olson and Cooper (1976) found that the net 

production of methylmercury was greater under anaerobic conditions than under aerobic 

conditions. Bisogni and Lawrence (1973), however, observed higher methylation rates 

under aerobic conditions in experiments with microbial reactors. 

Overall, organisms capable of mercury methylation have been found among anaerobes, 

facultative anaerobes, and aerobes. The potential for microbial methylation thus exists 

under both aerobic and anaerobic conditions. The product is mainly methylmercury under 

neutral and acidic conditions, while formation of dimethylmercury is predominant under 

basic conditions (Bisogni and Lawrence, 1973; Langley, 1973; Beijer and Jernelov, 1979). 

The efficiency of methylation is dependent on the metabolic activity of the methylating 

organisms and the total concentration and biochemical availability of inorganic mercury. 

The availability of inorganic mercury is dependent on factors such as redox potential, pH, 

the presence of sulfides and other inorganic and organic complexing agents. The 

microbial activity is dependent on factors such as the amount of organic substrate, 

temperature, and other factors. 
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}.5.}.2 None~matjc Methvlation of Mercury - Abiotic Methvlation 

Methylcorrinoids, alkyllead and alkyltin compounds, and humic matter have been 

implicated as potential reagents for abiotic methylation of inorganic mercury in the aquatic 

environment. Although methylcobalamin and humic matter, and possibly methyllead and 

methyltin compounds, originate from biotic processes, any nonenzymatic methylation by 

them is considered abiotic. 

Nonenzymatic methylation ofmercury with methylcobalamin has been studied by a 

number of researchers (McBride and Wolfe, 1971; Craig and Moreton, 1983; 

Rapsomanikis and Weber, 1986). Wood et al, (1968) demonstrated the formation of 

methylmercury and dimethylmercury from inorganic mercury in cell-free extracts of a 

methanogenic bacterium containing methylcobalamin, under both aerobic and anaerobic 

conditions. Wood et al. (1972) has proposed several mechanisms for nonenzymatic 

methylation with methylcobalamin. Figure 1.5 summarizes one such mechanisms. 

Imura et al. (1971) and Bertilsson and Heujahr (1971) also studied the mechanism of 

nonenzymatic methyl transfer from methylcobalamin to divalent mercury. Both groups 

measured the reaction course by a spectrophotometric method based on the absorbance 

changes at 351 and 380 run. When methylcobalamin reacts to form hydroxycobalamin, 

there is an increase in the absorbance at 351 nm and a concomitant decrease in the 

absorbance at 380 nm. Further, both groups found that the methylation proceeded with 

ease and at a high rate. Imura et al, (1971) observed that the initial product of the 

reaction was dimethylmercury; however, the dimethylmercury formed appeared to be 

converted into methylmercuric chloride by further action of mercuric chloride. 
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Figure 1.5 Proposed mechanism of mercury methylation by a methylcorrinoid under 
nonenzymatic aerobic conditions. 

Adapted from Wood et al. (1972). 
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Gilmour and Henry (1991) observed that most vitamin B12-producing bacteria, 

including sulfate-reducing bacteria, do not methylate inorganic divalent mercury in 

sediments. In contrast, Berman et al. (1990) found that a sulfate-reducing bacterium 

released an analog ofmethylcobalamin that methylated mercuric mercury in sediment. 

Compeau and Bartha (1985) observed the methylation of mercuric mercury in sediment 

slurries in the presence of molybdate (MoO/), which inhibits sulfate-reducing bacteria. 

Mercury can be methylated in the presence of suitable methyl donors through 

transalkylation reactions. Suitable methyl donors for the methylation of mercury include 

methyllead and methyltin compounds (Beijer and Jemelov, 1979), while methylarsenic 

compounds do not appear to be effective methyl donors (Chau et aI., 1987). 

JemelOvet al. (1972) conducted a study on the influence of alkyllead compounds on 

the formation of methyhnercury in river surface sediments contaminated with both 

mercury and lead. They concluded that the extremely high levels of methyhnercury 

observed were the result of an abiotic transalkylation between methyllead and inorganic 

mercury. Incidentally, trimethyllead is very effective at methylating mercury, being 

comparable to methylcobalamin (Beijer and Jemeloov, 1979). Weber (1993), however, 

points out that methyllead compounds are typically present in the environment at low 

concentrations and, therefore, should be excluded as possible methyl donors. 

The methylation of inorganic divalent mercury by methyltin compounds has been 

observed by Jewett et ai. (1978) and Bellama et ai. (1985). Howell et al. (1986) 

demonstrated the transfer of a methyl group from trimethyltin to mercuric mercury 
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(about 85% in 2 days) using polarography. Cerrati et al. (1992) observed that trimethyltin 

methylates mercuric mercury at the fastest rate among methyltin compounds in seawater. 
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Methyltin compounds (e.g., mono-, di-, and trimethyltin) are ubiquitous in freshwater 

and marine environments. As pointed out by Weber (1993), these compounds are 

common in natural waters, sediments, shellfish, and macro algae with concentrations in 

sediments and plants typically lOOO-fold higher than in surrounding waters. Thus, the 

extent of occurrence and concentrations of methyltin compounds in the aquatic 

environments suggests that they may playa role in the methylation of mercury. 

Humic matter has been implicated as another potential methyl donor. In the 

environment, humic matter is present in sediments and waters of rivers, oceans, marshes, 

bogs, etc. Humic matter is defined as any mixture of natural, metal-complexing organic 

compounds present in the aquatic environment or extracted from it, and is composed of 

humic acid (insoluble in acid) and fulvic acid (soluble in acid) (Weber, 1993). Humic 

matter is a probable methylating agent since it is ubiquitous in the aquatic environment at 

fairly high concentrations, is associated with the movement of mercury in water, 

complexes mercury, and methylates inorganic mercury in model studies. 

Several researchers have demonstrated the capacity of humic matter to methylate 

inorganic divalent mercury. Nagase et al. (1982) demonstrated that high concentrations of 

humic acid methylate mercuric mercury. Weber et al. (1985) observed methylation of 

mercuric mercury by fulvic acid at pH 4 and 6. Craig and Moreton (1985) observed that 

sterilized humic matter extracts from estuarine sediment effectively methylate mercuric 

chloride and other mercuric species in water. These same authors found that yields were 

similar for both sterile and nonsterile solutions. Finally, Lee et al. (1985) reported 

methylation of mercuric nitrate and chloride by fulvic acid, with increased production 

observed for higher concentrations of mercury and fulvic acid. 
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Another possible pathway for the methylation of mercury in the aquatic environment 

involves a mixture of biotic and abiotic processes. Hueyet al. (1974) demonstrated that a 

species of Pseudomonas, isolated from Chesapeake Bay sediment, was capable of 

producing methyltin species from tin(IV). In the presence of both inorganic divalent 

mercury and tin(IV), the net result was methylmercury, most likely formed through a 

transalkylation by methyltin. 

1.5.2 Methylmercury Decomposition 

In the natural aquatic environment, methylmercury is not readily decomposed and is 

persistent to all but specific biochemical processes. The decomposition of methylmercury 

is largely the result of biotic processes; however, some abiotic processes have been 

observed to occur (e.g., photolytic decomposition). 

Microbial degradation of methylmercury has been reported by several investigators 

(Tonomura et aI., 1968; Spangler et al., 1973; Schottel et aI., 1974; Colwell and Nelson, 

1974; Jemel6v et al., 1975; Compeau and Bartha 1984; Ramlal et al., 1985; Oremland et 

al., 1991). Several strains of bacteria and yeast capable of the process have been isolated 

and identified. The enzyme systems have been purified and shown to consist of a lyase 

and a reductase. In the degradation process, methylmercury is split into mercuric ion and 

a methyl group by organomercurial lyase, an enzyme encoded by the mer operon 

(specifically mer B). The mercuric ion is subsequently reduced to elemental mercury by 

mercuric reductase, also encoded by the mer operon (specifically mer A) (Walsh et al., 

1988; Summers and Barkay, 1989). 
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Methylmercury degradation and the subsequent reduction of mercuric ion to elemental 

mercury are predominantly microbial processes in aquatic systems (Summers and Silver, 

1978). The mer A gene product (mercuric reductase) is reported to be widespread among 

common aerobic heterotrophic bacterial genera, although a smaller number of bacterial 

species (e.g., Escherichia coli, Pseudomonas spp., Staphylococcus aureus) are capable of 

both demethylation and reduction (Summers and Silver, 1978; Robinson and Tuovinen, 

1984; Summers, 1986). 

Broad-spectrum resistance to both mercury and organomercury is encoded in the mer 

operon, which contains the sequences for the lyase and reductase enzymes (Walsh et al., 

1988). The demethylation and reduction processes are considered detoxification 

mechanisms due to the volatility of the elemental mercury produced. In fact, the mer 

operon has been shown to be more prevalent in mercury contaminated ecosystems where 

mercury volatilization rates are enhanced (Barkay et aI., 1989a,b). 

Nonenzymatic decomposition mechanisms for methylmercury are not prevalent in the 

environment (Korthals and Winfrey, 1987; Winfrey and Rudd, 1990). Photolytic 

decomposition appears to be the only significant nonenzymatic decomposition mechanism. 

Baughman et al. (1973) determined that the low-sunlight adsorption rate constants for 

methylmercuric ion, methylmercuric hydroxide, and dimethylmercury preclude 

photodecomposition as a significant pathway for degradation in the environment. These 

same investigators, however, observed that methylmercuric thiol (MeHgSH) and 

methylmercuric sulfide ion (MeHgS-) complexes undergo photodecomposition in sunlight. 
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Overall, the net amount of methylmercury formed in the aquatic environment is a 

result of the concomitant processes of methylation and demethylation. In a mercury

polluted environment, the combined effect of production and/or addition and degradation 

and/or removal of methylmercury will lead to a steady-state concentration of 

methylmercury, with the rates of formation and degradation dependent upon the 

concentrations of inorganic mercury and methylmercury, respectively. This steady-state 

concentration will vary for different aquatic environments. 

1.6 Accumulation ofMercwy in the Aquatic Environment 

Mercury contamination offood chains has been recognized as an environmental 

pollution problem for almost 40 years. In the 1960s, contamination resulted from point 

sources of mercury into the aquatic environment (e.g., Minamata, Ottawa River, Lake St. 

Clair). More recently, contamination has been found in lakes without a point source of 

inorganic mercury, mainly oligo- and mesotrophic lakes in regions affected by acid 

deposition (Gilmour and Henry, 1991). The problem is widespread among lakes in eastern 

Canada, the northeastern and north central United States, and Scandinavia (Wiener, 1987; 

Hakanson et al., 1988). Fish consumption limits have been posted in a number of areas. 

For example, fish consumption limits have been placed on more than 75 percent of over 

1500 lakes tested in Ontario (Ontario Ministry ofthe Environment, 1988). In all cases, 

methylmercury was found to be the dominant mercury species in fish tissue. 
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The change in speciation of mercury from inorganic to methylated forms is the first 

step in the aquatic bioaccumulation process. Methylmercury produced in the aquatic 

environment enters the food chain by rapid diffusion and tight binding to proteins in 

aquatic biota. Methylmercury is rapidly accumulated by most aquatic biota and attains its 

highest concentration in the tissues of fish at the top ofthe aquatic food chain (Bernhard 

et aI., 1982). The mercury accumulated in fish is primarily the result ofthe adsorption of 

mercury from the water that passes through the gills or through trophic transfer (Uthe et 

al., 1973; Hasselrot and Gothberg, 1974). Large predatory species such as trout, pike, 

walleye, and bass in freshwater and tuna, swordfish, and shark in ocean waters, contain 

considerably higher levels than nonpredatory species (WHO, 1990). 

In addition to the influence of the trophic status of species, factors such as the age of 

the fish, microbial activity and mercury levels in the sediment (upper layer), dissolved 

organic content (humic content), salinity, pH, and redox potential all affect the levels of 

methylmercury in fish (WHO 1989). Methylmercury levels in freshwater fish is also 

affected by the catchment area of lakes and by recent flooding or diversion of rivers 

(WHO, 1990). 

The predominance of methylmercury in fish (greater than 80 percent as compared with 

inorganic mercury) has been demonstrated by several investigators (Bache et aI., 1971; 

Westoo, 1973; Huckabee et aI., 1979; Bloom, 1989). Although total and methylmercury 

levels in surface waters are extremely low (- 1 ngIL of total Hg; 0.05 ng!L ofMeHg) 

(Horvat et aI., 1993b), bioconcentration factors of up to 107 (Bloom and Watras, 1989; 

U.S. EPA, 1980) often lead to methylmercury levels in fish that exceed the World Health 

Organization (WHO) health standards (0.5 /l-g/g). 
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The reason for concern about mercury in fish is the position of fish in the food chains 

leading to man. Fish and shellfish are the only regular source of methylmercury in the 

human diet of practical importance. According to Simpson et al. (1974), fish is a primary 

exposure pathway of mercury to man. Elevated mercury and methylmercury levels in 

humans have been linked with fish consumption (Berglund et al., 1971; Suzuki et al., 

1971). Where selected subpopulations and individuals eat large quantities of fish from 

contaminated aquatic environments, a health hazard may develop over time. 

Mercury levels in fish in some Oregon reservoirs exceed the U.S. Food and Drug 

Administration (FDA) limit (1.0 f,J-g/g wet weight) for human consumption of 

commercially caught fish (Allen-Gil et aI., 1995). Park (1996) reported that maximum 

mercury concentrations exceeded the FDA limit for largemouth bass and bluegill taken 

from Cottage Grove Reservoir from 1993 to 1995. Similar results were reported by 

Allen-Gil et ai. (1995) for largemouth taken from the reservoir in 1992. In addition, 

mercury concentrations in fish muscle increased with age and organic mercury comprised 

greater than 90 percent of the total mercury content of the fish examined. 

1.7 Effects ofAlkylmercury Compounds on Man 

From a toxicological point of view, the pharmacological activity of inorganic and 

organic forms of mercury differs greatly, not only in the extent to which they are absorbed 

by the body but also in the degree of injury they inflict on the body. The organic mercury 

compounds, especially the alkylmercurials, are more toxic than other mercury compounds 

because the human body absorbs more and excretes less ofthem; thus, larger amounts of 
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organomercurials are stored in the blood, brain, kidney, and liver tissue of humans (D'Itr~ 

1972). In the blood, methylmercury is believed to complex with cystinyl residues in the 

hemoglobin molecule and with glutathione (GHS) in erythrocytes (Naganuma, et aI., 

1980). Complexes of methylmercury with GHS and possibly other low molecular weight 

thiols playa role in blood transport and tissue distribution (Hirayama, 1980; Thomas and 

Smith, 1982) and in biliary secretion (Ballatori and Clarkson, 1985). 

The greater absorption with lower excretion described above results from the fact that 

the alkylmercurials are metabolically stable and resist degradation into inorganic mercury. 

This is exemplified by the fact that the biological half-life of methylmercury in humans is 

approximately 70 days (Ekman et al., 1968; Aberg et al., 1969). In contrast, the 

arylmercurials are more rapidly metabolized by biological systems into inorganic mercury, 

which is more readily excreted from the body. Miller et aI. (1960) observed that 

phenylmercuric acetate was only detectable in test animals up to 96 hours from the time 

that it was administered. 

The alkylmercurials, especially methylmercury, differ greatly from other mercurials in 

their ability to penetrate the blood-brain and placental barriers to attack the central 

nervous system and the fetus, resulting from a greater affinity for erythrocytes. Since 

alkylmercury compounds show a greater propensity to accumulate in nervous tissue, they 

have a far greater neurotoxicity than aryl- or inorganic mercury compounds. Intoxication 

in adult humans results in specific symptoms associated with alkylmercurial poisoning, 

while in the human fetus congenital neurological damage can be induced through maternal 

transfer. 
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The nervous system, especially the central nervous system, is the principal target tissue 

for the effects of methylmercury in adult humans. The most common functions to be 

affected include the sensory, visual, and auditory functions and those of the brain areas, 

especially the cerebellum, concerned with coordination. 

The earliest effects of acute and chronic poisoning to adult humans are nonspecific 

symptoms and include complaints of paraesthesia including numbness and tingling ofthe 

mouth, tongue, lips, hands, fingers, and feet; inability to concentrate; amnesia; malaise; 

and blurred vision. Subsequently, symptoms appear such as concentric constriction of the 

visual field; deafness; impairment of hearing; and ataxia including general clumsiness, 

impairment of speech, unsteadiness of gait, loss of coordination, and reflex changes 

(National Academy of Science, 1978). In extreme cases, the patient may experience 

progressive and sometimes complete loss of muscular control (i.e., paralysis), fall into a 

coma, and ultimately die (D'Itri, 1972). Some degree of recovery in each of the 

symptoms described above may occur in less severe cases. This is believed to be a 

functional recovery that depends on the compensatory function of the central nervous 

system; however, effects in severe cases are irreversible due to destruction of neuronal 

cells (WHO, 1990). Ingestion of high doses of methylmercury affects the peripheral 

nervous system and include symptoms of neuromuscular weakness (Rustam et al., 1975). 

At the cellular and molecular level, inhibition of protein synthesis in target nerve cells 

is a well documented effect in animals that appears before the first clinical signs of 

intoxication (Yoshino et aI., 1966; Syversen, 1982; Fair et al., 1987); however, the reason 

for the special sensitivity of protein synthesis to methylmercury is not well understood. 

Perhaps more firmly established is the connection between muscular weakness in severe 



cases of poisoning and the inhibition of acetylcholine transmission at the neuromuscular 

junction (Quandt et aI., 1982; Atchison, 1986). In addition, the effects on 

neurotransmitters and receptors, lipids, adenyl cyclase activity, membrane structure, and 

on the integrity of microtubules have been reported in a variety of experimental systems 

(Araki et al., 1981; Nakada and Imura, 1982). 
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Observations on both human subjects and animals indicate that the developing central 

nervous system is more sensitive to damage from methylmercury than the adult nervous 

system (Berglund et aI., 1971). The first indications arose from the outbreak of 

methylmercury poisoning in Minamata, Japan, in the 1950s. It was found that mothers 

who lacked symptoms or signs of methylmercury poisoning, other than mild paraesthesia, 

gave birth to infants with symptoms similar to severe cerebral palsy or cerebral 

dysfunction syndrome (D'Itri, 1972). Subsequent studies on experimental animals have 

confirmed the increased sensitivity of the fetus (WHO, 1990). 

The only effect on humans not involving the nervous system is the claim that 

chromosome damage is associated with long-term exposure to methylmercury (Wulf et aI., 

1986). Methylmercury is not a known carcinogen or teratogen to humans; however, no 

adequate studies have been conducted (National Academy of Science, 1978). 

1.8 Determination ofOrganomercury Compounds 

Up until the late 1960s, the most common methods for the determination of mercury in 

biological and environmental samples included colorimetric determination with dithizone, 

neutron-activation analysis, and atomic absorption spectrophotometry (AAS). In most of 
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the earlier methods, samples were analyzed to determine the total inorganic and organic 

mercury content. The total mercury content alone, however, does not suffice because the 

various mercury species have differing toxicities. Further, in order to investigate the 

metabolism, transport, and toxicity of pollutants in ecosystems, it is important to 

determine their exact physicochemical forms. 

Methods were later developed for the flame less atomic absorption technique that 

provided differentiation between inorganic and organic mercury compounds (Magos, 

1971; Magos and Clarkson, 1972). In the original method developed by Magos (1971), 

inorganic mercury was selectively reduced by stannous chloride followed by aeration of 

the mercury vapor into a gas absorption cell mounted in an atomic absorption 

spectrophotometer. The atomic absorption was measured at the 253.7 nm resonance line. 

In a subsequent measurement, the total mercury content was determined after reduction 

with a solution of stannous chloride and cadmium chloride. The organic mercury content 

was obtained by difference. 

Bloom and Crecelius (1983) reported a method for the determination of mercury in 

seawater based on selective reduction. Inorganic mercury was selectively reduced with 

stannous chloride and the mercury vapor produced was preconcentrated on a two-stage 

gold trap, thermally desorbed, and determined by cold vapor AAS (CV AAS). In a 

subsequent measurement, bromine mono chloride was used as an oxidizing agent for the 

organic mercury species prior to the addition of stannous chloride, giving results for total 

mercury. The organic mercury content was obtained by difference. 
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Schintu et al. (1989) reported a method for the determination of both inorganic and 

organic mercury in river and lake water samples based on the original method developed 

by Kudo et al. (1982). An acidified and filtered sample of river or lake water was 

extracted with a dithizone-chloroform mixture. The inorganic mercury was back extracted 

with an aqueous solution of sodium nitrite, while the organic mercury was recovered with 

an aqueous solution of sodium thiosulfate in a subsequent step. The mercury content of 

each fraction was determined using a two-stage gold amalgamation technique in 

conjunction with CV AAS. 

Gage (1961) developed a method for the extraction of organomercury compounds 

(e.g., phenyl- and methylmercury salts) with benzene from a strongly acidic sample 

homogenate. Under these conditions, inorganic mercury is not extracted into the organic 

phase. Subsequent steps involved back extraction with an aqueous solution of sodium 

sulfide followed by oxidation with acid permanganate, reduction, and the addition of urea 

and EDT A. Mercury was determined using a titrimetric procedure with dithizone. 

The methods described above do not qualitatively identify nor quantitatively determine 

the individual organic mercury species present in a sample. It was not until the 

development and application of thin-layer and gas-liquid chromatographic methods that 

the individual organomercury compounds could be determined. It should be pointed out 

that methylmercury is the most frequently reported organic mercury species in 

environmental and toxicological studies, since organic mercury forms other than 

methylmercury are minor in sediments and biological materials. Thus, methylmercury is 

typically equated with the organomercury compounds present in a sample. 
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The isolation and determination of methylmercury compounds in biological and 

environmental samples is a well-known problem. As discussed previously, methylmercury 

is a strong thiophilic reagent. In addition, this compound can complex with other 

complexing agents, which occur in organic matrices, namely organic acids and amino 

groups. Many compounds present in biological and environmental samples contain 

sulfhydryl end groups. Proteins, for example, contain this functional group because of 

their content of cysteine as a component amino acid. Humic acids found in sediments and 

organic-rich natural waters also contain sulfhydryl end groups, as well as carboxylate and 

amino sites. Thus, a suitable strategy must be developed in order to isolate methylmercury 

from its sample matrix prior to its determination. The discussion that follows will review 

the reported methodologies for the isolation and determination of methylmercury 

compounds in sediments and biological materials, as well as natural waters. 

1.8.1 Sediment and Biological Material 

In order to release methylmercury from binding sites in sediments and biological 

materials, samples are often acidified prior to further treatment. Acidification of the 

sample, with either a hydrohalic acid or a strong acid plus halide salt, results in the 

protonation of com pie xing groups (e.g., -S-, -NH2' and -COO-) and subsequent release of 

the methylmercury cation (MeHg+). The halogen anion (X-) then forms the covalent, 

nonpolar methylmercury halide (MeHgX). This compound can then be separated from the 

acidified sample matrix by various techniques including solvent extraction, ion exchange, 

volatilization, and distillation. 
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1.8.1.1 Solvent Extraction 

Gunnel Westoo (1966, 1967, 1968) was the first to pioneer investigations in this area. 

The method was originally developed for the determination of methylmercury in foods and 

biological materials. According to the original method developed by Westoo (1966), a 

homogenized sample was acidified with concentrated hydrochloric acid and the 

organomercury compounds were extracted with benzene. The organomercury compounds 

were then back extracted from the benzene solution with an aqueous solution of 

ammonium hydroxide. The sample was acidified with hydrochloric acid and the 

organomercury compounds were reextracted with benzene. The extract was dried with 

anhydrous sodium sulfate and concentrated for analysis by thin-layer chromatography and 

gas chromatography with an electron-capture detector (GC-ECD). 

Several variations of the basic method described by Westoo have been published for 

the determination of methylmercury in biological and environmental samples, where the 

observed levels are in the parts-per-million range (Craig and Moreton, 1983; Westoo, 

1967; O'reilly, 1982; Holak, 1982). All consist of a solvent extraction of methylmercury 

as a halide followed by a cleanup procedure to prepare the extract for GC analysis. The 

cleanup step, as described by Westoo (1968), involved the formation ofa water-soluble 

adduct between methylmercury and cysteine, acidification of the aqueous phase, and 

reextraction with solvent. Aqueous solutions of sulfur compounds other than cysteine 

(e.g., sodium thiosulfate) have been successfully used (Bartlett et aI., 1977; Craig and 

Moreton, 1985). Although other approaches are available, such as the extraction of 

methylmercury as a dithizonate complex (Westoo, 1966; Tatton and Wagstaffe, 1969), the 
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formation and extraction of the chloride (Vonk and Sijpesteijn, 1973; Gilmour et aI., 

1992), bromide (Longbottom et al., 1973; Bartlett et al., 1977; Lee et al., 1985; Craig and 

Moreton, 1986; Horvat et al., 1988), or iodide (Rezende et al., 1993; Lansens et al., 

1991a,b) salts have found the most widespread use. 

Solvent extraction, followed by chromatography, has been routinely applied to the 

determination of methylmercury compounds in sediments and biological materials. The 

method, however, does suffer from numerous problems. First, the extraction and 

purification procedure are very time consuming and require relatively large amounts of 

sample and volumes of solvent. Second, the cysteine solution used in the cleanup step can 

result in emulsion formation, which can be very persistent with certain types of samples, 

and may cause losses during repeated equilibrations and transfers due to the volatility of 

methylmercury (Horvat et aI., 1990). Third, the use of extremely pure solvents is 

necessary to avoid co-elution of electron-capturing species with the organomercury 

species, since the electron-capture detector measures halide species directly, and not 

mercury. Fourth, the electron-capture detector is not well suited for the determination of 

dimethylmercury. Finally, acidification results in rapid degradation of dimethylmercury, if 

present, into the methylmercury halide and methane (Frimmel and Winkler, 1975). 

Horvat et ai. (1990) reported a simple modification to the West06 extraction 

procedure for the determination of methylmercury by GC-ECD. Cysteine-impregnated 

paper was used in place of the cysteine solution for the cleanup step. Methylmercury 

bromide was extracted from the sample into toluene and was selectively adsorbed onto the 

cysteine paper. The isolated methylmercury was released from the cysteine paper by the 

addition of sulfuric acid and potassium bromide and subsequently extracted into benzene. 



The modified extraction procedure was reported to provide consistent and high 

recoveries (>90%) for various biological and environmental samples, to provide cleaner 

chromatograms, faster analysis, and to avoid the difficulties arising from emulsion 

formation. The reported detection limit for methylmercury was 0.10 nglg as Hg. 
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The isolation of methylmercury by the WestOo method, followed by GC-ECD 

separation and detection, has most often been carried out with packed columns with polar 

stationary phases. Many of these columns, however, have exhibited one or more ofthe 

following problems: (I) poor and often variable response to methyl- and ethylmercury due 

to supposed interactions with the column and/or decomposition, (2) moderate to severe 

peak tailing, (3) low column efficiency, and (4) variable decreases in the areas and heights 

of the methyl- and ethylmercury peaks when injected with extracts of fish and sediment 

(Lansens et aI., 1991a; Rubi et aI., 1992). More recently, capillary and semicapillary 

columns, containing both polar and nonpolar stationary phases, have been successfully 

used for the separation of organomercury compounds (Rubi et aI., 1992). 

One problem that has been encountered with the use of packed or capillary columns is 

the need to carry out pretreatments of the stationary phase, which generally entails the 

injection of large amounts of mercury chloride or iodide at regular intervals (Lansens et 

aI., 1991a; Rubi et aI., 1992). This conditioning or passivation step is necessary to reduce 

the interactions between the column materiaI and the mercury compounds. A number of 

drawbacks have been reported, however, which include (1) rapid deterioration of the 

performance characteristics of the column, (2) progressive and irreversible contamination 

of the electron-capture detector, and (3) dead periods during operation (Rubi et aI., 1992). 
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As a result ofthe problems encountered with electron-capture detectors, many other 

element-specific detectors have been investigated. Johansson et al. (1970) used a 

combined gas chromatograph and mass spectrometer (GC-MS) for the identification and 

determination of methylmercury compounds in fish. Frimmel and Winkler (1975) also 

reported the use of a mass spectrometer as a detector. 

Emteborg et al. (1994) developed a method for the simultaneous determination of 

inorganic mercury and methylmercury in biological and environmental samples based on 

extraction, butylation, capillary GC separation, and microwave-induced plasma excitation 

with atomic emission detection (GC-MIP-AES). The use of GC-MIP-AES has also been 

reported by Talmi (1975) and Chiba et al. (1983). 

The coupling of a gas chromatograph with an atomic absorption spectrophotometer 

(GC-AAS), as an element-specific detector, has been reported by several investigators 

(Dumarey et al., 1982; Paudyn and VanLoon, 1986). In these methods, the 

organomercury compounds were eluted from a GC column, degraded pyrolitically in a 

quartz tube, and determined by CV AAS. 

Microwave irradiation has been used for the digestion of biological and environmental 

samples. Further, the applicability of microwaves to the extraction of various types of 

organic compounds from soils, foods, and feeds has been investigated (Vazquez et aI., 

1997). Microwave-assisted extraction requires smaller volumes of organic solvents than 

conventional techniques and the total sample processing time is decreased by shorter 

extraction times and simultaneous extraction of multiple samples. 



Vazquez et al. (1997) reported a method for the extraction and determination of 

methylmercury in marine sediments. The procedure was based on a quantitative 

microwave-assisted extraction of methylmercury with hydrochloric acid and toluene. 

