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Identifying Hydrocarbon and
Fluorocarbon Surfactants in Specialty
Chemical Formulations of
Environmental Interest by Fast Atom
Bombardment/Mass Spectrometry
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Abstract: Hydrocarbon- and fluorocarbon-based surfactants are used in specialty or ‘niche’ chemical
formulations that are designed for applications such as aircraft deicing and anti-icing, ‘spreaders’ that
increase the effectiveness of pesticide formulations, and for fighting hydrocarbon-fuel fires. The identity of
the surfactants in specialty formulations is usually proprietary information. However, this information is
needed to design studies that monitor the occurrence and fate of all the components of specialty chemical
formulations that enter the environment and pose a risk toward aquatic organisms. Fast atom bom-
bardment/mass spectrometry (FAB/MS), while not a new technique, remains the fastest technique for
identifying surfactants in complex mixtures because no sample preparation is required. FAB/MS was applied
to samples of an aircraft deicer and anti-icer and aqueous-film-forming-foams (AFFF) for the purpose of
identifying the major classes of hydrocarbon and fluorocarbon surfactants. High mass accuracy FAB/MS
measurements were made to identify an unknown fluorosurfactant in an AFFF formulation. Rapid identi-
fication of surfactants that are released into the environment facilitates the subsequent selection of
quantitative analytical methods that can be used to monitor the occurrence and fate of surfactants in the

environment.

Keywords: Aircraft deicers and anti-icers - Aqueous-film-forming-foams (AFFF) -
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Introduction

Fast atom bombardment mass spectrometry
(FAB/MS) is a technique that was devel-
oped in the 1980s and that quickly found its
niche in the determination of polar mole-
cules that were not amenable to gas-phase
techniques [1][2]. During the 1980s and
early 1990s several reports on the use of
FAB/MS for identifying surface-active-
agents (surfactants) in commercial product
[3-6] and environmental samples [7-10]
appeared in the literature. The majority of
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reports describe the use of FAB/MS for the
qualitative analysis of surfactants while
only a limited number of reports describe
the quantitative analysis of surfactants by
FAB/MS [7][9][11]. With the advent of lig-
uid chromatography/tandem mass spec-
trometry (LC/MS/MS), many quantitative
LC/MS/MS methods have appeared in the
literature for the analyses of surfactants
[12-16]. However, LC/MS/MS is not the
method of choice when qualitative infor-
mation is needed to initially identify class-
es of surfactants. Compared to LC/MS/MS,
FAB/MS is faster and less complicated.
With the publication of a table of character-
istic ions acquired under positive ionization
mode, Ventura et al. [10] made it possible
to quickly identify many classes of com-
monly-used surfactants that are used in spe-
cialty chemical formulations.

For this study, a select number of spe-
cialty chemical formulations were analyzed

by FAB/MS in order to identify the surfac-
tants in the complex mixtures. The special-
ty formulations analyzed for this study
included deicing and anti-icing fluids and
two aqueous film-forming foam (AFFF)
formulations. Deicing and anti-icing fluids
are used to deice and prevent ice formation
on aircraft and typically consist of propy-
lene or ethylene glycol, water, and additives
including corrosion inhibitors, polymers,
and surfactants [17][18]. Aqueous film-
forming foams (AFFF) are complex mix-
tures of hydrocarbon and fluorocarbon
surfactants and other components that are
used to extinguish hydrocarbon-fuel fires
[19-22]. This study was prompted by the
need to identify the surfactants in the for-
mulations in order to select appropriate an-
alytical methods for use in monitoring stud-
ies aimed at determining the occurrence
and fate of the surfactants in the environ-
ment [17][18][23-25].
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Experimental

Samples

A Type I deicer and a Type IV anti-icer
formulation were analyzed for this study by
FAB/MS in positive ion mode. Two sam-
ples of commercial AFFF formulations
were obtained from two different manufac-
turers. A groundwater sample collected
from well PW-10 at Tyndall Air Force Base,
Florida was analyzed for this study; the
groundwater in the vicinity of this well was
known to be contaminated by AFFF waste-
waters [19][25-27]. The AFFF formula-
tions and groundwater were analyzed by
FAB/MS in negative ion mode. All chemi-
cal formulations and the groundwater sam-
ple were used as received with no pre-treat-
ment prior to FAB/MS analysis.

Fast Atom Bombardment
Mass Spectrometry

FAB/MS was performed on a Kratos
MS-50TC (Manchester, England) double
focusing instrument operated at unit resolu-
tion. The samples of interest were mixed on
the probe tip with 3-nitrobenzyl alcohol
(98%, Sigma-Aldrich) as matrix. Xenon
gas was used to generate the primary ioniz-
ing beam from an Ion-Tech gun operated at
7-8 kV. For high mass accuracy measure-
ments with the FAB/MS, polyethylene gly-
col was used as a reference compound. The
ratio of polyethylene glycols was 4:2:1,
respectively.

