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To determine the impact of emerging environmental contaminants on

human and environmental health, quantitative analytical methods are required.

Analysis of emerging contaminants is hampered by their widely varying physical-

chemical properties. Therefore quantitative analytical methods must be developed

to determine the behavior of emerging contaminants in environmental systems.

A quantitative analytical method based on solid phase extraction in-vial

elution, gas chromatography tandem mass spectrometry was developed for two

solvent stabilizers, dioxane and THF, in groundwater.  With the developed

method, recoveries of 98% and 95% are achieved for dioxane and THF,

respectively, with precision as determined by the relative standard deviation of

<6%. Method quantitation limits were 0.31 _g/L for dioxane and 3.1 _g/L for

THF. The method was applied to groundwater samples collected from a site

impacted by chlorinated solvents. Dioxane concentrations (2800 ± 60 _g/L)

exceeded THF (71 ± 2 _g/L) or 1,1,1-trichloroethane (980 ± 30 _g/L).

Furthermore, the areal extent of dioxane contamination greatly exceeded that of

either THF or the chlorinated solvents.



A quantitative analytical method based on liquid-liquid extraction coupled

to liquid chromatography –mass spectrometry (LC-MS) with electrospray

ionization method was developed for a suite of fullerenes, C60-C98. The method

was applied during a toxicological assay to determine loss of C60 from solution

and uptake of C60 by the embryonic zebrafish. The method utilizes an isotopically

enriched internal standard, 13C60, and achieves recoveries of 90% and 93% for C60

from zebrafish embryo homogenate extracts and 1% DMSO in aqueous exposure

water solutions with precision as determined by the relative standard deviation of

2 and 7%, respectively. When the method was applied to toxicology assay to

determine the time course of C60 concentration in the aqueous exposure solution

and embryo homogenate phase, >50% of the C60 was lost from solution due to

sorption to the exposure plate and uptake by the embryonic zebrafish increased

over the course of the 12 hour exposure. The aqueous phase concentration that

caused 50% mortality, LC50, was determined to initially be 130 _g/L and was

associated with an embryo phase concentration, LD50, of 0.079 _g/g zebrafish

embryo.
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Quantitative Determination of Emerging Contaminants, Solvent Stabilizers
and Fullerenes, in Biological and Environmental Systems.

Chapter 1: Introduction

Research into the occurrence and behavior of emerging contaminants is

hampered by the lack of readily available analytical methods. The lack of

analytical methods for emerging contaminants results from their widely varying

physical-chemical properties. For example, two emerging contaminants of much

interest, fullerenes and solvent stabilizers, vary greatly in their water solubility.

Solvent stabilizers are miscible with water while fullerenes have small water

solubilities (9.4 x 10-15 M  (1)). By developing and applying selective quantitative

methods for emerging contaminants their behavior in environmental systems and

their potential to impact human and environmental health can be determined.

Chapter 1 of this thesis reviews the relevant literature on solvent

stabilizers and fullerene nanomaterials. In chapter 2 a novel quantitative analytical

method is developed for the analysis of solvent stabilizers in groundwater and the

method is applied to a chlorinated solvent impacted site. In chapter 3 a

quantitative analytical method is developed for the analysis of fullerenes (C60-C98)

and the method is applied to a single fullerene, C60, during an embryonic

zebrafish toxicology assay to determine the lose of C60 from solution and uptake

of C60 by the embryonic zebrafish. Chapter 4 summarizes the findings of chapters

2 and 3.
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Solvent Stabilizers
Solvent Stabilizer Production and Use

Solvent stabilizers are added to chlorinated solvents to inhibit degradation

by acids and alkali metals.  Solvent stabilizers are Lewis bases which can donate

electrons to act as proton acceptors and metal chelators (2). Solvent stabilizers

include cyclic ethers, 1,4-dioxane (dioxane), 1,3-dioxane, tetrahydrofuran (THF)

and 1,3-dioxolane, epoxides such as 1,2-butylene oxide and epichlorohydrin, and

nitroalkanes like nitromethane (3). Solvent stabilizers are added to the chlorinated

solvents, such as 1,1,1-trichloroethane (TCA), to inhibit degradation by aluminum

when used to degrease metals (2,3).

In 2002, dioxane was listed as a high production volume chemical with

greater than 500 metric tons produced or imported to the US (4). Of the dioxane

produced in the US in 1990, 90% was added (2-4% v/v) to TCA, the dominant

vapor degreasing solvent in that era (4). THF has been used as a solvent stabilizer

for trichloroethylene (TCE) and TCA (2,5,6), but it is more commonly used as a

reaction medium in the synthesis of polymers, particularly PVC (4).  In 1993,

92,862 metric tons of THF were produced in the United States (4).  Dioxane and

THF often occur together as byproducts in effluent from production of synthetic

textiles, and as co-contaminants at solvent recycling facilities (6-8).

Distribution and Occurrence of Solvent Stabilizers

Dioxane has been found as a contaminant in groundwater at 38 Superfund

sites in 12 U.S. states, in groundwater at additional 30 sites in California (9),

leachates from hazardous waste disposal sites (10-12), and in river and ocean
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water in Japan (13,14).  Dioxane also is likely to occur at the 809 National

Priority Listing sites contaminated by TCA.  THF has also been observed at

chlorinated solvent contaminated sites, however THF is generally present at lower

concentrations than dioxane (3,9,15). Both THF and dioxane was observed in

ground water at concentrations that exceed the water quality criteria and

guidelines set by different states with action levels ranging from 3-85 _g/L for

dioxane (9) and 50-1,300 _g/L for THF (3).  Although epoxides and nitoralkanes

are used as solvent stabilizers, they are not expected to be environmentally

relevant because of their short half-lives (7-13 days) in environmental systems

(16). Although dioxolane is toxic to humans by inhalation and ingestion (4), it

was qualitatively detected in four effluent samples from a publically owned

treatment works (4).

Solvent stabilizers are considered emerging contaminants because

relatively little is known about their occurrence, fate, and transport in the

environment yet they have the potential to impact environment and human health.

The high water solubility coupled with low octanol-water partition coefficients

and Henry’s Law constants (table 2.3) of these compounds (17) complicate their

isolation from water for both during site remediation and for analytical purposes

(18).  Based on their retardation factors, 1.1-1.6 for dioxane (18-20) and 2.2-2.5

for THF (18,19), dioxane and THF are readily transported in groundwater.

Dioxane is categorized as one of the most mobile organic groundwater

contaminants (21) because it is often found at the leading edge of groundwater
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plumes of contamination (3,15,18,22).  Alternative treatment processes such as

advanced oxidation with ozone and hydrogen peroxide (3) or UV-oxidation are

most commonly used to remediate solvent stabilizer-contaminated groundwater

(3). Relatively few sites use activated carbon for the treatment of dioxane-

contaminated groundwater because of dioxane’s low Koc (23).  Only recently has

Waldemer et al demonstrated the utility of permanganate oxidation for

remediation of dioxane contaminated groundwater (24).

Toxicology

A recent review of the toxicology of THF by the US EPA found

“suggestive evidence of carcinogenic potential” (25) and the Agency for Toxic

Substances and Disease Registry found that dioxane can “reasonably anticipated

to be a human carcinogen” (26).   Despite these recent finding, federal maximum

contaminant levels for solvent stabilizers are not defined (3). As a result, state and

local authorities possess the discretion to set drinking water guidelines or action

levels that vary by region. For example, the drinking water guidelines for dioxane

range from 3 _g/L in California to 85 _g/L in Michigan and the drinking water

guidelines for THF range from 50 _g/L in Wisconsin and New York to 1,300

_g/L in Massachusetts (3). In California, the current dioxane drinking water

guideline is 3 _g/L but there has been some debate as to what the drinking water

guideline should be as several peer reviewed toxicological reports using

physiology-based models suggest that the guideline should be closer to 1,200
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_g/L (3). However, many site cleanup regulators have enforced a strict 3 _g/L

remediation goal as dioxane is listed as a probable human carcinogen (3).

In laboratory studies the environmental toxicity of solvent stabilizers has

been determined for a variety of freshwater organisms (4). For THF, the LC50, the

aqueous concentration that results in mortality for 50% of the expose population,

was determined to be 2160 mg/L for fathead minnow in a 96 hr flow through

bioassay (4). For dioxane the LC50 for inland silverside fish and bluegill sunfish

was determined to be 6,700 mg/L and 10,000mg/L, respectively (4). However, a

more realistic assessment of solvent stabilizer toxicity would take into account the

co-contaminants that would be present in groundwater at a site impacted by a

chlorinated solvent release.  Since chlorinated solvents are a mixture of

components, synergistic effects may occur between the solvent stabilizers, the

chlorinated solvents and other contaminants present at a given field site. This

combination of contaminants would make it difficult to assess a priori the toxicity

of the solvent mixture in the environment. Additionally, transport and degradation

of contaminants will differ depending on the physical-chemical properties of the

given contaminant.

Analytical Methods

The determination of solvent stabilizers is problematic due to their high

water solubility and low Henry’s Constant (Table 2.3). While the

chromatographic separation and detection of solvent stabilizers has been reported,

conventional analytical extraction methods are not suitable for the extraction of
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solvent stabilizers from aqueous matrices (27,28). The lack of a simple, yet

selective and quantitative analytical method for solvent stabilizers has hampered

field investigations into the occurrence of solvent stabilizers.

Detection: Conventional separation and detection systems, such as gas

chromatography with flame ionization detection (GC-FID), was used for the

determination of solvent stabilizers in a variety of matrices (27). While

conventional detectors can be applied to solvent stabilizers, the non-specificity of

the detector limits the unambiguous interpretation of results (3). Gas

chromatography - mass spectrometry (GC-MS) provides for more specific

determination of solvent stabilizers, as diagnostic ions are detected and not simply

any compound with oxidizable carbon, as is the case with an FID (27). There are

reports of the detection of solvent stabilizers with gas chromatography with

electron impact ionization (EI) and chemical ionization (CI) followed by mass

spectrometric detection (27,29).  CI is less commonly used than EI; however, in

positive mode CI provides lower detection limits than EI due to the proton

accepting nature of solvent stabilizers (29). One limitation of CI is that the softer

ionization afforded by CI provides less diagnostic fragmentation than EI (29).

Purge and Trap: Purge and trap is a sample extraction procedure which

relies on the transfer of the analyte of interest from the aqueous phase of the

sample to the gas phase were it is then trapped and subsequently analyzed by GC-

MS.  Purge and trap is the preferred method of analysis for volatile compounds,

such as chlorinated solvents, which have high Henry’s Constants and low water
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solubilities. These properties make chlorinated solvents ideal candidates for purge

and trap analysis and are in stark contrast to solvent stabilizers which have high

water solubilities and low Henry’s Constants. As a result, analysis of solvent

stabilizers by purge and trap gives unsuitably high detection limits (3,27,30).

Addition of salt and heating the sample during the purge step have resulted in

greater purge efficiency and lower the detection limits; however, heated purge in

trap results in poor chromatography and erratic recoveries, while addition of salt

causes clogging of purge frits (3).

Continuous Liquid-Liquid Extraction: Continuous liquid-liquid extraction,

which is similar to Sohxlet Extraction, is a sample preparation technique that

relies on the transfer of the analyte of interest from the aqueous phase to a non-

aqueous organic phase, in the case of solvent stabilizers dichloromethane is often

used (3).  Continuous liquid-liquid extraction is a suitable method for the

extraction of compounds with low water solubilities and, with extended extraction

times of 18-24 hrs, sufficient recoveries can be achieved to attain detection limits

for dioxane on the order of 3 _g/L (27). However, the large volume of solvent and

sample consumed (1 L sample and 100 mL solvent) (27) make it less attractive for

routine use. As a result continuous liquid-liquid has largely been replaced by solid

phase extraction (SPE)

Solid Phase Extraction: Solid phase extraction (SPE) is an extraction and

concentration technique that uses the partitioning of the analyte of interest onto

the solid phase sorbent from the aqueous sample matrix. The analyte is then
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desorbed from the solid phase and analyzed by GC-MS. Initial attempts to extract

dioxane from aqueous solutions were unsuccessful because the affinity of dioxane

for conventional solid phases such as C18 and styrene divinylbenzene polymers, is

not sufficient to remove dioxane from water (29). However, the feasibility of

extracting dioxane from water has been demonstrated with ‘bulk’ activated carbon

that is packed in cartridges (11,31,32).  Extraction processes using activated

carbon material in bulk form or bulk graphitized carbon black requires multiple

sample preparation steps (33).  In addition, methods based on activated carbon in

bulk form were not validated for the determination of THF (11,31,32).  In

contrast, increased flow rates, increased mass transfer, and reduced bed

channeling, are observed for SPE media in disk format when compared to other

SPE methods, which reduce the time and cost of sample analysis (33).

Furthermore SPE disks can be cut up and placed directly into autosampler vials

for elution which decreases sample preparation times while improving the

reproducibility of the method (34,35).  More work is needed to develop analytical

methods based on activated carbon disks for solvent stabilizers which are simple,

require little time and sample volume, yet are sufficiently sensitive to achieve

quantitation limits below the action levels set by different states.

Fullerene Nanomaterials

Fullerenes and fullerene derivatives constitute an important class of

nanomaterials that was proposed for use in a wide variety of applications, ranging

from medical applications, to lubricants, to fuel cells and fullerenes are currently
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being uses as additives in cosmetic creams (36).  The increasing use of fullerenes

has lead to growing concern over the impact a release of these materials may have

on human and environmental health (37,38). This concern has prompted many to

study and report on the toxicity of fullerenes and fullerene derivatives (39-42) and

the potential for these materials to be transported in environmental systems

(40,43-46).

Fullerene, C60, was discovered in 1985 by Kroto et al (47), C60 and higher

order fullerenes (C60, C70, C76, C78 …) were produced in macroscopic quantities

by graphite vaporization in the early 1990’s by Kratschmer et al (48) and

fullerenes smaller than C60 (i.e. C36) were first observed in 1998 (49). Fullerene

and fullerene derivates have many unique physical-chemical properties including

the ability to form stable aggregates in solution (42,50), super conductivity (51),

and a broad ultraviolet (UV) absorption spectra (52). However, rigorously

quantitative information describing the occurrence, behavior, and transport of

fullerenes and fullerene derivatives in environmental systems is currently lacking.

However, such information is needed to determine probable routes of exposure,

toxicity of fullerenes and fullerene derivatives and to conduct risk assessments for

humans as well as aquatic and terrestrial organisms (37,38). Furthermore, for

purposes of determining good stewardship practices for products containing

fullerene nanomaterials, quantitative information is also needed for completing

life-cycle assessments of nanomaterials (37,38).
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Quantitative measurements of fullerenes and quantifying the behavior of

fullerenes in environmental systems is not well documented in peer-reviewed

literature.  The paucity of quantitative data is derived largely from the fact that

quantitative analytical methods are not widely available.  This critical review will

(1) discuss the qualitative and quantitative methods for the analysis of fullerenes

and fullerene derivatives, 2) describe the current challenges to quantifying

fullerenes and fullerene derivatives in environmental matrices, and (3) discuss the

potential breakthroughs in understanding of the environmental occurrence,

behavior, and transport that can occur when quantitative analytical methods

become available. Other reviews of fullerenes exist and include: chromatographic

analysis (53), occurrence in geological samples (54), the combustion synthesis of

fullerenes (55), and the toxicology of fullerenes (56-58).  This critical review does

not attempt to summary the history of fullerene discovery, physical-chemical

properties, or synthesis of fullerenes and fullerene derivatives as these are topics

recent books (52,59).  Rather, this critical review offers a perspective on the

challenges to quantifying fullerenes and their derivatives in environmental

systems and the potential environmental applications of quantitative methods.

Analysis of Fullerenes

For nonquantitative purposes, detection methods for fullerenes include

13C-NMR (41) and transmission electron microscopy (60-62).  However, for

detection and quantitation in complex environmental samples specific methods

are needed.
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Mass Spectrometry

To characterize fullerenes a wide suite of ionization methods for mass

spectrometric analysis were employed (42,63-67). The first observation of C60

was via laser vaporization of graphite followed by photon ionization-time of flight

mass spectrometry (47). Subsequently, matrix assisted laser desorption ionization

(MALDI), chemical ionization (CI), desorption ionization (DI), and fast atom

bombardment (FAB) were used to characterize fullerenes (42,63-67). All of these

methods produce positive or negative molecular ions for fullerenes. The

observation of both positive and negative ions can be rationalized by the fact that

the ionization energy, 7.8 eV (68), and electron affinity, 2.7 EV (69), are both

low, which allows for the facile ionization of fullerenes. But, as the electron

affinity of fullerenes is lower than the ionization energy, fullerenes more readily

form negative ions than positive ions in ESI MS (unpublished data).

