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A B ST R A C T : Aqueous film-forming foams (AFFFs) are a 
vital tool to fight large hydrocarbon fires and can be used by 
public, commercial, and military firefighting organizations. In 
order to possess these superior firefighting capabilities, AFFFs 
contain fluorochemical surfactants, of which many of the 
chemical identities are listed as proprietary. Large-scale 
controlled (e.g., training activities) and uncontrolled releases 
of AFFF have resulted in contamination of groundwater.
Information on the composition of AFFF formulations is needed to fully define the extent of groundwater contamination, and 
the first step is to fully define the fluorochemical composition of AFFFs used by the US military. Fast atom bombardment mass 
spectrometry (FAB-MS) and high resolution quadrupole-time-of-flight mass spectrometry (QTOF-MS) were combined to 
elucidate chemical formulas for the fluorochemicals in AFFF mixtures, and, along with patent-based information, structures were 
assigned. Sample collection and analysis was focused on AFFFs that have been designated as certified for US military use. Ten 
different fluorochemical classes were identified in the seven military-certified AFFF formulations and include anionic, cationic, 
and zwitterionic surfactants with perfluoroalkyl chain lengths ranging from 4 to 12. The environmental implications are 
discussed, and research needs are identified.

ITRODUCTION
Aqueous film-forming foams (AFFF) formulations are chemical 
mixtures that are used to effectively extinguish hydrocarbon 
fuel-based fires and have a secondary benefit of preventing 
reignition.1 Due to their surface-tension lowering properties, 
AFFF containing fluorinated surfactants have superior fire­
fighting capabilities compared to nonfluorinated fire extinguish­
ing methods.2 Fluorinated surfactants have other unique 
properties that cause some of these compounds to be classified 
as persistent, bioaccumulative, and toxic.3 Flistorical reports of 
uncontrolled spills and the repeated use of AFFF during fire 
training and for AFFF performance testing have been 
correlated to higher concentrations of fluorochemicals, 
including perfluoroalkyl carboxylates, perfluoroalkyl sulfonates, 
and fluorotelomer sulfonates, in biota, surface water, or 
groundwater.4-8 These studies did not report the fluorochem­
ical composition of the AFFF released, and therefore there is no 
direct connection between the AFFF product spilled and the 
resulting contamination.

The US military possesses the largest stockpile (almost 11 
million liters) of AFFF in the United States, accounting for 
approximately 29% of all AFFF in the US in 2004.9 Unlike 
general commercial AFFF formulations, AFFF sold to the US 
military must conform to military-specific performance and 
quality control requirements as prescribed by the military 
specification (Mil-Spec) MIL-F-24385, which specifies charac­
teristics such as extinguishment time, corrosion rate, environ­
mental impact as indicated by short-term toxicity (LC50
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(.Fundulus herteroclitus) ) , biological oxygen demand (BOD), 
and chemical oxygen demand (CO D )), and total fluorine 
content (no specific methodology is required).10 Nonmilitary 
AFFF must comply with other performance standards. Once an 
AFFF product has been shown to perform to MIL-F-24385 
requirements, the product is listed on the US military’s AFFF 
Qualified Products Listing (QPL).

Since the initial development of AFFF materials in 1966, 
seven different manufacturers have developed AFFF that have 
passed military specifications, and a subset was purchased on 
contract in large quantities by the military (Figure l ) .1 The 
fluorochemicals contained in the AFFF formulations can be the 
result o f electrochemical fluorination or telomerization 
processes. These AFFF formulations sold by 3M containing 
fluorochemicals synthesized by electrochemical fluorination 
accounted for 75% of the total AFFF stockpiled on military 
bases.9 The remaining stockpiled AFFF contain telomerization- 
based fluorochemicals,9 which are structurally distinct from 
those made by electrochemical fluorination, a process 
dominated by 3M.11'12 Telomerization-based fluorochemicals 
possess carbon chains that are not fully fluorinated and typically 
have homologues of varying —C2F4— units, while electro- 
fluorination-based fluorochemicals possess fully fluorinated
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Figure 1. Timeline of AFFF product addition to the Department of Defense Qualified Products Listing (QPL) that were certified to MIL-F-24385 
specifications. While the US military used AFFF since the development in 1963, the records of AFFF on the US military QPL are only available up to 
1976. Although 3M remained on the QPL until 2010, the company ceased production of their AFFF product in 2002. “FSP” indicates the AFFF 
manufacturer Fire Service Plus, Inc.

