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This contribution combines the observations from fire experiments with modelling of ionisation of fluo
rosurfactants to explain the compatibility of AFFF with sea water. We report detailed chemical structures of
fluorosurfactants introduced into the firefighting foam market since the development of the so-called light water
by the US Naval Research Laboratory (NRL) in late 1960s and study their ionisation constants (i.e., pKa). The
analyses of recent formulations of foam concentrates indicate that, almost all of them include four species of high
purity C6 fluorotelomer and non-fluorotelomer surfactants, which have their roots in fluorosurfactant chemistries
developed by 3M, Ciba-Geigy and Elf Atochem (and its predecessors). The earliest fluorosurfactants emerged as
derivatives of perfluorocarbon acyl and sulfonyl fluorides, from a series of discoveries made by the 3M Company.
We review the foaming and filming technologies developed by 3M, derived from the products of electrochemical
fluorination (ECF), comprising acidic, propane-sultone, acrylic and amine-oxide concentrates, with potassium
perfluorooctane sulfonate (K-PFOS) filmers used together with the sultone and acrylic foamers. To the best of our
knowledge, these chemistries have not been documented in one reference in the open literature, and some of the
chemicals used have not yet been identified in the environment. While we do not cover the development of
fluorotelomer chemistries in the same detail, we discuss the fluorotelomer surfactants that have proven them
selves to be successful in compatibility with sea water and compare their structure with those of the ECF-derived
chemicals. We discovered that, the chemical compatibility with sea water is related to the formation of the
specific ionised species that combine with divalent alkaline-earth metal cations to form ionic assemblies in the
premix (solution made by mixing foam concentrates with water). These species arise at high pH values that are
characteristic of sea water. We also reveal that, changes in the ionisation state of amine-oxide and tertiary-amine
head groups, as pH varies between that of fresh and sea-water premix, may impact the performance of fluo
rosurfactants. The physical compatibility of fluorosurfactants with sea water manifests itself by shielding of the
ionised head groups by metal cations decreasing the surface tension and modifying the size, shape and diffusion
of micelles. For foam concentrates that satisfy the necessary condition of chemically compatible with sea water,
the physical effect usually improves the foam quality and the fire-suppression performance of AFFF. We analyse
in detail the patent literature and the early NRL reports to gain an intimate understanding of the first formu
lations introduced by the 3M Company. Although PFOS has been banned internationally, Chinese manufacturers
produce PFOS-type concentrates for the domestic market, in addition to fluorotelomer surfactants destined for
export. We provide detailed formulations of all types of concentrates that employed the ECF-based fluo
rosurfactant technologies, including hydrocarbon surfactants, solvents, corrosion inhibitors and buffers and link
the chemical composition of the concentrates with the firefighting performance of the foams. We outline the
correlations between the ionisation states of fluorosurfactants and their fundamental properties, such as surface
packing and interfacial tension and comment that very little is known about these critical structure-activity
relationships. Finally, we stress the need to reboot the progress in the field and give directions for future research.

1. Introduction
Applications of firefighting foams constitute a preferred method of
suppressing fires of flammable liquids (aka Class B fires) in refineries,

airports, on decks of aircraft carriers or on petroleum platforms, and in
many other situations. For the last six decades, fluorosurfactants
included in the formulations of the foam concentrates have provided
particularly efficient means of achieving control and extinguishment of
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Class B fires. Thin films that exist between foam bubbles and made of
mixtures of fluoro- and hydrocarbon surfactants are markedly stable in
contact with hot fuels [1] in comparison to those of fluorine-free foams
(FFF). Foam blankets and individual films are also exceptionally effec
tive in controlling the transfer of flammable vapours from the hot fuel to
the gas phase, the process that sustains a fire [2]. In addition, mixtures of
fluoro- and hydrocarbon surfactants induce the formation of thin films,
usually less than 50 μm in thickness [3], that spread on the fuel surface
in front of the advancing foam blanket. These films provide the initial
cooling of the fuel at the air interface and form the barrier to diffusion of
fuel vapours, as illustrated in the schematic of Fig. 1. The sealing and
cooling properties of the spreading films and foam blankets comprise the
two most important characteristics of foams made from solutions of
fluoro- and hydrocarbon surfactants. These solutions also contain
organic solvents, such as diethylene glycol monobutyl ether (DEGME),
to facilitate further the generation of stable foams consisting of small
bubbles [4–6].
At the end of 1990s, 3M’s Company held approximately 30% of the
Class B market share for concentrates of firefighting foams, but its
penetration within the Defence (Defense in American spelling) sector in
the US and its allies reached as high as 60%, according to 3M’s own
estimates. This contribution reviews the chemistry of fluorosurfactants pro
duced in the Simons cell [8], or electro chemical fluorination (ECF) process,
by comparing the structure of ECF-derived fluorosurfactants with fluo
rotelomer surfactants and by examining the firefighting foam formulations
reported in patents and other public-domain documents. The researchers at
the US Naval Research Laboratory gave the concentrates the name of
“light water”, which the 3M’s company registered as its trademark
around 1966 [9], as the films made from solutions of these concentrates
could float on hydrocarbon fuels. Generically, the product became
known as aqueous film-forming foams (AFFF), the name that was later
adopted for the entire class of foams that display the film-forming
property. Recently, the designation of PFAS (per- and polyfluoroalkyl
substances) foams entered the vocabulary (e.g., Ref. [10]). PFAS foams
also include fluoroprotein and film-forming fluoroprotein foams that fall
outside the scope of this article.
The AFFF concentrates also contain corrosion inhibitors and pH

buffers, needed to meet the requirements of foam standards. The con
centrates are mixed with water, usually in the proportion of water to
concentrate of 97:3 (for the so-called 3% concentrate), but other ratios
are in use, especially 94:6 (6% concentrate) and 99:1 (1% concentrate),
to generate the premix. The premix is then aerated mechanically in
aspirating and non-aspirating nozzles, the latter prevalent in large-scale
firefighting, to produce finished foams. Depending on the nozzle design,
these finished foams, as produced in the field, display a typical foam
expansion ratio of between 3 and 12 volumes of foam per one volume of
premix. This ratio is known as the foam expansion factor. For standards
and specifications, the expansion factor corresponds to 6 to 10; e.g.
Ref. [11] or [12]. In 2004, Darwin [13] conducted an audit of the
amounts of AFFF concentrates in the US concluding that the
fluorotelomer-based concentrates, made by the competitors of the 3M
Company, constituted 55% of the total, with the remainder containing
fluorosurfactant-based products manufactured by 3M Company in its
electrochemical fluorination (ECF) process. Darwin also estimated that
two thirds of the Defence stockpiles were ECF based, consistently with
the 3M market data. Why were the 3M foam concentrates so successful in
Defence applications? This is the question that we attempt to address in the
present contribution.
Perhaps, a simple answer lies in the development of fluorosurfactants
that, together with other components of 3M foam formulations, pro
vided excellent fire suppression performance, the performance that was
not affected for the premix prepared from the sea water. From our un
derstanding, the US Navy relied exclusively on 3M foams, whereas the
Army and the Airforce purchased more fluorotelomer-based products.
The firefighting folklore says that the US Navy bought all light-water
remaining US MilSpec-compliant AFFF [12] formulations available in
3M warehouses just before the company ceased selling AFFF. While for
convenience in this article we cite the latest revision of the MilSpec
standard, we refer the reader to Ref. [14]; for the evolution of MilSpec
standards and their requirements; especially to Table 7 of Tatem’s et al.
article [14]. Specifically, Mil-F-24385 was introduced in November
1969, 24385A in May 1977, 24385C in March 1981 and 24385E in
November 1990. The present revision, 24385F, was instituted in
January 1992, coinciding with the 3M Company switching from its

Fig. 1. Schematic diagram representing the phenomena occurring during spreading of thin films on surfaces of fuels of liquid hydrocarbons. The size of the surfactant
molecules, which are in the order of 1/10,000 of the film thickness, is greatly exaggerated. Tails of the fluorocarbon surfactants form layers that resist the diffusion of
hydrocarbon fuels through the film interface. Redrawn with changes from Ref. [7].
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sultone to acrylic foamers.
Sea water contains divalent metal cations, especially Mg2+ and Ca2+,
and has pH of between 7.5 and 8.4, normally 8.1 to 8.2. In contrast, the
ground and rain water exhibit much smaller concentrations of divalent
cations and are more acidic. Rain water may display pH of between 5
and 5.5, ground water 6–8.5 and typical river water of around 7.4. For
the fluorosurfactants to be compatible with sea water, i.e., under the
typical pH conditions associated with sea water, the agents must not
form ion-pair assemblages with Mg2+ and Ca2+ acting like bridges be
tween two fluorosurfactant molecules. Almost all firefighting-foam
standards now impose a requirement to buffer pH of the concentrates
as illustrated in Table 1. Considering the pH ranges required by the foam
standards of AFFF concentrates and the pH of natural waters (i.e., 5 to
8.4), pH = 6–9 constitutes a practical window of premix, ready for
aeriation. In the present contribution, we will spend a great deal of effort to
analyse the behaviour of various fluorosurfactant classes as function of pH, to
gain insights into their performance. We will also address the question of why
certain fluorosurfactants work well with sea water, whereas the others fail. By
calculating the pKa of four generations of 3M fluorosurfactants, we succeeded
to forensically analyse the achievements of 3M Company’s engineering of
chemicals to meet the requirement of sea water compatibility. Note that the
pKa values presented in all figures in this paper are as computed from the
SPARC software [43].
There is an important subtlety in preparing formulations of the
synthetic sea water. European and Australian standards for preparation
of the substitute sea water require mixing of 27 g NaCl and 10 g MgSO4
in 1 L of water [16] or making a solution containing 2.5% NaCl, 1.1%
MgCl2⋅6H2O, 0.16% CaCl2⋅2H2O and 0.4% NaSO4 [15,17]. The key
deficiency of these standards is lack of bicarbonate (HCO3ˉ) and borate
(B(OH)4ˉ) anions that buffer the pH of natural sea water. This has been
implemented in ASTM D1141 (2003) that sets the pH of synthetic sea
water to 8.2. Both UL 162 [20] and MilSpec [12] require synthetic sea
water compatible with ASTM D1141 [20]. This means that pH of the
synthetic sea water is well defined in tests carried out according to UL
162 and MilSpec protocols. However, the pH of the substitute sea water
in DEF(AUST)5706, Def Stan 42-40/2 and EN 1568-3 depends on the pH
of the potable water used to prepare the solution. Thus, one can envisage
a situation in which a foam solution may pass a test performed with
synthetic sea water specified in DEF(AUST)5706, Def Stan 42-40/2 and
EN 1568-3 but may fail the same tests if the sea water were to be pre
pared according to ASTM D1141. This is because the former may have
low enough pH to prevent the formation of negatively ionised nitrogen
centres in fluorosurfactants, as discussed below. From this perspective,
foam manufacturers in the USA and Canada used the substitute sea
water prepared following ASTM D1141, purchasing the pre-mixed
chemicals, as granular and colourless material, from Lake Products
Company LLC in Florissant MO, USA. When dissolved in water, this
material yielded the same solution as that listed in the top portion of
Table X1.1 of Ref. [21].
For fluorosurfactants to work well within the pH window of 6–9, they
must ionise in water solutions to become soluble and their ionisation
level should not change. The ionisation is normally accomplished by the
presence of –SO3H and COOH groups that deprotonate to –SO3ˉ and

–COOˉ, and/or by the inclusion of quaternary amines, such as
–N+(CH3)2– in the surfactant formulae. The quaternary amines remain
ionised over the entire range of pH, and the sulfonic and carboxylic
groups deprotonate almost completely below pH of 3 and 5.5, respec
tively. The parameter that describes the ionisation of molecules in so
lutions is the ionisation constants also named as pKa. Each ionisation
centre in the molecule has its own micro pKa. For example, for a car
boxylic surfactant in dilute solution, –COOH = –COOˉ + H+, and by
definition Ka = [–COOˉ] [H+]/[–COOH], with pKa = log(Ka) and square
bracket denoting the species concentration in mol/L. By setting pH equal
to pKa, one can easily demonstrate, that at this condition, half of the
molecules exist in the ionised and half in the non-ionised state. As pH
exceeds pKa by two units, one can also show that, the concentration of
ionised species surpasses that of non-ionised species by about one
hundred times. This is the reason for us to write that the carboxylic
groups, with a typical pKa of around 3.5, deprotonate almost completely
at pH of 5.5. While the preceding discussion of the ionisation of sur
factants is trivial for a chemist, the effect of pH on the fire performance
of foams, especially on the behaviour of fluorosurfactants, is not widely
appreciated in the firefighting industry. We believe that search for this
understanding led the scientists and engineers at 3M to develop foam for
mulations that performed well with sea water, defining the success of 3M
AFFF formulations for almost four decades.
It is important that surfactants incorporated in foam concentrates do
not change their ionisation states within the target pH window of 6–9.
This is because the ionised and non-ionised centres influence the pack
ing of the surfactants at the foam solution-air and foam solution-fuel
interfaces, change the formation of micelles, impact the release of sur
factants from micelles, and affect the diffusion of surfactant molecules
from the breaking micelles from the bulk to the interface [45,46]; the
last phenomenon governs the rate at which the surface tension decreases
to stabilise the bubbles – the faster the decrease, the smaller the bubbles
in the foam [4]. As these properties underpin the fire performance of
foams, the concentrates must be formulated to optimise them. If the pKa
of fluorosurfactants falls between 6 and 9, these properties become
strongly pH dependent and the optimisation cannot be done simulta
neously for all waters expected to be used to prepare the premix. If
ionisation states of fluorosurfactants changes in this range, the results of
fire tests may not always be consistent. From this perspective, we will
identify the types of fluorosurfactants that may induce problems in the foam
performance, due to variation in their ionisation states as pH of premix
changes from 6 to 9.
By carefully analysing the pKa of all ionisable centres in a wide range of
fluorosurfactants, we have discovered that fluorosurfactants that are
compatible with sea water typically do not contain sulfonamide (–SO2NH–)
and amide (–CONH–) groups connected directly to perfluoroalkyl chains
(Rf). Subjected to the electron-withdrawing influence of adjacent Rf,
these groups deprotonate easily. This is especially true for the sulfon
amide group, with an estimated pKa of 8.2, producing negatively
charged nitrogen ions; i.e., –SO2Nˉ–. Divalent metal cations present in
sea water can form bridges between two –SO2Nˉ– anions. This behaviour
makes such fluorosurfactants incompatible with sea water, unless pH of
the concentrates is buffered at low pH, in the order of 4 (mild acid). Such
buffering induces corrosion of steel components and storage tanks that
must be avoided. We have also discovered that 3M researchers had invented
new chemistries of effectively dealing with the problems, as fluorosurfactants
made by ECF process cannot avoid the sulfonamide and amide groups
adjacent to the fluorochains. These chemistries included substituting the
hydrogen in the sulfonamide and amide groups with –C3H6SO3ˉ and
–C2H4COOˉ moieties, in sultone and acrylic foamers, respectively, or
placing large fluorocarbon groups next to –CONH– to prevent the for
mation of ion assemblages by steric effects, an ingenuity implemented in
the amine-oxide fluorosurfactants. As there are no experimental results
of pKa measurements for the fluorosurfactants in open literature, we
have based our analysis on the predictions from the SPARC software
[43].