While the suit of ionization techniques listed above produce fullerene ions

that are readily detected by various forms of mass spectrometry, the utility of the

the aforementioned ionization methods for quantitative analysis is limited.

Recently, atmospheric pressure chemical ionization (APCI) and electrospray

ionization (ESI) were shown to be sensitive and specific ionization techniques for

characterizing fullerenes (66,67,70). APCI and ESI are more readily coupled with

liquid chromatography, which allows for the selective separation, detection and

quantification of fullerenes. Therefore, to develop quantitative analytical methods
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for the unambiguous determination of fullerenes, methods based on LC-MS

should be developed.

Ultimately, the increased functionality of fullerene derivatives may result

in fullerene derivatives being produced in larger volumes than fullerenes

themselves (71-73). Attempts to make fullerenes more biologically compatible by

increasing the aqueous solubility have focused on attaching polar functional

groups, such as carboxyl and hydroxyl groups, to fullerenes (72-75). To determine

the behavior of these materials in environmental systems and their potential for

toxic effects, quantitative methods with specific detection are needed.

Ionization methods such as MALDI, ESI, and APCI are preferred for the

ionization of fullerene derivatives, because these methods are more likely to

produce molecular ions, which are ideal for the determination of molecular

identity (65,74,76). In order to develop quantitative methods for these materials,

these ionization techniques must be coupled to LC, which has yet to be reported

for fullerene derivatives. Separation of analytes of interest from matrix

components, such as is offered by LC, is necessary for quantitative

determinations, because co-eluting matrix components can interfere with

quantitative determinations.

The present authors used various ionization techniques in attempts to

develop quantitative methods for the analysis of derivatized fullerenes (67).

Monocarboxylated fullerene, C60CHCOOH, was purchased from Sigma-Aldrich

(St. Louis, MO) and using matrix assisted laser desorption ionization (MALDI)
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mass spectrometry and the commonly used charge transfer matrix DCTB, 2-

[(2E)-3-(4-tert-Butylphenyl)-2-methylprop-2-. enylidene] malononitrile (65,77),

as the matrix in positive mode molecular ions (m/z 778) were observed

(unpublished results). Using a Waters Quattro Micro (Beverly, MA) in negative

mode ESI, ions m/z 735 [C60CH•]-, corresponding to the loss of CO2 were

observed while no ions were observed in positive mode (unpublished results).

These results demonstrate that MALDI and ESI are suitable for the determination

of carboxylated fullerenes.  However, in order develop quantitative analytical

methods separations methods and internal standards must be developed.

In attempts to develop quantitative methods for hydroxylated fullerenes,

hydroxylated fullerenes including C60OH24  from Materials and Electrochemical

Research Corporation (MER Corp.) (Tuscon, AR) and C60(OH)20-28 from Alfa

Aesar, (Ward Hill, MA) were purchased.  Reports in the literature describing the

synthesis of these mixtures indicate that characterizations were performed using

MALDI MS with 2-hydroxyquinoline and 8-hydroxyquinoline as matrices

together with laser desorption MS (74,78).  Laser desorption and MALDI MS of

commercially available hydroxylated fullerenes with 2-hydroxyquinoline and 8-

hydroxyquinoline matrices produced molecular ions for C60 (m/z 720) but ions for

hydroxylated fullerenes were not observed (unpublished data). Use of ESI and

APCI with acidic, basic and neutral solutions produced neither ions diagnostic of

C60OHx nor C60  (unpublished results). Unfortunately, manufacturer data for one

hydroxylated fullerene product was limited to infrared spectra and
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thermogravometric data while the second manufacture was unable to provide

characterization materials.  Recent reports in the literature show that some

synthetic pathways previously thought to produce hydroxylated fullerenes, do not

actually produce hydroxylated fullerenes but rather a mixture of radical anions

with the formula Na+[C60Ox(OH)y]
n-

  with n=2-3, x=7-9 and y= 12-15 (72). In

order to develop quantitative analytical methods for the analysis of hydroxylated

fullerenes, well-characterized reference materials and internal standards will be

needed along with certificates of authenticity.  Without such demonstrations of

authenticity, fullerene derivative composition and identity and the development of

methods specific for these materials is very difficult.  As a result, progress in

defining the occurrence, behavior, and transport of hydroxylated fullerenes will be

hampered.

Chromatographic Separation

The most commonly used separation methods for the identification and

quantification of fullerenes use liquid chromatography (LC) with a C18 stationary

phase and an isocratic toluene-methanol or toluene-acetonitrile mobile phase

(42,66,79-86).  There are also less numerous reports of the separation and

quantification of fullerenes with a C18 column and THF-water mobile phase (87)

and an acetonitrile-dichloromethane mobile phase (88).  To achieve

chromatographic focusing of C60 from the injection solvent in the toluene-

methanol or toluene-acetonitrile mobile phases, the injection solvent must contain

less than 30% toluene (unpublished data). If greater than 30% toluene is injected,
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the fullerenes in the injection solvent are not sufficiently focused by the stationary

phase, which results in peak broadening (unpublished data). In the toluene-

methanol or toluene-acetonitrile mobile phases, increasing the percent toluene in

the mobile phase decreases the retention of fullerene and decreases peak

broadening while increasing the percent methanol or acetonitrile in the mobile

phase increases retention and increases peak broadening (80).

To achieve greater chromatographic resolution between fullerene

homologs (C60, C70, C76, C78 …) use of stationary phases with stronger reverse

phase interactions or specific fullerene interactions was used, these phases include

C30 (89), 2-(1-pyrenly) ethylsilica (90) and dinitrophenyl-based stationary phase

(91), also known as the “buckey clutcher”. While the fullerene-specific retention

mechanism of these stationary phases provides for greater resolution of fullerene

homologs, the use of conventional C18 chromatography columns with mass

selective detection also provides for resolution between homologs and is

appropriate for the quantitative analysis of fullerenes (66).  Chromatographic

separation methods for fullerenes smaller than C60 have yet to be developed and

will be needed in order to develop quantitative methods.

Because analysis of fullerene derivatives is still in its infancy, there

currently are no reports of the chromatographic separation of fullerene

derivatives. Chromatographic separation methods will be needed for the

quantitative determination of fullerene derivatives, but such chromatographic
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methods requires detection methods which, in some cases, have yet to be

developed.

Sample Preparation for Fullerenes

Methods reported for the extraction of fullerenes from environmental

solids, (i.e. soots, and metamorphic rocks) use sonication or Soxhlet extraction

with toluene (79,92,93) or extraction with boiling CS2 (94). While these methods

produce extracts containing fullerenes, quality control aspects such as the

accuracy and precision of these methods were not reported.  Futhermore, it is not

clear if these extraction methods for solid samples exhaustively extract fullerenes

and, furthermore, these methods do not utilize internal standard calibration which

is necessary for quantification in complex matrices (95). As was the case with the

study of perfluorinated surfactants, the need for well characterized internal

standards, particularly isotopically labeled internal standards, has spurred standard

manufactures into producing well characterized standards (95).  In order to

quantify fullerene occurrence in natural or laboratory-derived solid samples, the

performance characteristics of analytical methods must be determined and

documented.  Only through increased transparency can analytical methods then be

adopted by the scientific and regulatory community and applied to field and

laboratory experimentation and environmental monitoring.

In order to exhaustively extract fullerenes from environmental solids,

appropriate solvents characterized as having high fullerene solubilities must be

selected. The solubility of C60 in different solvents increases with increasing
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polarizability, increased molecular size, with Hildebrand solubility parameters

around 10 cal1/2 cm -3/2 and an ability to act as a moderate nucleophile (96). In

general, nonaromatic alkanes and alkanes containing polar functional groups have

limited C60 solubilities, < 9.9 x 10-5 M (96). C60 solubility generally increases in

benzene, alkyl benzenes, and halogenated benzenes, 8.2 x 10-4 to 3.8 x 10-2 M,

and yet still greater solubility is realized in naphthalene with solubility ranging for

C60 from 4.6 x 10-2 to 7.1 x 10-2 M (96). The greater solubility in naphthalene is

attributed to its large molar volume, greater polarizability, Hildebrand solubility

parameter of 9.8-10 cal1/2 cm -3/2, and its tendency to as moderate nucleophile

(96). The solubility trends of C70 largely mirror those of C60, although C70

solubility is typically less than that of C60 for any given solvent (59). To the best

of our knowledge the solubilities of fullerenes larger than C70 have not been

reported. For fullerenes smaller than C60 only a qualitative assessment of the

solubility of C36 is reported (49). C36 is significantly less soluble than C60 in

toluene or benzene, but exhibits increased solubility after heating and ultra-

sonication in the more nucleophilic solvents pyridine and carbon disulfide (49).

The decreased solubility in aromatic solvents for C36 results from strong

intermolecular interactions between C36 molecules (49,97). In developing

extraction methods for a wide suite of fullerenes in environmental solids, different

solvents may be needed to exhaustively extract the homologous series of

fullerenes, naphthalenes for fullerenes C60 and larger and pyridine or carbon

disulfide for < C60.
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A conventional technique for increasing the extraction efficiency of an

analytical extraction method is to increase the temperature of the extraction,

thereby increasing the solubility of the analyte of interest. However, C60 exhibits

anomalous solubility – temperature trends; the temperature of maximum

solubility for C60 ranges from 3 oC to 37 oC depending on the solvent used and

diminishes with further increasing temperature (98).  This solubility anomaly has

been attributed to the negative enthalpy of solution for C60 and highly stable

solvated state of C60 crystals (59). The decreased solubility of C60 with increasing

temperature will result in decreased extraction efficiencies with increased

temperatures; therefore, to improve the extraction efficiency of the C60 from a

sample matrix, temperatures in the range of 3 oC to 37 oC should be used.  The

degree to which this phenomena applies to fullerenes other than C60 has not be

reported and the temperature of maximum extraction efficiency should be

experimentally determined.

As for the quantification of all trace level organic contaminants, the

quantification of a homologous series of fullerenes in complex environmental

samples will required rigorous internal standard quantification. To date, there are

two reports of the use internal standard calibration for the quantitative

determination of fullerenes (66,85); however, these methods have yet to be

applied to the analysis of fullerenes in environmental solids. Additionally,

internally calibrated quantitative analytical methods will be necessary to
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determine the behavior of fullerenes in aqueous environmental and engineered

systems.

Quality Control

To ensure fullerene standard and sample stability, precautions such as avoiding

exposure to light should be implemented (66).  Additionally dilute fullerenes

solutions (1 ng C60/µL) prepared in toluene have been observed to be stable on the

order of months, but loss of C60 from toluene standards was observed, as

determined by decreasing peak area of the calibration standards, and should be

explicitly addressed in any quantitative study. For aqueous solutions of 500 _S/cm

ionic strength, greater than 40% C60 was lost from solution, regardless of

container type (66).  Therefore, aqueous sample stability should explicitly be

addressed in any quantitative study of fullerenes.  Before any field investigation

begins, research is needed to determine how different solutions chemistries, (e.g.

concentration and type of ionic species, type and concentration of different natural

organic materials) effect the behavior of fullerenes in solution. Additionally, in

any field study, positive and negative controls must be used to ensure sample

integrity. Previous reports of fullerenes in environmental samples were

challenged, because of the possibility of false positives (93,99-101).

Applications for Quantitative Analytical Methods

Occurrence of Fullerenes in Environmental Solids

C60 was reported in environmental solids including hydrocarbon

combustion by-products e.g. soots (102-106), geologic samples (54,79,93,107),
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and in meteors (108,109). Initially it was thought that “high energy” events, such

as lightening strikes or meteor impacts were needed to form C60 (100).

Controversy surrounded early reports of C60 in geological specimens with

conflicting reports of positive and negative results for the same sample (92,99-

101).  Positive results for C60 were attributed to the use of laser desorption mass

spectrometry, which can generate C60, and to contaminated glassware (99).

However, subsequent analysis of combustion by-products generated by

combustion of hydrocarbons and oxygen (102,104,105,110), commercially

available charcoal (106), and candle flames under ambient atmospheric conditions

(111) using methods other than laser desorption indicated C60 was indeed present.

So it is not surprising that C60 are widely present in environmental combustion

by-products.  It is also interesting to note that production of C60 by combustion

processes is currently the most economical method of C60 synthesis (52).

Therefore, there is a pre-manufacturing baseline of C60 in the environment that

must be understood, before the impact of future potential industrial discharges can

be assessed.

The distribution and concentration of fullerenes, other than C60, in

environmental solids was largely unexplored. While fullerenes C36, C60, C70, and

C76 and larger have been isolated and characterized from soot generated by

vaporization of graphite (49,59,112); only C60 and C70 have been observed in

environmental samples, up to concentrations of 0.2 _g C60 / g (111,113).  The

determination of fullerenes in environmental samples should not be limited to just
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C60 and C70, but also encompass a wider range of fullerenes.  It is also important

to note that the methods of extraction for fullerenes from environmental solids

have not been optimized and the quantification method has not been validated.

Therefore, values are likely conservative.  Before fullerenes become widely used

in industrial and consumer products, it is imperative that the background

concentrations and distributions of fullerenes in environmental solids be

determined. To accomplish this end, analytical methods must be optimized and

validated for the extraction of fullerenes from environmental solids. Such

methods will require development of internal and instrumental standards which

currently have only been applied to the analysis of C60 during a toxicology assay

(66,85). Analysis of combustion-byproducts from a wide variety of sources (e.g.

domestic wood burning stoves, diesel exhaust, and black carbon) will provide

information as to the background levels of fullerenes in the environment.

Knowledge of background concentrations of fullerenes will provide regulators

with baseline information on which to base exposure estimates for risk

assessments.

Analysis of Fullerenes in Biota

Many laboratory reports are published on the biological effects of

fullerenes (39,40,42,62,66,114-116). However, there are surprisingly few attempts

to quantify fullerenes in biological systems and the quantitative methods are

seldom validated (66,85,87,117).  Currently, validated quantitative determination

of fullerenes has been reported in protein-containing media (85), blood samples
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(87,117), and embryonic zebrafish and exposure solutions (66). There are several

reports on the biological effects of aqueous fullerenes aggregates produced by

solvent exchange or extended stirring, but the accuracy and precision of these

methods have not been reported (42,62,114-116,118).

Current studies into the toxicity of fullerenes and fullerene derivatives

have not determined fullerene speciation in the aqueous phase.  In order to

perform a thorough risk assessment for fullerenes and fullerene derivatives the

speciation of the fullerene and accurate dose and uptake values are needed.  Such

a risk assessment will ensure the sustainable use of nanotechnology well into the

future.

Defining Relevant Forms in Aqueous Solution

Despite a sparingly low water solubility, 9.4 x 10-15 M (1), C60 can form

stable aqueous aggregates by extended stirring (43,119,120), sonication

(121,122), and solvent exchange (43,50,119,120). There have been several reports

on the properties and behavior of these aggregates, but the underlying assumption

for these reports is that the generation of C60 aggregates from powder C60 will be

environmentally relevant.  It is important to note that the only current commercial

use of fullerenes is in personnel care products, in which the fullerenes are part of a

complex matrix (36). Furthermore, it likely that future environmental releases of

C60 from industrial processes or consumer goods will result not only in the release

of C60 solids directly to the environment, but also solubilized forms present as

mixtures with other organic and inorganic materials.  The forms and properties of
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C60 released as part of a mixture may be different from those generated by solvent

exchange or extended stirring.  However, determining the behavior of aqueous

C60 aggregates produced from powder may be instructive in understanding how

fullerenes introduced to the environment in complex mixtures interact with

environmental media.

Different methods of C60 aggregate formation yield aggregates with

differing sizes, elctrophoretic mobilities, and surface chemistries (43,50,119-122)

Depending on the preparation method, fullerene aggregates that range in size from

less than 10 nm to greater than 500 nm as measured by dynamic light scattering

(DLS) and transmission electron microscopy (TEM) (45,46,50,119).

