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Abstract. The application of conventional aqueous film-forming foam (AFFF) has
been severely restricted due to the serious environmental hazard caused by the key
component, fluorocarbon surfactants. Environmental-friendly fluorine-free firefighting

foams need to be developed urgently. In this study, five silicone surfactants are cho-
sen as key component to prepare fluorine-free firefighting foams. The aqueous solu-
tion properties of the fluorine-free firefighting foams are studied in details, including

surface tension, interfacial tension, spreading property, viscosity and foaming ability.
Foam drainage and foam spread on heptane surface are analyzed. Fire extinguishing
and burn-back performance of fluorine-free foams is evaluated based on a small-scale
standard method. Particularly, fire extinguishing and burn-back performance of a

commercial AFFF is also evaluated as a comparison. Results show that fluorine-free
foams cannot form aqueous film on cyclohexane surface, no matter whether spread-
ing coefficient is greater than zero or not. Fluorine-free foams exhibit much better

foam stability but worse foam spread property than commercial AFFF. Not all the
fluorine-free foams containing silicone surfactant performed as well as AFFF con-
taining fluorocarbon surfactant. Only fluorine-free foam containing silicone surfac-

tant of OFX-5211 shows better fire extinguishing and burn-back performance than
AFFF. The higher efficiency of fluorine-free foam in fire extinguishing and burn-back
should be attributed to the stronger foam stability.

Keywords: Firefighting foam, Environmental-friendly, Foam drainage, Foam spreading, Fire extin-

guishing

1. Introduction

Liquid fuel (diesel, gasoline, aviation kerosene, crude oil, etc.) has been extensively
used in both military and civilian areas. In the process of production, transporta-
tion, storage, and application of these liquid fuels, the accidental leakage can lead
to liquid fire upon the ignition sources [1–4]. Liquid fuel fire has the characteris-
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tics of faster burning rate, longer duration and stronger heat radiation hazard,
which possibly leads to serious damage to the surrounding environment [5–10].
Besides, liquid fuel fire can produce a lot of harmful materials such as sulfur oxi-
des (SOx), nitrogen oxides (NOx), carbon monoxide (CO) and some hydrocarbons,
which can lead to serious environmental pollution. Therefore, the study of clean
and efficient fire extinguishing agent for liquid fuel fire is significant to decrease
loss caused by liquid fuel fire and promote the safe application of energy.

Aqueous film-forming foam (AFFF), a kind of firefighting foams, is a concen-
trate of fluorocarbon surfactants, hydrocarbon surfactants, polymers, organic sol-
vents, and water. It was supposed to be the most efficient fire extinguishing agent
used to fight liquid fuel fire. Its high effectiveness in fire extinguishment is pro-
vided by not only foam layer but also an aqueous film layer on the surface of liq-
uid fuel upon AFFF application. Particularly, the formation of aqueous film
depends on the high surface activity of fluorocarbon surfactants, the key compo-
nent in AFFF. The traditional AFFF has been widely used to fight liquid fuel fire
for both military and civilian uses efficiently so far. Many properties of traditional
AFFFs have been studied to understand their contribution to fire suppression,
including film-forming property [11], rheological property [12], foam drainage [17,
18], spreading property [13], and fire extinguishing and burn-back performance
[14–16]. However, the application of traditional AFFF has been severely restricted
due to the serious environmental hazard caused by the key component, fluorocar-
bon surfactants [19–21]. Fluorine-free firefighting foams suitable for liquid fuel fire
are being developed. Up till now, no commercially available formulation which
can be used to substitute for conventional AFFF has been reported.

Silicone surfactants exhibit excellent wettability, leveling, spreading property,
and higher surface activity than hydrocarbon surfactants [22]. Some studies on
environmental-friendly fluorine-free firefighting foam based on the mixture of
hydrocarbon and silicone surfactants have been conducted recently [23–25]. Sev-
eral properties of fluorine-free firefighting foams have been characterized [11, 13,
26–28]. These studies indicated that it is great potential to develop environmental-
friendly firefighting foam formulations based on the mixture of hydrocarbon and
silicone surfactants. However, these studies just focused on dynamic surface and
interfacial tension, seal-ability properties, foam degradation and bubble coarsen-
ing of fluorine-free firefighting foams. The key property, fire extinguishing and
burn-back performance of fluorine-free firefighting foams, is still not focused. The
difference between fluorine-free foams containing silicone surfactants and conven-
tional AFFF in fire extinguishing performance remains uncertain.