Table 1
Current pH values required for foam concentrates by the firefighting-foam
standards.
Standard

Temperature, ◦ C

pH range

DEF(AUST)5706 [15]
Def Stan 42-40/2 [16]
EN 1568-3 [17]
GB 15308-2006 [18]
ICAO [11]
MIL-PRF-24385(SH) w/Int. Amendment 3 [12]
NFPA 11 [19]
UL 162 [20]

20 ± 1
20 ± 2
20 ± 1
20 ± 2
Not specified
25 ± 1
Not specified
Not specified

6.5–9.0
6.0–8.5
6.0–9.5
6.0–9.5
6.0–8.5
7.0–8.5
Not specified
Not specified
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Changing the fluorosurfactant chemistry to avoid the emergence of
negatively charged nitrogen centres in fluorosurfactant molecules
removes or greatly attenuates the incompatibility of AFFF with sea
water. Thus, the ionisation chemistry of fluorosurfactants is the key
consideration to understand the compatibility of AFFF with sea water.
The other is hardness. Hardness, the term usually associated with con
centration of polyvalent cations in water, provides Mg2+ and Ca2 that
generate ion assemblages with these negatively-charged nitrogen cen
tres. These assemblages then precipitate or sediment from the solution,
by the appearance of haziness or cloudiness. This is the definition of seawater incompatibility that we applied operationally in this article. The
compatibility of AFFF with sea water represents a combined effect of
two factors, pH and hardness, but it is the former that is critical.
Hardness itself exerts influence on the performance of AFFF, but the
effect, while important, is often positive and appears to be less critical, in
comparison to that of pH. To support this remark, we cite the findings
from the seminal work of Geyer and his collaborators at the US Federal
Aviation Administration, who investigated the effect of hardness on
several foam concentrates including two 3M’s sultone-based formula
tions, FC-206 and FC-203. The acidity makes no effect on speciation of
the sultone fluorosurfactants in FC-206 and FC-203 over an extremely
wide window of pH, from approximately 2.4 to 11.3, as we will discuss
later in this contribution. Thus, Geyer’s et al. measurements illustrate
the effect of hardness alone on the compatibility of fluorosurfactants
with sea water. Inorganic ions may create electric double layers in the
solution interface making formation of new surfaces more difficult, may
interact with head groups by shielding their charges, and may affect the
size, shape and half-life of micelles. For example, the electric double
layers elevate the surface tension, as function of salt concentration. This
effect is well known from molecular dynamic studies and from labora
tory measurements; see for example Ref. [47]. For FC-206 and FC-203,
this phenomenon appears to demonstrate itself in faster drainage and
lower foam expansion [48], and very likely through the generation of
larger bubbles, although this was not reported in Ref. [48]. However, the
reduced quality of foam produced from hard water does not necessarily
mean poor firefighting performance. On the contrary, the firefighting
performance, especially control time can be better for hard water [48,
49]. Detail discussion of the fundamental science behind the effect of
hardness, in the absence of the effect of pH, falls outside the scope of this
paper.
Consequently, this article contains consecutive sections on chemistry
of fluorosurfactants focused around fluorotelomer species, validation of
the pKa prediction using the SPARC software for species synthesised
from chemicals produced in the ECF process, ionisation of fluo
rosurfactants in aqueous solutions (where we explain the sea-water
compatibility), especially within the context of 3M’s sulfonamide fluo
rosurfactants, followed by the overview of the four ECF fluorosurfactant
chemistries marketed between 1964 and 2005 with respect to their
performance and the content of total organic fluorine; viz., acidic, sul
tone, acrylic and amine-oxides concentrates. While there is no special
section devoted to fire tests, we comment on such matters throughout
the article. Finally, in the section on conclusions, we summarise the
major findings from our work. We realise that many interesting aspects
of fluorosurfactants had to be excluded from the scope of this paper to
make its length manageable, including, to mention a few, a detailed
review of fluorotelomer surfactants made by Ciba-Geigy/Chemguard,
ICI, DuPont, Ugine Kuhlmann/Atofina/Chemours, Dynax, and other
manufacturers [50,51], a discussion on the effect of pH on the packing of
fluorosurfactants at the interphase and on the formation and life-time of
micelles, as well as deliberation on the germane topics of dynamic sur
face tension and interfacial tension, dilatational modulus and the
spreading coefficient. Likewise, we have no space to cover the decom
position pathways of fluorosurfactants in the environment and their
toxicity and the toxicity of their decomposition products, synthesis
pathways of the fluorosurfactants, silicone surfactants and other re
placements for fluorosurfactants, detailed pondering of the interplay

between the fluorosurfactants on one hand and hydrocarbon surfactants
and solvents on the other.
2. Chemistry of fluorosurfactants and importance of pH
From a chemical perspective, fluorosurfactants made in ECF and in
the telomerisation process differ by the presence of –C2H4– segments
that separate the perfluoroalkyl tail from the rest of the molecule [45],
although the early fluorotelomers also included the terminal segment of
– CF2 and subsequently
–CH2CF2I, which was then functionalised to –CH–
to other chemicals including fluorinated carboxylic acids [28], and a
CClF2- group [53,54]. The ECF process produces both normal (straight)
and branched fluorochains with the maximum in the homologue groups
corresponding to the feed material; i.e., the feed of C6H13SO2Cl, for
downstream synthesis of foamers, yields fluorochains that are 2–8 car
bons in length, but mostly C6F13SO2F, whereas C8H17SO2Cl, used for the
manufacturing of the PFOS filmers, converts to C4–C10 RfSO2F that enter
the base hydrolysis step to form K-PFOS and its congeners. The products
from the Simons cell [8] included about 30–50% partially fluorinated
and unsaturated species (i.e., species containing unsubstituted hydro
gens), recombination products (i.e., C16 or C32), chemicals with SF5–
moiety in their structures, as well as high-density perfluorinated car
bons, named by 3M as Fluorinerts™ [55,56] – (see Table 2 in Ref. [56]).
However, perfluorotelomers are strictly normal with an even number of
fluorinated carbons, usually 4, 6, 8 or 10, in pre-2015 formulations.
Fig. 2 illustrates a molecule of perhaps one of the most successful
fluorotelomer surfactants deployed in formulations of firefighting foams
[57,58]. A recent study found it to be included in seven out of 14 of the
analysed concentrates of AFFF purchased in 2014 and 2016 [59]. The
molecule consists of (i) a perfluoroalkyl chain, also called a “tail”, that in
post-2015 formulations must be no longer than 6 carbon atoms in
length, (ii) a connector segment, also known as spacer, that includes
–(CH2)2–SO2–NH–(CH2)3–, and (iii) a functional water-soluble head
group of –N+(CH3)2–CH2–COOˉ. The head group, known as betaine for
the fluorosurfactant illustrated in Fig. 2, comprises a quaternary amine,
–N+(CH3)2–, and the acetic, –CH2COOˉ, termination [45,35]. The
ethylene group, –C2H4–, connected to the perfluoroalkyl chains desig
nates the molecule as a fluorotelomer (6:2); that is, a species that has
been synthesised from the fluorotelomer feedstock, such as
C6F13C2H4SO2Cl, by reacting it first with a diamine of H2N–(CH2)3–N
(CH3)2, and then with ClCH2COONa, as patented in Ref. [60]; see Ex
amples 1 and 5 in this reference. The spacer consists of the ethylene,
sulfonamide (–SO2NH–) and propylene (–C3H6–) groups. In simple
terms, as we avoid using complicated IUPAC names in this article, this
fluorosurfactant is a 6:2 fluorotelomer sulfonamido betaine, we abbre
viate it as 6:2 FtSaB [61], but it is also known as 6:2 FTAB in literature
(e.g., Ref. [59]).
It is often intriguing to trace the origins of discoveries of fluo
rosurfactants through a maze of patents and commercial acquisitions.
The discovery of Hoffmann and Stach of 6:2 FtSaB was first assigned to
Hoechst and subsequently to Ugine Kuhlmann, with the surfactant
manufactured commercially by Elf Atochem/Atofina, then by DuPont
after its purchase of Atofina, and now by Chemours, a spin-off from
DuPont, most recently marketed under the trade name of Capstone 1157
and previously as Forafac 1157. As the Hoffmann and Stach patent
expired, other manufacturers, such as Chemguard (FS-157), now make
the same compound.
Fig. 3 illustrates the speciation of 6:2 FtSaB in aqueous solutions; i.e.,
it depicts the changes in the ionisation state of Capstone 1157 as func
tion of pH. This molecule is amphoteric in nature, i.e., it possesses both
negatively and positively charged centres. However, the type of charges
on a molecule depends on the pH of the solution. When the negative and
positive charges balance, as is the case for pH between 4 and 9 in Fig. 3,
such molecules are known as zwitterions. In some situations, the charges
do not balance, and the molecule, while amphoteric, displays a net
positive or net negative charge; e.g., see the region of pH > 12, in Fig. 3.
4
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Fig. 2. Structure of a modern fluorosurfactant molecule (6:2 FtSaB) and its constitutive segments, drawn with MarvinSketch [62], with values of pKa calculated from
the SPARC software [43]. In this article we adopt a convention of not drawing hydrogen atoms bonded to carbon atoms. The ionisation state of the molecule is drawn
as it exists in the target pH range for premix of 6–9; i.e., with the ionised carboxylic head group (–COOˉ), but non-ionised sulfonamide group (–SO2NH–) in the
connector segment.

Fig. 3. Speciation of 6:2 FtSaB (Capstone 1157). The practical ranges for water and premix are marked with double-headed arrows. In these ranges, the molecule
exists as a zwitterion with cationic and anionic (betaine) centres.

It is evident that, for pH between 5 and 9, 6:2 FtSaB functions exclu
sively as a zwitterion, except for a small area near pH of 9. At pH < 0.2,
6:2 FtSaB exists mostly as a cation (99%, with only 1% as a zwitterion),
and above 13.1 almost exclusively as an anion (99% of the total abun
dance is in the anionic form). Near the values of pH corresponding to one
of its pKa, 6:2 FtSaB comes to pass as a mixture of two microspecies.
Fig. 3 also indicates the pH ranges associated with premix and natural
waters. Even at the very top of the target range for premix, i.e., for pH =
9, the ionisation of the sulfonamide centre is less than 1%. This makes
Capstone 1157 behave predictably both in solutions of fresh and sea
water. Capstone 1157 does not form nonionic species, and dissolves well
in water and in other solvents. The second zwitterionic species,
involving the N+ and Nˉ centres, does not form in a detectable amount
because of the wide separation between the two ionisation constants.
Clearly, the ionisation behaviour of Capstone 1157, together with its
surface activity and ability to form tightly packed mats of fluorine chains
at the interface [63], destine this molecule as an excellent fluo
rosurfactant for AFFF applications. For this reason, Capstone 1157 has
been recently suggested for inclusion in the model AFFF concentrate
developed by the NRL researchers [64,65].
Panes a-c in Fig. 4 illustrate three other molecules frequently

encountered in concentrates of modern AFFF foams [59]. Fig. 4a depicts
6:2 fluorotelomer sulfonamido amine oxide (6:2 FtSaAo), made initially
by Elf Atochem and now by Chemours as Capstone 1183, and possibly by
other manufacturers. Fig. 4b draws a structure of another amphoteric
surfactant, perfluorohexane sulfonamido sulfonate aminohydroxyethyl,
first synthesised by 3M and initially applied as its sultone foamer [36,
39]; (see concentrate A* in Table I of Ref. [39]). For simplicity, we
denote this species as C6 sultone foamer A (C6SFA); for interested
readers, Ref. [56] quotes its full IUPAC name. Sultone foamer B has its
pendant sulfonate chain ─C3H6SO−3 replaced with ─CH2CH(OH)
CH2SO−3 [66]. Fig. 4c illustrates the fourth frequently deployed fluo
rosurfactant. This molecule is anionic, 6:2 fluorotelomer thioamido
sulfonate (6:2 FtTaS), as its head group bears a negative charge under
typical pH conditions of foam solutions. It was introduced by Ciba-Geigy
as Lodyne S-103A [67,37], named in Table 1b of Ref. [68], and then
manufactured by Chemguard and Dynax, as S-103A and DX1030,
respectively [63,69]. As solids, amphoteric molecules exist as internal
salts, with cations and anions on the molecule balancing each other and
requiring no extra ions, such as Na+ or Clˉ to balance the charge. As
illustrated in Figs. 2 and 4a, the charges on amphoteric molecules are
usually closely spaced, with the molecules of the sultone (Fig. 4b) and
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Fig. 4. (a–c) Fluorosurfactants frequently used in concentrates of modern AFFF [59] (a–c), in addition to the molecule illustrated in Fig. 2. (a) Amphoteric 6:2
fluorotelomer sulfonamido amine oxide surfactant, 6:2 FtSaAo, initially produced by Elf Atochem [57]. (b) Amphoteric C6 non-telomer fluorosurfactant initially
developed by 3M as part of its propane sultone foamer [36], denoted here as sultone foamer A, C6SFA. (c) Anionic 6:2 fluorotelomer thioamido sulfonate surfactant,
6:2 FtTaS, invented by Ciba-Geigy [67,37]. (d) Main ingredient of the acrylic foamer developed in early 1990s [39,38].

Fig. 5. An example of the cationic surfactant (C8SaAm, perfluorooctane sulfonamido ammonium) that undergoes the deprotonation of its sulfonamide hydrogen in
the target pH range of 6–9. Note that one needs to apply the correction of 1.7 to the value of pKa shown in the figure. The microspecies illustrated on the right-hand
side causes the incompatibility with sea water.

acrylic (Fig. 4d) foamers, being notable exceptions. Ionised molecules
dissolve well in water. Zwitterions with closely-spaced charges permit
charge-balanced head groups to pack tightly at the water-air and
water-oil interfaces.
In Fig. 4, molecule (a) is drawn in its preferred oxidation state in the
pH between 6.51 and 10.86. Below pH = 6.51, this molecule exists
preferentially as a cation, i.e., with the amine oxide group comprising
the protonated oxygen. That is, this molecule may switch its preferred
ionisation state if premix is prepared from rain water. The acrylic foamer
(d) has a relatively narrow range of pH where it occurs only as a zwit
terionic molecule. At pH approaching 7, the quaternary nitrogen com
mences to deprotonate and, with rising pH, the anionic microspecies
becomes progressively more important. At pH = pKa (= 8.88), both
zwitterionic and anionic microspecies exist in equal abundance.

sultone and acrylic foamers, required K-PFOS (C8F17SO3K) to build
effective films, in combination with other components of foam con
centrates, such as hydrocarbon surfactants and solvents. While both
filmer and foamer components of the 3M formulations are surface
active, with their roles intertwined and co-functional, they tend to
modify differently the properties of the premix. Fast foaming, charac
teristic of mechanical systems, requires rapid breaking of surfactant
micelles and diffusion of fluorosurfactant molecules to where new in
terfaces are being formed; micelles are the globular and tabular as
semblies of surfactants in the bulk of foam solution, typically a few
hundred nm in size, that act as the reservoir of surfactant molecules
away from the interface. Macroscopically, these two properties manifest
themselves by rapidly decreasing dynamic surface tension [4,70,71]. On
the other hand, filming depends on the static surface tension of the
premix and the interfacial tension between the premix and the fuel.
Stability of films, in face of heat, depends on the formation of tight layers
of aligned fluorinated tails, which prevent diffusion of hot fuels through
the interface, making the interfaces last longer. For the film to spread,
the surface tension of the fuel must exceed the sum of the surface tension

