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Abstract approved:

Aqueous film forming foams (AFFFs) are used to extinguish hydrocarbon-fuel

fires and repetitive use, particularly at military sites, has led to AFFF-laden wastewater

and subsequent groundwater contamination. Perfiuorinated surfactants are an important

class of specialty chemicals that are used in AFFF agents and have physio-chemical

properties that differentiate them from hydrocarbon surfactants. In the past, the

environmental behavior of perfluorinated surfactants has received little attention, and

how the unique properties affect the behavior of perfluorinatedsurfactants in the

environment and their potential impact on co-contaminant transport and biodegradation

are unknown. An analytical method was developed to determine perfluorocarboxylates in

groundwater. Solid-phase extraction and in-vial derivatization techniques were used to

form the methyl esters of perfluorocarboxylates that were then analyzed by gas

chromatography/mass spectrometry. Perfluorocarboxylates containing 6 to 8 carbons

were detected in groundwater samples collected from Naval Air Station Fallon, NV,

Tyndall Air Force Base, FL, and Wurtsmith Air Force Base, MI, with total concentrations
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ranging from 3 to 7,090 p.g/L. The homologous series of perfluorocarboxylates observed

in groundwater from the three military sites as well as in commercial AFFF mixtures

consisted of even and odd number perfluorinated carboxylates, which is indicative of the

electrochemical fluorination synthesis process. At Wurtsmith Air Force Base, MI,

perfluorocarboxylates detected 500 m from the source area were estimated to have a

minimum residence time of 5 to 15 years. Additionally, the perfluorocarboxylate

concentrations observed in groundwater are significantly lower than the corresponding

methylene blue active substances concentrations, which indicates that there are additional

anionic surfactant species present in the groundwater. Perfluorinated carboxylates

measured at Naval Air Station Fallon, NV, Tyndall Air Force Base, FL, and Wurtsmith

Air Force Base, MI, which have not been used since 1988, 1992, and 1986, respectively,

provide direct field evidence that this class of perfluorinated surfactants persist under

prevailing groundwater conditions and potentially could be used as unique tracers of

groundwater impacted by repetitive fire-training exercises.
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PREFACE

Chapter 1 provides an introduction to aqueous film forming foams (AFFFs),

which are used to extinguish hydrocarbon-fuel fires. Their repetitive use, particularly at

military sites, has led to AFFF-laden wastewater and subsequent groundwater

contamination. Perfluorinated surfactants are an important class of specialty chemicals

that are used in AFFF agents and in the past, the environmental behavior of

perfluorinated surfactants has received little attention.

The second chapter of this study describes the isolation, identification and

quantification of perfluorinated carboxylates in groundwater impacted by fire-training

activities at Naval Air Station Fallon, NV and Tyndall Air Force Base, FL. Strong anion

exchange disks were used to extract perfluorocarboxylates from groundwatercollected

from fire-training sites located at the two military facilities. The developed method is the

primary tool that was then used to quantitatively determine perfluorocarboxylates in

groundwater samples collected for a more extensive groundwater studydescribed in

Chapter 3.

The work presented in Chapter 3 aids in the understanding of the environmental

behavior of one class of perfluorinated surfactants, perfluorocarboxylates, since virtually

no information exists on their occurrence, transport, and biodegradability in the

environment. Commercial AFFF mixtures containing perfluorinated surfactants were

applied at Wurtsmith Air Force Base, Oscoda, MI, including the Fire-Training Area 2 and

a site where an. airplane crashed. Comparison of the perfluorocarboxylate concentrations

indicators such as specific conductance, total organic carbon, and



methylene blue active substances, add context to the environmental occurrence and

distribution of perfluorocarboxylate surfactants.



Occurrence and Distribution of Perfluorinated Surfactants in Groundwater
Contaminated by Fire-Fighting Activity

Chapter 1

Introduction: Perfluorinated Surfactants

and the Environmental Implications of their Use in Fire-Fighting Foams

Cheryl A. Moody1 and Jennifer A. Field2

'Department of Chemistry and 2Department of Environmental and Molecular Toxicology,

Oregon State University, Corvallis, Oregon 97331

d with permission from Environmental Science and Technology,
bmitted for publication. Unpublished work copyright 1999

American Chemical Society.



2

Abstract

The recent identification of one class of fluorinated surfactants in. groundwater

impacted by fire-fighting activity has created an awareness of the potential environmental

issues resulting from the use of aqueous film forming foam (AFFF) agents. Aqueous film

forming foams are used to extinguish hydrocarbon-fuel fires and their repeated usage

particularly at military sites has led to AIFFF-contaniinated groundwater. Formulations of

AFFF agents include fluorinated surfactants, which are an important class of specialty

chemicals that have physio-chemical properties that differentiate them from hydrocarbon

surfactants. Little is known about the occurrence, transport, biodegradation and toxicity

of fluorinated surfactants in the environment. The fact that fluorinated surfactants as well

as other AFFF components co-occur with priority pollutants (e.g., jet fuel components

and chlorinated solvents) complicates studies on their fate and effect in the environment.

Research is needed to sufficiently characterize the structures and environmental

properties of fluorinated surfactants. Additionally, the environmental behaviorof the

AFFF mixtures and complex AFFF-wastewaters needs to be investigated.
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Introduction

Fluorinated surfactants constitute an important class of fluorinated compounds

that are utilized in fire-fighting applications, herbicide and insecticide formulations,

cosmetics, greases and lubricants, paints, polishes, and adhesives (1-4). For example,

perfluorooctane sulfonate is an important surfactant itself as well as a precursorto other

fluorinated surfactants and pesticides (5). The Organization for Economic Cooperation

and Development (OECD) lists perfluorinated C5-C18 compounds, which includes most

perfluorinated surfactants, as high-production-volume (HPV) chemicals. High-

production volume chemicals are those chemicals manufactured orimported in the U.S.

in volumes exceeding 1 million pounds (6).

Fluorinated surfactants are distinctly different from hydrocarbon surfactants.

Although the polar head groups may be similar between hydrocarbon and fluorocarbon

surfactants, the non-polar perfluorocarbon tail is both hydrophobic and oleophobic (oil-

repelling), which is in contrast to the tail group of hydrocarbon surfactants, which are

only considered hydrophobic in nature. For this reason, fluorinated surfactants exhibit

both hydrophobic and oleophobic characteristics, which accounts for their unique physio-

chemical properties as will later be addressed (1). Fluorinated surfactants may be

classified as either perfluorinated, in which all hydrogen atoms are substituted by fluorine

atoms, or as partially-fluorinated where some carbons contain hydrogen atoms. Like

other surfactant classes, fluorinated surfactants generally are classified into one of four

categories: nonionic, anionic, cationic, and amphoteric, with anionic fluorinated

surfactants being the most important class (1).



Fluorinated surfactants comprise a unique class of specialty chemicals whose

environmental behavior has received little attention. Consequently little information is

available to permit a complete life-cycle analysis. The focus of this review is to 1)

characterize the unique properties of fluorinated surfactants, 2) describe how the unique

properties are utilized for the purpose of fighting fires, and 3) evaluate how the unique

properties might affect the behavior of perfluorinated surfactants in the environment and

their potential impact on co-contaminant transport and biodegradation. Finally, the need

for new analytical methods to measure perfluorinated surfactants is highlighted as a

requirement for addressing questions about the occurrence, behavior, and impact of this

specialty chemical class in the environment.

Perfluonnated Surfactant Synthesis and Properties

Two principal processes used in the manufacturing of fluorinated surfactants are

electrochemical fluorination and telomerization (1). With electrochemical fluorination,

the substance to be fluorinated is dissolved in hydrofluoric acid and an electric current is

passed through the media (1, 7). All hydrogen molecules are replaced by fluorine and

perfluorinated molecules result. Despite low to moderate yields of perfluorinated

compounds and many side products, electrochemical fluorination is economically

attractive because of the relatively low cost of electricity as well as that of the hydrogen

fluoride reagent (7). With the electrochemical fluorination process, perfluorinated

compounds with homologous series of even and odd number perfluorocarbons are

generated (1, 8). In contrast, the telomerization process reacts a molecule called a

telogen, with two or more unsaturated molecules called taxogens, which creates a telomer



5

that contains only an even number of carbon atoms (1). Because odd and even number

perfluorocarbons result from electrochemical fluorination, the occurrence of odd and

even carbon perfluorinated surfactants in the environment can potentially be traced to

manufacturers that use the electrochemical fluorination process (9).

When fluorine is a substituent in organic compounds, unique chemical properties

are observed due to the electronegativity of fluorine as well as the overlap between the 2s

and 2p orbitals of fluorine and the corresponding orbitals of carbon (1, 7). The presence

of fluorine atoms contributes to the rigidity of perfluorocarbon chains (2,3) relative to

hydrocarbon chains. The highly polarized carbon fluorine bond is the strongest of known

covalent bonds (1) with the average C-F bond approximately 25 kcallmole stronger than

the corresponding C-Cl bond in monochloroalkanes (7). Additionally, fluorination

usually strengthens the adjacent C-C bonds (7).

The properties of hydrocarbons and, therefore, surfactants, are altered

significantly when fluorine atoms are substituted for hydrogen atoms (1). Perfluorinated

surfactants are more thermally-stable than their corresponding hydrocarbon analogues. In

particular, perfluorocarboxylic acids and perfluoroalkanesulfonic acids are considered the

most thermally-stable fluorinated surfactants (1). In addition to thermal stability,

perfluorinated surfactants are stable to acids, bases, oxidants and reductants (1). This

stability allows fluorinated surfactants to remain intact in environments where

hydrocarbon surfactants are degraded.

Perfluorinated anionic surfactants have high-acid strength relative to their

hydrocarbon analogs due to the electron-withdrawing effects of fluorine substitution. For

example, the replacement of hydrogen atoms by fluorine atoms on octanoic acid to form



perfluorooctanoic acid decreases the pKa from 4.89 to 2.80 (Table 1.1) (1, 7).

Perfluorinated surfactants are much more surface active than hydrocarbon surfactants (1,

10). The substitution of fluorine atoms for hydrogen atoms decreases their surface

activity for aqueous solutions, which promotes micellization at lower concentrations (i.e.,

the critical micelle concentration (CMC)) and lowers the surface tension relative to that

of other hydrocarbon analogs (1). For example, the surface tension ofperfluorooctanoic

acid has been reported as 15.2 dynestcm (1). The CMC values for C7 and C8 fluorinated

surfactants (i.e., perfluorocarboxylates and perfluoroalkane sulfonates) are approximately

equal to those of Cli and C 12 hydrocarbon surfactants (1).

The cost of fluorinated surfactants is higher relative to that of hydrocarbon

surfactants. Because of the high prices of fluorinated surfactants, fluorosurfactant

applications are limited to problems that conventional, lower-priced surfactants can not

address (4, 11). Within a specific application, fluorinated surfactants are typically cost

effective because their relatively high price is offset by the low concentrations needed to

achieve the reduction in interfacial tension or to form micellar solutions (1). In some

applications such as AFFF, a mixture of a fluorinated surfactant and a hydrocarbon-based

surfactant are more cost effective and/or perform better than either surfactant separately

(1).

