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The development of fluorine-free foaming extinguishing agent, abbreviation FFEA, has become an urgent sci-
entific challenge in the field of fire protection engineering due to the fact that the key component of existing
aqueous film-forming foams is listed as a persistent organic pollutant. A study was conducted on foam perfor-
mance and fire extinguishing efficiency of FFEA prepared by hydrocarbon and silicone surfactants with low-
carbon alcohol modulation, using three selected silicone surfactants. The results show that the FFEA,
including low-carbon alcohol-modulated Silok8141/SDS and Silok8008/SDS, exhibit low surface tension, good
foam stabilization coefficient and long foam drainage time. Laboratory foam extinguishing experiments
demonstrate that the FFEA produced by Silok8141/SDS/Isobutanol ternary system has better cooling effect and
fire extinguishing performance. And the study of FFEA mechanism reveals that the addition of isobutanol blocks
the foam liquid channel and increases the foam stability. The wide applicability of the design route for FFEA

prepared by low-carbon alcohol-regulated hydrocarbon and silicone surfactants has been demonstrated.

1. Introduction

Fire safety plays a crucial role in people’s daily lives, where foam
extinguishing agents are primarily utilized to extinguish Class B fires and
some Class A fires(Khan et al., 2021; Pan et al., 2020; Wu et al., 2021).
The foam extinguishing agents work by creating an oxygen barrier, heat
barrier through the foam cover layer and cooling effect of water(Ananth
et al., 2019; Jia et al., 2022; Sheng et al., 2018). To gain a better un-
derstanding the characteristics of foam extinguishing agents, the re-
searchers primarily investigate the properties such as the surface tension
(Baek and Yong, 2020; Ma et al., 2023; Shojaei et al., 2021), foaming
ability(Yang et al., 2023) and fire extinguishing performance(Kang
et al., 2019; Szymczyk et al., 2021; Szymczyk and Janczuk, 2010; Xu
et al., 2020).

Fluorocarbon surfactants(Szymeczyk et al., 2022; Yang et al., 2023;
Yu et al., 2022); (Peng et al., 2018; Sheng et al., 2020) a crucial con-
stituent of current aqueous film-forming foams (AFFF) - have been
classified as persistent organic pollutants (POPs) due to their chal-
lenging degradability, long-range migration and bioaccumulative effects
(Alshemmari, 2021; Fuentes et al., 2006; van der Veen et al., 2023).
These factors potentially impact the subsequent use of AFFFs.
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Consequently, the AFFF containing predominantly fluorocarbon sur-
factants are gradually being phased out by fire services(Hetzer et al.,
2014). This will inevitably impact the petrochemical industry, posing
significant implications and challenges for fire safety and emergency
response. Therefore, there is an urgent need to search for environmen-
tally friendly fluorine-free foams with better firefighting capabilities.
In order to address the issues of environmental pollution, inefficiency
in foam fire extinguishing agents(Bourgeois et al., 2015; Wang, 2015; Yu
et al., 2020), researchers have been continuously exploring solutions.
Andrei Bureiko(Bureiko et al., 2015) found that foams used in everyday
life such as shampoos and detergents were mainly made from a mixture
of different ingredients. The correct choice of two or more active in-
gredients could accelerate foam formation and improve foam stability.
Sodium dodecyl sulfate (SDS) is widely used as a foaming agent in many
fields because of its low price, biodegradability, and good foaming
ability(Lu et al., 2022; Qiao et al., 2016; Sett et al., 2015; Wang et al.,
2015; Zhou and Ranjith, 2021). For example, Zhou et al.(Zhou et al.,
2022) found that the compound of anionic hydrocarbon surfactant, SDS,
and nonionic short-chain fluorocarbon surfactant had good physical and
chemical properties and wetting ability. Kang et al.(Kang et al., 2021)
found that the addition of xanthan gum and gelatin resulted in a more
homogeneous foam with a less negative impact on surface tension. Shah
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Nomenclature

Abbreviations

FFEA fluorine-free foaming extinguishing agent
CMC critical micelle concentration
ST surface tension /nM-m ™!

MF mass fraction /wt%

FH foaming height /mm

FSC foam stabilization coefficient
25 %DT 25 % drainage time /s

ER expansion ratio /%

FDP foam drainage percentage /%
ADR average drainage rate /%5~

et al.(Kumar Shah et al., 2022) investigated that the cmc values of binary
mixtures containing SDS were lower than those of single surfactant so-
lutions and that the binary mixtures showed better foaming ability and
good foam stability than single surfactant. Zhang et al.(Zhang et al.,
1999) tested the role of a series of silicone surfactants with different
structures in flexible polyurethane foam. The results showed that sili-
cone could reduce the surface tension of the system and the drainage
rate of cell windows. Sheng et al.(Sheng, 2018) found that the foaming
ability and foam stability of silicone surfactant combined with hydro-
carbon surfactant were stronger than those of single surfactant.

The binary system foam compounded with hydrocarbon and silicone
still suffers from short half-life, poor liquid-holding capacity, and rapid
foam aggregation(Hetzer et al., 2014). However, low-carbon alcohols as
additives can slow down the drainage process of the compound system,
Bhattarai(Bhattarai, 2015)found that at different temperatures, with the
increase of methanol concentration of the mixed solution cmc will be
increased. Zdziennicka(Zdziennicka and Janczuk, 2020) found that the
addition of short-chain alcohols to the aqueous surfactant solution can
create a lower polarity and better solubility environment for surfactants.
Jia et al. (Jia et al., 2022) found that appropriate concentrations of low-
carbon alcohols could enhance the foam stability of the binary system of
silicone surfactant LS-99 and hydrocarbon surfactant SDS. Based on this,
we intend to study an environmentally friendly and efficient fluorine-
free foam extinguishing agent with high foam stability and strong
liquid-holding capacity with low-carbon alcohols, silicone surfactants
and hydrocarbon surfactants as the basis.