To increase our understanding of the size and morphology of fullerene

aggregates in solution, more data are needed which uses a broader suite of

techniques. For example, DLS estimates particle diameters from diffusion

coefficients, and the implicit assumption is that the particles are spherical which

may not be the case (123). TEM requires extensive sample preparation to transfer

the analyte of interest from the solution to support on which it is measured; this

sample preparation may result in artifacts (123). By applying a broader suite of

methods to determine aggregate size and size distribution, a more complete

understanding of C60 aggregation can be realized. These methods may include

atomic force microscopy, fluorescence correlation spectroscopy, x-ray and

neutron scattering techniques and the entire family of field-flow fractionation

techniques (123).
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Aqueous fullerene aggregates exhibit a negative surface potential that

decreases with increasing electrolyte concentration (43,44,119,122). C60

aggregates are stable for time periods on the order of several months (60), but

become destabilized in the presence of even dilute electrolyte (0.001 M NaCl)

which results in the formation of settleable aggregates (119). When C60

aggregates are produced in the presence of humic substances, there is an apparent

increase in aqueous fullerene concentration, which was attributed to C60 sorption

to the HSs (124).

In order to determine the ‘free’ fraction of  chemicals in the aqueous

phase, sampling techniques must developed to explicitly distinguish between

‘free’ and ‘bound’ forms of hydrophobic organic chemicals (125,126).

Techniques for measuring the ‘free’ fraction include headspace sampling,

fluorescence quenching, reverse-phase LC, and sorption on to hydrophobic

materials including Empore disks and solid phase microextraction ‘fibers’ (127).

The advantages of SPME sampling techniques include eliminating liquid-liquid

extraction and its attendant waste, the ability to acquire information about binding

states, low mass removal (does not disturb equilibrium), faster sorption kinetics,

and requires smaller sample volumes (128), SPME techniques have been used to

determine DOC-water partition coefficients (128,129), sediment/soil organic

carbon-water partition coefficients (127), and binding to protein (126).

Experiments conducted by the present authors indicate that fullerenes

nanoparticles partition to polyacrylate fibers (1 cm x 40 µm film thickness) from
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water. Short-term exposure (4 hrs) of 1 cm fibers (with a volume of 3.14 x 10-4

mL poyacrylate) to 1 mL solutions containing initial aqueous C60 concentrations

ranging from 1,800 to 9,000 ng/mL gave a linear increase in the fiber

concentrations with increasing aqueous concentration (Figure 1.1).  In order for

this technique to provide insight into the freely dissolved C60 concentration,

further research is needed to determine if the C60 desorbed from the fiber and

analyzed are aggregates that are adsorbed to the surface of the fiber or are C60

dissolved within the polyacrylate phase.

The use of oxidants to improve the extraction efficiency of aqueous

aggregates of C60 into toluene has been widely reported (41,114,115), while

others have used sodium chloride to salt out the C60 aggregates from solution

(50,124). To determine if the of extraction of aqueous fullerene aggregates into

toluene is an oxidation type mechanism or simply a salting out type phenomena

the present authors compared the toluene extraction of C60 aggregates produced

by extended stirring with both MgClO4 and NaCl as electrolytes. Using the

method as described by Fortner et al (41), in which 0.1M MgClO4 was used to

oxidize the aggregates, the concentration (± 95% CI) of the aqueous C60

aggregates was determined to be 54 ± 24 (n=4) ng/mL.   While using an

equivalent molarity of NaCl the C60 concentration (± 95% CI) was determined to

be 66 ± 25 ng/mL (n=4). Achieving recoveries that were not statistically different
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Figure 1.1.  SPME fiber concentrations increase with
increasing aqueous fullerene concentration.
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by use of NaCl and MgClO4 indicates that a salting out mechanism is likely

responsible for the extraction of aqueous fullerene aggregates into toluene and not

an oxidation type mechanism.

There are two proposed mechanisms by which C60 aggregates obtain a

surface charge, formation of donor acceptor complexes with water and surface

hydrolysis by water (41,50,121). These two mechanisms have yet to be

disentangled, but there are several experimental results that provide clues as to the

mechanism of aggregate formation. NMR spectra of the aqueous C60 aggregates

shows one peak slightly shifted downfield from that observed for C60 in organic

solvents (41), which indicates that, within the ability of NMR to detect

derivatization, C60 aggregates are not derivatized (i.e. does not have hydroxyl or

ketone moieties covalently bound to the C60).

Absorption spectra of aqueous C60 solutions show characteristic C60

absorbances, but these absorbance bands are significantly broadened from those

observed for C60 in organic solvents (41,119,121). This broadening could result

from both aggregation of C60 and the structuring of water around the C60

aggregates (41,119,121). Regardless of which mechanism it is, the absorption

spectra suggests there are differences between C60 in organic solvents and

aqueous fullerene aggregates.

Titrations of aqueous C60 aggregates indicate the presence of proton

donating groups which could result from the structuring of water around fullerene

aggregates (119). The present authors, with assistance from Charles McEwen,
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(DuPont, Wilmington, DE) analyzed C60 aggregates produced by extended

stirring in water by pyrolsis-atmospheric solids analysis probe (ASAP) ionization

mass spectrometry (130). ASAP ionization mass spectrometry uses a glass

capillary inserted into the nitrogen flow of an ESI or APCI ionization source

(130). The vaporization occurs at atmospheric pressure with the hot stream of gas

and the ionization occurs by corona discharge, which leads to minimal

fragmentation; however fragmentation can be increased by cone-voltage

fragmentation (130). Ions observed corresponded to C60OxHy with x and y each

being less than 7 (figure 1.2). To control for the possibility that derivatization

occurred during the ionization process or existed prior to aggregation in solution,

solid C60 powder was analyzed by ASAP. For the powder C60, molecular ions

(m/z 720) and a small C70 peak (m/z 840), were observed (figure 1.3). These

results indicate that C60 is indeed derivatized upon suspension in solution and is

not similarly derivatized as a solid.

From the above discussion it is apparent that C60 aggregates in solution are

not one singular structure. It is clear from the NMR data that a large fraction of



29

Figure 1.2) Atmospheric Solids Analysis Probe (ASAP) mass spectra of

aqueous fullerene aggregates generated by extended stirring in water.
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Figure 1.3) Atmospheric Solids Analysis Probe ASAP mass spectra of

native C60, showing lack of derivatization
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the aggregated C60 is not derivatized, but from the ASAP-MS and titration data it

is also evident that some fraction of the aggregated C60 is derivatized. These

results point to a hydrolysis type mechanism as the hydroxyl groups are

covalently bound to the C60, although electron donor acceptor complexes can not

be excluded. It is imperative that quantitative analytical methods be developed for

derivatized and underivatized C60.

Clearly more research is needed to fully understand the speciation of

aqueous fullerene aggregates. This information is needed as different species

behave differently and may have different potentials to impact human and

environmental health.

Transport and Behavior in Environmental Systems

In any risk assessment, determining the exposure concentration of the

toxicant is of critical importance (131,132). In order to determine environmental

exposure concentrations for a given compound, the mobility of the toxicant in the

environment must be determined. The mobility of contaminants in environmental

systems is governed by the physical-chemical interactions between the compound

of interest and the environmental solids. Therefore, in order to complete a full risk

assessment of fullerenes it is imperative to determine the basic physical-chemical

interactions between fullerenes and environmental solids, such as octanol-water

partitioning, partitioning to dissolved organic carbon, partitioning to black carbon,

and electron donor-acceptor interactions with environmental silicas and clays.  To

the best of our knowledge, these chemical properties are not known for fullerenes
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nor can current estimation methods based on fragment contributions be used to

estimate the properties.  Such properties are needed to predict the behavior and

transport of fullerenes.

Octanol-Water Partition Coefficients (Kow)

Octanol-water partition coefficients (Kow) have long been recognized as a

useful property for predicting other physical properties of chemicals such as the

organic carbon-water partition coefficient (Koc), lipid-water partitioning, and

water solubility when values are not readily available. Linear free energy relations

(LFERs) used to estimate partition coefficients from Kow values are predicated on

the notion that the mechanism of chemical partitioning into solvent (e.g., octanol)

is similar to that for partitioning into dissolved- or sediment/soil organic

matter.(133) As aggregates, it is not clear if similar mechanisms will govern

fullerene partitioning into octanol and organic carbon phases. While fragment-

contribution methods exist for estimating the Kows,(134) they cannot be applied to

fullerenes since the training sets of compounds used to develop the estimation

methods did not include fullerene-type molecules. Inappropriate application of

Kow estimation methods to chemical classes outside the training sets can lead to

substantial errors (135). Due to the lack of Koc and Kow values for fullerenes it is

not currently possible to know if LFERs based on Kows are applicable to

fullerenes. Therefore, determining the Kows fullerenes will provide are basic

information for fullerenes.
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Dissolved Organic Carbon Partition Coefficients (Kdoc):

For purposes of risk assessment, it is important to determine the fraction

of a chemical that is potentially mobile in aquatic and terrestrial environments.

The fractions of ‘conventional’ hydrophobic organic chemicals associated with

particulate matter and DOC are not considered ‘bioavailable’ (129).  Unlike the

fraction associated with the particulate fraction, the fraction associated with DOC

and the ‘free’ fraction in the aqueous phase are potentially mobile (135). In the

case of fullerene nanoparticles, aggregates are not considered truly dissolved and

so the term ‘free’ is selected rather than ‘freely dissolved’, which appears in the

literature in reference to chemicals that can be truly dissolved (e.g., polyaromatic

hydrocarbons). Fullerenes are likely to partition into DOC since the addition of

humic acids (HA) was reported to increase the aqueous phase concentration of

fullerene aggregates in solution (124,136). The observed increase in apparent

concentration was attributed to increased stabilization of C60 in solution by humic

acids (124,136). It was also noted that humic acids showed increased stabilization

of C60 relative to fulvic acids, which was rationalized by the lower charge density

and greater hydrophobicity and aromaticity of humic acids than fulvic acids (124).

Therefore, it is important to distinguish between the fraction of fullerenes in

dissolved organic carbon phase and the ‘free’ fraction in the aqueous phase.

Currently there are no data that quantify fullerene nanoparticle partition

coefficients between the aqueous and DOC phases.
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Fullerene Partitioning to Sediment and Soil Organic Carbon and Black

Carbon:

Due to the lack of quantitative analytical studies on fullerenes in complex

environmental systems, it is not currently known to what extent existing

paradigms for describing organic chemical partitioning between particulate matter

and aqueous phase apply to fullerenes. No data exist from which it can be

determined if existing linear free energy relationships (LFER) that require only a

single parameter (e.g. water solubility or Kow) to estimate other physical-chemical

properties (e.g. Koc) are applicable to fullerenes. Therefore, for predictive and risk

assessment purposes, the magnitude of fullerene partitioning onto soils and

sediments must first be characterized. Then, it is important to determine what

sediment or soil characteristics (e.g. hydrophobicity of organic matter, lewis acid-

base characteristics, surface site density, surface charge, functional group density,

etc.) determine the magnitude of the partition coefficients and if such coefficients

can be normalized to organic or black carbon contents. For systems that contain

thermally-altered organic matter ‘black carbon’(133,137) non-linear, equilibrium

sorption is observed and greater sorption is observed than predicted for

partitioning estimated by the fraction of organic carbon (foc)*Koc model. As a

result, a number of groups have established mathematically similar models (137-

139) that share a common design in that they include a absorption term (foc*Koc)

and a second non-linear adsorption term (Freundlich) that recognizes sorption
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onto black carbon fraction as expressed by the fraction of black carbon (fbc) and

the black carbon-water partition coefficient (Kbc) (equation 1).

Equation 1) Kd=focKoc  +  fbcKbcCw
n-1

The occurrence of fullerenes in soots has been widely reported (102-

105,140), which indicates that fullerenes interact with this form of black carbon

such that this phase must be taken explicitly into account when attempting to

describe fullerene partitioning to natural soils and sediments. Understanding the

potential role of carbon black is important because accounting for this fraction can

decrease deviations between model estimates and field data on biota-sediment

accumulation factors for hydrophobic organic chemicals (141).

In addition to partitioning and sorption, fullerenes, which are Lewis acids

(electron pair acceptors), may exhibit specific interactions with natural soils and

sediments due to electron donor-acceptor interactions. This is based on research

that indicates nitroaromatic compounds, which are also Lewis acids, interact with

clays via electron donor-acceptor interactions (142-144). Since such interactions

may confound the application of a dual mode algorithm (Equation 1) when fitting

fullerene sorption isotherms, an expanded form may be required that includes

specific interactions with mineral surfaces (Equation 2) as expressed by the

fraction of the mineral fraction (fmin) and the mineral-water partition coefficient

(Kmin).  Two major factors control the ability of phyllosilicates to form electron

Equation 2) Kd=focKoc  +  fbcKbcCw
n-1 + fminKminCw

n-1
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donor-acceptor complexes with electron-accepting compounds (e.g., fullerenes

and nitroaromatic compounds): the n-donor properties of their siloxane oxygens

and the accessibility of such sites for "-acceptors (145).  The donor properties of

siloxane oxygens are enhanced by isomorphic substitution, but their accessibility

for "-acceptors is restricted by the steric effects of hydrated exchangeable cations

(145). EDA complexes did not significantly contribute to the adsorption of "-

acceptors to hydroxyl-rich Fe and Al (hydr)oxides (145).  While thermally altered

organic matter, i.e. soots, chars, coals and kerogen comprise a wide range of

properties and vary widely in their adsorption properties, they are typically

hydrophobic and dominated by electron rich aromatic "-donor systems (PAH,

graphite) (133).

The various forms of dissolved organic matter show a similar breadth in

chemical properties: 13C-NMR spectra show strong differences in organic matter

chemistry between humic acids(146) and litter leachates, (147) with the former

being dominated by O-alkyl and alkyl-moieties while the latter is dominated by

carboxyl-C (146,147). However, it can be generalized that although humic

fragments are typically amphiphilic (148), they appear to contain appreciable

proportions of electron deficient "-acceptor sites (148). By understanding the

interactions between fullerenes and soil organic carbon and black carbon

deviations between model estimates and field data can be reduced.
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Column Transport Studies:

Column transport studies can be instructive in determining the mobility of

compounds in environmental systems. Once batch studies have been completed to

determine the types of physical-chemical interactions that have the greatest effect

on a compounds sorption potential, column studies can be completed to determine

how the determined sorption potential effects transport in the environment.

In column tests fullerene aggregates were less mobile than hydroxylated

fullerenes or metal oxide nanomaterials (45). The decreased mobility of aqueous

fullerene aggregates was attributed to the increased hydrophobicity of fullerenes

relative to hydroxylated fullerene and metal oxide nanomaterials (45). In a

column study in which a greater number of variables were manipulated, fullerene

aggregate deposition to glass beads increased with increasing ionic strength,

presence of polysaccharides, and lower Darcy velocity (149). As observed in

deposition studies of other particles (150), the same factors that result in increased

aggregation also result in increased deposition (149). In the case of fullerenes,

addition of sodium chloride results in a salting out mechanism which leads to

increased deposition and addition of nonaromatic hydrocarbons, such as

polysaccharides do not favorably interact with fullerene aggregates, which

resulted in increased deposition and decreased sensitivity to ionic strength (149).

In contrast, addition of hydrophobic aromatic hydrocarbons with ionizable

functional groups, such as tannic, fulvic and humic acids, lead to decreased

deposition and increased mobility (149), which is in agreement with the increased
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solubility of C60 reported in the presence of fulvic and humic acids (124).  It is

also important to note that variability in the method of preparation produced

significant differences in the deposition of aqueous fullerene aggregates (149).

Additional column transport studies are needed to determine the mobility

of fullerene and fullerene derivatives in real environmental systems. Data on the

mobility of these materials will provide the basic information to risk assessors on

which the potential for environmental exposure can be determined.  Prior to

determining any above mentioned physical-chemical properties, internally

calibrated quantitative analytical methods must be developed.
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ABSTRACT

Groundwater contamination by cyclic ethers, 1,4-dioxane (dioxane), a

probable human carcinogen, and tetrahydrofuran (THF), a co-contaminant at

many chlorinated solvent release sites, are a growing concern.  Cyclic ethers are

readily transported in groundwater, yet little is known about their fate in

environmental systems.  High water solubility coupled with low Henry’s law

constants and octanol-water partition coefficients make their removal from

groundwater problematic for both remedial and analytical purposes.  A solid

phase extraction (SPE) method based on activated carbon disks was developed for

the quantitative determination of dioxane and THF.  The method requires 80 mL

samples and a total of 1.2 mL of solvent (acetone).  The number of steps is

minimized due to the ‘in-vial’ elution of the disks.  Average recoveries for

dioxane and THF were 98% and 95%, respectively with precision, as indicated by

the relative standard deviation of < 2% to 6%.  The method quantitation limits are

0.31 _g/L for dioxane and 3.1 _g/L for THF.  The method was demonstrated by

analyzing groundwater samples for dioxane and THF collected during a single

sampling campaign at a TCA-impacted site.  Dioxane concentrations and aerial

extent of dioxane in groundwater were greater than those of either TCA or THF.
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INTRODUCTION

Chlorinated solvents require solvent stabilizers or inhibitor compounds to

mitigate reactions with acids and alkali metals.  In particular, 1,1,1-

trichloroethane (TCA) requires a metal stabilizer to inhibit reactions with

aluminum (1).  The solvent stabilizer 1,4-dioxane (dioxane) is a proton acceptor

and metal chelator and, as such, is used to stabilize TCA in the vapor degreasing

of metals (2). In 2002, Dioxane was listed as a high production volume chemical

with greater than 500 metric tons produced or imported to the US (3). Of the

dioxane produced in the US in 1985, 90% was added (2-4% v/v) to TCA, the

dominant vapor degreasing solvent in that era (3). THF has been used as a solvent

stabilizer for trichloroethylene (TCE) and TCA (2,4,5), but it is more commonly

used as a reaction medium in the synthesis of polymers, particularly PVC (3).  In

1993, 92,862 metric tons of THF were produced in the United States (3).