Following a cleanup step with an aqueous solution of cysteine acetate, hydrochloric acid 

was added and methylmercury was reextracted with toluene. An aliquot of the sample 

was analyzed by GC-ECD. Recoveries of spiked methylmercury were greater than 90 

percent. The reported detection limit for methylmercury was 8 .ug/kg sediment. 
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The methods discussed thus far have involved the isolation of methylmercury from its 

matrix by solvent extraction followed by gas chromatographic separation and detection by 

one of several techniques. The separation of organomercury compounds has also been 

carried out using high-performance liquid chromatography (HPLC). 

Both normal- and reverse-phase columns have been investigated for the separation of 

organic mercury salts by HPLC. Gast and Kraak: (1979) reported the separation of a test 

mixture of diphenyl-, propyl-, ethyl-, methyl-, and phenylmercury using a silica gel (SI 60) 

column and a mobile phase of 10 percent butanol in n-hexane saturated with 

tetramethylammonium chloride. A reversed-phase (LiChrosorb@ RP-8) column was also 

used with aqueous sodium chloride (0.05 M) plus 30 percent methanol at pH 3.5. Post

column reaction with dithizone gave UV -detectable complexes absorbing at 480 run. 

Funasaka et al. (1974) detected ethyl- and methylmercuric ion with a Corasil@ I 

column and n-hexane as the eluent. The eluent was passed into a quartz vaporizer tube, 

maintained at 300°C, and the organomercury compounds were detennined by CV AAS. 
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Derivatization plays an important role in the analysis of organometallic compounds. 

Without derivatization, the interactions of small nonpolar molecules with the stationary 

phase are small. For example, organomercury compounds have a tendency to elute from 

an analytical column, together with the solvent front, with minimal separation (Wilken and 

Hintelmann, 1990). 

A unique form of reversed-phase liquid chromatography, termed in situ complexation 

or charge-neutralization chromatography, has proved to be particularly amenable to the 

determination of trace metals, especially organomercury compounds. With this approach, 

the charged species are complexed or formed in situ by a complexing agent that has been 

added to the eluent. The metal species are injected directly into the mobile phase and, 

following complexation, the neutral species are separated by reversed-phase liquid 

chromatography using either spectrophotometric, spectrometric, or electrochemical 

detection (Evans and McKee, 1988). The complexing agent 2-mercaptoethanol has been 

used routinely for organomercury compounds. The reaction can be described as follows: 

The neutral2-mercaptoethanol complex formed is retained on the column, providing 

chromatographic separation of the organic mercury species. 

(1) 

MacCrehan et al. (1977) reported the separation of neutral-charge complexes between 

2-mercaptoethanol and inorganic and organic mercury compounds on NH2- and C1S-

reversed-phase columns. A mobile phase consisting of 40 percent methanol-water and 2-

mercaptoethanol (0.05 mM), buffered to pH 5.5 with acetate buffer, separated divalent 

inorganic mercury and methyl-, ethyl-, and phenylmercuric ion. The mercury species were 

detected electrochemically at a mercury-coated gold electrode (-0.90 V vs. Ag/AgCI). 
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Evans and McKee (1988) reported the separation of neutral-charge complexes 

between 2-mercaptoethanol and inorganic and organic mercury compounds on a reversed

phase (LiChrosorb® RP-18) column. The chromatographic analyses were performed in 60 

percent methanol-water containing 2-mercaptoethanol (0.01 %) and buffered to pH 5.5 

with acetate buffer. The mercury species were electrochemically detected (reductive 

mode) at a gold-amalgamated mercury electrode (-0.80 V vs. Ag/AgCI). The reported 

detection limits for the analytes varied from I to 2 IJ-gfL. 

Hintelmann and Wilken (1993) reported a method for the determination of 

organomercury compounds in sediments based on liquid chromatography with on-line 

atomic fluorescence spectrophotometric detection (HPLC-AFS). A homogenized and 

acidified sample of sediment was extracted with a dithizone-chloroform mixture and the 

organic phase was separated. The dithizone-mercury complexes were then destroyed with 

an acidified solution of sodium nitrite. With this procedure, the organomercury 

compounds remain in the organic phase, whereas the inorganic mercury is extracted into 

the aqueous phase as the chloro-complex (HgCI/). The organomercury compounds were 

back extracted into an aqueous phase with a solution of sodium thiosulfate and separated 

on a reversed-phase (Chromspher® RP-18) column. The mobile phase consisted of 

mixtures of methanol-water (30:70-50:50) buffered with ammonium acetate and modified 

by 2-mercaptoethanol. The compounds were converted to elemental mercury in a 

continuous-flow system by means of an oxidizing and a subsequent reducing solution. 

The elemental mercury generated in the liquid stream was passed through a gas-liquid 

separator and swept into the cell of an atomic fluorescence spectrophotometer. The 

reported detection limits for the analytes varied from 0.1 to 0.3 IJ-g/kg sediment. 



46 

Separations based on precolumn complex fonnation using dithizone and 

dithiocarbamates have also been carried out (Bender et al., 1976; Evans and McKee, 

1987). Langseth (1986) reported the separation of dithizone complexes of inorganic and 

organic mercury salts on a Waters® Nova-pak Cl8 column after extraction into toluene, 

evaporation to dryness, and solution in methanol. The chromatographic analyses were 

performed in 2:1 tetrahydrofuran-methanol containing EDTA (50 ,uM) and buffered to pH 

4.0 with acetate buffer (0.05 M). 

1.8.1.2 Ion Exchange 

In the method developed by May et al. (1987), a biological sample was homogenized 

and then acidified with hydrochloric acid. The acid extract and the solid residue were 

sep~ated by centrifugation. The liquid phase was then added to a column containing an 

anion-exchange resin (Dowex 1 x W8). Before use, the column resin was purified and 

conditioned with hydrochloric acid (conversion to the chloride-form). Methylmercury was 

eluted from the column as methylmercury chloride, whereas the inorganic mercury was 

retained on the column as the chloro-complex (HgC~ 2-). The separated methylmercury 

chloride was digested by UV -irradiation or by a wet-digestion procedure. Mercury was 

determined by CV AAS after reduction and preconcentration on a gold trap. The adsorbed 

inorganic mercury was eluted from the column in a subsequent step with nitric acid and 

quantified by the CV AAS technique. The reported detection limit for methylmercury was 

0.2 ,uglkg for solids and 0.1 ,uglkg for biological fluids. 
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1. B.l. 3 Volatilizatjon 

I.B.l.3.1 Direct Volatilization 

Zelenko and Kosta (1973) reported a method for the isolation of methylmercury from 

biological tissue by volatilization. The method was based on the volatilization of 

methylmercury cyanide formed in the reaction between methylmercury in the tissue and 

hydrocyanic acid. The latter was formed in situ as a result of the reaction between 

potassium hexacyanoferrate and sulfuric acid. The methylmercury cyanide liberated was 

captured on cysteine-impregnated paper positioned above the sample in a Conway dish or 

a micro diffusion cell. The isolated methylmercury was released from the cysteine paper 

with hydrochloric acid, extracted into benzene, and determined by GC-ECD. 

Gvardzancic et al. (1978) used the method described above for the determination of 

methylmercury in biological materials. Mercury recoveries greater than 90 percent were 

reported for tissue and blood samples. The analysis of aqueous solutions, however, 

resulted in recoveries of about 30 percent. The high recoveries observed for the analysis 

of biological samples were attributed to the formation of other volatile derivatives of 

methylmercury. The formation of volatile methylmercury chloride was implicated as one 

such derivative, since sodium chloride is present in biological samples. As a result, 

experiments were conducted with aqueous solutions of methylmercury containing sodium 

chloride. They concluded that when samples contain an adequate amount of sodium 

chloride (0.5-0.9% NaCl), the amount ofhexacyanoferrate added can be reduced or 

omitted, since sodium chloride ensures the formation of volatile methylmercury chloride. 

Recoveries of greater than 90 percent were reported when sodium chloride was used. 
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Lansens et al. (1991b) reported the development ofa headspace extraction method for 

the determination of methylmercury in biological samples. Methylmercury was cleaved 

from a biological sample by sulfuric acid and then converted to methylmercury iodide, the 

most volatile methylmercury halide, by the addition of iodoacetic acid. All of the reaction 

steps took place in a closed headspace vial. The methylmercury iodide was then 

headspace-injected into a gas chromatograph and detected by MIP-AES. 

The headspace-extraction method is advantageous because the elaborate and time 

consuming extractions that are often necessary prior to sample injection onto the GC

column are avoided. Further, the headspace-injection technique avoids degradation of 

column performance caused by direct injections, since only volatile compounds are 

injected onto the column. The reported detection limit for methylmercury was 20 ng/g. 

1.8.1.3.2 Volatilization by Derivatization 

In speciation studies, derivatization reactions are commonly used to convert both 

inorganic and organometallic species to volatile products. Derivatization results in the 

formation of a more volatile compound without alteration of the integrity of the metal

carbon bond; thus, the original identity ofthe molecule is retained. The volatile products 

formed can then be recovered by purge-and-trap methods for separation by selective 

volatilization into a suitable detection system (e.g., AAS). Alternatively, solvent 

extraction or solid absorbents can be used to preconcentrate the derivatives prior to GC 

separation and detection. Chau and Wong (1989) provide an extensive review of the 

various derivatization methods, chromatographic conditions, and detection systems 



applied to the analysis of inorganic and organometallic species of tin, lead, selenium, 

arsenic, mercury, germanium, and antimony. The two most common derivatization 

techniques include hydridization and alkylation. 
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Inorganic and organometallic compounds of arsenic, antimony, tin, selenium, 

tellurium, and germanium are easily converted to volatile covalent hydrides by reaction 

with sodium borohydride (Rapsomanikis, 1994). The organometallic hydrides oflead and 

mercury, however, are not very stable, are prone to hydrogen-alkyl exchange reactions 

and, therefore, are not recommended for the accurate analysis of environmental samples 

(Ashbyet aI., 1988; Filippelli et aI., 1992; Rapsomanikis, 1994). 

Interestingly, Filippelli et aI. (1992) reported the aqueous derivatization of 

methylmercury chloride by sodium borohydride to methylmercury hydride. The hydride 

was determined by purge-and-trap GC in-line with a Fourier transform infrared 

spectrophotometer (FTIR). The absorbance was measured at 1969 cm,l (Hg-H 

stretching). The volatile species was reported to have a half-life of approximately two 

hours. In addition, the volatile mercury species was identified as methylmercury hydride 

by GC-MS analysis and isotopically confirmed with sodium borodeuteride. 

Another derivatization technique for changing the volatility of an inorganic or 

organometallic compound is by alkylation. Derivatization by alkylation has traditionally 

been carried out with Grignard reagents (RMgCI, where R = methy~ ethyl, propyl, buty~ 

or phenyl) (Chau and Wong, 1989). The alkyl-substituted derivatives formed are more 

volatile and stable for separation by gas chromatography. 



Emteborg et al. (1994) developed a method for the simultaneous determination of 

inorganic mercury and methylmercury in biological and environmental samples based on 

butylation with a Grignard reagent (n-butylmagnesium chloride) after extraction into 

toluene as the diethyldithiocarbamate complexes. The butylated species were separated 

and detected by GC-MIP-AES. 
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In the methods described above, as pointed out by Rapsomanikis (1994), losses and 

contamination can result from solvent extraction, derivatization with air- and moisture

sensitive Grignard reagents, and transfers to vessels for preconcentration or solvent 

evaporation. Since these methods often require a number of handling steps, they are often 

prone to analytical error. Further, co-chromatographing the sample with its extraction 

solvent severely limits sample size, which results in only a small fraction of the sample 

being used. 

Derivatization by alkylation has also been carried out with sodium tetraethylborate 

(NaBEt4). Honeycutt and Riddle (1961) were the first to demonstrate that the inorganic 

salts oflead and mercury could be ethylated by sodium tetraethylborate to produce 

tetraethyllead (Et4Pb) and diethylmercury (Et2Hg) in aqueous solution. The ethylation 

reactions, which involve an ethyl (C2H5-) transfer from the aqueous tetraethylborane anion 

to the metal center, can be described as follows: 

4NaBEt4 + 2Pb2+ -+ Et4Pb + 4BEt3 + PbO + 4Na+ 

2NaBEt4 + Hg2+ -+ Et2Hg + 2BEt3 + 2Na+ 

(2) 

(3) 
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The analytical application of the ethylation derivatization reaction was first reported by 

Rapsomanikis et al. (1986) for the speciation and determination of ionic methyllead 

compounds (Me3Pb+ and Me2Pb2+) in standard solutions. The ionic methyllead 

compounds were ethylated by sodium tetraethylborate, according to the following 

reactions: 

(4) 

(5) 

The ethylated compounds produced were purged from the aqueous solution with helium, 

passed through a V-shaped glass water trap held in dry ice-acetone (-78°C), and trapped 

on a V-shaped trap containing chromatographic packing (10% SP-2100 on Chromsorb W 

AW-DMCS) held in liquid nitrogen (-196°C). After removal from the liquid nitrogen, the 

ethylated compounds were thermally desorbed and the outflowing carrier gas was passed 

sequentially through an electrically heated quartz furnace to a CV AAS detector cell. 

The absorbance signal was optimized for five experimental parameters. The 

parameters optimized, with their optimum values, included the following: initial sample 

pH, 4.1; concentration ofethylating reagent, 3 mL of 0.43% aqueous NaBEt4 ; purge time, 

8.7 minutes; helium flow rate, 102 mL/min; hydrogen flow rate, 18 mL/min. The 

parameters were optimized using 50-mL aliquots of sample solution. In addition, an 

ethylation reaction time of 15 minutes was used. 

The ethylation method described by Rapsomanikis et al. (1986) does not suffer from 

the drawbacks encountered with the extraction and derivatization procedures described 

previously. The current method employs a minimum number of handling steps, without 
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the use of complicated extractions and cleaning procedures with organic solvents. The 

ethylation reaction takes place in an aqueous solution and the entire sample can be 

derivatized, trapped, and determined for improved detection limits. Further, the method is 

free from chromatographic difficulties encountered with traditional extraction and GC

ECD methods since volatile alkylated species are produced. 

These same investigators demonstrated that inorganic mercury and methylmercury 

compounds added to sediment could be ethylated by sodium tetraethylborate to form 

diethylmercury, according to reaction (3), and methylethylmercury (MeHgEt), according 

to the following reaction: 

NaBEt4 + MeHg+ - MeHgEt + BEt3 + Na+ (6) 

The derivatized mercury compounds were not analyzed with the same experimental 

apparatus that was used for the ionic methyllead compounds. Instead, the headspace of 

sealed vials were analyzed by GC with flame-ionization detection to demonstrate the 

reaction feasibility and applicability to environmental samples. 

Bloom (1989) reported a method for the speciation of mercury and organomercury 

compounds in biological and environmental samples based on derivatization by ethylation. 

The method employed an aqueous phase reaction between sodium tetraethylborate and 

labile inorganic mercury and methylmercury species to produce diethylmercury and 

methylethylmercury, respectively. Elemental mercury and dimethylmercury were 

determined specifically since these species are unchanged by the ethylating reagent. A 

range of samples including clean and organic-rich freshwater, seawater, and alkaline fish 

tissue digestates were analyzed with this method. The determination of methylmercury 

compounds in natural water samples will be discussed separately. 
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For the detennination of methylmercury in fish tissue, samples were digested with an 

alkaline methanolic solution followed by neutralization with acetic acid. An aliquot of the 

digestate was added to 100 mL of water in a reaction/purge vessel and the solution was 

adjusted to pH 4.9 with acetate buffer. A dilute solution of ethylating reagent (50.uL of 

1 % aqueous NaBEt4, final concentration ~5 mg/L) was added to the vessel and the 

reaction was allowed to proceed for 15 minutes. The flask was then purged with nitrogen 

at a flow rate of 250 mL/min into a Carbotrap® (graphitized carbon black) column for 25 

minutes. The Carbotrap® column was then connected in-line with a V-shaped GC column 

(15% OV-3 on Chromasorb W-AW-DMCS) held in liquid nitrogen. The mercury 

compounds were thennally desorbed from the Carbotrap® column (300°C for 10 min) 

under a flow of high purity helium (90 mL/min). For analysis, the GC column was placed 

in a cylindrical oven held at 180°C and the outflowing carrier gas (40 mL/min) was 

passed sequentially through a 900°C thennal decomposition tube to a CV AFS detector. 

To test the recovery of method, Bloom (1989) spiked samples of freshwater fish tissue 

with known concentrations ofmethyl-, dimethyl-, and inorganic mercury at the nanogram

per-gram level. The recovery for both methyl- and dimethylmercury were close to 100 

percent, while that for inorganic mercury was lower, about 85 percent, relative to 

unspiked samples. The lower yield for inorganic mercury was attributed to the partial 

conversion of the ionic fonn to the elemental form, which was not retained by the 

Carbotrap® column. The reported detection limit for both methylmercury and 

dimethylmercury was 0.6 pg as Hg or 0.003 ng/L as Hg for a 200-mL sample volume. 

The detection limit for labile inorganic mercury species was reported as 40 pg as Hg or 

0.2 ngIL as Hg for a 200-mL sample volume. 
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Rapsomanikis and Craig (1991) reported a technique for the determination of mercury 

and methylmercury compounds based on aqueous phase ethylation with sodium 

tetraethylborate and separation and detection by GC-AAS. Reference samples (fish 

extracts) were analyzed as part of the study. The derivatization reaction conditions were 

similar to those reported by Rapsomanikis et al. (1986) and Bloom (1989). Although both 

reference samples contained labile inorganic mercury, no attempt was made to quantify it 

as diethylmercury. The reported detection limit was 123 ng/g fish as methylmercury. 

Fisher et al. (1993) reported a simple technique for the rapid determination of 

methylmercury in fish tissue. Fish tissue samples were extracted by dissolution in an 

alkaline methanolic solution followed by aqueous phase ethylation with sodium 

tetraethylborate. The derivatives (MeHgEt and Et2Hg) were purged on-line and trapped 

in a packed chromatographic column (10% OV -10 1 on Chromasorb W-A W-DMCS) 

cooled by liquid nitrogen. After removal from the liquid nitrogen, the ethylated 

compounds were thermally desorbed (110 DC for 2 min) and the outflowing carrier gas 

was passed sequentially through an 830 DC electrically heated quartz furnace to a CV AAS 

detector cell. 

The experimental parameters of Fisher et al. (1993), with their optimum values, 

included the following: initial sample pH, 4.5; concentration of ethylating reagent, 50 ,uL 

of 1 % aqueous NaBEt4 ; reaction time, 15 minutes; purge time, 15 minutes; helium flow 

rate, 60 mL/min. The reported detection limits for methylmercury and labile inorganic 

mercury were 4 ng/g and 75 ng/g fish as Hg, respectively, for the analysis of a 250-,uL 

aliquot offish extract. 
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1.8.1. 4 Distillation 

Current methodologies for the isolation of methylmercury from biological and 

environmental sample matrices are based on distillation. In general, samples are acidified 

with either a hydrohalic acid or a strong acid plus halide salt to release methylmercury 

from complexing groups present in the sample. The volatile methylmercury halide formed 

can then be separated from the acidified sample matrix by steam distillation and detected 

by one of several techniques. 

Floyd and Sommers (1975) reported one of the earliest methods for the determination 

of inorganic and organic mercury compounds in sediments based on steam distillation. A 

two-step distillation procedure was used to collect volatile mercury species (i.e., elemental 

mercury and dimethylmercury) separate from methylmercury. For the volatile mercury 

species, a sample of wet sediment was added to a distillation flask followed by the addition 

of a cysteine-borate buffer solution, which prevented the distillation of methylmercury. 

The sample was distilled at a distillation rate of 7 mL/min. Hydrochloric acid was then 

added to the distillation flask and methylmercury was collected in the second fraction as 

described above. Distillates containing either volatile mercury or methylmercury 

compounds were collected in a saturated solution of potassium peroxydisulfate (K2S20 g), 

which converted the distilled mercury to inorganic divalent mercury. The mercury content 

of each distillate was determined by CV AAS after a reduction step. 

To differentiate between elemental mercury and dimethylmercury in the first 

distillation step, a short column containing powdered elemental zinc was attached to the 

condenser tip. Elemental mercury in the distillate reacted with the zinc and was not 
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collected in the flask containing the potassium peroxydisulfate solution. Sediment samples 

were analyzed, with and without the zinc trap, and elemental mercury was obtained by 

difference. 

Floyd and Sommers (1975) reported the recovery of the distillation procedure for 

dimethylmercury and methylmercury added to sediment samples. On average, 85 percent 

of added dimethylmercury was recovered in the initial distillation, while 95 percent of the 

added methylmercury chloride was recovered in the second distillation. A small amount of 

cross contamination between the two mercury fractions was reported. 

Horvat et al. (1988) reported the development of an isolation technique based on the 

distillation of methylmercury compounds from biological and environmental samples 

followed by GC-ECD or CV AAS as the final measurement. In addition, the results 

obtained by distillation were compared to those obtained by other currently used isolation 

techniques such as ion-exchange (May et al., 1987; Ahmed et aI., 1987), extraction 

(Westoo, 1968), and volatilization (Zelenko and Kosta, 1973; Gvardzancic et aI., 1978) to 

evaluate the accuracy and reproducibility of the method. 

The distillation procedure was described as follows. A homogenized sample (3 g dry 

or 5 g wet) was added to a glass distillation flask followed by the addition of sulfuric acid 

(1 mL of2 M H2S04) and sodium chloride (10% NaCl). The mixture was then diluted 

with distilled water to a final volume of 10 mL. The sample was distilled at an air flow 

rate of230 mL/min and a heating block temperature of 150°C. The distillate was 

collected in a glass tube, which was cooled with water at room temperature. Distillation 

was terminated after 8.5 mL of distillate (85%) had been collected. The procedure 

described above provided optimum recoveries. 
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Methylmercury was then separated from the distillate (as the bromide) by a modified 

WestOo extraction procedure (Westoo, 1968) and determined directly by GC-ECD. A 

complementary final measurement step by CV AAS entailed the following procedure. 

Concentrated hydrochloric acid was added to an aliquot ofthe distillate. Methylmercury 

was then decomposed to inorganic mercury either by UV-irradiation or by a wet-digestion 

procedure. Mercury was determined as mercury vapor by CV AAS after reduction and 

preconcentration on a gold trap (May and Stoeppler, 1984; May et al., 1987). 

The results obtained by the method described above and other currently used isolation 

techniques were in good agreement for all of the biological materials tested. Significantly 

higher values of methylmercury in soils and some sediments were observed for the ion

exchange technique in comparison with the other techniques. The higher values obtained 

by ion-exchange were attributed to nonspecific separation of organic and inorganic 

mercury and/or the indirect measurement of methylmercury by CV AAS. The distillation 

method with GC-ECD separation and detection produced cleaner chromatograms, 

prolonged the life of the column packing, and minimized the frequency between column 

treatments. In addition, the distillation method was reported to provide good recovery 

and reproducibility (95 ± 2%) for all samples. 

More current methodologies for the separation and determination of methylmercury 

compounds are based on a combination of the methods presented above. In these 

methods, the isolation by distillation procedure reported by Horvat et al. (1988) has been 

coupled to the sensitive analytical set-up developed by Bloom (1989), and further 

improved by Liang et al. (1994), which is based on aqueous phase ethylation, precollection 

on a Carbotrap® column, and isothermal GC-CV AFS separation and detection. 
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Horvat et al. (1993a) were the first to report the use of such a method for the 

determination of methylmercury compounds in sediment samples. In addition, the results 

obtained by the distillation technique were compared with those obtained by alkaline 

digestion (Bloom, 1989) and hydrochloric acid leaching (WestOo, 1967) methods to 

evaluate the overall accuracy and reproducibility of the newly developed method. 

The distillation procedure used in this study was a slight modification of the one first 

reported by Horvat et al. (1988). Different reagents, volumes of reagents, and material 

used in the construction of the distillation and collection vessels were used. The 

procedure used was as follows. Fresh sediment (0.5-2.0 g) was added to a 30-mL (or 60-

mL) polytetrafluoroethylene (PTFE) distillation vessel followed by the addition of 

deionized water (5 mL), sulfuric acid (0.5 mL of8 M H2S04), and potassium chloride (0.2 

mL of20% KCl). The mixture was then diluted with deionized water to a final volume of 

10 mL. The sample was distilled at a nitrogen flow rate of 60 mL/min and a heating block 

temperature of 145°C. The distillate was collected in a PTFE vessel maintained in an ice

cooled water bath. Prior to distillation, 5 mL of deionized water was added to the 

collection vessel. Distillation was terminated after 8.5 mL of distillate (85%) had been 

collected (distillation rate of7 mLlhr). The distillate was diluted with deionized water to a 

final volume of 50 mL in the collection vessel. An aliquot of distillate (or acid leachate or 

alkaline digestate) was taken for further analysis. The final measurement step was based 

on aqueous phase ethylation, precollection on a Carbotrap® column, isothermal GC 

separation, and CV AFS detection (Bloom, 1989; Liang et al., 1994). 
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The distillation technique developed by Horvat et al. (1993a) was compared to 

techniques based on hydrochloric acid leaching and alkaline digestion. For the 

hydrochloric acid leaching method, methylmercury was quantitatively released from 

sediments with a low total organic carbon content «0.01%); however, it was not 

quantitatively released from sediments with high total organic carbon. Thus, slightly lower 

recoveries were observed in organic-rich sediments. Results obtained by the alkaline 

digestion method were in good agreement with those obtained by distillation, suggesting 

that methylmercury was quantitatively released from the sediment. Distillation was 

preferred over the alkaline digestion method because matrix effects could be avoided. In 

some sediments, particularly those rich in sulfide, the ethylating reagent was consumed by 

matrix components and the recovery of methylmercury was suppressed (Bloom, 1989; 

Rapsomanikis and Craig, 1991). Overall, the distillation method was reported to provide 

good recovery and reproducibility (95 ± 4%) for all samples examined. The reported 

detection limit for methylmercury was 0.001 ng/g as Hg for a 100-mg sediment sample. 

1.B.2 Natural Water 

For the speciation of mercury in natural waters, the availability of accurate, sensitive, 

and precise analytical methods for the determination of total mercury and organomercury 

compounds at the picogram level is of crucial importance. Due to carefully designed 

sampling, handling and analysis protocols, as well as better control of reagents and 

handling of blanks, a dramatic decrease in the confirmed mercury levels in natural waters 

has been observed over the past twenty years (Horvat el al., 1993b). 
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The most widely used analytical technique for the determination of total mercury in 

water has been CV AAS with preconcentration by amalgamation on gold (Fitzgerald and 

Gill, 1979; Bloom and Crecelius, 1983). In recent years, techniques based on plasma 

atomic emission spectrometry (Mena et al., 1995; Minganti et al., 1995), inductively 

coupled plasma mass spectrometry (Haraldsson et al., 1989; U.S. EPA, 1994b) and atomic 

fluorescence spectrometry (Bloom and Fitzgerald, 1988; Mason and Fitzgerald, 1991; 

U.S. EPA, 1995) have become important. 

Solvent extraction followed by chromatography had long been applied to the 

determination of methylmercury compounds in sediments and biological material. 

Attempts have been made to directly apply these technologies to the analysis of natural 

water samples. In the reported methods, methylmercury was isolated from relatively large 

volumes of water samples by resins (Minagawa et al., 1980; Robertson et aI., 1987), 

solvents (Chiba et aI., 1983; Paudyn and Van Loon, 1986), or sulfurated adsorbents (Lee, 

1987). Methylmercury extracted onto a solid support was subsequently eluted and back 

extracted into a solvent prior to analysis by GC. These techniques suffered from the 

following common drawbacks: (1) large sample volumes were required, (2) low extraction 

yields (50-80%) were reported, (3) barely adequate detection limits were reported, and (4) 

dimethylmercury, if present, was not detected as a separate species. 

The low concentrations of mercury species in natural waters, coupled with the 

drawbacks encountered with previous methodologies, presents a serious analytical 

challenge. As a result, only a few analytical techniques have been developed for the 

determination of methylmercury compounds in natural waters at the pico- and sub

picogram levels. Most of the current methodologies utilize a preconcentration step to 
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isolate methylmercury from large sample volumes. Preconcentration has been 

accomplished by sulfurated adsorbents, dithiocarbamate resins, or solvent extraction. 

Methylmercury compounds have also been isolated from natural water samples, and 

separated from inorganic mercury, by ion-exchange and distillation techniques. The 

current methodologies for the isolation and determination of methylmercury compounds in 

natural waters are described below. 

1.B.2.1 Sulfurated Adsorbents 

The sulfhydryl cotton fiber (SCF) adsorbent, produced by introducing sulfhydryl 

functional groups into natural cotton fiber, can be very effective for concentrating sub

nanogram-per-liter levels of methylmercury from water (Lee, 1987). Lee and Mowrer 

(1989) improved the sensitivity of the method developed by Lee (1987) through the 

application of capillary GC-ECD and a modified column concentration treatment with the 

SCF adsorbent. A two-stage preconcentration procedure consisting of batch 

concentration as the first stage and column concentration as the second stage was also 

developed for humic-rich waters. 

The SCF column used for the column preconcentration method consisted of two 

disposable pipette tips connected in series. Each pipette tip contained 0.06 g of SCF 

wool. The top ofthe column was connected to a reservoir which contained sample water 

(1-2 L). After adjustment of the sample pH to approximately 4.0, the sample was passed 

through the column at a flow rate of about 2-5 mL/min, controlled by nitrogen pressure. 

A small volume of hydrochloric acid (1.8 mL of2 M HCI) was pipetted onto the surface 
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of the adsorbent to elute methylmercury chloride from the column and to separate it from 

inorganic mercury. The eluate was collected in a vial containing benzene (0.6 mL) and the 

final benzene extract was analyzed by GC-ECD. 