The main objective of this study was used to verify the wide appli-
cability of the design route for the preparation of non-fluorinated foam
fire extinguishing agent with low carbon alcohol modulated silicone/
hydrocarbon surfactant. The author intends to introduce three low-
carbon alcohols, ethanol, n-propanol and isobutanol, select three sili-
cone surfactants and three hydrocarbon surfactants, from which two
FFEA formulations are preferred. And then analyzed the surface tension,
foaming and foam stabilizing ability, foaming times, drainage time and
other foam parameters of the low-carbon alcohol/silicone/hydrocarbon
surfactant mixture system. Conducted experiments with two FFEA for-
mulations to extinguish large-scale oil pool fires. Finally, the mechanism
study of low-carbon alcohol-modified silicone/hydrocarbon surfactant
compounding system was carried out. The foam stability of the two
FFEA formulations was quantitatively investigated, and the extin-
guishing mechanism of FFEA for rapidly extinguishing oil pool fires was
verified.

2. Raw materials and experimental equipment
2.1. Raw materials

The aim of this study is to replace the fluoride component of tradi-
tional foam extinguishing agents with a fluorine-free foam extinguishing
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Table 1
Raw material components.
Raw Main components (Mass fraction%)
materials
Silok8141 C12H3204Si3 65-70 % Propylene oxide 2 %-5%

HO W

CHgi ) CH3
Hac ! SO~

~

SINo \“CH3
H3C © CHs CHa
Silok8000 Cy2H3204Si3 90-95 % Cy5H3202 1-5 %
*‘CZ D T S N
o]
CH 3? - CH3
HaCc ! Pl
SN \~CH3
H3C - CH3 CH3
Silok8008 Octamethyltrisiloxane 90-95%  C;5H4005Sis 3-10 %
H3C\ /O\ /O\ /CH3
CH
Hac” 1 IN A\CHs o
H3C H3C CH3 CHj3 2
HaCu IC“*3§’;\ ICH3 (’:Hs
/ \‘,‘/ \ l\:/ CH@
H3C  CH3 CHa CH3
SDS Sodium dodecyl sulfate 98.5 %
0 -
N0
I
H3C o” \\‘_‘
BS-12 2-(Dodecyl dimethyl ammonio)acetate 98 %
H3C v
HaC \‘Q/\(
\/\/\/\/\/\/ CHs =
1227 Dodecyl dimethyl benzyl ammonium chloride 98.5 %
ch/\/\/\/\/\/\w*/\g
I\
H3C CHs
Ethanol Ethanol 99.7 %
HaC OH
NG
n-Propanol n-Propanol 99 %
HaC /\/\O~
Isobutanol Isobutanol 99 %

HaC

agent (hereinafter collectively referred to as FFEA) using a low-carbon
alcohol-moderated hydrocarbon surfactant and silicone surfactant
compound system. SDS, BS-12 and 1227 were selected for the hydro-
carbon surfactants. SDS was purchased from Guangdong Gaoshun
Chemical Import & Export Co., Ltd, China. BS-12 was purchased from
Shanghai Handeyunjia New Material co., Ltd, China. 1227 was pur-
chased from Shandong Xinsunjie Chemical Technology Co., Ltd, China.
Silicone surfactants (Silok8141, Silok8000. Silok8008), were pur-
chased from Guangzhou Silok Polymers Co., Ltd, China. Silok8141 and
Silok8000 both contain polyether modified silicone oil (molecular
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Table 2
Metrological characteristics of experimental equipment.
Experimental Measurement Measurement Accuracy Temperature
equipment range accuracy error range of
specimen
Surface 0-600mN/m 0.1mN/m +£0.ImN/  0-120°C
tension m
meter
Roche foam 0-900 mm 1 mm + Imm 0-100 °C
meter
Electronic 0-500 g 001g +0.02g 0-70 °C
balance

formula C15H3504Si3). But C15H3004Si3 in Silok8141 accounted for 65 %
—70 %, auxiliary materials for propylene oxide accounted for 2 % —5%.
While Silok8000 has a greater concentration of C12H3204Si3 accounting
for more than 90 %, the auxiliary material is C;5H3204 accounting for 1
%-5%.Silok8008's main ingredient is Octamethyltrisiloxane accounting
for 90 %-95 %, the auxiliary material is C15H49O5Si4 accounting for 3
%-10 %.Based on previous research, it was known that the surface
tension of alcohols increased as the length of the carbon chain decreased
(Zdziennicka and Janczuk, 2020) which affected the compounded sys-
tem’s surface activity. The alcohols chosen for the experiment were
ethanol, n-propanol and isobutanol. The specific composition is shown
in Table 1.

2.2. Surface tension meter and Roche foam meter

Surface tension was measured by means of the surface tension meter
named BZY-101. The surface tension meter was purchased from
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Shanghai Fang Rui Instrument Co., Ltd., China. The foaming height and
foam stabilization capacity were determined using Roche foam meter
named 2151. Roche foam meter was purchased from Beijing Hifuda
Technology Co., Ltd., China. Metrological characteristics are shown in
Table 2.

The surface tension was determined by placing the solution to be
measured on the observatory. The table was raised by turning the knob
and stops rising when the liquid level was just in contact with the
platinum plate. At this point the data on the screen was the surface
tension.

For the determination of foaming height and foam stability coeffi-
cient, 50 ml of configuration solution was pre-absorbed in a glass tube,
and 200 ml of configuration solution was absorbed by using a quanti-
tative funnel, and the solution in the quantitative funnel was completely
discharged at a height of 1 m from the liquid surface. At this point the
foam height in the tube was recorded as hy, and after standing for 5Smins
the foam height in the glass tube was recorded again as hs, and the
resulting hs divided by hy was the foam stabilization coefficient.

2.3. Measuring devices of 25 % drainage time and expansion ratio

Measuring device of 25 % drainage time is shown in Fig. 1, consisting
of an electronic balance, a beaker, a conical glass funnel, a glass beads
and a computer. Firstly, the foam is completely foamed using an air
compressor. 20 g of foams were placed in a glass funnel filled with glass
beads, and a beaker was placed in its lower part to receive the liquid
precipitated by the foam. The electronic balance was connected to a
computer and the change in mass of the precipitated liquid was auto-
matically read and recorded by software.

Computer

Electronic balance

Fig. 1. Measuring device of 25 % drainage time.

Camera Thermocouples
@ [ 100c]
|
/ ' |
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Fig. 2. Foam extinguishing system.
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Fig. 3. Fire extinguishing experiment site.

Fig. 4. Automatic FOAMSCAN.