Epoxides including epichlorohydrin, 1,2-butylene oxide, and styrene oxide are

used to inhibit chlorinated solvents from reactions with acids.  On the other hand,

1,3-dioxolane (dioxolane) has been added to chlorinated solvents in place of

dioxane to inhibit reactions with alkali metals, particularly for TCA (1).  Dioxane

and THF often occur together as byproducts in effluent from production of

synthetic textiles, and as co-contaminants at solvent recycling facilities (5-7)

Dioxane, a probable human carcinogen (3), has been found as a

contaminant in groundwater at 38 Superfund sites in 12 U.S. states, in

groundwater at additional 30 sites in California (17), leachates from hazardous
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waste disposal sites (16,18,19), and in river and ocean water in Japan (20,21);

dioxane also is likely to occur at the 809 National Priority Listing sites

contaminated by TCA.  THF has also been observed at chlorinated solvent

contaminated sites, however THF is generally present at lower concentrations

than dioxane (1,17,22). Both THF and dioxane have been observed in ground

water at concentrations that exceed the water quality criteria and guidelines set by

different states: dioxane (3-85 _g/L) (17) and THF (50-1,300 _g/L) (1).  Although

epoxides are used as solvent stabilizers, they are not expected to be

environmentally relevant because of their short half-lives (7-13 days) in

environmental systems (23).  Although dioxolane is toxic to humans by inhalation

and ingestion (3), little is known about the fate and transport of dioxolane in

environmental systems.

Solvent stabilizers are considered emerging contaminants because

relatively little is known about their occurrence, fate, and transport in the

environment yet they have the potential to impact the environment and human

health.  The high water solubility coupled with low octanol-water partition

coefficients and Henry’s Law constants (Table 2.3) of these compounds (24)

complicate their isolation from water for both remedial and analytical purposes

(25).  Based on their retardation factors, 1.1-1.6 for dioxane (25-27) and 2.2-2.5

for THF (25,26), dioxane and THF are readily transported in groundwater.

Dioxane is categorized as one of the most mobile organic groundwater

contaminants (28) because it is often found at the leading edge of groundwater
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plumes of contamination (1,22,25,29).  Alternative treatment processes such as

advanced oxidation with ozone and hydrogen peroxide (1) or UV-oxidation are

most commonly used to remediate solvent stabilizer-contaminated groundwater.

Relatively few sites use activated carbon for the treatment of dioxane-

contaminated groundwater because dioxane’s low Koc (30).  More recently

Waldemer et al demonstrated the utility of permanganate oxidation for

remediation of dioxane contaminated groundwater (31).

The relative paucity of field data on dioxane and THF is due, in part, to

the lack of awareness of their widespread occurrence at chlorinated solvent

contaminated sites.  Analysis for dioxane is now required at a growing number of

cleanup sites in response to regulatory guidance and standards (137).  The utility

of current methods is limited by the high detection limits available by purge and

trap (detection limit 3-20 _g/L) (1,10,13), the long extraction times and large

sample and solvent volume required for continuous liquid-liquid extraction (1 L

sample and 100 mL solvent) (10).  The feasibility of extracting dioxane from

water has been demonstrated with ‘bulk’ activated carbon that is packed

cartridges (14-16).  Extraction processes using activated carbon material in bulk

form or bulk graphitized carbon black requires multiple sample preparation steps.

In addition, methods based on activated carbon in bulk form were not validated

for the determination of THF (14-16).  The use of solid phase extraction media in

disk form reduces the time and cost of sample analysis by increasing flow rates,

improving mass transfer, and eliminating bed channeling (138).  Unlike
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cartridges, disks are pliable and can be removed from their supports, folded up

and placed directly into an autosampler vial where analytes are eluted into the GC

injection solvent of choice (139,140). This approach is characterized by high

recovery and precision typically less than 2% due to the elimination of sample

handling steps during the elution process (141,142).

The purpose of this investigation was to develop a selective, sensitive, yet

simple and rugged method for the determination of dioxane and THF in solvent-

contaminated groundwater.  Dioxane and THF are extracted from groundwater by

passing the aqueous sample through an activated carbon disk which is then eluted

directly “in-vial” in a 2 mL autosampler vial and finally directly analyzed by gas

chromatography/tandem mass spectrometry.  Method performance characteristics,

including accuracy, precision, and quantitation limits, were determined from a

series of spikes into blank matrices (spike and recovery) and spikes into matrices

already containing the analyte (spike-addition).  The analytical method was then

demonstrated by analyzing groundwater samples collected from wells during a

one-time sampling campaign conducted at a chlorinated solvent-impacted site.

EXPERIMENTAL METHODS

Standards and Reagents.  Dioxane (99.9%), dioxane-d8 (99 atom % D)

and 1,3-dioxolane (99.8%) were obtained from Sigma-Aldrich (St. Louis, MO).

THF was obtained from Mallinckrodt (Paris, KY) and THF-d8 (99.5%) was

purchased from Alfa Aesar (Ward Hill, MA) for use as an internal standard.  The

instrumental standard, butyl acetate (electronic use grade), was obtained from
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Acros Organics (Morris Plains, NJ).  Acetone (HPLC grade) was purchased from

EM Science (Gibbstown, NJ). Dichloromethane (HPLC grade), acetonitrile and

chloroform were purchased from Burdick and Jackson (Muskegon, MI). Ethanol

was purchased from AAPER Alcohol and Chemical Company, (Shelbyville, KY).

Methanol was purchased from Fisher Scientific (Fair Lawn, NJ.)

Groundwater Samples.  Samples were collected from a former, industrial

site at which groundwater has been impacted with chlorinated solvents, and

dioxane. The samples were collected from groundwater monitoring wells

screened across the shallow zone of the aquifer (approximately 4.5 to 6m below

ground surface) following purging of three well-casing volumes with a peristaltic

pump.  The samples were collected without preservation in amber glass bottles,

shipped overnight in an ice-chilled cooler and stored at 4 oC pending analysis.

Activated Carbon Extraction.  From 90mm activated carbon disks (3M

Corporation, Minneapolis, MN), 25mm diameter disks were cut, and placed into

PP25 polypropylene disk holders (Advante CMFS, Dublin, CA) attached to

polypropylene reservoirs and a vacuum manifold (Varian, Harbor City, CA).  The

particle size of the activated carbon disks is 10 _m with a surface area of >1100

m2/g.  Prior to extraction each 80 mL sample was spiked with 100 _L of a 50

_g/mL of dioxane-d8 and THF-d8 surrogates in blank domestic tap water (5 _g

each).  The disk was not pre-wet with water or solvent.  Aqueous samples were

passed through the 25 mm disk under vacuum (67 kPa) and the disks were then

dried by pulling laboratory air through the disk for 1 hour.  The disks were then
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removed from the holder and placed directly into 2 mL autosampler vials

followed by 1.2 mL acetone and 9.4 µg of the butyl acetate instrumental standard.

The vials were then capped and analyzed after 30 min and within 24 hours.  No

handling problems were encountered during in-vial elution, such as activated

carbon particles separating from the membranes.

In addition to activated carbon, 2 poly(styrenedivinylbenzene) copolymers

(SDB-RPS and SDB-XC), and a C18 bonded-phase silica (all from 3M

Corporation, Minneapolis, MN) were selected for preliminary extraction

experiments.  The two SDB copolymers have a pore size of 80 Å, a particle size

of 16 _m, and a surface area of 450 m2/g.  The C18 disks have a pore size of 60 Å

and a 20 _m particle size.  The SDB-RPS, SDB-XC and C18 disks were prepared

per manufacturer specifications.

Breakthrough Experiments. De-ionized water solutions of 1000 _g /L

dioxane of 50, 80, 100, and 150 mL were extracted with each kind of disk.  After

extraction of samples, the activated carbon disks were dried under vacuum for 1

hour, and all other disks dried for 10 minutes.  All disks were eluted directly in an

autosampler vial with dichloromethane.  These initial experiments used

dichloromethane as the elution solvent; subsequent trials used acetone, a non-

chlorinated solvent, which provided equal recovery.

In order to conduct a mass balance on the disk extraction process, the

water that passed through each disk was collected and analyzed via liquid-liquid

extraction to determine the mass of dioxane that passed through the disk.
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Performance and validation of the liquid-liquid extraction is detailed in

Supporting Information (SI).

Spike and Recovery. The accuracy and precision of the activated carbon

method were determined from experiments in which dioxane and THF were

spiked into de-ionized water and into groundwater samples that were previously

determined to not contain dioxane or THF (spike and recovery).  The spike and

recovery experiments were performed by spiking 50 _g of dioxane, 4 _g of THF,

5 _g dioxane-d8, and THF-d8 into each of five 80 mL aliquots of de-ionized water

and blank site groundwater.  The de-ionized water extracts were not analyzed for

THF as de-ionized water contained THF.

Spike-addition experiments with non-blank groundwater samples were

preformed with samples composited from two wells.  Spike-addition experiments

were performed by spiking 625 _g /L dioxane, 50 _g /L THF, and 63 _g /L each

of the dioxane-d8 and THF-d8 internal standards into each of five replicate 80 mL

portions of groundwater that contained a baseline concentration of 600 _g /L

dioxane and 50 _g /L THF.  The spiked masses of dioxane and THF were selected

to approximately double the baseline concentrations of dioxane and THF. The

samples were extracted and analyzed by GC MS/MS as described below.

Blanks. Initial extracts of de-ionized water were observed to contain

dioxane and THF.  Analysis of the elution solvent acetone and the activated

carbon disks eluted with acetone were observed to be blank for dioxane and THF.

However, when activated carbon disks were dried for 1 hr under vacuum and then
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eluted in-vial, dioxane but not THF was detected.  The dioxane was determined to

come from hood air used in drying the disk. For this reason, all subsequent

extractions were performed in a laboratory in which no dioxane or THF standard

solutions were prepared or handled.

THF was detected in preliminary experiments in which de-ionized ‘house’

water was used to condition the activated carbon disk. The in-house de-ionized

water was determined to contain approximately 2 _g/L THF.  Wang et al

observed up to 13,000 _g/L THF in laboratory de-ionized water and they

concluded that the glue used with PVC pipes was the source of the THF (143).

The source of the THF contamination was determined to be the de-ionized water;

the contamination was eliminated by discontinuing conditioning the disk with de-

ionized water.  Eliminating this conditioning step had no adverse affects on the

extraction process.  To ensure that the extraction method did not lead to false

positives, blank method extractions were performed along with each set of 10

field samples using de-ionized water for dioxane and blank water obtained from a

domestic water supply for THF.

Detection and Quantitation Limits.  To determine the detection and

quantitation limits of the method, single 80 mL samples of blank groundwater

were spiked to give final dioxane concentrations ranging from 0.063 to 0.63 _g/L

and THF ranging from 0.75 to 9.4 _g/L, which were then extracted as described

above.  The analyte concentration that gave a signal to noise ratio (S/N) of 3 was



56

determined to be the detection limit and the concentration that gave a S/N of 10

was determined to be the quantitation limit.

Gas Chromatography-Mass Spectrometry. Gas chromatography

tandem mass spectrometry was used to identify and quantify dioxane, THF,

dioxane-d8, and THF-d8. A Hewlett Packard (Wilmington, DE) 5890 Series II gas

chromatograph was used for all separations. The GC was equipped with a 30m x

0.32mm x 4 µm Supleco SPB-1 column (Bellefonte, PA). Splitless 1 _L injections

were made at an inlet temperature of 150 oC. The initial oven temperature was 40

oC for 1 min then increased at 10 oC / min to 120 oC. The inlet pressure was

pulsed to 170 kPa for 2 minute then ramped down to 77 kPa in 10 seconds.

The GC was coupled to a Finnigan Mat TSQ 700 mass spectrometer

operated in positive chemical ionization (PCI) mode while using selected reaction

monitoring.  The transfer line, manifold, and collision cell temperatures were set

at 265 °C , 70 °C and 150 °C, respectively.  Argon was the collision gas with

collision offset energy of 15 eV, methane was the reagent gas and the solvent

delay was 4.25 minutes.

Because of the limited fragmentation produced in PCI (only one transition

observed), confirmation of the dioxane and THF was performed by analyzing

samples by electron impact (EI) GC/MS.  A Hewlett Packard (Wilmington, DE,

USA) 5890 Series II gas chromatograph was coupled to a Hewlett Packard 5972

Series Mass Selective Detector.  Splitless 1 _L injections were made at an inlet

temperature of 150 oC.  The initial oven temperature was 40 °C for 1 min then
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increased at 10 °C / min to 120 °C.  The mass spectrometer was operated in

electron impact mode (70 eV) and scanned 20-200 amu.

Quantification. The recoveries of dioxane and THF were determined by

peak area ratio to internal standards dioxane-d8 and THF-d8, respectively. The six

point calibration curves spanned concentrations of 0.31 _g/L to 3100 _g/L for

dioxane and 3.1 _g/L to 300 _g/L for THF; all standards were prepared in

acetone.  Each calibration standard also contained 5 µg each of dioxane-d8 and

THF-d8 and 9.4 _g butyl acetate as internal standards and the instrumental

standard, respectively.  In addition, the absolute recoveries of dioxane and THF

were determined by ratioing their peak areas to that of the butyl acetate

instrumental standard.

An inverse squared weighting scheme was used to determine the linear

regression for the calibration curve (Xcel, Microsoft Corporation, Seattle, WA,

USA).  All points on the calibration curve were within 20% (144) of the expected

concentration and were retained for linear regression. Calibration curves were

determined at the beginning of each sample set and blanks and check standards

were run for each sample set.  Overall, blanks and check standards comprised a

minimum of 30% of the total samples analyzed during any given analysis

sequence.

RESULTS AND DISCUSSION
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Chromatography and Mass Spectrometry. The most abundant ions

formed under positive chemical ionization were the [M+H]+ ions (10) and their

collision-induced dissociation fragments were m/z=45 [C2H4O+H]+ for dioxane,

m/z=49 [C2D4O+H]+ for the dioxane-d8, m/z=55 [C4H7]
+ for THF, and m/z=62

[C4D7]
+ for the THF-d8.  The respective transitions were subsequently used for

quantitation (Table 2.4).  Chromatograms for samples containing dioxane, THF,

dioxane-d8, and THF-d8 indicate that the deuterated internal standards elute earlier

than do their nondeuterated analogs (Figure 2.1).

PCI-GC/MS was selected over EI-GC/MS for quantification because PCI

gave greater sensitivity than EI as determined from signal to noise determinations

for replicate analyses of a single standard. Increased sensitivity under PCI

conditions is consistent with the proton-accepting nature of these cyclic ethers.

However, because only one mass transition was observed, samples were analyzed

by EI-GC-MS for confirmation.
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Figure 2.1: Example of GC-MS/MS chromatograms of THF (13 _g/L),

THF-d8 (63 _g/L), Dioxane (300 _g/L), dioxane-d8 (63 _g/L), and instrumental

standard butyl acetate in a groundwater sample.
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Dioxane under EI conditions produced ions including m/z 88 [M+_], m/z

58 [(CH2)3O
+_], and m/z 28 [(C2H4)

+_]. The dioxane standard gave ion ratios (±

95% confidence interval for n=3 replicate injections) of 0.45±0.02 for m/z 88:m/z

28 and 0.28±0.03 for m/z 58:m/z 28.  Under EI conditions, THF gave ions

including m/z 72 [M+_], m/z 71 [M+-H+], and m/z 42 [(CH2)3O
+_].  The THF

standard gave ion ratios (± 95% confidence interval for n=3 replicate injections)

of 0.37 ±0.06 for m/z 72:m/z 42 and 0.35 ±0.03 for m/z 71:m/z 42. Analysis of

dioxane (n=3) and THF (n=1) groundwater extracts by GC-MS under EI

conditions gave ion ratios listed above that were within the 95% CI of the

standards.