carbon chains with homologues of varying —CF2— units.13 
Although 3M voluntarily removed their AFFF products from 
manufacture due to the rising concern about PFOA/PFOS- 
based products in 2002,13,14 currently there is no restriction by 
the US government on the use of stockpiled 3M AFFF.14 
Flowever, both the European Union and Canada have set forth 
regulations to cease use of and remove PFOS-based AFFF 
stockpiles.15’16 Other fluorochemical and AFFF manufacturers 
have agreed to comply with the EPA PFOA/PFOS Stewardship 
program to cease production of all C8-based fluorinated 
compounds before 2015.17

Both MSDS and patents pertaining to the AFFFs used by the 
military list that these mixtures contain fluorinated surfactants, 
although the exact elemental composition of these compounds 
is proprietary. The single exception is the presence of 
perfluoroalkyl sulfonate salts, as indicated in MSDS for 3M 
AFFFs.18 For this reason, analytical tools are needed to 
determine (e.g., reverse engineer) the composition of AFFFs 
sold to the military. Fast atom bombardment mass spectrom­
etry (FAB-MS) with unit mass resolution is an established 
qualitative technique that requires minimal sample preparation 
and that favorably ionizes hydrocarbon and fluorocarbon 
surfactants in commercial and environmental mixtures.8’19-21 
As opposed to most LC-M S/M S methods, FAB-MS does not 
require prior knowledge of analytes of interest in order to 
analyze the samples (e.g., mass ranges, acidity/basicity, mixture 
composition, and concentration). In contrast, high resolution 
mass spectrometry (HRMS) with chromatographic separation 
allows for the accurate determination of ion masses, which can 
be used to determine specific elemental compositions.22 
However, the major obstacle is that full scan HRMS provides 
a large quantity of data that must be reduced in order to 
identify compounds of interest.23 -25 For this reason, multiple 
samples of AFFF formulations spanning a range of manufactur­
ing years were first screened by FAB-MS to identify target 
analytes for further analysis by HRMS in order to determine 
the final elemental compositions of the fluorochemicals (Figure 
2). Finally, the information on chemical structure was 
compared to structures given in patents.

“  EXPERIMENTAL SECTION
Materials. All solvents used for sample preparation and 

analysis by FAB-MS were HPLC-Grade quality or better from 
Sigma Aldrich (St. Louis, MO). Laboratory water at Oregon 
State University was deionized and cleaned with a Millipore 
Synergy UV Water System (Bedford, MA) that included a LC-

Figure 2. Workflow scheme for the elucidation of fluorochemical 
surfactants in AFFF formulations.

Pak C18 polisher. For FAB-MS analysis, MS-grade 3-nitro- 
benzyl alcohol (3-NBA) was purchased from Sigma Aldrich.

UPLC/QTOF-M S analysis was performed at the Waters 
Corporation Facility in Pleasanton, CA. Solvents used for 
mobile phases and sample dilutions included Fisher Optima 
LCMS grade methanol from Fisher Scientific (Fair Lawn, N j) 
and Millipore Milli-Q_ laboratory water (Bedford, MA). 
Ammonium acetate buffer was made using laboratory deionized 
water and high purity ammonium acetate (Sigma Aldrich).