The expansion ratio was determined by means of a measuring cyl- 2.4. Test platform of fire extinguishing effect
inder and an electronic balance. The foam was first completely foamed
using an air compressor, a volume of foam was measured using a The fire extinguishing system and the fire extinguishing experiment
measuring cylinder, the mass of foam was weighed using an electronic site are shown in Fig. 2 and Fig. 3. The fire extinguishing platform is
balance and the resulting volume was divided by the mass to obtain the mainly composed of a foam generation system and a flame temperature
expansion ratio. acquisition device. In the experiment, the foam premix was stored in the

water tank and brought into the pipeline through the power provided by
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Fig. 5. Surface tension of Silok8141/Hydrocarbon surfactants.

the air compressor, the driving pressure of the air compressor was
0.7Mpa, and the maximum flow rate of the foam gun was 5 L/min. The
premixed liquid generates foam by impact in the foam gun and is
sprayed to the center of the burning oil pan. The distance between the
foam gun and the oil pan is 3 m. The flame temperature acquisition
device is mainly composed of thermal imager, camera, thermocouple
and paperless recorder. During the experiment, 2000 ml of water and
5000 ml of gasoline were poured into an oil pool with a diameter of 920
mm in turn. And 30000 ml of foam premix is pre-configured in the tank
for foam fire extinguishing. After ignition, the oil fire was fully pre-
burned for 60 s. Then the air compressor valve was opened and the
fire was extinguished. Type K thermocouples are arranged on the center
axis of the flame and the ends are connected to a computer to collect the
flame temperature. The thermocouples and infrared camera will
continue to collect the flame temperature from the time before ignition
begins until the end of the experiment.

2.5. Quantitative analysis of foam stability

The quantitative analysis of foam experiments used in the experi-
mental apparatus Automatic FOAMSCAN as shown in Fig. 4, purchased
from TECLIS SCIENTIFIC, France. 60 ml of foam was foamed using an air
compressor and taken in a beaker, the time interval of the automatic
photo was set to 2 s in the FOAMSCAN, and the bubble size and distri-
bution were analyzed in the CSA software after the completion of the
picture acquisition. The experimental environment was at room tem-
perature, and the foam size was collected from 35 pm to 2000 pm.

3. Study of low-carbon alcohol modulated ternary systems
3.1. Research on hydrocarbon/ silicone surfactant binary system

3.1.1. Screening of hydrocarbon surfactants

The variation of surface tension of Silok8141 compounded with
hydrocarbon surfactants were shown in Fig. 5. Observation of Fig. 5(a)
reveals that when the mass fraction of silicone surfactant was 0 %, the
solution was a single system of hydrocarbon surfactant 1227, and the
surface tension decreased rapidly with the increase of the mass fraction
of 1227 when the mass fraction was less than 0.05 %, and then the
surface tension almost no longer varied with the increase of the mass
fraction of 1227, and was stabilized at 32.4 mN/m, and the critical
micelle concentration cmc was 0.033 %. The trends of single hydro-
carbon surfactant curves in Fig. 5(b) and 5(c) were similar to those in
Fig. 5(a), in which the surface tension of BS-12 was stabilized at 30.1
mN/m with a cmc of 0.015 %, and that of SDS was stabilized at 29.6
mN/m with a cmc of 0.0392 %. Observing Fig. 5(a), Fig. 5(b) and Fig. 5
(c), it can be found that the trends of the three curves were similar with
the increase of hydrocarbon surfactant mass fraction at different silicone
surfactant mass fractions. Therefore, taking Fig. 5(a) as an example,
when the mass fraction of silicone was 0.001 % and the mass fraction of
1227 was less than 0.01 %, the surface tension of the binary system
gradually decreased with the increase of the mass fraction of hydro-
carbon surfactant. This is because when the concentration of silicone
surfactant is less than cmc, the number of surfactant molecules adsorbed
on the foam liquid film is less, and the addition of hydrocarbon
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Fig. 6. Foaming heights of Silok8141/Hydrocarbon Surfactants.

surfactant molecules can make up for the lack of silicone active agent
molecules, so that the surface tension further decreases(Bhattarai, 2020;
Jiang et al., 2015). When the mass fraction of organosilicon surfactant
was 0.01 % and 0.1 % with the increase of 1227 mass fraction, the
surface tension curve of the binary system is stable at first and then
increases slowly. This is because the mass fraction of silicone surfactant,
which is dominant in the adsorption process, is getting higher and
higher, while the addition of hydrocarbon surfactant and silicone sur-
factant forms competitive adsorption. (Graciaa et al., 2003; Yu et al.,
2022). With the increase in the mass fraction of hydrocarbon surfactant,
the competitive adsorption effect is enhanced, and the surface tension
rises slowly. The lowest surface tension of the formulated systems was
found when the silicone surfactant mass fraction was 0.1 % and the
hydrocarbon surfactant mass fraction was 0.01 %. The lowest surface
tension was 22.7 mN-m ™! for the 1227 compound system, 22.8 mN-m !
for the SDS compound system and 22.7 mN-m " for the BS-12 compound
system.

The changes of foaming height of Silok8141 and hydrocarbon sur-
factant compound system and hydrocarbon surfactant single system
were shown in Fig. 6. The black line represented the hydrocarbon

surfactant single system, the three hydrocarbon surfactant foaming
height with the change of mass fraction trend was similar to Fig. 6 (a),
for example, when the 1227 additive amount was lower than 0.1 %, with
the increase in 1227 mass fraction of the monomer system foaming
height increased rapidly, when the 1227 additive amount was greater
than 0.1 %, with the increase in 1227 mass fraction of the foam height
increase slowed down, the foaming height curve tends to stable. 1227
single system foaming height increase rate slowed down. Height in-
crease rate slows down, the image tended to flatten. 1227 single system
foaming height of up to 151 mm, BS-12 up to 147 mm, SDS up to 158
mm. With the increase of silicone surfactant the foaming height of the
binary system changed. Observing Fig. 6 (a), it can be seen that when the
mass fraction of 1227 was less than 0.5 % the addition of silicone sur-
factant was able to increase the foaming height of the compounded
system, and when it was over 0.5 %, there was not much difference in
foaming ability of the binary system and that of the single system of
1227.