In the two-stage concentration method, a sample of water (2-4 L) was transferred to a 

4-L reservoir and the pH adjusted. Two pieces ofSCF gauze were fixed onto a cylindrical 

glass frame, which was then immersed into the sample solution. For the desorption of 

methylmercury, two pieces ofthe gauze were removed from the glass frame, rinsed with 

deionized water, and packed into a small funnel. Hydrochloric acid (9 mL of2 M HCI) 

and deionized water were separately pipetted over the adsorbent. Both solutions were 

collected in a separatory funnel and neutralized to pH 4.0. The separatory funnel was 

connected to a single column packed with SCF wool and the methylmercury was desorbed 

from the adsorbent as described above. The eluate was extracted with benzene and 

analyzed by GC-ECD. 

The column method was generally applied by Lee and Mowrer (1989) to samples with 

a low content of humic substances (dissolved organic carbon <5 mgIL). When applied to 

humic-rich samples, partial or complete blockage of the column occurred. In addition, 

humic substances in the eluate produced undesirable emulsions when extracted with 

benzene. These two problems were avoided with the two-stage method. 

Methylmercury measurements were made in artificial water samples, blanks, and field 

water samples spiked with known concentrations of methylmercury. On average, the 

recovery of the spiked methylmercury in the artificial water was 95 percent for the column 

method, but varied from 50 to 70 percent for the field samples studied. The percent of 

recovered methylmercury in artificial water from the two-stage method varied from 50 to 
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70 percent, which was approximately the same for most ofthe field samples. The 

reported detection limit for methylmercury was less than 0.05 ngIL as Hg for a 4-L sample 

volume. 

1.8.2.2 Dithiocarbamate Resins 

Chelating resins containing dithiocarbamate groups have been used to preconcentrate 

inorganic and organic mercury species from natural waters. Minagawa et al. (1980) 

reported the use of a commercially available chelating resin (Sumichelate Q-l 0), which 

consisted of dithiocarbamate groups attached to a vinyl-polymer material. They observed 

that the resin had a very high affinity for both inorganic and organic mercury species. 

Lansens et al. (1990b) utilized the same chelating resin to preconcentrate 

methylmercury from natural waters. The apparatus used for preconcentration consisted of 

a glass column packed with 15 g of the chelating resin and a 20-L reservoir for large 

sample or standard solution volumes. Prior to use, the column resin was purified and 

conditioned with nitric acid (conversion to the hydrogen form). Water samples were 

allowed to flow through the resin-filled column at a flow rate of 10 mL/min and 

methylmercury was quantitatively eluted from the column with an acidic thiourea solution. 

An aliquot of the eluate (1 mL) was placed in a headspace sample vial followed by the 

addition of iodoacetic acid (15 g) and sulfuric acid (375,uL ofconc. H2S04), 

Methylmercury was converted to the iodide form, the most volatile methylmercury halide. 

The methylmercury iodide was then headspace injected into a GC and detected by MIP

AES, as described previously (Lansens et aI., 1991 b). 
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Methylmercury measurements were made by Lansens et al. (1990b) in seawater 

samples spiked with known concentrations of methylmercury. The recovery of the spiked 

methylmercury in the samples ranged from 90 to 93 percent for concentrations between 5 

and 100 nglL. The reported detection limit for methylmercury was 0.75 ngIL as Hg for a 

20-L sample volume. 

Emteborg et al. (1993) reported a method for the simultaneous determination of 

inorganic and methylmercury compounds in natural waters based on preconcentration with 

dithiocarbamate resin. Mercury species were preconcentrated on the resin as a sample of 

water (200-500 mL) was pumped through a miniature column (60 ,uL) incorporated in a 

closed flow-injection system. The enriched mercury species were then eluted with an 

acidic thiourea solution and collected in glass vials. To obtain a suitable pH for extraction, 

sodium hydroxide and borate buffer (pH 9) were added to the acidic eluate solution. As 

complexing agent, a solution of diethyldithiocarbamate was added and the 

diethyldithiocarbamate-mercury complexes were extracted with toluene. An aliquot ofthe 

toluene phase was then transferred to a glass vial followed by the addition ofGrignard 

reagent (butylmagnesium chloride). Excess Grignard reagent was quenched by the 

addition of hydrochloric acid. The organic phase was then transferred to a glass vial prior 

to analysis. The butylated mercury species were separated and determined by capillary 

GC-MIP-AES. 

To test the recovery of mercury species added to natural waters and preconcentrated 

on the dithiocarbamate resin, samples of marsh water, freshwater, and seawater were 

collected and spiked with known concentrations of ethyl-, methyl-, and inorganic mercury 

(concentration range of 8-20 nglL). On average, the recoveries ofthe spiked mercury 
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species in the fresh- and seawater samples ranged from 92 to 95 percent; however, for the 

marsh water sample, rich in humic substances, the recoveries of all species were less than 

10 percent. The lower recoveries for the marsh water sample was attributed to the short 

residence time on the column and slow mass transfer between humic-bound mercury 

compounds and the dithiocarbamate groups on the resin. 

Emteborg et al. (1993) also made determinations of mercury species in natural waters 

at the sub-nanogram-per-liter level. The results for methylmercury and inorganic mercury 

were comparable to total mercury concentrations obtained by a CV AAS technique. The 

reported detection limits for methylmercury and inorganic mercury were 0.05 and 0.15 

nglL as Hg, respectively, for a 500-mL sample volume. 

As discussed above, low and irreproducible recoveries of spiked mercury species were 

reported for marsh water samples with a high content of dissolved organic carbon (DOC). 

To address this problem, Emteborg et al. (1995) devised a new preconcentration 

procedure based on in situ enrichment of mercury species from humic-rich natural waters. 

Methylmercury and inorganic mercury were preconcentrated from a freshly collected 

humic-rich water sample followed by batchwise addition of precleaned dithiocarbamate 

resin. The sample was shaken (8-22 h), allowing mercury complexed by the humic 

substances to be transferred to and enriched by the resin. The dithiocarbamate resin was 

collected by filtration and transferred to a column (350 mL), which was then installed in a 

closed flow-injection system. The mercury species were eluted with acidic thiourea 

solution, extracted into toluene as diethyldithiocarbamate-mercury complexes, butylated 

with a Grignard reagent, and separated and detected by capillary GC-MIP-AES, as 

described previously (Emteborg et aI., 1993). 
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The recovery of spiked methylmercury ranged from 83 to 93 percent for samples with 

high (44 mglL) and low (0-12 mgIL) DOC concentrations, respectively. For inorganic 

mercury, a recovery of 46 percent was reported for a sample with a DOC concentration of 

12 mgIL. The reason for the lower recoveries of inorganic mercury was attributed to the 

higher stability of the inorganic mercury-humic acid/fulvic acid complexes, possibly the 

result ofthe difference in size and charge of the mercuric and methylmercury ions. The 

reported detection limits for methylmercury and inorganic mercury were 0.04 and 0.28 

ngIL as Hg, respectively, for a I-L sample volume. 

1.8.2.3 Extraction 

As described previously, Bloom (1989) developed a method for the speciation of 

mercury and organomercury compounds in biological and environmental samples based on 

aqueous phase ethylation, precollection, and cryogenic GC-CV AFS separation and 

detection. Bloom (1989) used the same method for the analysis of natural water samples. 

A range of natural water samples including seawater and clean and organic-rich 

freshwater were analyzed. The method, however, cannot be directly applied to seawater 

and organic-rich water because the ethylating reagent is consumed by matrix components 

and the recovery of mercury species is suppressed. In fact, high levels of chloride ion 

(>200 mgIL) were observed to inhibit the ethylation process for seawater. Additionally, 

freshwater samples containing organic complexing agents, high transition metal 

concentrations, or particulate matter can also inhibit the complete recovery of mercury 

species by the direct ethylation procedure. 
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To circumvent the problem, seawater and organic-rich water (with KCl added to 

sample) were acidified to pH 2 with hydrochloric acid and methylmercury was extracted 

from the sample matrix with methylene chloride. In a subsequent step, methylmercury was 

back extracted into the aqueous phase by solvent evaporation. Incidentally, inorganic 

mercury can no longer be determined for samples that require an extraction step. Clean 

freshwater samples required no pretreatment step and were submitted for direct ethylation. 

Aqueous samples (100-200 mL) were analyzed as described previously for biological 

samples. 

The determination of elemental mercury and dimethylmercury required a slightly 

modified version of the procedure outlined above. Elemental mercury present in an 

aqueous sample can pass through the Carbotrap@ column during the purge step. Bloom 

collected the unretained mercury on a back-up gold trap for subsequent determination by 

CV AFS (Fitzgerald and Gill, 1979). Samples that contained complexing agents (e.g., 

seawater and organic-rich freshwater) were acidified prior to extraction. Under these 

conditions, dimethylmercury, ifpresent, is converted to methylmercury. Therefore, 

untreated samples were separately purged onto the Carbotrap@ column for the 

determination of dimethylmercury. 

Most of the natural surface waters investigated were found to contain low levels of 

methylmercury (0.02-0.10 ng/L as Hg), with the highest levels (0.64 nglL as Hg) observed 

in the surface waters ofa polluted urban lake. High methylmercury levels (4 ng/L as Hg) 

were reported for the anoxic bottom waters of a stratified seepage lake. Dimethylmercury 

was not detected in the water samples analyzed. The reported detection limits for both 

methylmercury and dimethylmercury were 0.6 pg as Hg or 0.003 ng/L as Hg for a 200-mL 
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sample volume. The detection limit for labile inorganic mercury species was more 

dependent upon reagent contamination and was reported as 40 pg as Hg or 0.2 ngIL as 

Hg for a 200-mL sample volume. The reported detection limit for methylmercury by this 

method is sufficient to accurately measure this compound in most ambient waters, 

including precipitation and remote lakes, where the reported levels are as low as 0.05 nglL 

as Hg (Horvat et ai., 1993b). 

The mercury speciation method developed by Bloom (1989) was the most sensitive 

method reported at that time it was developed. Although the method was relatively 

efficient in tenns of sample throughput, it has been criticized with respect to the time 

consuming collection of the ethylation derivatives onto a two-stage Carbotrap® and liquid 

nitrogen trap. Further, the method reported the potential to perfonn simultaneous 

measurements of methylmercury and labile inorganic mercury. Measurement of the latter, 

however, was sometimes limited due to thermal decomposition of diethylmercury when 

desorbed from the Carbotrap® column. 

As a result, Liang et al. (1994) set out to improve the mercury speciation method first 

reported by Bloom (1989). The method described maintained the advantages of Bloom's 

method (i.e., the use of CV AFS and Carbotrap® precollection), but omitted the use of 

liquid nitrogen, by modification of the GC conditions, and eliminated the observed thermal 

decomposition of the ethylated organomercury species. The work was carried out with 

pure standard solutions only. 

In order to eliminate the thermal decomposition of the ethylated organomercury 

species, the effect of trap material used (Carbotrap®or Tenax-TA®), trap material purity 

and quality (e.g., trace metal impurities, mean particle size, etc.), the temperature and rate 
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oftrap heating, and the physical preparation ofthe trap (tightly or loosely packed) on 

decomposition was investigated. In addition, columns were prepared with both 

Carbotrap® and Tenax-TA ® trapping materials. The columns were then investigated for 

the following: (1) stability of the trapped organomercury species stored at room 

temperature, (2) trapping efficiency and optimum mass of adsorbent, and (3) number of 

uses. The ethylation reaction parameters (e.g., pH, reaction temperature, reaction time, 

concentration of ethylation reagent, purge time, and purge gas flow rate) were optimized 

for inorganic mercury, dimethylmercury, and methylmercury. Liang et al. (1994) 

demonstrated that the cryogenic GC step could be replaced by isothermal GC by the use 

of a longer GC column and appropriate GC column temperature. 

The improved speciation method resulted in a five-fold faster method than Bloom's 

original method. The resulting improvements also provided for the simultaneous 

determination of both inorganic mercury and methylmercury. The reported absolute 

detection limits for inorganic mercury, methylmercury, and dimethylmercury were 1.3,0.6, 

and 0.6 pg as Hg, respectively. 

1.8.2.4 Ion Exchan[te 

Ahmed et al. (1987) reported a method for the isolation and determination of 

inorganic mercury and methylmercury in rain water samples based on ion-exchange 

separation and detection by CV AAS. Rain water samples were acidified with 

hydrochloric acid and passed through an anion-exchange column (Dowex 1 x W8). Prior 

to use, the column resin was purified and conditioned with hydrochloric acid (conversion 



70 

to the chloride fonn). Methyhnercury was eluted from the column as methyhnercury 

chloride, while inorganic mercury was retained on the column as the chloro-complex 

(HgCl/). The separated methyhnercury chloride was subjected to UV-irradiation and the 

mercury determined by CV AAS after reduction and pre concentration on a gold trap. The 

adsorbed inorganic mercury was eluted from the column in a subsequent step with nitric 

acid and quantified by the CV AAS technique. The total mercury content was also 

determined. The reported detection limit for methyhnercury was 0.2 nglL as Hg. 

1.8.2.5 Distillation 

As reported previously, Horvat et al. (1 993a) developed a method for the separation 

and determination of methyhnercury compounds in sediment samples. The method was 

based on isolation by distillation followed by aqueous phase ethylation, precollection on a 

Carbotrap® column, and isothermal GC-CV AFS separation and detection. In a 

subsequent study, Horvat et al. (1 993b) reported the application of the method for the 

analysis of natural water samples. In addition, the results obtained by the distillation 

technique were compared with those obtained by the extraction procedure developed by 

Bloom (1989) to evaluate the overall accuracy and reproducibility of the method. 

The distillation procedure used was similar to that reported by Horvat et al. (l993a); 

however, different sample and reagent volumes were employed. The procedure used was 

as follows. A sample ofnonacidified freshwater (up to 50 mL) was added to a 60-mL 

PTFE distillation vessel followed by the addition of potassium chloride (0.08% Cl- final 

concentration) and sulfuric acid (1 mL of 8 M H2S04), Distillation was perfonned as 
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described previously (Horvat et al., 1993a). A slightly different procedure was used for 

seawater samples and freshwater samples acidified in the field with hydrochloric acid. No 

reagents were added to acidified freshwater samples prior to distillation. Seawater 

samples were processed in a similar manner as freshwater samples except that potassium 

chloride was omitted. The final measurement step was described previously (Bloom, 

1989; Horvat et al., 1993a; Liang et aI., 1994). 

Comparison of the distillation and extraction isolation procedures was performed on a 

large number of water samples of various origin (e.g., oxic, anoxic freshwater, and 

seawater) with a wide methylmercury concentration range (0.01-25 ngIL). On average, 

the distillation technique provided higher and more consistent recoveries (80-95%) as 

compared to solvent extraction. The reported detection limit for methylmercury was 

0.006 ngIL as Hg for a SO-mL sample volume. 

Distillation recoveries from anoxic and sulfide- and organic-rich water samples, which 

typically contain higher methylmercury levels, were approximately 30 percent higher than 

the those obtained by solvent extraction. The lower recoveries observed for solvent 

extraction resulted from sulfide interference during the ethylation step (Bloom, 1989), as 

well as incomplete recovery of methylmercury from bound sites (Horvat et aI., 1993a). 

Distillation was found to be advantageous for sulfide-rich water samples because sulfide 

ion, which is converted to hydrogen sulfide upon acidification, was purged from the 

sample and collection vessels. These investigators demonstrated that high levels of sulfide 

ion (50 mg N~S) present in the sample during distillation do not interfere with the 

recovery. Also, no interference was observed for high levels of added humic acid (15%). 
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Presented here in this thesis is the development and application of an analytical 

technique for the determination of methylmercury compounds in environmental samples. 

The technique is based on a two-stage procedure. In the first stage, methylmercury 

compounds are isolated from the sample matrix, as methylmercury chloride, by distillation. 

The distillation procedure is based on published methods for the determination of 

methylmercury compounds in sediment and natural waters (Bloom, 1989; Horvat et al., 

1993a,b; Liang et al., 1994). In the second stage, methylmercury chloride is converted to 

the more volatile methylethylmercury by derivatization with sodium tetraethylborate, 

according to reaction (6). Incidentally, the technique also provides for the simultaneous 

determination of labile inorganic mercury species through the fonnation ofdiethylmercury, 

according to reaction (3), and dimethylmercury, which is not ethylated during the 

derivatization step. These species were not quantitated in this work. The volatile species 

are then determined by a novel technique based on purge-and-trap sample concentration 

and GCIMS separation and detection. 

Initial work focused on the development and modification of existing equipment to be 

used in the distillation and final measurement steps. In addition, the experimental 

parameters and operating conditions associated with the distillation procedure and the 

sample concentrator and GCIMS were optimized in order to develop a method for purge

and-trap analysis of organic mercury species. In addition, the concentration of 

methylmercury chloride in standard solutions, with and without nitric acid preservation, 

was monitored as a fimction of storage time. Finally, the analytical technique was applied 

to the determination of methylmercury compounds in lake-bottom sediment and surface

water samples obtained from Cottage Grove Reservoir. 



2.1 Instrumentation 

2.1.1 Isolation by Distillation 

Chapter 2 
Experimental 
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The components of the distillation apparatus used in the isolation procedure included 

(1) a constant-temperature oven. (2) PTFE distillation and distillate collection vessels, (3) 

a gas flow-control system, and (4) a low-temperature water bath. A schematic overview 

ofthe distillation apparatus used for the isolation of methylmercury compounds is shown 

in Figure 2.1. The components used to construct the distillation apparatus are described 

below. 

A modified gas chromatograph (Perkin-Elmer, Model 3920) served as the constant-

temperature oven for the distillation still. The oven chamber of the instrument measured 

13 inches in diameter and 7 inches in depth; however, an oven fan and heater guard 

(stainless steel grating) located in the chamber reduced the actual depth to about 4 inches. 

The following modifications were made to the gas chromatograph to ensure that the 

distillation vessels would fit within the oven chamber: (1) the existing GC column was 

removed, (2) six evenly spaced holes (1-112 inch diameter) were cut from the grating 

around the perimeter, and (3) brackets (1-1/4 inch diameter) were secured to the inside 

wall of the oven chamber. When placed in the wall brackets, the distillation vessels 

extended down into the lower portion ofthe oven chamber with no observable 

interference in the operation of the oven fan or heater. 
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Figure 2.1 Schematic overview of the distillation apparatus used for the isolation of methylmercury compounds. 



75 

The oven chamber was encased in 1-1/2 inches of thermal insulation. Heating was 

accomplished by an electric-wire heater and an 8-inch mixed-flow impeller, which 

circulated hot air in a toroidal pattern within the chamber to ensure temperature 

uniformity. A proportional thermostat system maintained the desired oven temperature, 

within a range from ambient to 399°C (±O.5 DC), by controlling the power supplied to the 

heater (Perkin-Elmer, 1974). Digiswitches, located on the front panel of the instrument, 

were used to select the desired oven temperature (1 °C increments). 

All PTFE vessels, tubing, and fittings used for the distillation apparatus were obtained 

from the Savillex Corporation. The vessels used for distillation and distillate collection 

had a 60-mL capacity, with a deep-body and flat-bottom design. These vessels came 

equipped with a one-piece molded transfer cap designed with top- and horizontal-transfer 

port fittings (1/8 inch). The vessel and cap had an overall height of 6-7/8 inches with a 

cap diameter of about 1-1/2 inches. All gas flow lines and fittings were made with 1/8 

inch perfluoralkoxy (PFA) heavy-walled tubing. A lO-inch piece ofPFA tubing was 

inserted through the top port of each distillation and collection vessel cap until the end of 

the tubing was within 3 mm of the vessel bottom The tubing was secured in place by 

tightening a ferruled PTFE nut on the fitting. Then an 1/8-inch PFA straight union fitting 

was attached to the section of tubing extending from the cap. The straight union fitting 

provided a means for rapid connection or disconnection ofthe vessels to or from the 

inflowing gas lines. 

The flow-control system for the high purity nitrogen gas (99.999%) was constructed 

by connecting six stainless steel metering valves (Swagelock, Nupro, Series S) in parallel. 

A stainless steel ball valve (Whitey, Series 41) was used at the head of the apparatus for 
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on-off control of the purge gas. All valves were bracket-mounted on a section of angled 

aluminum bar, which was mounted directly to the gas chromatograph. The 118 inch 

stainless steel outlet tubing from each metering valve was coupled to a section of 118 inch 

PF A tubing by a Swagelock straight union fitting, which provided the inflowing gas lines 

for the distillation vessels. The six PF A gas lines were routed into the oven chamber 

through one of two GC injection ports, from which the flash vaporization unit had been 

removed. Nitrogen head pressures of 60 psi were typically applied to the flow-control 

system. At this pressure, it was found that the flow rate (about 25 mL/min) through the 

outlet tubing of each metering valve could be regulated independent of the others, 

providing relatively stable flow rates through the distillation apparatus. 

Distillate collection was made by connecting the distillation and collection vessels in 

series. To make the connection, a section of 118 inch PFA tubing was first connected to 

the horizontal-transfer port fitting of a distillation vessel. The tubing was then routed 

through the remaining GC injection port and a section of insulating tubing (Yl inch Tygon 

tubing) located on the exterior of the gas chromatograph. Finally, the tubing was attached 

to the straight union fitting and tubing from the top-transfer port fitting of a collection 

vessel. 

During the isolation step, the collection vessel were placed in a low-temperature water 

bath located in a vented hood. Initially, collection vessels were placed in a three-holed 

acrylic rack situated in the water bath of a jacketed beaker (1500 mL). A refrigerated bath 

and circulator (Neslab Instruments, Model RTE-IlO) provided the low temperature 

necessary for this work (1.0 °C setpoint); however, an ice-cooled water bath was used 

when more than three collection vessels were used. 
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2.1.2 Purge-and-Trap Sample Concentrator and GCIMS 

The instrumentation used in the measurement step for the determination of organic 

mercury species included a commercially available purge-and-trap sample concentrator 

(01 Analytical, Model 4560) connected on-line to a gas chromatograph (Hewlett-Packard, 

Model 589011) equipped with a mass selective detector (Hewlett-Packard, Model 5971A). 

Both systems were computer controlled allowing for the development and storage of 

operator-defined methods, data acquisition and analysis, and sequence control of 

instrumentation. A schematic overview ofthe sample concentrator and GC/MS 

instrumentation is shown in Figure 2.2. 

The purge-and-trap sample concentrator, which was used to strip ethylated organic 

mercury species from a sample solution, was equipped with a frit-style purge vessel or 

sparger. The volatile species were concentrated on a sorbent trap, which contained either 

Carbotrap® (graphitized carbon black) or Tenax-TA ®. The GC was equipped with a liquid 

CO2 cryogenic option for operation at subambient column temperatures. This feature was 

used to focus the organomercury compounds at the head of the column during transport 

of the de sorbed species through the heated transfer line of the sample concentrator. A 

capillary column (Restek RTX-20, 30 m x 0.25 mm, 1.0 J.lm) was used to separate the 

organomercury compounds. The compounds were detected by the mass selective 

detector, which operated in the electron impact (EI) mode, with mass filtering and 

detection made by a hyperbolic quadrupole and an electron multiplier, respectively. 

Computer integrated peak area was used for all quantitation work. 
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Figure 2.2 Schematic overview of the purge-and-trap sample concentrator and GelMS instrumentation. 
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2.2 CleanirJi. Equipment. ReClients. and Solutions 

2.2.1 Cleaning 

A stringent cleaning protocol was used throughout this work for all glassware, 

polypropylene (PP) and PTFE ware, and additional equipment to prevent contamination. 

Glassware, PP ware, and equipment were soaked in a detergent solution for a minimum of 

48 hours and rinsed several times with deionized water obtained from a Millipore Milli-Q 

system. The items were then transferred into a "rough" acid bath (0.25 M RN03) for a 

minimum of 48 hours and rinsed with copious amounts of deionized water. The items 

were then transferred into a "final" acid bath (0.25 M RN03; prepared from ].T. Baker, 

Instra-Analyzed) for a minimum of 48 hours and finally rinsed with copious amounts of 

deionized water. Glassware was heated in a vacuum oven at 100°C for a minimum of8 

hours. All items were placed in new polyethylene zip-type bags until needed. 

A slightly different protocol was used for PTFE ware (vessels, caps, and tubing used 

in the distillation step). All PTFE items were soaked for a minimum of 48 hours in the 

detergent solution and then rinsed several times with deionized water. The tubing was 

placed in the "rough" acid bath overnight and then placed in the "final" acid bath. The 

tubing was then rinsed with copious amounts of deionized water and placed in new 

polyethylene zip-type bags until needed. In the case ofthe PTFE vessel, concentrated 

RN03 (IT. Baker, Instra-Analyzed) was added to each. A cap (with flow tubing) was 

screw tightened to each vessel and the combination was allowed to stand for a minimum 

of 48 hours. The vessels and caps were then placed in the "final" acid bath solution and 

taken through the remaining procedure as described above for the tubing. 
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2.2.2 Equipment and Reagents 

All pH measurements were performed with a semi-micro, Ag/ AgCI glass combination 

pH electrode (Orion Research, Model 91-02) and a digital pH/mY meter (Orion Research, 

ModeI701-A). Nitrogen flow rate was monitored with a digital flow meter (J&W 

Scientific, Model ADM 1000) accurate to ±O.l mL/min. The sample concentrator was 

equipped with a custom trap containing Carbotraplli (unless otherwise specified). 

Reagents used were of high quality and were weighed with a top-loading balance 

(Mettler-Toledo, Type AE24) accurate to ±O.OOOI g. Reagent and standard solutions 

were prepared and stored in PP volumetric flasks (unless otherwise specified). Solution 

delivery and dilutions were carried out with a digital Eppendorfpipette (l00-1000 ,uL). 

The pH adjustment, buffer, and ethylating reagent solutions were introduced into the 

reaction/purge vessel with 100-, 250-, and 100-,uL Gastight syringes (Hamilton), 

respectively. 

2.2.3 Solutions 

All solution were prepared with deionized water obtained from a Millipore Milli-Q 

system Concentrations of organic mercury species in solution are expressed in terms of 

the mass ofHg(II) per unit volume of solution rather than the mass of organic mercury 

species per unit volume of solution. The stock solutions used were prepared as follows: 
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1000 m21L as H20!) MeH"CI Stock Solution in Isopropyl Alcohol 

dissolve 0.1252 g methylmercuric chloride (Strem Chemicals, 99%) in 50 mL of 

HPLC grade isopropyl alcohol (Mallinckrodt, Chrom AR~ and dilute to 100 mL 

with alcohol. The PP volumetric flask was stored in an amber jar at 4°C. 

1 m,,1L as H2(II) MeH"CI Workin2 Solution 

pipette 0.250 mL ofthe 1000 mgIL as Hg(lI) stock solution and dilute to 250 mL 

with deionized water. The solution was stored in the dark at 4°C. 

1 m21L as H20I) MeH2CI Workin2 Solution in 0.005% HCI 

pipette 0.500 mL of the 1000 mgIL as Hg(lI) stock solution and dilute to 500 mL 

with 0.005% HCI prepared from 12 N HCI (Mallinckrodt, N.F. grade). The 

solution was stored in the dark at 4°C. 

1 uWL as H20!) MeH2CI Workin2 Solution (prepared fresh) 

pipette 0.250 mL of the 1 mglL as Hg(II) stock solution and dilute to 250 mL 

with deionized water. The solution was stored in the dark at 4°C. 

1000 mWL as H"OI) n-PH2CI Stock Solution in Isopropyl Alcohol 

dissolve 0.1392 g n-propylmercuric chloride (Organometallics, Inc.) in 50 mL of 

HPLC grade isopropyl alcohol (Mallinckrodt, Chrom AR~ and dilute to 100 mL 

with alcohol. The volumetric flask was stored in an amber jar at 4°C. 

1 m,,1L as H20I) n-PH2CI Workin" Solution 

pipette 0.50 mL of the 1000 mg!L as Hg(II) stock solution and dilute to 500 mL 

with deionized water. The solution was stored in the dark at 4°C. 



8,0 M Sulfuric Acid (H2SQJ 

pipette 47,23 mL of 16,94 M H2S04 (I,T, Baker, Ultrex® II) into 50 mL of 

deionized water and dilute to 100 mL with deionized water, 

3,6 M Potassium Chloride (KC1) 
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dissolve 13.4580 g ofKCl (Aldrich Chemical, 99,99%) in 50 mL deionized water, 

3,0 M (20%) Potassium Chloride (KC1) 

dissolve 4,9981 g ofKCl (Aldrich Chemical, 99,999%) in 20,00 g deionized water. 

0.36 M (2%) Potassium Hydroxide (KOH) 

dissolve 2,00 g ofKOH pellets (Aldrich, semiconductor grade, 99,99%) in 

98,00 g of deionized water, 

5,9 M (25%) Potassium Hydroxide (KOill 

dissolve 15,00 g ofKOH pellets (Aldrich, semiconductor grade, 99,99%) in 

45,00 g of deionized water, 

2,0 M Potassium Acetate Buffer 

dissolve 19,6303 g of potassium acetate (Aldrich, 99,98%) into 25 mL of 

deionized water, add 11.63 mL of glacial acetic acid (I,T, Baker, Ultrex® II), and 

dilute to 100 mL with deionized water. 

1 % Sodium Tetraethylborate (NaBEt4) in 2% KOH 

add 0,20 g NaBEt4 (Strem, min, 98%) to a 25-mL screw-top glass vial in an 

argon-filled glove box, In a nitrogen-filled glove box, add 19,80 g ofa 2% KOH 

solution to the glass vial, mix well, and transfer 1. 75-mL aliquots of the solution 

into a 2-mL standard crimp-top vials (Alltech), 
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2.3 Optimization and Evaluation ofthe Sample Concentrator and GCIMS Instrumentation 

2.3.1 Modifications Made to the Purge-and-Trap Sample Concentrator 

Various modifications were made to the original design of the purge-and-trap sample 

concentrator and to the interface between the two instruments. These modification are 

described below. 