In-Vial Elution.  Acetone and dichloromethane were used as elution

solvents and both provided greater than 90% recovery of dioxane from activated

carbon disks.  However, acetone was selected as the elution solvent of choice

because it creates a less hazardous and more manageable laboratory waste.  The

time required to elute dioxane and THF from activated carbon disks was

evaluated by performing repeated injections of a single sample.  Recoveries

greater than 90% were obtained after 30 min elution; this was the minimum time

used to prepare all subsequent samples. Butyl acetate was determined to be an

appropriate instrumental standard for the in-vial elution because no loss of butyl

acetate onto the disks was observed during the elution process.

SPE Optimization.  Solid phases including SDB-RPs, SDB-XC and C18

gave maximum recoveries below 10% for 50 to 150 mL samples of de-ionized



61

water containing 1000 _g/L dioxane.  The low recoveries were due to

breakthrough because 82 to 110% of the added dioxane mass was recovered in

water that had passed through the disk (Figure 2.2).  Due to the unacceptably high

degree of breakthrough, polymeric and silica-based phases were not used.  In

contrast, in a breakthrough study with 25mm activated carbon disks, 92%

recovery of dioxane (relative to the butyl acetate instrumental standard) was

obtained for an 80 mL sample and recovery decreased to 52% for a 150 mL

sample (Figure 2.2). All subsequent experiments were preformed with 25mm

activated carbon disks and an 80mL sample volume.

Once the suitability of the activated carbon method was determined for

dioxane, the applicability of the method was determined for other solvent

stabilizers including THF and 1,3-dioxolane.  Spike and recovery experiments

with THF in water from a domestic water supply gave greater than 80% recovery

for THF and less than 10% for 1,3-dioxolane.  Breakthrough of the 1,3-dioxolane

was confirmed with 90% of the added mass recovered from the water that passed

through the disk as determined by the in-vial liquid-liquid extraction method
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Figure 2.2. Breakthrough determined as a function of sample volume for

a) 25mm activated carbon disk and b) a 25mm SDB-XC disk
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(described in SI). Therefore, 1,3-dioxolane cannot be determined by the activated

carbon method.

Activated Carbon Method Accuracy and Precision. Initial spike and

recovery experiments into blank de-ionized water gave nearly equivalent absolute

recoveries (93-94 ± 1%) for both dioxane and dioxane-d8 (Table 2.1).  When

dioxane recovery was computed relative to the dioxane-d8 internal standard, the

relative recovery was 100± 0% (Table 2.1).  Spike and recovery of THF into de-

ionized water was not performed since the in-house de-ionized water contained

THF at approximately 2 µg/L.

Spike and recovery experiments with blank groundwater samples gave at

least 99 ± 1% recovery for dioxane and 100 ± 2% recovery for dioxane-d8.  Lower

recoveries of THF and THF-d8 (82 and 83%) relative to dioxane (99%) were

observed.  When ratioed to their deuterated internal standards, both dioxane and

THF gave recoveries that were at least 95% (Table 2.1).

Spike-addition experiments, in which the background concentrations of

dioxane and THF in a ground water sample was doubled, gave average recoveries

of dioxane and THF (relative to their deuterated internal standards) of 100 ± 0 %

and 100 ± 1%, respectively, with RSDs ranging from 1 to 4% (Table 2.1).

Absolute recoveries (relative to the butyl acetate instrumental standard) of ≥85%

were obtained for dioxane and dioxane-d8 and ≥45% for THF and THF-d8.  The

lower absolute recoveries of THF relative to dioxane may result from organic

carbon loading of the activated carbon disk by other organic contaminants with
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Table 2.1. Accuracy ± standard error and precision, as indicated by relative

standard deviation, of the activated carbon extraction method. a

Recovery Relative to

Instrumental

Standard b

De-ionized

Water Spike

Recovery

Blank Ground

Water Spike

Recovery

Ground Water

Spike

Additionc

Dioxane 93% ± 1 (3) 99% ± 1 (3) 86% ± 3 (7)

Dioxane-d8 94% ± 1 (3) 100% ± 1 (3) 85% ± 2 (6)

THF NAe 82% ± 2 (5) 45% ± 2 (12)

THF-d8 NA 83% ± 0 (1) 47% ± 2 (7)

Recovery Relative to

Internal Standard d

Dioxane 100 ± 0 (1 ) 98%± 1 (2) 100% ± 0 (1)

THF NA 95% ± 2 (6) 100% ± 2 (4)

a Accuracy represented by average recoveries ± standard error and (precision)

indicated by the relative standard deviation of n=5 replicate analyses.

b Recovery determined relative to butyl acetate instrumental standard

c Baseline concentrations of dioxane and THF were 600 and 50 µg/L,

respectively.

d Dioxane and THF recovery determined relative to their respective internal

standards

e NA  not analyzed because ‘house’ de-ionized water was not blank for THF
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higher Koc values present in the sample matrices. For example, the Koc for TCA is

two orders of magnitude greater than the Koc for THF. Competitive adsorption of

organic solutes on the activated carbon disk will favor those compounds with

higher affinity to sorb to carbon, as well as those compounds present in higher

concentrations (145).  If dioxane or THF are present in heavily-contaminated

samples, competitive adsorption may result in reduced recoveries for dioxane and

THF.  However, the use of deuterated internal standards permits the detection of

and correction for reduced recovery.

The good agreement between the absolute recoveries of the deuterated and

non-deuterated compounds and the high relative recoveries indicate the suitability

of the deuterated internal standards for determining the concentrations of dioxane

and THF in field samples.  The low (<6%) RSDs are consistent with the minimal

sample handling permitted by the in-vial elution method.

Detection and Quantification Limits. The detection limits, defined as the

concentration required to give a signal-to-noise ratio (S/N) of 3:1, for dioxane and

THF were 0.13 _g/L and 1.0 _g/L (n=3), respectively.  The quantification limits,

defined as the concentration required to give a signal-to-noise ratio (S/N) of 10:1,

for dioxane and THF were 0.31 _g/L and 3.1 _g/L (n=3), respectively.  The

variation as determined from the relative standard deviation about the quantitation

limit for n=3 replicates into blank site groundwater was ≤11% for dioxane and

THF.  The quantification limits obtainable by the activated carbon method are an



66

order of magnitude below regulatory action levels (3-85 _g/L for dioxane and 50-

1300 _g/L for THF) set by different states (1).

Dioxane and THF in Groundwater.  At the industrial site, samples

limited to a one time snapshot collected from 57 wells were analyzed for dioxane

and samples from 27 wells were analyzed for THF, both using the activated

carbon method. A representative subset of the samples analyzed are shown in

Table 2.2. Of the 57 samples analyzed, 38 samples contained dioxane at levels

above the quantitation limit (0.31 _g/L) and only two samples contained THF at

levels above the quantitation limit (3.1 _g/L). Dioxane concentrations ranged

from 2800 _g/L to below the detection limit (0.13 _g/L) and the THF

concentrations ranged from 71 _g/L to below the detection limit (1.0 _g/L).

To confirm the detections of dioxane and THF, samples were analyzed by

EI GC-MS. The dioxane ion ratios (± 95% confidence interval, n=3) for m/z 88 to

m/z 28 was 0.45 ± 0.01, for m/z 58 to m/z 28 was 0.37 ± 0.08. The THF ion ratios

(n=1): m/z 72 to m/z 42 was 0.35 and m/z 71 to m/z 42 was 0.33.  The standard

and sample ion ratios were equivalent at the 95% confidence level, which

confirmed the identity of dioxane and THF.  The poor sensitivity of the EI GC-

MS limited the confirmation of THF to one field sample.

During the analysis of the groundwater samples from the field site,

confirmatory quality assurance and control experiments were performed (n= 10)

on blank water (e.g., spike and recovery into de-ionized water for dioxane and

blank tap water for THF).  The average recoveries of dioxane and THF were 97 ±



67

2% and 96 ± 3%, respectively, which is consistent with the values determined

during the method development phase of the project (Table 2.1).  In addition, the

precision for n=10 replicate analyses over the study period remained within 5% of

the target value.  Split samples were analyzed for dioxane by a site contractor via

continuous liquid-liquid extraction. The two methods gave quantifiable results for

30 samples and the difference between the two methods was not statistically

significant at the 99% confidence interval.

A map drawn from the dioxane concentrations determined for this one-

time sampling survey of monitoring wells at the site indicates that dioxane is

present in groundwater over a larger aerial extent than THF or TCA (Figure 2.3).

The dioxane and TCA plumes are elongated in the direction of groundwater flow

which is generally to the northeast at the site.  The greater apparent mobility of

dioxane relative to that of TCA and THF is consistent with observations by others

(1,17,22) who have concluded that dioxane is the most mobile of the three and

can thus be expected to be the first contaminant to migrate off-site. With observed

retardation factors ranging from 1.4-1.6 for other field studies(25,26), and from

1.1-1.2 for laboratory systems (26), dioxane transport may not be strictly

conservative.  Mapping dioxane concentrations using the sensitive analytical

methodology presented herein may provide a first approximation of plume

boundaries for field sites that do not have conservative tracers (e.g., chloride)

available for delineating the maximum extent of plume migration.
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Table 2.2: 1,4-Dioxane (dioxane), tetrahydrofuran (THF), and 1,1,1-

trichloroethane (TCA) concentrations in chlorinated solvent-impacted

groundwater samples.a

Well Number

Dioxane

(µg/L)

THF

(µg/L)

TCA

(µg/L)

1 2800 ± 60 ND 980 ± 30

2 1900 ± 40 NA 29 ± 1

3 300 ± 6 13 ± 0 <5

4 300 ± 6 <QL <1

5 200 ± 4 71 ± 2 21 ± 1

6 43 ± 1 <QL <1

7 12 ± 0 ND 12 ± 0

8 0.42 ±0.01 NA <1

9 <QL ND <1

10 ND ND <1
a The relative standard errors for dioxane (2.1%), THF (3%) and TCA

(3%) determined from replicate analysis, were applied to concentrations of

dioxane and THF for the single groundwater samples analyzed.

ND Analyte not detected above the detection limits of 0.13 _g/L for

dioxane or 1.0 _g/L for THF

NA: Not analyzed

< QL detected but less than the quantitation limits of 0.31 _g/L for

dioxane and 3.1 _g/L for THF.
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Figure 2.3. Concentrations and interpreted aerial extent of solvent stabilizers,

dioxane and THF, in groundwater at a site impacted with chlorinated solvents.
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At this site, the maximum concentration of dioxane is 2800 _g/L and

exceeds that of TCA (980 _g/L) and THF (71 _g/L) (Table 2.2).  At many

solvent-contaminated sites, dioxane concentrations exceed those of dissolved

chlorinated solvents (1,17,22).  Furthermore, at many chlorinated solvent sites

THF concentrations are less than dioxane or the dissolved chlorinated solvents

(1,17,22).

The higher concentration of dioxane relative to TCA (Table 2.2) indicates

an apparent ‘enrichment’ of dioxane relative to TCA.  This enrichment can

partially be attributed to the vapor degreasing process.  Dioxane is added to TCA

at 2-4% (v/v) (1) and dioxane can become enriched up to 29% in spent TCA (1).

Dioxane becomes enriched because it has a higher boiling point (101.1 oC) than

TCA (74.1 oC) (24), and through the vapor degreasing process TCA volatizes

from the solvent still more readily than dioxane.

Biodegradation may also explain the apparent enrichment of dioxane in

groundwater relative to TCA.  TCA has been shown to transform in anaerobic

systems, biotically to 1,1-dichloroethane and 1-chloroethane (146-148) and

abiotically to 1,1-dichloroethene (146).  TCA transformation products have been

detected in groundwater at this site, suggesting that TCA is undergoing anaerobic

biotic and abiotic degradation at this site. To date, there are no reports of dioxane

biodegradation occurring at any site (6).  However, a limited number of studies

have reported dioxane biodegradation in laboratory systems. Dioxane

biodegradation as a carbon and energy source is reported for aerobic systems
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(149-152).  In addition, under aerobic conditions the addition of THF stimulates

the co-metabolic degradation of dioxane for cultures unable to grow on dioxane as

a carbon and energy source (152-155). On the other hand, Zenker et al. (154)

found that high concentrations of THF may inhibit aerobic dioxane degradation.

The limited area of THF contamination indicates that it is likely not

associated with chlorinated-solvent use and disposal at this site. While 90% of the

dioxane production was for use as a solvent stabilizer, THF is largely used as a

solvent in synthetic processes (3) and in particular it is used as a solvent in the

glue used with PVC pipes (143).  However, the absence of THF in groundwater

samples from 23 of 27 wells suggests that the wells are not likely leaching THF to

the groundwater.

It is difficult to assess the role that biodegradation may play in affecting

the THF occurrence and distribution at this site.  For a single study in which

anaerobic THF biodegradation was investigated, biodegradation of THF under

anaerobic conditions was not observed (156).  By comparison, several reports

document the biodegradation of THF under aerobic conditions as the sole carbon

and energy source (157,158). Clearly, more research is needed to determine if

dioxane biodegradation occurs under anaerobic conditions and, when THF is

present, whether co-metabolic transformation of dioxane can be stimulated.



72

ACKNOWELDGMENTS

The authors are indebted to Theresa Dirksen of the 3M Corporation for the

donation of the activated carbon disks.  The authors would also like to thank

Carin Huset and Ralph Reed for help they offered over the course of this study.

This project was funded via the Tartar Fellowship, Oregon State University,

Department of Chemistry. This publication was made possible, in part, by the

Mass Spectrometry Facilities and Services Core of the Environmental Health

Sciences Center, Oregon State University, grant number P30 ES00210, National

Institute of Environmental Health Sciences, National Institutes of Health.

Supporting Information Available

Physical-chemical properties (table 2.3), mass transitions (table 2.4), a

description of the liquid-liquid extraction methodology and method performance.

This material is available free of charge via the Internet at http://pubs.acs.org.



73

 Literature Cited

(1) Archer, W. L. Werkst. Korros. 1984, 35, 60-69.

(2) Mohr, T. K. G. "Solvent Stabilizers," Santa Clara Valley Water District,

2001.

(3) National Library of Medicine, 2006.

(4) Doherty, R. E. Environ. Forensics 2000, 1, 69-81.

(5) U.S. Environmental Protection Agency; USEPA, Ed.; EPA-800/8-82-

006B, 1984.

(6) Zenker, M. J.; Borden, R. C.; Barlaz, M. A. Environ. Eng. Sci. 2003, 20,

423-432.

(7) U.S. Environmental Protection Agency; Office of Solid Waste and

Emergency Response Technology Innovation Office, 1998.

(8) Smith, M.; Wright, B. "Clean Harbors, 2006.  Fourth Quarter 2005

Monitoring Report, Clean Harbors San Jose LLC.  ," Clean Harbors, 2006.

(9) Mohr, T. K. G. In Presentation to: United States Environmental

Protection Agency Technical Support Project Meeting Sacramento;

http://epa.gov/tio/tsp/download/2004_fall_meeting/mohr2.pdf, Ed.: Sacramento,

California, 2004.

(10) Yasuhara, A.; Tanaka, Y.; Tanabe, A.; Kawata, A.; Katami, T. B. Environ.

Contam. Tox. 2003, 71, 641-647.



74

(11) Yasuhara, A.; Shuraushi, H.; Nishikawa, M.; Yamamoto, T.; Uehiro, T.;

Nakasugi, O.; Okumura, T.; Kenmotsu, K.; Fukui, H.; Nagase, M.; Ono, Y.;

Kawagoshi, Y.; Baba, K.; Noma, Y. J. Chromatogr. A. 1997, 774, 321-332.

(12) Yasuhara, A.; Shiraishi, H.; Nishikawa, M.; Yamamoto, T.; Nakasugi, O.;

Okumura, T.; Kenmotsu, K.; Fukui, H.; Nagase, M.; Kawagoshi, Y. Waste

Manag. Res. 1999, 17, 186-197.

(13) Abe, A. Sci. Total Environ. 1999, 227, 41-47.

(14) Kawata, K.; Ibaraki, T.; Tanabe, A.; Yasuhara, A. B. Environ. Contam.

Tox. 2003, 70, 876-882.