Observation of Fig. 6(b) revealed that when the mass fraction of
silicone surfactant was 0.001 % and 0.01 %, and the mass fraction of BS-
12 was less than 0.01 %, the addition of silicone surfactant had less
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Fig. 7. Foam stabilization coefficient of Silok8141/Hydrocarbon Surfactants.

effect on the foaming performance of BS-12. When the mass fraction of
BS-12 was greater than 0.5 %, the foaming ability of the binary system
was stronger than that of the single system of BS-12, and the maximum
foaming heights reached 156 mm, 157 mm and 161 mm at the additions
of 0.001 %, 0.01 % and 0.1 % of silicone surfactants, respectively, with
the enhancement of 6.12 %, 6.80 % and 9.52 %, respectively, in com-
parison with that of the single system.

Observing Fig. 6(c), it was found that the foaming performance of the
binary system was significantly improved compared with that of the SDS
single system, and the foaming height of the binary system exceeded
that of the SDS single system at a mass fraction of SDS greater than 0.01
%.At 0.001 %, 0.01 % and 0.1 % silicone surfactant additions, the
maximum foaming heights reached 182 mm, 165 mm and 191 mm,
respectively, which were 15.19 %, 4.43 % and 20.89 %, compared with
that of the SDS single system, respectively.

The foam stability coefficient is used to evaluate the stability of the
foam, and a sufficiently stable foam layer can ensure the shielding effect
on combustibles for a long period of time and improve the fire extin-
guishing efficiency(Ping et al., 2023). The variation of foam stabilization

coefficient of Silok8141/hydrocarbon surfactant compound system was
shown in Fig. 7. Observing Fig. 7(a), it can be seen that the foam sta-
bilization of single 1227 is poor when the mass fraction is less than
0.001 %, and the foam stabilization coefficient increases and then de-
creases with the increase of the mass fraction of 1227. With the addition
of organosilicon surfactant, the foam stability of the binary system was
significantly improved, and the stabilization coefficient of the binary
system showed a slow increase when the mass fraction of 1227 was less
than 0.05 %, and a significant decrease in the stabilization coefficient
occurred when the mass fraction of 1227 was greater than 0.01 %.
Observation of Fig. 7(b) reveals that the foam stability of the single
system BS-12 is equally poor at low mass fraction. When the mass
fraction of BS-12 was greater than 0.001 %, the foam stabilization ability
increased dramatically and eventually stabilized around 0.8420. With
the addition of Silicone surfactants, when the mass fraction of BS-12 was
less than 0.1 %, all the three additions of Silicone surfactants could
improve the foam stabilization ability of BS-12, and the stabilization
coefficient increased dramatically. When the addition of Silicone sur-
factants was 0.001 % versus 0.01 % and the mass fraction of BS-12 was
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Table 3

Basic parameters of three silicone surfactants and SDS compound system (Mass fraction of SDS is 0.04%).
Mass concentration of ~ Silok8141/SDS Silok8008/SDS Silok8000/SDS

ili
stiicone Tension Height Foam stability Tension Height Foam stability Tension Height Foam stability
/mN-m~? /mm coefficient /mN-m /mm coefficient /mN-m~! /mm coefficient

0.0001 % 28.0 52 0.844 29.3 32 0.875 27.9 27 0.889
0.0005 % 26.7 73 0.853 279 36 0.889 25.6 30 0.900
0.001 % 25.3 91 0.870 25.7 39 0.897 24.7 56 0.893
0.005 % 24.3 107 0.896 25.4 58 0.912 23.8 58 0.914
0.01 % 23.1 126 0.925 25.1 54 0.926 22.4 62 0.919
0.05 % 22.7 134 0.960 24.6 55 0.949 21.9 44 0.932
0.1 % 22.4 145 0.958 23.6 56 0.951 21.8 32 0.938
0.5 % 22.4 152 0.976 23.5 47 0.953 21.7 16 0.938
1% 22.3 154 0.969 23.7 46 0.952 21.8 21 0.932

greater than 0.1 %, the stabilization coefficient of foam stabilization
decreased slightly.

Observation of Fig. 7(c) showed that the foam stability of single SDS
solution with low mass fraction was poor, and the stabilization coeffi-
cient of single system SDS solution reached 0.9000 only when the mass
fraction of SDS was 0.5 % and 1 %.The addition of 0.001 %, 0.01 % and
0.1 % mass fraction of Silicone surfactants can greatly improve the
stabilization coefficient of the binary system, which solved the phe-
nomenon that the stabilization coefficient of the single system with low
mass fraction of SDS was too low. When the mass fraction of SDS reached
0.01 %, the stabilization coefficient of the binary system under the three
silicone surfactants exceeded 0.9310, and the single SDS was only 0.117,
the stabilization coefficient was increased by more than 695.7 %, and
the stabilization ability was greatly improved. At the same time, when
the SDS mass fraction was higher, the binary system could still maintain
strong foam stability, up to 0.9890.

3.1.2. Research on hydrocarbon/ silicone compound system

From the experiments in 3.1.1, it was found that all the three hy-
drocarbon surfactants showed good synergistic effect on surface tension
when compounded with silicone, while SDS showed better foaming
ability as well as foam stability when compounded with silicone.
Therefore, in this section, SDS was used in combination with three sil-
icones (Silok8141, Silok8008 and Silok8000), Where the concentration
of SDS is taken as 0.04 % mass fraction at the value of CMC(Hailin Jia
et al., 2022).

According to the experimental determination, the surface tension,
foaming height and foam stabilization coefficient of the three silicone
surfactants compounded with SDS are shown in Table 3. Observation of
Table 3 reveals that with the increase of silicone surfactant mass frac-
tion, the compounding system foam surface tension also decreased,
when the silicone mass fraction of close to 0.1 %, the rate of decline
slows down. When the mass fraction of Silok8141 and Silok8008 is 0.1
%, the lowest surface tension of the compound system is 22.4 mN-m !
and 23.6 mN-m~’, respectively, and the lowest surface tension of the
compound system is 21.7 mN-m~! when the mass fraction of Silok8000
reaches 0.5 %.