First, the frit-style vessels provided by the manufacturer (01 Analytical), which are 

used for purging volatile components from a sample solution, are available in 5-mL and 

25-mL sizes. Larger vessels would allow the use of greater sample volumes leading to 

improved detection limits. Also, no provisions were made in the vessels designed by the 

manufacturer for the introduction of reagents once the sample solution had been injected 

into the vessel. Typically, samples are manually syringe injected into the purge vessel 

through the sample-injection valve syringe port (Iuer-Iock fitting). Direct injection ofthe 

sample into the vessel would improve sample delivery reproducibility, reduce 

contamination of subsequent samples, and minimize contact ofthe organomercury 

compounds with the stainless steel injection port and purge/drain needle. A modified 

vessel was constructed to address and correct the problems mentioned above (Figure 2.2). 

The vessel had an overall volume of approximately 75 mL and a micro-stopcock (straight 

bore with a Teflon plug) was directly attached to it. Due to the placement of the stopcock 

on the vessel, a maximum of 50 mL of sample could be analyzed. 

Another important aspect of this design was that it allowed the reaction/purge vessel 

to be rinsed with a flushing solution (deionized water or 0.25 M HN03) between runs, 

while the sample concentrator was held in a drain sequence. In the drain sequence, the 
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vessel was pressurized and spent solution passed through the purge/drain needle and drain 

tubing. With the modified vesse~ the stopcock could be opened to depressurize the vessel 

and, at the same time, the drain sequence setpoint time could be temporarily placed on 

hold. Flushing solution could then be introduced into the vessel through the sample

injection valve. When the stopcock and sample-injection valve were closed, the draining 

process resumed. This process of flushing and draining the vessel could be repeated 

several times before the drain sequence was resumed. 

Second, the stainless steel purge/drain needle extended down into the reaction/purge 

vessel to within 0.5 cm of the frit when a typical sparger was used. With the modified 

vessel attached, the distance from the end of the needle to the frit was increased to 5 cm 

To minimize contact ofthe organic mercury species with the stainless steel needle and to 

extend the length of the purge/drain tube for its designed purpose, a length of PTFE 

tubing was used to encase the needle. This sleeve was constructed from two pieces of 

tubing each having a slightly different diameter. The sections of tubing where fused 

together by mild heating. Due to the larger inside diameter of the tubing used for the 

upper portion, the sleeve could easily be slipped over the purge/drain needle. The lower 

portion of the sleeve was designed to rest 0.5 cm above the tip of the needle and to extend 

to within a few millimeters of the frit. This design proved useful because it ensured (1) a 

tight fit between the needle and the sleeve, preventing contact of the sample solution with 

the metal needle and (2) spent solution could be drained more effectively from the vessel. 

Third, the sample concentrator was not equipped with an optional sample heater 

module. Since the purge vessel serves as a reaction vessel for the derivatization reaction, 

and because the derivatization reaction is temperature dependent, the vessel needed to be 
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thermostated. As a result, a water-bath cell was constructed by attachment of two glass 

tube connectors to a 1000-mL beaker (tall form). The vessel was thermostated to 25.0 ± 

0.2 °C in the water-bath cell using a refrigerated bath and circulator (Haake Circulators). 

Fourth, to ensure complete mixing of reagents and sample solution during the 

ethylation step, an air-driven magnetic stirrer (GFS Chemicals) and an in-sparger magnetic 

flea were employed. Due to the small size of the magnetic stirrer used, it was easily 

positioned under the water-bath cell and reaction/purge vessel. 

Fifth, the traps used to concentrate the purged compounds contain a specified 

sequence and amount of adsorbent materials. Unfortunately, the exact amounts of 

adsorbent materials used in 01 Analytical traps were not available in the literature. Table 

2.1 lists general trap specifications and traps commercially available from 01 Analytical. 

Carbotrap@ (graphitized carbon black) and Tenax-TA@ are widely used trapping 

materials for organomercury species (Bloom and Fitzgerald, 1988; Bloom, 1989; Horvat 

et aI., 1993a,b; Liang et al., 1994). Liang et aI. (1994) observed no breakthrough of 

organic mercury species when trapping columns were packed with either 200 mg of 

Carbotrap®(Supelco, 754200, 20/40 mesh) or 100 mg ofTenax-TA@(Alltech, 20/40 

mesh). Since traps consisting of Carbotrap@ material were not commercially available 

from 01 Analytical, and because of uncertainties in the amount ofTenax used in available 

traps, custom traps were constructed to 01 Analytical trap specifications (Supelco). Two 

types of traps were constructed. The first type contained 200 mg ofCarbotrap® while the 

second contained 125 mg ofTenax-TA@. Silanized glass wool endplugs were used in both 

traps to hold the trapping material in place. 



Table 2.1 General Specifications of Purge-and-Trap Sample Concentrator Traps and 
Traps Commercially Available from or Analytical 

General Trap Specifications 

Dimensions: 15.75" L x 0.125" O.D. x 0.105" I.D. 

Coil shaped 

Stainless steel 

Direct resistive heating: 

- ambient to 300°C 
- heating rate of900 DC/min 
- cooling rate of250 DC/min 

Traps Commercially Available 

Tenax / Silica Gel/Charcoal 

Tenax only 

Tenax / Silica Gel 
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Finally, the heated transfer line of the sample concentrator was interfaced to the GC 

column with a custom-designed coupling. The O.0625-inch (outside diameter) nickel 

transfer line was fitted to a O.0625-inch stainless steel Swagelock union elbow. A 5.5-cm 

length of a 22-gauge stainless steel needle was attached to the lower portion of the fitting 

and secured by a graphite reducing ferrule. The coupling was then interfaced to the gas 

chromatograph by inserting the needle through a septum and directing it into the 

splitlsplitless capillary inlet. A 4-mm silanized splitless sleeve (Restek) containing a small 

plug of silanized fused silica wool was used as the injection port liner. 

2.3.2 Sample Introduction Study 

Initial work with the sample concentrator made use of a standard 25-mL frit sparger. 

Samples were manually syringe injected into the purge vessel through the sample-injection 

valve by means ofa 25-mL glass syringe having a luer-Iock termination. The sample

injection valve syringe port was equipped with a female Kel-f® luer-Iock fitting, which 

provided a screw-tight fit between the sample syringe and the injection-valve port. During 

sample introduction, the syringe was locked into the injection valve with a 90-degree 

orientation relative to the purge vessel. In this orientation, it was found that the sample 

was not quantitatively transferred to the purge vessel due to the flattened terminal-end 

design of the barrel and plunger tip. Consequently, three alternative sample introduction 

schemes were investigated with respect to their delivery reproducibility and ease of 

application. A schematic overview of the three sample introduction schemes, showing the 

equipment and syringe orientations used, are presented in Figure 2.3. 
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-60-mL plastic syringe 

-20-guage ss needle 

J---purge vessel 

.J---purge drain needle 

(a) Method 1 
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- PTFE tubing assembly 
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Figure 2.3 Overview of sample delivery schemes: (a) Method 1 (direct injection), 
(b) Method 2 (adapter-tube-plastic syringe), and (c) Method 3 (adapter-tube
Gastight syringe). 
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In the first mode (Figure 2.3a), a 60-mL plastic syringe (B-D) was fitted with a 20-

gauge stainless steel needle (Hamilton). This scheme allowed the sample to be introduced 

directly into the vessel through the micro-stopcock port with the syringe maintained in a 

vertical orientation. The second scheme (Figure 2.3b) allowed the sample to be 

introduced through the sample-injection valve with the syringe maintained in a vertical 

orientation. A dual male luer-Iock fitting (Hamilton, part # 86511) was attached to the 

syringe port of the sample-injection valve. Then, a 4-inch section ofa 20-gauge PTFE 

tube with Kel-F@ hubs on each side (Hamilton, part # 86510) was attached to the adapter. 

A 60-mL plastic syringe was then attached to the tubing assembly. In the third scheme 

(Figure 2.3c), the adapter and tubing assembly were used as just described; however, a 50-

mL Gastight syringe (Hamilton) was used in place ofthe 60-mL plastic syringe. In order 

to evaluate each sample delivery scheme for both its delivery reproducibility and ease of 

application, five replicate samples of 40 mL each of deionized water were injected into a 

tared beaker and weighed. 

2.3.3 Optimization of Experimental Parameters and Operating Conditions 

In order to develop a method for the purge-and-trap analysis of organic mercury 

species in environmental samples, the various experimental parameters and operating 

conditions associated with the instruments needed to be optimized. The optimization 

work was divided into three categories: (1) derivatization reaction, (2) sample 

concentration, and (3) GelMS separation and detection. Table 2.2 lists the parameters 

optimized within each category. 
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Table 2.2 Summary of Experimental Parameters and Operating Conditions Optimized 

Derivatization Reaction 

volume of 1 % NaBEt4 in 2% KOH added 

volume of2 M acetate buffer added 

reaction time 

Sample Concentration 

flow rate of helium (purge gas) 

purge time 

trap desorption time 

trap desorption temperature 

sample transfer-line and valve temperature (matched) 

GCIMS Separation and Detection 

oven-temperature program 

- minimization of total run time 
- initial oven temperature setting (liquid CO2 cryogenic cooling) 

scan mode of data acquisition to selective ion monitoring (SIM) mode 

- selection of ions 
- selection of ion dwell time 
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Through a process of trial and error, initial experimental parameters and operating 

conditions were established that provided maximum signal response (integrated peak area) 

for methylethylmercury (MeHgEt). The initial parameters established for the 

derivatization reaction and the sample concentrator and GCIMS instruments are 

summarized in Table 2.3. In most cases, optimization was carried out by systematically 

varying one parameter while holding all of the others constant. Once an optimum value 

was achieved for a given parameter, it was then held constant at that value while the 

remaining parameters were systematically varied in their turn. 

In the optimization work described above, a 0.5 J-lgfL as Hg(II) MeHgCI standard 

solution in 1.62 mM (0.005%) HCI was always prepared fresh by dilution from a 1 mgfL 

as Hg(I1) MeHgCI working solution in 1.62 mM HCl. Replicate samples of 40 mL each 

of the standard solution were directly injected into the reaction/purge vessel followed by 

derivatization, concentration, and GCIMS separation and detection ofMeHgEt. MeHgEt 

mean peak area values were evaluated in the optimization work. 

2.3.4 Performance of the Sample Concentrator and GCIMS Operational Procedure 

The performance of the operational procedure developed for the sample concentrator 

and GCIMS instrumentation was evaluated. The objective was to generate a response 

curve to evaluate linearity and to determine the absolute detection limit ofHg(I1). To 

make this study, fresh MeHgCI standard solutions of 0, 1,4, 7, and 10 ngfL as Hg(II) in 

1.62 mM HCI were prepared by dilution from a 1 J-lgfL as Hg(II) working solution in 1.62 

mM HCl. Five replicate samples of 40 mL each of the blank solution and three replicate 



Table 2.3 Summary oflnitial Parameters Used for the Derivatization Reaction and the 
Purge-and-Trap Sample Concentrator and GCIMS Instruments 

Derivatization Reaction: 

volume of acetate buffer added: 250 ,uL 
volume of NaBEt4 added: 50 ,uL 
reaction temperature: 25°C 
reaction time: 15 min 

Ge/MS Separation and Detection: 

oven-temperature program 

Sample Concentration: 

flow rate of helium: 40 mL/min 
purge time: 15 min 
trap temperature during purge: 25°C 
desorption time: 1.0 min 
desorption temperature: 150°C 
trap bake time: 10 min 
trap bake temperature: 180°C 
sample transfer-line temperature: 130°C 
valve temperature: 130°C 

initially 0 °C (l.5 min) with liquid CO2 cryogenic cooling 
ramp to 90°C (9 min) at rate of70 DC/min 
ramp to 200°C (5 min) at rate of70 DC/min 
total run time of 18.36 min 

injection-port temperature 

initially 75°C (1.5 min) 
ramp to 150°C (remainder of run) 

split injection ratio: 10:1 

septum purge flow rate: 0 mL/min 

injector purge valve (for split injection): ON 

scan mode of data acquisition: 196-263 mlz 

92 



93 

samples of 40 mL each of the standard solution were directly injected into the 

reaction/purge vessel followed by derivatization, concentration, and GCIMS separation 

and detection ofMeHgEt. The standard solutions were processed using the optimum 

experimental parameters. The mass selective detector was operated in the selective ion 

monitoring (SIM) mode ("12-ion SIM" method). A plot ofMeHgEt mean peak area 

versus the nominal amount ofHg injected was used to construct the response curve. An 

absolute detection limit was determined as the mass ofHg(ll) equal to the predicted 

intercept plus three times the standard deviation of the replicate blank determinations, 

expressed in picograms ofHg(lI). 

2.3.5 Evaluation o/Calibration Based on the Internal Standard Method 

In the previous section, external standard solutions were used to generate a response 

curve to evaluate response linearity and the overall performance of the operational 

procedure developed for the sample concentrator and GCIMS. In this work, 

n-propylmercuric chloride (n-PHgCI) was investigated as a potential internal standard for 

the current method. Minor modifications had to be made to the sample concentrator and 

GCIMS methods before n-PHgCI could be evaluated as a potential internal standard. 

These modifications were made, within the bounds of the operational procedure developed 

for the analysis ofMeHgEt, to ensure that n-PHgEt would be detected and quantitated. 

In the preliminary work, a fresh n-PHgEt standard solution of 1 /-lgfL as Hg(II) was 

prepared by dilution from a I mg/L as Hg(II) n-PHgEt working solution. Sample aliquots 

of 40 mL each ofthe standard solution were directly injected into the reaction/purge 
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vessel. The samples were processed with the optimum experimental parameters that had 

been established previously; however, the desorption temperature, matched transfer-line 

and valve temperature, and initial injection-port temperature were changed to 175, 155, 

and 155°C, respectively. 

The mass selective detector was operated initially in the scan mode with a linear scan 

range from 196 to 278 rnIz (±0.1 rnIz). In this mode, the most prominent ions in the mass 

spectra of n-PHgEt were identified. Once identified, the optimum mass values (±0.05 

rnIz) to use in the SIM mode were determined. Since MeHgEt and n-PHgEt would be 

evaluated simultaneously, the mass selective detector was programmed to monitor two 

groups of ions, each consisting of four ions (MeHgEt 201.95, 215.00, 217.00, 246.05 

rnIz; n-PHgEt 201.95, 230.95, 272.05, 274.05 rnIz). Due to the retention times of 

MeHgEt and n-PHgEt (tRequal to 6.3 min and 8.4 min, respectively), the SIM method 

developed was programmed to monitor the MeHgEt ions for the first seven minutes ofthe 

total GC run time and only the n-PHgEt ions for the remaining time. 

In the final work, equimolar MeHgCI and n-PHgCI standard solutions of 5, 50, and 

500 nglL as Hg(II) were prepared by dilution from a I j.lg/L as Hg(ll) MeHgCI and 

n-PHgCI stock solution, respectively. Replicate samples of 40 mL each of the equimolar 

standard solution were directly injected into the reaction/purge vessel. Mean peak area 

values and run-to-run variability were determined for each ethyIated species (MeHgEt and 

n-PHgEt). In addition, the peak area ratio ofMeHgEt to n-PHgEt (AMeHgE/An-PHgEt) and 

the associated variability were determined for each equimolar standard. The peak area 

ratio was used to evaluate the relative response of the operational procedure to MeHgEt 

and n-PHgEt. 
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2.3.6 Sample Concentrator Trapping Material Comparison 

Traps containing either Carbotrapili or Tenax-TA iii trapping material were evaluated to 

assess potential differences in trapping efficiencies and on-trap decomposition of ethylated 

organic mercury species. The outcome of this study would determine the type of trapping 

material to be used in traps for subsequent low-level environmental work. 

As described previously, two types of traps were purchased; the first contained 200 

mg of Carbotrapili while the second contained 125 mg ofTenax-TAiIi. Fresh traps were 

conditioned by heating the traps from 100 to 220°C (20 °C increments) over a 25 minute 

period. For each ofthe traps studied, five replicate samples of 40 mL each of a 50 ngIL as 

Hg(II) MeHgCI standard solution were directly injected into the reaction/purge followed 

by derivatization, concentration, and GCIMS separation and detection ofMeHgEt. The 

samples were processed with the optimum experimental parameters that had been 

established previously; however, the desorption temperature, matched transfer-line and 

valve temperatures, and initial injection-port temperature were changed to 175, 155, and 

155°C, respectively. The mass selective detector was operated in the SIM mode of data 

acquisition with 4 ions monitored (the "4-ion SIM" method was modified to monitor 

masses 201.95,215.00,217.00, and 246.05). MeHgEt mean peak area values were 

determined for each set of replicate determinations and used to quantitatively compare 

potential differences in trapping efficiencies. Qualitative evaluation of on-trap 

decomposition of the organic mercury species was made by visual inspection of 

chromatograms for the presence of a peak corresponding to elemental mercury (HgO). 
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2.4 Optimization ofIsolation by Distillation Procedure 

Distillation conditions had to be optimized in order to achieve a suitable procedure for 

the isolation of methylmercury compounds from environmental samples. The two 

experimental parameters optimized in this work included the flow rate of the nitrogen 

purge gas and the oven-chamber temperature. 

In the isolation by distillation procedure developed by Horvat et al. (1993a,b), they 

recommend the selection ofan oven temperature and a gas flow rate that provides a 
. . 

distillation rate between 6 and 8 mLlh. To achieve similar distillation rates, an optimum 

oven temperature setting and purge gas flow rate was needed. To make this study, 

"dummy" distillations were performed with deionized water and the reagents necessary for 

the distillation procedure. The procedure consists of the following steps: 

1. Open the valve on the nitrogen gas tank and adjust the head pressure to 60 psi. 

Measure the flow of nitrogen through the PF A outlet tubing from each metering 

valve with a digital flow meter and adjust to 25 mL/min. Close the ball valve. 

2. Add 40.00 g of deionized water to each tared distillation vessel. 

3. Add 1 mL of8 M H2S04 and 0.250 mL of3.6 M KCI to each distillation vessel 

and reweigh the vessel contents. 

4. Add 5.00 g of deionized water to each collection vessel. 

5. Connect the outlet tubing of each metering valve to the PF A straight union fitting 

of each distillation vessel. Connect the vessels in series by adding a section of PF A 

tubing between the horizontal-transfer port fitting of each distillation vessel and 

the straight union fitting from the top-transfer port fitting of each collection vessel. 



6. Set the oven at the desired temperature and switch the main power to the on 

position. Open the ball valve to proceed with the distillation step. 
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Three gas flow rates of 15,25, and 35 mL/min and three oven-chamber temperatures 

of 110, 115, and 120°C were investigated. Three separate experiments were performed, 

each at a particular temperature setting, with a pair of metering valves set at each of the 

three flow rates. Thus, three flow rates could be evaluated simultaneously during a single 

experiment. Distillation rates were calculated and expressed in units of grams per hour. 

2.5 Storage ofMethylmercuric Chloride Solutions 

The concentration of MeRgCI in standard solutions, with and without nitric acid 

preservation, was monitored as a function of storage time to evaluate storage losses 

resulting from breakdown caused by nitric acid, adsorption on container walls, and/or 

vaporization at the air-water interface. During the course of the study, separate series of 

acidified and nonacidified MeRgCI standard solutions were freshly prepared and analyzed. 

These results were compared to those from the long-term study to evaluate losses and to 

evaluate procedure and instrument variability as a function of time. 

To make this study, acidified MeHgCI standard solutions of 0, 5, 15, and 30 ngIL as 

Hg(II) in 0.025 M HN03 (J.T. Baker, Ultrex® II) were prepared by dilution from a fresh 

1.00 f.,lgIL as Rg(II) MeRgCI working solution. To prevent direct exposure of the 

organomercury compound with the concentrated nitric acid, an appropriate volume of 

MeRgCI working solution was added to 900 mL of deionized water containing enough 

acid to make a 0.025 M RN03 solution on final dilution to 1 L in a PP volumetric flask. 
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The original series of acidified solutions was referred to as Series 1-0 (I, acidified and 0, 

original). The original series ofnonacidified solutions was referred to as Series 11-0 (II, 

nonacidified) and was prepared identically as the Series 1-0 solutions, with the exception 

of the acidification step. All solutions were stored in a refrigerator at 4 ae. 

The MeHgel content of the solutions in each series was measured on five separate 

occasions; within days of preparation and at intervals of approximately three weeks over a 

100-day storage period. Two replicate samples of 40 mL each of the test solution were 

directly injected into the reaction/purge vessel followed by derivatization, concentration, 

and Ge/MS separation and detection ofMeHgEt. For each of the five measurement 

dates, a response curve was constructed for each series by plotting MeHgEt mean peak 

area versus the nominal amount ofHg injected. The observed response curve slopes 

(counts/ng Hg) were used to evaluate solution stability and potential losses. 

On five separate occasions, subsequent to the analysis ofthe original series of 

solutions, separate series of acidified and nonacidified standard solutions were freshly 

prepared and analyzed. These fresh series of solutions are referred to as Series I-F and 

Series II-F (F, fresh). Each series was prepared with a concentration range identical to 

that of the original series of solutions. All solutions were prepared in 250-mL PP 

volumetric flasks from a freshly made 1.00 tJ.g/L as Hg(II) MeHgel working solution. 

The Series I-F solutions were acidified to 0.025 M lIN03 as described previously. Two 

replicate samples of 40 mL each of the test solution were processed as described 

previously. A response curve was constructed for each series as described above. The 

observed response curve slopes were used to evaluate procedure and instrument variability 

as a function of time. 
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2.6 Determination of Methylmercury Compounds in Environmental Samples 

2.6.1 Collection of Samples 

Cottage Grove Lake is a multi-purpose reservoir on the Coast Fork of the Willamette 

River located in Lane County, Oregon, six miles south of the city of Cottage Grove. 

Figure 2.4 shows the location of the reservoir (DeLorme, 1995). The reservoir has an 

area of 1139 acres with a maximum and average depth of73 and 29 feet, respectively. 

The trophic status of Cottage Grove Reservoir is mesotrophic (Johnson et al., 1985). 

Lake-bottom sediment samples were collected from the reservoir late in the fall of 

1995, while both lake-bottom sediment and surface-water (epilimnetic) samples were 

collected early in the summer of 1996. Figure 2.5 shows an overview of Cottage Grove 

Reservoir and the location of the sediment and surface-water sample collection sites. 

Sediment samples were collected by Oregon State University, Department of Fisheries 

and Wildlife, in September 1995 (labeled <!>-@ in Figure 2.5). Two sediment cores were 

taken at each site from a small flat-bottomed boat with a gravity core sampler. The core 

sampler was fitted with a section of clear acrylic tubing (15.5" L x 2.5" O.D.) prior to 

sampling. Excess water above the sediment core was decanted from the top of the sample 

tube. The sample tubes were stoppered at each end with butyl rubber stoppers. Sampling 

tubes were immediately placed in an ice-cooled container. In the laboratory, the samples 

were frozen and stored frozen until subsequent analysis. Although the sampling tubes 

were previously washed with nitric acid, the exact cleaning and subsequent sampling 

protocols used by the Department of Fisheries and Wildlife personnel were not reported. 



F,m,~ 

EI;,{,l, 
.Ven 

Lr_~iOrain 

.lorane 

.Curtin 

.Yoncall 

100 

Marcola 

• Oregon 

agin2lw 

Cottage Grove 

Westfi 

Cottage Grove Reservoir 

Cout Fotk ameUeRiver 

Figure 2.4 Site location map. Cottage Grove Reservoir, Lane County. Oregon. 

Taken without permission from DeLonne (1995). 



Williams 

Cedar 
Creek 

Coast n.nc 
Willanrelle River 

Creek 

CoaslFork 
WiUanJdte River 

SAMPLING SITES 

o Sediment 
• Surface Water 

FEET 

o 1000 3000 

101 

5000 

Figure 2.5 Overview of Conage Grove Reservoir and location of sample coUection sites. 

Adapted from Johnson et al. (1985). 



102 

Personnel from the Oregon State University, Department of Fisheries and Wildlife, 

assisted in the collection of both lake-bottom sediment and surface-water samples in June 

1996 (labeled @ and 0, respectively, in Figure 2.5). Sediment samples were collected as 

described above; however, samples were collected and stored in poly(vinyl chloride) 

(PVC) tubes having the same dimensions as the acrylic tubes described above. More 

stringent protocols were used for equipment cleaning and sample collection in an attempt 

to minimize potential sample contamination. All equipment and sample tubes were 

handled with nitrile gloves. In the laboratory, the rubber-stopper end plugs were wrapped 

with stretch film (parafilm) and stored in polyethylene zip-type bags until needed. The 

stoppers were wrapped with stretch film in an attempt to minimize direct exposure of the 

sediment with the rubber material. Once the end plugs were inserted into the sampling 

tube, each end of the tube was wrapped several times with stretch film to minimize 

leakage and continued exposure to air. Samples were immediately stored in an ice-cooled 

container. In the laboratory, the samples were frozen and stored frozen until subsequent 

analysis. 

The surface-water sample was collected off the bow of a small flat-bottomed boat as 

the boat was slowly driven into the wind. Surface water was collected in a modified 11.5-

L polyethylene (PE) bucket (the metal handle was replaced with a 20-foot length ofPP 

rope) by casting the bucket off the bow of the boat and allowing the bucket to sink 

approximately 15 inches below the surface. The surface water collected was poured into a 

20-L PP container and immediately placed into an ice-cooled container. In the laboratory, 

the container was stored in a walk-in cold room maintained at 4°C. 



103 

2.6.2 Analysis of Surface Water 

A surface-water sample collected from Cottage Grove Reservoir in June 1996 would 

serve as the first environmental sample to be analyzed using the technique developed. A 

response curve was generated as the first in a series of steps toward the determination of 

methylmercury. Fresh MeHgCI standard solutions of 0, 5, 15,30, and 50 ngIL as Hg(lI) 

were prepared by dilution from a 1 f.J.gIL as Hg(lI) MeHgCI working solution. Two 

replicate samples of 40 mL each ofthe standard solution were directly injected into the 

reaction/purge vessel followed by derivatization, concentration, and GC/MS separation 

and detection of the ethylated organomercury species, MeHgEt. The samples were 

processed with the optimum experimental parameters that had been established previously. 

A plot ofMeHgEt mean peak area versus the nominal amount ofHg injected was used to 

construct the response curve. 

The next step entailed the isolation of methylmercury compounds from the sample 

matrix by distillation. A subsample of surface water was obtained from the 20-L PP 

storage container by pouring the sample through a PE funnel and into a 1.5-L PE bottle. 

The storage container was shaken vigorously to ensure the representativeness of the 

subsample obtained. Two replicate samples of 40.00 g each of surface water and 

deionized water (procedure blank) were transferred into the 60-mL PTFE distillation 

vessels. To each vessel was added 1 mL of8 M H2S04 and 0.250 mL of3.6 M KCI for a 

total mass in each vessel of approximately 41.25 g. Transfer caps equipped with the 

necessary flow tubing and fittings were immediately screw tightened onto the distillation 

vessels. The vessels were then placed into the wall-mounted brackets located inside the 
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oven chamber. To each 60-mL PTFE distillate collection vessel was added 5.00 g of 

deionized water. Transfer caps equipped with the necessary flow tubing and fittings were 

screw tightened onto the collection vessels. The vessels were placed into an ice-cooled 

water bath located inside a vented hood. The distillation and collection vessels were then 

connected in series by the appropriate PF A flow tubing and fittings. 

Prior to distillation, the nitrogen gas tank was opened and adjusted to provide 60 psi 

of head pressure. The ball valve used to control the flow of nitrogen purge gas was turned 

to the open position. The flow of nitrogen gas through the PF A outlet tubing from each 

metering valve was measured and adjusted to 25 mL/min. With the ball valve in the 

closed position, the outlet tubing from each metering valve was coupled to the distillation 

vessel through the appropriate PF A straight union fitting. The oven temperature was set 

to 114°C and the main power was switched to the on position. Once the oven reached 

the set temperature, the ball valve was switched to the open position to start the 

distillation step. 

Towards the end of distillation, the collection vessels were removed from the ice

cooled water bath. The caps were quickly unscrewed from the collection vessels and the 

vessels were dried and placed individually on a balance to determine the mass of distillate 

collected. Typically, distillation was terminated when approximately 90 percent of the 

original solution present in the distillation vessels had been distilled. Ifthis condition was 

not met, the caps were again screw tightened onto the collection vessels, the vessels were 

placed back into the ice-cooled water bath, and distillation was resumed. The procedure 

described above was repeated until the above condition was met for all samples. At the 

end of the distillation step, the collection vessels were capped with PTFE end caps and 
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sealed with s;.retch film. The capped vessels were immediately placed in a refrigerator and 

stored at 4 °C until subsequent analysis. All data and infonnation regarding the distillation 

step was recorded on a laboratory data sheet. 

Finally, the content of each collection vessel was directly injected into the 

reaction/purge vessel followed by derivatization, concentration, and GeIMS separation 

and detection. The MeHgEt peak areas were determined and the MeHg content (as Hg) 

of each sample was quantitated using the response curve generated. The results obtained 

for the surface water samples were blank corrected with concentration expressed in 

nanograms ofMeHg (as Hg) per liter. 

The experimental parameters used during the isolation by distillation procedure 

(e.g., oven temperature and flow rate) were optimized, as discussed previously. The 

concentration of reagents and the volumes injected were not optimized in this work; 

rather, they were taken from the work of others (Bloom, 1989; Horvat et al., 1993a,b; 

Liang et ai, 1994). As a result, the performance of the distillation procedure developed 

for the isolation of methylmercury compounds from surface water was checked by 

conducting a recovery study of spiked surface water. 