Results and Discussion

The Type I deicer contained two poly-
ethoxylated surfactants (Fig. 1) as deter-
mined by positive ion FAB/MS. Both
classes of ethoxylated surfactants are
comprised of a series of ethoxylated
oligomers. Ethoxylated surfactants exhibit
a characteristic difference of m/z 44, which
corresponds to an ethoxylate group (O-
CH,CH,). The ions that range from m/z
533 to 1193 by units of 44 are characteris-
tic of linear decyl (C, ) alcohol ethoxylates,
C,oH,,(OCH,CH,) OH where n ranges
from 8 to 23 [10]. Ions that range from m/z
473 to 1177 by units of 44 are characteris-
tics of linear lauryl (C,,) alcohol ethoxy-
lates, C,,H,5(OCH,CH,) OH where n
ranges from 6 to 22 [10].

Characterization of the ethoxylate range
by static (e.g. probe analysis) FAB/MS is
strictly qualitative because analytes of
higher surface activity can suppress the re-
sponse of analytes that are less surface ac-
tive [7][9]. For this reason, the actual
ethoxylate range is likely to be greater than
that indicated by the FAB/MS spectrum and
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Fig. 1. FAB/MS spectrum of positive ions from a Type | deicer formulation indicating decyl (C,)

and lauryl (C,,) linear alcohol ethoxylates.

the actual relative abundance of the
oligomers is probably different as well.
However, the range of oligomers deter-
mined by FAB/MS can be used to identify
appropriate standards and analytical meth-
ods needed for quantitative analysis, such
as LC/MS/MS.

The Type IV anti-icer is a mixture of
three types of surfactants. Octylphenol poly-
ethoxylates, CgH,,(C,H,)(OCH,CH,) OH
where n ranges from 2 to 8, are indicated by
the characteristic ions that differ by m/z 44
and that range from m/z 317 to 581 (Fig. 2)
[10]. The Type IV anti-icer also contains
lauryl (C,,) polyethoxy phosphoric acid es-
ters, C,,H,5(OCH,CH,) OPO;H where n
ranges from 1 to 8, as indicated by a series
of ions from m/z 333 to 641 [10]. A third
unidentified class of surfactant is also pres-
ent but the ions ranging from m/z 391 to
831 do not correspond to surfactants re-
ported in Ventura et al. [10]. However, the

unidentified class is ethoxylated because
the difference within the family of ions is
m/z 44.

The first AFFF sample analyzed (AFFF-
1) gave a very simple negative ion FAB/MS
spectrum (Fig. 3). The ions corresponding to
m/z 499 and 399 are characteristic of perflu-
orooctane sulfonate (CgF,.SO;") and perflu-
orohexane sulfonate (C.F ;SO;7), respec-
tively [5]. The m/z 499 was observed for a
standard of perfluorooctane sulfonate (data
not shown). No fragmentation correspon-
ding to products with masses lower than the
parent sulfonate anion were observed,
which is consistent with the report by Lyon
et al. on fluoroalkyl sulfonates [5].

The second AFFF formulation (AFFF-
2) gave a distinctly different negative ion
FAB/MS spectrum (Fig. 4) with two major
ions at m/z 586 and 686. High mass accura-
cy measurements gave an m/z 586.04122
(Fig. 5) that most closely corresponds to an
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Fig. 2. FAB/MS

spectrum of positive ions from a Type IV anti-icer formulation indicating

octylphenol polyethoxylates, lauryl (C,,) linear alcohol ethoxylates, and a third unidentified class

of ethoxylated surfactant.
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atomic composition of C,sH,,0,F;NS,
which has a mass of 586.03914 + 0.00035.
Given the current commercially significant
approaches to the fluorosurfactant produc-
tion [28], the atom arrangement is most
likely the fluoroalkylthioamido sulfonate:
C¢F,3C,H,SC,H,(C=0)NHC,H,(CH,),S05™.
The high mass accuracy measurement of
m/z 686.03607 (Fig. 5) most closely corres-
ponds to the structure of the fluoroalkyl-
thioamido sulfonate C¢F,C,H,SC,H,(C=0)
NHC,H, (CH;),SO,", which has a mass of
686.03276 = 0.00033. The fluorocarbon
groups of the fluoroalkylthioamido sul-
fonates are synthesized by a process known
as telomerization that generates only even
number of carbons in the fluorocarbon
chain. The 100 mass unit difference be-
tween m/z 686 and 586 corresponds to a
—CF,CF,- group, which is consistent with
surfactants produced by telomerization.
The groundwater sample collected from
well PW-10, which is located near a fire-
training pad at Tyndall Air Force Base,
Florida [19], contained perfluorooctane