3. Overview of 3M formulations: performance versus
environment
The two most successful 3M fluorosurfactant chemistries, viz.,
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of the foam solution and the interfacial tension between the foam so
lution and the fuel. The intertwined concepts of filmers and foamers
remained part of 3M vernacular through its entire history of the
light-water formulations, except for the Francen [33,26] and the second
generation of amine-oxide [41,42] concentrates, which employed only
amine-oxide flurorosurfactants and excluded the traditional role of a
second fluorosurfactant as a filmer.
Because of the inclusion of K-PFOS filmers in concentrates made
from sultone and acrylic foamers, the firefighting industry refers to these
formulations as PFOS foams. Potassium perfluorootanoate (K-PFOA)
appeared as an important impurity in PFOS foams, due to the formation
of acyl fluorides (such as C7F15COF) in the ECF cell, resulting in 3%
concentrates of sultone and acrylic formulations to comprise up to
0.06% of C4-10 perfluoroalkyl carboxylates (Table S6 in Ref. [61]).
However, as far as we know, PFOA and its congeners were never
intentionally included in the formulations of 3M concentrates, except for
possible presence of PFOA as part of two-component salts used as filmers
in early acidic formulations [31], as described in Chapter 6.1. Although
the critical micelle concentration (CMC) and the equilibrium surface
tension of fluoroalkylsulfonates exceed those of fluoroalkylcarboxylates,
for fluorochains of similar length, there were definite advantages of
using the former in concentrates of firefighting foams; the term CMC
denotes the onset of micelle formation from the solution of isolated
surfactant molecules. Sulfonates are among the strongest acids and
K-PFOS and its congeners are exceptionally stable. The vapour pressure
of PFOA exceeds that of PFOS by about 40 times making PFOA unsuit
able for high temperature applications, such as firefighting or chromium
metal plating [9].
In the late 1990s, 3M developed foam concentrates based on the socalled amine-oxide foamer chemistries that eliminated the K-PFOS
filmer, with the fluorine content of amine-oxide concentrates matching
that of fluorotelomer-based formulations. Despite this technological
advancement, in May 2000 [72], 3M announced its withdrawal from the
fluorochemical foam market, ceasing production in 2002 and sales in
2006, because of the widespread dispersion of fluorochemicals from
PFOS formulations and their persistence in the environment. Although,
the announcement made no reference to the toxicity and ecotoxicity of
K-PFOS, both had been a major cause of concern and had become well
established as evidenced by a large body of research literature published
before and after the phase-out (e.g., Ref. [73]; and references cited
within). Recently, several Chinese manufacturers have resurrected the
ECF process to produce PFOS-type concentrates, ostensibly for the
Chinese domestic foam market, apparently allowed under the Stock
holm Convention [51,74,75]. This is a retrograde step that ignores the
environmental disasters caused by PFOS foams in other countries, and it
is unfortunate development that will harm the environment in China.
The fire-suppression performance of sultone formulations estab
lished a benchmark AFFF for many applications. While nominally
meeting requirements of the foam standards, acrylic and amine-oxide
formulations underperformed the sultone systems, especially in situa
tions that demanded discharging the foam solutions close to the critical
application rates [55]. This normally occurs for foam-based fire extin
guishers that may have 9 L of foam solution and need to achieve the
rating of 30B [76]. Sultone-based extinguishers met this requirement,
but not the other formulations, including fluorotelomer-based solutions.
One explanation may be that molecules of acrylic and amine-oxide
formulation change their ionisation state within the target pH window
of 6–9 that prevents them to perform at the same level as sultone-based
foams. With respect to their deployment in the Defence sector, the
acrylic concentrate met the US MilSpec requirements, but the
amine-oxide formulation is absent from the qualifying product list (QPL)
that includes all foams that are compliant with the MilSpec [77]. The
requalification costs of fire-extinguishing hardware, such as portable fire
extinguishers and limitations due to contracts that existed at the time,
provide additional reasons for a slow switch-over from sultone to acrylic
and amine-oxide formulations.

Table 2
Comparison of the performance of acrylic-type AFFF (FC–206CF) and FFF (RF6)
for potable and sea water on a 0.28 m2 pan [21]. Tests were performed according
to the protocol of DEF(AUST)5706 [15].
Aviation gasoline fuel (Avgas)

FC-206CF
Potable
water
Sea
water
RF6
Potable
water
Sea
water

Aviation turbine fuel (Avtur)

75%
control
time (s)

Extinguish
= ment (s)

33%
burnback
(min)

75%
control
time (s)

Extinguish
= ment (s)

33%
burnback
(min)

27

42

12:12

24

40

21.28

31

40

13:30

26

38

14.30

29

52

12:30

25

50

13:36

27

50

11:36

26

52

11:00

Table 2 compares the fire-suppression performance of a typical
acrylic-type concentrate manufactured by the 3M Company prior to the
phase-out with one of the more common formulations of the fluorinefree foams [78]. The measurements were extracted from Ref. [21],
which used DEF(AUST)5706 protocol with a small pan size of 0.28 m2 to
perform the test. Evidently, AFFF outperform FFF, but not by a wide
margin. For example, there is about 10 s–14 s penalty for fire extin
guishment, but the burn-back time is variable, depending strongly on
whether the tests include potable or simulated sea water. It bears to
mind that, the 25% improvement in the time to extinguishment, which
appears typical of AFFF (FC–206CF) with respect to FFF (RF6), may not
justify the contamination of the environment by the persistent and toxic
perfluorosurfactants. We have been unable to locate in literature a
similar comparison for the benchmark sultone-type concentrates, but
Ref. [39] contrasted the performance of sultone-type FC-203CE (deno
ted as concentrate A* in Table I of Alm and Stern’s patent [39]) with the
acrylic-type FC-203CF (concentrate B in the patent) and reported the
extinguishment time using fresh water of 38 s (43 s with ASTM D1411
sea water) for the former and 29 s for the latter, with the corresponding
burn-back time of >420 s for both formulations, from the MilSpec
(Revision C) tests. Typically, the repeatability of the MilSpec tests falls
within 4 s. There appears to be no investigation comparing the perfor
mance of AFFF and FFF using sea water with (ASTM D1141, [44]) and
without (e.g., DEF(AUST)5706 [15]) the adjustment of pH. Finally, the
sealability of hydrocarbon vapours, which is an important consideration
for mitigating spills, displays significant superiority of AFFF; i.e.,
fluorosurfactant-based foams exhibit breakthrough times that exceed
those of fluorine-fee foams by a factor of three [2,21].
Part of the success of PFOS foams relates to high levels of organic
fluorine in comparison to those of competing fluorotelomer formula
tions. The content of PFOS filmer of the FC-203CE, a 3% sultone
concentrate manufactured for the US Defence market in 1980s, corre
sponded to 1.84% [39]. This amount was in addition to 2.56% of the
sultone foamer itself added to FC-203CE. Both percentages are quoted as
dry (active) matter, but typically the solutions of K-PFOS filmer, sold
under the name of FC-95 by the 3M Company, had approximately 28%
of active solids, whereas solutions of foamers comprised around 43% of
active matter. Since the chemical species that make the sultone foamer
consist on average of up to 40% F and K-PFOS contains 60% F, the total
organic fluorine (TOF) of 3% sultone concentrate corresponded to
around 2.1%. In subsequently-introduced acrylic formulations, the 3M
Company decreased the concentration of organic fluorine to about 1.8%
(FC–203CF), but the content was still about twice as high as TOF of the
fluorotelomer-based 3% concentrates of the same period. Kleiner and
Jho [40] reported that, the fluorotelomer concentrate made by National
Foam as Aer-O-Water 3EM displayed the lowest TOF of 0.85%, the value
that coincides with 1% quoted by Ref. [68]. Clark and Kleiner
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formulated other fluorotelomer concentrates that included as low as
0.67% TOF but they either failed or showed marginal performance on
the MilSpec standard [68].

correction made for specific structural considerations, such as intra
molecular hydrogen bonds and the existence of tautomer forms and
resonance structures [79,80].
The approach implemented by the developers of SPARC [81] (and
references cited within) involves splitting a molecule into the ionisable
reaction centres, and then perturbing the generic pKa’s allocated to these
centres by the electrostatic, resonance, solvation and hydrogen-bond
interactions. The electrostatic perturbations comprise those due to the
charges and electric dipoles that reside on moieties that are connected
through linkage segments with charges and dipoles of the reaction
centres. Electric-field-based models serve to calculate the relevant in
teractions, with fitted parameters used to account for the contributions
from remote charge, their modification by the linkage segments and the
response of the reaction centres. The approach ensures flexibility in
calculating the magnitude of the electrostatic interaction based on
tabulated values. Additional electric interactions included in the model
arise due to the charge induction through a chain of σ bonds and due to
the so-called mesomeric field effect; the latter effect, induced by sub
stituent groups, manifests itself as addition or subtraction of charge on
carbon atoms adjacent to the reactive centres. Similarly, the resonance
effect arises by charge-withdrawing or charge-donating groups, with the
effect transferred to the reactive centre by delocalisation of π electrons.
More than one hydrophobic substituent bonded directly to a reaction
centre brings about the solvation effect, whereas the direct coupling of
proton-donating with proton-accepting moieties prompts the intra
molecular H-bonding. Substituents of F, =O and SO2 are characterised
by large dipole and electronegativity strengths, resulting in elevated
perturbation due to these effects and, hence, less accurate predictions of
the ionisation constants for nitrogen centres in Rf-SO2-NH- and

4. Validation of pKa predictions
There are no reports in the literature on the measurement of the
ionisation constants of fluorosurfactants used in firefighting. This real
isation is surprising considering the practical importance of pKa.
Perhaps, the reason might be that one can predict accurately the ion
isation constants of the typical anionic head groups such as –SO3H,
–OSO3H and –COOH, and that these groups are always ionised in the
realistic range of pH 6 to 9 for water used to make premix; i.e., they exist
as –SO3ˉ, –OSO3ˉ and –COOˉ. Only, the amine-oxide head groups
deprotonate within this range, at pH around 6.5 (Fig. 4a), and the
notionally nonionic tertiary-amine head groups of –N(CH3)2 are almost
entirely protonated; i.e., they exist as –N(CH3)2H+ as their pKa is around
8.9 (Fig. 4d). The difficulty arises for predicting the deprotonation of the
head groups, which are directly attached to fluorochains, as in PFOS or
PFOA. In the first two rows of Table 3, we compare the laboratory
measurements of the relevant pKa with their modelling data, using two
packages, SPARC [43] and the pKa plugin to MarvinSketch in ChemAxon
[62]. Literature records significant number of measurements for these
species, as summarised by Kim et al. (2020). While SPARC yields the
figures for pKa of PFOS and PFOA within the range of experimental
measurement, the predictions from the pKa plugin considerably under
estimate the pKa of PFOA by four units. ChemAxon calculates the ion
isation constants from empirical linear and nonlinear equations that
account for the partial charge distribution, atomic polarisability with

Table 3
Comparison of the ionisation constants for perfluorospecies from experiments and calculations. Signed errors denote difference between experimental measurements
(in solvents of methanol and dimethyl sulfoxide) and predictions from SPARC software, whereas the numbers in parentheses denote the difference between predictions
from SPARC and ChemAxon packages, in aqueous solutions. ChemAxon does not have the capacity to compute pKa for solvents other than water.
No

Solute species

Relevant acidic sites

Solvent

pKa
Experiment

SPARC, present
study

ChemAxon, present
study

Signed error or (signed
difference)

0.14

− 3.32

0.0 (SPARC)

− 0.21

− 4.20

0.0 (SPARC)

9.15
6.94

–
–

− 0.4
− 2.1

1

PFOS, C8F17SO3H,

Rf-SO2OH

Water

2

PFOA, C7F15COOH

Rf-COOH

Water

3
4

Rf-SO2NH–C2H5
Rf-SO2NH2

Methanol
Methanol

Rf–SO2NH2
Rf-SO2NH–C2H5
Rf–SO2NH2

DMSO
Water
Water

9.7c
–
–

7.84
7.91
6.56

3.64
3.37

− 1.9
(-4.27)
(-3.19)

Rf–SO2NH2
Rf–CONH-C2H5

Water
DMSO

12.6d

6.1
10.09

6.19
–

(0.09)
− 2.5

Rf–CONH2
Rf-CONH-C2H5

DMSO
Water

17.2e
–

15.57
9.27

–
10.79

− 1.6
(1.52)

13
14
15
16
17

Sulfluramid, C8F17SO2NHC2H5
NDES, N-deethyl sulfluramid,
C8F17SO2NH2
Trifluoromethylsulfonamide, CF3SO2NH2
Sulfluramid, C8F17SO2NHC2H5
NDES, N-deethyl sulfluramid,
C8F17SO2NH2
Trifluoromethylsulfonamide, CF3SO2NH2
2,2,2-trifluoro-N-phenylacetamide,
CF3CONHC6H5
Trifluoroacetamide, CF3CONH2
2,2,2-trifluoro-N-phenylacetamide,
CF3CONHC6H5
Trifluoroacetamide, CF3CONH2
6:2 FtSaB (Fig. 2)
6:2 FtSaAo (Fig. 4a)
Sultone foamer A (Fig. 4b)
6:2 FtTaS (Fig. 4c)

− 3.3 –
0.14a
− 0.21 –
3.8a
9.5b
9.0b

7.01
10.18
10.18

(-4.01)
(-0.79)
(-0.68)

12.45

(-0.35)

18
19

Acrylic foamer (Fig. 4d)
C8SaAm (Fig. 5)

3.28

(-3.2)

5
6
7
9
10
11
12

a
b
c
d
e
f

Rf-CONH2
Water
–
11.02
RfC2H4–SO2NH–C3H6–
Water
–
10.97
RfC2H4–SO2NH–C3H6–
Water
–
10.86
Hydrogen in –SO2NH- is substituted by –C3H6SO3ˉ, removing the acidic site
–SC2H4–CONH–C
Water
–
12.10
(CH3)3–
Hydrogen in –SO2NH- is substituted by –C2H4CO2ˉ, removing the acidic site
Rf-SO2NH–C3H6–
Water
–
6.48f

As summarised by Kim et al. (2020).
[22].
[23].
[24].
[25].
Approximately 8.2, once the tabulated value is corrected by 1.7, as described in the text.
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Rf-CO-NH-. The characteristics of the -N(H)- reaction centre do not
appear to be cited in open literature.
Similarly, there are no reports on the measured deprotonation con
stants for sulfonamide (–SO2NH–) and amide (–CONH–) that appear in
large majority of the present and historical molecules of fluo
rosurfactants. Furthermore, all experimental measurements of pKa of
these groups, which are immediately adjacent to fluorochains, that
appear in literature were acquired in solutions of either methanol or
dimethyl sulfoxide. Fluorochains connected directly to –SO2NH– and
–CONH– groups induce significant lowering of pKa, due to the charge
withdrawal. Rows 3–5 in Table 3 demonstrate that, in this situation,
SPARC underestimates the sulfonamide pKa by between 0.4 and 2.1 pH
units (rows 3–5); on average, by 1.5 pH units. Similarly, SPARC un
derestimates the pKa of amides by between 1.6 and 2.1 units (rows
10–11 in Table 3); that is on average by 1.9 pH units. Because of these
observations, in the remainder of this paper, we will deploy SPARC to
compute the pKa of fluorosurfactants with adjacent sulfonamide and amide
groups, correcting the values by adding 1.7 pH units. We also note that, for
the fluorinated surfactants with immediately adjacent sulfonamide and
amide groups, rows 6–19, 12–13 and 19 demonstrate that ChemAxon
underpredicts the relevant pKa values by the average of additional 2.7
pH units. Hence, we will not employ ChemAxon in further calculations.
The predictions seem accurate for non-fluorinated species with sul
fonamide and amide groups, and where the fluorochains are separated
from these groups by –C2H4– linkages, as in fluorotelomer surfactants.
This conclusion originates from the work of Rayne and Forest [82] that
built the foundations for the present preference for using SPARC for
calculating pKa for ionisation of sulfonamides and amides (e.g. [83]).
However, we should note that Rayne and Forest incorporated an erro
neous experimental value of pKa for trifluoromethylsulfonamide of 7.9,
rather than 9.7 [23], in their training set for predicting the ionisation
constants of a wide range of non-fluorinated sulfonamides (see Fig. 3 in
Rayne and Forest’ paper [82]). As this was only one out of 7 data points
used, the average unsigned error in Ref. [82] predictions varies between
0.45 and 1.41 pH units, depending on the experimental data set used to
compare the predictions with the experimental measurements. For this
reason, we will accept the values of pKa calculated from SPARC for
telomer surfactants as approximately correct. We also observe that, the
predictions from SPARC and ChemAxon appear to be approximately the
same; compare rows 14–15 and 17 in Table 3. Evidently, both packages
account well for the attenuating effect of the ─C2H4─ segment on charge
withdrawal by fluorochains in fluorotelomer surfactants.
We conclude this section by noting that, sulfonamide fluorotelomers
display pKa which fall less than one pH unit below those of amide flu
orotelomers; i.e., approximately 11 vs 12. However, for 3M type fluo
rosurfactants, with ─SO2NH─ and ─CONH─ groups adjacent to
fluorochains, the variation in pKa is more significant and, more impor
tantly, the values of pKa fall at lower figures of pH; i.e., approximately,
8.2 vs 9.4. This means that, sulfonamides will show no resistance to sea
water, while the resistance of amides may just be marginal, unless the
concentrates have their pH buffered at around 4. On the other hand, the
performance of fluorotelomers illustrated in Figs. 2 and 4 will show little
influence of sea water.