(15) Lesage, S.; Jackson, R. E.; Priddle, M. W.; Riemann, R. G. Environ. Sci.

Technol. 1990, 24, 559-566.

(16) Howard, P. Handbook of Environmental Fate and Exposure Data for

Organic Chemicals; Lewis Publishers, Inc: Chelsea, MI, 1990.

(17) Montgomery, J. H. Groundwater Chemicals Desk Reference; 2nd ed.;

Lewis Publisher: Boca Raton, Fl, 1996.

(18) Patterson, R. J.; Jackson, R. E.; Graham, B.; Chaput, D.; Priddle, M.

Water Sci. Technol. 1985, 17, 57-69.

(19) Priddle, M. W.; Jackson, R. E. Ground Water 1991, 29, 260-266.

(20) Liu, W. H.; Medina, M. A.; Thomann, W.; Piver, W. T.; Jacobs, T. L. J.

American Water Resources Assoc. 2000, 36, 1335-1348.

(21) Roy, R. W.; Griffin, R. A. Environ. Geol. Water. Sci. 1985, 7, 241-247.



75

(22) Jackson, R. E.; Dwarakanath, V. Groundwater Monitor. Remed. 1999,

102-110.

(23) Sabba, S.; Wittebsky, S. In 1,4-dioxane and other Solvent Stabilizers in

the Environment: San Jose, CA, 2003.

(24) Waldemer, R. H.; Tratnyek, P. G. Environ. Sci. Technol. 2006, 40, 1055-

1061.

(25) Colorado Department of Public Health and Environment Water Quality

Control Commission "Colorado Department of Public Health and Environment

Water Quality Control Commission. 5 CCR1002-41 Regulation NO. 41 The Basic

Standards For Ground Water," 2005.

(26) Draper, W. M.; Dhoot, J. S.; Remoy, J. W.; Perera, S. K. Analyst 2000,

125, 1403-1408.

(27) Yoo, L. J.; Fitzsimmons, S.; Wehner, M. In Proceedings - Water Quality

Technology Conference, 2002; pp 281-294.

(28) Abe, A. J. Environ. Chem. 1997, 7, 95-100.

(29) Epstein, P. A.; Mauer, T.; Wagner, M.; Chase, S.; Giles, B. Anal. Chem.

1987, 59, 1987-1990.

(30) Markell, C.; Hagen, D. F.; Bunnelle, V. A. LC-GC 1991, 9, 332-337.

(31) Sojo, L. E.; Djauhari, J. J. Chromatogr. A 1999, 840, 21-30.

(32) Field, J. A.; Reed, R. L.; Sawyer, T. E.; Martinez, M. J. Agric. Food

Chem. 1997, 45, 3897-3902.

(33) Moody, C. A.; Field, J. A. Environ. Sci. Technol. 1999, 33, 2800-2806.



76

(34) Runes, H. B.; Jenkins, J.; Field, J. J. Agric. Food Chem. 1999, 47, 3252-

3256.

(35) Wang, T. C.; Bricker, J. L. Bull. Environ. Contam. Toxicol. 1979, 23, 620-

623.

(36) Hansen, K. J.; Clemen, L. A.; Ellefson, M. E.; Johnson, H. O. Environ.

Sci. Technol. 2001, 35, 766-770.

(37) Snoeyink, V. Adsorption of Organic Compounds.; 4th ed.; McGraw-Hill:

New York, 1990.

(38) Vogel, T. M.; Criddle, C. S.; McCarty, P. L. Environ. Sci. Technol. 1987,

21, 722-736.

(39) de Best, J. H.; Hage, A.; Doddema, H. J.; D.B., J.; Harder, W. Appl.

Microbiol. Biotechol. 1999, 51, 277-283.

(40) Gälli, R.; McCarty, P. L. Appl. Environ. Microbiol. 1989, 55, 845-851.

(41) Bernhardt, D.; Diekmann, H. App. Microbiol. Biot. 1991, 36, 120-123.

(42) Parales, R.; Adamus, J.; White, N.; May, H. Appl. Environ. Microbiol.

1994, 60, 4527-4530.

(43) Mahendra, S.; Alvarez-Cohen, L. Int. J. Syst. Evol. Microbiol. 2005, 55,

593-598.

(44) Nakamiya, K.; Hashimoto, S.; Ito, H.; Edmonds, J. S.; Morita, M. Appl.

Environ. Microbiol. 2005, 71, 1254-1258.

(45) Zenker, M. J.; Borden, R. C.; Barlaz, M. A. Biodegradation 2000, 11,

239-246.



77

(46) Zenker, M.; Borden, R.; Barlaz, M. Environ. Eng. Sci. 2002, 19, 215-228.

(47) Kelley, S.; Aitchison, E.; Deshpande, M.; Schnoor, J.; Alvarez, P. Water

Res. 2001, 35, 3791-3800.

(48) Battersby, N. S.; Wilson, V. Appl. Environ. Microb. 1989, 55, 433-439.

(49) Daye, K. J.; Groff, J. C.; Kirpekar, A. C.; Mazumder, R. J. Ind. Microbiol.

Biotechol. 2003, 30, 705-714.

(50) Kohlweyer, U.; Thiemer, B.; Schrader, T.; Adressen, J. FEMS Microbiol.

Lett. 2000, 301-306.



78

 Supporting Information

Quantitative Determination of 1,4-Dioxane and
Tetrahydrofuran in Groundwater by Solid Phase Extraction GC-

MS/MS

Carl Isaacson,a Thomas K.G. Mohrb, and Jennifer A. Fielda,c,*

aDepartment of Chemistry, Oregon State University, Corvallis, OR 97331
bSanta Clara Valley Water Authority, San Jose, CA 95118

cDepartment of Environmental and Molecular Toxicology, Oregon State
University, Corvallis, OR 97331

*Corresponding author, phone 541/737-2265, FAX 541/737-0497; email:
Jennifer.Field@oregonstate.edu



79

Table 2.3. Physical-chemical properties of solvent stabilizers 1,4-dioxane

(dioxane) and tetrahydrofuran (THF).(24)

Property Dioxane THF

Water Solubility Miscible 300 g/L

Henry’s Law

Constant

(atm_m3_mole-1)

4.88 x 10-6 7.06 x 10-5

Log Kow -0.27 0.46

Table 2.4.  Mass transitions of 1,4-dioxane (dioxane), tetrahydrofuran

(THF), 1,4-dioxane-d8 (dioxane-d8), tetrahydrofuran-d8 (THF-d8) and butyl

acetate.

Analyte Precursor Ion Product Ion

Mass

Transition

(m/z)

dioxane C4H8O2 + H+ C2H4O+ H+ 89∀45

dioxane-d8 C4D8O2 + H+ C2D4O+ H+ 97∀49

THF C4H8O + H+ C4H7
+ 73∀55

THF-d8 C4D8O + H+ C4D7
+ 81∀62

Butyl Acetate C6H12O2 + H+ C2H4O2 + H+ 117∀61
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Experimental Methods

Liquid-Liquid Extraction. A 0.5 ml aliquot of sample was added to an

auto sampler vial to which 0.5 ug of dioxane-d8 was added as surrogate standard.

To this vial 0.5ml of Dichloromethane was added and the vial was vortexed for

2min on a Vortex Genie Mixer (Scientific Products, Evanston, Il, USA). The

sample was allowed to equilibrate for several hours if an emulsion formed in the

dichloromethane layer. The sample was then analyzed GC-MS/MS.

Results and Discussion

Liquid-Liquid Extraction Method Performance. The detection and the

quantitation limit of the liquid-liquid in-vial extraction vial for dioxane were 22

µg/L and 72 µg/L as determined by a concentration that gave a s/n of 3 and

10.The average percent recovery relative to the deuterated internal standard at a

1,000 _g/L from spike and recovery experiments (n=5) with blank groundwater

were 100% ± 2 for dioxane.  The precision of the method was 1% (Table 2.5), as

determined by the relative standard deviation (RSD) from the spike and recovery

experiments. To further validate the analytical method, spike-addition

experiments (n=5) were conducted at 2000 _g/L for dioxane.  The average

recovery relative to the deuterated internal standard was 100 % for dioxane and

the precision (RSD) was 3 % (Table 2.5). Recoveries calculated via external

standards were 92% and 100% for dioxane and dioxane-d8. The low (≤5%) RSDs

reflect the minimum sample handling required for the in-vial extraction method.

While the in-vial liquid-liquid extraction method does not have the sensitivity of
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the activated carbon method, it requires less time for sample preparation, less

sample volume and it was used to detect dioxane at chlorinated solvent

contaminated site.

Table  2.5. Accuracy ± Standard Error and Precision as indicated by Relative

Standard Deviation of In-vial Liquid-Liquid Extraction

Recovery Calculated via

External Standard

De-ionized Water

Spike Recovery

%

Groundwater

Spike Recovery

%

Groundwater

Spike Addition

%

Dioxane 100± 2(3) 98± 2(1) 92± 2(5)

Dioxane-d8 110± 2 (4) 100± 1 (3) 100± 1 (2)

Recovery Relative to

Internal Standard

Dioxane relative to

Dioxane-d8

100± 2 (5) 100± 1 (3) 100± 1 (3)
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ABSTRACT

With production and use of carbon nanoparticles increasing, it is

imperative that the toxicity of these materials be determined, yet such testing

requires specific and selective analytical methodologies that do not yet exist.

Quantitative liquid-liquid extraction was coupled with liquid

chromatography/electrospray ionization mass spectrometry (LC-ESI/MS) for the

quantitative determination of fullerenes from C60 to C98.  Isotopically-enriched,

13C60, was used as an internal standard. The method was applied to determine the

loss of C60 from exposure water solution and uptake of C60 by embryonic

zebrafish.  The average recovery of C60 from zebrafish embryo extracts and 1%

DMSO in aqueous-exposure solutions was 90% and 93%, respectively, and

precision, as indicated by the relative standard deviation, was 2 and 7%,

respectively. The method quantification limit was 0.40 µg/L and the detection

limit was 0.02 µg/L.  During the toxicological assay, loss of C60 due to sorption to

test vials resulted in the reduction of exposure-solution concentrations over 6 hrs

to less than 50% of the initial concentration. Time-course experiments indicated

embryo uptake increased over course of the 12 hr exposure.  A lethal

concentration (LC50) that caused 50 % mortality was determined to be 130 _g/L

and was associated with a zebrafish embryo concentration, LD50, of 0.079 _g/g

embryo.
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Introduction

With production projected to reach $1 trillion in revenue and a projected

creation of 7 million jobs worldwide by 2015 (1), interest is increasing in

nanomaterials. Some of the potential areas of application of nanomaterials include

medical equipment, drug delivery, fuel cells, and personal care products (2). The

projected large-production volume and widespread use has lead to growing

concern over the potential for nanomaterials to adversely affect environmental

and human health (3,4).

One group of nanomaterials that has received much attention are the

fullerenes (5-7). With increasing production and use of fullerenes, it is imperative

to determine the possible environmental and human health affects of these

materials since adverse outcomes (8-12) as well as protective effects are observed

upon exposure to C60 (13,14).

Many biological models including cells in culture, aquatic organisms

including embryonic zebrafish (Danio rerio), and whole-animal tests such as

rodents, currently are used to determine potential toxicological effects of

chemicals. Cell cultures are advantageous because they are of low cost and

require little time; however, inferring implications for human health risks are

often difficult (15).  With rodent studies, it is easier to infer human health risks,

but such models are expensive, require extensive facilities for animal care, and

longer assessment time periods (15).  Zebrafish are an attractive alternative since

they have many similar cellular, anatomical and physiological characteristics to
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higher vertebrates; however, they have shorter life cycles and females produce

hundreds of eggs a week which allows for large sample sizes and robust statistics

(16,17). In vivo testing with embryonic zebrafish is advantageous because have a

full repertoire of signaling pathways expressed in numerous cell types during

development, thereby increasing the likelihood of identifying toxicological targets

(18,19).

There is a lack of quantitative information on the toxicology of C60 due, in

part, to the lack of quantitative methods for the quantification of fullerenes in

aqueous and biological matrices.  While there are several reports for the

nonquantitative determinations of fullerenes in environmental matrices (20-23),

the number of reports on the quantitative analysis of C60 is limited, especially in

biological systems.  Toluene followed by liquid chromatography-mass

spectrometry (LC-MS) with quantification by external standard calibration is

reported for quantification of C60 in blood (24), tissues (25), and protein-

containing media (26). To the best of our knowledge, isotopically-labeled internal

standard quantification has not yet been developed for any fullerene.

The purpose of this research was to develop and validate an analytical

method to quantify a suite of fullerenes and then apply the analytical method to

determine the behavior of a single fullerene, C60, during a toxicological assay

using zebrafish embryos and aqueous-exposure solutions. Method performance

characteristics including accuracy, precision, and quantification limits were

determined from a series of spike and recovery experiments.  The developed
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method was then applied to determine the time course of C60 uptake by embryonic

zebrafish and the actual body-burden of C60 in embryonic zebrafish.  In addition,

the reduction in C60 remaining in the aqueous-exposure solution due to sorption of

C60 to a variety of test materials was quantified.

Experimental Methods

Materials.  Authentic standards of C60 (+99%), a higher-order mixture of

fullerenes C70-C98, and 13C60 (+99% with 20-30 % 13C enrichment) were

purchased from Materials and Electrochemical Research Corporation (M.E.R.

Corp., Tucson, AZ). In addition, 5,6-C70 (99%) was purchased from Aldrich

(Milwaukee, WI).  Toluene (HPLC grade) and methanol (Optima grade) were

purchased from Fisher Scientific (Fair Lawn, NJ) and DMSO was purchased from

J.T Baker (Phillisburg, NJ). An artificial freshwater salt, Instant Ocean, was

purchased from Aquarium Systems, Inc (Mentor, OH) for use in creating the

aqueous-exposure solutions.

Preparation of Standards and Aqueous-Exposure Solutions. Fullerene

standards for the quantification of C60, C70, and the higher-order mixture of

fullerenes were prepared by adding 2 mg of each individual fullerene standard or

the higher-order mixture into 10 mL of toluene and sonicating for one hr.

Standards were stored in amber vials at 4 oC and allowed to come to room

temperature before use. To ensure the integrity of the standards, steps such as not

using the light in the fume hood were taken to avoid exposure to light. For
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analysis, standards in toluene were added to methanol to achieve a 80:20

methanol:toluene solution and analyzed within 24 hrs of preparation.

Suspensions of C60 in DMSO were prepared by adding 0.5 mg of C60 to 10

mL DMSO and the resulting suspension was sonicated for 1 week to achieve a

nominal concentration (e.g., the concentration estimate from the mass of C60

weighed) of 0.05 mg/mL. Suspensions of C60 in DMSO were stored in the dark at

room temperature and sonicated for 1.5 hrs prior to each use.

Aqueous-exposure solutions were prepared by making dilutions of the C60

standard in DMSO into a commercially-available freshwater salt solution (0.6%

Instant Ocean).  The resulting solutions had an conductivity of 500 _S/cm and

contains < 1% DMSO (15).

Developmental Toxicity Assay.  Zebrafish were reared as described by

Usenko et al (15). Once the chorion, the outer membrane surrounding the embryo,

was removed from the zebrafish embryos, 100 zebrafish embryos at 36 hrs post

fertilization were pooled into 24-well styrene-divinylbenzene plates. The

zebrafish embryos were then exposed to aqueous-exposure solutions with nominal

C60 concentrations of 100, 200, and 400 _g/L C60 for 2, 6 and 12 hrs; each

sampling time point and concentration was performed in triplicate. After

exposure, the dead and live embryos were separated into polypropylene centrifuge

tubes; the live embryos were euthanized with tricaine. To prepare for extraction

euthanized embryos were thoroughly rinsed with blank (e.g., no C60) aqueous-

exposure solution. Blank samples were analyzed during the course of the
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exposure study and consisted of 100 embryonic zebrafish, prepared as described

above, but only exposed to blank aqueous-exposure solution (e.g. no C60). Control

samples were prepared and analyzed along with exposure samples at each

concentration and each time point. Control samples consisted solely of aqueous-

exposure water containing C60 but no zebrafish.  In addition, cell death was

measured by an acridine orange assay as described in supporting information (SI).

Aqueous-exposure Solution and Embryonic Zebrafish Extraction. For

the analysis of aqueous-exposure solutions, a 0.5 mL sample was pipetted into a 2

mL autosampler vial to which 0.5 mL of toluene and 10 ng of 13C60 were added.

The sample was vortexed for one min then centrifuged for ten min. A 0.2 mL

aliquot of the toluene phase was then added to 0.8 mL of methanol and analyzed

by LC-electrospray ionization (ESI)/MS within 24 hrs.