sulfonate (PFOS) and perfluorohexane sul-
fonate (PFHxS) as indicated by m/z 499
and 399, respectively (Fig. 6). This finding
indicates that AFFF-1 type chemicals were
used at this site and is consistent with the in-
dependent determination of PFOS and
PFHxS by liquid chromatography with tan-
dem mass spectrometry [25-27]. On the
other hand, the m/z 586 and 686 observed
in AFFF-2 are not seen in the groundwater
sample nor were they detected by
LC/MS/MS [26]. However, m/z 527 and
427 are observed and correspond to
C¢F,;CH,CH,SO;™ (6:2 fluorotelomer sul-
fonate or 6:2 FtS) and C¢F,,CH,CH,SO;~
(8:2 fluorotelomer sulfonate or 8:2 FtS), re-
spectively. Quantitative determinations of
the 6:2 and 8:2 fluorotelomer sulfonate
were made by LC/MS/MS in confirmation
of the FAB/MS data [25-27].

The identification of surfactants in spe-
cialty formulations such as deicers, anti-
icers, and AFFF is important because this
information is used to identify or develop
specific and sensitive analytical methods
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Fig. 3. FAB/MS spectrum of negative ions
from the first sample of aqueous film-forming
foam (AFFF-1) indicating perfluorooctane sul-
fonate (PFOS) and perfluorohexane sulfonate
(PFHXxS).

that can then be used to monitor surfactant
occurrence and behavior in the environ-
ment. Information on surfactant fate, occur-
rence and behavior is needed to perform
risk assessments for all the components of
environmental significance in specialty
chemical formulations.

Alkylphenol polyethoxylates were
identified in the Type IV anti-icer (this
study) and in five other deicer and anti-icer
formulations [17]. In addition, in previous
work we identified nonionic surfactants in
an herbicide ‘spreader’ formulation [24],
which is added to herbicide formulations to
increase herbicide efficacy [24]. Alkylphe-
nol polyethoxylate surfactants are toxic to
aquatic organisms [29][30] and their degra-
dation products, namely alkylphenols, elic-
it estrogenic responses in aquatic organisms
[31-35]. As a result of FAB/MS identifica-
tions, subsequent studies were designed to
determine the fate of the nonylphenol poly-
ethoxylates using quantitative analytical
methods based on high performance liquid
chromatography. For example, a monitor-

Fig. 4. FAB/MS spectrum of negative ions
from the second sample of aqueous film-
forming foam (AFFF-2) indicating alkyl-
thioamido sulfonate surfactants.
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ing study was carried out to determine the
fate of nonylphenol polyethoxylates after
the pesticide and spreader were applied to
an estuary for the purpose of smooth cord-
grass control [24] and in airport runoff after
applications of aircraft deicer and anti-icer
fluids to aircraft [17].

Perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA) recently
emerged as chemicals of concern [27][36].
Their presence in AFFF formulations led to
studies on their occurrence in AFFF-con-

taminated groundwater [21][26][37][38].
FAB/MS revealed the identification of the
alkylthioamido sulfonate class of flurosur-
factants for which no quantitative analyti-
cal method has yet been developed. With
the detection of fluoroalkylthioamido
sulfonates in AFFF but not in groundwater,
research is needed to determine the fate of
fluoroalkylthioamido sulfonates and the
source of fluorotelomer sulfonates.
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Fig. 5. High mass accuracy mass spectra for
the nominal mass ions of m/z 686 and 586 for
AFFF-2 formulation.

Fig. 6. FAB/MS spectrum of negative ions of a
groundwater sample from Tyndall Air Force
Base, Florida contaminated by AFFF waste-
water with the ions indicated for perfluorooc-
tane sulfonate (PFOS), perfluorohexane sul-
fonate (PFHxS), 6:2 fluorotelomer sulfonate
(6:2 FtS), and the 8:2 fluorotelomer sulfonate
(8:2 FtS).

Conclusions

Fast atom bombardment mass spec-
trometry remains the most rapid technique
for identifying the major classes of surfac-
tants in specialty chemical formulations.
Either through deliberate application or by
accident during emergencies, the hydrocar-
bon and fluorocarbon surfactants identified
in these mixtures can reach aquatic envi-
ronments. Identification of surfactants in
these mixtures facilitates the selection of
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quantitative analytical methods that can
then be applied to support detailed environ-
mental fate studies and risk assessment.
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