In the present study, fluorine-free firefighting foam formulations based on the
mixture of hydrocarbon and silicone surfactants are prepared for study on the
substitute for conventional AFFF. The key properties, including film-forming,
foam drainage, foam spread, fire extinguishing and burn-back performance, are
deeply analyzed and compared with a kind of commercial fluorinated AFFF. The
results obtained from this study can provide guidance for the development and
application of experimental-friendly fluorine-free firefighting foam suitable for liq-
uid fuel fire.
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2. Experimental Section

2.1. Materials

Five silicone surfactants, OFX-5211, OFX-0193, Silok-2235, Silok-2232 and Tego-
pren-6950, are chosen to prepare fluorine-free firefighting foam. OFX-5211 and
OFX-0193 were purchased from DOW CORNING. Silok-2235 and Silok-2232
were purchased from Guangzhou Silok Polymer Co. Ltd. Tegopren-6950 was pur-
chased from Shanghai Honestever Co. Ltd. The critical micelle concentration
(cmc) of aqueous solutions and the corresponding surface tensions at cmc of the
five silicone surfactants were shown in Fig. 1. OFX-5211 shows the minimum
cmc, and Silok-2235 shows the best ability to lower the surface tension of water.

Five fluorine-free firefighting foam concentrates containing OFX-5211, Silok-
2235, OFX-0193, Tegopren-6950 and Silok-2232 are prepared, denoted as FF-1#,
FF-2#, FF-3#, FF-4#, and FF-5#, respectively. The components of the five foam
concentrates and their concentration are listed in Table 1. Besides, a commercial
fluorinated foam (AFFF) was purchased as a comparison from Yangzhou Jiangya
fire equipment co. LTD. Foam solutions used in this study are prepared by mix-
ing foam concentrates with fresh water according to the volume ratio of 3:97.

2.2. Apparatus and Methods

2.2.1. Properties of Foam Solutions Surface tension and interfacial tension of
AFFF solutions are measured using a QBZY-1 full automatic surface tension
meter in a 20�C water bath. The dynamic viscosity of foam solutions is measured
with a DV-1 digital viscometer. Each experiment is repeated three times. The
spreading coefficient is calculated by Eq. (1). It is a standard method for spread-
ing coefficient provided by many international standards listed in Ref. [29].
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Figure 1. The cmc and surface tension at cmc of five silicone
surfactants.
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S ¼ co � cw � cow ð1Þ

where S is spreading coefficient, co is surface tension of liquid fuel, cw is surface
tension of foam solution, cow is interfacial tension between liquid fuel and foam
solution.

2.2.2. Foam Generation, Drainage and Spread Property The experimental system
established in this study can be used to perform foam generation, foam drainage
and foam spread tests. A compressed-air foam generation system consisting of
compressed air cylinders, gas and liquid flow meters, mixing chamber, valves and
pipes was used to create foam, as illustrated in Fig. 2. The mixing chamber was a
cylindrical container made of quartz glass with inner diameter of 80 mm and
length of 200 mm, and filled up with spherical quartz beads (Diameter: 3 mm).
Foams are generated by mixing foam solution with compressed air at the ration
of 15 L/h foam solution and 75 L/h compressed air in the mixing chamber. The
similar experimental system was described in detail elsewhere [29]. Foam drainage
apparatus was established based on the law of connected vessel. Several similar
foam drainage apparatuses were used in previous studies [14, 18, 29]. Foam solu-
tion is added into the connected vessel to make sure that the same level of foam

Table 1
The composition of fluorine-free firefighting foam concentrates
formulation

Item

Hydrocarbon

surfactants

Silicone sur-

factant

Ethylene

glycol (%)

DGME

(%)

Carbamide

(%)

Stabilizers

(%)

Water

(%)

FF- 1# 27% 3.3% (OFX-

5211)

15 5 5 7.3

37.4

FF- 2# 27% 3.3% (Silok-

2235)