shielding the ionic charges on the head groups in the interface; (iii)
physical effect relating to the micelle formation, their size and shape,
their critical concentration and the diffusion of micelles and isolated
chains to the interface. Physical effects modify the surface properties,
especially dynamic and static surface tensions that govern film forma
tion and bubble size distribution [4], and hence the drainage, coarsening
and foam flow, and other key physical properties. Physical factors also
affect the bulk properties, in particular the foam-solution rheology
through the so-called salt curves [84]. Furthermore, micelle size and its
diffusion depend on the presence of solvents, especially diethylene
glycol monobutyl ether (DEGME). This solvent improves the properties
of both fresh and sea-water premix, but the influence is much more
beneficial for the latter (e.g., Ref. [68]). Although there is a coupling of
chemical and physical effects, e.g., ionisation changes as function of
ionic strength, but as the first-order approximation, the chemical and
physical effects can be treated separately, with the chemical effect
constituting the necessary condition for premix to form feasible foams.
The appearance of negatively ionised nitrogen in the connector
segment of a fluorosurfactant, or the emergence of non-ionised fluo
rosurfactant molecules, induces the sedimentation or precipitation in
premix prepared with sea water. Sedimentation and precipitation lead to
the outright failure of AFFF. In the absence of sedimentation or pre
cipitation (i.e., cloudiness or haziness), the physical effects of hardness
play an important role. This effect may be positive or negative. For well
formulated concentrates, it is typically positive, manifesting itself in
lower surface tension and faster spreading films. As a matter of fact, one
often includes magnesium sulfate, MgSO4, as a component of AFFF,
especially in fluorotelomer formulations, to improve firefighting prop
erties of AFFF (e.g., Ref. [50]); both Mg2+ and SO24ˉ constitute the key
species in the sea water. In this contribution, we focus on the chemical
effect, which has been overlooked by the previous researchers, yet it
explains the compatibility with sea water, as function of pH, of all flu
orosurfactants that we considered in this study, especially the
light-water concentrates developed by the 3M Company. We will review
all four light-water chemistries in detail, explain their advantages and
drawbacks, focusing on their compatibility with sea water. We argue
that, to develop a well-performing AFFF, one must first consider the
chemistry of its fluorosurfactants, prior to optimising the physical
properties of the concentrate.
5.1. Chemical effects of ionisation (pKa)
We propose that, the lack of compatibility of surfactants with sea
water stems from the deprotonation of sulfonamido or amido groups, as
it is illustrated for the deprotonation of a surfactant depicted in Fig. 5.
This cationic surfactant was developed by 3M as a component of the first
formulation of light water, known as FC-183 [27], but not used in
subsequent formulations of AFFF. For species that incorporate sulfon
amide and amide groups directly adjacent to Rf chains, the reader needs
to correct their pKa values by adding 1.7, as explained in the previous
section. This means that the true value of the pKa illustrated in Fig. 5, for
C8SaAm (perfluorooctane sulfonamido ammonium) should fall around
8.2. Amides deprotonate at pH that are around 1.2 units higher than for
sulfonamides. The deprotonation makes C8SaAm incompatible with
sea-water, unless the concentrate is buffered to low pH, perhaps as low
as 3.3, to ensure a margin of safety, for its performance with sea water.
Such pH would be highly corrosive for steel tanks. It may be preferable
to alleviate the problem by basing the acidic formulations on fluo
roamide surfactants, buffering the concentrates to around 4.5. This is
exactly what 3M Company appears to have done for its FC-195 AFFF

5. Chemical and physical compatibility of AFFF with sea water
While AFFF constitute complex mixtures, their compatibility with
sea water depends mainly on three factors, one chemical and two physical
in nature: (i) the chemical effect of pH on the ionisation (speciation) of
fluorosurfactant molecules; (ii) physical effect of hardness, that is the
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Fig. 6. Formation of pairs of ionised sulfonamido fluorosurfactants, facilitated by divalent Mg2+ and Ca2+ ions present in sea water. Note that SPARC underestimates
the pKa by about 1.7 units, so the true pKa should fall around 8.2.

Fig. 7. Chemical structure of the notionally cationic amine oxide (a) and nonionic (b) fluorosurfactants used by Francen [26]; values of pKa are computed using the
SPARC sofware [43]. We refer to these molecules as sulfonamido amine oxide (C6SaAo) and sulfonamido amine (C6SaA). The pKa indicate that, both molecules
are amphoteric.

concentrate that only used fluoroamide surfactants, as we will discuss
later.
The negatively ionised nitrogen arising in deprotonation of sulfon
amide and amide groups attract divalent cations present in sea water,
such as Mg2+ or Ca2+. These cations build bridges between two nega
tively ionised nitrogens. Fig. 6 illustrates this phenomenon. This effect
may perhaps first become noticeable at pH corresponding to two units
below the relevant pKa. As the corrected values of pKa translate to 8.2
and 9.4 for sulfonamide and amide hydrogen, it seems that these fluo
rosurfactants start failing for the premix that display pH of 6.2 and 7.4,
respectively, necessitating the margin of safety mentioned in the pre
vious paragraph. From this perspective, Bertschy and Peterson [30] re
ported pH of 6.3 of premix made from the acidic FC-195 amide
formulation made with sea water, well below 7.4 suggested here.
Whereas three of the four most successful present-day fluo
rosurfactants are strictly zwitterionic (Figs. 2 and 4b) or anionic (Fig. 4c)
in the pH range of 6–9, foam formulations may also include molecules
that are described as cationic and nonionic. Fig. 7a draws a molecule of a
notionally cationic amine-oxide fluorosurfactant (perfluorohexane sul
fonamido ammonium, C6SaAm) and Fig. 7b of a notionally nonionic
fluorosurfactant (C6 sulfonamido amine, C6SaA), as displayed. These
fluorosurfactants feature in the concentrate system proposed in
Ref. [26]; with its component listed in Table 4. Evidently, the ionisation
of these fluorosurfactants changes within the target range of pH. An
examination of the pKa values included in Fig. 7 demonstrates a complex
speciation in the target window of pH; the reader needs to adjust the pKa

of the sulfonamide groups by adding a correction of 1.7, as indicated
previously. Clearly, in aqueous solutions, each of these fluorosurfactants
will constitute a mixture of up to four charged species, depending on the
deprotonation of the two acidic centres. Both molecules will be cationic
at low pH and anionic at high pH. For the intermediate values of pH, the
molecule on the left will have two zwitterionic species, and the one on
the right will morph into one zwitterionic and one neutral species. The
appearance of the neutral species, with a maximum abundance at
around pH of 9, will make the molecule on the right insoluble. Thus,
Francen’s system [33,26] would be unsuitable for sea water, not only
because of the deprotonation of the sulfonamide nitrogen, but also
because of precipitation of this neutral species. The lesson to take home
is that, the common nomenclature of fluorosurfactants based on type of
Table 4
Francen’s [26] concentrate containing a mixture of notionally cationic and
nonionic fluorosurfactants.
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Chemical species

Composition, wt
%

C6F13SO2NHC3H6N+(CH3)2Oˉ (C6SaAo)
C6F13SO2NHC3H6N(CH3)2 (C6SaA)
Renex 31 (C13H27(OC2H4)nOH, n≈15)
Diethylene glycol monobutyl ether, DEGME
(C4H9OC2H4OC2H4OH)
Acetic acid (CH3COOH)
Water

4.0
2.5
0.5
25.0
1.5
67.0
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ionisation (anionic, cationic, zwitterionic, nonionic) often describes
only one of between one to four ionised species that may occur in the pH
interval of interest, and such molecules are frequently amphoteric in
nature. Good fluorosufactants used in firefighting foams display only
one ionisation state in the target pH interval.
However, we would like to point out that the low solubility of flu
orosurfants can be overcome, as demonstrated in Ref. [68], for the
water-insoluble amphoteric fluorosurfactants manufactured by Dynax
Corporation. These fluorosurfactants comprise betaine or sultaine head
groups, but the absence of sulfonamide, amide and thio groups in their
connector segment makes their solubility to be less than 0.01% in water
at 25 ◦ C. Typical formulae of these agents include
RfCHFC2H4N+(CH3)2CH2COOˉ and RfCHFC2H4N+(CH3)2C2H6SO3ˉ.
Clark and Kleiner [68] discovered that, the addition of water-soluble
anionic hydrocarbon surfactants or water-soluble fluorosurfactants
(such a Lodyne S-103A) solubilises the Dynax’ agents. The solubilisation
process was explained by Bernett and Zisman [85] by the formation of
mixed micelle that combine anionic hydrocarbon surfactants, such sul
fosuccinates or sulfonates, and insoluble fluorosurfactants. The resulting
formulations display values of the surface tension that are typically
lower than those of the constituent molecules. The Dynax’ agents have
been successfully applied in commercial formulations. For example,
Backe et al. [61] analysed a concentrate manufactured by Buckeye Fire
Equipment in 2009 that carries an unmistakable Dynax-fluorosurfactant
signature (see Table S5 in Backe et al.).

very weak, taking 15 s to cover a small petri dish filled with cyclo
hexane. However, when both fluoro- and hydrocarbon surfactants were
used together, the films spread much quicker on the substitute sea water
than on fresh water, typically covering the dish in 1–4 s, comparing with
2–30 s for fresh water. Likewise, Clark and Kleiner [68] noted that, the
addition of DEGME increased the ¼ drain time from about 30 s to more
than 4 min 30 s. For fresh water, there was also a large increase, from
about 2 min 30 s up to 5 min. The formulation without DEGME
demonstrated low drain time and low expansion for sea water. Consis
tently with Francen’s measurements, Clark and Kleiner [68] demon
strated that the spreading coefficients for sea-water premix exceeded
that of fresh-water premix by between 0.2 and 0.8 mN m− 1 (see Table 12
in Ref. [68], noting the typographic error of switched figures of 16.2 and
18.3 mN m− 1). While Clark and Kleiner reported the interfacial tension
to be higher by 1–1.2 mN m− 1 for sea water, the surface tension was
smaller by 1.4–1.8 mN m− 1 for the sea water, than for the fresh water.
The depression in the surface tension concurs with the reports in liter
ature (e.g., Ref. [88]; and references cited within) that solutions of NaCl
decrease both the surface tension and the critical micelle concentration.
These effects come to pass because of the reduced electrostatic repulsion
of the charged head groups of the surfactant molecules. By comparing
the results of Francen [26] and Clark and Kleiner [68] with the recent
measurements of Giles et al. [4] on the size and diffusion of micelles, we
hypothesise that the cations present in sea water induce the formation of
smaller micelles that diffuse faster to the interface. The shielding of
charges on the head groups adsorbed onto the air-solution interface
results, by sea-water cations, prompts tighter packing of surfactant
chains and lower values of the surface tension.
We need to draw the attention of the reader to a small technical point
relating to pH of the premix. Both Francen and Clark and Kleiner
experimented with sea water as defined by ASTM D1141 [44]. This
standard requires the user, after dissolving the salts, to adjust the pH to
8.2 using 0.1 N solution of sodium hydroxide or hydrochloric acid.
However, this does not mean that the two solutions of premix had the
same pH. This is because, the Fletcher and Livermore concentrate had its
pH set between 4.2 and 5.2 as needed to avoid the precipitation of the
fluorosurfactants at the pH associated with sea water (vide infra), and
Clark and Kleiner probably adjusted their concentrates to around 7.7, as
this is a midpoint for the MilSpec requirement (Table 1). This means that
pH of the Francen premix was about 6 and that of Clark and Kleiner of
around 8. We also add that, premix made from the 3M-made sultone and
acrylic concentrates displays the opposite effect [39] to that reported
above. For a sultone formulation (Table V in Ref. [39]), the surface
tension increased for sea-water premix (to 18.8 mN m− 1 from 17.7 mN
m− 1 for potable water) but the interfacial decreased (to 2.2 mN m− 1
from 2.5 mN m− 1), resulting in the spreading coefficient becoming
negative (− 0.6 mN m− 1). Alm and Stern [39] observed similar
comportment for an acrylic premix.
The amphoteric 6:2 FtSaB (Fig. 2) has capacity to build monolayers
of ordered fluorochains with each molecule occupying a cross-sectional
area of 31 ± 1 Å2, as measured by surface tension and neutron scattering
[63]. This compares with 28 Å2 area that would be typically associated
with an isolated fluorochain of 6:2 FtSaB, suggesting very tight packing
of the monolayer. As noted by Hill et al. [63], this tight packing allows
6:2 FTSaB to attain the surface tension of 15.6 mN m− 1 at the critical
micelle concentration (CMC), which approaches closely the physical
limit of surface tension of around 15 mN m− 1 achievable by non-cationic
fluorosurfactants; cationics can reach less than 15 mN m− 1. The CMC
coincides with the dramatic change of slope of the surface tension curve
vs the surfactant concentration. In surface tension measurements, this
change of slope serves to define the CMC itself. Hill at al. further re
ported that, the anionic 6:2 FtTaS fluorosurfactant (Fig. 4c) displays the
surface area per molecule of 42.5 ± 2 Å2 and the commensurate surface
tension of 19.2 mN m− 2 at CMC. Clearly, the charged head groups in 6:2
FtTaS introduce a small amount of repulsion between the adsorbed
molecules. This leads us to conclude that if a molecule of

5.2. Physical effects of hardness (charge shielding)
While the discussion of details of hardness, especially on surface
packing and on size, shape stability of micelles lies outside the scope of
this manuscript, these phenomena depend on the presence of other
components in the premix, not just on the abundance of fluo
rosurfactants. The dynamic and static surface tension, spreading coef
ficient, foamability (this property depends non-trivially on half-life of
micelles, the nature of the foam-formation mechanism and bubble
repulsion), foam stability, surface viscosity, and hence drainage and
coarsening, are all affected by hardness. The recent fundamental in
vestigations performed at the Naval Research Laboratory in the USA
(Giles at al., 2019) have revealed the size and diffusion coefficient of
micelles to depend on the inclusion of diethylene glycol monobutyl ether
(DEGME) solvent in the formulations. Adding 0.5% DEGME to a solution
of 0.225% of 6:2 FtSaB (Capstone 1157) decreases the effective diameter
of micelles from 174 nm to 125 nm and increases their diffusion coef
ficient from 2.82 × 10− 12 m2 s− 1 to 3.94 × 10− 12 m2 s− 1. These
fundamental changes in the behaviour of micelles result in faster decline
of the dynamic surface tension, with the presence of DEGME reducing
the time needed to reach 20 mN m− 1 from 6 s to 3 s. This leads to the
formation of a larger number of smaller bubbles and to increase in the
foam height. Foams made of smaller bubbles drain more slowly, take
longer to disproportionate by Oswald ripening and are more stable than
those composed of larger bubbles [6,86,87]. They also hold more foam
solution. In future studies, it will be important to investigate the
dependence of these phenomena on pH and on the presence of hydro
carbon surfactants. From studies on mixtures of hydrocarbon surfac
tants, we know that the addition of anionic sodium dodecyl sulfate (SDS)
to solutions of nonionic hydrocarbon surfactants (e.g., C12H25OH)
shortens the time for micelle disintegration [52].
Patent literature suggests that, premix made from simulated sea
water forms faster-spreading films than that made from fresh water,
with notable exceptions for the sultone and acrylic concentrates made
by the 3M Company [39]. This was first noted by Ratzer in 1964 (as
reported by Ref. [50]), but elaborated in detail by Francen ([26], see
Table 7 in this reference). Francen used the Fletcher and Livermore’
system of surfactants ([31]); FC-194 in Table 5 below. Francen first
observed that, for sea water, solutions of fluorosurfactants without hy
drocarbon surfactants did not form films. For fresh water, the films were
11

Most likely foamers

Most likely filmer

Other compounds used

Properties and major innovation

Comments and references

FC-183, 1964

C8F17SO2NH(CH3)3N+(CH3)3Iˉ (1%)
C7F15CONH(CH2)3N+(CH3)2–C2H4COOˉ (1%)

N/a

Polyox WSR 35 (2%), Mw =
88,000–176,000
Polymer-based formulation

[27,28,29]

FC-194, 1967

C7F15CONH(CH2)3N+(CH3)2–C2H4COOˉ (5.9%)

C7F15COOH⋅N(CH3)2C3H6–NHC2H4COOH
(0.4%)

FC-195 and FC-196,
1969/1970

Most likely the same as for FC-194, C7F15CONH
(CH2)3N+(CH3)2–C2H4COOˉ (5.9%) with the
difference in the formulation due to hydrocarbon
polymers or surfactants and pH buffering; see the
cell to the right
The patent literature also mentions amine-oxide
type surfactants C6F13SO2NHC3H6N+(CH3)2-O(4%)
C6F13SO2NHC3H6N(CH3)2 (2%), but the
evidence discussed in the text does not support
the use of these surfactants in commercialised
formulations

Most likely the same as for FC-194,
C7F15COOH⋅N(CH3)2C3H6–NHC2H4COOH
(0.4%)
Hydrocarbon surfactants, such as Renex 31
(C13H27(OC2H4)nOH), n ≈ 15. Mw ≈ 861
(0.5%) in FC-196
Hydrocarbon polymers, such as Polyox WSR
N10 or Pluronic F-77 or P-94, in FC-194 and
FC-195. Similar viscosities of FC-194 and FC195 [32] suggest similar water-soluble
polymers incorporated in both concentrates.