Perfluorinated Surfactants in Aqueous Film Forming Foams

Hydrocarbon-fuel fires pose a serious threat to life and property, and require

immediate response. To enable a quick response to hydrocarbon-fuel fires, effective and



7

Table 1.1. Properties of perfluorooctanoic acid.

Property Perfluorooctanoic acid

pKa' 2.80
Critical micelle concentration2 8.7-9.0
Interfacial tension3 15.2

1(J)
2Uthts for critical micelle concentrations are mMoles/L (1).
3Units for surface tension are dynes/cm (10).
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efficient fire-extinguishing agents are needed to prevent damage and re-ignition of the

fires. Aqueous film forming foams (AFFFs) were developed in the 1960s as important

tools for extinguishing fires involving flammable liquid fuels (i.e., gasoline, kerosene)

(12).

Due to the presence of large quantities of flammable liquids, municipal (i.e., fire

departments), hydrocarbon-processing industry (i.e., oil refineries), and military sectors

utilize AFFFs (Figure 1.1), with the military comprising 75% of the total market, while

the municipal and hydrocarbon-processing industry represents 13% and 5%, respectively

(13). In 1985, the United States market for AFFF products (i.e., 3% and 6%

concentrates) was 6.8 million L with a total revenue of 10 million dollars in U. S. sales

(13). The military was the single largest consumer of AFFF agents in 1985, with

consumption totaling 5.1 million L (13). For historical reasons, the U. S. Departmentof

Defense Military Specifications Regulations have driven the requirements for AFFF

performance by establishing performance criteria.

Commercial AFFF formulations are complex proprietary mixtures whose major

components include a solvent, which is typically butyl carbitol; fluorocarbon

(perfluorinated anionic and partially-fluorinated amphoteric) surfactants; and

hydrocarbon-based surfactants (Table 1.2). Fluorinated surfactants in AFFF mixtures

contribute to the performance of foams as the primary fire extinguishing chemical and as

vapor sealants that prevent re-ignition of fuel and solvents (1, 14, 15). To evaluate the

spreading of AFFFs and the spontaneous formation of films, a spreading coefficient can

be calculated. The spreading coefficient (SC) (16) evaluates the reduction in surface and



Military: 75%
Municipal: 13%
Hydrocarbon Processing Industry: 5%
Other: 7%

Figure 1.1. Percentage breakdown of United States consumers of AFFF products, where
the hydrocarbon processing industry and municipal represent entities such as oil
refineries and fire departments, respectively (13).
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interfacial tension and is defined as the difference between the surface tension of a model

hydrocarbon phase (cIohe,e) (such as cyclohexane at 25 dynes/cm), the surface tension

of the aqueous solution (Yaqeuous), and the interfacial tension between the aqueous solution

and hydrocarbon phase(teacj) (17).

SC(aqueous/cyclohexane) = 7cyclohexane Yaqeuous Yinterfacial (1)

For military specifications the spreading coefficient of the mixture calculated from

Equation (1) must be positive (18). For example, the fluorinated surfactant components

in AFFFs lower the surface tension of the aqueous solution to 15-20 dynes/cm while

hydrocarbon surfactants lower the interfacial tension between the aqueous solution and

the hydrocarbon phase (i.e., burning fuel) to 0-2 dynes/cm (19). Thus, the films formed

by fluorocarbon and hydrocarbon solutions consist of two-mixed monolayers of

surfactants where the air-aqueous phase monolayer is dominated by the fluorocarbon

surfactant and the aqueous-hydrocarbon phase monolayer is dominated by the

hydrocarbon surfactant (Figure 1.2) (19).

AFFF Wastewater and its Impact on Wastewater Treatment Facilities

At installations, such as military bases, fire-training exercises are part of

emergency preparedness plans and therefore are conducted with some frequency. A fire-

training exercise typically consists of flooding a fire pit with flammable liquids (e.g., off-
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Air

Fluorocarbon
Surfactant

Aqueous Surfactant Solution

o Hydrocarbon
Surfactant

Hydrocarbon

Figure 1.2. Mixed monolayers at the air-aqueous and aqueous-hydrocarbon phase
interfaces. Adapted from Reference (19).
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specification jet fuel and waste solvents such as chlorinated solvents (20-22)), igniting the

fluids, and subsequently extinguishing the fire with fire-fighting agents (21). For

example, training exercises occurred on a weekly to monthly basis (9) at Naval Air

Station (NAS) Fallon, NV, and consisted of igniting fuel (average 3000 L/week) (21) and

extinguishing the fire with 1200-3200 L (3%-6%) of aqueous AFFF solutions. Typically,

at this site and others, disposal options for AFFF wastewater included discharge into a

wastewater treatment facility and/or directly onto the ground adjacent to the training

facilities.

If too much fire-fighting foam is discharged to a wastewater treatment facility at

one time, excess foaming may occur, which results in aesthetic and operational problems

in sewers and wastewater treatment facilities. Another concern for wastewater treatment

facilities is that in-coming AFFF wastewaters have high biological (BOD) and chemical

oxygen demands (COD) (23). For example, for 3M Light WaterTM AFFF product FC-

203 as a 3% solution, the BOD5 (5 day biological oxygen demand),B0D20 (20 day

biological oxygen demand) and COD are 1.7 x 10 4mg/L, 3.2 x iO mgIL, and 3.2 x

mg/L, respectively, and can lead to significantly higher values thanthose normally found

at treatment plants (100-400 mg/L BOD5 (23)) (23, 24). One of the principle contributors

to the high BOD and COD of AFFF is the organic solvent component, butyl carbitol

(Table 1.2).

In addition to the foaming BOD and COD problems associated with AFFF,

residual fuel is part of AFFF wastewater (12, 25). Residual fuel in combination with

AFFF components and potential combustion products complicates the characterization of

AFFF wastewater and thus its disposal in an economically-and environmentally-



Table 1.2. Chemical Composition of 3M FC-203CF Light WaterTM Aqueous Film

Forming Foam Concentrate (St. Paul, MN) (73).

Chemical Name Percent of Total
Composition

Water 69.0-71.0
Diethylene glycol butyl ether (butyl carbitol) 20.0

Amphoteric fluoroalkylamide derivative 1-5

Ailcylsulfate salts 1.0-5.0

Perfluoroalkyl sulfonate salts 0.5-1.5

Triethanolamine 0.5-1.5

Tolyltriazole (corrosion inhibitor) 0.05
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acceptable manner (26). Solutions containing free and emulsified oil, fuel, and AFFF

components were shown to adversely affect activated sludge processes (12, 25) and the

performance of anaerobic sludge digestors (27) in wastewater treatment facilities.

Because of the potential problems at wastewater treatment facilities, characterization of

AFFF wastewater is required in some instances prior to gaining approval to discharge the

waste to a wastewater treatment facility. Characterization methods generally are lacking,

and thus some fire-training facilities have had to impound AFFF wastewater over

extended periods of time.

Aqueous film forming foam wastewater and its treatment have been the focus of

investigative studies by the U. S. Department of Defense (26). Several pre-treatments

such as precipitation, coagulation, adsorption on activated carbon and ultrafiltration (12,

26) are being evaluated for the treatment of AFFF wastewater before dispensing it to a

wastewater treatment facility (23, 25, 28-30); however, few pre-treatment strategies are

being implemented. Currently, treatment efficiency is judged using only general, non-

specific parameters such as methylene blue active substances (MBAS) and total organic

carbon. Unfortunately, analytical methods are not yet widely available that permit the

specific assessment of the effectiveness of treatment technology efficiency on fluorinated

surfactant removal.

Perfluorinated Surfactants in Groundwater

Plumes of contaminated groundwater are associated with past fire-training sites at

several military bases in the United States (20-22, 3 1-33) including NAS Fallon, NV,

Tyndall Air Force Base, FL, and Wurtsmith Air Force Base, MI, where AFFF wastewater
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has entered groundwater without prior treatment. Most of these plumes have been

characterized with respect to fuel and solvent components unlike the surfactant

components, which have received little attention primarily due to the lack of appropriate

analytical techniques.

A few early reports tentatively identified the presence of fluorinated surfactants in

groundwater impacted by fire-fighting activities at Tyndall Air Force Base, FL (31, 34).

A recent report described the development of an analytical method that permitted the

definitive identification of perfluorocarboxylates surfactants in groundwater at NAS

Fallon, NV, and Tyndall Air Force Base, FL, at concentrations ranging from 125 to 7090

g/L (9). A current study at Wurtsmith Air Force Base, MI, has revealed a plume of

perfluorocarboxylates 500 m in length with concentrations ranging from 3 to 110 p.gfL

(35, 36).

At each field site both even- and odd-numbered carbon perfluorocarboxylates

were identified, which is indicative of product formulations manufactured by the

electrochemical fluorination process (9). This finding is consistent with the fact that the

3M Co., a company that uses electrochemical fluorination to manufacture perfluorinated

surfactants, has held the military contract to supply AFFF for the last 25 years.

Laboratory and field data regarding the transport of fluorinated surfactants in

groundwater are virtually nonexistent. In an attempt to address this data gap, we

performed a single-well push-pull test (37) using perfluorooctane sulfonate inorder to

obtain in-situ transport information. The push-pull test consisted of theinjection of a

prepared test solution into the saturated zone of an aquifer using an existing monitoring
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well, followed by the extraction of the test solution/groundwater mixture from the same

location. For this experiment, 50 L of injectate containing 97 mgfL bromide (non-

reactive tracer) and 26 mg/L potassium perfluorooctane sulfonate, which is one of the

major perfluorinated surfactants present in some AFFF mixtures, was injected into a well

over a period of 4 hr. Immediately after injection, a total of 98 L was extracted from the

well over a 9-hr period. Samples were taken during the extraction phase and analyzed for

bromide and perfluorooctane sulfonate by ion chromatography and MBAS, respectively.

It should be noted that the MBAS test is non-specific and does not allow for the detection

and quantitation of individual anionic surfactant classes. However, for this field study

where only a single perfluorinated surfactant was present in the injectate solution and

none was present in the background groundwater, the limitations of MBAS did not hinder

its application as the analytical method for perfluorooctane sulfonate.

Breakthrough curves were constructed for bromide and perfluorooctane sulfonate

(Figure 1.3) by plotting the relative concentration for each solute, where C is the

measured concentration and C0 is the injected concentration, versus the cumulative

extracted volume divided by the total injected volume of the test solution. Identical

breakthrough curves for bromide and perfluorooctane sulfonate were observed indicating

that perfluorooctane sulfonate was transported conservatively in this aquifer. In contrast,

breakthrough curves for a mixture Cl 0-Cl 3 linear alkylbenzene sulfonate (LAS) obtained

from a separate single-well push-pull test conducted in the same aquifer (data not shown)

indicates the retardation of C1O-C13 LAS relative to that of bromide (38). Preliminary

data indicates for a given site, perfluorooctane sulfonate (C8) is conservatively

transported while its hydrocarbon surfactaxit analog of 2 to 5 more carbon atoms is
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Figure 1.3. Breakthrough curves for bromide and perfluorooctane sulfonate obtained
from a push-pull field test.
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retarded. Because perfluorocarboxylates are weaker acids, their transport may be affected

by pH and ionic strength. Therefore, research is required to fully investigate the transport

behavior of the perfluorinated surfactants present in AFFF. However, the conservative

transport perfluorooctane sulfonate observed in the field study indicates that

perfluorinated surfactants may be good tracers for AFFF-contaminated groundwater.