15 5 5 7.3

37.4

FF- 3# 27% 3.3% (OFX-

0193)

15 5 5 7.3

37.4

FF- 4# 27% 3.3% (Tego-

pren-6950)

15 5 5 7.3

37.4

FF- 5# 27% 3.3% (Silok-

2232)

15 5 5 7.3

37.4

DGME is on behalf of diethylene glycol monobutyl ether
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solution on the surfaces at both ends of the connected vessel is reached before the
test. The instantaneous mass of liquid drained out of foam can be obtained by use
of this apparatus. For all the experiments of drainage, foam is collected by foam
container for 90 s at the same flowrate. The process of foam spread on a circle
fire tray filled up heptane is recorded by camera, and then numerical analysis of
foam spread property is conducted by use of the image processing technique of
MATLAB. Similar foam spread apparatus was used in previous study [13]. Partic-
ularly, in order to make sure the accuracy of experimental apparatus, each experi-
ment of foam drainage and foam spread was repeated at least three times until
three complete overlapped curves of drainage or spread were obtained.

2.2.3. Fire Extinguishing and Burn-Back Tests Fire extinguishing and burn-back
tests were conducted based on the Chinese small-scale testing standard GB15308-
2006. The testing method provided by GB15308-2006 is similar to many interna-
tional standard methods listed in Ref. [29]. Briefly, the test method is the follow-
ing: the 9 L n-heptane in fire tray is ignited, and ignition time is recorded as 0 s.
Foam is applied to the fire tray by use of a stainless steel pipe with inner diameter
of 15 mm from the center of the fire tray at a rate of 750 g/min after 60 s pre-
burning. The time when the flame is extinguished is recorded as fire extinguish-
ment time. The foam application is stopped after 180 s. The 1 L n-heptane in the
burn-back pot is ignited at 240 s. The height of the burn-back pot is dynamically
adjusted so that the pot lip is kept at the same level with the foam surface. The
duration from the time of igniting the burn-back pot to the moment when the
entire fire tray is eventually covered again is recorded as 100% burn-back time.
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Figure 2. Apparatus for foam generation and foam properties test.
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All the fire extinguishing and burn-back tests were repeated at least three times in
order to make sure that the error of fire extinguishing time and burn-back time is
no more than 3%.

3. Results and Discussion

3.1. Aqueous Solution Properties

Aqueous solution properties of fluorine-free foams and AFFF are listed in
Table 2. The range in surface tension of aqueous solutions of fluorine-free foams
is from 20mN/m to 30mN/m, and the interfacial tension of all the foam solutions
is below to 3mN/m. For fluorine-free foams, FF-2# has the minimum value of
both surface tension and interfacial tension, while FF-3# shows the maximum
value of both surface tension and interfacial tension. Apparently, the aqueous
solutions of AFFF exhibits the lower surface tension than that of fluorine-free
foams, indicating that the aqueous solution of AFFF has the higher surface activ-
ity. This should be attributed to the higher ability of fluorocarbon surfactant in
AFFF to lower surface tension of water. But, for interfacial tension, FF-2# and
FF-5# exhibit the lower value than AFFF, indicating that Silok-2235 and Silok-
2232 have the stronger ability to lower interfacial tension compared with other sil-
icone surfactants.

The spreading coefficients of aqueous solutions of fluorine-free foams on cyclo-
hexane are negative except FF-2#, indicating that theoretically only FF-2# among
all the aqueous solutions of fluorine-free foams can form aqueous film on the sur-
face of liquid fuel. However, for the aqueous solutions of all the fluorine-free
foams, no obvious aqueous film was observed on the surface of cyclohexane dur-
ing film-forming test, even though the spreading coefficient of FF-2# is positive.
Similar results occurred in some previous studies [23, 30–32]. Hetzer et al. thought
that a positive spreading coefficient (S > 0) is just only a necessary but not a suf-
ficient requirement for the water film formation [23]. This phenomenon was ascri-
bed to non-equilibrium surface tension effects in the aqueous layer [32]. The
viscosity of aqueous solutions of all the fluorine-free foams is near to each other
and higher than that of AFFF.