FC-199, 1971

Most likely the same as for FC-194, FC-195 and
FC-196C7F15CONH(CH2)3N+(CH3)2–C2H4COOˉ
but with a different synthesis route to eliminate
the presence of Cl in the concentrate due to the
use ClC2H4COOH reagent, such β-propiolactone

Most likely C7F15COOH⋅N
(CH3)2C3H6–NHC2H4COOH or C8F17SO2N
(C2H5)C2H4COOK

Polyox WSR N10 (9.1%),
Mw = 90,000 or Pluronic F77 (5%) Mw ≈ 6800 or
Pluronic P-94, Mw ≈ 4900
Ethylene glycol (30%)
Water (balance)
Acetic acid to adjust pH to
4.2–5.3 (52 ◦ C)
Polymer based formulation
Diethylene glycol
monobutyl ether (DEGME,
25%)
Acetic acid (1.5%)
FC-195: probably based on
Pluronic F-77 (5%)
FC-196 probably based on
hydrocarbon surfactant,
such as Renex 31 (a
polyoxyethylene ether
alcohol nonionic surfactant,
0.5%)
Water (balance)
Buffered at pH = 4.7
Uncertain, probably the
same as FC-196, due to the
similarity in the viscosity of
FC-196 and FC-199

Highly viscous
25% concentrate
Blows with CFC-12, now water
Introduced in 1964
Fluorine content: calculated 0.94%
(for comparison with FC-194, this
corresponds to 3.9% in a hypothetical
6% concentrate)
Introduction of 6% concentrate,
separate filmer and foamer and
ethylene glycol as foam improver/
stabiliser
μ = 100–200 mPa s (lower viscosity
than FC-183)
Did not work on sea water and was
never used on ships
Fluorine content: calculated 3.1%
Introduction of DEGME (as foam
improver) and buffered acidic seawater compatible formulation
μ = 100–200 mPa s (FC-195, slightly
more viscous than FC-194) and μ =
5–10 mPa s (FC-196)
FC-196 used on aircraft careers
FC-196 approved under new MilSpec
(MIL-F-24385) in May 1970
Fluorine content: calculated from
composition 3.1%; Korzeniowski
et al. [35] quote a similar figure of
3.2%

[32]

FC-200 (first alkaline
formulation), 1972

Uncertain: Francen [26] and Pavlik [36] give a
formulation that includes C6F13SO2N(CH2COOˉ)
C3H6N+(CH3)3 (4%), but this agent would have
contained Cl impurity from the synthesis process

Uncertain: Francen [26] and Pavlik [36] give a
formulation that includes C8F17SO2N(C2H5)
CH2COOK (2%); but this agent would have
contained Cl impurity from the synthesis
process

Acidic sea-water compatible
formulation
Chloride free
Synthesis route changed to eliminate
chloride impurity, probably by
switching to β-propiolactone
μ = 5–10 mPa s
MilSpec approved in March 1971
Basic (pH > 7) sea-water compatible
formulation, no corrosion of stainless
steel
No Clˉ contamination
μ = < 6 mPa s
MilSpec approved in Jan 1972
Fluorine concentrate: calculated
figure of 2.8% does not agree with
the value of 2.1% reported in
Ref. [35] and Falk ([37]; see Table 16
in this reference). Neither
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3M Product Name
and year of
introduction

[30-32]
Francen’s patents [33,26] provide
characterisation of polymers and
surfactants used in the early
concentrates MacKay [34] mentions
the development of FC-1941 (sic) by
3M by August 1965, but reformulation
and testing of FC-1941 by NRL
continued into 1967.
[33,26,29,32]

[36,37,38,26,32]

(continued on next page)
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Uncertain: Francen [26]
and Pavlik [36] provide the
following components
DEGME (25%)
Triton X-305 (5% solids);
Mw ≈ 1528 or Sipon WD
(6%) (C12H25OSO3Na, Mw
= 288) pH adjustment
Triethanolamine (N
(CH2CH2OH)3, 1.5%) or
KOH to pH = 8–9

B.Z. Dlugogorski and T.H. Schaefer

Table 5
Summary of the most likely composition of acidic formulations (except for FC-200), including their chemical composition and major advances, as gleaned from patents and the NRL and FAA reports. The chemical formulae
include the predominant fluorosurfactants as listed in references. Electrochemical fluorination produces a range of C2–C8 and C4–C10 homologues, for C6 and C8 feedstock, respectively. Within each homologue group, there
are straight and branched-chained isomers and impurities. The percentages in the compositions apply to 6% concentrate, except for FC-183, which was a 25% concentrate.
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DEGME (25%)
C12H25OSO3Na (Sipon WD, 5%)
Water (64%)
pH adjusted to 8.0

It could also have been the first sultone formulation based on (see notes in Examples 6 and 9 of Ref. [36])
C6F13SO2N(C3H6SO3ˉ)C3H6N+(CH3)2C2H4OH and/or C6F13SO2N(C3H6SO3ˉ)C3H6N+(CH3)2H (4%)
C8F17SO2N(C2H5)CH2COOK (2%)
DEGME (25%)
Triton X-305 (5% solids)
Water (65%)
KOH to adjust pH to 8-9

Korzeniowski et al. [35] nor Falk
[37] described the analytical
technique to obtain the value of
2.1%.
C8F17SO2NHCH2C6H4SO3Na (6%)
Water (balance)
Lower viscosity than
FC-196/FC-199
As indicated in the text, it is possible that, FC-200 might have been also based on the
following system [26]:

Properties and major innovation
3M Product Name
and year of
introduction

Table 5 (continued )

Most likely foamers

Most likely filmer

Other compounds used

Comments and references

fluorosurfactant changes its speciation between the pH corresponding to
fresh and sea water, as it happens for 6:2 FtSaAo and the acrylic foamer,
illustrated in Fig. 4a and d, one would expect modification in the
packing of the monolayer and an adjustment to the surface tension and
CMC.
Whilst open literature offers no data on fundamental properties of
fluorosurfactants with amine-oxide and tertiary-amine head groups as
function of pH, the changes in the fluorosurfactant speciation could
lower performance of these foams in comparison to sultone formula
tions. In support of this argument, we note that, the performance of
hydrocarbon surfactants, as gauged by the foam height, displays a sig
nificant dependence on pH, as discussed by Pugh [46] and others. For
example, the performance of fatty acids increases as the foam solution
approach pH equal to that of pKa. Pugh explained this phenomenon by
the appearance of strong attractive ion-dipole interactions that induce
higher packing densities of hydrocarbon chains at the interface.
Furthermore, there no requirements of the foam standards to report the
pH values of premix used for firefighting; although this might have been
stipulated internally within the 3M Company in the US and the US Naval
Research Laboratory, judging from the Bertschy and Peterson report
(1969) who reported such measurements. Again, this makes it difficult
to unravel the performance of firefighting foams.
Finally, we make a brief note that mixing of cationic and anionic
surfactants is a normal approach to improve the properties of fluo
rotelomer formulations, but it was not introduced, as far as we know in
3M formulations, except for the initial FC-183 formulation in 1960s. For
fluorotelomer formulations, typically one applies much more anionic
fluorosurfactants than cationic surface active agents and adds some
(nominally) non-ionic fluorosynergist (e.g, Refs. [51,67,37] by Falk).
This approach may lead to desirable depression in surface tension, but it
reduces the foam quality (i.e., foamability), so it is not used in products
requiring rich foams. 3M advised against mixing cationic and anionic
fluorosurfactants in its formulations, citing their incompatibility for film
formation [26]. While neither Francen nor Falk explains the funda
mental behaviour, it appears that the macroscopic properties arise due
to the changes in the size, shape and half-life of the micelles, their
diffusion to the interface, and perhaps to packing of the surfactants at
the interface. Clearly, the field of firefighting foams needs more funda
mental studies to spring the progress, similar to those performed
recently by Hill et al. and Giles et al. Refs. [4,63].
Consistently with the discussion on the effects of pH and hardness, KPFOS (FC-95) shows positive physical but no chemical effect of sea
water. This compound has no spacer and hence it comprises no sulfon
amide or amide moiety to interact chemically with divalent cations from
sea water. For this reason, it has no propensity to precipitate. Its very
low pKa of between − 3.3 and 0.14 makes it to be anionic over the entire
practical window of pH. The mixing of MgSO4⋅7H2O into solutions of
PFOS results in Mg2+ attenuating the anion-anion repulsion. This allows
the solutions of K-PFOS to decrease the surface tension from 26.0 mN
m− 1 to 21.5 mM m− 1 [46]; (Table 3). Falk [67] obtained these mea
surements by diluting 6% concentrate that contained 1.67% active
K-PFOS, 0.6% MgSO4⋅7H2O and 25% of unspecified solvent (most likely
DEGME). This means that water hardness would have positive impact on
the fire-fighting behaviour of the PFOS filmer.
6. Light-water formulations
6.1. Acidic concentrates and FC-200
The development of acidic concentrates represented a collaborative
effort among 3M that provided the formulations, NRL that delegated the
researchers to work on the project and Ansul that made available the
testing ground in Marinette, Wisconsin [9]. Ansul was the exclusive
distributor of 3M’s AFFF between 1964 and 1968, and non-exclusive
until early 1976 [89]. However, Ansul and 3M had competing com
mercial interests and in 1974 Ansul started collaborating with
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Ciba-Geigy, which manufactured fluorotelomer surfactants, such as the
one illustrated in Fig. 4c. Ansul’s first MilSpec formulation, listed in
1974, was based on Ciba-Geigy’s surfactants [35].
While not all details are available in open literature, the early
development of fluorosurfactant-based foam concentrates is relatively
well documented in a series of five patents, the first filed in 1963 by the
US Naval Research Laboratory [27], and the four others by 3M scientists
(Ref. [31] filed in 1968, Refs. [33,26] filed in 1969 and 1971, respec
tively, and Ref. [36] filed in 1971). We do not have access to 3M ar
chives, so our analysis may contain errors in interpreting the patent
literature. But we do have access to a series of seven NRL reports pub
lished between 1964 and 1972 that allow us to link the evolution in the
physical properties of the foams with the changes made in the chemical
composition of the concentrates [3,30,28,90,29,91,32], and two rele
vant reports from the Federal Aviation Administration [48,92]. We hope
that our work will spring further publications on this intriguing subject.
These early formulations are characterised by the presence of the
sulfonamide (–SO2NH–) and amide (–CONH–) groups attached directly
to the perfluorochains (Rf) in the surfactant structures. The per
fluorochains are predominantly unbranched n = 6,8 for sulfonamides
and n = 7 for amides. In addition to sulfonamides and amides, the spacer
also includes a propylene segment (–C3H6–). The head groups are
nominally nonionic (–N(CH3)2), cationic (–N+(CH3)3) or zwitterionic,
either betaine (–N+(CH3)3CH2COOˉ or –N+(CH3)3C2H4COOˉ) or amine
oxide (–N+(CH3)3Oˉ). Patent literature also proposed other less-common
head groups, including anionic groups, such as –OPO(OH)2, –OSO3Na or
the incorporation of the benzene ring in the spacer [26]. The underlying
feature of these surfactants is the acidity of the hydrogen in sulfonamide
and amide groups with the typical pKa of around 8.2 and 9.4, respec
tively, as computed from the SPARC software [43] and corrected by 1.7.
Note that the literature typically cites the uncorrected values of pKa, e.g.
Ref. [83]. This means that, the surfactant solutions are not compatible
with sea-water and must be buffered to acidic pH to avoid the formation
of pairs of fluorosurfactant molecules facilitated by Mg2+ or Ca2+
(Fig. 6). Initially, the formulations included water-soluble polyethylene
oxide polymers, then shorter-chain hydrocarbon surfactants, with the
later formulations using DEGME, as a foam improver, and acetic acid to
set pH at around 4.5. The formulations showed good scaling, i.e., they
displayed the suppression effectiveness, expressed in terms of solution
application density, independent of fire size; as opposed to protein
foams (Figs. 29 and 30 in Ref. [29]). While the fluorosurfactants
employed in acidic formulations were replaced by 3M with the new
sultone-foamer technology in 1972, they have been recently synthesised
by the Beijing Surfactant Institute (see page 5 in Supporting Information
to Ref. [83]).
There appear to be three types of formulations developed by 3M
between 1964 and 1972, denoted by consecutive FC filing numbers that
3M used at the time, as summarised in Table 5:

(i) The first light-water formulation (FC-183) was reported in the
patent of Tuve and Jablonski [27]; see Fig. 8. This formulation
was highly viscous, as it contained water soluble resin (Polyox
WSR 35) that consisted of 2000–4000 units of ethylene oxide. It
was not compatible with sea water, it was acidic and corrosive,
and it contained chloride anions that contributed to the corrosion
problem. It could not be used on ships. It came as a 25%
concentrate that had to be expanded with CFC-12.
(ii) Fletcher and Livermore [31] developed 6% concentrate based on
separate fluorosurfactants to engender the premix with the ability
to form foams (foamer, Fig. 8b) and spreading films (filmer,
Fig. 9a) on the surface of fuel and denoted as FC-194. FC-194
concentrate exhibited viscosity of between 100 and 200 mPa s, at
16 ◦ C and 32 ◦ C, respectively (see Fig. 1 in Ref. [32]), signifi
cantly above that of protein foams of 15–30 mPa s. The formu
lation did not work on sea water and was never used on ships.
(iii) A group of three formulations FC-195, FC-196 and FC-199,
probably all based either on the same or similar foamer
C7F15CONH(CH2)3N+(CH3)2C2H4COOˉ (Fig. 8b) and filmer
C7F15COOH⋅N(CH3)2C3H6NHC2H4COOˉ (Fig. 9a) or C8F17SO2N
(C2H5)C2H4COOˉK+ (Fig. 9b). We suspect that the Francen fluo
rosurfactant system (Table 4), while prominent in the patent
literature [33,26] was not incorporated in commercial formula
tions. Nonetheless, the Francen concentrate constituted the first
generation of amine-oxide formulations. Amine oxides, albeit of
different chemical make-up, were reintroduced by 3M in late
1990s [41,42]. The FC-195, FC-196 and FC-199 formulations
were buffered with acetic acid to pH = 4.5–4.7, making them
compatible with sea water, by preventing the deprotonation of
the amide hydrogen. These formulations progressively resolved
the problems with sea-water compatibility, high concentrate
viscosity and chloride impurity that plagued FC-183 and FC-194
systems.
We note that, Francen in his patents did not clearly differentiate
between foamer and filmer fluorosurfactants, although the patents made
multiple references to the separate foaming and filming properties.
Francen’s foamer included two fluorosurfactants, the amine oxide itself
and a nonionic fluorosurfactant synergist. Those who formulate con
centrates of firefighting foams know that systems of two surfactants
often work better than a single surfactant. The addition of hydrocarbon
polymers or shorter chain surfactants induced lower interfacial tension
allowing films to spread. There was a distinct change in nomenclature in
the two Francen patents [33,26] that caused the concepts of filmers and
foamers to become blurred. The 1971 patent [33] described the hydro
carbon surfactants as “film promoting”, whereas the 1973 patent [26]
included film-forming fluorinated surfactants with the hydrocarbon
surfactant being an emulsifier; i.e., its role was to decrease the interfa
cial tension. The early patent further explained the role of hydrocarbon
surfactants as to decrease the use of expensive fluorocarbon surfactants.