The methodology for extracting C60 from zebrafish embryos was similar to

that described by Xia et al (26) and Moussa et al (25). Embryos were

homogenized by sonication on a Sonic Dismembrator (Fisher Scientific, Fair

Lawn, NJ). The homogenate was digested with 0.3 mL glacial acetic acid and

vortexed with a Vortex Genie Mixer (Scientific Products, Evanston, IL). To the

homogenate, 10 ng of 13C60 was added as internal standard. Toluene (0.5 mL) was

then added to the embryo homogenate and extracted by vortexing for one min.

The extract was then centrifuged for 10 min on an Eppendorf Centrifuge 5415 C

(Brinkman Instruments, Inc, Westbury, NY). A 0.2 mL aliquot of the toluene
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phase was placed in 2 mL autosampler vial to which 0.8 mL of methanol was

added and analyzed by LC-ESI/MS within 24 hrs.

Experiments to define the accuracy and precision of the method as

indicated by recovery and the relative standard deviation of replicate extractions

from embryo homogenate and aqueous-exposure solutions are described in SI.  In

addition, experiments were conducted to determine the loss of C60 due to sorption

on to different test vial materials (see SI for details) since loss onto styrene

divinylbenzene plates could not be determined directly since the plates were

dissolved by toluene.

Liquid Chromatography-Electrospray Mass Spectrometry (LC-

ESI/MS).  Liquid chromatography with electrospray mass spectrometry (LC-

ESI/MS) detection was used to identify and quantify C60-C98 fullerenes. All

separations were performed on an Agilent 1100 LC (Santa Clara, CA). Samples

were loaded onto a 900 µL stainless steel injection loop that was connected to a 4

mm x 2 mm guard column (Phenomenex, Torrance, CA) followed by a 150 mm x

2 mm Targa C18 column (Higgins Analytical, Mountain View, CA). Separations

were performed at 30 oC with a toluene: methanol (55:45) isocratic mobile phase.

The divert valve was enabled for the first 6 min of the analysis.

The LC was attached to a Waters Quatro Micro mass spectrometer

(Beverly, MA) that was equipped with an ESI source. The mass spectrometer was

operated in negative ion mode with single ion monitoring.  The cone voltage was

set to 250 V and the capillary voltage was set to 4 kV. The source temperature
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and desolvation capillary were set to 125 oC and 250 oC, respectively. The

nebulizer and desolvation gases were set to flow rates of 20 and 600 L/h,

respectively.

Fullerene Quantification.  Fullerenes in embryo homogenates and

aqueous-exposure solutions were quantified using solvent-based calibration

curves (e.g, no matrix) since standard addition experiments (see SI for details),

indicated that embryo homogenate and aqueous-exposure solution matrices did

not adversely affect quantification when using solvent-based calibration curves.

Quantification was based on peak area ratios of analyte to that of the 13C60 internal

standard. Calibration curves for C60 and C70 ranged from 0.1 µg/L to 150 µg/L.

Calibration curves for fullerenes larger than C70 were constructed from the higher-

order fullerene mixture and ranged from 10 µg/L to 100 µg/L total fullerene

mixture, which gave individual fullerene concentrations ranging from 0.08 to 47

µg/L. All calibration curves were plotted with 1/X weighting with r2 >0.99.

Residuals were < 15% for C60 and C70 while residuals were < 25% for the higher-

order fullerenes; calibration standards outside these limits were excluded from the

calibration.

For quality assurance, blanks and check standards were analyzed within

each sample set and comprised greater than 30% of all samples.  Blanks consisted

of 80:20 methanol:toluene with no analyte or internal standard and check

standards consisted of calibration standards.  Experiments aimed at determining
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the instrumental and whole-method detection and quantification limits are

described in SI.

Results

Liquid Chromatography/Mass Spectrometry.  The most abundant ions

formed under ESI-MS conditions were molecular ions [M_-] including m/z 720

(C60) and m/z 728-740 for the 13C60 internal standard, which is 20-30% enriched

in 13C.  Molecular ions were produced for C70-C98, (e.g., m/z 840 for C70; m/z 912

for C76, and m/z 1176 for C98), which is consistent with previous reports

(24,25,27-31).  In addition, fullerene oxide ions (e.g. C60O, m/z 736) were

observed in low abundance, however methanol and toluene adducts were not

observed as has been reported for APCI (27,28). Single ion monitoring was used

for the quantification as no interference was observed in blank embryo

homogenate extracts.  For the internal standard, 13C60, the ion selected for

quantification was m/z 732 because it gave the most reproducible response.

Although the 13C60 internal standard contains C60, the addition of 10 ng of 13C60 in

a final extract volume of 1 mL (0.01 ng/L) did not produce a measurable response

for C60 at m/z 720.  Others have used C70 as an internal standard (25) and C60 is

commercially available with up to 85% 13C enriched C60 (32); however, 20-30%

13C enriched C60 is the most suitable internal standard because of its structural and

mass similarities to C60. Therefore, 10 ng of 20-30% 13C enriched C60 was the

internal standard mass used for all subsequent analyses.
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The mobile phase of 55:45 toluene:methanol provided chromatographic

focusing of the fullerene analytes from the large injected volume (500 µl).  The

large volume injection did not result in carry over of C60 from sample to sample;

as C60 was not observed in solvent blanks analyzed throughout each sample set.

Chromatographic analysis indicated co-elution of C60 with the 13C60 internal

standard with the retention times of the larger fullerenes increasing in order of

increasing carbon number (Figure 3.1).  Although fullerenes larger than C98 are

reported by others (28), fullerenes larger than C98 were not observed in the higher-

order fullerene mixture.
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Figure 3.1 Selected LC-ESI/MS chromatograms in methanol: toluene

(80:20) unless otherwise noted; including C60 (2 _g/L in zebrafish homogenate

matrix), 13C60 (10 _g/L in zebrafish homogenate matrix), C70 (10 _g/L), C82 (3.4

_g / L), C88 (2.5 _g/L), and C98 (0.4 _g/L).  Additional fullerenes in higher-order

mixture not shown.
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Quantification of Higher-Order Fullerenes.  An approach was

developed to quantify the higher-order fullerenes using the higher-order fullerene

mixture since authentic standards of individual fullerenes > C70 were prohibitively

expensive (see SI for details).  Good agreement with the percent composition

reported for C84 was obtained but the percent composition of C76 (4.2%) and C78

(8.6%) were low compared to manufacture specifications, which indicated that

these two components are each present in the mixture at 20% (Table 3.1) (32).

Table 3.1  Percent composition (±95% CI) of fullerenes in the higher-order

fullerene mixture (C70 –C98) as determined by LC-ESI/MS.

Fullerene Composition

(± 95% CI)

Fullerene Composition

(± 95% CI)

C70 4.0% ± 2.0% C88 3.4% ± 0.4%

C76 4.2% ± 0.6% C90 7.5% ± 0.8%

C78 8.6% ± 0.5% C92 3.4% ± 0.4%

C80 0.8% ± 0.6% C94 2.4% ± 0.4%

C82 6.5% ± 0.7% C96 2.7% ± 0.5%

C84 47% ± 4.6% C98 1.0% ± 0.7%

C86 7.8% ± 0.2%

-Manufacture specifies that the higher-order fullerene mixture contains 20% C76,

20% C78, 40% C84, with the remaining fullerenes equaling 20% (32).
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The lack of agreement between the measured values and that of the

manufacturer for C76 and C78 may be due to the use of LC/UV for characterizing

the mixture, which does not distinguish between individual fullerenes based on

mass.  In contrast to the manufacturer specifications which indicate that the

mixture contains 20% of the other fullerenes (e.g., C70, C80, C82, and ≥ C96),

analysis by LC-ESI/MS indicated that these components were ~40% of the

mixture (Table 3.1). With the defined composition of the higher-order fullerene

standard, calibration curves were then constructed from the known masses of the

higher-order fullerene mixture and the 13C60 internal standard. Linear calibration

curves (e.g., r2>0.99) for C76-C98 demonstrates for the first time the utility of the

LC-ESI/MS method for quantify higher-order fullerenes.  However, for the

remaining study, the focus was placed on quantifying C60 in the developmental

toxicology assays.

Fullerene Standards in Toluene and DMSO. The ‘nominal’

concentration (e.g., based on the fullerene mass weighed) of 0.20 mg/mL in

toluene used in this study as an analytical standard is an order of magnitude below

the reported equilibrium solubility of C60 in toluene (33) and a factor of five less

than the reported solubility of C70 in toluene (34).  Therefore, the C60 in the

toluene standard is likely ‘truly dissolved’.  To the best of our knowledge, the

solubility of fullerenes larger than C70 in toluene has not been reported.
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DMSO is of interest as a solvent because it is nontoxic at low doses and is

therefore commonly used in toxicological studies (35).  Although nominal

concentrations of 0.05 mg/mL C60 in DMSO were routinely prepared for this

study, when the DMSO solutions were allowed to stand for several hours C60

aggregates settled out of solution, which indicates that the C60 is not truly

dissolved. This observation is consistent with previous work in which we

demonstrated that C60 aggregates (100 nm to 450 nm) form when the DMSO

standard of C60 was added to artificial freshwater solution (15). Dilutions into

toluene of the 0.05 mg/mL C60 standard in DMSO gave an average measured C60

concentration of 0.033±0.007 mg/mL (±95% CI), which is only 66% of the

nominal concentration.

Whole Method Validation and Instrumental Repeatability. Spike and

recovery experiments with aqueous-exposure solution (n=3) at C60 concentrations

of 35 _g/L and 250 _g/L gave average recoveries (±95% CI) of 110±10 % and

93±7%, respectively (Table 3.2).  Precision, as indicated by relative standard

deviation (RSD), was 4 and 7%, respectively (Table 3.2).  Average recoveries of

9 _g/L C60 in embryo homogenate (n=4) were 90±3% with a RSD of 2% (Table

3.2).

Intraday and interday instrumental repeatability was assessed by analysis

of standard solutions over the course of the toxicology study. The repeatability of

instrument over the course of one day was 3.9% (RSD), n=10, and the

repeatability over the course of multiple days was 8.5% (RSD), n=40.
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Table 3.2. Whole-method accuracy, as indicated by the average recovery (±95%

CI), and precision, as indicated by relative standard deviation (RSD), determined

from spike and recovery experiments with exposure-aqueous solutions (n=3) and

embryo homogenate (n=4).

Spiked

Concentration

(µg/L)

Exposure Water

(% ± 95% CI) (RSD)

Embryo Homogenate

(% ± 95% CI) (RSD)

9 - 90 ±3 (2 )

35 110 ±10 (4) -

250 93 ±7 (7) -

- experiment not performed

Instrumental and Whole Method Detection and Quantification

Limits.  The instrumental detection limits for C60, as defined by the concentration

that gave a S/N of 3:1, was 0.0004 µg/L.  The instrumental quantification limit,

0.002 µg/L, was determined as the concentration that gave a S/N of greater than

10:1.

Whole-method detection limits were equivalent for embryo homogenate

and aqueous-exposure solution at 0.020 µg/L while whole-method quantification

limits were 0.040 µg/L, which is two orders of magnitude less than that achieved
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by Xia et al. (26). The low detection limit achieved in this study is due to the

large-volume injection (500 _L) method.

Quantifying C60 in Zebrafish Developmental Toxicology Assay.

Aqueous-exposure solution and zebrafish embryo concentrations of C60 were

measured over a 12 hr time course for experiments conducted at three different

C60 concentrations. Toxicological endpoints including embryonic zebrafish

mortality and cellular death were assessed at each time point.

To be consistent with previous work (15), the three nominal

concentrations of aqueous-exposure solutions were used including 100, 200, and

400 _g/L C60 (based on mass C60 weighed).  However, extraction of the solutions

followed by LC-ESI/MS quantification revealed that the actual concentrations

were 70±3, 130±6, and 250±8 _g/L, respectively, which are 30-38% below the

nominal concentration.  This finding is consistent with the 33% difference

between the nominal and measured C60 concentration for standards prepared in

DMSO.  Therefore, ‘nominal’ concentrations that are based on weighed masses of

C60 should be explicitly verified by analytical measurements since measured

concentrations were significantly and consistently lower.

Concentrations of C60 in wells that received an initial concentration of

70±3 _g/L C60 (±95% CI) decreased significantly within 2 hrs (Figure 3.2a).

Further decreases occurred by 6 hrs with only 40% remaining in solution (27±9.7

_g/L C60) in wells with and without (control) embryos; no additional loss occurred

after 6 hrs (Figure 3.2a). The difference in C60 concentrations remaining in
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solution for wells with and without (control) zebrafish embryos was not

statistically-significant, which indicates that the presence of 100 zebrafish

embryos did not significantly affect the C60 remaining in solution.

Uptake of C60 by zebrafish embryos from aqueous-exposure solutions containing

an initial 70 _g/L C60 reached a maximum concentration (±95% CI) of

0.013±0.018 _g C60/g embryonic zebrafish at 6 hrs (Figure 3.2b).  This uptake of

C60 accounts for only 0.24±0.34 % of the total initial mass of C60 in the aqueous-

exposure solution. Therefore, the apparent loss from solution (Figure 3.2a) is due

to loss of C60 to the polystyrene divinylbenzene plates. In order to better

understand the loss of C60 from solution, sorption of C60 to a variety of test vial

materials was determined (Table 3.3), see SI for table and further discussion.

However, sorption of C60 to polystyrene divinylbenzene plates could not be

determined as toluene dissolves polystyrene divinylbenzene plates. It is important

to note that the LC-ESI/MS method does not provide any measure of in vivo

agglomeration size, which is an area where further research is needed.
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(Figures 3.2) Concentration-time course for experiments conducted with an initial

measured concentration of 70 _g/L C60 (±95% CI) in a) aqueous-exposure

solution with and without (control) embryonic zebrafish and in b) embryonic

zebrafish along with numbers of live embryos remaining.

_ Aqueous-exposure solution
(zebrafish embryos present)

• Control aqueous-exposure
solution (no embryos)
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_  Live zebrafish embryos
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At 70 _g/L C60, 100% of the embryos remained alive (Figure 3.2b).  In

previous work, exposure of embryonic zebrafish to a nominal concentration of

100 _g/L (measured in this study as 70 _g/L) for 5 days did not result in overt

signs of toxicity (15).  In addition, cellular death was used as a sensitive indicator

of embryonic zebrafish exposure to C60. Dead and dying cells are efficiently

labeled in live animals by intercalation of acridine orange and are visualized as

fluorescent cells on a dark background (Figure 3.3a) and can be readily quantified

(Figure 3.3b).  Zebrafish embryos exposed for 2 hrs and 6 hrs showed increased

cell death relative to controls (Figure 3.3a and b). No statistically-significant

increase in the number of dead and dying cells was observed from 6 to 12 hrs

(Figures 3.3b).  The lack of increase in cell death could be due to the

overwhelming fluorescence from deceased cells after 6 hrs making it difficult to

discern differences between the two time points.

For aqueous-exposure solutions containing an initial C60 concentration of

130±6 _g/L, the concentration decreased over the course of 12 hrs in wells with

and without (control) embryonic zebrafish (Figure 3.4a).  The decrease in

aqueous-exposure solution concentration from 130 _g/L to 90±36 _g/L by 2 hrs

and to 12±7 _g/L (with embryos) and to 40±7 _g/L (without embryos) by 12 hrs

indicates losses of up to 90% due to sorption onto plate well material.

The uptake of C60 by embryonic zebrafish exposed to an initial

concentration of 130±6 _g/L C60 increased over the course of 12 hrs (Figure

3.4b). From 2 to 12 hrs, the average embryonic zebrafish uptake (±95% CI) of C60
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increased from 0.015±0.0083 to 0.10±0.058 _g C60/g embryonic zebrafish. The

statistically-significant difference in C60 concentration for the 130 _g/L C60

exposure water with and without zebrafish at 12 hrs (Figure 3.3a) is not due to

uptake of C60 by the embryonic zebrafish since embryo uptake accounts for only

0.25±0.078 % of the C60 mass in the aqueous-exposure solution. The discrepancy

between aqueous-exposure solution concentrations for wells with and without

(control) embryonic zebrafish for 130 _g/L C60 is likely due to differential

sorption in the exposure wells.

Over the time course of the 130 _g/L C60 exposures, the number of live

embryos decreased from 100% at 2 hrs to only 40% at 6 and 12 hrs (Figure 3.4b).