Biodegradation

The extent to which AFFF components and priority pollutants in AFFF

wastewater biodegrade is quite varied. A material safety data sheet for a current AFFF

product states that the product contains one or more organic fluorochemicals that have the

potential to resist degradation and persist in the environment (39). The detection of

perfluorocarboxylates in groundwater at NAS Fallon, NV, and Tyndall Air Force Base,

FL, which have not been used for 7-11 years (9) is consistent with both AFFF product

labeling and the widely-held view that perfluorinated surfactants are not biodegradable.

Few studies have been conducted to investigate the biodegradability of

perfluorinated or partially-fluorinated surfactants (2, 3, 12 40). Perfluorooctane sulfonic

acid was not degraded under aerobic or anaerobic conditions (27), while a partially-

fluorinated surfactant, 1H, 1H, 2H, 2H-perfluorooctane sulfonic acid, was partially

degraded both aerobically and under sulfur-limiting conditions (2, 3, 5). Biodegradation

of partially-fluorinated surfactants appears to be limited to the non-fluorinated portion of

the molecule (2, 5, 41). For example, 1H, 1H, 2H, 211-perfluorodecanol was

brmed to perfluorooctanoate (41). The recalcitrant nature of perfluorinated
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compounds is attributed, in part, to the strength of the carbonfluorine bond (1, 2, 42) as

well as the rigidity of the perfluorocarbon chain (2, 43).

In contrast to the recalcitrant nature of the fluorinated surfactant components

present in AFFF mixtures, the alkyl sulfate hydrocarbon surfactants (Table 1.2) (26)

present in some AFFF formulations is considered biodegradable under aerobic and

anaerobic conditions (44). As mentioned previously, the solvent component of AFFF

formulations is also biodegradable as indicated by high BOD values. As a result, the high

BOD of butyl carbitol may influence the biogeochemical conditions of groundwater by

consuming oxygen and thus driving systems anaerobic. Corrosion inhibitors (i.e.,

tolyltriazole) are a component found in AFFF formulations that have been shown to

persist in the environment (45, 46). While some information is available on individual

AFFF components, virtually nothing is known about the biodegradation of this complex

mixture and any synergistic effects of AFFF components upon priority pollutants

biodegradation under actual subsurface conditions. Additional research is required to

understand the biodegradation of AFFF components.

Co-Contaminant Transport and Degradation

Because some perfluorinated surfactants appear to persist in groundwater they

may affect the environmental fate and transport of other co-contaminants (i.e., jet fuel and

trichloroethylene) that are present in AFFF wastewater. Unfortunately, the physical

character (e.g., number of liquid phases) and chemical composition of AFFF wastewaters

have not been widely characterized. However, it is likely that AFFF wastewaters

resulting from the application of AFFF on burning solvents, some of which form dense
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non-aqueous phase liquids or DNAPLs, are multi-phased systems. Due to the complex

nature of AFFF wastewater there are a number of potential interactions between AFFF

components and co-contaminants that can affect co-contaminant transport and

biodegradation. For example, some hydrocarbon surfactants above their CMC are known

to enhance the apparent solubility andlor the mobility of DNAPL in contaminated

aquifers (4 7-49). Because surfactants can cause large reductions in water-DNAPL

interfacial tension, surfactants may promote the displacement of residual DNAPL and

hence its more rapid migration in the subsurface. The ability of hydrocarbon surfactants

to increase the solubility or mobility of DNAPLs is dependent on the physical properties

of the particular surfactant. Given the oleophobic nature of the perfluorocarbon chain, it

is likely that on a per carbon basis, perfluorocarbon surfactants are less effective in

increasing the solubility of DNAPL than hydrocarbon surfactants as well as less effective

in lowering aqueous-DNAPL interfacial tensions (1). However, to date studies have not

been conducted to determine the extent to which fluorinated surfactants can increase the

solubility andlor mobility of DNAPL in the subsurface.

By analogy to wastewater treatment systems where AFFF wastewater adversely

affected the performance, perfluorinated surfactants may have an effect on groundwater

microbial populations and their ability to degrade co-contaminants (12, 25, 27). No

information exists on the potential impact of perfluorinated surfactants on microbial

populations. Recent studies with hydrocarbon surfactants have indicated either inhibition

(50-52) or promotion (53-55) of organic contaminant degradation (47). The ability of a

surfactant to promote or inhibit co-contaminant biodegradation also appears structure

specific. Unfortunately, structure-activity relations have not been established for
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fluorinated surfactants. Therefore, it is not yet possible to predict a priori the effect that

perfluorinated surfactants will have upon the biodegradation of other contaminants in

AFFF-contaminated groundwater.

Toxicity

The toxicity of AFFF formulations to marine and freshwater organisms has been

tested in laboratory studies (24). Various diluted AFFF agents were considered mildly

toxic to marine life at concentrations near 6.0 g/L (24). Additional components of interest

found in AFFF concentrate formulations are the corrosion inhibitors such as tolyltriazole.

Recent toxicological studies on toyltriazoles have shown that these compounds have

moderate to high toxicity (45, 46). However, realistic toxicity evaluations of AFFF

mixtures and AFFF wastewater in the environment are difficult because AFFF

wastewaters are complex mixtures that contain AFFF components, primary pollutants, as

well as toxic burn products. In addition, differential degradation during transport of

AFFF wastewater components will change the mixtures composition and toxicity over

distance and time. Finally, the toxicity of these types of complex mixtures is difficult to

assess because of the potential synergistic effects between mixture components, making it

difficult to predict a priori the toxicity of these mixtures in the environment.

Release of fluorinated surfactants to surface waters is not a recommended by

AFFF manufacturers as a route of disposal for AFFF wastewater (56). Fortunately,

reports of AFFF wastewater discharge to surface waters are limited. However, AFFF

wastewater released to a Florida river in 1993 has been the subject of investigation as a

possible cause of sea bird illnesses and deaths in the region (57, 58,). By analogy to
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hydrocarbon surfactants, perfluorinated surfactants in AFFF wastewater can potentially

cause birds to loose their natural oils, thus causing birds to die from hypothermia (59).

Analytical Considerations

The determination of perfluorinated surfactants is problematic (12), in part,

because the surfactants are nonvolatile and generally do not contain chromophores, which

limits their detection using commonly available analytical detectors. The scarcity of

analytical methods for fluorinated surfactants is in sharp contrast to numerous methods

available on hydrocarbon surfactant analysis (11, 60-62). Creating an analytical method

to isolate perfluorinated surfactants from environmental samples is complicated due to

the proprietary nature of AFFF formulations and therefore, the lack of knowledge

regarding the specific structure of perfluorinated surfactants. Furthermore; the isolation

of perfluorinated surfactants from water is complicated by their high water solubility.

The non-specific determination of the total organofluorine content of a water

sample may be obtained using the oxyhydrogen combustion method (1, 63). A water

sample (e.g., 10 mL) introduced into the oxyhydrogen torch for combustion is completely

mineralized to the fluoride ion, which is then trapped in an aqueous solution (1, 64, 65).

The fluoride ion is then measured by an ion selective electrode (1, 64, 66). As little as

20-40 p.g/L fluorinated surlactant can be detected without the need to concentrate the

water sample before combustion (1). Although this method determines the total

organofluorine content of a water sample, it does not provide structure-specific
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information. In addition, the mixtures of oxygen and hydrogen present a potentially

significant safety hazard.

The methylene blue active substances test was used to detect the presence of

anionic surfactants in groundwater at a fire-training area at Tyndall Air Force Base (31).

With the MBAS test, anionic surfactants form ion pairs with the methylene blue cation,

which then are extracted into chloroform and determined spectrophotometrically (67).

However, the use of MBAS as a reliable means of detecting fluorinated surfactants in

environmental wastewaters is limited because the MBAS test is non-specific and does not

allow for the individual identification of anionic surfactants nor for the differentiation

between anionic hydrocarbon and fluorocarbon surfactants.

When structural information is required to obtain definite identification of

fluorinated surfactants in environmental samples, mass spectrometry is the method of

choice. Chemical derivatization was combined with gas chromatography/mass

spectrometry (GC/MS) for the determination of perfluorinated surfactants in groundwater

at Tyndall Air Force Base, FL (9, 34). Perfluorocarboxylates were quantitatively

determined in groundwater by derivatizing the carboxylates to their methyl esters, which

were detected and quantified by electron impact GC/MS and electron capture negative

chemical ionization GC/MS. Perfluorooctane sulfonate, which is present in AFFF

formulations, was not detected by this method. Although perfluoroalkanesulfoftate esters

may have been formed during the derivatization step, the esters are unstable due to

excellent leaving group properties of the perfluoroalkanesulfonic group (7, 68). In fact,

perfluorooctane sulfonate esters are sold as alkylating reagents for the derivatization of
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other analytes. Therefore, derivatization with gas chromatography has limited utility for

determining a broad range of perfluorinated surfactants.

Liquid chromatography/mass spectrometry (LCIMS) is an attractive option for the

sensitive and quantitative analysis of non-volatile analytes such as perfluorinated

surfactants. Liquid chromatography/mass spectrometry was used to qualitatively identify

perfluorooctane sulfonate in groundwater from Tyndall Air Force Base, FL, NAS Fallon,

NV, and Wurtsmith Air Force Base, MI (35). To the best of our knowledge, only one

other report characterizes the determination of fluorinated surfactants in water and

wastewater by high performance liquid chromatography (HPLC) together with a

thermospray interface and a tandem mass spectrometer (69). Liquid

chromatography/mass spectrometry will most likely prove to be the most useful tool for

characterizing the compositions and concentrations of a range of perfluorinated

surfactants in environmental samples.

Future Challenges

Hydrocarbon-fuel fires pose a serious threat to life and property and therefore the

issue of fire safety must be balanced against the risks that AFFF and their perfluorinated

surfactants potentially pose to the environment. Fluorinated surfactants are a unique class

of chemicals that are directly discharged to natural and engineered aquatic systems. The

variety of applications for these types of surfactants is increasing yet little information on

the environmental behavior is available. Fluorinated surfactants differ significantly from

hydrocarbon surfactants such that direct analogies can not be drawn between the two
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types of surfactants. Therefore, the environmental behavior of fluorinated surfactants is

worthy of independent investigation.

Because commercial formulations of AFFF are complex mixtures, the

employment of these mixtures in fire-training situations introduces both priority and non-

priority pollutants into the environment. There are significant gaps in the knowledge of

how chromatographic separation during transport affects these complicated mixtures.

Because perfluorinated surfactants persist in the environment, they may impact the

biogeochemical processes affecting the distribution and bioavailability of co-

contaminants. The effect that AFFF components has upon subsurface microbial ecology

and activity is unknown.

Several different technologies are being evaluated to solve current problems

resulting from AFFF usage, including the development of products to replace AFFF. The

1998 Presidential Green Chemistry Challenge Award was recently presented to a

company for the development of a biodegradable fire-extinguishing agent that does not

contain glycol ethers or fluorinated surfactants (70, 71). Another approach to addressing

the problems associated with fluorinated surfactants is to discontinue their use in AFFF

agents and to return to prior technology such as protein-based foams.