The three formulations showed differences in foaming height. When

the silicone surfactant mass fraction in the 0.0001 % to 0.01 % interval,
with the increase in silicone mass fraction Silok8000/SDS system
foaming height also increased, to the maximum of 62 mm. When the
mass fraction of silicone is more than 0.01 %, with the increase in the
mass fraction of Silok8000, the foaming capacity of binary system is
reduced, and the foaming height is reduced to varying degrees. The foam
trend of Silok8008 system is similar to that of Silok8000, when the sil-
icone mass fraction is 0.005 %, the foam height of the compound system
is 58 mm, then with the increase of silicone mass fraction, the foam
height of the compound system decreases slowly and finally stabilizes at
42 mm. While Silok8141/SDS system foam with the increase of silicone
mass fraction, when Silok8141 mass fraction between 0.0001 % and
0.05 %, the binary system foaming capacity grows faster, when the
Silok8141 mass fraction is greater than 0.05 %, with the increase of
silicone mass fraction (0.1 %, 0.5 %, 1 %) binary system foaming height
tends to stabilize.

The trend of stability coefficient of the three silicone surfactants and
SDS compounded systems can be seen that with the increase of the mass
fraction of Silicone surfactants, the binary system of the three Silicone
surfactants compounded with SDS showed an upward trend with the
increase of the mass fraction of Silicone surfactants. When the mass
fraction of Silicone surfactants was 0.0001 %, the foam stability of
Silok8141/SDS system was the worst, and the stabilization coefficient
was the lowest at 0.844. With the increase of the mass fraction of Sili-
cone surfactants, the stabilization coefficient of Silok8141/SDS system
increased rapidly. When the mass fraction of silicone surfactants
reached 0.05 %, the foam stabilization coefficient exceeded that of
Silok8008/SDS and Silok8000/SDS systems and continued to increase
with the increase of mass fraction. When the mass fraction of silicone
surfactants for 1 %, Silok8141/SDS, Silok8008/SDS and Silok8000/SDS
system stabilization coefficients were 0.969, 0.952 and 0.932,
respectively.

3.2. Ternary systems

According to the experimental data in 3.1, it could be found that the
foam foaming ability and the foam stability of Silok8000-containing
system was poor. In contrast, the synergistic effect of Silok8141 and

Table 4

Basic parameters of Silok8141/SDS/low-carbon alcohol system.
Mass concentration Ethanol n-Propanol Isobutanol

%
/with Tension Height Foam stability Tension Height Foam stability Tension Height Foam stability
/mN-m~! /mm coefficient /mN-m ! /mm coefficient /mN-m ! /mm coefficient

0.001 22.6 136 0.972 22.3 162 0.969 22.1 183 0.967
0.005 22.5 138 0.971 22.2 163 0.967 21.9 180 0.983
0.01 22.3 134 0.978 22.2 170 0.972 21.9 181 0.978
0.05 22.3 136 0.979 22.0 166 0.967 22.0 184 0.978
0.1 22.4 135 0.973 22.0 167 0.969 21.7 182 0.984
0.5 22.6 132 0.972 22.1 165 0.966 21.8 177 0.972
1 22.6 134 0.972 22.2 167 0.959 21.9 179 0.972
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Table 5

Basic parameters of Silok8008/SDS/low-carbon alcohol system.
Mass concentration Ethanol n-Propanol Isobutanol

t%
/Wt Tension Height Foam stability Tension Height Foam stability Tension Height Foam stability
/mN-m~! /mm coefficient /mN-m~! /mm coefficient /mN-m~* /mm coefficient

0.001 23.8 48 0.893 23.5 62 0.966 22.7 68 0.967
0.005 23.7 53 0.897 23.4 60 0.957 22.2 66 0.939
0.01 235 55 0.947 23.2 60 0.956 22.0 65 0.939
0.05 23.5 60 0.939 23.0 54 0.962 21.6 59 0.955
0.1 23.4 61 0.941 22.5 51 0.959 21.7 58 0.932
0.5 235 57 0.947 22.3 45 0.964 21.7 57 0.930
1 23.3 53 0.943 22.4 46 0.939 21.7 54 0.926

Silok8008 compounded with SDS was better, with lower surface tension,
better foaming height and better foam stability, especially when
Silok8141 and Silok8008 mass fraction of 0.1 % with SDS (mass fraction
of 0.04 %) compounding effect is more effective, therefore, the mass
fraction of the two silicone surfactants in the subsequent experiments
was chosen to be 0.1 %, and the mass fraction of SDS was 0.04 %. From
Table.4, after the introduction of low carbon alcohols into the
Silok8141/SDS system, the surface tension of the foam of the ternary
system decreased slightly with the increase of the mass fraction of low-
carbon alcohols, and the maximum value of the reduction of the surface
tension was 0.7 mN-m ! when the mass fraction of isobutanol was 0.05
%. Similarly, the surface tension of the Silok8008/SDS system decreased
more significantly after the introduction of the lower carbon alcohols.
When the mass fraction of isobutanol was 0.05 %, the maximum
decrease of surface tension was 2.0 mN-m . This is due to the fact that
the addition of low-carbon alcohols reduces the electrostatic repulsion
between surfactant molecules, which leads to a small amount of sur-
factant molecules adsorbed on the foam liquid film.

Comparing the addition of different low-carbon alcohols in the two
compound systems and observing the change of foam height with
alcohol mass fraction, it can be found that the addition of ethanol
inhibited the foaming ability of the Silok8141/SDS system, and the
foaming height of the ternary system was lower than that of the binary
system. With the increase of n-propanol mass fraction, the foaming
height of the ternary system decreased at first and then increasing, and
finally stabilized at about 166 mm. In contrast, the foaming height of the
ternary system with isobutanol was slightly higher than that without
alcohol, and stabilized at about 180 mm. As can be seen in Table 5, with
the increase of the mass fraction of low carbon alcohol, the foaming
height of Silok8008/SDS system regulated by n-propanol and isobutanol
decreased, while the ternary foam containing ethanol increased. The
addition of low mass fraction of n-propanol and isobutanol promoted the
foaming height of the binary system, and with the increase of n-propanol
mass fraction, the foaming height was lower than that of the binary
system when the mass fraction of n-propanol was greater than 0.05 %,

—=— Ethanol
—e— n-Propanol
—— [sobutanol

0.01
MF /wt%

(a). Ternary system of silok8141/SDS

0. 001

ER

while the foaming height was similar to that of the binary system when
the mass fraction of isobutanol was 0.1 %.