3.2. Properties of Foam Containing Different Silicone Surfactants

3.2.1. Foaming Ability of Foam Solutions Figure 3 shows the initial foam height
of aqueous solutions of fluorine-free foams and AFFF. Generally, fluorine-free
foams have an approximate value of initial foam height to AFFF. Foaming abil-
ity of fluorine-free foams is affected slightly by different silicone surfactants.
Specifically, the initial foam height of FF-1#, FF-3#, FF-4# and FF-5# shows
slightly higher than that of AFFF, while FF-2# is lower than that of AFFF, indi-
cating that Silok-2235 tends to reduce foaming ability of fluorine-free foam. It
should be pointed out that FF-2# containing Silok-2235 has the lowest surface
tension and interfacial tension, but it shows the worst foaming ability. This result
is not in accordance with Rosen’s study result [33]. Rosen et al. indicated that
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lower surface tension promotes foaming of surfactant solutions. This maybe resul-
ted from defoaming effect caused by the interaction between Silok-2235 and other
components in fluorine-free foam.

3.2.2. Foam Drainage Property Figure 4 shows the variation in mass of liquid
drained out of foams versus time. Obviously, the drainage mass curves of fluorine-
free foams are lower than that of AFFF, indicating that the fluorine-free foams
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Figure 4. Variation in mass of liquid drained out of foams versus
time.
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show a much higher stability than AFFF. This can be attributed to the addition
of high-efficiency foam stabilizers into fluorine-free foams besides silicone surfac-
tant. In terms of the fluorine-free foams, the drainage mass curves of foams con-
taining different silicone surfactants show a similar change trend generally, while
the difference among the curves in details still exists. The drainage mass curve of
FF-2# is obviously higher than that of others. It is at 96 s that the drainage mass
of FF-2# increases rapidly after a slow increase, but the rapid growth in drainage
mass of FF-1#, FF-3#, FF-4# and FF-5# occurs until 300 s. Besides, the drainage
mass curve of FF-2# is apparently higher than other fluorine-free foams within
equal times, implying that the foam stability of FF-2# is the worst among fluo-
rine-free foams. The drainage mass curve of FF-1# is obviously lower than that of
FF-2# but slightly higher than that of FF-3#, demonstrating that the foam stabil-
ity of FF-1# is slightly stronger than that of FF-3# and obviously weaker than
that of FF-2#. The drainage mass curves of FF-4# and FF-5# almost overlap
each other completely and slightly lower than that of FF-3#, implying that FF-4#
and FF-5# have the strongest stability among fluorine-free foams. The results
indicate that the five silicone surfactants show different ability to stabilize fluorine-
free foam. Tegopren-6950 and Silok-2232 exhibit the relative better ability to sta-
bilize foam, while Silok-2235 is the worst. Foam stability was affected by silicone
surfactants due to the change of surface tension and the interaction between
molecular of silicone surfactant and other components with addition of silicone
surfactants into foam solutions.

Drainage rate is the derivative of the drainage mass of foam versus time. The
drainage rates of the firefighting foams are analyzed systematically, as shown in
Fig. 5. Significant difference exists among the drainage rate curves of fluorine-free
foam and AFFF. The drainage rate of AFFF decreases rapidly following a sharp
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Figure 5. Variation in drainage rate of foams versus time.
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increase, and then gradually decreases to zero after reaching CPD (critical point
of drainage). The explanation about CPD in details can be found in previous ref-
erences [34]. For fluorine-free foams, the drainage rate curve of FF-2# shows sig-
nificant difference from other foams. At approximate 90 s, the drainage rate of
FF-2# increases dramatically and reaches the maximum value 0.41 g/s. After a
short decrease, a relative stable value of drainage rate is subsequently reached and
lasted approximate 200 s when the value of drainage rate of FF-2# drops to 0.3 g/
s. Then, drainage rate keeps decreasing gradually. CPD occurs on the drainage
rate curve of FF-2# at 655 s when drainage rate decreases to 0.23 g/s. The drai-
nage rate of FF-2# obviously changes no longer but is not zero after 1800 s. The
drainage rate curves of FF-1#, FF-3#, FF-4# and FF-5# almost overlap each
other completely. The drainage rate curves of them increases rapidly after keeping
a relative stable for more than 200 s from 0 s, and then reach relative stable again
after the maximum value occurred. The time lasted for the second relative
stable stage of drainage rate curves of FF-1#, FF-3#, FF-4# and FF-5# are 550 s,
660 s, 705 s and 720 s, respectively. It should be pointed out that no CPD occurs
on the drainage rate curves of the four foams, which should be ascribed to their
smaller value of the maximum drainage rate. Note that, the drainage rate curves
of FF-1#, FF-3#, FF-4# and FF-5# are higher than that of AFFF and FF-2# at
later stage of foam drainage, which is mainly attributed to the higher liquid frac-
tion in the fluorine-free foams of FF-1#, FF-3#, FF-4# and FF-5# at later stage
[33].