The increased mortality of embryos exposed for 6 and 12 hrs occurs in wells

containing 40  _g/L C60 (Figure 3.4a), which is ~10 _g/L higher than for the

experiments conducted with an initial concentration of 70 _g/L (Figure 3.2b) in

which there was no mortality (Figure 3.2b). Therefore the mortality of



104

Exposure Time (hrs)

0 2 4 6 8 10 12 14

R
elative F

luorescence

0

200

400

600

800

1000

70 µg/L  
130 µg/L  
1% DMSO Control

b)

Figure 3.3: Cell death with increasing lengths of exposure (2-12 hrs) to

initial concentrations of 70 _g/L and 130 _g/L C60 (a). Aqueous-exposure solution

concentration of 250 _g/L at 6 and 12 hrs resulted in 100% mortality; therefore,

cell death could not be not determined. White fluorescence spots indicate cells

undergoing cellular death (b).

Control  2 hrs      6 hrs    12 hrs

130 _g/L

70 _g/L

a)
3A



105

the embryos can be attributed to the initial 130 _g/L C60 and not the 40 _g/L C60 at

6 and 12 hours.  Because exposures conducted at an initial concentration of 130±6

_g/L C60 caused >50% mortality in test embryos at 6 and 12 hrs, the

corresponding concentrations were averaged to give an estimate of 39 _g/L as the

LC50 for C60 in zebrafish embryos (Figure 3.4b).  While this value appears in

contrast to the previously-reported LC50 of 200 _g/L (15), when this nominal

concentration is measured by LC-ESI/MS, the actual concentration was 130 _g/L.

The corresponding LD50, which is the average concentration in the embryo at 6

and 12 hrs that is associated with 50% mortality, is 0.079±0.063 _g C60/g

embryonic zebrafish (Figure 3.4b).  To the best of our knowledge, this is the first

LD50 reported for C60 in an aquatic model.  The ability to measure the LD50 for

C60 and the associated dose of C60 will give policy makers one more tool for

making well-informed risk assessment decisions.

In addition to embryo mortality, cell death also was significantly increased

from 2 to 6 hrs in embryos exposed to an initial C60 concentration of 130 _g/L

(Figure 3.3a and b). There was no increase in cell death from 6 to 12 hrs (Figure

3.3b), which is consistent with the lack of additional uptake of C60 from 6 to 12

hrs (Figure 3.4a). However, as stated above, the lack of an apparent increase in

cell death could also be due to the high fluorescence from deceased cells after 6

hrs making it difficult to discern differences between the 6 and 12 hr time points.

The developmental outcomes from exposure to 130 _g/L, which corresponds to a

nominal concentration of 200 _g/L, were delayed development, fin
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Figures 3.4: Concentration time course for experiments conducted with an

initial measured concentration of 130 _g/L C60 (±95% CI) in a) aqueous-exposure

solution with and without (control) embryonic zebrafish and in b) embryonic

zebrafish along with numbers of live embryos remaining.
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malformations, pericardial edema, and mortality (15). Similar toxicological

effects were observed by Zhu et al (36) who reported that zebrafish exposed to a

single nominal concentration of 1500 _g/L C60 experienced delayed embryo and

larval development, decreased survival and hatching rates, and developed

pericardial edema.

For aqueous-exposure solutions that were initially 250±8 _g/L C60, a

decrease in C60 concentration from wells with and without (control) zebrafish

embryos was also observed over the course of 12 hrs (Figure 3.5a).  Except for

the time point at 6 hrs, there was not a statistically-significant difference in the

C60 remaining in solution between wells with and without (control) zebrafish

embryos. After 12 hrs, statistically-equivalent concentrations of ~28 _g/L C60

indicated that only 11% of the C60 remained in the aqueous phase while 89% of

the C60 was lost to the plate material.  In addition, the final C60 concentration of

28±3 _g/L is equal to the concentrations remaining in solution from experiments

conducted with initial concentrations of 70 _g/L (Figure 3.2a) and 130 _g/L

(Figure 3.4a).

Uptake of C60 by zebrafish embryos (0.46±0.17 _gC60/g) from aqueous-

exposure solutions containing an initial concentration of 250 _g/L C60 was

significantly higher than for other exposure concentrations (Figures 3.5b). After 2

hrs of exposure, only 40% of the embryos remained alive (Figure 3.5b) and at 6

hrs there was 100% mortality.  Due to the 100% mortality, uptake and cell death

data are not reported for the 6 and 12 hr exposures. The 100% mortality is
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Figures 3.5: Concentration time course for experiments conducted with an

initial measured concentration of 250 _g/L C60 (±95% CI) in a) aqueous-exposure

solution with and without (control) embryonic zebrafish and in b) embryonic

zebrafish along with numbers of live embryos remaining.
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consistent with previous exposures at a nominal concentration of 400 _g/L C60,

which corresponds to 250 _g/L as measured by LC-ESI/MS.(15)

It is likely that the initially high exposures to concentrations of 250 _g/L

C60 results in 100% mortality rather than the concentration measured at the 6 hr

time point, 41±4.0 _g/L C60.  For example, no mortality was observed for

concentrations < 70 _g/L (Figure 3.2a and b).  In contrast, exposures to C60

concentrations between 90 _g/L (2 hrs) and 70 _g/L (6 hrs) caused 60% mortality

(Figure 3.4a and b).  Finally, although the concentrations of C60 decreased to

levels not associated with mortality <50 _g/L (Figures 3.2 and 4), 100% mortality

results when embryos were exposed to concentrations from 250 to 130 _g/L

(Figure 3.5a).  Clearly, is it imperative that the time course of fullerene

concentrations be measured, to establish the range in concentrations to which the

organism is actually exposed.
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Experimental:

Cell Death in Embryonic Zebrafish. To evaluate the association between

C60 uptake and cellular death, embryos were evaluated using acridine orange

staining after 2, 6, and 12 hrs of exposure with 8 embryos exposed to each

concentration. After exposure, embryos were rinsed and placed in water until 36

hrs post fertilization, then incubated in 100 _l of 5 µg/ml acridine orange for one

hr in the dark at 28 °C.  Embryos were rinsed again with blank aqueous-exposure

solution, mounted in low melt agarose (1% w/v, Promega, Madison, WI), and

imaged using an Axiovert 200M Zeiss microscope (Carl Zeiss International,

Germany) with a 546 nm filter and AxioVision software (Carl Zeiss International,

Germany). Fluorescence in the head region was measured and quantified using

ImagePro Plus software (Media Cybernetics, Inc., Silver Spring, MD).

Spike and Recovery and Instrumental Repeatability. The accuracy and

precision of the method were determined from a series of spike and recovery

experiments (addition of analyte to blank aqueous-exposure solution or embryo

homogenate). Spike and recovery experiments with aqueous-exposure solutions

were performed with three replicates each of two different concentrations by

spiking 17 ng C60 in DMSO or 130 ng C60 in DMSO and 10 ng of 13C60 and into

0.5 mL of aqueous-exposure solution and extracting as described in Aqueous-

exposure solution and Embryonic Zebrafish Extraction.
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For embryonic zebrafish extraction, spike and recovery experiments

consisted of spiking 1.7 ng of the C60 DMSO standard and 10 ng of 13C60 in

toluene into each of four aliquots of 0.2 mL embryo homogenate.  The embryo

homogenate was then extracted as described in Aqueous-exposure solution and

Embryonic Zebrafish Extraction.

To determine instrumental repeatability for a single day and between days,

standards ranging from 1-250 _g/L were analyzed and the RSD for interday

(n=40) and intraday (n=40) was calculated.”

Determination of Sorption to Vials.  To determine the sorption of C60

from aqueous-exposure water to different test vials materials, polypropylene (PP),

high density polyethylene (HPDE), glass, and glass deactivated with the silanol

masking agent Sigmacote (Aldrich, St. Louis, MO) were examined.  Aqueous-

exposure solutions containing 23 _g/L C60 were added to each test vial type (n=3),

wrapped in aluminum foil, and allowed to stand at room temperature for 12 hrs.

The aqueous phase was then removed and extracted as described above. To

determine the mass of C60 associated with the test vial, toluene was added to each

emptied vial and sonicated for 30 min.  A 0.2 mL aliquot of the toluene extract

was then added to an autosampler vial containing 0.8 mL of methanol and 10 ng

of 13C60 internal standard and analyzed by LC-ESI/MS within 24 hrs.

Matrix Effects.  Standard-addition experiments were conducted to

determine if matrix effects adversely affected C60 quantification using solvent-

based calibration curves (1). Standard-addition experiments were conducted by
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spiking increasing amounts of C60 into aqueous-exposure solutions or embryo

homogenate in order to increase the signal from 1.5 to 3 times that of the initial

C60 signal while the internal standard mass was held constant at 10 ng 13C60 (1).

The samples were then extracted as described in Aqueous-exposure solution and

Embryonic Zebrafish Extraction and analyzed by LC-ESI/MS.  The concentration

of each sample was determined both from solvent-based calibration curves and by

regression of the standard-addition data.

Detection and Quantification Limits.  To determine the instrumental

detection and quantification limits, a series of spike experiments into blank

solvent were conducted.  Single samples, each containing a single mass of C60

from 0.05 pg to 2 pg were added to 1 mL of 80:20 methanol:toluene and analyzed

once.  Whole-method detection and quantification limits were determined by

spiking 1 pg to 50 pg C60 into single individual samples of 0.2 mL of blank

embryo homogenate (0.2 mL is the volume of 100 zebrafish embryos) and 0.5 mL

of aqueous-exposure water and extracted as described in Aqueous-exposure

solution and Embryonic Zebrafish Extraction.

The minimum concentration that gave a signal-to-noise (S/N) of 3:1 was

defined as the instrumental or whole method detection limit and the concentration

that gave a S/N of 10:1 was defined as the instrumental or whole method

quantification limit.
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Results and Discussion:

Matrix Effects.  Standard-addition experiments also were conducted to

determine if the matrix of the aqueous-exposure solution or embryonic zebrafish

homogenate adversely affected the quantification of C60 by solvent-based

calibration curves (e.g., no matrix present).  Concentrations of C60 in aqueous-

exposure solution and embryo homogenate determined from solvent-based

calibration curves and by standard addition (1) were not statistically different at

the 95% CI (data not shown).  Therefore, quantification of C60 in all subsequent

samples was from solvent-based calibration curves.

Quantification of Higher-Order Fullerenes.  Authentic standards of C60

and C70 and the 13C60 were purchased for $0.04/mg to 12/mg and used to construct

calibration curves.  However, purchase of authentic standards of individual

higher-order fullerenes was cost-prohibitive ($160/mg to $180/mg). Therefore, as

an alternative, calibration curves were constructed from the higher-order fullerene

mixture, which contains C70 – C98 and cost only $3/mg. However, it was first

necessary to establish the molar response factors for authentic standards of C60

and C70 (1±20%) relative to the 13C60 internal standard and then, assuming that

this response factor was equivalent for each additional fullerene in the higher-

order mixture, to quantify the respective components of the higher-order mixture

using the response factor ratio and the 13C60 internal standard.  Lastly, with the

known composition of the higher-order mixture, it was possible to construct

calibration standards for the quantification of fullerenes > C70.  This is a similar
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approach to that used to quantify the individual oligomers in a mixture of

alkylphenol polyethoxylates for which authentic standards were not available (2).

Using this approach, the composition of the higher-order fullerene mixture

was first characterized. Then, with the defined composition of the higher-order

fullerene standard, calibration curves were then constructed from the known

masses of the higher-order fullerene mixture and the 13C60 internal standard.

Loss of C60 from Aqueous-Exposure Solution onto Vial Materials. For

the toxicological assays, 24-well styrene divinylbenzene-based plates were used

in order for the toxicological assay to be consistent with previous studies of C60

and zebrafish developmental toxicity (3).  However, styrene divinylbenzene-based

plates are dissolved by toluene so that the mass of C60 sorbed to the plates could

not be determined directly for the present study.  However, since loss from

solution was anticipated, a study of vial materials was conducted to determine the

potential for loss of C60 from the aqueous-exposure solution.  Loss of C60 from

solution was determined and mass balance calculation was performed by

quantifying separately both the mass of C60 remaining in the aqueous-exposure

solution and the mass C60 associated with the vial.

Polypropylene and high-density polyethylene were the least sorptive

materials with 41±17% (±95% CI) and 32±10% C60 remaining in solution while

52±45% and 49±14% C60 were lost to the vials, respectively (Table 3.3 ). Glass

vials removed more C60 from aqueous-exposure solution with only 23±5% C60

remaining in the aqueous phase and 55±11% lost to the glass vials (Table 3.3).
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Interactions with glass indicate polar interactions, which is consistent with the low

mobility and high sorption of C60 to silicate beads in column transport tests

reported by Lecoanet et al (4).  The most sorptive vials were glass vials that had

been deactivated by Sigmacote® with only 7±7% C60 remaining in solution while

83±22% C60 was lost to the coated glass.  Greater loss of C60 onto glass coated

with Sigmacote® indicates hydrophobic-type interactions between C60 and the

organic coating that is used to mask the surface hydroxyl groups of glass.

Regardless of vial type, it is clear that loss of C60 from aqueous solutions

is a significant factor that must be explicitly considered when designing any type

of assay involving fullerenes.  Ideally, when test materials permit, mass balance

can and should be achieved in order to fully understand the partitioning of C60

between all experimental phases.

Table 3.3.  Average percent (±95% CI) of C60 mass remaining in aqueous-
exposure solution and associated with four different vial materials (n=3).

Mass Remaining in

Exposure Water

(% ± 95% CI)a

Mass Associated with

Vial Materials

(% ± 95% CI)b

Polypropylene 41 ±17 52 ± 45

High Density Polyethylene 32 ± 10 49 ± 14

Glass 23 ± 5 55 ± 11

Sigmacote Glass 7 ± 7 83 ± 22

a determined by transferring aqueous-exposure solution to a new glass vial

extracting the solution with toluene.

b vial extracted with toluene after removal of aqueous-exposure solution.
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Chapter 4: Summary
Quantitative analytical methods are needed to determine the behavior of

emerging contaminants in environmental and engineered systems. As the

physical-chemical properties of this group of analytes varies greatly, conventional

methods for their analysis are often not suitable. This dissertation described the

development of novel techniques for the analysis of emerging contaminants.

One novel component of this thesis is the development of a simple, yet

selective, quantitative method for the analysis of solvent stabilizers in

groundwater. The method utilizes an activated carbon extraction disk which is

coupled to GC-MS/MS analysis by in-vial elution. The method achieves

quantitation limits an order of magnitude below the action levels set by different

states. The method achieves recoveries of greater than 95%, while maintaining

precision, as determined by relative standard deviation, of better than 6%.

Furthermore, the method uses reduced solvent volumes, 1.2 mL, and eliminates

use of chlorinated solvents by using acetone. The method was applied to

groundwater samples collected from a site impacted by solvent stabilizers and

chlorinated solvents. At the impacted site dioxane concentrations exceeded the

chlorinated solvent by a factor of 3 and the length of dioxane plume exceeded the

length of the chlorinated solvent by a factor of 2. Showing that dioxane is more

persistent and more mobile in ground water than chlorinated solvents.

A second novel component of this thesis is the development of an

analytical method for the quantitation of a suite of fullerenes, C60 – C98. The

method utilizes an isotopically labeled internal standard and molar response ratios
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to quantify fullerenes larger than C70, for which authentic standards were

prohibitively expensive. The method was then validated for application to an in

vivo toxicology assay to determine uptake of C60 by embryonic zebrafish and loss

of C60 from aqueous exposure solution. The method achieves greater than 90%

recoveries from exposure water solution and zebrafish embryo homogenate for

C60 with precision as determined by the relative standard deviation of better than

7%. When the method was applied to measure the concentration time course for

the in vivo toxicology assay, greater than 50% of C60 was lost from solution

within the first 6 hours, while the C60 concentration in the zebrafish increased

with time and exposure concentration. The lethal exposure concentration that

resulted in 50% mortality, LC50, was measured with the analytical method to be

130 _g/L and the concentration of C60 associated with the embryonic zebrafish at

this exposure concentration was determined to be 0.079 _g/g zebrafish embryo.

Finally, in critically reviewing the quantitative environmental analysis of

fullerenes, areas where more research is needed are pointed out. The major

finding is that quantitative analytical methods are needed in order to determine

behavior of fullerenes in environmental systems. When developed, these methods

will allow for the determination of the partitioning of fullerenes between aqueous

and solid phases, and thereby the mobility of fullerenes. This review also points

out the need for well characterized fullerene derivates on which quantitative

analytical methods can be based.
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