To make this study, a fresh MeHgCI standard solution of 10 f-lg/L as Hg(1I) was 

prepared from a 1 mglL as Hg(II) MeHgCI stock solution. This standard served as the 

spike solution. For the distillation step, two replicate samples of 40.00 g each of surface 

water (remaining subsample) were transferred into the 60-mL PTFE distillation vessels. 

To each vessel was added 1 mL 8 M H2S04, 0.250 mL of3.6 M KC~ and 0.400 mL of 

spike solution (4 ng as Hg spiked) for a total mass in each vessel of approximately 

41.65 g. In the study design, six fractions of distillate would be collected sequentially 
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during two independent distillations. Deionized water was added to the 60-mL PTFE 

collection vessels (Fractions 1-3, 10.00 g; Fractions 4,20.00 g; Fraction 5,25.00 g; 

Fraction 6,30.00 g). Transfer caps equipped with the necessary flow tubing and fittings 

were screw tightened onto the vessels. The vessels were placed in their appropriate 

locations and all flow measurements and connections were made as outlined previously. 

Distillation was carried out at a nitrogen flow rate of25 mL/min and an oven temperature 

of114°C. 

As the distillation progressed, the vessels collecting the first fraction were removed 

from the ice-cooled water bath. The caps were quickly unscrewed from the collection 

vessels and the vessels were dried and placed individually on a balance to determine the 

mass of distillate collected. The goal was to collect approximately 5-7 g of distillate in 

each fraction and to collect nearly the same mass in each fraction pair (e.g., Series 1 and 2, 

Fraction 1). Once this condition was satisfied, fresh collection vessels were immediately 

screw-tightened onto the transfer caps and distillation was resumed with the next pair of 

fractions. Deionized water was added to the collection vessels from the previous fraction 

to bring the total mass in each vessel to approximately 40.00 g. The collection vessels 

were capped with PTFE end caps and sealed with stretch film. The capped vessels were 

immediately placed in a refrigerator and stored at 4 °C until subsequent analysis. This 

process was repeated until approximately 90 percent ofthe original solution had been 

distilled. All data and information regarding the distillation step, including the cumulative 

mass of distillate collected, was recorded on a laboratory data sheet. 
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Finally, the content of each collection vessel was directly injected into the 

reaction/purge vessel followed by derivatization, concentration, and GeIMS separation 

and detection. The MeHgEt peak areas were detennined and the MeHg content (as Hg) 

of each fraction was quantitated using the response curve generated from the previous 

work for the analysis of surface water. The results obtained for each fraction were 

background and blank corrected using the results from the previous work. A recovery 

curve was constructed for each of the independent distillation (Series 1 and 2) by plotting 

the percent recovery versus the sequential volume of distillate collected. 

2.6.3 Analysis a/Sediment 

The analytical technique developed for the determination of methylmercury 

compounds in surface water was modified for use with sediment samples. The work 

outlined below describes the application of the technique developed, with slight 

modification, for the determination of methylmercury compounds in lake-bottom sediment 

samples obtained from Cottage Grove Reservoir (labeled @ and ® in Figure 2.5). 

A response curve was generated as the first in a series of steps. Fresh MeHgCI 

standard solutions of 0, 5, 15,30, and 50 ngIL as Hg(II) were prepared by dilution from a 

1 I-lgfL as Hg(II) MeHgCI working solution. Two replicate samples of 40 mL each of the 

standard solution were directly injected into the reaction/purge vessel followed by 

derivatization, concentration, and GCIMS separation and detection. A plot ofMeHgEt 

mean peak area versus the nominal amount ofHg injected was used to construct the 

response curve. 
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A sediment sample obtained in September 1995 (labeled @ in Figure 2.5) was removed 

from the freezer and was allowed to thaw in a laboratory refrigerator at 4 DC. The sample 

was removed from the refrigerator and the lower rubber stopper was removed from the 

acrylic tube to allow excess water to drain from the sediment core. Sediment was 

removed from tube using a PTFE-coated spoon and placed in a PP bowl. Debris (e.g., 

twigs and small rocks) was removed with the spoon and the sample was then mixed to a 

smooth consistency. A subsample was obtained by transferring a portion of the sediment 

into a glass vial with a PTFE-lined cap. 

A slight modification was made to the isolation by distillation procedure for the 

analysis of sediment. For this work, two replicate samples of 1.00 g each of sediment 

were transferred into the 60-mL PTFE distillation vessels. To each vessel was added 

5.00 g of deionized water. Each vessel was swirled to ensure that the sediment was 

adequately suspended. Additionally, 0.500 mL of8 M H2S04 and 0.200 mL of3.0 M KCl 

was added to each vessel. As a final step, deionized water was added to bring the total 

mass in each vessel to approximately 10.00 g. Transfer caps equipped with the necessary 

flow tubing and fittings were screw-tightened onto the vessels. The vessels were then 

placed into the wall-mounted brackets located inside the oven chamber. To each 60-mL 

PTFE collection vessel was added 10.00 g of deionized water. Transfer caps equipped 

with the necessary flow tubing and fittings were screw-tightened onto the collection 

vessels. The vessels were placed into an ice-cooled water bath located inside a vented 

hood. All flow measurements and connections were made as outlined previously. 

Distillation was carried out at a nitrogen flow rate of25 mL/min and an oven temperature 

of 114 DC. 
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Toward the end of distillation, the collection vessels were removed from the ice

cooled water bath. The caps were quickly unscrewed from the collection vessels and the 

vessels were dried and placed individually on a balance to determine the mass of distillate 

collected. In the case of surface water, distillation was typically terminated when 

approximately 90 percent of the original solution present in the distillation vessels had 

been distilled. For sediment samples, however, it is recommended that distillation be 

terminated when approximately 85 percent of the original sample (aqueous) has been 

distilled. If this condition was not met, the caps were again screw-tightened onto the 

collection vessels, the vessels were placed back into the ice-cooled water bath, and 

distillation was resumed. The procedure described above was repeated until the above 

condition was met for all samples. At the end of the distillation step, deionized water was 

added to bring the total mass in each collection vessel to approximately 40.00 g. The 

collection vessels were capped with PTFE end caps and sealed with stretch film. The 

capped vessels were immediately placed in a refrigerator and stored at 4 °C until 

subsequent analysis. All data and information was recorded on a data sheet. 

Finally, three replicate samples of 1 mL each of distillate solution from each collection 

vessel (A and B) were transferred into 60-mL PTFE vessels containing approximately 

39.00 g of deionized water. The content of each vessel was directly injected into the 

reaction/purge vessel followed by derivatization, concentration, and GCIMS separation 

and detection. The MeHgEt peak areas were determined and the mean MeHg content (as 

Hg) of each sample was quantitated using the response curve generated. The results 

obtained for the sediment samples were dilution corrected with concentration expressed in 

nanograms ofMeHg (as Hg) per gram of sediment (wet weight). 
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2.6.3.1 Recovery Study Q/Spiked Sediment 

The performance of the distillation procedure developed for the isolation of 

methylmercury compounds from sediment was checked by conducting a recovery study of 

spiked sediment. Lake-bottom sediment obtained from the reservoir in June 1996 (labeled 

@ in Figure 2.5) was used for this work. 

To make this study, a fresh MeHgCI standard solution of30 ",gIL as Hg(lI) was 

prepared from a 1 mglL as Hg(II) MeHgCI stock solution. This standard served as the 

spike solution. A subsample was obtained from the sediment sample as described above. 

The first step in this study required the quantitation of the background content of 

methylmercury in the sediment subsample and the analysis of procedure blanks. For the 

isolation by distillation step, three replicate samples of 1.00 g each of sediment were 

transferred into the 60-mL PTFE distillation vessels. To each vessel containing sediment 

was added 25.00 g of deionized water. Each vessel was swirled to ensure that the 

sediment was adequately suspended. Additionally, 2 mL of8 M H2S04 and 0.800 mL of 

3.0 M KCI was added to each vessel. As a final step, deionized water was added to bring 

the total mass in each vessel to approximately 40.00 g. Transfer caps equipped with the 

necessary flow tubing and fittings were screw-tightened onto the vessels. To each 60-mL 

PTFE collection vessel was added 5.00 g of deionized water. Transfer caps equipped with 

the necessary flow tubing and fittings were screw-tightened onto the collection vessels. 

The vessels were placed in their appropriate locations and all flow measurements and 

connections were made as outlined previously. Distillation was carried out at a nitrogen 

flow rate of25 mL/min and an oven temperature of 114°C. 
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Toward the end of distillation, the collection vessels were removed from the ice

cooled water bath. The caps were quickly unscrewed from the collection vessels and the 

vessels were dried and placed individually on a balance to determine the mass of distillate 

collected. Distillation was terminated when approximately 90 percent of the original 

solution (aqueous) present in the distillation vessels had been distilled. If this condition 

was not met, the caps were again screw-tightened onto the collection vessels, the vessels 

were placed back into the ice-cooled water bath, and distillation was resumed. The 

procedure described above was repeated until the above condition was met for all samples. 

At the end of the distillation step, the collection vessels were capped with PTFE end caps 

and sealed with stretch film. The capped vessels were immediately placed in a refrigerator 

and stored at 4 °C until subsequent analysis. All data and information regarding the 

distillation step was recorded on a laboratory data sheet. 

Next, two replicate samples of 10 mL each of distillate solution from each collection 

vessel (Sediment A-C) were transferred into 60-mL PTFE vessels containing 

approximately 30.00 g of deionized water. The content of each vessel, including the 

procedure blanks (PB A-C) and the duplicated and diluted solutions (Sediment A-C), was 

directly injected into the reaction/purge vessel followed by derivatization, concentration, 

and GCIMS separation and detection. The MeHgEt peak areas were determined and the 

mean MeHg content (as Hg) of each sample was quantitated using the response curve 

generated in the previous work for the analysis of sediment. The results obtained for the 

sediment samples were dilution and blank corrected with concentration expressed in 

nanograms ofMeHg (as Hg) per gram of sediment (wet weight). 



112 

In the next step, two replicate samples of 1.00 g each of sediment (remaining 

subsample) were transferred into the 60-mL PTFE distillation vessels. To each vessel was 

added 25.00 g of deionized water. Each vessel was swirled to ensure that the sediment 

was adequately suspended. Additionally, 2 mL of8 M H2S04, 0.800 mL of3.0 M KCL 

and 0.500 mL of spike solution (15 ng as Hg spiked) was added to each vessel. As a final 

step, deionized water was added to bring the total mass in each vessel to approximately 

40.00 g. Transfer caps equipped with the necessary flow tubing and fittings were screw

tightened onto the vessels. In the study design, seven fractions of distillate would be 

collected sequentially during two independent distillations. Deionized water was added to 

the 60-mL PTFE collection vessel (Fractions 1 and 2, 10.00 g; Fractions 3, 15.00 g; 

Fraction 4, 20.00 g; Fraction 5, 25.00 g; Fraction 6, 30.00 g; Fraction 7, 35.00 g). 

Transfer caps equipped with the necessary flow tubing and fittings were screw-tightened 

onto the vessels. The vessels were placed in their appropriate locations and all flow 

measurements and connections were made as outlined previously. Distillation was carried 

out at a nitrogen flow rate of25 mL/min and an oven temperature of 114°C. 

As the distillation progressed, the vessels collecting the first fraction were removed 

from the ice-cooled water bath. The caps were quickly unscrewed from the collection 

vessels and the vessels were dried and individually placed on a balance to determine the 

mass of distillate collected. The goal was to collect approximately 5 to 6 g of distillate in 

the first six fractions, 1 to 2 g in the seventh fraction, and to collect nearly the same mass 

in each fraction pair (e.g., Series 1 and 2, Fraction 1). Once this condition was satisfied, 

fresh collection vessels were immediately screw-tightened onto the transfer caps and 
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distillation was resumed with the next pair of fractions. Deionized water was added to the 

collection vessels from the previous fraction to bring the total mass in each vessel to 

approximately 40.00 g. The collection vessels were capped with PTFE end caps and 

sealed with stretch film. The capped vessels were immediately placed in a refrigerator and 

stored at 4 °C until subsequent analysis. This process was repeated until approximately 

90 percent of the original solution present in the distillation vessels had been distilled. All 

data and information regarding the distillation step, including the cumulative mass of 

distillate collected, was recorded on a laboratory data sheet. 

Finally, 10 mL of distillate solution from each collection vessel of the first six fractions 

was transferred into 60-mL PTFE vessels containing approximately 30.00 g of deionized 

water. In the case of the seventh fraction, 25 mL of distillate solution was added to 

15.00 g of deionized water. The content of each vessel was directly injected into the 

reaction/purge vessel followed by derivatization, concentration, and GCIMS separation 

and detection. The MeHgEt peak areas were determined and the MeHg content (as Hg) 

of each fraction was quantitated using the response curve generated in the previous work 

for the analysis of sediment. The results obtained for the sediment samples were dilution, 

background, and blank corrected. A recovery curve was constructed for each of the 

independent distillation (Series 1 and 2) by plotting the percent recovery versus the 

sequential volume of distillate collected. 
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2.6.3.2 Sediment Analysis Reproducibility Study 

The intent of this work was to evaluate the reproducibility of the analytical technique 

developed for the determination of methylmercury compounds in lake-bottom sediment. 

To make this study, five replicate samples of sediment were distilled followed by the 

analysis of three replicate samples of distillate solution from each collection vessel. The 

results provided a means of evaluating the reproducibility of the entire analytical technique 

and the measurement step alone. The subsample remaining from the initial sediment 

analysis work was used to make this study. This sediment was obtained from Cottage 

Grove Reservoir in September 1995 (labeled @ in Figure 2.5). 

A response curve was generated as the first step. Fresh MeHgCI standard solutions 

of 0, 5, 15, and 30 ng/L as Hg(IJ) were prepared by dilution from a 11-lg/L as Hg(IJ) 

MeHgCI working solution. Two replicate samples of 40 mL each of the standard solution 

were directly injected into the reaction/purge vessel followed by derivatization, 

concentration, and GCIMS separation and detection. The samples were processed with 

the optimum experimental parameters that had been established previously. A plot of 

MeHgEt mean peak area versus the nominal amount ofHg injected was used to construct 

the response curve. 

For the isolation by distillation step, five replicate samples of 1.00 g each of sediment 

were transferred into the 60-mL PTFE distillation vessels. To each vessel was added 

5.00 g of deionized water. Each vessel was swirled to ensure that the sediment was 

adequately suspended. Additionally, 1 mL of8 M H2S04 and 00400 mL of3.0 M KCI was 

added to each vessel. As a final step, deionized water was added to bring the total mass in 
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each vessel to approximately 20.00 g. Transfer caps equipped with the necessary flow 

tubing and fittings were screw-tightened onto the vessels. The vessels were then placed 

into the wall-mounted brackets located inside the oven chamber. To each 60-mL PTFE 

collection vessel was added 10.00 g of deionized water. Transfer caps equipped with the 

necessary flow tubing and fittings were screw-tightened onto the collection vessels. The 

vessels were placed into an ice-cooled water bath located inside a vented hood. All flow 

measurements and connections were made as outlined previously. Distillation was carried 

out at a nitrogen flow rate of25 mL/min and an oven temperature of 114°C. 

Toward the end of distillation, the collection vessels were removed from the ice

cooled water bath. The caps were quickly unscrewed from the collection vessels and the 

vessels were dried and placed individually on a balance to determine the mass of distillate 

collected. Distillation was terminated when approximately 90 percent of the original 

solution present in the distillation vessels had been distilled. If this condition was not met, 

the caps were again screw-tightened onto the collection vessels, the vessels were placed 

back into the ice-cooled water bath, and distillation was resumed. The procedure 

described above was repeated until the above condition was met for all samples. At the 

end of the distillation step, deionized water was added to bring the total mass in each 

collection vessel to approximately 40.00 g. The collection vessels were capped with 

PTFE end caps and sealed with stretch film. The capped vessels were immediately placed 

in a refrigerator and stored at 4 °C until subsequent analysis. All data and information 

regarding the distillation step was recorded on a laboratory data sheet. 
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Finally, three replicate samples of 1 mL each of distillate solution from each collection 

vessel (A-E) were transferred into 60-mL PTFE vessels containing approximately 39.00 g 

of deionized water. The content of each vessel was directly injected into the 

reaction/purge vessel followed by derivatization, concentration, and GCIMS separation 

and detection. The MeHgEt peak areas were determined and the mean MeHg content 

(as Hg) of each sample was quantitated using the response curve generated. The results 

obtained for the sediment samples were dilution corrected with concentration expressed in 

nanograms ofMeHg (as Hg) per gram of sediment (wet weight). 

2.6.3.3 Sediment Analysis DH Verification Study 

Three separate studies were conducted to verify distillate solution pH before 

ethylation, after ethylation, or both. In the first study, the pH of each distillate solution 

remaining from the recovery study (Sediment A-C) was measured. Solution was also 

collected from the sample concentrator drain line and the pH measured to determine the 

final reaction solution pH. The pH of each distillate solution remaining from the recovery 

study (Fractions 1-7, Series 1 and 2) was measured as part ofthe second study. In the last 

study, the pH of each distillate solution remaining from the reproducibility study (A-E) 

was measured. In addition, 1 mL of distillate solution from each collection vessel (A-E) 

was transferred into PTFE vessels containing approximately 39 g of deionized water (1/40 

dilution) and the pH measured. To each vial was added 0.250 mL of 2 M acetate buffer 

and 75 .uL of 1 % NaBEt4 in 2% KOH. The vessels were capped with PTFE end caps, 

inverted several times, and the pH measured in a vented hood. 
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3.1 Optimization and Evaluation of the Sample Concentrator and GC/MS Instrumentation 

3.1.1 Sample Introduction Study 

Aqueous samples are typically introduced into the purge vessel of the 01 Analytical 

sample concentrator by syringe injection of the sample through the sample-injection valve 

syringe port. It was recognized that this mode of sample introduction was insufficient at 

quantitatively transferring sample solution into the vessel. Three sample introduction 

schemes (Figure 2.3) were investigated to assess reproducibility and ease of application by 

injecting replicate samples ofwater into a tared beaker and recording the weight. Mean 

and standard deviation values are presented in Table 3.1. 

It is apparent from the results that Method 1 (direct injection) and 2 (adapter-tube-

plastic syringe) are slightly more reproducible as compared to Method 3 (adapter-tube-

Gastight syringe). The variation was most likely attributed to differences in the syringe 

designs. The terminal end of the B-D plastic syringe has a conical shape, which ensures 

that the sample solution is focused toward the tip when it is dispensed. In addition, a 

conical-shaped rubber insert is fitted over the tip ofthe plunger allowing it to be 

compressed, minimizing the amount of residual solution left in the barrel. Unlike the B-D 

syringe, the barrel and plunger of the Hamilton Gastight syringe has a flattened terminal-

end design. As mentioned previously, this design does not ensure quantitative transfer of 

sample regardless of the orientation used. 



Table 3.1 Summary of Results from the Sample Introduction Study 

Delivery Method a Volume MeanMass b 

Delivered Delivered 
(mL) (g) 

Direct bijection 40 39.36 

Adapter-Tube- 40 39.39 
Plastic Syringe 

Adapter-Tube- 40 39.51 
Gastight Syringe 

a See Figure 2.3 for overview of sample delivery schemes. 
b Five replicate samples of deionized water injected. 

Standard b 

Deviation 
(g) 

0.058 

0.065 

0.136 
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%RSD 

0.148 

0.165 

0.345 
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Ease of application was the other consideration in evaluating each of the sample 

introduction schemes. Direct injection is very simple in its design and ease of application 

since it does not require the use of an adapter and tubing assembly. Cleaning and 

attachment ofthe adapter and tubing assembly prior to sample introduction is avoided. 

When the direct-injection method is used, a sample is drawn up by the needle, brought to 

the appropriate volume, and dispensed without risk of contamination or loss of sample. 

Contamination and loss are unavoidable when the adapter and tubing assembly are used. 

In addition, drops adhering to the inside wall of the barrel can be eliminated by rolling the 

syringe and allowing the drops to be gathered by the bulk solution. Residual solution can 

be focused into the needle and barrel tip by drawing up a small volume of air and applying 

a strong flick-of-the-wrist to the syringe and needle. The residual solution can then be 

injected into the vessel. When the adapter and tubing assembly are used, rolling the 

syringe and removal of residual solution are limited. Rolling the syringe results in 

excessive stress on the tubing and fittings since there is a limited range of motion provided 

by the short length of tubing. To remove residual solution, the adapter and tubing 

assembly would have to be disconnected from the sample-injection valve port. This step 

results in the loss of sample solution. All things considered, direct injection was accepted 

as the preferred method of sample introduction based on its delivery reproducibility and 

ease of application. 
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3.1.2 Optimization of Experimental Parameters and Operating Conditions 

3.1.2.1 Derivatization Reaction 

Experimental parameters that may affect the derivatization reaction include pH, 

concentration of ethylating reagent, and reaction temperature and time. In this study, the 

final concentration of ethylating reagent (volume added) and reaction time were 

investigated in order to determine optimum values for maximum signal response (peak 

area) ofMeHgEt. Solution pH and reaction temperature were not investigated. 

To evaluate the optimum concentration of ethylating reagent for the derivatization 

reaction, varying amounts of the NaBEt4 solution were injected into the reaction/purge 

vessel followed by derivatization, concentration, and GelMS separation and detection of 

MeHgEt. For the study, 60-, 80-, and 100-.uL aliquots of the ethylating reagent (1% 

NaBEt4 in 2% KOH solution) were used, which corresponds to a :final concentration of 

15,20, and 25 mgIL as NaBEt4, respectively. The MeHgel standard solution (0.5 .ugIL as 

Hg in 1.62 mM Hel) was analyzed in triplicate with MeHgEt mean peak area determined 

for each of the volumes studied. The dependence ofMeHgEt peak area on the volume of 

ethylating reagent added is presented in Figure 3.1. Maximum signal response was 

observed for the addition of75 .uL ofethylating reagent (19 mgIL final concentration). 

The next parameter optimized was the ethylation reaction time. Reaction time is 

defined here as the overall time from the moment ethylating reagent is introduced into the 

vessel to the start of the purge-sequence step. The sample concentrator is equipped with a 

self-timer (± 0.01 min), which makes it easy to follow the elapsed or remaining time of 
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Figure 3.1 The dependence ofMeHgEt peak area on the volume of ethylating reagent 
added. The data points represent mean peak area values for three replicate 
determinations with standard deviations shown by error bars. 
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the reaction. To evaluate the optimum time for the derivatization reaction, the total 

reaction time was varied from 5 to 20 minutes in increments offive minutes. Four 

replicate samples of the MeHgel standard solution were analyzed with MeHgEt mean 

peak area determined for each of the reaction times studied. The dependence ofMeHgEt 

peak area on reaction time is presented in Figure 3.2. The results demonstrate that a 

reaction time of 15 minutes is sufficient. This time value was chosen as the optimum 

reaction time for all subsequent work. In all of the optimization work, every effort was 

made to maintain sample throughput by minimizing parameter times, so long as there was 

no compromise in the signal response. 

Several investigators have demonstrated that the derivatization reaction pH is a critical 

parameter, showing a broad optimum in the range from 3 to 7 with severe tailing at both 

extremes (Bloom, 1989; Liang et al., 1994). In both studies cited, relative signals for 

MeHgEt in excess of 90 percent were achieved in this pH range. Diminished yields of 

MeHgEt at the pH extremes can be explained as follows. First, at low pH values (below 

pH 2.5) there is rapid destruction of the ethylating reagent by hydrogen ion (H+). Second, 

at higher pH values, the loss in yield appears to be caused by inhibition of the ethylation 

reaction through the formation of unreactive multihydroxyl methylmercury anions (Bloom, 

1989). Horvat et al. (1993a,b) demonstrated that the ethylation reaction has an optimum 

pH between 4.5 and 4.9. It is possible to adjust the reaction solution pH to the optimum 

value by the addition of2 M acetate buffer; however, a maximum of2 mL of buffer can be 

added without interfering with the ethylation reaction. As a matter of convenience, a pH 

of 4.9 was employed since it is in the middle of the optimum pH range. 
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Figure 3.2 The dependence ofMeHgEt peak area on reaction time. The data points 
represent mean peak area values for four replicate determinations with 
standard deviations shown by error bars. 
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To determine the volume of buffer necessary to achieve a solution near the optimum 

pH, buffer solution was added in 50 ,uL increments to 40 mL of a 1.62 mM HCl solution 

and the pH monitored. Table 3.2 summarizes the results from this work. It was found 

that a pH near 4.6 could be achieved by the addition of250 ,uL of2 M acetate buffer to 40 

mL of a 1.62 mM HCl solution. 

In regard to reaction temperature, Liang et at. (1994) found an optimum reaction 

temperature range between 20 and 30°C. A reaction temperature of25 °C was chosen 

for this work since it is in the middle of the optimum reaction temperature range. In all 

work, the reaction/purge vessel was maintained at 25.0 ± 0.2 °C by a constant

temperature water bath, as described previously. 

3.1.2.2 Sample Concentration 

As described previously, the sample concentrator has numerous operator-defined 

parameters that define a method for quantitative purge-and-trap analysis. Each of these 

parameters was investigated in order to determine optimum values for maximum signal 

response (peak area) ofMeHgEt once derivatization had taken place. 

The first operating parameter studied was the flow rate of helium gas through the 

reaction/purge vessel during the purge sequence. This parameter can easily be monitored 

since the gas passing through the purge vessel and trap is ultimately vented out of the 

system through a flow vent. A flow meter can be conveniently attached to this vent to 

monitor the gas flow rate. The flow rate can be changed by adjustment of a flow-control 

knob on the front panel of the instrument. This knob controls the flow of gas supplied by 



Table 3.2 Summary of Results for the Optimization of the Derivatization Reaction 
Solution pH 

Volume of2 M Acetate Buffer (uL) a Measured Solution pH b 

100 4.465 

150 4.534 

200 4.566 

250 4.582 

300 4.592 

a Buffer solution was added in 50 .uL increments to 40 mL of a 1.62 mM HCI solution. 
b The initial pH of the HCI solution was 2.97. 
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a pressure regulator to the mass-flow controller and the purge vessel. To evaluate the 

optimum flow rate of helium purge gas, the flow rate was varied from 20 to 50 mL/min in 

increments of 10 mL/min. The MeRgCI standard solution (0.5 ""gIL as Rg in 1.62 mM 

RCI) was analyzed in triplicate with MeRgEt mean peak area determined for each ofthe 

gas flow rates studied. The dependence of MeR gEt mean peak area on the purge gas flow 

rate is presented in Figure 3.3. The results demonstrate that a flow rate of 40 mL/min 

affords the highest transfer of the ethylated species from the reaction solution to the trap. 

The next parameter optimized was the total time ofthe purge-sequence step. To 

evaluate the optimum time ofthe purge step, the total purge time was varied from 5 to 25 

minutes in increments of five minutes. Four replicate samples of the MeRgCI standard 

solution were analyzed with MeRgEt mean peak area determined for each of the purge 

times studied. The dependence of MeRgEt peak area on the total purge time is presented 

in Figure 3.4. The results demonstrate a steep rise in response up to about 15 minutes 

followed by a leveling off of the response beyond this time. An optimum purge time of 15 

minutes was chosen since it affords lower sample processing times. 

Liang et al. (1994) recommend that trap heating be carried out rapidly and to the 

lowest temperature that affords release of all trapped organic mercury species. This 

recommendation results from studies that demonstrated that organic mercury species 

sometimes decompose during thermal desorption from Carbotrap® columns (Bloom, 1989; 

Bloom and Fitzgerald, 1988; Liang et al., 1994). This effect results from a combination of 

impurities on the collection trap, the temperature and rate of trap heating, and how the 

trap is physically prepared (Liang et at, 1994). 
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Figure 3.3 The dependence ofMeHgEt peak area on purge gas flow rate. The data 
points represent mean peak area values for three replicate determinations with 
standard deviations shown by error bars. 
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Figure 3.4 The dependence ofMeHgEt peak area on total purge time. The data points 
represent mean peak area values for four replicate determinations with 
standard deviations shown by error bars. 
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Rapid heating of the sample concentrator trap (ambient to 300°C at 900 °C/min) is 

achieved by direct resistive heating. Control and optimization of the heating rate are not 

possible with the instrument used in this study. Thus, the trap temperature and the 

duration of the thermal desorption process were investigated separately. 

The optimum trap desorption temperature was evaluated by varying the desorption 

temperature from 130 to 190°C in increments of20 °C. Four replicate samples of the 

MeHgCI standard solution were analyzed with MeHgEt mean peak area determined for 

each of the desorption temperatures studied. To evaluate the optimum desorption time, 

the desorption time was varied from 0.6 to 1.2 minutes in increments of 0.2 minutes. The 

MeHgCI standard solution was analyzed in triplicate with MeHgEt mean peak area 

determined for each of the desorption times studied. The dependence ofMeHgEt peak 

area on the desorption temperature is presented in Figure 3.5, while the dependence on 

desorption time is shown in Figure 3.6. In regard to desorption temperature, the results 

demonstrate a steep rise in peak area up to 150°C followed by a leveling off of the 

response beyond this temperature. Throughout all ofthis work, no peak corresponding to 

elemental mercury (HgO) was detected from potential on-trap decomposition of the organic 

mercury species. An optimum desorption temperature of 170°C was chosen to ensure 

complete release of the trapped species. 