Fig. 8. Chemical structures of the fluorosurfactants used in the first formulation of light water, FC-183 [90]. (a) Cationic perfluorooctane alkylsulfonamido
ammonium, C8SaAm. (b) Perfluorooctanamido betaine C8AB that might have been the foamer incorporated in FC-194, FC-195, FC-196 and FC-199. Note the pKa
values for deprotonation of the sulfonamido and amido hydrogens; with corrections these values correspond to 8.2 and 9.4. Even though both species deprotonate in
the pH range characteristic of sea water, amido species (b) can be made compatible with sea water by buffering the concentrate at pH of about 4.5–4.7.
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Fig. 9. Possible filmers incorporated in acidic formulations and FC-200. (a) Two-component salt that was likely part of FC-194, FC-195, FC-196 and FC-199 [31]. (b)
A filmer that might have been used in FC-200 [36,26], introduced as a potassium salt into the concentrate.

This point is important to emphasise. While one can perhaps formulate
AFFF concentrates without hydrocarbon surfactants, both the improved
firefighting properties and the cost necessitate the inclusion of hydro
carbon surfactants in AFFF formulations.
FC-195 was a low-viscosity formulation (5–10 mPa s) introduced in
May 1970 and FC-199, brought to market in March 1971, eliminated the
presence of the Clˉ impurity [32]. Geyer [92] quoted a table with
physical characteristics of two AFFF concentrates; one was a formula
tion that displayed a pH value of 4.6 and the chloride content of 2 ppm.
While Geyer did not identify the manufacturer; this figure of pH and the
timeline of Table 5 (Column 1) suggest the concentrate to be FC-199.
This confirms to us that, FC-199 indeed displayed very low chloride
level, as reported by Ref. [32]. Both FC-195 and FC-196 gained MilSpec
approvals ([12]; for historical requirements of MilSpec standards, see
Ref. [14]). We suspect that the Clˉ impurity was a consequence of the
final synthesis step involving ClC2H4COONa, rather than the use of
cationic surfactants comprising chloride anion. One could also
hypothesise that the chloride impurity came from the feedstock material
of C8H17SO2Cl to the electrochemical fluorination. However, HCl
generated in ECF is insoluble in liquid HF and it leaves the cell as soon as
it is formed [93]. Thus, the elimination of Clˉ impurity in FC-199 appears
to indicate a significant change in the 3M synthesis process. Most likely,
the change involved the preparation of the foamer (C7F15CONH
(CH2)3N+(CH3)2C2H4COOˉ) by the reaction of β-propiolactone with
C7F15CONH(CH2)3N(CH3)2 [31]. However, β-propiolactone is carcino
genic. We believe that this was one of the key reasons for 3M to switch to
alkaline formulation in FC-200, with FC-200 perhaps constituting the
first commercial concentrate involving the sultone-based foamer
chemistry.
The line of thought that the Francen composition were not incor
porated in commercial concentrates, despite the patent information [33,
26], is strengthened by no reports of the detection of Francen amine
oxide surfactants in the ground water at the old training sites. Other
evidence constitutes the pH measurements quoted by Ref. [30] of pH =
4.7 for FC-195 concentrate and pH = 6.3 for FC-195 diluted in sea water.
The synthetic sea water prepared by NRL displayed somewhat high pH
of 8.6 [30], in comparison to pH = 8.2 of typical sea water that must
have predominated the oceans around half a century ago and used by
ASTM D1141 [44]. The high pH of the synthetic sea water used by NRL
might have been selected on purpose, as a margin of safety. As sulfon
amides demonstrate pKa of around 8.2, formulations based on the
Francen composition would have shown at least a minor degree of in
compatibility with sea water. Amides have higher pKa of approximately
9.4, making these fluorosufactants more suitable for sea-water appli
cations. But, perhaps, the strongest evidence against the use of Francen

composition in the commercial formulations by 3M is the existence of
Clˉ impurity in acidic concentrates. The two fluorosurfactants listed in
Table 4 can be synthesised by reacting C6F13SO2F with NH2C3H6N
(CH3)2, and then obtaining amine oxide by oxidation of the product of
synthesis with hydrogen peroxide (the latter step described in, say,
Example 18 of Ref. [41]), requiring no chlorinated reagents. This means
that, we would not have expected the Francen system to contain the
chloride impurity. Hence, on the balance of arguments, we conclude
that, FC-195, FC-196 and FC-199 did not employ the Francen system.
The fluorosurfantants incorporated in these concentrates must have
comprised an amide-type spacer, as in the C7F15CONH
(CH2)3N+(CH3)2C2H4COOˉ foamer, rather than sulfonamide spacers
that appear in all fluorosurfactants invented by Francen.
The concentrates of early AFFF inherited the foam generation sys
tems designed for low viscosity protein formulations (viscosity of about
20 mPa s). The correct proportioning of the concentrates in these sys
tems necessitated switching of ethylene-oxide Polyox WSR-35 polymer
(Mw ≈ 88,000–176,000 [27]) to shorter chain Polyox WSR N10 (Mw ≈
90,000 [31]) and then to proper hydrocarbon surfactants (see Table 5
for details). Outside the minimum and maximum limits on viscosity of
foam concentrates, a proportioning system may fail to deliver the target
strength of the premix. Presently, for MilSpec [12], these limits are set
between 2 and 20 cS for 3% concentrates; i.e., 2 and 20 mPa s, as den
sities of typical AFFF concentrates fall around 1020 kg m− 3. The origin
of the limits lies in the pioneering work of Gipe and Peterson [32] done
on the FC-194, FC-195, FC-196, FC-199 and FC-200 formulations. The
changes in the type of hydrocarbon surfactants are also evident in the
available interfacial tension data; see Table 3 in Ref. [91].
The premix made from FC-194, FC-195 and FC-196 concentrate
displayed the equilibrium surface tension of 15.5, 15.6 and 15.4 mN
m− 1, with the interfacial tension varying between 1.1 mN m− 1 for
toluene to 5.64 mN m− 1 for dodecane (all at 25 ◦ C) [3,91]. These data
indicate that, the type of fluorosurfactants might not have changed
among these formulations, or that all the formulations were prepared to
meet the target surface tension of around 15.5 mN m− 1. As the surface
tension of typical commercial fuels varies between 19.27 mN m− 1 for
aviation gasoline and 28.59 mN m− 1 for navy distillate, the spreading
coefficient of FC-196 typically falls between 1.13 mN m− 1 for aviation
gasoline and 8.30 mN m− 1 for navy distillate; i.e., the spreading coef
ficient remains a strong function of fuel composition, with high values
associated with long chain aliphatics, aromatics and cyclo-aliphatics,
and small figures of the spreading coefficients suggesting the presence
of short-chain and branched aliphatics. The critical surface tension of
fuels, below which the spreading coefficient becomes negative corre
sponds to 18.5 mN m− 1, preventing FC-196 to form films on n-pentane,
15

B.Z. Dlugogorski and T.H. Schaefer

Fire Safety Journal 120 (2021) 103288

Fig. 10. Chemical structures of the fluorosurfactants that might have been incorporated in FC-200. (a) The first fluorinated geminal aminocarboxylate developed by
Ref. [36]; a precursor to future acrylic foamers. (b) Anionic surfactant quoted by Ref. [26] as able to be used at pH = 8. (c) By-product from the synthesis of species
(a), detected in the ground water contaminated with AFFF [56]. While sulfonamides deprotonate easily, note the uncorrected pKa of 7.19 (8.9 with the correction),
the presence of bulky groups in their vicinity provides a steric barrier that prevents the formation Mg2+ or Ca2+ bridges between the two adjacent molecules, with the
ionised sulfonamide group; i.e., ─SO2Nˉ─. This effect may be enhanced by the repulsion due two negative charges on each molecule; see pane (b).

n-hexane and isooctane [3]. If the film exceeds the critical thickness of
about 10–15 μm, single films provide enough barrier to diffusion of
flammable vapours for most fuels [3,91]. The temperature dependence
of the spreading coefficient is mostly driven by the change in the surface
tension of the fuel, leading to decreasing values of the spreading coef
ficient as the temperature increases [86]. In other words, the spreading
coefficient declines as the temperature rises; this means that fluo
rosurfactants lose part of their activity.
We are not certain about the composition of FC-200, the first alkaline
formulation introduced by 3M. While FC-200 was not an acidic
concentrate, we include it here for completeness. It stands to reason to
assume that, this formulation corresponded to that introduced in
Example 10 in Pavlik’s patent [36] and in Column 13 of Francen’s patent
[26]; see Table 5 for the formulation and Figs. 9b and 10a for structures
of the filmer and foamer, respectively. If so, the fluorosurfactant system
of this formulation constituted significant innovation in the fluo
rosurfactant chemistry: (i) for the foamer, with the hydrogen in the
sulfoamide group replaced with ─CH2COOˉ (Fig. 10a), this would have
been the first aminocarboxylate surfactant introduced by 3M, and (ii) for
the filmer (Fig. 9b), the hydrogen in the sulfoamide was replaced with
─C2H5. These advances provided FC-200 with resistance to sea water
without the need to buffer the concentrates to acidic pH and subjecting
the steel storage vessels and piping to increased corrosion. A low vis
cosity of FC-200 of around 6 mN m− 1 at 16 ◦ C (Fig. 1 in Ref. [87]) is
consistent with its chemical make-up. Likewise, Barzen-Hanson et al.
([56], surfactant class 34) reported the detection of the species illus
trated in Fig. 10c in the AFFF-impacted groundwater. This species rep
resents a by-product of the synthesis of the compound drawn in Fig. 10a.
This strongly suggests that, one of the previous 3M formulations was
based on the Pavlik system of fluorosurfactants. However, there are two
inconsistencies.
Firstly, the synthesis of the foamer and filmer would have resulted in
contamination of the concentrate with Clˉ, because of the use of
chloroacetic acid or sodium chloroacetate; i.e., the formulation would
not have been chloride-free, as there does not seem to be a chlorine-free
method of introducing the ─CH2COOˉ group into the chemical formula
of the species shown in Fig. 10c, in the synthesis process, except for the
reaction with ClCH2COOH. Gipe and Peterson [32] indicated that
FC-199 was chloride-free and FC-200 corresponded to a further modi
fication of FC-199. This seems to imply that, FC-200 was also
chloride-free and the modification to the concentrate chemistry was a
minor one.
From this perspective, it is possible that, FC-200 might have included

a sulfonamide or an amide-based fluorosurfactant with a bulky group,
such as a benzene ring, adjacent to –SO2NH–- or –CONH–. Such groups
provide steric barriers to formation of ion assemblages prohibiting the
construction of Mg2+ or Ca2+ bridges between two molecules of ionised
surfactants. An example of such a molecule is illustrated in Fig. 10b,
drawn from Francen’s second patent [26]. Note that, the molecule
illustrated in Fig. 10b would have required the chloromethyl benzene
sulfonate to synthesise and the synthesis process would not avoid the
chloride contamination either. Two decades later, the steric effects were
again successfully deployed by 3M researchers in developing a new class
of amine-oxide fluorosurfactants that incorporated amide spacers, to be
covered later. It is also possible that, FC-200 constituted the first
example of a sultone concentrate (based on Examples 6 or 9 in Pavlik’s
patent [36]), as introduced in the next section. This hypothesis is sup
ported by the notes in Pavlik’s patent that, the sultone species, such as
C6F13SO2N(C3H6SO3ˉ)C3H6N+(CH3)2C2H4OH or C6F13SO2N(C3H6SO3ˉ)
C3H6N+(CH3)2H, form excellent foam when used in Pavlik’s systems;
viz., as replacements for C6F13SO2N(CH2COOˉ)C3H6N+(CH3)3. This
hypothesis is also supported by a change in the way 3M started naming
its concentrates, after introducing FC-200. Prior to FC-200, this was just
a consecutive numbering system to denote fluorosurfactant systems that
progressed from the laboratory to field trials. But subsequent to the
commercialisation of FC-200, the numbering system changed to denote
a type of concentrate, for example, FC-201, FC-203 and FC-206 signified
1%, 3%, and 6% concentrates of sultone formulations, all of which had
the same chemistry, see the next section.
The second inconsistency comes from the fluorine content. Based on
the chemical composition of concentrates that include the fluorosurfants
drawn in Fig. 10, we calculate it as 2.8% for both cases (i.e., Fig. 10a and
b), whereas Refs. [35,37] listed it as 2.1%. For comparison, we estimated
the fluorine content of FC-194, FC-195, FC-196 and FC-199 as 3.1%,
whereas Korzeniowski et al. [35] reported it as 3.2% for FC-199,
consistently with our calculations. For comparison, as 3% concentrates
were more widely used than 6% especially in Europe [55], the formu
lations of typical 6% sultone concentrates, such as FC-206C or
FC-206CE, exhibited the content of organic fluorine of about 1.0%.
Hence, sultone foamers do not match the percentage of the organic
fluorine quoted by Korzeniowski et al. for FC-200, by a significant
margin. This realisation seems to exclude sultone fluorosurfactants as a
possibility for FC-200. For completeness, we add that, FC-183, the only
acidic formulation produced as a 25% concentrate, displayed the fluo
rine content of 0.94%. If FC-183 could have been reformulated as a 6%
concentrate, with the same fluorosurfactants, it would have exhibited
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the content of organic fluorine of about 3.9%.
While the Francen patents describe the inventive step as mixing of
fluoro- and hydrocarbon surfactants, the concept itself was not new. It
was introduced by Ratzer in 1964, as quoted by Falk [50]. A court case
brought by 3M against one of its competitors for infringing the Francen
patents resulted in the second patent being disclaimed in 1988. It seems
to us that, the innovation of Francen’s patents was to introduce dieth
ylene glycol monobutyl ether as the solvent, in addition to developing an
elegant amine-oxide fluorosurfactant system (Fig. 7), finding a way of
making sulfonamido and amido fluorosurfactants resistant to sea water,
by steric barriers (species (b) in Fig. 10), and realising the positive effect
of sea water on the rate of spreading of thin films. The two latter in
ventions might have prompted 3M to revisit these surfactants more than
two decades later. As noted already, DEGME interferes effectively with
micelle stability and induces faster diffusion of surfactants to new in
terfaces. Fletcher and Livermore [31] (note the priority date of 1968)
described several low molecular weight stabilisers, such as diethylene
glycol, but without including DEGME in the list.
Finally, we would like to make a note relevant to detection of the
fluorosurfactants used in the acidic formulations in aquifers.