In a related issue, advances in fire-fighting product development includes the

development and marketing of training foams that are designed to be used during training

exercises in lieu of AFFF products that contain fluorinated surfactants. Training products

are attractive for their cost savings due to the absence of expensive fluorinated surfactant

components. Training products have the added benefit of being readily treated by

conventional wastewater treatment facilities due to the increased biodegradability of the
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non-perfluorinated surfactant mixture and its reduced foaming properties. Such training

foams eliminate the common environmental concern associated with AFFF and reduce

training costs while still allowing for actual practice with fire-training equipment (72).

While training foams are designed to provide expansion characteristics similar to AFFF,

they are inadequate fire extinguishing materials if used in an actual hydrocarbon-fuel fire.

Because the possibility exists that training foams may be mistaken in an emergency for

AFFF, some AFFF users do not employ training foams.
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Abstract

Perfluorinated surfactants are used in aqueous film forming foam (AFFF)

formulations, which are used to extinguish hydrocarbon-fuel fires. Virtually nothing is

known about the occurrence of perfluorinated surfactants in the environment, in

particular, at fire-training areas and emergency response sites where AFFF entered

groundwater without prior treatment. Strong anion exchange Empore disks were used to

extract perfluorocarboxylates from groundwater collected from fire-training facilities

located on Naval Air Station Fallon, NV, and Tyndall Air Force Base, FL. The

carboxylates were simultaneously eluted from the disks and derivatized to their methyl

esters for direct analysis by gas chromatography/mass spectrometry.

Perfluorocarboxylates containing 6-8 carbons were detected in groundwater collected

from the two field sites with total concentrations ranging from 125 to 7,090 pg/L. The

detection of perfluorocarboxylates at field sites after 7 to 10 years of inactivity indicates

their potential utility as markers for delineating groundwater impacted by fire-fighting

activity.
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Introduction

Aqueous film forming foams (AFFF) are complex mixtures of surfactants and

other components used to extinguish hydrocarbon-fuel fires that occur at fire-training

sites as well as in emergency situations. Aqueous film forming foams have been

commercially available for fire-fighting applications since their development by the

United States Navy and 3M Co. in the mid-1960s (1). At fire-training areas that routinely

used AFFF mixtures and military emergency response sites, AFFF-laden wastewater that

entered surface water and groundwater without treatment has led to groundwater and soil

contamination. For example, perfluorinated compounds were tentatively identified in

groundwater impacted by fire-training activities at Tyndall Air Force Base (2).

Unfortunately, definitive identifications of the perfluorinated compounds were not

reported.

Conmiercial AFFF mixtures are propreitary in nature and typically contain

fluorinated and non-fluorinated surfactailts (1, 3-5). Due to the proprietary nature of

AFFF formulations, the chemical structures of the actual perfluorinated surfactants used

in commercial AFFFs are not known outside the companies that manufacture them (5).

Moreover, the analysis of anionic perfluorinated surfactants that are known to occur in

AFFF formulations (6) is problematic because the surfactants are non-volatile and may

not contain chromophores. As a result, analytical methods for AFFF formulation

components are lacking and therefore it is difficult to assess their occurrence, fate, and

transport in AFFF-contaminated groundwater. Because perfluorinated surfactants co-

occur with other pollutants (e.g. fuel components, solvents, etc.) in groundwater, it is

important to determine if perfluorinated surfactants affect the transport and



biodegradation of other contaminants. Free and emulsified oil, fuel, and AFFF

components were shown to adversely affect activated sludge processes (6, 7) and the

performance of anaerobic sludge digestors (8) in wastewater treatment facilities. For this

reason, perfluorinated surfactants may have an adverse affect on groundwater microbial

populations and their ability to degrade co-contaminants present in AFFF-contaminated

groundwater.

In addition to fluorinated surfactants use in fire-fighting foams, they are also

utilized in herbicides and insecticides, cosmetics, greases and lubricants, and adhesives

(3). Fluorinated carboxylic acids of industrial significance include perfluorooctanoic acid

(PFC8) and perfluorodecanoic acid (PFC1O) (9). There is concern regarding the potential

toxicity of perfluorinated carboxylic acids. An in vivo study of rat liver response to

PFC 10 indicated the rapid onset of a low-level heptatotoxicity but no detectable damage

to the DNA (10). Perfluorodecanoic acid and PFC8 have been found to inhibit gap

junction intercellular communication in rat liver epithelial cells (11) and may be involved

in tumor promotion (9)

In this paper, we describe the isolation, identification and quantification of

perfluorinated carboxylates in groundwater impacted by fire-training activities at Naval

Air Station (NAS) Fallon, NV, and Tyndall Air Force Base, FL. The development of

analytical methods is necessary before investigating the occurrence and distribution of

perfluorinated surfactants in AFFF-contaminated groundwater and their effect on co-

contaminant transport and biodegradation.
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Experimental Section

Standards and Reagents. Standards of PFC8 (98%), perfluorododecanoic acid

(PFC12) (95%), and the internal standard, 2-chiorolepidine (99%) were purchased from

Aldrich Chemical (Milwaukee, WI). Methyl iodide (neat) was used as purchased from

Aldrich Chemical.

Field Sites and Sample Collection. From the mid-1950s to 1988, the crash crew

training area at NAS Fallon, NV, (Figure 2.1 a) was used to conduct fire-training

activities, which consisted of flooding a fire pit with flammable liquids, igniting the

fluids, and subsequently extinguishing the fire with fire-fighting agents including AFFF

(12). For a typical training exercise, approximately 75-100 L of AFFF concentrate were

diluted with 1200-3200 L of water according to specifications (3% or 6% solution) and

subsequently employed. During the years of activity at the NAS Fallon site, training

exercises occurred on a weekly to monthly basis. At the NAS Fallon site, groundwater

samples were collected from four monitoring wells located within a 120 m radius of the

fire pit where the water table is located between 2 to 3 m below the land surface.

The Tyndall Air Force Base Fire-training Area FT-23 was used from 1980 to

1992 for similar activities (Figure 2.lb) (13). Four groundwater samples were obtained

from wells surrounding the fire-training area; the water table is located between 1 and 2

m below the land surface. All samples were collected in high density polyethylene brown

bottles because perfluorinated carboxylates adsorb to glass (14). Samples were shipped

on ice without preservation and stored at 4°C prior to analysis.

Solid-Phase Extraction and Derivatization. Samples (55-200 mL) were

extracted through 25 mm strong anion exchange (SAX) disks in a manner similar to that
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described by Field and Reed (15) with the exception that the SAX disks were pre-treated

prior to use to remove interfering disk impurities. Pre-treatment consisted of soaking the

disks in 12 mM HCllacetonitrile for 2 days after which the disks soaked in pure

acetonitrile for several hours. Just prior to use the disks were rinsed with a minimum of

350 mL of deionized water in order to sufficiently rinse the HC1 from the disks and wet

them prior to passing groundwater samples through them. Samples (55-200 mL) were

passed through the disks under full vacuum and the disks were then allowed to dry. The

disks containing the exchanged analytes were placed in a 2mL autosampler vial together

with 1 mL of acetonitrile, 51.2 p.g of internal standard, and 100 p.L of methyl iodide.

When heated at 80 °C for 1 h, the acids were simultaneously eluted from the disk and

derivatized to their methyl esters.

Spike and Recovery. Spike and recovery experiments were performed to

determine the precision and accuracy of the SAX disk extraction and in-vial elution

method. A set of experiments was performed on groundwater samples from NAS Fallon

MW 50U and MW 17 that had been previously determined to contain neither PFC8 nor

PFC12 above detection. Duplicate groundwater samples from wells MW 50U and MW

17 were spiked to contain a fmal concentration of 1,240 p.g/L of PFC8 and 560 p.g/L of

PFC12.

Standard addition analyses were performed with NAS Fallon groundwater

samples that contained measurable quantities of PFC8; the samples did not contain

PFC12 above detection. Known amounts of PFC8 were added to samples to give a final

concentration twice that of the background concentration. For example, groundwater
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from MW 51U and MW 16, which contained background concentrations of 6,570 .xg/L

and 460 .tg/L, respectively, were spiked to give a fmal concentration of 12,900 p.g/L and

1,000 j.xg/L of PFC8, respectively. Each sample also was spiked with 56.4 pg ofPFC12.

To determine the detection limit of the method, single samples of groundwater that

contained no perfluorinated carboxylates above detection were spiked to give a range of

final PFC8 concentrations from 18 to 54 igTL.

Gas Chromatography! Mass Specfrometry. Extracts were analyzed using a

Hewlett Packard Model 5890 Series II Plus gas chromatograph (GC) equipped with a 30

m x 0.32 mm x 4.00 pm SPB-1 SULFUR column (Supelco Inc., Bellefonte, PA). An

injection volume of 1 gL was used under splitless conditions with an injector temperature

of 200 °C. The GC oven temperature was initially held for 6 mm at 60°C, increased by 6

°C/min to 190 °C, increased further by 30 °C/min to 270 °C, and then held for 5 miii.

Quantification of periluorocarboxyl ate methyl esters was performed using a

Hewlett Packard Model 5972 mass selectiv detector operated in electron impact (El)

mode (70 eV). The mass selective detector was operated in full scan (5 0-450 amu) mode

and in selected ion monitoring (SIM) mode using a dwell time of 100 ms for each ion.

The scanning mode was used for qualitative identification while SIM mode was used for

quantification. The ions of m/z 131 [C3FJ, rn/z 169 [C3F7], and mlz 219 [C4F9], which

are characteristic fragments of perfluorocaxbons (16-18), were used to identify and

quantify the methyl esters of perfluorohexanoic acid (PFC6), perfluoroheptanoic acid

(PFC7), PFC8 and PFC12. The internal standard, 2-chlorolepidine, was quantified with

the ions m/z 177 and 115.
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The identification of perfiuorocarboxylate methyl esters was confirmed by

electron capture negative ionization (ECNI) GCIMS, which gave unique molecular ions

for each of the perfluorinated carboxylate methyl esters (e.g. m/z 328 for PFC6, mlz 378

for PFC7, mlz 428 for PFC8, and mlz 628 for PFC12). These measurements were

performed with a Varian 3400 gas chromatograph interfaced with a Finnigan Model 4023

mass spectrometer. Methane was used as the reagent gas and the mass spectrometer was

operated in full scan mode (100-650 amu). The gas chromatograph was operated with a

column and temperature program identical to that used for the El GC/MS.

Initially, samples prepared in deionized water were used as the matrix for

constructing calibration curves and standard recoveries were low. However, when

samples prepared in tap water, which contains inorganic cations and anions, were used as

the matrix for constructing calibration curves quantitative recovery of standards was

obtained. It is proposed that the 350 mL of deionzed water does not sufficiently rinse the

disks of residual HC1 and tap water is required to completely rinse the disks and obtain

quantitative recovery of standards. Therefore, calibration curves for quantification of

PFC8 were constructed by passing 100 mL tap water samples that had been spiked with

3.6 p.g to 1,080 .tg PFC8 through 25 mm SAX disks and derivatizing the acids to their

methyl esters using the in-vial elution and derivatization technique. The calibration curve

for PFC12 was constructed in a similar manner by adding 7.5 p.g to 113 g of PFC12

standard to 100 mL tap water. For all quantitation standards, a total of 51.2 g of the 2-

chiorolepidine internal standard was added to the autosampler vial just prior to the

addition of methyl iodide. Both calibration curves were linear with r2typically greater
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than 0.99. Quantification of PFC6 and PFC7 was performed assuming a response factor

equal to an equimolar amount of PFC8.