Observing the foam stability coefficients in Table 4, it was found that
the foam stability coefficients of the ternary system changed less with
the increase in the mass fraction of lower carbon alcohol. The addition of
isobutanol and ethanol promoted the foam stability coefficient of the
Silok8141/SDS system. When the mass fraction of isobutanol was
greater than 0.01 %, the foam stability coefficient tended to be stable,
with the maximum value reaching 0.984. On the contrary, in Table 5,
the addition of low-carbon alcohol obviously inhibits the foam stability
of the Silok8008/SDS system, and the foam stability coefficients of the
ternary system are smaller than those of the binary system.

3.3. Study on the performance of ternary foams regulated by low-carbon
alcohol

In order to further investigate the effect of the addition of low-carbon
alcohols on the FFEA, the author added 25 % drainage time and
expansion ratio to the experiment on the basis of 3.2. 25 % drainage time
(Marinova et al., 2017; Schofield et al., 2021) refers to the time used
from the beginning of foam generation to the foam drainage of 25 % of
the mass of the liquid, the longer the 25 % drainage time, indicating that
the foam is more stable, baked by the fire, the combustion of the fire
more easily destroyed. Expansion ratio (Hinnant et al., 2022; Wang
et al., 2023) is a measure of the foam foaming ability of the index, a high
number of foams can quickly fill a large area of the fire area. The lab-
oratory measured Silok8141/SDS and Silok8008/SDS 25 % drainage
time were 91 s and 85 s, the expansion ratio was 10.34 and 5.71.

3.3.1. Determination of expansion ratio and 25 % drainage time

Using the method of determining the expansion ratio and 25 %
drainage time in section 1.2, the changes in expansion ratio and 25 %
drainage time of different types and mass fraction of ternary system
foams were measured as shown in Fig. 8 and Fig. 9. Fig. 8(a) shows that
the expansion ratio shows a steady increase with the increase in the mass

A
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—e— n-Propanol
—=— [sobutanol

10

T T
0.01
MF /wt%

(b). Ternary system of silok8008/SDS

T
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Fig. 8. Expansion ratio of ternary systems.
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Fig. 9. 25 % drainage time of ternary systems.
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Fig. 10. Percentage of drainage for Silok8141/SDS/alcohol ternary system.

fraction of alcohols, especially isobutanol shows the most significant
increase in expansion ratio at a mass fraction of 0.1 %, with an expan-
sion ratio of 16.46, and in Fig. 8(b), when the ethanol addition is 0.1 %,
the maximum expansion ratio is 9.06. However, they all exceeded the
binary system. This is mainly due to the fact that the addition of low-
carbon alcohol can be effectively adsorbed at the foam gas-liquid
interface, which can be effectively interspersed between the active agent
molecules and help to enhance the foaming ability of the solution(Bie-
lawska et al., 2013).

Fig. 9(a) shows that the 25 % drainage time tends to decrease with
the increase of ethanol and n-propanol mass fraction. When the ethanol
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mass fraction is 0.001 %, the 25 % drainage time of Silok8141/SDS
system is 110 s, and with the increase of isobutanol mass fraction, the 25
% drainage time increases, and when the mass fraction is 0.1 %, the
maximum value is 108 s. From Fig. 9(b), it can be seen that the trend of
25 % drainage time of Silok8008/SDS system with increasing mass
fraction of ethanol and isobutanol is similar to that of Fig. 9(a). When the
isobutanol mass fraction is 0.1 % the 25 % drainage time is maximized to
105 s.When the mass fraction of n-propanol was 0.05 %, the 25 %
drainage time of the ternary system increased compared to the mass
fraction of 0.01 %, and the 25 % drainage time decreased when the mass
fraction of n-propanol was greater than 0.05 %.
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Fig. 12. Average drainage rate of ternary system.

3.3.2. Analysis of foam drainage percentage and drainage rate

In accordance with the experimental scheme in section 2.2, 25 %
drainage time of the ternary system was measured, and the moment of
the change of the electronic balance reading was set as the 0 point, i.e.,
the starting point, and the change curves of percentage of drainage
corresponding to different ternary system foams are plotted against
time, as shown in Fig. 10 and Fig. 11. In order to further analyze the
influence of the addition of low-carbon alcohols on the drainage rate of
the foam system within the same drainage time, the curves in Fig. 10 and
Fig. 11 were fitted by using the Origin software, and the average slope of
each curve was derived as the average liquid solution rate, and the
average drainage rate of the foam system under different conditions was
plotted, as shown in Fig. 12.

Observing Fig. 10 and Fig. 12 (a), it was found that when the addition
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of ethanol was 0.001 %, the average drainage rate of the ternary system
containing Silok8141 was the lowest, which was 0.2424 %-s71, and the
drainage process was inhibited. Beyond this mass fraction, the increase
in ethanol addition accelerates the drainage process of the ternary sys-
tem, and the average drainage rate gradually increases with the increase
in ethanol addition. When the n-propanol addition reaches 0.1 %, the
average drainage rate reaches a maximum of 0.2911 %-s~!. When the
isobutanol addition is 0.001 %, the average drainage rate of the ternary
system drainage process exceeds that of the other two types of ternary
system foams, reaching 0.2712 %-s~'. And the average drainage rate is
also greater than the corresponding characteristic values of the other
two types of ternary system foams when the mass fraction of isobutanol
is 0.01 % and 0.05 %. This indicates that the introduction of isobutanol
at mass fractions of 0.001 %, 0.01 % and 0.05 % into the foam
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Formula of Silok8141/SDS/ Isobutanol.
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Reagent SDS Silok8141 Isobutanol