We can conclude from the analysis above that silicone surfactants with different
molecule structure resulted in the difference in stability of fluorine-free foams. In
terms of the five silicone surfactants used in this study, Tegopren-6950 and Silok-
2232 shows better ability to stabilize foam compared with other silicone surfac-
tants. Silok-2235 shows the worst ability to stabilize foam though it has the stron-
gest ability to lower the surface tension of water and interfacial tension between
water and liquid fuel.

3.2.3. Foam Spread Property Figure 6 shows the variation in spread area of the
firefighting foams on the fire tray versus time. The time required for firefighting

Table 2
Aqueous solution properties of foams

Formulation

Surface tension,

mN/m

Interface tension,

mN/m

Spreading coef-

ficient

Film-

forming

Viscosity,

mPa s

FF-1# 23.523 2.129 - 0.408 No 1.93

FF-2# 22.912 0.954 1.378 No 2.02

FF-3# 28.871 2.654 - 6.281 No 2.12

FF-4# 25.756 2.283 - 2.795 No 1.81

FF-5# 24.778 1.144 - 0.678 No 2.62

AFFF 18.697 1.479 5.068 Yes 1.12
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foams to cover the whole fire tray is denoted as foam spread time (FST). AFFF
exhibits the shortest FST 34 s, which is obviously lower than that of fluorine-free
foams. The spread area curve of AFFF exhibits three stages, including rapid
increase, linear increase and slow increase, while the spread area curves of fluo-
rine-free foams just show two stages, linear increase and slow increase. The main
reason why AFFF spreads faster is that the aqueous solution of AFFF has higher
surface activity and lower viscosity. For fluorine-free foams, the FSTs of FF-1#,
FF-2#, FF-3#, FF-4# and FF-5# are 63 s, 48 s, 67 s, 63 s and 58 s, respectively.
Apparently, FF-2# spreads on heptane surface faster than other foams. The
spread area curves of FF-1#, FF-3#, FF-4# and FF-5# almost overlap each other.
The addition of Silok-2235 leads to the fastest spread of FF-2# on heptane sur-
face, which is attributed to the stronger ability of Silok-2235 to lower surface ten-
sion of water.

The variation in the instantaneous spread rate of foams on heptane surface ver-
sus time is plotted in Fig. 7. Similar change trends were observed on the spread
rate curves of the fluorine-free foams. For all the fluorine-free foams, the spread
rates keep a relative stable after a transient increase, and then gradually decrease
to zero. FF-2# shows the maximum value of foam spread rate compared with
other fluorine-free foams. But, more fluctuations with bigger amplitude occurred
on the foam spread rate curve of FF-2#. Notably, the change trends of AFFF in
foam spread rate curve is obviously different from fluorine-free foams. The maxi-
mum value of the spread rate of AFFF reaches 0.026 m2/s, which is much higher
than that of fluorine-free foams.

The faster spread of AFFF should be attributed to its lower viscosity, smaller
surface tension and greater spreading coefficient. Nonetheless, for fluorine-free
foams containing different silicone surfactants, FF-1# and FF-4# has lower vis-
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Figure 6. Variation in spreading area of foams versus time.
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cosity than FF-2#, but they spread more slowly than FF-2#. These results indi-
cated that the viscosity is not the main reason for the different spread rate of fluo-
rine-free foams. The spreading coefficient and surface tension are the key
parameters resulting in different spreading rate of fluorine-free foams.