Results and Discussion

Gas Chromatography/Mass Specfrometry. A film thickness of 4 pm (30 m x

0.32 imn SPB-1 SULFUR; Supelco, Bellefonte, PA) was necessary to obtain sufficient

retention times for the methyl esters of PFC8 and PFC12 to allow for the separation and

quantification (Figure 2.2a). Initial attempts to separate and quantify the perfluorinated

carboxylate methyl esters on a thin film (0.25 j.tm), 30 m x 0.25 mmDB-1 (J&W

Scientific, Folsom, CA) column were unsuccessful regardless of the initial column

temperature. Note that the stationary phases in the SPB-1 SULFUR and DB-1 columns

are comparable. A standard of perfluorobutyric acid was not observed under any of the

described GC conditions; it is most likely that an initial oven temperature less than 40°C

would be required.

The El mass spectra of methyl PFC8 (Figure 2.3a) and PFC12 indicate

characteristic perfluorocarbon fragmentation (16, 17) in which the major ions (e.g., 69,

119, 169,219, etc.) differ by 50 amu, which corresponds to the mass of CF2. Molecular

ions were not observed for any of the perfluorinated carboxylate methyl esters under El

conditions; however, molecular ions [MJ were observed under ECNI conditions. For

example m/z 428 (in Figure 2.3b) corresponds to the molecular ion of methyl PFC8.

Solid-Phase Extraction. Prior to developing a solid-phase extraction method,

initial experiments were conducted using diazomethane as the derivatization reagent.
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When perfluorinated carboxylates were derivatized using ethanol-based diazomethane,

multiple peaks corresponding to methyl and ethyl esters were detected (unpublished

data). Because El GC/MS did not produce molecular ions, ECNI GC/MS was used to

verify the formation of both methyl and ethyl esters. Consequently, if ethanol-based

diazometbane was used for derivatization in conjunction with El GC/MS, multiple peaks

in a chromatogram could be erroneously interpreted as a greater number of perfluorinated

compounds than are actually present. In contrast, only the methyl ester was obtained

when butyl carbitol (2-(2-butoxyethoxy)ethanol) was used to prepare the diazomethane

reagent. However, because of the hazards associated with the use of diazomethane and

the time-consuming nature of diazomethane derivatization, an alternative method was

desired.

Derivatization of the perfluorocarboxylates by the solid-phase extraction and the

in-vial elution and derivatization technique gave only a single peak that corresponded to

the methyl ester of each perfluorinated carboxylate standard; the identification of each

methyl ester was confirmed by ECNI GC/MS. In addition, the solid-phase extraction

approach combined the steps of isolation and derivatization, which greatly simplified the

procedure and eliminated the use of diazomethane. Six replicate analyses of blank 25

mm SAX disks that had not been pre-rinsed with 12 mM HC1/acetonitrile prior to use,

yielded an average of 21 ± 1 pg (4.8% relative standard deviation (RSD)) of PFC8 per

disk. No other perfluorinated carboxylates were present in the disks above the detection

limit. The PFC8 is associated with the Teflon matrix and not the embedded anion

exchange particles (unpublished data). The background PFC8 was successfully removed
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by rinsing the disks prior to use with 12 mM HCllacetonitrile followed by 350 mL of

deionized water. It should be noted that benzoic acid and ethylhexylphthalic acid are also

present in the disks as artifacts and are removed by the HC1/acetonitrile pre-rinse step.

Accuracy, Precision and Detection Limits. The recoveries of PFC8 from blank

groundwater samples obtained from NAS Fallon wells MW 50U and MW 17 were 73 and

74%, respectively, while the recoveries of PFC12 were 77 and 88%, respectively (Table

2.1). Because detectable levels of PFC8 occurred in groundwater from MW 51U and

MW 16, standard addition experiments were performed to determine the recoveries of

PFC8. The recoveries of the PFC8 spiked into MW 51U and MW 16 groundwater to

give a final concentration double that of the background concentration were 83 and 90%,

respectively (Table 2.1). The recoveries of PFC12 from MW 51U and MW 16

groundwater, which did not contain background concentrations ofPFC12, were 35 and

85%, respectively (Table 1). Although the recovery of PFC8 (83%) differs significantly

from that ofPFC12 (35%) in groundwater from MW SlU, the recoveries of PFC8 and

PFC 12 were nearly equivalent for the other groundwater samples. Monitoring well 5 1U

is located closest to the fire pit where AFFF agents where applied to burning mixtures of

fuels and solvents. Due to its proximity to the fire pit, the groundwater from MW 51U

most likely contains the greatest diversity of inorganic and organic constituents, which

may adversely affect PFC12 recoveries relative to that of PFC8. Therefore, although the

original intent was to use the PFC12 as a surrogate standard because it did not occur in

the groundwater samples, PFC12 appears more sensitive to matrix interferences
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Table 2.1. Recovery of PFC8 and PFCI2 spiked into groundwater samples from Naval
Air Station Fallon, a

PFC8 PFC12

Sample % recovery % recovery

NAS Fallon MW 5lU" 83C 35

NAS Fallon MW 16 90<' 85

NAS Fallon MW 50U 73 77

NAS Fallon MW 17 74 88

aDuplicate samples were analyzed. Sample volume was 100 mL unless otherwise noted.

bSample volume was 55 mL.

eCalculated as the final measured concentration divided by background concentration plus

spike concentration and multiplied by 100. The background concentration was 6,570

.LgJL.

dCalculated as the final measured concentration divided by background concentration plus

spike concentration and multiplied by 100. The background concentration was 460 .tg/L.
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compared to PFC8 so that it is an inappropriate choice for a surrogate standard. For this

reason, all subsequent quantification was based on the 2-chiorolepidine internal standard.

The precision, indicated by the RSD, calculated from five replicate analyses each

of groundwater from NAS Fallon MW 16 and Tyndall AFB Ti 1-2 ranged from 3.7 to

14% (Table 2.2). The detection and quantitation limit of the method was defined as those

concentrations of PFC8 needed to produce a signal to noise (S/N) of 3:1 and 10:1,

respectively. The detection and quantitation limits for PFC8 were 18 ig/L and 36 tgJL,

respectively.

Application to Groundwater Samples. Four groundwater samples from both

NAS Fallon and Tyndall AFB were analyzed for perfluorinated carboxylates.

Cbromatograms obtained by El GC/MS indicated the presence of multiple perfluorinated

compounds all having characteristic perfluorocarbon fragmentation (Figure 2.2b).

Analysis by ECNI GC/MS established the identification of PFC6, PFC7 and PFC8 in

groundwater obtained from wells MW 51U and MW 16 from NAS Fallon. The

molecular ions [M]for methyl PFC6 (m/z 328) and methyl PFC7 (mlz 378) were

observed for peaks eluting 4.7 and 2.3 min before that of PFC8 (Figure 2.4a and 2.4b).

The ECNI mass spectrum for methyl PFC8 in MW 51U was similar to that of the PFC8

standard (Figure 2.2b).

The groundwater samples from NAS Fallon MW 5 1U and MW 16 had total

perfluorinated carboxylate concentrations of 7,090 j.tgfL and 540 ig/L, respectively

(Table 2). The PFC6 detected in NAS Fallon groundwater samples from MW 5 1U and

MW 16 comprised 5.2% and 11%, respectively, of the total perfluorocarboxylates
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Table 2.2. Concentrations of perfluorinated carboxylates in groundwater samples from
Naval Air Station Fallon, NV, and Tyndall Air Force Base, FL.a,b

Sample n PFC6 PFC7 PFC8 Total

(jig/L) (j.tg/L) (p.g/L) (p.gfL)

NASFa11onMW51U 3 372+4 149+5 6,570± 150 7,090+160

(1.1%) (3.4%) (2.3%) (2.3%)

NASFa11onMW16 5 57±8 18 ±2 460±20 540±20

(14%) (ll%)C (4.3%) (3.7%)

NAS Fallon MW 50U 3 nd nd nd nd

NAS Fallon MW 17 3 nd nd nd nd

Tyndall AFB PW-10 2

Tyndall AFB PW-07 2

Tyndall AFB Ti 1-2 5

Tyndall AFB TY22FTA 2

144 38 116 298

73 22C 64 159

64±4 19±1 42±2 124±8

(6.3%) (5.3%)C (4.8%) (6.5%)

nd nd nd nd

aThe relative standard deviation is given in parentheses.

bfld not detected above the detection limit.

cThe reported value is near the detection limit (S/N <3 ) and less than the quantitation

limit (S/N < 10). The value has been included in the reported total concentration.
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detected. The PFC7 was 2.1% and 3.3% respectively, of the total perfluorinated

carboxylates detected in these wells. The dominant perfluorinated carboxylate, PFC8,

accounted for 93% and 85%, respectively, of the total perfluorocarboxylate concentration.

The highest concentrations of perfluorocarboxylates were observed in

groundwater collected from NAS Fallon MW 5 1U, which is the well located closest to

the fire-training pit (Figure 2.la). Monitoring well 16, which is located downgradient of

MW 51 U and the fire-training pit, had lower but detectable concentrations of

perfluorocarboxylates. Groundwater from MW 50U and MW 17, which are located off

gradient from the fire-training pit, contained no detectable perfluorinated carboxylates.

Over the approximate 100 m distance between MW 5 1U and MW 16, the concentrations

of the perfluorinated carboxylates decreased with increasing number of carbons. For

example, the concentration of PFC6 decreased 85% over the 100 m compared to

decreases of 88% and 93% for PFC7 and PFC8, respectively.

The groundwater samples from Tyndall AFB PW-10, PW-07 and Ti 1-2 contained

total perfluorinated carboxylate concentrations of 298 j.tg/L, 159 tgfL and 124 jigfL,

respectively (Table 2.2). The compositions of Tyndall AFB groundwater collected from

the three wells ranged from 46 to 52% for PFC6, 13 to 15% for PFC7 and 34 to 40% for

PFC8. In contrast to the groundwater samples from NAS Fallon, the dominant

perfluorinated carboxylate in Tyndall AFB groundwater was PFC6.

The highest concentrations of perfluorocarboxylates among the groundwater

samples from Tyndall AFB were observed in PW-10 and PW-07, which are the two wells

located closest to the fire-training pit (Figure 2.ib). Monitoring well Ti 1-2, which is
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located downgradient of the fire-training pit, had lower but detectable groundwater

concentrations of perfluorocarboxylates. The groundwater collected from a well located

north of the fire-training pit, TY22FTA, contained no perfluorinated carboxylates above

the detection limit (18 pgfL).

It is not surprising to observe a suite of perfluorinated carboxylates since the raw

materials used in the synthesis of perfluorinated organic compounds are mixtures (3, 19).