APP Urea Ethylene glycol butyl ether Xanthan gum Water
Percentage /% 0.04 0.1 0.1 0.15 0.3 0.03 0.03 99.05
Table 7
Formula of 8008/SDS/ Isobutanol.
Reagent SDS Silok8141 Isobutanol APP Urea Ethylene glycol butyl ether Xanthan gum Water
Percentage /% 0.04 0.1 0.05 0.15 0.3 0.03 0.03 99.05
Temperature(°C) Temperature(°C)
554.0 596.0
5014 5384
= 448.8 4808
396.2 4232
5 3436 o SO
3 [
% o % 308.0
; 284 £ 20
i 1858 é’ 192.8
@ . 1352
80.60 77.60
28.00 20.00
a. FFEA of Silok8141/SDS/Isobutanol b. FFEA of Silok8008/SDS/Isobutanol
Fig. 13. Flame temperature variation curve with time during fire extinguishing experiments.
compounding system is detrimental to the foam stability and promotes bl
the foam drainage process. When the isobutanol addition reaches 0.1 %, ;at € fﬂ ’ ¢ different height
. — . . . ate o ame cooling at dirrerent hei, S.
the average rate is 0.2395 %-s~ ', which is a large decrease. Observing J 8
Fig. 11 and Fig. 12(b), it can be found that the trend of the average Flame height Omm  50mm 100
drainage rate of the ternary system containing Silok8008 is similar to mm
that of the ternary system of Silok8141, with a minimum of 0.2212 %- MaXimlim cooling rate/ 8141/SDS/ 15.54 1357  12.52
s~ when n-propanol is added at 0.001 %, and the average drainage rate Cs Isobutanol
. . 8008/SDS/ 15.46 13.15 12.39
of the ternary system decreases slowly when isobutanol is added at a Isobutanol
level greater than 0.005 %, with a minimum of 0.2279 %-s 1. Average cooling rate/ 8141/SDS/ 7.84 6.05 4.30
°Cs71 Isobutanol
4. Fire extinguishing experiments and mechanistic analysis ig?i 2551/ 649 536 8.62

Based on the research in Chapter 3, two FFEAs with Silok8141/SDS/
isobutanol and 8008/SDS/isobutanol were configured. The fire extin-
guishing ability of the two ternary system FFEAs was evaluated by
recording the flame temperature change, flame cooling rate and fire
extinguishing time of the two FFEAs to extinguish the oil pool fire. The
basic formulations of FFEA are shown in Table 6 and Table 7. APP, Urea,
ethylene glycol butyl ether and xanthan gum are used as auxiliaries to
provide anti-freeze, flame retardant and enhanced liquid holding
capacity.

4.1. Analysis of flame temperature change

Based on the flame temperature collection method in section 2.3, the
change in flame temperature at different heights during the application
of FFEA is plotted as shown in Fig. 13. Observation of Fig. 13 shows that
before the foam extinguishing agent was applied, the flame tempera-
tures at 0 cm, 50 cm and 100 cm above the oil pool increased rapidly,
this was due to the continuous generation of combustible gases during
the oil burning process, which mixed with the surrounding air and
burned. The main height at which the combustion process occurs is
around 0 cm above the oil surface, while the combustible vapour content
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formed at the 50 cm and 100 cm heights decreases and the combustion
intensity is correspondingly weaker, while the heat exchange with the
environment is enhanced, resulting in the smallest peak flame temper-
ature at 100 cm.

Under the effect of the application and continuous supply of foam
extinguishing agent, the flame temperature at 0 cm, 50 cm and 100 cm
overall decreases rapidly until the pool fire is extinguished, after which
the temperature tends to room temperature. In order to study the flame
cooling rate at different heights, the derivatives of different points of the
FFEA flame temperature curve in Fig. 13 were solved using the Tangent
plug-in of the Origin software, and the maximum flame cooling rates at
different heights were obtained, as shown in Table 8.

From Table 8, it can be seen that the FFEA of Silok8141/SDS/iso-
butanol system has better cooling effect on the oil pool, and the
maximum cooling rate is slightly larger than that of Silok8008/SDS/
isobutanol system. The average cooling rate varies greatly due to the
difference in fire extinguishing time, and the average cooling rate of
FFEA of Silok8141/SDS/isobutanol system is greater than that of
Silok8008/SDS/isobutanol system in the same position.
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Fig. 14. Thermal image of FFEA extinguishing oil fire.
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Fig. 15. Quantitative analysis of foam drainage process.
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Fig. 16. Schematic diagram of the adsorption state of surfactant molecules and the drainage path at the plateau border.

4.2. Thermal imaging of the fire extinguishing process

Multiple time periods of infrared flames and their temperature
changes were plotted through the shooting of FFEA extinguishing agent
to extinguish the flame process of the oil pool by a handheld infrared
thermal imager, as shown in Fig. 14. By observation it can be found that
with the release of the two FFEA flame temperatures decreased rapidly.
Comparing Fig. 14 (a) and Fig. 14 (b), it can be found that the flame
temperature under the action of Silok8008/SDS/isobutanol foam system
at 20 s and 40 s of continuous release of FFEA is lower than that of
Silok8141/SDS/isobutanol foam system in this time period. This is
because the surface tension of the FFEA of Silok8008/SDS/isobutanol
system is lower, and the lower surface tension in the pre-foam spraying
stage allows more foam to spread rapidly on the oil surface, and the
cooling effect is more significant in extinguishing the flame of the oil
pool. The flame temperature under the action of the Silok8141/SDS/
isobutanol foam system was lower when the FFEA was continuously
released for 60 s and the flame was extinguished when the release time
reached 74 s, while the Silok8008/SDS/isobutanol foam system extin-
guished the flame of the oil pool for 89 s. This is because Silok8141/
SDS/Isobutanol foam system has more good foam stability, as well as a
larger expansion ratio, the same quality of foam premix can spray more
foam can better cover the surface of the pool and better foam stability
makes the foam is not easy to rupture can be more durable to the pool of
flame cooling, isolation and a series of operations. The two FFEA fire
extinguishing time meets the national standard demand, that is, the low-
foam liquid needs to be completed within 180 s to extinguish the fire,
which proves that the hydrocarbon surfactant and organosilicon sur-
factant prepared by low-carbon alcohol modulation of FFEA has a better
cooling effect can be effectively extinguish the oil pool fire of the me-
dium scale.

5. Mechanistic analysis

In order to clarify the foam stability principle and fire extinguishing
mechanism of FFEA, the mechanism analysis of ternary foam system is
carried out.