3.3. Fire Extinguishing and Burn-Back Performance of Foams

3.3.1. Process of Fire Extinguishing and Burn-Back Figure 8 shows the process of
fire extinguishing and burn-back of FF-1#. Other firefighting foams exhibit the
same process of fire extinguishing and burn-back. Heptane is ignited at 0 s. After
60 s, foam is supplied into fire tray, and flame is gradually controlled with foam
spread on heptane surface. Flame height decreases rapidly once foam covers the
whole fire tray, and finally flame is extinguished with lasting supply of foam, as
illustrated in Fig. 8a.

Figure 8b shows the process of burn-back of fluorine-free foam FF-1#. Obvious
expansion of fluorine-free foam caused by heated air in foam occurred at the early
stage of burn-back process, denoting as foam expansion stage. Then, the upper
surface of foam layer declined gradually as burn-back experiment went on, denot-
ing as foam attenuation stage. No fuel vapor or ‘‘ghost flame’’ was observed dur-
ing foam decay. And no pores were observed even though the thin foam blanket
was left on the surface of heptane. This is different from the burn-back process of
AFFF described in Ref. [29]. At 700 s, foam blanket can still inhibit fuel vapor
effectively. As time went on, boiling combustion of the heptane in burn-back pot
occurred, resulting in a rapid decrease in foam blanket. Small flame caused by the
ignition of fuel vapor escaping from beneath the foam layer occurred in fire tray,
and cannot be effectively inhibited by foam blanket. On the contrary, the small
flame evolved into bigger flame, and finally led to the entire burn-back of heptane
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Figure 7. Variation in spreading velocity of foams versus time.
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in fire tray, denoting as flame burn-back stage. The phenomenon is different from
the burn-back process of AFFF described in Ref. [29]. At the process of burn-
back test of AFFF, small flame was extinguished rapidly by foam once it occurred
in foam layer, and a thin foam layer can still inhibit small flame effectively. Burn-
back test of AFFF can last a relative long time even though small flame occurred
in foam layer. The main reason is that fluorine-free foams have worse spread
property and lower self-sealing capacity than AFFF.

3.3.2. Fire Extinguishing Time and Burn-Back Time Fire extinguishing and burn-
back experiments are conducted based on the analysis results of foam drainage
and spread. It should be pointed out that the evaluation of fire extinguishing and
burn-back performance of FF-3# and FF-5# are not conducted because the
curves of both foam drainage and foam spread of them almost overlapped with
FF-4# completely. The fire extinguishing and burn-back performance of the four
firefighting foams, FF-1#, FF-2#, FF-4# and AFFF, were tested. The results are
listed in Table 3.

All the foams can extinguish heptane fire rapidly and resist on the thermal radi-
ation of flame for more than 600 s, indicating that the fire extinguishing and
burn-back performance of the fluorine-free foams prepared in this study meet the
requirements of GB15308-2006. Fire extinguishing time of FF-1# and FF-2# is
lower than that of AFFF, while FF-4# shows longer fire extinguishing time than

Figure 8. Process of fire extinguishing and burn-back of FF-2#.
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AFFF. For burn-back performance, FF-1# and FF-4# are better than AFFF, but
FF-2# is worse than AFFF.

Notably, the times fluorine-free foams lasted at foam expansion stage of burn-
back tests are nearly equal to that of AFFF. But the times fluorine-free foams las-
ted at foam attenuation stage of burn-back test are much longer than that of
AFFF. The times fluorine-free foams lasted at flame burn-back stage of burn-back
tests are much shorter than that of AFFF. This should be attributed to greater
stability and lower self-sealing capacity. At foam attenuation stage, fluorine-free
foams have high stability and few liquids drained out of foams, the spill of fuel
vapor can be stopped by the ‘‘wet’’ foam for a longer time. At flame burn-back
stage, small flame can be extinguished rapidly by AFFF due to its good self-seal-
ing capacity. But fluorine-free foams cannot extinguish small flame because of
their worse self-sealing capacity, leading to the much shorter time of flame burn-
back stage than AFFF and the rapid complete burn-back of fire tray.