Sample Collection. Sample containers (60 mL HD PE 
Nalgene bottles) purchased from VWR International (Radnor, 
PA) were shipped to 21 different US Navy and Air Force 
military bases within the United States. Sampling instructions 
also were sent that included sample handling and recording of 
pertinent AFFF formulation information. Sampling instructions 
specifically stated to sample AFFF from their original product 
container in order to avoid mixtures of products. Additional 
AFFF samples were sent by Bradley Williams of the US Naval 
Research Laboratory. In total, 74 QPL-listed AFFF samples 
were received with manufacturing dates ranging from 1984 to 
2011. AFFF product names have changed over time; therefore, 
products were categorized by their manufacturer rather than 
product name and were reported as such (“3M AFFF”, 
“Chemguard AFFF”, “National Foam AFFF”, etc.). After 
receipt, AFFF samples were stored in the dark at room 
temperature until analysis.

Fast Atom Bombardment Mass Spectrometry. FAB- 
MS analyses were performed with a JEO L MS-ROUTE JMS- 
600H magnetic sector mass spectrometer that was equipped 
with a FAB interface (JEOL, Ltd., Peabody, MA). Prior to
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Figure 3. Electrofluorination-based fluorinated surfactants identified in AFFF. The perfluoroalkyl chain lengths identified in AFFF are shown as the 
number of n fluorocarbons. The ionic species shown are estimated at an environmentally relevant pH.

analysis, the instrument was calibrated using a polyethylene 
glycol mixture (with average molecular weight of 300 g/mol) 
over the m/z 100—1000, and the ionization energy was set to 5 
keV, while xenon gas was used as the ionization gas.

Each AFFF sample was diluted at least 10:1 with HPFC- 
grade methanol, and an aliquot was mixed with 3-NBA on the 
FAB probe. Samples were scanned over an m/z range from 
100—1000 in both positive and negative ionization mode. A 
minimum of 7 scans were performed for each sample, and the 
mass spectra were calculated as an average of the 7 scans. Blank 
samples, consisting of only 3-NBA, were also analyzed to 
provide background mass spectra and to verify no compound 
carryover and/or contamination between AFFF samples. A 
number of AFFF samples from each AFFF manufacturer were 
analyzed in order to cover the entire range of available lot 
numbers and manufacturing dates.

Multiple parameters were used to identify target masses for 
subsequent screening by high resolution mass spectrometry. 
Ions in a series characterized by spacings of ±m /z  50, which 
corresponds to —CF2— units, were selected because they are 
indicative of fluorochemicals produced by electrochemical 
fluorination. Ions with spacings of m/z 100 correspond to 
—C2F4— units were selected because they can be characteristic 
of fluorochemicals produced by telomerization or electro- 
fluorination (Figures SI, S2).11,20 In addition, other masses that 
were identified in the FAB-MS spectra of multiple lots of the 
same AFFF were also added to the list of target masses.

Ultra Performance Liquid Chromatography/Quadru- 
pole-Time of Flight Mass Spectrometry. For analysis by 
UPFC/QTOF-M S, all AFFF formulations were prepared in 
HPFC-grade methanol and diluted to ~12  ppb concentrations 
of fluorochemical surfactants as estimated from information 
provided by the available MSDS. Blank samples (consisting of 
50% 0.5 mM ammonium acetate in water and 50% methanol) 
were injected regularly throughout the sequence to verify that 
there was neither system contamination nor analyte carryover.

Separations were performed on a Waters Acquity H-Class 
UPFC (Waters Corp., Milford, MA); the chromatographic 
conditions are reported in the Supporting Information (Si). 
The chromatographic conditions selected provided the 
minimum resolution required to separate the suspect ions of 
interest. A Waters Xevo G2 Quadrupole-Time of Flight 
(Q TO F) mass spectrometer with electrospray ionization 
(ESI) was operated as the high resolution mass spectrometer. 
Voltages for the cone and capillary were 30 V and 1.50 kV, 
respectively. Additional parameters included a source temper­
ature of 130 °C, a desolvation temperature of 350 °C, a cone 
gas flow of 25 F/h, and a desolvation gas flow of 1000 F/h. MS 
scan time was 0.1 s with an MS scan range of 150—1000 m/z. 
Every 15 s, the system was recalibrated using leucine- 
enkelphalin as the lockmass, and the resolution was set to be 
20,000 (unitless, defined as the peak width at half-maximum). 
All samples were analyzed in both positive and negative 
ionization modes.