Different ratios of PFC6, PFC7 and PFC8 may result from the use of different AFFF

formulations at the two fire-training areas. The observed homologous series consisting of

even and odd number perfluorinated carboxylates is indicative of the electrochemical

fluorination process used by 3M Co. (3). Other fluorination processes, such as

telomerization, produce only even number homologues (3). Because of the proprietary

nature of AFFFs, it is not known if perfluorinated carboxylates are present as one of the

major surface active agents in AFFF formulations or as unreacted starting materials used

in the synthesis of the principal perfluorinated surfactants used in AFFF formulations. In

addition, the carboxylates may be combustion, biological or non-biological degradation

products of the principal perfluorinated components in AFFF mixtures. Unfortunately,

the exact source and history of AFFF applications at the two field sites are unknown, and,

therefore, the relationship between the observed perfluorocarboxylate ratios and that of

the original AFFF mixtures is unknown.

To the best of our knowledge, very little is known regarding the transport and fate

of perfluorocarboxylates in groundwater. Adsorption to sludge at wastewater treatment

facilities is considered a significant process for the removal of perfluorinated surfactants
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during treatment (3). However, detection of perfluorinated carboxylates at the NAS

Fallon and Tyndall AFB sites, which have not been used since 1988 and 1992,

respectively, is consistent with the view that biodegradation of the long chain

perfluorocarbon hydrophobe is unlikely (6, 9, 19). The recalcitrant nature of

perfluorinated compounds is attributed in part to the rigidity of the perfluorocarbon chain

(9, 20) as well as the strength of the carbon - fluorine bond (3, 9, 21).

To the best of our knowledge this is the first defmitive identification of

perfluorinated carboxylates in groundwater impacted by fire-fighting activity. Further

work is needed to determine if additional perfluorinated components are present, such as

perfluorooctane sulfonic acid, which is thought to be one of the principle components in

some commercial AFFF formulations. In addition, it is of interest to relate the

occurrence and distribution of perfluorinated compounds to other site characterization

parameters such as dissolved organic carbon, inorganic constituents, and the distribution

of co-contaminants and to understand the potential influence of perfluorinated

compounds on the biotransformation and transport of other co-contaminants.
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Abstract

Perfluorinated surfactants are a major component in aqueous film forming foam

(AFFF) formulations, which are used to extinguish hydrocarbon-fuel fires. As a result of

past fire-training exercises, as well as response to emergency situations, AFFF-laden

wastewater containing fuels, solvents, and other materials directly entered groundwater

without prior treatment. Historically, AFFF mixtures containing perfluorinated

surfactants were applied at Wurtsmith Air Force Base, MI, including at Fire-Training

Area Two and a location where a KC-135 airplane crashed. Perfluorocarboxylate

(containing 6 to 8 carbons) concentrations ranging from the detection limit (3 j.tgfL) to

110 p.g/L were measured in groundwater sampled over an extensive well array at Fire-

Training Area Two where as none were detected at. the airplane crash site.

Perfluorocarboxylates detected over 500 m from the source area have an approximate

minimum residence time of 5 to 15 years, and provide direct field evidence that this class

of perfluorinated surfactants persists under prevailing groundwater conditions.

Significantly higher concentrations (e.g., 400-3600 .tg/L) of methylene blue active

substances which is an indirect measurement of anionic surfactants, indicates that the

perfluorocarboxylates are only a small fraction of the anionic surfactant species present in

the groundwater. The transport of perfluorocarboxylates in groundwater was not fully

characterized such that additional research is needed to characterize the transport of

perfluorocarboxylates in groundwater.
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Introduction

In fluorinated surfactants, the hydrophobic portion of the surfactant molecule

contains fluorine. To classify a surfactant as perfluorinated, all hydrogen atoms in the

hydrophobic segment are replaced by fluorine atoms. The substitution of fluorine for

hydrogen in fluorinated surfactants differentiates these surfactants from hydrocarbon

surfactants. For example, fluorinated surfactants have unique wetting and spreading

characteristics that make them better suited than hydrocartbon surfactants in coating,

paint, ink, and polish applications (1, 2). Because of the fluorocarbon hydrophobe,

fluorinated surfactants are usually more physically, chemically, and biologically stable

than hydrocarbon surfactants (2).

Hydrocarbon-fuel fires pose serious threats to life and property, and aqueous film

forming foams (AFFFs) are employed to extinguish these types of fires. Fluorinated

surfactants are a major component in AFFF formulations (3). Physical characteristics,

such as the ability to lower surface tension, aid in the formation of a water film that forms

over the surface of a hydrocarbon (e.g., fuel), which makes fluorinated surfactants well-

suited for AFFF applications. While the stability of perfluorinated surfactants make them

suitable for applications that involve extreme environments, it also leads to their apparent

persistence in the environment (4).

Due to the presence of large quantities of flammable liquids, municipal (i.e., fire

departments), hydrocarbon-processing industry (i.e., oil refineries), and military sectors

utilize AFFFs, with the military comprising 75% of the total market, while the municipal

and hydrocarbon-processing industry represents 13% and 5%, respectively (5). In 1985,

the United States market for AFFF products (i.e., 3% and 6% concentrates) was 6.8
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million L with a total revenue of 10 million dollars in U. S. sales (5). The military was

the single largest consumer of AFFF agents in 1985, with consumption totaling 5.1

million L (5).

Currently, the Organization for Economic Cooperation and Development (OECD)

classifies perfluorinated C5 to Cl 8 compounds as high-production-volume (HPV)

chemicals, where HPV chemicals are those chemicals manufactured or imported in the

U.S. in quantities exceeding 1 million pounds (6). This class of chemicals encompasses

the perfluorinated and partially-fluorinated surfactants used in AFFF. Data is needed for

an environmental and toxicological database that will be developed for HPV chemicals

under a voluntary program led by the U.S. Environmental Protection Agency and the

Chemical Manufacturer's Association. Planned database entries for the HPV chemical

testing program include physical and chemical properties, environmental fate and

pathways, fate and environmental distribution assessment, and manunalian toxicity (7);

currently much of this information for pertluorinated surfactants is either unknown or

unavailable.

In preparation for hydrocarbon-fuel fires, training exercises at military bases often

are conducted. As a result, at military emergency response sites and fire-training areas,

the repetitive use of AFFF and release of AFFF-laden wastewater to the environment has

led to groundwater contamination. Positive identification of one class of perfluorinated

surfactants, perfluorocarboxylates, was reported for a limited number of groundwater

samples obtained from Naval Air Station (NAS) Fallon, NV, and Tyndall Air Force Base,

FL (4). Although not listed as a component in material safety data sheets from AFFF

manufacturers, the perfluorocarboxylates were found in some commercially-available



AFFF products (unpublished data). An additional report tentatively identifies

perfluorinated compounds in groundwater impacted by fire-training activities at Tyndall

Air Force Base (8).

Few publications report the occurrence of perfluorinated surfactants in the

enviromnent, primarily due to the lack of sensitive and specific analytical methods. The

methylene blue active substances (MBAS) test has been used as an indicator of

hydrocarbon anionic surfactants in soils (9) and groundwater (10-14). A study at Tyndall

Air Force Base used MBAS to qualitatively identify the presence of anionic surfactants in

groundwater (15). With the MBAS test, anionic surfactants form ion pairs with the

methylene blue cation, which then are extracted into chloroform and determined

spectrophotometrically. Reasons for employing the MBAS test include that it is

inexpensive, relatively simple, and field-ready. However, the MBAS method is non-

specific and does not allow for the detection and quantitiation of the individual

surfactants present. In the case of AFFFcontaminated groundwater, a number of anonic

surfactants could be present including perfluorinated and non-fluorinated surfactants (16-

18). For these reasons, the use of MBAS should be limited to that of a screening tool for

environmental samples (13).

This field study addresses the gap in information concerning the occurrence,

distribution, and transport of perfluorinated surfactants in the environment, specifically in

AFFF-contaminated groundwater at Wurtsmith Air Force Base (WAFB) in Oscoda, MI.

The concentrations of perfluorinated carboxylates detected in groundwater impacted by

fire-training activities at WAFB provide information regarding the movement and

persistence of perfluorinated surfactants in groundwater at Fire-Training Area Two.
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Additionally, general chemical indicators, such as specific conductance, total organic

carbon (TOC) and MBAS were measured for the study to further delineate the

distribution of perfluorinated surfactants in groundwater contaminated by fire-training

activities at this site.

Experimental Section

Field Site Descriptions. Wurtsmith Air Force Base is located in northeast

Michigan and was decommissioned in June of 1993. Historically, Fire-Training Area

Two (FTA-02) (Figure 3.1) at WAFB was used for U. S. military personnel training in

fire-fighting procedures. The site was used from 1952-1986 for training exercises that

consisted of flooding a fire pad with flammable liquids, igniting the fluids, and

subsequently extinguishing the fire with fire-fighting agents including AFFF (19, 20).

Before the concrete pad was installed in 1982, as well as an oil/water separator, fuel was

dumped directly onto a gravel area and ignited for each fire-training exercise (19).

The aquifer at WAFB is comprised of alternating eolian sands and glacial out

wash material that is highly permeable and exhibits hydraulic conductivities on the order

of 30 mlday (21-23). The water table is located between 5 and 8 m below land surface.

Aquifer solids are comprised of greater than 85% quartz minerals, with organic carbon

and inorganic carbon contents below 0.1% and approximately 6.0%, respectively (21,

22). Flow in the sand and gravel upper aquifer is generally eastward towards Lake Van

Etten and south-southeast to the Au Sable River discharge areas at average rates of 0.1 to

0.3 rn/day (22-24). Direction of groundwater flow at WAFB does not change

significantly from season to season (23).
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At FTA-02, two types of monitoring wells have been installed over time.

Monitoring wells with the identifier FT denote iron-cased 10 cm inner diameter wells

with 1 to 6 m screened intervals. These wells consist of shallow wells with a screen set 3

to 6 m below the water table, and deep wells with screens set near the base of the aquifer

(23). Wells with ML notation describe multilevel sampling wells constructed from 2.5

cm inner diameter PVC casing with 0.3 m screened intervals that are vertically spaced

from 0.5 to 2 m (21).

Contaminants detected in WAFB groundwater include petroleum hydrocarbon-

fuels, oils, and lubricants; chlorinated solvents (e.g., trichioroethylene and

dichioroethylene); combustion products (e.g., napthalene and phenanthrene); and

chlorinated aromatic compounds (22). At FTA-02, concentrations of benzene, toluene,

ethylbenzene and xylenes (BTEX) range from about 20 to 1000 p.g/L in the contaminated

plume (21).

A second field site, the KC-135 Crash Site, is located near the main runway at

WAFB. Contamination by JP-4 fuel resulted from the crash of a KC-135 fuel tanker in

October 1988. The crash site had one-time application of AFFFs, which is in contrast to

the repeated applications of fire-fighting materials associated with fife-training exercises

at FTA-02. Several multilevel sampling wells (2.5 cm inner diameter, 0.3 m screen

intervals) have been installed at this site (25, 26).