Fluorosurfactants that do not allow deprotonation of sulfonamide
groups in the pH range relevant to ground water show the propensity to
adsorb on negatively-charged soil particles (see Fig. 3c of Ref. [73]).
This is the case for sulfonamide telomers. But species containing the
sulfonamide group next to the fluorochain deprotonate, are repulsed
from the soil particles, and prefer to partition to the water phase, as pH
exceeds about 7 (see Fig. 3c of Ref. [83]). The deprotonation of amide
groups occurs at values of pH that surpass that of ground water. This the
reason that acidic amide-type (Fig. 8b) fluorosurfactants, produced by
the 3M company, tend to adsorb on soil particles. Other 3M surfactant
groups (vide infra), especially amine-oxide fluorosurfactants, adsorb on
soil particles; amine-oxide fluorosurfactants comprise amide rather than
sulfonamide groups. Apparently, the effect of the fluorosurfactants
adsorbing on soil was known to 3M scientists but not published in open
literature.
6.2. PFOS concentrates: propane sultone formulations
In early 1970, Pavlik [36] discovered that the best approach to deal
with the ionisable proton in the sulfonamide and amide groups in the

Fig. 11. Species associated with typical sultone-based formulations: First column: feedstock (a), target product for the first synthesis step involving ethylene oxide
(b) and two by-products from this reaction (c, d); Second column: target species from the synthesis of sultone foamer (e, f) denoted as sultone foamer A and sultone
foamer B, target species using propane sultone in the synthesis (e), and using sodium salt of 3-chloro-2-hydroxypropanesulfonate (f); Third column: typical byproducts from the synthesis of sultone species (e). Recall that pKa for the sulfonamide group requires a correction of 1.7, which is not included in the SPARC re
sults shown in the figure. All species drawn in the figure display their preferred ionisation state for the pH window of 6–9, based on pKa included in the figure. While
the figure illustrates the prevalent homologue group of C6, analyses of concentrates and water from aquifers indicate the homologue signature, including normal and
branched species, of C2-8 [56,36,39,66].
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cationic surfactants, such as C8F17SO2NHC3H6N+(CH3)3Clˉ (Fig. 5) or
C7F14CONHC3H6N+(CH3)3Iˉ, was to replace it with anionic head groups,
–CH2COOˉ, –C2H4COOˉ or –C3H6SO3ˉ. Pavlik’s approach resulted in
formation of aminocarboxylate and aminosulfonate agents that were to
dominate the light-water chemistries for the next two and a half de
cades. These surfactants comprised geminal anionic and cationic groups
hanging from the sulfonamide nitrogen (Fig. 4b and d). Pavlik had a very
good understanding of the ability of the sulfonamide and amide groups
to deprotonate easily and deployed this critical drawback of the acidic
formulations to his advantage. While he did not discuss the pKa of these
groups in his patents, and did not present the pKa measurements, his
synthesis routes comprise the first insights into the ionisation processes
of fluorosurfactants included in the patent literature. These insights
underpinned his inventions.
Pavlik
first
deprotonated
C8F17SO2NHC3H6N+(CH3)3
or
+
C6F13SO2NHC3H6N (CH3)3 and C7F14CONHC3H6N+(CH3)3, in solu
to
form
tions,
with
sodium
methoxide
(NaOCH3)
C8F17SO2NˉC3H6N+(CH3)3 and C7F14CONˉC3H6N+(CH3)3, which he
then reacted with chloroacetic acid (ClCH2COOH), sodium chlor
oacetate (ClCH3COONa) and other agents, such as β-propiolactone
(C2H4CO2) and 1,3-propanesultone (C3H6SO3), to generate two groups
of novel amphoteric surfactants, which are zwitterionic in the pH in
terval of interest for firefighting foams. The latter, synthesised using the
propane sultone, constitutes the subject matter of this chapter, the
former represents species that are discussed subsequently. The solutions
of Pavlik’s fluorosurfactants were contaminated with chlorides, but
displayed very low surface tension, in the order of 16–18 mN m− 1, and
could be used over a wide range of pH. In other words, they were
compatible with sea water. To eliminate the chloride and iodide impu
rities and wean the process off the sodium methoxide, Pavlik switched to
nonionic C6F13SO2NHC3H6N(CH3)2 intermediate (Fig. 11a), as the
substrate to his synthesis pathways. A similar C8 intermediate previously
served to produce some of the fluorosurfactants deployed in acidic for
mulations (Fig. 8a and b).
We do not know why 3M decided to base its sultone, and then acrylic,
foamers on the sulfonamide (rather than on the amide) intermediate but
suspect that this might have been a commercial decision linked to the
relative efficiency of fluorination of sulfonyl and carbonyl halides in the
electrochemical cell. This choice might have also been due to a relative
ease of deprotonating sulfonamides in comparison to amides, and hence
it reflected the intention to minimise formation of by-products in the
synthesis process. It might have also been because of solubility consid
erations or the relative stability and larger size of the ─SO2NH─ group.
We trust that other researchers explain this selection in subsequent
publications.
Judging from the patent literature [36,66] and the analyses of sul
tone concentrates and AFFF-impacted ground water [56], 3M Company
marketed two types of sultone fluorosurfactants, differing by the pres
ence of a hydroxyl group on the pendant sulfonate chain, as illustrated in
panes (e) and (f) of Fig. 11, as sultone foamers A and B. The patent
literature reveals that the synthesis of sultone foamer B (Fig. 10f) re
quires a chlorinated reactant, 3-chloro-2-hydroxypropanesulfonate
[66]. It is possible that, in the synthesis process of sultone foamer, 3M
might have introduced chlorine-containing species, contradicting the
expectation that all post–FC–199 formulations would have been chlo
ride free. Chlorides can harm tanks made from stainless steel 304, and
3M concentrates in 1980s seemed to damage such tanks. This might
have been the most likely cause for a new stainless-steel tank installed at
Garden Island Naval Base in Sydney Harbour in 1986 to develop a pin
hole a few years later [94]. Revision C of MilSpec, published in March
1981 [14], introduced the total halide limit of 250 ppm for 6% and 500
ppm for 3% concentrates. The need to enshrine such a limit (now
removed) in the MilSpec strongly implies that, at the time, there was a
problem with high chloride content of some AFFF formulations.
Table 6 provides perhaps the most successful composition of sultone
concentrates, known as FC-203CE [39]. Sultone concentrates contained

several by-products, side products and unreacted feedstocks distributed
over C2-8 homologue groups, with C6 dominating the distributions [61].
As all these species display surface activity, it appears that, no attempt
was made to purify the target species, prior to preparing the concentrate.
The sultone foamer eliminated the unsubstituted hydrogen in the sul
fonamide group, removing the incompatibility of 3M sulfonamide sur
factants with sea water. This approach was exploited by others, who
developed similar sea-water compatible fluorosurfactants in 1970s (e.g.,
Ref. [95]).
Fig. 11a shows the feedstock and Fig. 11b, the target product that
involved condensation of the species in Fig. 11a with ethylene oxide
[36], in the first step of the synthesis process, whereas Fig. 11c illustrates
the by-product listed by Ref. [36] but not detected in concentrates or
ground water [56]. However, Ref. [56] identified another by-product
(Fig. 11d), an isomer of compound 10c, in sultone and in some acrylic
concentrates. The second synthesis step comprised the condensation
reaction of species (11a-d) with 1,3-propane sultone to yield a mixture
of chemicals, with species (11e) as the target and (11g-i) as side prod
ucts, all detected either in concentrates or in the impacted ground water.
Barzen-Hanson et al. [56] and Backe et al. [61] reported the detection of
several other compounds in the concentrates, as side products from the
two synthesis processes. In addition, the concentrate also comprised
by-products, such as K-PFOA, from the electrochemical fluorination and
the subsequent base hydrolysis. As some of the species contain unsub
stituted hydrogen associated with the sulfonamide group, it is likely that
the concentrates reported in Refs. [56,61] might have displayed some
sea-water sensitivity.
6.3. PFOS concentrates: acrylic formulations
Pavlik [36] did not apply the acrylic acid (C2H3COOH), an isomer of
β-propiolactone, in his syntheses, relying on carcinogenic β-propio
lactone, chloroacetic acid and sodium chloroacetate instead; the latter
introduced the chloride contamination into the concentrate that need to
be minimised in AFFF. While not mentioned explicitly in the Pavlik
patent, chloropropionic acid or sodium chloropropionate might have
been also employed, but they too introduce the chloride contamination.
Chlorides accelerate corrosion of storage tanks made of stainless steel
304, however marine grade 316 is resistant to corrosion from chlorides
and is a preferred material of construction for foam concentrate tanks
and, in general, in coastal locations exposed to winds carrying salt
water. The advent of carbon steel tanks lined with baked phenolic
coating and fibre-glass reinforced tanks made from isophthalic polyester
appear to have eliminated the problem with chloride impurity, but also
resulted in the unfortunate introduction of inexpensive but
short-lifetime LDPE tanks into the industry, which are incompatible with
AFFF. Although tanks made from cross-linked high density polyethylene
provide longer term resistance to AFFF, they are susceptible to UV
degradation [96] and difficult to source in parts of the world [94]. Thus,
the responsible approach in the industry remains to use low-chloride
concentrates stored in stainless-steel tanks [97], preferably made from
316 alloy.
In 1992, in two patents, Alm and Stern [39] and Stern et al. [38]
outlined the synthesis process for producing aminocarboxylate surfac
tants using the acrylic acid and provided the composition of the new
class of concentrates, with the key component that became known as the
acrylic foamer (pane (a) in Fig. 12). The patents were filed in 1990 and
1991, respectively, indicating that the laboratory work might have
taken place around 1989 or earlier in 1990. The synthesis patent ([38])
claimed as the inventive step the addition of acrylic acid to the inter
mediate sulfonamido species, such as C6F13SO2NHC3H6N(CH3)3, illus
trated in pane (a) of Fig. 11, conducted at elevated temperature of 90 ◦ C
and 150 ◦ C, to produce the target aminocarboxylate fluorosurfactant
illustrated as compound (a) in Fig. 12. The elevated temperature made
the synthesis specific to the sulfonamide nitrogen, rather than to the
tertiary amine group, as it happens when the addition process occurs at
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room temperature [38]. These inventors reported that, two by-products
formed in small quantities in the synthesis, depicted as species (b) and
(c) in Fig. 12, the claim that was repeated in the footnote to Table I in the
foam-formulation patent [39]. Neither of these two compounds was
detected by Barzen-Hanson [56] or Backe et al. [61] in the concentrate,
suggesting that 3M Company must have reached high specificity in its
process by 1993. The concentrates studied by these authors were man
ufactured in 1993, 1998 and 2001.
The absence of species illustrated in pane b of Fig. 12 in the
concentrate of importance, as this compound exhibits the unsubstituted
sulfonamide hydrogen, making it incompatible with sea water. BarzenHanson et al. [56] also revealed the presence of the acetate groups
(─CH2COOˉ) in several compounds present in the acrylic concentrates,
as shown in panes d-f of Fig. 12. It is uncertain how the ─CH2COOˉ
moiety can be introduced into the formulae of acrylic foamers without
using chlorinated reactants such as ClCH2COOˉ. The synthesis process
might have included a low-reaction temperature step to insert
─CH2COOˉ, which selectively attaches this moiety to the tertiary ni
trogen, followed by the addition of C2H3COOH at higher temperature,
which selectively bounds ─C2H4COOˉ with the sulfonamide nitrogen.
The precursor for the synthesis, C6F13SO2NHC3H6N(CH3)3, was identi
fied in all sultone and acrylic concentrates analysed by Barzen-Hanson
et al. and Backe et al. [56,61]. Finally, two out of three acrylic con
centrates, both made in 1993, showed the presence of compounds (b)
and (d) illustrated in Fig. 11 [56]. This may indicate the purposeful
addition of sultone-type intermediates into the acrylic concentrates, to
improve the fire-suppression performance of the concentrate, an
observation that is further supported by the presence of by-products
from the sultone synthesis in all acrylic concentrates; see Class Num
ber 3 in Table I of Barzen-Hanson et al.
Table 6 presents the composition of 3% acrylic concentrate
(FC–203CF) that achieved the MilSpec approval; the terminal letter F in
the name indicates that this formulation was approved for revision F of
the standard [12]. It is likely that the acrylic foamers were introduced to
minimise the concentration of the PFOS filmer in the concentrate.
Table 6 illustrates that the PFOS content was decreased from 1.84% in
the 3% MilSpec sultone concentrate to 1% in the 3% MilSpec acrylic
concentrate. This was somewhat balanced by the increase in the amount
of foamers (mainly C6 homologue groups). However, the total organic
fluorine only decreased from 2.1% to 1.8%, by comparing the TOF of
FC-203CE with FC-203CF formulations. As indicated in Table 6, both
sultone and acrylic foamers displayed a similar mix of hydrocarbon
surfactants, buffers and corrosion inhibitors; see Table I in Ref. [39] for a
wider range of formulations.
The Australian Defence Standards [15,98,99] were more demanding
than US MilSpec through the methodology of using a fixed nozzle. This
fire suppression did not benefit from a skilled fire fighter as employed in
US MilSpec performance evaluations, to reduce extinguishment time
with the skill of the operator. Rather the Australian specifications relied
on the foam agent doing the work. The Defence contracts in Australia
were always filled with sultone concentrates, which typically displayed
higher levels of organic fluorine than those sold in the US. We estimate
the TOF of FC-3002 (3% AFFF concentrate) sold in Australia to be
roughly 2.8% [1,70]; i.e., one third higher than a comparable concen
trate (FC-203CE) manufactured in the US. Similarly, to the European
subsidiary, 3M Australia continued using sultone-based concentrates,
which the company valued for their superior performance and lower
cost in comparison to acrylic and amine-oxide formulations. Note that
the concentrations of acrylic foamers reported in Ref. [61]; (see Table S6
of their Supporting Information) underestimate their actual concentra
tion by a factor of up to 10, in comparison to the values included in
Table 6. This is expected as there are no certified reference standards for
species illustrated in Figs. 11a and 12a, and Backe et al. reported the
analyses of the acrylic species as qualitative [61].

Table 6
Compositions of 3% sultone and acrylic concentrates, as revealed by Ref. [39].
Chemical species

Composition, wt %
Active solids for surfactants

Sultone formulation, FC-203CE
50% C6F13SO2N(C3H6SO3ˉ)C3H6N+(CH3)2C2H4OH
50% C6F13SO2N(C3H6SO3ˉ)C3H6N+(CH3)2H
C8F17SO3K
C8H17OSO3Na
C12H25OSO3Na
C8H17C6H4(OC2H4)30OH
Tolyltriazole
Diethylene glycol monobutyl ether
Acetic acid (CH3COOH) to adjust pH to around 8.3
Total organic fluorine (calculated)
Acrylic formulation, FC-203CF
Acrylic foamer
50% C6F13SO2N(C2H4COOˉ)C3H6N+(CH3)2H
25% C6F13SO2N(H)C3H6N+(CH3)2C2H4COOˉ
25% C6F13SO2N(C2H4COOˉ)
C3H6N+(CH3)2C2H4COOˉ
C8F17SO3K
C8H17(OC2H4)2OSO3Na
C10H21(OC2H4)2OSO3Na
C8H17OSO3Na
Tris (2-hydroxyethyl)amine
Tolyltriazole
Diethylene glycol monobutyl ether
Water
Total organic fluorine (calculated)
a

2.56
1.84
3.1
0.12
2.10
0.05
30.0
60.23
2.1

2.75

1.0
0.8
1.20
3.0
1.00
0.05
20.0
70.20
1.8a

Coincides with the value reported in Ref. [40].