U P FC /Q T O F chromatograms for each of the AFFF 
formulations were first screened for only compounds that had 
mass defects from —0.100 to +0.150, which is typical of 
fluorochemicals. Mass defects are the difference between the 
actual/theoretical ion mass from the nominal ion mass. For 
example: PFOS has an actual ion m/z 499.9375 and a nominal 
ion m/z 500.0000, for a mass defect of m/z —0.0625. The low- 
to-negative mass defects of fluorochemicals are due to the 
cumulative negative mass defect of multiple fluorine atoms (m / 
z —0.0016) and can be compared to the positive mass defect 
created by multiple hydrogen atoms (m/z +0.0079).

Chromatograms were extracted for each target mass. High 
accuracy masses (to the ten-thousandth of a mass-to-charge 
unit) were calculated as an average over the entire peak width, 
which has been reported to give the most reproducible results 
(Figures S3, S4).26 Possible elemental compositions of the 
high-accuracy masses were calculated along with the error, 
which is reported as the deviation of the detected mass from 
the calculated elemental composition’s mass (in parts-per-
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n = 5, 7 ,9

Figure 4. Telomerization-based fluorinated surfactants identified in AFFF. The perfluoroalkyl chain lengths identified in AFFF are shown as the 
number of n fluorocarbons. The ionic species shown are estimated at an environmentally relevant pH.

million [ppm]). In addition, the elemental composition of the 
+1 and +2 isotopes were used to rank the likely parent 
elemental compositions. The elemental composition con­
straints include an error limit of ± 5  ppm and elemental limits 
of carbon: 0—50; hydrogen: 0—50; oxygen: 0—7; nitrogen: 0— 
7; sulfur: 0—7; and fluorine: 0—25.

Patent Information and Structure Confirmation. US 
Patents related to A FFF formulations contain limited 
information on the functional groups and possible perfluor­
oalkyl chain lengths of fluorochemical components. A database 
was compiled, which contained the masses and elemental 
formulas for all potential AFFF fluorochemicals identified in 
patents. The high accuracy masses detected by the U PLC/ 
QTOF analysis and their calculated elemental composition 
were then matched to those in the structural database derived 
from patents to confirm the final structures of the identified 
fluorochemical compounds.

■ RESULTS AND DISCUSSION
Electrochemical Fluorination-Based AFFF. 3M AFFF.

From the sampling program, 19 samples of 3M AFFF were 
received from US Air Force and Navy bases within the United 
States. The samples had a range of manufacturing dates from 
1988 to 2001. Although 3M AFFFs were placed on the QPL in 
1976, attempts to locate samples older than 1988 were 
unsuccessful. Six representative 3M AFFF samples were 
qualitatively analyzed by FAB-MS.

The FAB-MS spectra of 3M AFFF obtained in negative 
ionization mode contained spacings of m/z 50, which is

characteristic of compounds synthesized from electrochemical 
fluorination.20 In the 3M AFFF, C 6—C8 perfluoroalkyl 
sulfonates (Figure 3A) were identified components in all the 
3M AFFF tested (Table S i) , and this is consistent with the 
frequent detection of perfluoroalkyl sulfonates found in AFFF- 
impacted groundwater.4'5'7'8'27 Contrary to these findings, 
however, no perfluoroalkyl carboxylates were detected in any 
AFFF product, with dates that ranged from 1988 to 2001. 
However, PFCAs are reported as primary components in early 
3M AFFFs.11 A limitation of the FAB-MS/QTOF-MS method 
is that it can only capture the major components and that 
minor (approximately <0.1%) fluorochemical compounds may 
go undetected; therefore, if PFCAs were an impurity and/or 
minor component of the analyzed AFFF products they could 
not be detected with the current method. Current research 
using LC/M SM S to determine trace components in AFFF has 
determined PFCAs are present in some 3M AFFF (unpub­
lished work). While chemical degradation could occur during 
long-term storage of any AFFF product, it was beyond the 
scope of the study to determine the stability of fluorochemicals 
in commercial AFFF mixtures during long-term (e.g., decades) 
storage.