Sample Collection. Groundwater was sampled from monitoring wells from

FTA-02 and the KC-135 Crash Site in November 1998 and June 1999, and February

1998, respectively. As groundwater was removed from the monitoring well it was
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circulated through a closed cell and continuously monitored for pH and specific

conductance (Purge Saver Model FC 2000, QED Environmental Systems, Inc. Ann

Arbor, MI). Samples for MBAS and perfluorocarboxylate determinations were collected

in high-density polyethylene bottles. Polyethylene was used due to a report that indicated

perfluorinated carboxylates adsorb to glass (27). For the FT wells at FTA-02, an

additional sample from each well was collected in glass for TOC analysis. Samples were

shipped on ice without preservation and stored at 4°C prior to analysis.

Standards and Reagents for Laboratory Analyses. Standards of

perfluorobutyric acid (PFC4) (99%), perfiuorooctanoic acid (PFC8) (98%), and the

internal standard, 2-chiorolepidine (99%) were purchased from Aldrich Chemical

(Milwaukee, WI). Methyl iodide (neat) was used as purchased from Aldrich Chemical.

Methylene blue was purchased from Mallinckrodt Chemical (Paris, KY). Standards for

pH measurements were purchased from Micro Essential Laboratory (Brooklyn, NY).

Laboratory Analyses. Quantitative perfluorocarboxylate concentrations were

measured by the method of Moody and Field (4). Strong anion exchange Empore disks

were used to extract perfiuorocarboxylates from groundwater. The perfluorocarboxylates

were simultaneously eluted from the disks and derivatized to their methyl esters for direct

analysis by electron impact (El) and electron capture negative ionization (ECNT) gas

chromatography/mass spectrometry (GC/MS). The detection limit (defined as signal to

noise greater than 3) and quantitation limit (defined as signal to noise greater than 10) for

perfluorocarboxylates were 3 and 13 tg/L, respectively. Quantification of
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perfluorohexanoic acid (PFC6) was performed assuming a response factor equal to an

equimolar amount of PFC8.

To semi-quantitatively determine MBAS present in groundwater, a 10 mL

groundwater sample aliquot was placed in a 50 mL plastic centrifuge tube with 4 mL of

chloroform and 0.5 mL of 3mM methylene blue. The mixture was shaken vigorously for

I mm and the aqueous phase removed. The chloroform layer was rinsed by adding 5 mL

of deionized water to the tube containing the chloroform and shaking again for 1 mm.

After removing the wash-aqueous phase, the chloroform layer was measured

spectrophotometrically at 652 nm (28-30). Calibration standards were made using PFC8

and MBAS values are reported as p.g/L (calculated as PFC8, molecular weight 414). The

detection limit of the MBAS analysis was 200 gfL. Unlike with more conventional

MBAS methods, groundwater samples were not acidified to prevent underestimation of

perfluorocarboxylates. For example, acidification protonates PFC8, which has a pKa of

2.8; the free acid partitions into the chloroform layer without the MBAS cation and

therefore goes undetected. At the pH of the groundwater at FTA-02 which ranged from

5.5 to 8.6 (Table 3.1). MIBAS concentrations measured potentially represent the

cumulative concentration of all anionic surfactant species present. The response of

amphoteric surfactants, which are known to occur in some AFFF formulations, to MBAS

is not well understood.

Samples were analyzed for non-volatile total organic carbon using a TOC

analyzer (Model Dohrman DC-190, Rosemount Analytical, Santa Clara, CA). The TOC

analyzer separately measures total carbon (TC) and inorganic carbon (IC); the TOC



concentration is obtained as the difference between TC and IC. The detection limit of the

TOC method was 1.0 mg/L. Because perfluorinated surfactant are reportedly stable to

oxidants (2), standards of PFC4 and PFC8 were analyzed for TOC, where PFC4 was

completely oxidized and PFC8 gave 85% of the expected response (unpublished data).

Results and Discussion

Fire-Training Area Two Groundwater Samples. At FTA-02, thirty

groundwater samples collected from ML wells (multilevel wells screened over 0.3 m

interval made of PVC materials) and thirty-eight groundwater samples collected from FT

wells (single depth iron-cased wells screened over a 1 to 6 m interval) were evaluated.

The data collected for some of the multilevel monitoring wells, ML 306, ML 307, ML

314, and ML 316 (Figure 3.1), were omitted for this study because these wells are

thought to be influenced by a bioreactor-remediation process ongoing at FTA-02, which

re-injects treated water near these ML wells. The ML samples were collected in

November 1998 and the FT samples were collected in June 1999. Although the wells

were sampled several months apart, the groundwater velocity was used to calculate travel

distance over that elapsed time period. The small distance (approximately 20 m)

indicates that combining the data from the two different sampling times does not affect

interpolation of the data.

Because one class of perfluorinated surfactants, perfluorocarboxylates, was

detected in a limited number of groundwater samples from two other U. S. military fire-

training areas (4) as well as in commercial AFFF mixtures (unpublished data), the

groundwater from FTA-02 was analyzed for these specific compounds. The groundwater
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samples from FTA-02 had total perfluorinated carboxylate concentrations ranging from

below the detection limit (3 g/L) to 110 p.gfL (Table 3.1). Peruluorocarboxylates

containing 6 (PFC6), 7 (PFC7) and 8 (PFC8) carbons in the perfluorocarbon chain were

observed in 38 of the 68 groundwater samples analyzed.

The highest concentrations of perfluorocarboxylates were observed in

groundwater collected from FT 2 and FT 3 which are two monitoring wells located close

to the fire-training pad (Figure 3.2a), an established source point for jet fuel components,

chlorinated solvents, and AFFF (22). Groundwater collected from wells located down

gradient of FT 2 and FT 3 wells (and the fire-training pad), had lower concentrations of

perfluorocarboxylates (less than the detection limit to 26 pg/L). Groundwater collected

from FT 18, which is 500 m from the fire-training pad, had total perfluorocarboxylate

concentrations of 10 j.tg/L. Groundwater from a background well at WAFB contained no

detectable perfluorinated carboxylates (less than 3 .tgfL), indicating that the occurrence of

perfluorocarboxylates in groundwater downgradient from the fire-training pad at FTA-02

is the result of AFFF applications and discharge during fire-training exercises.

In comparison, the total perfluorocarboxylate concentrations measured at FTA-02

are generally lower than those previously observed at Tyndall Air Force Base and NAS

Fallon (124 to 298 2g/L and 54 to 7090 j.tg/L, respectively) (4). The differences in total

concentrations of perfluorocarboxylates observed in groundwater are apparent when

comparing the concentrations observed near the source at three military sites. For

example, the total perfluorocarboxylate concentration in groundwater sampled near the

source at NAS Fallon was 7090 p.g/L where groundwater concentrations observed near



the source at Tyndall Air Force Base and WAFB were 298 and 110 j.xg/L, respectively

(4). Additionally, the frequency with which fire-training tests were conducted at the

individual sites undoubtedly varied and is poorly documented. Over several years,

testing conducted on a weekly basis versus a monthly basis could cause the observed

differences in groundwater perfluorocarboxylate concentrations.

The dominant perfluorocarboxylate detected in the FTA-02 groundwater, PFC8,

generally accounted for greater than 90% of the total perfluorocarboxylate concentration

and is consistent with the relative abundance of PFC8 (93%) observed at the NAS Fallon

fire-training facility (4). Qualitative results from the analysis of commercial AFFF

products indicate that PFC8 is the dominant perfluorocarboxylate homologue (65%)

where PFC7 and PFC6 comprise 10% and 25%, respectively, of total

perfluorocarboxylates (unpublished data). Periluoroheptanoic acid (PFC7) was observed

in a few of the FTA-02 groundwater samples and only at the detection limit (3 pg/L).

Perfluorohexanoic acid concentrations represented less than 10% of the total

perfluorocarboxylate concentration. This is in contrast to Tyndall AFB groundwater

where PFC6 was the most abundant perfluorocarboxylate. Electron capture negative

ionization GC/MS was used to confirm the identity of PFC6, PFC7 and PFCS. The

presence of PFC6 to PFC8 homologues of perfluorocarboxylates in groundwater from

three U. S. military sites indicates the potential for using these unique chemicals as

markers of AFFF-contaminated groundwater.



Table 3.1. Summary of groundwater data from FTA-02 sampled wells in November
1998 and June 1999.

Parameter (units) Range

pH 5.5-8.6

Total Perfluorocarboxylates (p.g/L)3 d. 1.-hO

Methylene Blue Active Substances (p.gfL)2 400-3600

Total Organic Carbon (mgIL)' d. l.-69

Specific Conductance (p.S/cm) 110-810

1Total organic carbon detection limit is 1 mg/L.

2sjffiAS detection limit is 200 p.g/L and is reported as equivalent to PFC8.

3Total perfluorocarboxylate concentrations reported represent the summation of PFC6

and PFC8 concentrations. The detection limit is 3 p.g/L.
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The observation of a suite of perfluorocarboxylates was expected since the raw

materials (i.e., carboxylates) used in the synthesis of perfluorinated organic compounds

are mixtures (2, 31). The homologous (even and odd number) series of perfluorinated

carboxylates is indicative of the electrochemical fluorination synthesis process (4, 32).

Furthermore, the electrochemical fluorination technique is employed by the 3M

Company, which has supplied AFFF agents to the U. S. military for the past two decades

(3, 4). In contrast, telomerization, one alternative technique for fluorocarbon synthesis,

produces only even-numbered carbon perfluorocarbons.

In addition to perfluorocarboxylates, other anionic surfactants such as

alkylsulfates and perfluoroalkylsulfonates are present in commercial AFFF formulations

(16-18). Because our GC1MS method does not detect additional anionic species, we used

MBAS as a semi-quantitiative tool to detect all anionic surfactants (of which

perfluorocarboxylates are one component) present in FTA-02 groundwater. The MBAS

concentrations measured in groundwater from FTA-02 ranged from 400-3600 j.gIL for all

wells (Table 3.1). As was the case with perfluorocarboxylates, high MBAS

concentrations were predominantly centered around the fire-training pad area (Figure

3.2b) while lower MBAS concentrations extended downgradient from the source. The

MBAS concentrations above background (400 p.gfL) indicate the presence of additional

anionic surfactant components associated with past AFFF applications at FTA-02. The

observation of anionic surfactant species in groundwater several hundred meters

dowugradient from the fire-training pad area indicates that the unidentified anionic
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Figure 3.2. Distribution of (a) perfluorocarboxylate concentrations (p.g/L) and (b)
methylene blue active substances concentrations (p.g/L) in shallow FT monitoring wells.
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surfactants are transported by WAFB groundwater. The MBAS concentrations measured

in groundwater at FTA-02 are of similar magnitude in concentration to those reported for

sewage contaminated groundwater, which ranged from 300 to 2300 p.g/L (13).

The perfluorocarboxylate concentrations observed in groundwater from FTA-02

are significantly lower than the MBAS concentrations indicating that

perfluorocarboxylate concentrations account for only a fraction of the anionic surfactants

present in the groundwater at FTA-02. For example, the perfluorocarboxylates account

for 6.1% and 1.3% of the MBAS concentrations measured in groundwater from FT 2 and

FT 18, respectively. Liquid chromatography/mass spectrometry (LC/MS) was used to

tentatively identify an additional class of perfluorinated surfactants, perfluorooctane

sulfonate, in groundwater from FTA-02 (33). Perfluoroalkylsulfonates are one of the

major perfluorinated surfactant classes present in commercial AFFF formulations, which

is indicated in product material safety data sheets. Additional method development is

necessary to quantify perfluorooctane sulfonate and to identify other classes of

fluorinated surfactants (such as amphoteric) potentially present in AFFF-contaniinated

groundwater.