6.4. Amine-oxide concentrates
The introduction of amine-oxide formulations (Fig. 13 and Tables 7
and 8) represented another attempt, in addition to switching from sul
tone to acrylic foamers around 1990, to decrease the amount of fluorine
in the concentrates and remove the PFOS filmer. The development of
amine-oxide formulations constituted a fundamental re-engineering of
PFOS into non-PFOS based formulations. It seems that soon after this reengineering, possibly around 1998, the 3M Company decided to phase
out all PFOS-based formulations [55]. Amine oxide concentrates display
comparable fluorine efficiency to that of C6/C8 telomers; i.e., to match
the total fluorine content of 0.8% in the 3% concentrates from about
1.8% for acrylic, around 2.1% for sultone foamers, and around 3.1% in
6% acidic concentrates. Note that, starting from FC-194, the acidic
concentrates were only developed as 6% formulations, resulting in twice
as high of the level of fluorine in the premix that seems apparent from a
simple comparison of fluorine content in the concentrates. That is, TOF
of a premix made from 3% acrylic and sultone concentrates corresponds
to 560 and 650 ppm, respectively, but was as high as 2000 ppm for a
premix made from a 6% acidic concentrate. Amine oxide surfactants
were sticky to soil, a property that prevented them to penetrate aquifers,
and displayed a short lifetime, breaking down to PFOS [55]. Our liter
ature search has revealed no reports of their detection in environmental
samples. The work on the new amine-oxide chemistry must have started
around 1994 considering the priority and filing dates of Feb and Dec
1996 of the two key patents [41,42]. The structure more likely incor
porated in commercial formulations is on the left in Fig. 13. Commercial
formulations will contain other homologue groups and mixtures of
congeners of by-products, impurities and intermediates from the syn
thesis process. Despite the eight-fold improvement in the fluorine effi
ciency with respect to the early acidic FC-184 concentrate, the removal
of PFOS and matching the fluorine efficiency with that of fluorotelomer
surfactants, 3M Company announced the phase-out of light water in May
2000 and ceased its manufacturing by 2003.
Amine-oxide formulations appear to have been made only for about
4 years, after 1998, and only for the non-Defence market. This is because
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B.Z. Dlugogorski and T.H. Schaefer

Fire Safety Journal 120 (2021) 103288

Fig. 12. Typical species associate with acrylic foamers. The compound illustrated in Fig. 11a is the feedstock to the synthesis of using the acrylic acid C2H5COOH.
Species (a) constitutes the target acrylic foamer identified in patents and detected in the concentrate, whereas (b) and (c) represent the by-products of the synthesis,
as identified in patents but not in concentrates. Species (d–f) are detected in concentrates (d,e) or in ground water (f). The ionisation constant for the sulfonamide
centre for species (b) requires a correction of 1.7. For applications involving sea water, the synthesis temperature needs to be optimised to avoid the formation of
this compound.

and 16.8 mN m− 1. They incorporate the branched fluorochains of
C7F15CF(CF3), i.e., C9 branched fluorosurfactant in Stern and Fan’s
system, and the pendant trifluoromethoxy CF3O– groups on the fluori
nated cyclohexyl ring in Hansen’s et al. formulation (Table 7). We
suggest that the branched chains and the cyclohexyl rings provide steric
barriers to the formation of ion assemblages consisting of divalent
(Mg2+, Ca2+) cation bridges between –CONˉ– groups in two fluo
rosurfactant molecules (Fig. 13). We recall from the discussion on the
acidic formulations that, the SPARC-calculated ionisation constants for
–CONH– = –CONˉ– + H+ in non-telomer fluorosurfactants correspond
typically to 9.4, which coincide well with the corrected values of 9.4 and
9.7 for the fluorosurfactants included in Hansen et al. [41] and Stern and
Fan’s [42] systems (Table 7 and Fig. 13). Slightly higher figures of pKa
for the latter, together with its lower CMC, imply its better foamability
and performance with sea water, as it is evident from the other data
presented in Table 8. Although the two patents contain extensions of the
invention to other head groups (cationic, nonionic and zwitterionic,
such as ─N+(CH3)2C3H6SO3ˉ, ─N+(CH3)2C2H4COOˉ or the geminal
groups of ─C3H6SO3ˉ and ─C3H6N+(CH3)2H), these chemistries do not
appear to have been considered for inclusion in the commercial for
mulations, as the patents provide no test results of their fire-suppression
performance. These extensions entailed higher values of surface tension

there is no evidence of a new listing of 3M foams on MilSpec qualified
product list (QPL) around 2000 when the amine-oxide concentrates
were developed [77]. Lack of amine-oxide listing may mean that either
amine-oxide foams did not pass the full rigour of the MilSpec testing, or
they were not submitted for approval. As the last acrylic concentrate
reported in Refs. [56,61] was produced in 2001, and there is no MilSpec
approval for the amine-oxide foam, we have concluded that the Defence
orders in the US in early 2000s were filled only with the acrylic for
mulations. In comparison to amine-oxide formulations, 3M Company
manufactured acidic formulations for around 7 years (1964–1971),
acrylic foamers for about 11 years (1990–2001), and the sultone foamers
for 19 years (1971–1990). These dates do not represent firm waypoints,
as some of the 3M subsidiaries appear not to have switched away from
the sultone foamers, which they valued for the superior
fire-extinguishing performance, especially when used in portable fire
extinguishers and in bids for Defence contracts.
The conspicuous innovations involved the introduction of a series of
amphoteric amine-oxide fluorosurfactants comprising the head group of
–N+(CH3)2Oˉ, and the spacer of –CONHC3H6– directly adjacent to
branched fluorotails (Fig. 13). These fluorosurfactants display unusually
low critical micelle concentration, often in the order of 20–200 ppm, for
the equally impressive depression in the surface tension of between 16.3

Fig. 13. Chemical structures of the two amine-oxide fluorosurfactants prominent in the patent literature; (a) α-branched perfluoroalkylamido amine oxide [42], (b)
perfluoro(alkoxycycloalkane)amido amine oxide [41].
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and CMC, except for one pyridinium cationic flurorosurfactant.
Both formulations listed in Table 7 comprised hydrocarbon surfac
tants and solvents selected for their ability to improve the foamability
and stability of the foam (sodium octyl sulfate and dipropylene glycol npropyl ether), the capacity of the premix to form films and delay
drainage (ethylene oxide species), sea-water tolerance and environ
mental impact. The two systems of hydrocarbon surfactants listed in
Table 7 display similarities to those normally included in formulations of
Class A foams; i.e., foams used in applications against wildland and
structural fires. Note that, sodium cocoampho propionate (Miranol C2M
− SF) had a low NaCl content of 0.02%, high pH of 9.6 and was elec
trolyte tolerant. At the time, the solvent, dipropylene glycol n-propyl
ether, was not regulated and considered as an environmentally-friendly
alternative to DEGME.
From digesting the patent literature, we understand that, the syn
thesis process of the amine-oxide species may not have been efficient,
and hence costly. The operation of electrochemical fluorination in the
Brice’s et al. cell [95], starting from C7H15CH(CH3)COCl, results in a
yield of 17% to perfluorocarbonyl fluorides, with the fluorocarbonyl
fluoride mixture exhibiting abundance of C7F15CF(CF3)COF of only
21%. The subsequent synthesis step involved reacting of C7F15CF(CF3)
COF with N,N-dimethylaminopropylamine (NH2C3H6N(CH3)2), which

requires washing the products with NaHCO3, drying with MgSO4 and
the removal of the tetrahydrofuran solvent. Likewise, the oxidation of
C7F15CF(CF3)CONHC3H6N(CH3)2 with hydrogen peroxide is slow and
consists of multiple steps. Unless driven by environmental consider
ations, the purification steps in an industrial process would have been
minimised with the resulting formulations containing a mixture of
incompletely reacted precursors, various by-products and the target
chemicals themselves, all covering several homologue groups (typically
C4–C10 perfluorinated carbons) with a few isomers in each group. We
note however, that C7F15CF(CF3)CONHC3H6N(CH3)2 and similar
nonionic surfactants must not appear in the product stream, demanding
the oxidation of these species with hydrogen peroxide to run to
completion. Although the nonionic surfactants normally exist in their
protonated forms and tend to be soluble in water, they convert partly to
insoluble nonionic microspecies (such as C7F15CF(CF3)CONHC3H6N
(CH3)2 itself) in the pH window of between 7.5 and 11. This range covers
pH typical of sea water. There have been additional business consider
ations that might have increased the cost of amine-oxide concentrates.
One of them might have been the need to switch the production
equipment among sultone, acrylic and amine-oxide syntheses.
Open literature reports no analyses of amine-oxide concentrates,
either made by 3M or by independent formulators from 3M-supplied raw
materials (FC-401 and FC-402) or superconcentrates (so-called sups),
and no detection of 3M amine oxide chemicals in surface water, aquifers
or foam concentrates. Small amount of sold formulations, lack of listings
for the Defence deployment and stickiness to soil particles, as indicated
previously, may explain this observation. In comparison, fluorotelomerbased amine oxides species are commonplace in recent AFFF concen
trates [59], with several commercial suppliers of such fluorosurfactants,
e.g., Chemours (Capstone 1183) and Chemguard (FS-183). This lack of
data makes it impossible to conclude with certainty whether 3M
employed Stern and Fan [42] or Hansen’s et al. [41] system in its
commercial formulations. However, there are several hints that it might
have been the former. Amine oxides surfactants were known to trans
form in the environment toward PFOS [55], but only C7F15CF(CF3)
CONHCH2CH2CH2N+(CH3)2Oˉ can undergo such rearrangement.
Furthermore, Stern and Fan’s formulation appear to perform better with
sea water, it was buffered to slightly higher pH (8.3 vs 8 for Hansen’s
et al. system) and the relevant patent includes the results from the actual
fire tests, which employed 50 ft2 (4.65 m2) tray protocol of the US
MilSpec [12]. The MilSpec suppression tests are expensive, probably in
the order of USD20,000 per foam sample. It is difficult to imagine any
company investing in such tests without an expectation of a commercial
return. Stern and Fan reported that, their concentrate extinguished the
fire in 40 s, both for fresh and sea water, in comparison with <50 s
required by MilSpec. The 25% burnback time amounted to 410 and 369
s, respectively, for fresh and sea water, juxtaposed with >360 s specified
by MilSpec. In comparison, Hansen et al. tabulates no results from
fire-extinguishment tests.

Table 7
Compositions of 3% amine oxide concentrates revealed in 3M patents together
with the critical micelle concentration (CMC) of the fluorosurfactant and the
surface tension at CMC. The fluorosurfactant in Ref. [41] comprises a fluorinated
cyclohexyl ring tri-substituted with CF3O─ in positions 3, 4, and 5. Note that, the
composition of the first concentrate is given in terms of dissolved solids, whereas
the second in terms of surfactant solutions used the prepare the concentrate.
Chemical species

Composition,
wt %

Example L1 in Stern and Fan [42]
C7F15CF(CF3)
CONHCH2CH2CH2N+(CH3)2Oˉ
Sodium n-octyl sulfate (Sipex OLS)
Sodium cocoampho propionate (Miranol
C2M − SF)
Dipropylene glycol n-propyl ether
Water
Acetic acid (CH3COOH) to adjust pH to
around 8.3
Total organic fluorine (calculated)

% solid
1.5

Example 32 in Hansen et al. [41]
(CF3O)3C6F8CONHC3H6N+(CH3)2Oˉ
Sodium n-octyl sulfate (Sipex OLS); 33%
active
Mixture of sodium octyl ether sulfate and
sodium decyl ether sulfate (Witcolate
7093), incorporates –(OC2H4)3–
segment in each surfactant molecule;
38% active
Dipropylene glycol n-propyl ether
Water
Sodium hydroxide (NaOH) to adjust pH to
around 8.0
Total organic fluorine (assuming 40%
solids in the fluorosurfactant solution)

Surface
tension,
Nm m− 1

CMC,
ppm

16.3

20

16.7

100

2.0
3.0
25.0
68.5
–
0.88
% solution
4.0
7.0
3.0

7. Conclusions

30.0
56.0
–

The interaction of negatively ionised nitrogen in sulfonamide and
amide groups with divalent metal cations defines the chemical
compatibility of fluorosurfactants with sea water. When such groups are
located next to fluorotails, as in the chemicals synthesised from the

0.82

Table 8
Comparison of the ionisation constants, foamability and stability of foams prepared from 3% amine-oxide concentrates. The pKa values were obtained from SPARC
calculations [43], and do not include the corrections of 1.7, with the remaining properties acquired from experiments performed according to the US MilSpec [12] and
listed in the two patents. The US MilSpec requires the minimum foam expansion of 5.0 and the 25% drainage time of 150 s.
[42]
[41]

pKa (–CONH– = –CONˉ– + H+)

Foam expansion, fresh water

Foam expansion, sea water

25% drain time, s, fresh water

25% drain time, s, sea water

7.95
7.68

8.2
6.6

7.8
6.0

204
212

202
210
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products of the Simons fluorination cell, they ionise at relatively low pH,
with their pKa estimated to fall around 8.2 and 9.4, for sulfonamide and
amide groups, respectively. For the fluorotelomer surfactants, the rele
vant pKa are offset to higher values of pH, outside the window of pH =
6–9 that arises in preparing solutions of firefighting foams, avoiding the
problem for amide-based species and minimising it for sulfonamidebased compounds. The fluorosurfactants that vary their speciation
within the pH range of 6–9 may modify the firefighting behaviour of
foam solutions between those prepared from fresh and sea water. Head
groups that induce such behaviour include amine oxides and tertiary
amines.
Through a series of striking innovations, the 3M Company developed
ECF-derived fluorosurfactants that removed the possibility of the for
mation of the negatively charged nitrogen in the sulfonamide group by
functionalising the group with ─C3H6SO3ˉ or ─C2H4COOˉ moieties, in
the 3M sultone and acrylic foamers. In the amine oxide foamers, 3M’s
researchers introduced bulky fluorochains, which included fluorinated
cyclic and branched chains, next to amide groups preventing the for
mation of ionic assemblages due to the steric exclusion. In addition to
the optimised formulae of the foamers, the success of the 3M formula
tions in Defence applications was a consequence of the high content of KPFOS filmers in the sultone and acrylic concentrates and the elevated
levels of organic fluorine in all formulations, but amine-oxide concen
trates. The total organic fluorine of the best performing sultone con
centrates exceeded that of fluorotelomer formulations by a factor of two,
but sultone-K-PFOS based concentrates delivered superior firesuppression performance in comparison to any fluorosurfactant system
ever used for firefighting. The high-purity C6 sultone surfactant is part of
several modern AFFF concentrates. The amine-oxide concentrates
matched the fluorine efficiency of C8/C6 fluorotelomer surfactants of the
same time period, but they were unable to displace the sultone and
acrylic concentrates, when introduced after 1998.
The literature contains no measurements of the pKa linked to
deprotonation of sulfonamide, amide and amine-oxide groups and pro
tonation of the tertiary-amine groups in fluorosurfactants, forcing one to
rely on calculations to predict the ionisation constants. While such
predictions seem accurate for the amine-oxide and tertiary-amine head
groups, as these groups are located far from the fluorochains, they are
less accurate for sulfonamide and amide groups adjacent to fluo
rochains. Careful experimental measurements of pKa are needed for
fluorosurfactants used in firefighting. To make further progress in
formulating firefighting foams, the field requires thorough measure
ments of fundamental properties of foam solutions as function of pH and
temperature. These also include the parameters that govern the physical
compatibility of AFFF with sea water (that is, the effect of hardness),
such as the size, lifetime and diffusion coefficients of micelles, the dy
namic surface tension, as well as surface packing of fluorocarbons at the
water-air and water-fuel interfaces, as function of pH and temperature,
and in the presence of relevant solvents and hydrocarbon surfactants.
Fire-test reports must document pH and the concentration of divalent
metal cations in premix as part of their recording requirements. Mo
lecular dynamics (MD) calculations and small angle neutron scattering
(SANS) studies may provide valuable insights into packing of surfactants
and their conformation at the interface, and the resistance of the inter
face to breaking due to contact with hot fuel.
Finally, there are two abiding lessons. From a practical perspective,
tanks to be filled with AFFF should be made from marine grade 316
stainless steel, not from grade 304, as the latter is not resistant to
chlorides. Chloride contamination may originate both from fluoro
carbon and hydrocarbon surfactants present in AFFF. Past advice in
industry to use tanks made from grade 304 applies only to AFFF con
centrates containing no chlorides. However, information on Clˉ abun
dance in concentrates is generally missing in the specifications. Other
viable choices include carbon steel tanks lined with baked phenolic
coating and fibre-glass reinforced tanks made from isophthalic polyester
and physically protected against solar (UV) radiation. The second lesson

deals with sustainable progress in the field. There are no certified
reference materials (CRM) for AFFF formulations, except for the recent
introduction by the US Naval Research Laboratory of an analytical
reference AFFF (RefAFFF). In several areas of engineering and science,
CRM underpin quality assurance/quality control (QA/QC) by ensuring
repeatability of experimental and test measurements; that is, no exper
imental results are accepted unless the authors first demonstrate their
ability to repeat past results obtained using CRM. We urge AFFF man
ufacturers, industry bodies (such as Fire Fighting Foam Coalition, FFFC),
fire safety associations and societies (such as International Association
for Fire Safety Science, IAFSS, or Society of Fire Protection Engineers,
SFPE), as well as interested researchers from academia and national
laboratories to come together to develop CRM for AFFF.
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