In addition, 3M AFFF were comprised of zwitterionic C4— 
C6 perfluoroalkyl sulfonamides containing carboxylic acid and 
tertiary amine functionalities (Figure 3B), which are consistent 
with patent information28 and Material Safety Data Sheets 
(MSDS) that list “amphoteric fluoroalkylamide derivatives”.29 
The identification of these compounds was made in positive 
ionization mode, an uncommon method of mass spectrometric
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ionization for fluorochemical detection. O f the six 3M AFFF 
analyzed, the zwitterionic compounds were found only in 
AFFFs manufactured in 1993, 1998, and 2001 but not in those 
dating 1988 or 1989. The 3M AFFFs were recertified in 1992, 
but the addition of zwitterionic fluorochemicals to 3M AFFFs is 
not well documented.30'31 AFFF formulation recertification 
would occur if there were changes to military specifications or if 
the AFFF formulation itself was significantly changed (i.e., a 
change in chemical components). An additional set of ions of 
lower abundance was observed in positive ionization FAB-MS 
that corresponded to the zwitterionic sulfonamide class but 
with masses that were ±  m /z 72 different (Table S i)  from the 
chemical class shown in Figure 3B. The addition of m /z 72 
indicate C5—C6 perfluoroalkyl sulfonamide compounds with 
an additional propanoic acid branch (Figure 3C), and the loss 
of m /z 72 indicates the absence of the propanoic acid branch 
(Figure 3D). These derivatives are impurities from the 
synthesis as indicated in the AFFF patent.28 No C8-based 
homologues of the zwitterionic class (Figure 3B) or the 
corresponding impurities (Figure 3C-D) were identified.

Telomerization-Based AFFF. National Foam AFFF. 
Nineteen samples were collected from military bases with 
manufacturing dates ranging from 2003 to 2008. Although 
National Foam has AFFFs on the QPL since 1976 (Figure l), 
no samples from 1976 to 2003 were acquired. Six representative 
samples were analyzed by FAB-MS.

The primary fluorochemicals of National Foam AFFF were 
detected by m/z 100 spacings in both positive and negative 
mode FAB-MS, which correspond to —C2F4— units that are 
characteristic of telomer-based fluorochemicals. The targeted 
ions were then identified by QTOF-MS as the 4:2, 6:2, 8:2, and 
10:2 fluorotelomer sulfonamide with dimethyl quaternary 
amine and carboxylic acid functional groups (Figure 4A; 
Table S i) .32 Less abundant ions were identified with m /z —58 
differences from the 4:2 and 6:2 fluorotelomer ions, which are 
related to the same structure but without the terminal acetic 
acid functionality (Figure 4B). In the related patent, Norman et 
al. suggest that these compounds could result as a byproduct in 
the synthesis of the major betaine compound.32

Ansul AFFF. Ansul AFFF, along with 3M and National 
Foam, was placed on the AFFF QPL in 1976 (Figure l). 
Fifteen samples of Ansul AFFF were collected from the 
sampling program, with manufacturing dates that ranged from 
1984 to 2010 (Figure l), of these eight representative samples 
were analyzed by FAB-MS.