In the case of desorption time, the results demonstrate a fairly stable signal response 

for all times tested with a slightly larger signal response around one minute. This time 

value not only affords an adequate response, but it is near the minimum allowed time 

required by the sample concentrator to drain spent solution from the reaction/purge vessel 

(about 55 seconds) before sequencing to the next state. 
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Figure 3.5 The dependence ofMeHgEt peak area on desorption temperature. The data 
points represent mean peak area values for four replicate determinations with 
standard deviations shown by error bars. 
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Figure 3.6 The dependence ofMeHgEt peak area on desorption time. The data points 
represent mean peak area values for three replicate determinations with 
standard deviations shown by error bars. 
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The final two sample concentrator parameters optimized were the sample transfer-line 

and valve temperatures. In the desorption mode, a heated 6-port valve rotates to place the 

trap in-line with the GC column. The heated sample transfer line serves as the interface 

between the two instruments. Since these two elements of the instrumentation are directly 

linked to one another, these operating parameters were treated as one and were 

simultaneously evaluated by selecting matched temperature values. 

Potential decomposition of organic mercury species was also a concern in this work 

since the ethylated species are in contact with the heated valve and transfer line as they 

travel through the interface. As a result, matched temperature values were kept below 

170°C (optimum desorption temperature). 

To evaluate the optimum temperature, the transfer-line and valve temperatures were 

varied from 130 to 160 °C in increments of 10°C. The MeRgCI standard solution was 

analyzed in triplicate with MeRgEt mean peak area determined for each of the matched 

temperature values studied. The dependence of MeR gEt peak area on the matched 

transfer-line and valve temperature values is presented in Figure 3.7. The results 

demonstrate a level signal response over most of the temperature combinations studied 

with a slight decline and more variable response near 160 ° C. In addition, a peak 

corresponding to elemental mercury (HgO) was observed in one run carried out at 160°C; 

however, it is not apparent if this decomposition was the result of higher transfer-line and 

valve temperatures or the result of on-trap decomposition. In the end, a temperature 

value of 145°C was chosen for both the sample transfer-line and valve temperature. This 

temperature lies near the middle range ofthe level response observed and is approximately 

20°C higher than the estimated boiling point of MeR gEt (125-130 DC). 
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Figure 3.7 The dependence ofMeHgEt peak area on matched transfer-line and valve 
temperatures. The data points represent mean peak area values for three 
replicate determinations with standard deviations shown by error bars. 
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3.1.2.3 GClMS Separation and Detection 

The GC/MS, like the sample concentrator, has numerous operator-defined method 

parameters that are essential for carrying out the steps of separation, data acquisition, and 

data analysis. A few of these parameters were investigated to ensure optimum conditions 

for the separation and detection ofMeHgEt once derivatization, trapping, and desorption 

had taken place. The parameters investigated included those related to the GC oven

temperature program and to the mode of data acquisition used by the mass selective 

detector. The initial method parameters were presented previously (Table 2.3). 

The first task was to minimize the overall run time (18 minutes), while maintaining 

resolution of the organic mercury species. This was done by manipulating the times and 

temperatures of the various stages in the oven-temperature program. Table 3.3 lists the 

temperature and time values tested and summarizes the effect of these parameters on both 

the overall run time and the retention times (t~. An overall run time of9.56 minutes was 

achieved, which shortened the run time of the initial method by nine minutes. In addition, 

all peaks were resolved having retention times that differed by about 1.5 minutes. 

Up to this point in the optimization work, the initial temperature of the column had 

been maintained at 0 °C by means of the liquid CO2 cryogenic oven cooling option. It 

was of interest to investigate the effect of the initial column temperature on the MeHgEt 

peak area and width. The initial oven temperature, during the desorption step, was varied 

from 0 to 20°C in increments of 10 °C. The temperature of the column could not be 

lowered due to the low-temperature limit (-10°C) of the column. Figure 3.8 summarizes 

the effect of the initial oven temperature on the MeHgEt peak area and width. 



135 

Table 3.3 Summary of Oven Program Temperatures and Times Used to Minimize Overall 
Run Time and Retention Times 

Trial Initial Stage Mid-Stage Final Stage Overall Run t C 
R 

t d 
R 

Temp CC) / Temp CC) / Temp (OC)/ Time (min) MeHgEt Et2Hg 
Time (min) a Time (min) b Time (min) (min) (min) 

1 0/1.2 90/6.5 200/5.0 15.56 8.23 11.0 

2 0/1.2 100/6.5 200/5.0 15.56 7.30 10.3 

3 0/1.2 110/6.5 200/5.0 15.56 6.68 9.5 

4 0/1.2 125/3.5 200/4.25 11.81 6.10 7.5 

5 0/1.2 135/4.0 200/2.0 10.06 5.95 7.2 

6 e 0/1.2 125/3.5 200/2.0 9.56 6.10 7.5 

a Initial temperature of 0 °C achieved with liquid CO2 cryogenic oven cooling. Ramping 
from Initial Stage to Mid-Stage at a rate of70 °C/min. Injection port initially at 75°C 
for 0.90 min and then ramped to 150°C for remainder of run. 

b Ramping from Mid-Stage to Final Stage at a rate of70 °C/min. 
C Uncorrected retention time (tJ for MeHgEt. Peak eluted in the isothermal zone 

between the Mid-Stage and Final-Stage. 
d Uncorrected retention time (tJ for Et2Hg. Peak eluted during the second temperature 

ramp between Mid-Stage and Final-Stage. 
e These conditions were adopted for the majority of the remaining work. 
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Although this study was not as exhaustive as previous studies, it does indicate some 

trends that are worth mentioning. First, it appears that there is more efficient trapping 

(focusing) of the desorbed MeHgEt at a temperature of 0 °C as compared to higher initial 

temperatures. However, there is a slight increase in the peak width as the initial column 

temperature is decreased. This can likely be attributed to broadening of the MeHgEt peak 

as it desorbs from the GC column during the ramping step of the oven temperature 

program. This effect would be more pronounced at a lower initial temperature as 

compared to higher temperature values. All things considered, the initial oven 

temperature was maintained at its original value of 0 °C. 

Initially, the mass selective detector was programmed to acquire mass spectral data in 

the scan mode of data acquisition, with a linear scan range from 196 to 263 m/z (±0.1 

mlz). This scan range was selected based on (1) the naturally occurring isotopes of 

mercury, (2) the molecular weights of the ethylated organic mercury species (Et2Hg and 

MeHgEt) and the nonethylated organomercury species (HgO and Me2Hg) expected, and 

(3) the highly abundant fragment-ion peaks generated by the organic mercury species in 

this range. 

Table 3.4 list the natural isotopic abundances of the stable mercury isotopes (Weast, 

1971). By convention, mass spectrometrists calculate the molecular weight of the ionized 

sample molecule, referred to as the molecular ion (M+), based on the mass ofthe isotopes 

of greatest natural abundance (McLafferty and Turecek, 1993). Thus, the molecular 

weights of the ethylated and nonethylated species expected in an EI spectrum, based on 

the most abundant isotopes (Hg 201.97 amu; C 12.00 amu; H 1.007 amu), are as follows: 

Hg+· (202.0), Me2Hg+· (232.0), MeHgEt+· (246.0), and Et2Hg+· (260.0). 
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Table 3.4 List of the Stable Mercury Isotopes with Natural Abundances 

Stable Isotope Atomic Mass (amu) Natural Abundance (%) 

196Hg 195.9658 0.146 

198Hg 197.9668 10.02 

l~g 198.9683 16.84 

200Hg 199.9683 23.13 

201Hg 200.9703 13.22 

202Hg 201.9706 29.80 

204Hg 203.9735 6.85 
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Due to the large number of naturally occurring isotopes of mercury, EI spectra of 

organomercury compounds reveal clusters or groups of molecular-ion peaks that are 

centered around the most abundant molecular-ion peaks. For example, an EI spectrum of 

MeHgEt shows prominent molecular ions at masses 242, 243, 244, 245, 246, and 248 due 

to the abundant isotopes of mercury. This grouping of molecular ions is recognized as an 

"isotopic cluster" in the mass spectrum. An EI spectrum ofMeHgEt is presented in 

Figure 3.9 to illustrate this "isotopic clustering". 

Molecular ions are formed with a wide range of internal energies. Those ions having 

sufficiently low internal energies will not decompose before detection, and appear as M+' 

ions in the spectrum. If sufficiently excited, the M+' ions can decompose by a variety of 

energy-dependent, ion-decomposition reactions (McLafferty and Turecek, 1993). It is 

apparent from the mass spectrum of MeHgEt that the isotopic molecular ions are of high 

abundance, indicating that low ionization energies are required to form the ~' ions and 

that the ions are stable once formed. The mass spectrum also reveals abundant fragment

ion peaks resulting from ion-decomposition reactions. These fragment-ion peaks, like the 

isotopic molecular-ion peaks, are easily recognized in a spectrum by their "isotopic 

clusters". The prominent fragment-ion peak seen at mass 231 indicates cleavage ofthe 

Hg-CH3 bond in MeHgEt+' with the formation of the stable HgEt+ ion and CH3" The 

peak at mass 217 results from the cleavage of the Hg-C2HS bond with the formation of 

the stable MeHg+ ion and C2HS" The peak at mass 202 may possibly result from the loss 

ofHg+' from the HgEt+ and MeHg+ ions. 
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Figure 3.9 EI spectrum ofMeHgEt. Analysis of40 mL ofa 1.0 mg!L as Hg(II) MeHgel 
standard solution (40 J,ig as Hg absolute) with scan mode of data acquisition 
from 196 to 263 m1z. 



141 

Similar results would be observed in the mass spectra of Me2Hg and Et2Hg. Me2Hg 

yields a molecular-ion peak at mass 232 with prominent fragment-ion peaks at masses 217 

and 202, while Et2Hg produces a molecular-ion peak at mass 260 with prominent 

fragment-ion peaks at masses 231 and 202. In addition, the "isotopic clustering" observed 

in the EI spectrum of MeHgEt is also observed for both Me2Hg and Et2Hg. 

A scan range from 196 to 263 rnIz was chosen to ensure that all essential mass spectral 

data was captured for each species that may potentially elute from the column. This 

proved beneficial in the initial work since it provided identification of all species trapped 

and detected. Ultimately, the instrumentation would be used for determination of 

methylmercury in low-level environmental samples. To achieve this, the mass 

spectrometer would operate in the SIM mode, whereby the quadrupole mass filter is 

programmed to select a few specific ions for measurement, in contrast to the scan mode, 

which divides the mass range into increments of 0.1 rnIz and records information at each 

step during the linear scan. The SIM mode offers the following advantages: 

1. Greater sensitivity since the entire run time is spent monitoring a few selected ions 

rather than scanning large mass regions devoid of any signal. 

2. Shorter overall scan cycle times since only a few ions need to be monitored. 

3. More accurate quantitation since a shorter scan cycle time enables an eluting GC 

peak to be sampled more frequently. 

The length of time that each of the selected ions is monitored during a given scan is 

referred to as the dwell time. For quantitation, the signal for each ion is integrated for the 

duration of the selected dwell time. The integration result is then averaged by dividing by 

the dwell time, with the resulting signal value reported in counts. The selection of the 
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dwell time is based on a couple of important considerations. The first is the 

chromatographic peak width. The integration accuracy, which ultimately affects 

quantitation, depends strongly on the accuracy with which a given peak can be 

reconstructed. It is generally accepted that a peak can be accurately integrated if the peak 

is sampled at least 10 to 20 times as it elutes. The second consideration is that the signal

to-noise ratio (SIN) is proportional to the square root ofthe measurement time; thus, the 

dwell time should be maximized. 

The SIN of all ions monitored by the mass spectrometer could be improved by 

decreasing the resolution of the quadrupole mass filter. Initially, the mass filter was tuned 

so that the full width at halfmaximum (FWHM) value was 0.5 m1z. The mass 

spectrometer was equipped with a low-resolution option allowing the filter to be tuned for 

a larger FWHM value (approximately 0.7-0.9 m1z). The larger peak-width value can 

provide improved sensitivity (20 to 100% larger signal) for the ions monitored; however, 

there is a reduction in selectivity. The improved sensitivity can be advantageous provided 

that the lower resolution does not result in interference by nearby ions of co-eluting 

compounds (Hewlett-Packard, 1990). 

To make the switch from the scan to SIM mode, the four abundant ions ofMeHgEt at 

masses 202,217,231, and 246 were initially chosen since they represent prominent peaks 

in the mass spectrum (Figure 3.9). There was some uncertainty, however, in the exact 

mass values to monitor in the SIM mode because the user can select ions that differ by 

0.05 m1z. Fortunately, the GelMS software provides a tabulated output report of scan 

abundances for each of the ions monitored. Thus, the user can more accurately select the 

ions to be monitored in the SIM mode of analysis. 
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In an initial SIM method, five ions centered around each of the four ions to be 

monitored (masses 202, 217, 231, and 246) were selected. For example, ions at masses 

202.05,202.00,201.95,201.90, and 201.85 were selected for the ion at mass 202. A 

tabulated output report of the scan abundances for each of the 20 ions monitored was 

generated. The three most abundant ions from each group of five ions was determined 

from the report. As an example, ions at masses 201.95,201.90, and 201.85 were 

determined to have, on average, the highest scan abundances for the ion at mass 202. 

Incidentally, a single ion from each group of five was not selected initially because it was 

observed that the ion with the highest scan abundance varied between runs and alternated 

between one of the three ions with the highest scan abundances. 

Twelve ions were selected for an initial SIM method referred to as the "12-ion SIM" 

method and included ions at masses 201.90,217.00,231.00, and 246.05 ± 0.05 rnlz. This 

method was used to a limited extent in this work. Ultimately, the ions at masses 201.90, 

217.00,231.00, and 246.05 were incorporated into a method referred to as the "4-ion 

SIM" method and were used exclusively for all low-level work. 

Selection of dwell times for the ions in each of the two methods was a tedious process. 

The goal was to achieve approximately 25 data points within the integrated peak of 

MeHgEt (base-to-base). The calculations for determining an appropriate dwell time are 

outlined as follows (Hewlett-Packard, 1990): 

1. Convert the total GCIMS run time in minutes to milliseconds. 

2. Divide the GCIMS run time by the number of scans to obtain a scan cycle time. 

3. Multiply the number of ions monitored by the dwell time of each to obtain the ion

group dwell time. 
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4. Subtract line three from line two to obtain the system overhead time. 

5. Determine the width of the integrated peak in minutes and convert to milliseconds. 

6. Divide line five by the number of times the peak is to be sampled. 

7. Subtract line six from the system overhead time to determine the time that the ion 

group can be monitored. 

8. Divide line seven by the number of ions monitored in the group to obtain the dwell 

time for each ion. 

The procedure outlined above was carried through several iterations until a dwell time 

yielding approximately 25 data points per peak was obtained. For the analysis of 40 mL 

ofa 1.0 nglL as Hg(II) MeHgCI standard solution, a dwell time of30 ms and 75 ms was 

determined for the "12-ion SIM" and "4-ion SIM" method, respectively. 

A great deal of optimization work has been carried out to this point with respect to the 

sample concentrator and GCIMS instrumentation. Table 3.5 summarizes the optimum 

experimental parameters and operating conditions established for the derivatization 

reaction, sample concentration, and GCIMS separation and detection steps. 

3.1.3 Performance of the Sample Concentrator and GCIMS Operational Procedure 

With the optimization work completed, it was necessary to evaluate the operational 

procedure developed for the sample concentrator and GCIMS instrumentation, subsequent 

to the determination of methylmercury compounds in low-level environmental samples. 

Recall, that the objective of this work was to generate a response curve to evaluate 

linearity and to determine an absolute detection limit ofHg(II). 
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Table 3.5 Summary of the Optimum Experimental Parameters and Operating Conditions 
Established 

Derivatization Reaction: 

volume of acetate buffer added: 250 .uL 
volume ofNaBEt4 added: 75 .uL 
reaction temperature: 25°C 
reaction time: 15 min 

GCIMS Separation and Detection: 

oven-temperature program 

Sample Concentration: 

flow rate of helium: 40 rnL/min 
purge time: 15 min 
desorption temperature: 170°C 
desorption time: 1.0 min 
sample transfer-line temperature: 145 °C 
valve temperature: 145°C 

initially 0 °C (1.2 min) with liquid CO2 cryogenic cooling 
ramp to 125°C (3.5 min) at rate of70 DC/min 
ramp to 200°C (2.0 min) at rate of70 DC/min 
total run time of9.56 min 

SIM mode of data acquisition 

"l2-ion SIM" method: 

ions monitored: 201.90,217.00,231.00,246.05 ± 0.05 rnIz 
dwell time: 30 ms 

"4-ion SIM" method: 

ions monitored: 201.90, 217.00, 231.00, 246.05 rnIz 
dwell time: 75 ms 
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Initially, the GC/MS was operated in the SIM mode of data acquisition using the 

"12-ion SIM" method. This method was used to ensure that an adequate response could 

be obtained for the MeHgCI standard solutions (concentration range of 0-1 0 ng/L as Hg). 

Five replicate samples of the blank solution and three replicate samples ofthe remaining 

standards were analyzed. A response curve was constructed by plotting MeHgEt peak 

area versus the nominal amount ofHg injected (0,40, 160,280, and 400 pg Hg). The 

response curve for the direct injection and analysis of the MeHgCI standard solutions is 

presented in Figure 3.10. The figure demonstrates that the response curve is linear over 

the entire range of standard solutions evaluated. Linear regression gave a response slope 

of220 (counts/pg Hg) with a correlation coefficient of 0.998. The variance about the 

regression, for a line of the form y = a + bx, is defined as follows (peters et aI., 1976): 

[(Ey2 - nY"2) - b2(Ex 2 - nX"2)] 
n-2 

The peak area standard deviation (sy.r) about the regression was calculated to be 1668 

(counts) and is represented in Figure 3.10 as error bars centered about the mean peak area 

value for each set of replicate points. The MeHgEt response obtained was adequate for 

low-level work; thus, the "4-ion SIM" method was used for the remainder of the work. 

An absolute detection limit for Hg(II) was calculated as the mass ofHg(II) equal to 

the predicted intercept plus three times the standard deviation of five replicate blank 

determinations, expressed in picograms ofHg(II). The predicted intercept obtained by 

linear regression was 5825 (counts), while the standard deviation of five replicate blank 

determinations was 293 (counts). The absolute detection limit for MeHgCI was 

determined to be 4 pg as Hg(II) for the analysis of a 40-mL sample volume. 
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Figure 3.10 Response curve for the direct injection ofMeHgCI standard solutions. Five 
and three replicate injections were made for the blank (1.62 rnM HCI) and 
MeHgCI standard solutions (1,4, 7, and 10 ngIL as Hg(II) in 1.62 rnM 
HCI), respectively. Linear regression gave a response slope of220 
(counts/pg Hg). The observed peak area standard deviation (syx) was 1668 
(counts) and is represented by error bars centered about the mean peak area 
value for each set of replicate points. 
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3.1.4 Evaluation o/Calibration Based on the Internal Standard Method 

Quantitative chromatography is most often achieved by calibration with external 

standards. In this method, a series of external (or calibration) standards of known analyte 

concentration (cs) is prepared. The standards and samples are then chromatographed 

followed by the measurement of the analyte peak area (As). A calibration curve is 

prepared from the results by plotting peak area (As) versus the concentration (cs) ofthe 

standards. Then the unknown analyte concentration in the sample (cx) can be detennined 

from the calibration curve. 

A constant volume of standard solution must be introduced into the GC column if the 

standards used to construct the calibration curve vary in concentration. On-column 

syringe injection is typically used to introduce sample into the GC column. However, 

syringe injection is less reproducible, particularly for syringes that contain sample in the 

needle, due to the smaller injection volumes used (1-10 tiL) (Miller, 1988). In this work, 

a sample concentrator was used prior to GCIMS separation and detection. Although the 

method of sample introduction into the sample concentrator is more detailed than the on

column syringe injection technique described above, the same principles would apply. 

The highest precision for quantitative chromatography is obtained, in most instances, 

by the use of an internal standard. In this method, a carefully measured quantity of an 

internal standard is added (most conveniently by volume) to all calibration standards and 

samples. The cahbration standards and samples are then chromatographed followed by 

the measurement of the analyte peak area (As) and the internal standard peak area (A[s)' A 

calibration curve is prepared by plotting the area ratio of the analyte to the internal 



standard (A!Als) versus the concentration of the standards. The A!Als value for the 

sample is then used to detennine the unknown analyte concentration (ex) in the sample. 

Since both responses change proportionally, any variations in experimental conditions 

observed from one run to the next are canceled out when referencing all data to the 

internal standard. 
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External standards were used in the work described above to evaluate the operational 

procedure developed for the sample concentrator and GCIMS. In that work, an aliquot of 

standard solution was directly injected into the reaction/purge vessel. Errors (expressed as 

percent RSD) in a range from 1 to 5 percent were observed when external standards were 

used. Although the errors observed for the external standard method were within an 

acceptable range, the internal standard method was pursed since its use can potentially 

compensate for systematic or random errors, resulting from the loss of analyte during 

sample preparation, if the internal standard is added to the initial sample prior to sample 

treatment. In this work, sample treatment will eventually entail a procedure based on the 

isolation of methylmercury compounds from the sample matrix by distillation. Thus, a 

suitable internal standard added to samples prior to the isolation by distillation step could 

potentially compensate for errors associated with sample loss. Further, the internal 

standard method can partially compensate for drifts or random nonfundamental 

fluctuations in experimental conditions that cause systematic or random error during the 

sample presentation and measurement steps, respectively (Ingle and Crouch, 1988). 

The internal standard chosen must meet the following criteria: (1) the standard must be 

available in pure form, (2) it should not be present in the original sample, (3) the standard 

peak must be well separated from the peaks ofall other components in the sample (Rs> 
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1.25); however, the peak should appear close to the analyte peak, and (4) the standard 

should be chemically similar to the analyte of interest and not suffer from its own unique 

interferences (Miller, 1988). More often than not, the internal standard method is limited 

by the availability of a suitable standard material. 

In regard to the present work, it was thought that the most suitable internal standard 

would be a halogenated organomercurial species of the form RHgCl. The RHgCI species, 

much like MeHgC~ must be amenable to isolation by distillation and capable of 

derivatization by NaBEt4 to form the more volatile adduct RHgEt. The organo

constituent of the RHgCI species should be as closely related as possible to the methyl

constituent in MeHgCI; however, only constituents larger than an ethyl group can be 

considered. Although the volatility of the adduct (RHgEt) would be less than that 

expected for MeHgEt, quantitative purge-and-trap analysis ofthe ethylated species would 

still be possible with the procedure developed. In the end, n-propylmercuric chloride (n-

PHgCI) was the only commercially available compound meeting these requirements. 

In this work, replicate samples of 40 mL each ofthe equimolar standard solutions of 

MeHgCI and n-PHgCI (concentration range of5-500 nglL as Hg) were processed using a 

slightly modified method. The following parameters were evaluated for each standard 

solution: (1) mean peak area and run-to-run variability for each ethylated species 

(MeHgEt and n-PHgEt), and (2) peak area ratio ofMeHgEt to n-PHgEt (AMeHgEIAn-PHgEt) 

and associated variability. Table 3.6 lists the results obtained for each of the standard 

solutions used to evaluate n-PHgEt as a potential internal standard. 
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Table 3.6 Results for the Evaluation ofn-Propylmercuric Chloride as a Potential Internal 
Standard 

MeHgCI & n-PHgCI MeHgEt n-PHgEt 
Standard Concentration Mean Peak Area Mean Peak Area 

[ng/L as Hg(U)] a (AMeHgEt) (An_PHgEt) 

500 b 22040 ± 811 4694 ± 1263 
(%RSD = 3.7) e (%RSD = 26.9) e 

50 c 1963 ± 92 314 ± 93 
(%RSD = 4.7) e (%RSD = 29.6) e 

5 d 265 ±4 not detected 
(%RSD = 1.5) e 

a Replicate samples of 40 mL each of equimolar standard processed. 
b Five replicate samples processed. 
C Three replicate samples processed. 

Peak Area Ratio 
(AMeHgE/An-PHgEt) f 

4.92 ± 1.05 
(%RSD = 21.3) g 

6.55 ± 1.56 
(%RSD = 23.8) g 

not calculated 

d Two replicate samples processed. Unable to quantitate peak area for n-PHgEt or 
detennine a peak area ratio. 

e Percent relative standard deviation (RSD) calculated using mean peak area and 
associated standard deviation. 

f Calculated for each replicate determination and then averaged. Uncorrected retention 
times (10 ofMeHgEt and n-PHgEt equal to 6.3 min and 8.4 min, respectively. 

g Percent relative standard deviation (RSD) calculated using mean peak area ratio and 
associated standard deviation. 
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The observed run-to-run variability was quite high in the case ofn-PHgEt. The 

percent RSD values observed for the 50 and 500 nglL standard solutions were 29.6 and 

26.9 percent, respectively. Accurate quantitation ofn-PHgEt peak area was not possible 

with the 5 ng/L standard solution. With respect to MeHgEt, the percent RSD values 

observed for the 5, 50, and 500 ng/L standard solutions were 1.3,4.7, and 3.7 percent, 

respectively, with accurate quantitation in all cases. 

Loss of the n-PHgEt signal response with the 5 nglL standard solution may be 

explained by examining the peak area ratios ofMeHgEt to n-PHgEt. The relative 

response (AMeHgEIAn-PHgEt) was detennined to be, on average, about 5.5 times greater for 

MeHgEt. The differing responses observed may likely be attributed to differences in the 

response of each species to the mass selective detector and the physical and chemical 

properties of each species, which affect derivatization, stripping, and trapping efficiencies. 

As demonstrated by this work, n-PHgCI would not serve as a suitable internal 

standard for the method developed. In contrast to MeHgCI, the measurement ofn-PHgCI 

resulted in lower signal response and higher variability, which would ultimately degrade 

the precision of the method. External standards were used for all remaining work. 

3.1.5 Sample Concentrator Trapping Material Comparison 

Several investigators (Bloom, 1989; Bloom and Fitzgerald, 1988; Liang et aI., 1994) 

have demonstrated that organic mercury species sometimes decompose during thermal 

desorption from Carbotrap® columns. Decomposition is much more significant for 

diethylmercury than for methylethylmercury, sometimes making quantitation of the former 
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impossible. Liang et al. (1994) demonstrated that no decomposition of organic mercury 

species was observed when Tenax-T A ® columns were used. As a result, traps containing 

either Carbotrap® or Tenax-TA ® were compared in order to evaluate potential on-trap 

decomposition and potential differences in trapping efficiencies. 

To quantitatively compare the trapping efficiencies of the two traps, five replicate 

samples ofa MeRgCI standard solution (50 ng/L as Rg) were analyzed with MeRgEt 

mean peak area values determined for each of the traps used. Results from the trapping 

efficiency study are shown in Figure 3.11. MeRgEt mean peak area values of 1498 ± 95 

and 1511 ± 71 (counts) were observed for the Carbotrap® and Tenax-TA®traps, 

respectively. Comparison of the mean values with Student's t test reveals that they are 

not significantly different at the 95 percent confidence level. Thus, both traps have 

comparable trapping efficiencies with respect to MeRgEt. 

Qualitative evaluation of on-trap decomposition of the organic mercury species was 

made by visual inspection of the chromatograms for the presence ofa peak corresponding 

to elemental mercury (RgO). No Rgo peak was observed in any chromatogram when the 

Tenax-TA ® trap was used; however, a small Rgo peak was observed in the first two 

chromatograms when the trap containing Carbotrap® was used (approximately 3% relative 

to the total area of all peaks). This peak was not observed in subsequent runs. Overall, 

the traps were comparable with respect to trapping efficiency and minimization of on-trap 

decomposition of the ethylated organic mercury species. Traps containing Carbotrap® 

material were used for all subsequent work. 
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Figure 3.11 Comparison oftrapping efficiency ofCarbotrap® and Tenax-TA® filled 
traps. Five replicate samples of 40 mL each of a 50 ng/L as Hg(II) MeHgCl 
standard solution were directly injected. MeHgEt mean peak area values of 
1498 ± 95 and 1511 ± 71 (counts) were observed for the Carbotrap® and 
Tenax-TA ® traps, respectively, with standard deviations shown by error bars. 
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3.2 Optimization ofIsolation by Distillation Procedure 

In the isolation procedure developed by Horvat et al, (1993a,b), they recommend the 

selection of an oven temperature and a gas flow rate that provides a distillation rate 

between 6 and 8 mL/h. They state that higher distillation rates can be achieved by 

increasing the oven temperature, but this results in lower and unreproducible recoveries of 

methylmercury, while at lower temperatures the distillation is too slow. They also 

recommend that higher flow rates be avoided since breakthrough of solution from the 

distillation vessel into the collection vessel is possible. 

To achieve comparable distillation rates with the current distillation apparatus, various 

oven temperature settings (110, 115, and 120°C) and gas flow rates (15, 25,35 mL/min) 

were evaluated. For each temperature evaluated, a pair ofmetering valves were set at 

each of the three flow rates. Distillation was terminated when approximately 90 percent 

ofthe original solution had been distilled. Distillation rates (g/h) were calculated from the 

mass of distillate solution collected and the total time required. Average distillation rates 

were calculated for the flow rates run in duplicate. Figure 3.12 shows the affect ofpurge 

gas flow rate and oven temperature on the distillation rate. 

By inspection of Figure 3.12, a suitable distillation rate can be achieved by the 

selection ofan oven temperature and flow rate combination. For example, a distillation 

rate of about 6 g/h (s.mL/h) can be achieved by several oven temperature and flow rate 

combinations, if a line, parallel to the x-axis, is extended across the graph with its origin at 

6 g/h. For a flow rate of25 mL/min, a temperature ofabout 116°C would be required to 

achieve a distillation rate of approximately 6 g/h. 
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Figure 3.12 Affect of purge gas flow rate and oven temperature on distillation rate. Data 
points represent an average distillation rate of duplicate determinations made 
for each ofthe three flow rates investigated. 
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Flow rates greater than 25 mL/min resulted in the loss of distillate solution from the 

collection vessels. The loss of sample was attributed to the formation of small droplets of 

distillate solution that develop as the nitrogen was passed through the collection vessel. 