3.3.3. Mechanism of Fire Extinguishing and Burn-Back of Fluorine-Free Foam The
fire extinguishing mechanism of traditional AFFF is insulation of liquid fuel from
oxygen by foam layer and aqueous film, as described in Fig. 9a. During AFFF
extinguishing fire, a large amount of liquid drained out of foams due to the rela-

Table 3
Fire extinguishing time and burn-back time of foams

Foams

Fire extinguishing time

(s)

Burn-back time (s)

Expansion

stage

Attenuation

stage

Burn-back

stage

100% burn-

back

FF-1# 44 300 468 33 801

FF-2# 42 282 380 24 686

FF-4# 56 306 471 35 812

AFFF 52 300 204 281 785

Figure 9. Comparison of fire extinguishing mechanism of fluorine-
free foam and AFFF.
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tive bad foam stability, and the liquid drained can form an aqueous film on the
surface of liquid fuel relying on the very low surface tension of the liquid contain-
ing fluorocarbon surfactant. But the excessive liquid drained will sink to the bot-
tom of fire tray after seal-healing aqueous film formed due to the limitation of
spreading amount. The ability of foam layer to isolate fuel vapor decreased with
the rapid loss of liquid drained from foams.

For the fluorine-free foams, the fire extinguishing mechanism is different from
AFFF, which can be explained by Fig. 9b. Few liquids drained out of foam dur-
ing fire extinguishment of fluorine-free foams due to their high stability provided
by hydrocarbon surfactants and mixtures of foam stabilizers and rapid foam
spread provided by silicone surfactant. Most of liquids still exist in foams and fuel
vapor cannot penetrate foam blanket containing lots of liquid. The foam with
high liquid content spread and covered the whole fire tray rapidly, resulting in the
rapid extinguishment of flame. Thus, fluorine-free foams can extinguish flame of
heptane fire effectively though no aqueous film formed on heptane surface. During
burn-back, the declination in the upper surface of foam layer is attributed to ther-
mal radiation of flame from burn-back pot. A large amount of heat from burn-
back pot is absorbed by the liquid in the foam blanket. Also, fuel vapor is inhib-
ited high-efficiently by foam containing lots of liquid. Besides, the liquid in foam
blanket can continuously cool the surface of fuel of fire tray. The combined effects
of these actions resulted in the good burn-back performance of fluorine-free foam.

Essentially, the fluorocarbon surfactant in the traditional AFFF is the key com-
ponent and provides the very low surface tension, and the addition of hydrocar-
bon surfactant in AFFF is to provide excellent foaming ability. The very low
surface tension of AFFF containing fluorocarbon surfactants results in excellent
film-forming property, spread property, foaming ability, foam stability and the
corresponding high-effectiveness in fire extinguishing and burn-back performance.
In terms of the fluorine-free foam, the silicone surfactant provides a relative low
surface tension and good foam spread property, and the hydrocarbon surfactants
and mixtures of foam stabilizers provide highly stable foam. The relative low sur-
face tension, good foam spread property, and the high foam stability lead to the
high-effectiveness in fire extinguishing and burn-back performance commonly.

4. Conclusions

Fluorine-free firefighting foams are prepared based on the mixture of hydrocarbon
and silicone surfactants. The key properties of fluorine-free foams are studied sys-
tematically, including surface activity, interfacial activity, viscosity, spreading coef-
ficient, drainage, spreading property, fire extinguishing and burn-back
performance. The main conclusions are as following:

The surface activity of aqueous solution of fluorine-free foams is lower than
that of AFFF. And no aqueous film was formed on the surface of cyclohexane by
aqueous solution of fluorine-free foams, even though spreading coefficient is posi-
tive. Fluorine-free foams have the higher stability but the worse spread property
on the surface of liquid fuel compared with traditional AFFF.
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In terms of small-scale test, the fire extinguishing and burn-back performances
of fluorine-free foams meet the requirements of the standard GB15308-2006. But
not all fluorine-free foams containing silicone surfactant performed as well as
AFFF. The foam containing OFX-5211 shows the better fire extinguishing and
burn-back performance than AFFF. The foam containing Silok-2235 shows better
fire extinguishing performance but worse burn-back performance than AFFF. The
foam containing Tegopren-6950 shows better burn-back but worse fire extinguish-
ing performance than AFFF.

The mixture of hydrocarbon and silicone surfactants is promising to be used to
develop the new generation environmental-friendly firefighting foams instead of
fluorocarbon surfactants.
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