Negative ionization mode FAB-MS analyses for Ansul AFFF 
revealed two abundant ions with characteristic fluorotelomer 
mass spacings of ± m /z  100 (Table S i) .  The primary 
components identified in the Ansul AFFF were the 6:2 and 
8:2 fluorotelomer thioether amido sulfonates at m /z 586 and 
686, respectively (Figure 4C). This structure is supported by 
multiple patents33-35 and a limited number of other reports on 
AFFF composition.8'20 An ion of lower abundance was 
identified at m /z 602, corresponding to a mass difference of 
m /z 15.9940 from the 6:2 thioether amido sulfonate and is 
proposed to be the addition of an oxygen atom (structure not 
shown). The identity of this fluorochemical class could not be 
definitively determined from the mass spectral data nor from 
the patents and may be a synthetic impurity. The 6:2 
fluorotelomer sulfonate was also reported as being detected 
by LC /M S/M S in Ansul AFFF,8 but with the current method 
no fluorotelomer sulfonates (FTS) were detected. The lack of 
identification of FTS in AFFF formulations is most likely due to
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the aforementioned high detection limits, and current work 
developing a quantitative LC-M S/M S method will determine 
these trace components.

Angus AFFF. Only one sample of Angus AFFF was received 
and analyzed. Because there was no recertification from the 
time that the product met Mil-Spec in 1994 to present (Figure 
l) ,30,31 and there were no formulation changes that necessitate 
recertification, the single sample may well represent the entirety 
of Angus AFFFs regardless of the year of manufacture.

In the Angus AFFF formulation, the 6:2 fluorotelomer 
thioether amido sulfonate (Figure 4C) and corresponding 
oxygenated impurity (structure not shown) were detected. In 
addition, two masses at m /z 496 and 596 were identified 
through positive ionization FAB-MS analysis. By QTOF-MS 
analysis, the structure was determined to be a 6:2 and 8:2 
fluorotelomer thioether with hydroxyl and trimethyl quaternary 
amine functionalities (Figure 4D; Table S i) .33

Chemguard AFFF. From the sampling program, 11 samples 
were received from US military bases, and the manufacturing 
dates ranged from 2006 to 2010. While this is a narrow range of 
dates, there was no AFFF sample recertification, and therefore 
there have been no official formulation changes.30'31 Therefore 
these samples are likely to be representative of the QPL-listed 
AFFF product. Five representative samples were analyzed by 
FAB-MS.

Within the samples analyzed by FAB-MS, there were distinct 
differences between Chemguard products with manufacturing 
dates from 2006 to 2007 and 2008—2010. The FAB-MS spectra 
of the later manufacturing years had no patterns characteristic 
of fluorochemicals detected through positive and negative 
ionization FAB-MS, but there was a single strong peak detected 
at m /z 586, which was previously identified as the 6:2 
fluorotelomer thioether amido sulfonate (Figure 4C) and 
verified by QTOF-M S. The other homologues of the 
fluorotelomer thioether amido sulfonate (4:2, 8:2, 10:2) may 
be present at concentrations below the above-specified 
detection limit. In the earlier manufacturing years, fluorochem­
ical patterning was identified for m /z 602, 702, and 802, which 
was identified by QTOF-MS to be the sodium-adducted 
compounds of compounds with m /z 581, 681, and 781. These 
compounds were identified as 6:2, 8:2, and 10:2 fluorotelomer 
thioether amido amino carboxylic acid (Figure 4E; Table S i) .36

Buckeye AFFF. Buckeye AFFF was initially certified for 
military use in 2004, making it the second most recent product 
to be added to the QPL (Figure l) .30'31 Only one sample of 
QPL-listed Buckeye AFFF was received from a military base, 
and an additional sample was supplied by the US Naval 
Research Laboratory; both of these samples were analyzed by 
FAB-MS.