These droplets collected above the bulk solution and on the inside walls of the vessels. As 

the distillation progressed, a static charge developed inside the collection vessels causing 

the droplets to migrate more freely within the vessel. At higher flow rates, there was 

enough pressure exerted inside the vessel to force the droplets out of the vessel. The 

development ofthe static charge was verified on several occasions; a bare finger inserted 

inside the PTFE vessel resulted in a discharge or shock. 

The slopes of the three plots in Figure 3.12 are nearly identical. In addition, for each 

temperature step (5°C) there is an observed increase in the distillation rate of about 1 g/h. 

Although experiments were not performed at higher oven temperatures, one would expect 

to observe plots similar to those shown in Figure 3.12 with respect to slope and distillation 

rate enhancement. Prediction of flow rates « 25 mL/min) and oven temperature values 

required for distillation rates greater than 7 gIh would then be possible. 

A distillation rate of6 g/h was chosen for subsequent work. To achieve this rate, a 

purge gas flow rate of25 mL/min and an oven temperature setting of about 115 °C would 

be used. At this rate, distillation of approximately 90 percent of the original solution mass 

(37.5 g) would take about 6.2 hours. Less time would obviously be required if the 

distillation was terminated after collection ofless than 90 percent of the original solution. 

Horvat et al. (l993b) state that in order to distill between 80 and 85 percent ofa 50-mL 

water sample, between 5 and 7 hours are required. Thus, the distillation parameters 

chosen for this work provided comparable distillation times and also avoided sample loss. 
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3.3 Stora~e ofMethylmercuric Chloride Solutions 

Nitric acid preservation of the methylmercuric chloride standard solutions was taken 

from established methods for preventing the loss of trace mercury from water samples 

(American Public Health Association et al., 1989; U.S. EPA, 1994a,b). These methods 

require the addition of sufficient nitric acid at the time of collection to reduce the solution 

pH to less than 2. In most cases, the addition of 3 mL of a nitric acid solution (1 : 1, i.e., 

equal volumes of concentrated RN03 and deionized water) per liter ofwater sample is 

sufficient, yielding a:final acid concentration of 0.025 M. 

Acidification of methylmercuric chloride standard solutions leads to two important 

consequences. First, the solution must be neutralized to the desired pH range prior to 

derivatization. Second, acid preservation leads to the decomposition of organic mercury 

species, as will be shown. 

The derivatization reaction is pH dependent having an optimum pH between 4.5 and 

4.9. An aqueous solution of MeHgCI to be subjected for ethylation must have a pH 

between 3 and 5; thus, the pH must be adjusted before the addition of ethylating reagent. 

If the pH of the test solution is in the range indicated, it is possible to adjust the pH to the 

optimum value by the addition of acetate buffer; however, a maximum of2 mL ofbuff'er 

can be added without interfering with the ethylation reaction. If the pH is less than the 

indicated range, the solution can first be neutralized by the addition of dilute KOH 

solution (Horvat et al., 1993b). The pH ofthe acidified solutions used in this work were 

expected to fall outside of the desired pH range. 
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In light of the discussion above, it was of interest to determine how much 2 M acetate 

buffer or dilute KOH solution plus 2 M acetate buffer would have to be added to a test 

solution to reach the optimum derivatization reaction pH. An acidified blank solution 

(0 ngIL as Hg in 0.025 M HN03) was used to make the study. The results of the acidified 

test solution and reaction solution pH verification study are summarized in Table 3.7. 

The observed pH values of the acidified test solutions were approximately 1.9. The 

addition of2 M acetate buffer alone (Table 3.7, A) resulted in a reaction solution pH of 

4.5, which falls on the lower end of the optimum pH range for the derivatization reaction; 

however, this required a large addition of buffer solution (1.25 mL) and is undesirable. 

On the other hand, the addition of 0.200 mL of 5.9 M KOH plus 0.250 mL of2 M acetate 

buffer (Table 3.7, B) was sufficient to achieve a reaction solution pH of 4.8. As a check, 

the expected (theoretical) solution pH was calculated by taking into consideration the 

initial concentration of hydrogen ion (H+) present in the test solution, the final 

concentration of acetate buffer added, and applying the Henderson-Hasselbalch equation. 

For a more thorough discussion of the Henderson-Hasselbalch equation and its application 

to buffer solutions, the reader is referred to Harris (1991). The final solution pH for the 

addition of 1.25 mL of 2 M acetate buffer alone and 0.200 mL of 5.9 M KOH plus 0.250 

mL of2 M acetate buffer was calculated to be 4.39 and 4.79, respectively. As a result of 

the above findings, 0.200 mL of the KOH solution was added to all acidified series 

solutions prior to analysis. 

Acidified and nonacidified MeHgCI standard solutions (concentration range of 

0-30 ng/L as Hg) were prepared in l-L PP volumetric flasks and stored in the dark at 

4 °C over a 100-day storage period. Each series of solutions (Series 1-0, acidified to 



Table 3.7 Summary of Acidified Test Solution and Reaction Solution pH Verification 
Study 

A. Buffer Solution B. KOH or KOH + Buffer Solution 

Initial Test Reaction Initial Test Reaction Reaction 
Solution Solution pH Solution Solution pH Solution pH 

pH a after Addition of pH a after Addition of after Addition of 
Acetate Buffer b 5.9MKOH d Acetate Buffer f 

1.90 2.15 1.90 1.99 

3.26 2.12 

4.17 2.51 

4.38 2.89 

4.49 (4.39) c 11.55 

1.89 2.16 

3.35 1.89 2.93 e 4.80 (4.79) g 

4.18 

4.38 1.88 2.90 e 4.79 (4.79) g 

4.49 (4.39) c 

a Test solution used was 40 mL of a 0 ngIL as Hg(II) MeHgCI standard solution in 
0.025 M HN03 (blank). 
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b Addition of 0.250 mL of 2 M acetate buffer was made for each subsequent measurement. 
C The expected (theoretical) solution pH was calculated by taking into consideration the 

initial concentration of hydrogen ion (H+) present in the test solutions, the final 
concentration of acetate buffer, and applying the Henderson-Hasselbalch equation. 

d Addition of 50 ,uL of 5.9 M KOH was made for each subsequent measurement. 
e Addition of 0.200 mL of 5.9 M KOH (0.250 mL results in basic conditions). 
f Addition of 0.250 mL of 2 M acetate buffer. 
g The expected (theoretical) solution pH was calculated by taking into consideration the 

initial concentration of hydrogen ion (H+) present in the test solution, the final 
concentration of hydroxide ion (OH·) and acetate buffer added, and applying the 
Henderson-Hasselbalch equation. 
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0.025 M HN03; Series 11-0, nonacidified) was studied in order to evaluate storage losses 

resulting from breakdown caused by nitric acid, adsorption on container walls, and/or 

vaporization at the air-water interface. In addition, fresh series of acidified (Series 1-F, 

acidified to 0.025 M HN03) and nonacidified (Series II-F) MeHgel standard solutions 

(concentration range of 0-30 ngIL as Hg) were prepared in 250-mL PP volumetric flasks 

and analyzed within hours of preparation. The results from these solutions were 

compared to those obtained from the long-term study to evaluate losses. These results 

were also used to evaluate procedure and instrument variability as a function of time. In 

all cases, two replicate samples of 40 mL each of test solution were directly injected into 

the reaction/purge vessel followed by derivatization, concentration, and GelMS 

separation and detection. Response curves were constructed for each series, on five 

separate occasions, by plotting MeHgEt mean peak area versus the nominal amount ofHg 

injected (0, 0.2, 0.6, and 1.2 ng Hg). 

The response curves for the nonacidified series solutions (Series 11-0) stored in PP 

flasks in the dark at 4 De over 100 days is shown in Figure 3.13. The response curves 

generated after 2, 32, 49, 68, and 96 days are linear over the range of concentrations 

monitored. Response curve slope (counts/ng Hg) varied from 769 (day 49) to 804 

(day 32) with an overall mean slope of790. A control chart of response curve slope 

versus storage time is shown in Figure 3.14. Upper and lower control1imits correspond to 

the variability (standard deviation) in the overall mean slope calculated from the five 

measurement dates; a variability of±23.4 (counts/ng Hg) was observed. As shown in 

Figure 3.14, all response curve slope values and their corresponding error fall within the 

upper and lower limits. The observed slope percent RSD was three percent. 
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Figure 3.13 Response curves ofnonacidified MeRgCI solutions (Series II-D). Standard 
MeRgCI solutions of 0, 5, 15, and 30 ngIL as Rg(II) were stored in 
polypropylene flasks in the dark at 4 °C over 100 days. Slope values are 
given in units of countslng Rg. 
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Figure 3.14 Control chart of response curve slope ofnonacidified MeRgCI solutions 
(Series 11-0) as a function of storage time. Response curve slope values are 
presented in Figure 3.13. Slope(s) and standard deviation(s) are in units of 
counts/ng Hg. 
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The response curves for the acidified series solutions (Series 1-0) stored in PP 

volumetric flasks in the dark at 4 °C over 100 days is shown in Figure 3.15. The results 

observed for these solutions are in sharp contrast to those observed for the nonacidified 

solutions. Response curves generated after 3,33,48,66, and 95 days are scattered over 

the range of concentrations monitored. The average linear response obtained from Series 

11-0 (790 counts/ng Hg) is included in Figure 3.15 to illustrate the observed deviation 

from linearity, especially at higher solution concentrations. Rapid loss ofMeHgCl from 

the acid-preserved solutions was observed (decrease in response of25% by the 30 nglL as 

Hg solution after 3 days). The signal response for the 30 ng/L solution continued to drop 

during the study and eventually leveled off to 40 percent ofthe response observed for the 

nonacidified 30 nglL solution. 

Odd results were obtained for the 5 ng/L as Hg(lI) solution. There was an apparent 

increase in the MeHgCl signal response over the course of the study. The increase in 

MeHgCl response may be attributed to one of two possible sources. First, it is possible 

that the 1-L PP flask may have previously contained a solution of higher MeHgCl 

concentration (> 5 ng/L as Hg). The cleaning protocol used for the PP flasks may not 

have been sufficient at removing adsorbed MeHgCl from the container wall. If this was 

the case, then the long-term storage of the solution under acidified conditions may have 

resulted in the release of adsorbed MeHgCl, with a corresponding increase in signal 

response over time. 
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Figure 3.15 Response curves of acidified MeRgel solutions (Series 1-0). Standard 
MeRgel solutions of 0, 5, 15, and 30 ng as Rg(II) in 0.025 M RN03 

(PH < 2) were stored in polypropylene flask in the dark at 4 °e over 100 
days. Slope values are given in units of counts/ng Hg. 
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The second possibility may be attributed to the storage ofMeHgCI solutions and 

dimethyhnercury together in a laboratory refrigerator. At one point, it was discovered 

that dimethyhnercury had evaporated from a crimp vial stored in a plastic bottle located in 

the refrigerator. Although the defective vial was immediately removed, dimethyhnercury 

continued to be a source of contamination due to the partitioning of the volatile species 

into aqueous solutions stored in the refrigerator. It is feasible that the observed increase 

ofmethyhnercury in the 5 ngIL solution was the result of the partitioning of residual 

dimethyhnercury into the volumetric flask. Although the other solutions in the current 

study showed no apparent increase in methyhnercury, the increase with this particular 

solution may have resulted from a defective PP screw-cap closure. Regardless of the 

source of contamination, dimethyhnercury present in an acidified solution is unstable and 

may be converted to the methyhnercury cation (Horvat et al., 1993a,b). 

On five separate occasions, subsequent to the analysis of the original series of 

solutions, a series ofnonacidified MeHgCl standard solutions (Series II-F) was freshly 

prepared and analyzed. The response curves generated for each series are presented in 

Figure 3.16. In all cases, the observed response was linear over the range of 

concentrations monitored. Response curve slope (counts/ng Hg) varied from 787 (Run 1) 

to 824 (Run 4) with an overall mean slope of803. A control chart of response curve 

slope versus series run number is presented in Figure 3.17. Upper and lower control limits 

correspond to the variability (standard deviation) in the overall mean slope calculated from 

the five individual series; a variability of ± 19.4 (counts/ng Hg) was observed. As shown in 

Figure 3.17, all response curve slope values and their corresponding error fall within the 

upper and lower limits. The observed slope percent RSD was 2.5 percent. 
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Figure 3.16 Response curves offresh nonacidified MeHgCl solutions (Series II-F). 
Standard MeHgCI solutions of 0, 5, 15, and 30 ng/L as Hg(II) were prepared 
in polypropylene flasks and analyzed within hours of preparation throughout 
the long-term storage study. Slope values are given in units of counts/ng Hg. 
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Figure 3.17 Control chart of response curve slope of nonacidified MeRgCI solutions 
(Series II-F) as a function of series run number. Response curve slope values 
are presented in Figure 3.16. Slope( s) and standard deviation( s) are in units 
of counts/ng Hg. 
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The mean slope values observed for the two nonacidified series (Series 11-0, m = 790 

counts/ng Hg; Series II-F, m = 803 countslng Hg) were compared with Student's t test. 

A pooled standard deviation was obtained by making use ofthe individual slope values 

observed for each series. It was found that the slope values do not differ significantly at 

the 95 percent confidence level. These findings demonstrate that aqueous solutions of 

MeHgCl, over a concentration range of 0-30 ng/L as Hg(Il), are stable for at least three 

months without nitric acid preservation. The results from Figure 3.17 also demonstrate 

that the procedure and instrument variability is relatively low and stable over time. The 

observed slope percent RSD was 2.5 percent, which is a good indication that periodic 

calibration with fresh standard solutions, while always a good idea, may not be absolutely 

necessary. 

On five separate occasions, subsequent to the analysis ofthe original series of 

solutions, a series of acidified MeHgCl standard solutions (Series I-F) was freshly 

prepared and analyzed. The response curves generated for each series are presented in 

Figure 3.18. The results observed for the acidified series solutions are again in sharp 

contrast to those observed for the nonacidified solutions (Series II-F and Series II-D). In 

all cases, the observed response was lower over the range of concentrations monitored. 

The average linear response obtained from Series II-F (803 counts/ng Hg) is included in 

Figure 3.18 to illustrate the lowered response of the acidified solutions measured. Rapid 

loss ofMeHgCl from the acid-preserved solutions was again observed (average decrease 

in response of 43 ± 7% by the 30 nglL as Hg solution after approximately 6 hours). A 

similar decrease in MeHgCl response (approximately 40%) was observed for the acidified 

30 ng/L solution after 96 days of storage. 
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Figure 3.18 Response curves of fresh acidified MeRgCI solutions (Series I-F). Standard 
MeRgCI solutions of 0, 5, 15, and 30 ngIL as Rg(II) in 0.025 M RN03 
(PR < 2) were prepared in polypropylene flasks and analyzed within hours of 
preparation throughout the long-term storage study. Slope values are given 
in units of counts/ng Rg. 
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The variation in response observed for the 15 and 30 nglL as Hg(II) solutions 

observed in Figure 3.18 may likely be attributed to the solutions having been run at slightly 

different times after preparation. Solutions of higher MeHgCl concentration, especially 

the 30 ngIL solution, were sometimes analyzed between 6 and 9 hours after preparation; 

thus, one would expect to see a variable decrease in the MeHgCl response as a function 

time if the loss can be attributed to breakdown caused by nitric acid and/or adsorption. 

This work clearly demonstrates that aqueous solutions ofMeHgCl at the nglL level 

are very stable for at least three months if stored (1) in the dark at 4°C, (2) in acid

cleaned polypropylene flasks, and (3) without nitric acid preservation. Rapid loss of 

MeHgCl was observed for solutions acidified with nitric acid and stored under identical 

conditions. The current literature on the storage behavior ofMeHgCl is summarized in 

Table 3.8. The results from the present work are also discussed below. 

Lansens et al. (1990a) reported some loss from 10 f-lglL MeHgCl solutions stored in 

the dark at 5 °C in glass bottles at pH 6 « 15% decrease over 3 months); whereas, the 

same solutions stored in the dark at room temperature showed significant loss (65% loss 

after 1 month, below detection after 2 months). Further, experiments with the same 

solutions stored at room temperature on a laboratory table showed similar results. Bloom 

(1989) demonstrated that a 5.40 f-lgIL as Hg (II) MeHgCl solution stored at a temperature 

between 0 and 5 °C in an amber glass bottle with Teflon cap maintained its concentration 

for over 12 months. Bloom (1989) also demonstrated that nonacidified MeHgCl solutions 

(0.057 and 0.128 nglL as Hg) stored in the dark at 4°C, in acid-cleaned Teflon bottles, 

were stable over one month (±10% of initial concentration); however, storage of these 

same solutions at room temperature under fluorescent lighting resulted in a 20 percent 



Table 3.8 Summary of Storage Behavior Studies on Methylmercuric Chloride Solutions 

Type of Water MeHgCI Container Storage Conditions MeHgCI Loss Reference 
Sample Concentration Material 

Deionized water 5.40 ppb amber glass 0-5°C stable for 12 months Bloom (1989) 

Spiked tap water 0.057,0.128 ppt Teflon 4 °C in dark; room temp. under fluorescent ± I 0% loss after I month; 20% loss after I Bloom (1989) 
lights month 

Deionized water 10 ppb glass 5 °C in dark; room temp. in light and in dark 15% loss after 3 months; below detection Lansens et al. (1990a) 
after 3 months (no difference between 
light and dark) 

Natuml water 0.4 ppt borosilicate glass 6°C in dark 15% loss after 2 months Lee and Mower (1989) 

Deionized water 10,100 ppb glass room temp. in dark; room temp. in light stable fur 2 months Leennakers et al. (1990) 

Deionized water O.IO,IOppb glass not stated stable for 5 days with 91 % loss after 19 Leennakers et a1. (1990) 
days, 40% loss in 12 days with 80% loss 
after 30 days 

Deionized water 1.0ppb glass room tempemture with no preservatives stable for 3 days with 45% loss after 8 Oda and Ingle (1981) 
added days 

Deionized water 10,100 ppb Teflon room temp. in dark stable fur 3 months Lansens et al. (1990a) 

Deionized water O.oI, 10 ppb Teflon not stated stable fur 35 days Leennakers et al. (1990) 

Deionized water 10ppb polyethylene not stated 80% loss in 12 days and 94% loss after 30 Leennakers et al. (1990) 
days 

Spiked seawater 2.05 ppb polyethylene room temp. 75% loss in 2 days and below detection Stoeppler and Matthes (1978) 
after 15 days 

Natuml water ppt levels Teflon acidified with 0.1 % HCI at room temp. > 80% loss after 2 days Bloom (1989) 

Natuml water ppt levels Teflon acidified with HCI or H2SO4 25% loss to container walls Horvat el al. (1993 b) 

Deionized water 1.0ppb glass acidified (I % HN03) at room temp. in light 60% loss after 8 days Oda and Ingle (1981) 

Deionized water 100 ppb glass, Teflon acidified (I % HNO,) stable for 2 weeks Leennakers et al. (1990) --...J tv 
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decrease over the same period. Emteborg et al. (1995) recommend storage of standard 

solutions ofMeHgCI in glass vessels at 4 °C in the dark. In regard to nonacidified fresh 

water samples, Lee and Mowrer (1989) reported a 15 percent decrease in methylmercury 

concentration (004 ngIL initially) after two months for storage in the dark at 6 °C in 

borosilicate bottles. Horvat et al. (1993b) recommend that natural water samples be 

stored in the dark at lowered temperatures (4°C) to prevent loss of methylmercury. 

It appears then that the stability ofMeHgCI solutions and methylmercury in natural 

water samples is dependent on storage temperature, with several investigators 

recommending storage temperatures between 0 and 6°C. In regard to the storage of 

solutions in the dark, as opposed to light, no experiments were performed in this work to 

evaluate the influence of light on the storage behavior ofMeHgCI. Photochemical 

decomposition has been attributed by several investigators to the instability ofMeHgCI 

solutions (Oda and Ingle, 1981; Stoeppler and Matthes, 1978; Horvat et aI., 1993a). On 

the other hand, Lansens et aI. (1990a) and Leermakers et aI. (1990) found no significant 

differences between solutions stored in the light and in the dark; these researchers 

concluded that the stability ofMeHgCI is not influenced by light. 

Preferred materials for storage containers include Teflon, polyethylene, and pyrex 

glass (Leermakers et al., 1990; Batley and Gardner, 1977). Unfortunately, there are many 

discrepancies in the literature in regard to the storage behavior of unpreserved MeHgCI 

solutions (deionized water and seawater) stored in the container materials cited above. 

Discrepancies in storage behavior have been reported between the different container 

materials and for a particular type of container material used. 
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For example, Leermakers et al. (1990) demonstrated that MeHgCl solutions of 0.08 

/-lgfL as Hg(U) at pH 6 and stored in glass remained constant for about five days; 

however, at the end of the 19 day study, only nine percent of the initial mercury content 

remained. Incidentally, no inorganic mercury was detected. They suggested that 

adsorption to the container wall was the main factor controlling the stability of MeHgCl in 

solution; similar conclusions were drawn by Lansens et al. (1990a). Oda and Ingle (1981) 

also observed losses from 1.0 /-lgfL MeHgCl solutions stored in glass containers at room 

temperature with no preservatives added (stable for 3 days, 45% loss in 8 days). 

The stability of MeHgCl solutions stored in Teflon containers is much better. Several 

investigators (Bloom, 1989; Lansens et aI., 1990a; Leermakers et al., 1990) have 

demonstrated that MeHgCl solutions (concentration range from ngfL to /-lgfL as Hg) 

stored in Teflon containers remain stable for as long as six months. 

Polyethylene containers are commonly used for sampling and storage because of their 

durability, cheap price, and relatively low-metal content. Polyethylene, however, has 

proved to be an unsuitable container material due to rapid degradation of organic mercury 

species such as MeHgCl (Leermakers et al., 1990). According to these investigators, the 

problems encountered with polyethylene bottles have been attributed to active sites on the 

interior wall surface (e.g., hydrocarbon radicals and carbonyl groups) and additives (e.g., 

amino, thiol, sulfide, or phenolic groups). Surface-oxidation products (carbonyl groups) 

have also been reported by Heiden and Aikens (1983) in conventional polyethylene (CPE) 

bottles. Together, the active sites and additives can cause mercury loss by adsorption and 

reduction, unless pretreatment of containers (e.g., hot acid leaching, chromic acid wash, or 

chloroform and aqua regina wash) is performed prior to storage (Leermakers et al., 1990). 
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Rapid degradation of organic mercury species has been reported for solutions stored in 

polyethylene containers (Leerrnakers et al., 1990). These same researchers demonstrated 

rapid loss ofMeHgCl from unpreserved solutions (10 ",gIL MeHgCl) stored in 

polyethylene containers (80% loss in 12 days, 94% after 30 days). Similar results were 

observed by Stoeppler and Matthes (1978) for the storage of seawater samples, at natural 

pH levels, spiked with MeHgCl at the ",gIL level (75% loss after 2 days and below 

detection after 15 days). 

Heiden and Aikens (1983) found no detectable surface-oxidation products for 

polypropylene, in contrast to CPE containers, in their study of commercial polyolefin 

container materials. In the present work, no detectable loss of MeHgCl was observed for 

the low-level MeHgCl solutions studied. In regard to storage behavior, the polypropylene 

containers used appear to be as good as Teflon, but not similar to glass or polyethylene. 

The results from the current work tend to support polypropylene as a suitable storage 

material for low-level MeHgCl solutions. The literature, however, is lacking in regard to 

the storage behavior of MeHgCl in this material. 

The results from this work demonstrate that acidification oflow-level MeHgCl 

solutions to 0.025 M RN03 (PH < 2) results in rapid loss ofMeHgCl and should be 

avoided. Bloom (1989) demonstrated the rapid loss ofMeHgCl from sample solutions 

(ngIL as Hg level) stored in Teflon at room temperature upon acidification with 0.1 

percent HCl (> 80% after two days). Horvat et al., (1993b) demonstrated that 

preservation of natural water samples (especially humic rich samples) by acidification with 

acids (HCl or H2S04) causes mercury to go to the walls (40% Hg and 25% MeHg+ went 

to the walls of the Teflon container in one sample upon acidification). Oda and Ingle 



176 

(1981) also demonstrated the breakdown ofMeHgCI from a 1 J1-glL as Hg solution in 

deionized water (stored in a glass volumetric flasks at room temperature) caused by 1.0 

percent HN03• They reported conversion of 40 percent and 60 percent MeHgCI after 

three and eight days time, respectively, with 45 percent of the MeHgCI being transformed 

to the inorganic form. In contrast, Leermakers et al. (1990) studied the storage behavior 

of acidified (1 % HN03) 100 ng/L MeHgCI solutions stored in glass and Teflon containers. 

They observed that the MeHgCI solutions in deionized water were stable for a least two 

weeks in both container materials. In addition, no conversion ofMeHgCI to the inorganic 

form was noticed during the two week storage period. 

In the present work, conversion ofMeHgCI to the inorganic form was not observed 

for any of the acidified solutions during the 100-day storage period. If conversion had 

taken place, a peak corresponding to inorganic mercury would have been detected in the 

chromatograms, since inorganic mercury initially present is converted to diethylmercury 

during the derivatization step. Detection of diethylmercury was possible since two of the 

four main ions of methylethylmercury (202 and 231 rn/z) monitored by the mass selective 

detector in the SIM mode correspond to those of diethylmercury. It is possible that 

MeHgCI was converted to the inorganic form; however, the levels may have been below 

detection when using the conditions established for the analysis of MeHgCl. Adsorption 

ofMeHgCI on the polypropylene container walls may have also occurred; however, 

leaching experiments were not conducted to confirm this fact. Overall, it was not 

apparent if the mechanism of MeHgCI loss from solution was related strictly to breakdown 

by the acid, adsorption to the container wall, or a combination of both. 
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Direct volatilization of MeHgCl from the stored solutions was very unlikely due to the 

low gas-liquid distribution constant (KH) reported by several investigators. A 

dimensionless Kd value (Cga/Cwater) of 1.07 x 10-5 at 20°C was cited by Lansens et al. 

(1990a). Iverfeldt and Lindqvist (1982) reported a dimensionless KH value of 1.47 x 10-5 

at 16°C [PH 5.2 and ionic strength 1.0 M (Na, H)Cl]. Calculations revealed that the 

storage ofa 1 mg/L as Hg (II) MeHgCl solution in a l-L vessel, with 750 mL of 

headspace and 250 mL of remaining solution (conditions similar to those toward the end 

of the long-term storage study), would result in about a 0.004 percent loss ofMeHgCl 

(11 pg as Hg) to the headspace. Loss ofMeHgCl to the headspace from a solution at the 

ng/L level would be much lower. Detection and accurate quantitation ofthis loss would 

not be possible with the current method employed. 

3.4 Determination of Methylmercury Compounds in Environmental Samples 

Lake-bottom sediment samples were collected from Cottage Grove Reservoir in 

September 1995 (labeled CV-@ in Figure 2.5) by Oregon State University, Department of 

Fisheries and Wildlife personnel. In addition, both lake-bottom sediment and surface

water samples were collected in June 1996 (labeled ® and 0, respectively in Figure 2.5). 

In the present work, the method developed was applied to the determination of 

methylmercury compounds in select sediment (@ and ®) and surface-water (0) samples 

collected from the reservoir. Figure 3.19 shows an overview ofthe reservoir, the location 

ofthe sample collection sites, and the observed methylmercury concentrations. 
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Figure 3.19 Observed methylmercury concentrations for lake-bottom sediment and 
surface-water samples collected from Cottage Grove Reservoir. Site ®, 
duplicate distillation and triplicate analysis; Site <3>, (average concentration) 
two and five replicate distillations with three and five replicate analyses, 
respectively; Site 0 , duplicate distillation and analysis of entire distillate. 
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3.4.1 Analysis a/Sur/ace Water 

Surface water was collected from Cottage Grove Reservoir in June 1996 (labeled 0 in 

Figure 2.5). This surface-water sample served as the first environmental sample to be 

analyzed using the technique developed. In order to determine the MeHg content of the 

sample, MeHgCI standard solutions (concentration range of 0-50 ng/L as Hg) were 

analyzed in duplicate. A response curve was made by plotting MeHgEt mean peak area 

versus the nominal amount ofHg injected (0, 0.2, 0.6, 1.2, and 2.0 ng Hg). Linear 

regression gave a response slope of891 (count sing Hg) with a correlation coefficient of 

0.997. Duplicate analysis of surface and deionized water (procedure blank) gave an 

average response of 164.0 ± 5.7 and 91.1 ± 3.5 counts, respectively. The blank corrected 

response, expressed as nanograms ofHg, was determined to be 0.082 ± 0.004 ng Hg, for 

the analysis of 40 mL of surface water. The average concentration of methylmercury in 

the surface water was determined to be 2.1 ± 0.11 nglL as Hg. 