Total organic carbon measurements were made to quantify all carbon containing

compounds in the groundwater water at this site, which includes volatile contaminants

(e.g., fuel components and chlorinated solvents) and non-volatile contaminants (e.g.,

AFFF components, including fluorocarbon- and hydrocarbon-based surfactants). The

TOC values for the groundwater sampled from the wells sampled at FTA-02 ranged from
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the detection limit (1 mg/L) to 69 mg/L (Table 3.1) with high TOC values (i.e., 69 mg/L

and 55 mg/L) close to the fire-training pad. The groundwater from the background well

had a TOC value of 2 mgIL. Interestingly, perfluorocarboxylate and MBAS

concentrations comprised only a small fraction of the measured TOC values. For

example, near the fire-training pad perfluorocarboxylate and MBAS concentrations

represent 0.2% and 2%, respectively, of the TOC concentration measured in monitoring

well FT 2.

Despite a minimum of 13 years of inactivity at this site, significant concentrations

of perfluorocarboxylates, MBAS, and TOC are still detected near the source. The soils in

the vicinity of the fire-training pad could have a sorbed organic solid phase or a separate

liquid phase. For example, FTA-02 sediments have total petroleum hydrocarbon

concentrations of 13,650 mg/kg between 4.5 and 5.7 m below the ground surface (34).

This is likely a result of fire-training exercises at FTA-02 where unburned fuel and other

priority pollutants as well as AFFF entered the subsurface. In addition, at several

locations near the pad, a discontinuous layer of black, tar-like substance was observed at

0.3 to 0.9 m below the land surface. This layer is approximately 0.1 m thick, and is

detected downgradient as far as monitoring well FT 4 (Figure 3.1) (19), which is

approximately 50 meters from the fire-training pad. A free/residual non-aqueous phase

liquid (NAJL) plume comprised of jet fuel components and/or chlorinated solvents has

been suggested by others to be present in the fire-training pad area (24). The association,

if any, between the perfluorinated and non-perfluorinated surfactants with NAPL is

unknown.
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In order to make a judgment about the transport of perfluorocarboxylates as well

as other anionic perfluorinated surfactants in groundwater at FTA-02, a commonly used

approach is to compare the distribution of perfluorinated compounds to that of a

conservative plume component such as those that are measured by specific conductance.

Specific conductance measurements at FTA-02 ranged from 110 to 810 MS/cm (Table

3.1) with the highest values measured near the fire-training pad area. The specific

conductance of groundwater sampled from a well representing background conditions

was 250 PS/cm. The distribution of specific conductance at FTA-02 (Figure 3.3) is

consistent with previous reports of groundwater contamination at this site (19, 21, 22 34)

and indicates that the plume of contaminants may be turning to the southwest direction,

away from FT wells 15-18 (Figure 3.1), and discharging into a marshy area.

Unfortunately, no groundwater or surface water samples were collected from the marsh

area for this investigation.

Because the terminus of the contaminant plume is undefmed at this field site, the

spatial relationship of perfluorocarboxylates to specific conductance can not be evaluated

and therefore it is difficult to estimate perfluorocarboxylate transport relative to

conservative components of the plume. If a well-defined terminus of the plume had been

present, the transport distance of measured parameters combined with the time of

operation of activities at the training area could be used to estimate flow rates as well as

retardation factors for perfluorocarboxylates (and MBAS). It is known that

perfluorocarboxylates present in groundwater 500 m from the fire-training area is

approximately 5-15 years old assuming a 0.1-0.3 mlday groundwater velocity (22-24).
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A minimum residence time of 5 years for perfluorocarboxylates in groundwater indicates

the resistance of perfluorinated compounds to degradation under the prevailing

groundwater conditions at this site. If perfluorocarboxylates moved conservatively away

from the source, the edge of the contaminant plume should be 475-1425 m downgradient.

However, the groundwater discharges to a marshy area at approximately 500 m from the

fire-training pad area.

To accurately describe the transport of perfluorinated surfactants in groundwater

at FTA-02 an independent measure of retardation such as an in-situ tracer test could be

performed at this site. A single-well push-pull test can provide in-situ transport

information (35). At a different field site located in Corvallis, OR, a single-well push-

pull test was performed with perfluorooctane sulfonate and bromide as the conservative

tracer. Identical breakthrough curves for bromide and perfluorooctane sulfonate were

obtained indicating that perfluorooctane sulfonate was conservatively transported (3).

Because conservative transport of perfluorooctane sulfonate was observed in that field

study, perfluorinated surfactants also may be conservative tracers for AFFF-contaminated

groundwater. Clearly more research is required to fully investigate the transport behavior

of perfluorinated surfactants.

Implications. Perfluorocarboxylate concentrations measured at FTA-02 as well

as at other U. S. military sites, indicate that this class of specialty chemicals is a

potentially unique tracer for groundwater impacted by repetitive fire-training exercises.

The detection of perfluorocarboxylates at the NAS Fallon and Tyndall Air Force Base

military sites, which have not been used since 1988 and 1992, respectively, (4) as well as

the detection of perfluorocarboxylates at FTA-02 after 13 years of fire-training inactivity
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is consistent with the widely-held AFFF-industry view that biodegradation of the long-

chain perfluorocarbon hydrophobe does not occur (31, 36-39). The strength of the

carbonfluorine bond (2, 37, 40) as well as the rigidity of the perfluorocarbon chain (37,

41) are thought to contribute to the recalcitrant nature of perfluorinated compounds.

In contrast to repetitive application of AFFF at fire-training areas such as FTA-02,

the site of a KC-135 airplane crash at WAFB had a one-time application of fire-fighting

agents. High TOC values were observed in groundwater from monitoring wells located

closest to the crash site/point source, and are attributed to the estimated 3,000 gallons of

JP-4 fuel (25, 26) spilled at the site as a result of the crash. Mtematively,

perfluorocarboxylates as well as MBAS-responsive components were not detected in the

sampled groundwater; this is not surprising since the impacted area had a one-time

application of fire-fighting materials over ten years ago. By evaluating groundwater from

these two different field sites, there appears to be little impact from a single application of

AFFF (i.e., an emergency response situation) relative to long-term repetitive applications

for training purposes at FTA-02. Because hydrocarbon-fuel fires pose a serious threat to

life and property, the issue of fire safety must be balanced against the risks that these

products, particularly perfluorinated surfactants, potentially pose to the environment.

Three U. S. military sites (4) have been identified to have the presence of what

appears to be a biologically-stable specialty chemical. The occurrence of

perfluorocarboxylates, and potentially other perfluorinated surfactants raises issues for

military bases and other facilities where fire-training exercises are conducted routinely

and wastewater is disposed of improperly. Because perfluorinated surfactants co-occur

with other pollutants (e.g., fuel components, solvents, etc.) in groundwater, it is important
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to determine if perfluorinated surfactants affect the transport and biodegradation of other

contaminants. Additionally, research is needed to further examine the possible presence

of NAPLs and their influence of AFFF components on the solubility and transport of

NAPLs in the subsurface at WAFB.
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Chapter 4

Summary

Aqueous film forming foam formulations are used to extinguish hydrocarbon-fuel

fires that pose a serious threat to life and property. In preparation for such fires, training

exercises are often conducted. Because of past fire-training exercises at military bases, as

well as response to emergency situations, AFFF-laden wastewater containing fuels,

solvents, and other materials directly entered groundwater without prior treatment, and

has led to groundwater contamination. Fluorinated surfactants are a unique class of

chemicals present in AFFFs that are directly discharged to the environment. Fluorinated

surfactants differ significantly from hydrocarbon surfactants such that direct analogies

can not be drawn between the two types of surfactants. The information contained in this

thesis addresses the gap in knowledge regarding the occurrence, distribution, and

transport of perfluorinated surfactants in the subsurface.

An analytical method based on the use of solid-phase extraction and followed by

an in-vial elution and derivatization was used to quantitatively determine a suite of

perfluorinated carboxylates (PFC6 to PFC8) in groundwater. Concentrations of

perfiuorocarboxylates ranged from 125 to 7,090 .tg/L in a limited number of groundwater

samples collected from NAS Fallon, NV, and Tyndall AFB, FL.

Historically, AFFF mixtures were applied at Wurtsmith Air Force Base (Oscoda,

MI), at various locations including the Fire-Training Area Two and at the site of an
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airplane crash. Total perfluorocarboxylate concentrations (PFC6 to PFC8) ranging from

nearthe detection limit (3 pgfL) to 110 jtg/L were measured in groundwater sampled

from an extensive well array at Fire-Training Area Two. Perfluorocarboxylate

concentrations detected over 500 m from the source area have an approximate minimum

residence time of 5 to 15 years. The observed methylene blue active substances

concentrations indicate that perfluorocarboxylates are only a small fraction of the anionic

surfactants present in the groundwater. This finding highlights the need for further

analytical method development in order to frilly characterize the contaminated

groundwater.

In contrast to the repetitive application of AFFF at fire-training areas such as Fire-

Training Area Two, the airplane crash site at Wurtsmith Air Force Base had a one-time

application of fire-fighting agents. Not surprisingly, the MBAS concentrations were

below the detection limit (0.2 mgfL) and total perfluorocarboxylate concentrations also

were below the detection limit (0.3 tgfL). The analysis of groundwater from two sites

with different AFFF application histories indicates a disparity between a single

deployment of AFFFs (i.e., an emergency response situation) and repetitive applications

for fire-training purposes.

The observed suites of perfluorocarboxylates containing 6 to 8 carbons in

groundwater from the three military sites is consistent with the manufacture of these

specialty chemicals, since the raw materials used in the synthesis of perfluorinated

organic compounds are themselves mixtures. The specific ratios of perfluorohexanoic,

perfluoroheptanoic, and perfluorooctanoic acids observed at the three military sites may



be the result of different AFFF formulations used at each of the sites. The observed

homologous series consisting of even and odd number perfluorinated carboxylates is

indicative of the electrochemical fluorination process. In contrast, other fluorination

processes, such as telomerization, produce only even-numbered homologues. The

detection of perfluorinated carboxylates at NAS Fallon, NV, Tyndall Air Force Base, FL,

and Wurtsmith Air Force Base, Ml, military sites that have not been used since 1988,

1992, and 1986, respectively, is consistent with the view that long chain perfluorocarbon

hydrophobes do not biodegrade. Because perfluorocarboxylates persist in the

environment, they may serve as unique tracers of groundwater impacted by repetitive

fire-training exercises.

Because commercial formulations of AFFF are complex mixtures, the

employment of these mixtures in fire-training situations introduces both priority and non-

priority pollutants into the environment. Questions remain regarding how

chromatographic separation during transport affects these complicated mixtures. Because

perfluorinated surfactants persist in the environment, they may impact the

biogeochemical processes that affect the distribution and bioavailability of co-

contaminants. Moreover, the effect, if any, that biodegradation of AFFF components has

upon the microbial ecology and activity of the subsurface is unexplored. Finally, the

need for additional analytical methods to measure perfluorinated surfactants is necessary

to address questions about the occurrence, environmental behavior, and impact of these

classes of specialty chemicals.
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