No characteristic mass spacings of fluorochemicals were 
identified by analysis under negative ionization FAB-MS. Two 
different series of fluorotelomer-based homologues (m/z 100 
spacing) were detected in positive ionization mode at m /z 432, 
532, and 632 and m /z 414, 514, and 614 (Table S i) . Based on 
AFFF patent information,33 the fluorochemicals were identified 
as fluorotelomer betaines with quaternary amine and carboxylic 
acid functionalities (Figure 4F and 4G). The difference 
between the two series of homologues is 18 mass units, 
which is identified as the substation of a hydrogen atom with a 
fluorine atom near the fluorotelomer chain. Both compounds 
have perfluoroalkyl chains with lengths of 5, 7, and 9. The 
compounds with the additional fluorine atom near the 
fluorotelomer chains are referred to as x:y:z fluorotelomer
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betaine (Figure 4F), indicating that the compound has x fully 
fluorinated carbons, y singly fluorinated carbons, and z 
nonfluorinated carbons prior to the first functional group 
(quaternary amine) (Table S i) . These compounds do not 
follow the typical telomerization pattern of even fluorocarbon 
chain lengths.11 In addition, the structure of the x:y:z 
fluorotelomer betaine does not follow the typical telomerization 
paradigm of a fully fluorinated carbon chain (with the singly 
fluorinated carbon linkage). The synthesis of this unique 
structure results from the use of an unsaturated fluoroalkyl

• 37,38amine.
Fire Service Plus AFFF. No Fire Service Plus AFFF samples 

were received from the sampling program, which was expected 
as the AFFF joined the military QPL in 2011. Flowever, two 
Fire Service Plus samples (from the same manufacturing batch) 
were received from the Naval Research Laboratory and 
analyzed.

Positive ionization mode FAB-MS analysis of Fire Service 
Plus AFFF showed fluorotelomer characteristic spacings (m/z 
100) at the same masses as the National Foam AFFF. This was 
verified as the fluorotelomer sulfonamide betaine class with 
perfluoroalkyl chain lengths of 4, 6, 8, and 10 (Figure 4A). In 
addition, the 4:2 and 6:2 fluorotelomer sulfonamide amine 
impurities were also identified in the formulation (Figure 4B).

As the newest addition to the AFFF QPL for US military use, 
it is very unlikely that there has been any environmental 
exposure of this AFFF due to uncontrolled or controlled 
releases of the material.

Environmental Implications and Research Needs. This 
is one of the first studies to report the identities of per- and 
polyfluorinated surfactants contained in military-use AFFF. 
While the specific compounds are now known, the environ­
mental behavior and toxicity of the individual fluorinated 
surfactants (and as mixtures) are still unknown.

Previous studies have examined the presence of PFOS and 
the other perfluoroalkyl sulfonic acids in environmental samples 
due to AFFF-use and have detected relatively high concen­
trations of these compounds in groundwater.5'7'8 While Schultz 
et al. reported the identity of the fluorotelomer thioamido 
sulfonate in AFFF formulations, no data on its environmental 
occurrence were obtained.8 Oakes et al. also included the 6:2 
and 8:2 fluorotelomer compounds in their analytical method 
although no values for environmental presence were reported.39 
The scope of the current study was to qualitatively identify the 
fluorochemical components in AFFF, which are listed in 
various MSDS to range in concentrations of 0.5—25% (by 
weight) in the product concentrate. On-going research is 
underway to develop LC-MS/MS methods with the capability 
for quantifying trace levels all of the newly identified 
fluorochemicals in groundwater, sediment, and soil. Such 
methodology can be applied to future studies on the fate of 
the newly identified fluorochemicals in natural and engineered 
systems and to evaluate their occurrence and effects in biota.