5.1. Analysis of the mechanism of the foam drainage process

The foam drainage coalescence process was filmed by a programme-
controlled camera at 2 s intervals. The ternary system foam drainage
process was quantitatively analyzed using CAS software, as shown in the
Fig. 15, with PG1, 2, 3 and 4 representing the areas of the four bubbles,
respectively. Under the action of gravity and capillary force, the trace
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liquid in the foam flows in the channel network formed by plateau
border and intersections of thin films. From O s onwards, due to the
different bubble sizes in the foam, the gas in the small bubbles will enter
the large bubbles through the liquid film due to the pressure difference
between the bubbles, and the average diameter of the bubbles will in-
crease with time. By observing Fig. 15(a) and Fig. 15(b), it can be found
that PG4 is a smaller bubble surrounded by three larger bubbles. In
Fig. 15(a), the initial area of PG4 is 0.0239 mm? which disappears
completely in the 52 s, and the ratio of area to time is used to represent
its defoaming rate, that is, 4.59 x 10" mm?/s. Similarly in Fig. 15(b) the
initial area of PG4 is 0.0357 mm? and after 74 s the PG4 disappeared and
the defoaming rate can be calculated as 5.07 x 10"* mm?2/s. Comparison
of the defoaming rates of the two systems shows that the Silok8008/
SDS/Isobutanol system defoamed faster, meaning that more foam was
coalescence at the same time, which ultimately led to faster foam break-
up. Quantitative observation of the change in foam area between the
two formulations demonstrates that the Silok8141/SDS/Isobutanol
system has a longer liquid drainage time and better foam stability.

Fig. 16 shows the adsorption state of the surfactant molecules and
the foam drainage path at the plateau border for different additions of
isobutanol. Silicone surfactant (Silok8141)/hydrocarbon surfactant
(SDS)/alcohol (isobutanol) as the main base agent of FFEA through the
air compressor and the role of the foam gun to fully foam, in the process
of foam formation, the silicone surfactant molecules and the hydrocar-
bon surfactant molecules through the physical adsorption of the role of
the van der Waals force and gas molecules combined to form a layer of
molecular film on the gas-liquid interface. In combination with sections
3.2 and 3.3, it can be seen that the foam drainage rate of FFEA con-
taining isobutanol decreases as the addition of isobutanol increases.
When there is no isobutanol added, the foam drainage process at the
plateau border is shown in Fig. 16 (a), where the liquid flows freely at
the channel and water is only adsorbed by the hydrophilic group of the
surfactant, which results in a rapid drainage process. The addition of a
small amount of polar liquid disturbs the molecular distribution at the
plateau border, which reduces the adsorption capacity of the liquid and
does not form a dense structure at the plateau border, resulting in a
slight increase in the rate of foam drainage compared to the binary
system. Fig. 16 (b) shows the molecular distribution at the plateau
border and the drainage pathway after the addition of high concentra-
tions of isobutanol. The water solubility of the alcohol decreases as the
number of carbon molecules increases. The experiments found that the
addition of isobutanol reduced the rate of foam drainage, slowed down
the process of foam drainage and increased foam stability.
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Fig. 17. Diagram of the mechanism of foam extinguishing oil fires.

5.2. Mechanistic analysis of extinguish oil fires

Combined with the FFEA to put out the oil fire experiment and
section 5.1 on the foam precipitation polymerization mechanism to
make the silicone surfactant (Silok8141)/hydrocarbon surfactant (SDS)/
alcohol (ethanol) as the main base agent of FFEA to put out the oil fire
mechanism diagram. As shown in Fig. 17, SDS molecules and Silok8141
molecules are combined at the foam gas-liquid interface through
physical adsorption, the interaction of hydrocarbon surfactant and sili-
cone surfactant can effectively reduce the surface tension, while the
addition of isobutanol blocked the foam drainage channel of the foam to
delay the process of foam liquid drainage aggregation and increase the
stability of the foam. Lower surface tension and better foam stability
allow the foam to spread quickly, increasing the blocking effect on the
oil surface, preventing the entry of oxygen into the air while suppressing
the concentration of volatile flammable gases and small flammable solid
particles. The water in the foam is able to play a role in heat absorption
and cooling, the foam’s ability to hold liquid is greatly enhanced by the
action of low-carbon alcohols and surfactants, and the amount of heat
lost in the transfer process to the oil surface is increased, while the water
vapour produced mixes with the combustible gas, reducing the con-
centration of combustible gas and the intensity of combustion.

6. Conclusions

To find an effective replacement for the traditional fluoride-
containing components of AFFF, a new type of FFEA with alcohol-
regulated silicone surface activity and hydrocarbon surfactant com-
pounding was designed, and the following conclusions were drawn from
the design route of FFEA, the experimental analysis of extinguishing oil
fires, and the mechanistic study of the foam analysis of the polymeri-
sation process.

(1) The low-carbon alcohol-modulated Silok8141/SDS and
Silok8008/SDS had lower surface tension, better foaming ability, foam
stability coefficient, and could delay the foam 25 % drainage time. The
Silok8141/SDS foam formula with 0.1 % isobutanol addition (the sur-
face tension is 21.7 mN-m~!, the foaming height is 182 mm, and the
foam stability coefficient is 0.984) compared with the fluorine-
containing ternary foam extinguishing agent (the surface tension is
17.3 mN-m™}, the foaming height is 117 mm, and the foam stability
coefficient is 0.980), the surface tension needs to be further reduced, but
the foaming height has a significant increase, and the foam stability
coefficient is slightly better.

(2) By carrying out real fire experiments of large-scale foam fire
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extinguishing, it is proved that the two FFEAs based on Silok8141/SDS/
Isobutyl alcohol and Silok8008/SDS/Isobutyl alcohol have the same
good fire extinguishing ability, and they can quickly reduce the flame
temperature of large-scale oil pool fire. The fire extinguishing time of the
two formulations is 74 s and 89 s respectively, which is much lower than
the requirement of GB 15308-2006 to complete the fire extinguishing in
180 s. However, the oxidation, reburning capacity and frost resistance of
FFEA are still unknown and need to be supported by more experiments.

(3) By observing the change of foam area and the quantitative
analysis of foam rupture rate in the process of foam liquation coales-
cence, combined with the fire extinguishing mechanism of FFEA. It is
found that the addition of isobutanol delays the coalescence process of
foam liquation, and its excellent liquation blocking mechanism prolongs
the foam rupture time and further improves the foam stability. Com-
parison of the two silicone formulations shows that the Silok8141/SDS/
isobutanol formulation has a slower defoaming rate and better foam
stability. When applied to oil fire, the Silok8141/SDS/isobutanol system
foam with good stability has a long duration in the fire field, and has a
strong sealing effect on the oil surface, which can effectively block the
contact between oxygen, flammable volatiles and fire sources, and
finally achieve effective cooling and fire extinguishing.
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