The performance ofthe distillation procedure developed for the isolation of 

methylmercury compounds from surface water was checked by conducting a recovery 

study of spiked surface water. The recovery study was designed to sequentially collect six 

fractions of distillate during two independent distillations of surface water. To ensure that 

all of the MeHgCI was recovered, distillation was allowed to proceed until approximately 

90 percent of the surface-water solution had been distilled. Between 5 and 9 g of distillate 

were collected in each fraction. 
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The concentration ofthe MeHgCI spike solution (10 f.J..gfL as Hg) and the volume to 

be added (0.400 mL) was selected such that each fraction would collect approximately 

one-sixth of the total amount ofMeHgCI added (4 ng as Hg). Using the regression 

equation generated previously for the analysis ofMeHgCI standard solutions, MeHgEt 

peak areas of approximately 550 counts would be observed under ideal conditions 

(uniform distillation). Thus, quantitation of the MeHgCI content of each fraction would 

be made in the lower one-third ofthe response curve. 

Recall that deionized water was added to each collection vessel to bring the total mass 

in each vessel to approximately 40 g. This step was carried out to ensure that all solutions 

(fractions) to be analyzed would be subjected to the same experimental conditions. Each 

fraction was analyzed, the MeHgEt peak area determined, and the methylmercury content 

(as Hg) of each fraction quantitated using the response curve generated. 

In order to evaluate the recovery obtained by distillation, the methylmercury content 

contributed by the surface water (background) and procedure blanks (contamination) had 

to be taken into consideration. The background contribution from the surface water was 

assumed to be transferred uniformly into each vessel throughout the distillation process. 

A percent background contribution for each sequential fraction was calculated as the mass 

of distillate collected in a given fraction, divided by the cumulative mass collected, and 

multiplied by the methylmercury blank corrected response determined from the analysis of 

40 mL of surface water (0.082 ng Hg). In regard to the procedure blanks, it was assumed 

that each vessel added to collect a subsequent fraction would contribute additively to the 

background contribution. Because a single collection vessel was replaced each time, it 

was assumed that the contribution by contamination would be equivalent to one-half ofthe 
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average response detennined from the analysis of procedure blanks (0.113 ng Hg). Thus, 

the overall background contribution in each sequential fraction, expressed as nanograms of 

Hg, was taken as the sum of the percent background contribution from the surface water 

plus one-half of the contribution from the procedure blanks. 

For each fraction analyzed, the overall background contribution was subtracted from 

the raw methylmercury content to give a background corrected mass value. The recovery 

for each fraction was calculated by dividing the corrected mass value by the quantity of 

MeHgCI added as spike (4 ng as Hg). A recovery curve was made for each independent 

distillation by plotting the percent recovery versus the sequential volume of distillate 

collected. The recovery curves are presented together in Figure 3.20. It is apparent that 

the recoveries of MeHgCI from surface water are consistent and high. Recoveries of 100 

and 101 percent were obtained for Series 1 and 2, respectively, for the distillation of 

approximately 94 percent of the surface-water samples. 

3.4.2 Analysis of Sediment 

Lake-bottom sediment samples were collected from Cottage Grove Reservoir in 

September 1995 and June 1996 (labeled CD-@ and ®, respectively, in Figure 2.5). Only 

one of the sediment sample obtained in 1995 (labeled @ in Figure 2.5) was analyzed as 

part of this initial work. A slight modification was made to the isolation by distillation 

procedure for the analysis of sediment. These changes where adopted from the procedure 

developed by Horvat et al. (l993a), as described previously, for the isolation of 

methylmercury compounds from sediment by distillation. 
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Figure 3.20 Recovery curves ofMeHgCI from spiked surface water. Series 1 and 2 
represent two independent distillations of surface water with six sequential 
fractions of distillate collected during each. 
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Recoveries of methylmercury obtained by distillation, as a function of sulfuric acid and 

potassium chloride concentration, were performed by Horvat et aI. (1993a). They 

demonstrated that recoveries slightly decreased with increased sulfuric acid and potassium 

chloride concentration. These investigators recommend that the concentration of these 

two reagents be kept to a minimum (final concentration of 0.4 M H2S04 and 0.06 M KCI 

in distillation vessel). As a result of their findings, it was decided that similar conditions 

would be used for the analysis of sediment. In some cases, however, the final amount of 

water added to the distillation vessels varied (sediment recovery and reproducibility 

study). In these cases, reagent volumes were adjusted to maintain the desired acid and salt 

concentration. 

In order to determine the methylmercury content of the sediment sample, MeHgCI 

standard solutions (concentration range of 0-50 ngIL as Hg) were analyzed in duplicate. 

A response curve was made by plotting MeHgEt mean peak area versus the nominal 

amount ofHg injected (0,0.2,0.6, 1.2, and 2 ng Hg). Linear regression gave a response 

slope of809 (counts/ng Hg) with a correlation coefficient of 0.999. Triplicate analysis of 

each distillate solution (1 :40 dilution) gave an average response 762.3 ± 57.2 counts for 

two independent distillations of sediment. Correcting for the dilution made, the average 

concentration of methylmercury in the sediment was determined to be 37.6 ± 2.83 ng Hg/g 

of sediment (wet weight). Procedure blanks were not analyzed as part of this preliminary 

work; thus, the concentrations determined were not blank corrected. 
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3.4.2.1 RecoveQ' Study a/Spiked Sediment 

A recovery study was also performed in order to evaluate the distillation procedure 

developed for the isolation of methylmercury compounds from sediment. In the present 

study, lake-bottom sediment obtained from the reservoir in June 1996 (labeled ® in Figure 

2.5) was used. This study was carried out in two stages. First, it was necessary to 

quantitate the background content of methylmercury since the sediment sample had not 

been analyzed previously. Procedure blanks were also analyzed for contamination In the 

second step, spiked sediment samples were distilled and analyzed. The recovery curve 

generated in the previous work was used for the quantitation of methylmercury. 

Duplicate analysis of each distillate solution (1:4 dilution) gave an average response of 

33.5 ± 1.7 counts for two independent distillations of the sediment. Correcting for the 

dilution made, the average concentration of methylmercury was determined to be 0.155 ± 

0.008 ng Hglg sediment (wet weight). Triplicate analysis of deionized water (procedure 

blank) gave and average response of 11.7 ± 1.5 counts or 0.012 ± 0.002 ng Hg. The 

dilution and blank corrected concentration was determined to be 0.143 ± 0.008 ng Hg/g 

sediment (wet weight). Note that the dilution corrected response (expressed as ng Hg) 

and the concentration are identical since one gram of sediment was analyzed. 

The recovery study was designed to sequentially collect seven fractions of distillate 

during two independent distillations of sediment. To ensure that all of the MeHgCI was 

recovered, distillation was allowed to proceed until about 94 percent ofthe suspension 

had been distilled. The first six fractions collected 90 percent of the original solution (5 to 

6 g each), while the seventh fraction collected the remaining four percent (1 to 2 g). 
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The concentration of the MeHgCI spike solution (30 nglL as Hg) and the volume to be 

added (0.500 mL) was selected such that each fraction would collect approximately one

seventh of the total amount of MeHgCI added (15 ng as Hg). Using the regression 

equation generated previously for the analysis ofMeHgCI standard solutions, MeHgEt 

peak areas of approximately 425 counts would be observed under ideal conditions 

(uniform distillation) for the diluted solutions. Thus, quantitation ofthe MeHgCI content 

of each fraction would be made in the lower one-third of the response curve. 

Because 2 mL of 8 M H2S04 was added to each distillation vessel, there was some 

concern that the pH of the distillate solutions in the last fractions (seventh) would be 

outside the desired pH range (between 3 and 5). Typically, dilute KOH solution can be 

added to the reaction/purge vessel, prior to the addition of acetate buffer and ethylating 

reagent, if the pH of the distillate solution is outside the desired range. In this work, 

however, 0.500 mL of acetate buffer was added to the reaction/purge vessel prior to 

analysis. The pH of the distillate solutions were measured in a subsequent study and are 

discussed below. 

Recall that when the dilutions were made, deionized water was added to each dilution 

vessel to bring the total mass in each vessel to approximately 40 g. This step was carried 

out to ensure that all diluted solutions (fractions) to be analyzed would be subjected to the 

same experimental conditions. Each diluted solution was analyzed, the MeHgEt peak area 

determined, and the methylmercury content (as Hg) of each fraction quantitated (dilution 

corrected) using the response curve generated. 
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In order to evaluate the recovery obtained by distillation, the methylmercury content 

contributed by the sediment (background) and procedure blanks (contamination) had to be 

taken into consideration. The background contribution from the sediment was assumed to 

be transferred uniformly into each vessel throughout the distillation process. A percent 

background contribution for each sequential fraction was calculated as the mass of 

distillate collected in a given fraction, divided by the cumulative mass collected, and 

multiplied by the methylmercury dilution and blank corrected response determined from 

the analysis of one gram of sediment (0.143 ng Hg). In regard to the procedure blanks, it 

was assumed that each vessel added to collect a subsequent fraction would contribute 

additively to the background contribution. Because a single collection vessel was replaced 

each time, it was assumed that the contribution by contamination would be equivalent to 

one-half of the average response determined from the analysis of procedure blanks (0.012 

ng Hg). Thus, the overall background contribution in each sequential fraction, expressed 

as nanograms ofHg, was taken as the sum ofthe percent background contribution from 

the sediment plus one-half ofthe contribution from the procedure blanks. 

For each fraction analyzed, the overall background contribution was subtracted from 

the raw methylmercury content (dilution corrected) to give a dilution and background 

corrected mass value. The recovery for each fraction was calculated by dividing the 

corrected mass value by the quantity ofMeHgCI added as spike (15 ng as Hg). A 

recovery curve was made for each independent distillation by plotting the percent recovery 

versus the sequential volume of distillate collected. The recovery curves are presented 

together in Figure 3.21. 
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It is apparent that the recoveries ofMeHgCI from sediment are consistent and high. 

Recoveries of 90.7 and 91.4 percent were obtained for Series 1 and 2, respectively, for the 

distillation of approximately 94 percent of the sediment suspensions. The recoveries 

obtained in this study are comparable to those obtained by others. For example, the 

isolation by distillation procedure developed by Horvat et al. (1993a) provided recoveries 

of95 ± 5 percent. Also apparent in Figure 3.20 is the lag in the recovery of the first 

fraction in each series. Although the lag in recovery is reproducible, the exact reasons for 

its occurrence are unknown. It is possible that the sediment-bound methylmercury had not 

yet been released from the sediment at the time that the first fractions were collected. If 

this is the case, perhaps more time should have been allowed for the release ofthe bound 

methylmercury from the sediment. It seems unreasonable that the lag in recovery is a 

function of the increasing concentration of sulfuric acid and potassium chloride during 

distillation, since it has been demonstrated that recoveries slightly decrease with increasing 

acid and salt concentration (Horvat et al., 1993a). Had the first fractions not been 

collected, this anomaly in the recovery curves would not have been observed. 

3.4.2.2 Sediment Analysis Reoroducibility Study 

In the present study, the reproducibility of the analytical technique developed for the 

determination of methylmercury compounds in lake-bottom sediment was evaluated. The 

sediment subsample remaining from the initial sediment analysis work was used to make 

this study. This sediment was obtained from Cottage Grove Reservoir in September 1995 

(labeled @ in Figure 2.5). To make this study, five replicate samples of sediment were 
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distilled followed by the analysis ofthree replicate samples of distillate solution from each 

collection vessel. Results from the analysis of the five replicate samples provided a means 

of evaluating the reproducibility of the entire analytical technique. Results from the 

analysis of each distillate solution analyzed in triplicate provided a means of evaluating the 

reproducibility of the measurement step alone. 

In order to determine the methylmercury content in each ofthe sediment subsamples 

submitted for distillation, MeHgCI standard solutions (concentration range of 0-50 ng/L as 

Hg) were analyzed in duplicate. A response curve was made by plotting MeHgEt mean 

peak area versus the nominal amount ofHg injected (0, 0.2, 0.6, 1.2, and 2 ng Hg). 

Linear regression gave a response slope of 809 (counts/ng Hg) with a correlation 

coefficient of 0.999. Triplicate analysis of each distillate solution (1:40 dilution) gave 

average responses of628.0 ± 21.9,641.3 ± 2.5,662.3 ± 8.0, 661.7 ± 16.6, and 640.0 ± 

10.8 counts, respectively, for each of the five independent distillations of sediment. 

Correcting for the dilutions made, the average concentration ofMeHg in each of the 

sediment subsamples was determined to be 30.7 ± 0.78, 31.3 ± 0.12, 32.2 ± 0.26,32.4 ± 

0.67, and 31.3 ± 0.52 ng Hg/g sediment (wet weight), respectively, for each of the five 

independent distillations. 

The reproducibility of the analytical technique developed is affected by several sources 

of error. These errors result from (1) subsampling the initial sample, (2) slight fluctuations 

in the distillation conditions, (3) subsampling the distillate solutions to prepare dilutions, 

and (4) slight fluctuations in the experimental conditions associated with the final 

measurement step. The reproducibility of the measurement step is only affected by the 

latter two sources of error mentioned above. 
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Precision is a measure of the reproducibility of a result. Often the precision of a 

technique is reported as the percent relative standard deviation (RSD). To determine the 

percent RSD of the entire analytical technique, an overall standard deviation had to be 

determined. In this work, five replicate samples of sediment were distilled and each of the 

distillate solutions was analyzed in triplicate; thus, a total of 15 determinations were made. 

The overall standard deviation was determined to be 0.81 ng Hg/g sediment (wet weight). 

The overall average concentration was determined to be 31.6 ng Hg/g sediment (wet 

weight). Thus, the percent RSD for the entire analytical procedure was determined to be 

2.6 percent. To determine the percent RSD of the measurement step alone, an average 

and standard deviation was determined for each of the five distillate solutions analyzed in 

triplicate. The percent RSD values for the analysis of the five distillate solutions ranged 

from 0.4 to 2.6 percent, with an average value of 1.5 percent. 

An F-test (Natrella, 1963) was performed to compare the variability (standard 

deviation) of the entire analytical technique to the variability ofthe measurement step 

alone. It was found that the variability of the entire analytical technique differs from that 

ofthe measurement step at the 95 percent confidence level. Overall, the results 

demonstrate that there is a high degree of precision in the analytical technique developed. 

The ratio of the percent RSD of the entire analytical technique (2.6%) to the percent RSD 

ofthe measurement step alone (1.5%) indicates that the precision of the measurement step 

is 1.7 times greater (on average) than that of the entire analytical technique. Since there 

are more sources of error associated with both the distillation and measurement steps, as 

compared to the measurement step alone, one would expect the former to be more 

variable. 
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3.4.2.3 Sediment Analysis DH Verification Study 

As discussed previously, the derivatization reaction is pH dependent having an 

optimum pH between 4.5 and 4.9. An aqueous solution of MeHgCl to be subjected to 

ethylation must have a pH between 3 and 5; thus, the pH must be adjusted prior to the 

addition of ethylating reagent. If the pH ofthe test solution is in the range indicated, it is 

possible to adjust the pH to the optimum value by the addition of acetate buffer; however, 

a maximum of2 mL of buffer can be added. If the pH is less than the indicted range, the 

solution can first be neutralized by the addition of dilute KOH solution. Previous work 

demonstrated that the addition of 0.250 mL of2 M acetate buffer to a test solution having 

a pH between 3 and 5 was sufficient to achieve the desired derivatization reaction pH. 

For the determination of methylmercury in lake-bottom sediment, as much as 2 mL of 

8 M H2S04 was added to the distillation vessel prior to the isolation by distillation step. 

On the other hand, only 1 mL of 8 M H2S04 was used for the analysis of surface water. 

Thus, there was some concern that the distillate solutions would be outside the desired pH 

range as a result ofthe increased volume of acid used. Further, all distillate solutions 

collected as part of the sediment analysis work were diluted prior to the measurement 

step. The pH ofthe diluted distillate solutions were expected to be within or very close to 

the desired pH range. The work that follows was performed to verifY solution pH at all 

stages of the analytical procedure to ensure that derivatization has occurred under 

optimum conditions. 
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In the first study, the pH of each distillate solution remaining from the recovery study 

(Sediment A-C) was measured. The average pH measured was 2.27 ± 0.01. Although the 

average pH measured was outside the desired pH range, it should be pointed out that the 

distillate solutions were diluted (1 :4) prior to analysis. Taking the dilution into account, 

the average pH would have been approximately 2.87, which is close to the desired pH 

range. Addition of 0.250 mL of2 M acetate buffer to the test solutions should have been 

sufficient to achieve the desired derivatization reaction pH. 

Solution was collected from the sample concentrator drain line at the end of each 

replicate analysis and the pH measured to determine the final solution pH. The average 

pH measured was 4.74 ± 0.01. As a check, the expected (theoretical) solution pH was 

calculated by taking into consideration the initial concentration of hydrogen ion (H+) 

present in the diluted test solutions, the final concentration of acetate buffer and hydroxide 

ion (OH-) in the reaction/purge vessel, and applying the Henderson-Hasselbalch equation. 

For a more thorough discussion ofthe Henderson-Hasselbalch equation and its 

applications to buffer solutions, the reader is referred to Harris (1991). On average, the 

final solution pH was calculated to be 4.71. Thus, it has been demonstrated both by 

measurement and by calculation that the addition of 0.250 mL of2 M acetate buffer to a 

test solution does in fact achieve the optimum pH for the derivatization reaction. 

In the next study, the pH of each distillate solution remaining from the recovery study 

(Fractions 1-7, Series 1 and 2) was measured. Although the final solution pH was not 

measured for the individual fractions of both series, the expected pH was calculated. A 

summary ofthe observed distillate solution and expected final solution pH values is 

presented in Table 3.9. 



Table 3.9 Summary of Observed Distillate Solution and Expected Final Solution pH 
Values for the Sequential Fractions of Distillate Collected as Part of the 
Sediment Recovery Study 
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Series-Fraction Distillate Solution pH Expected Final Solution pH a 

1-1 3.63 4.803 

2-1 3.80 4.805 

1-2 3.59 4.803 

2-2 3.77 4.804 

1-3 3.47 4.801 

2-3 3.47 4.801 

1-4 3.39 4.800 

2-4 3.39 4.800 

1-5 3.11 4.794 

2-5 3.13 4.794 

1-6 2.36 4.73 1 

2-6 2.40 4.73 7 

1-7 not measured not calculated 

2-7 1.73 4.349 b 

a The expected (theoretical) solution pH was calculated by taking into consideration the 
initial concentration of hydrogen ion (H+) present in the diluted test solutions, the final 
concentration of acetate buffer and hydroxide ion (OH·) in the reaction/purge vessel, 
and applying the Henderson-Hasselbalch equation. For Fractions 1-6 and 7 a 1:4 and 
25:40 dilution was made for each distillate solution, respectively. 

b For Fraction 7 (Series 1 and 2),0.500 rnL of2 M acetate buffer was added to the 
reaction/purge vessel instead of 0.250 rnL. 
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It is obvious from Table 3.9 that all of the final solution pH values calculated fall 

within the optimum pH range for the derivatization reaction, with the exception of 

Fraction 7 (Series 2). Although the pH values of the final solutions were not measured 

directly, there is evidence to support the validity ofthe calculations made. Recall that in 

the previous work, the average distillate solution and final solution pH values measured 

were 2.27 and 4.74, respectively, with a final solution pH value calculated to be 4.71. 

In the present study, the average distillate solution pH value measured for the sixth 

fraction was 2.38, which is not significantly different from a pH of2.27. The expected 

final solution pH value for the sixth fraction was calculated to be 4.73, on average, which 

is a fairly good estimate based on the results from the previous work 

In the final pH verification study, the pH of each distillate solution remaining from the 

reproducibility study (A-E) was measured. In addition, 1 mL of distillate solution from 

each collection vessel (A-E) was transferred into 60-mL PTFE vessels containing 

approximately 39 g of deionized water (1/40 dilution) and the solution pH measured. To 

each vial was added 0.250 mL of2 M acetate buffer and 75 .uL of 1 % NaBEt4 in 2% 

KOH. The vessels were capped with PTFE end caps, inverted several times to ensure a 

well-mixed solution, and the pH measured. This work provided a means of monitoring the 

pH at all stages ofthe analytical procedure. A summary ofthe observed pH values is 

presented in Table 3.10. 

The results from Table 3.10 reveal that the pH of the distillate solutions are outside the 

desired pH range. Addition of dilute KOH solution was not necessary since the pH was 

expected to increase after dilution of the distillate (1 :40). In fact, the pH increased, on 

average, from 2.60 to 4.10 upon dilution. Further, the final solution pH increased, on 



Table 3.10 Summary of Observed Distillate, Diluted Distillate, and Final Solution pH 
Values Obtained from the Sediment Reproducibility Study 

Sample Distillate pH Diluted Distillate pH a Final Solution pH b 

A 2.59 4.09 4.94 

B 2.66 4.16 4.93 

C 2.62 4.10 4.92 

D 2.59 4.09 4.94 

E 2.60 4.09 4.94 

a Dilution prepared by the addition of 1 mL of distillate to 39 g H20 (-1 :40 dilution). 
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b To each 60-mL PTFE vessel was added 0.250 mL of2 M acetate buffer and 75 ,uL of 
1 % NaBEt4 in 2% KOH. 
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average, to 4.93 upon the addition of acetate buffer and ethylating reagent. Thus, it has 

been demonstrated that the addition of 0.250 mL of2 M acetate buffer to a test solution 

having a pH between 3 and 5 is sufficient to achieve the desired derivatization reaction 

pH. 



Chapter 4 
Conclusions 

An analytical technique has been developed and applied to the determination of 
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methylmercury compounds in environmental samples. The technique is based on a two-

stage procedure. In the first stage, methylmercury compounds are isolated from the 

sample matrix, as MeRgCI, by distillation, following the addition of potassium chloride 

and sulfuric acid. The distillation procedure is based on a series of published methods for 

the determination of methylmercury compounds in sediment and natural waters. In the 

second stage, MeRgCI is converted to the more volatile MeRgEt by derivatization with an 

aqueous solution of sodium tetraethylborate. The volatile species is then determined by 

purge-and-trap sample concentration and GCIMS separation and detection. 

Initial work focused on the development and modification of existing equipment to be 

used in the distillation and final measurement steps. In addition, the experimental 

parameters and operating conditions associated with the distillation procedure and the 

sample concentrator and GCIMS instrumentation were optimized in order to develop a 

method for purge-and-trap analysis of organic mercury species. 

The commercially available frit-style vessels (5- and 25-mL sizes) were inadequate for 

the present work. Custom-designed reaction/purge vessels were constructed with an 

overall volume of approximately 75 mL and the addition ofa micro-stopcock for the 

introduction of sample and reagents. A maximum of 50 mL of sample could be analyzed. 

Modifications made to the sample concentrator also included (1) the addition ofa PTFE 

sleeve over the purge/drain needle, (2) the addition of a thennostated water-bath cell to 
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maintain the desired derivatization reaction temperature, (3) the use of an air-driven 

magnetic stirrer and an in-sparger magnetic flea to ensure complete mixing of reagents and 

sample, (4) the use of custom-designed traps containing Carbotrap® and Tenax-TA ® 

trapping materials, and (5) the addition of a custom-designed interface between the heated 

transfer line of the sample concentrator and the GCIMS injection port. Three alternative 

sample introduction schemes were investigated with respect to their delivery 

reproducibility and ease of application. The sample scheme based on direct injection of 

the sample into the reaction/purge vessel was found most suitable. 

The flow rate of nitrogen purge gas and the oven-chamber (still) temperature were 

optimized in order to achieve suitable distillation rates (6-8 mL/h). To achieve rates of 

approximately 6 mL/h, a purge gas flow rate of25 mL/min and an oven temperature 

setting of about 115 °c were necessary. Distillation of approximately 90 percent ofa 

distillate solution (37.5 g) required approximately 6.2 hours. The volumes and 

concentration of reagents (H2S04 and KCI) were not optimized in this work. 

The experimental parameters and operating conditions optimized for the sample 

concentrator, with their optimum values, included: volume of 1 % NaBEt4 in 2% KOH, 75 

.uL; volume of2 M acetate buffer, 0.250 mL; reaction time, 15 minutes; flow rate of He, 

40 mL/min; purge time, 15 minutes; desorption temperature, 170 °C; desorption time, 1.0 

minute; sample transfer-line and valve temperatures, 145 °C. 

Parameters associated with the GCIMS included those related to the oven-temperature 

program and the mode of data acquisition. The liquid CO2 cryogenic oven cooling option 

was used to cool the oven temperature from ambient to 0 °c during the desorption 

sequence; this temperature afforded greater signal response. ManipUlation ofthe 
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temperatures and times of the oven-temperature program reduced the overall run time 

from approximately 18.5 minutes to 9.56 minutes, with an uncorrected retention time (tJ 

for MeHgEt of 6.1 0 minutes. Finally, the mode of data acquisition was switched from the 

scan mode (196-263 mlz) to the 81M mode ("4-ion 81M" method), with the ions at 

masses 201.90,217.00,231.00, and 246.05 monitored. 

Calibration based on the internal standard method was evaluated with the organic 

mercury species, n-PHgCl. This compound was found to be an unsuitable internal 

standard since the observed run-to-run variability for replicate analyses was quite high. 

In addition, the relative peak area response (AMeHgEIAn-PHgEt) was determined to be, on 

average, about 5.5 times greater for MeHgEt than for n-PHgEt. 

Traps containing either containing Carbotrap® (200 mg) or Tenax-TA®(125 mg) 

trapping materials were evaluated to assess potential differences in trapping efficiencies 

and on-trap decomposition of ethylated organic mercury species. The traps were 

comparable with respect to trapping efficiency and minimization of on-trap decomposition. 

Traps containing Carbotrap® material were used throughout this work. 

The concentration ofMeHgCI in standard solutions (concentration range from 0-30 

nglL as Hg), with and without nitric acid preservation (PH < 2), was monitored as a 

function of storage time to evaluate losses resulting from breakdown caused by nitric acid, 

adsorption on container wall, and/or vaporization at the air-water interface. Aqueous 

solutions ofMeHgCI at the nglL level are very stable for at least three months ifstored (1) 

in the dark at 4°C, (2) in acid-cleaned polypropylene flasks, and (3) without nitric acid 

preservation. Response curve slopes varied from 769 to 804 (counts/ng Hg) with an 

average slope of 790 ± 23.4 (counts/ng Hg) observed over the course of the study. 
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Rapid loss ofMeHgCl was observed for solutions acidified with nitric acid and stored 

under identical conditions. The observed decrease was more apparent at higher solution 

concentrations, with a 25 percent and 40 percent decrease in signal response after 3 and 

96 days, respectively, for a 30 nglL as Hg(II) solution. Similar losses ofMeHgCl have 

been reported in the literature. 

Conversion ofMeHgCl to the inorganic form was not observed for any of the acidified 

solutions during the 1 DO-day storage period. If conversion had taken place, a peak 

corresponding to inorganic mercury (Et2Hg) would have been detected in the 

chromatograms. It is possible that MeHgCI was converted to the inorganic form; 

however, the levels may have been below detection. Adsorption ofMeHgCI on the 

polypropylene container walls may have also occurred; however, leaching experiments 

were not conducted to confirm this fact. Overall, it was not apparent if the mechanism of 

MeHgClloss from solution was related strictly to breakdown by the acid, adsorption to 

the container wall, or a combination of both. In addition, direct volatilization ofMeHgCI 

from the stored solutions was very unlikely due to the low gas-liquid distribution constant 

(KH) reported by several investigators. 

The analytical technique was applied to the determination of methylmercury 

compounds in lake-bottom sediment and surface-water samples collected from Cottage 

Grove Reservoir between 1995 and 1996. The concentration of methylmercury in a 

surface-water sample collected in June 1996 was 2.1 ± 0.11 ng/L as Hg(II). Recoveries of 

approximately 100 percent were observed for surface-water subsamples spiked with 

MeHgCI to a level of 4 ng as Hg(II). Concentrations of methylmercury in lake-bottom 

sediment ranged from 0.143 ± 0.008 to 35 ± 3.1 ng/g sediment as Hg(II) (wet weight) for 
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samples collected in September 1995 and June 1996, respectively. Recoveries of 

approximately 90 percent were observed for sediment subsamples spiked with MeHgCI to 

a level of 15 ng as Hg(II). 

The reproducibility of the entire analytical technique and the measurement step alone 

were evaluated through the analysis of replicate sediment subsamples. The percent RSD 

of the entire analytical procedure was 2.6 percent, while the percent RSD ofthe 

measurement step alone was determined to be 1.5 percent. The absolute detection limit 

for MeHgCI was determined to be 4 pg as Hg(II) for the analysis of a 40-mL sample 

volume. 

Past mining activities in the watershed, particularly at the Black Butte Mine, has 

resulted in elevated sediment mercury concentrations in Cottage Grove Reservoir. 

Elevated sediment and surface-water methylmercury concentrations in the reservoir are 

most likely attributed to the higher sediment concentrations. In the present work, 

methylmercury was detected in all ofthe samples collected and analyzed. Methylmercury 

levels in most surface waters, however, are extremely low (0.05 ngIL ofMeHg) (Horvat 

et al., 1993b). The analytical technique developed in this work would not be suitable for 

the detection of methylmercury in surface waters at the subnanogram-per-liter leve~ since 

the concentration detection limit of the method has been determined to be 0.1 nglL as 

Hg(II). Thus, a more sensitive analytical technique would be required. The methods 

developed by Bloom (1989), Horvat et al. (1993a,b), and Liang et al. (1994) are more 

suitable since CV AFS is used for final detection. These methods provide detection limits 

at the subnanogram-per-liter level (0.003-0.006 nglL as Hg) and are two-orders of 

magnitude lower than the method presented in this work. 
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Finally, the sampling program at Cottage Grove Reservoir was severely limited in both 

its scope and financial support. Future work should include a more thorough investigation 

of both inorganic mercury and methylmercury concentrations in surface water, lake

bottom sediment, and fish tissue to get a better understanding of the seasonal and spatial 

variability of mercury, as well as other factors affecting mercury dynamics and 

bioaccumulation in this reservoir. 
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