O f the 11 fluorinated surfactant classes reported in this study, 
9 were determined to have cationic or zwitterionic function­
alities at environmental conditions (Figure 3B-D, Figure 4A, B, 
D-G). The nature of these fluorinated surfactants in the 
environment has not been investigated in the peer-reviewed 
literature. Cationic (nonfluorinated) surfactants have different 
environmental transport characteristics than anionic surfactants. 
For instance Lee et al. reported that the studied cationic 
surfactants would cation-exchange onto the negatively charged 
surfaces of sediments and therefore retard the transport of the
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compounds through the environmental system.40 In addition, 
the adsorbed cationic surfactants could act as a carbon loading 
surface that further retained other hydrocarbon compounds at 
the source of contamination.40 Cationic and zwitterionic 
fluorinated surfactants may also behave in a similar manner, 
suggesting that groundwater sampling may not be sufficient in 
the detection of these compounds in the environment. 
Furthermore, the cationic fluorocarbon surfactants may act as 
a sink to retain fluorochemicals or other priority pollutants and 
create long-term source zones of high fluorocarbon contami­
nation.

M ost of the studies also found detectable levels of 
perfluoroalkyl carboxylic acids (PFCAs) in AFFF-impacted 
groundwater,5-8'27'39'41 but none of the analyzed AFFF 
contained PFCAs as a major component. As previously alluded, 
PFCAs may have been major components of 3M AFFF prior to 
1988 or are minor (e.g., < 0.1%) components of current AFFF 
at trace levels. In addition, the presence of PFCAs may be due 
to the degradation of other fluorochemicals. Wang et al. 
reported the degradation of fluorotelomers to the correspond­
ing carboxylates through aerobic biotransformation in activated 
sludge.42 Work by Floutz and Sedlak has shown, through the 
advanced oxidation process, that more functionalized fluo­
rocarbon surfactants can be degraded down to the more 
oxidation-resistant fluorinated carbon backbone, resulting in the 
production of corresponding perfluoroalkyl carboxylates.43 This 
has important implications toward the application of in situ 
chemical oxidation (ISCO) remediation processes that may be 
used to clean up contaminated sites that may also contain these 
AFFF-based fluorochemicals. These examples suggest that not 
only do the AFFF compounds present their own environmental 
and toxiocological concerns, they also could be potential 
sources of perfluoroalkyl carboxylates through environmental 
and anthropogenic transformation.

Future research studying the fate of the fluorochemicals 
during biodegradation and upon exposure to chemical 
remediation approaches (e.g., ISCO) is needed. The data 
from these experiments will have important ramifications 
toward the site closure of fluorochemical-contaminated military 
bases. The targeted approach based on FAB-MS described in 
this study may be useful in the identification of transformation 
products of the fluorochemicals identified in this study if they 
continue to exhibit surface-active properties. Flowever, FAB- 
MS analysis has poor sensitivity (approximately m g/L levels) 
compared to that of LC-M S/M S (ng/L), which is necessary to 
detect trace levels of intermediates. Therefore, LC-M S/M S 
combined with QTOF analyses may be more suitable for 
environmental transformation and/or bioaccumulation studies.

In addition to understanding the environmental behavior of 
these fluorochemicals, it is mportant to understand the 
implications of remedial strategies applied in the field. For 
example, ‘pump and treat’ remediation may not be able to 
access the positively charged fluorochemicals that could cation­
exchange to the sediments. In addition, advanced oxidation 
could potentially result in the increase of ‘dead end products’ 
(such as the perfluorinated carboxylates), some of which are 
compounds of concern. Development of new approaches to 
fluorochemical remediation may be important to fully account 
for the various classes identified in this research.

As previously noted, 3M ceased production of their PFOS- 
based AFFF in 2002, while the rest of the AFFF manufacturers 
agreed to the voluntary regulations of the EPA PFOA/PFOS 
Stewardship Program, which calls for the complete phase-out of
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C8-based products from materials. As reported in this study, 
while most AFFF formulations did contain C8 and above 
fluorinated surfactants, the major homologue (identified as the 
most intense signal via FAB-MS) in the telomerization-based 
AFFF were of perfluoroalkyl chain lengths less than 8, although 
fluorochemical homologues of chain length 8 or greater were 
identified at lesser intensities. The method described in this 
research could be applied to future AFFF formulations, after 
the 2015 deadline, to verify the removal o f C8-based 
fluorochemicals from these products.
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