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The toxicity of CO threatens the life of people in the fire site. In this study, flame retardants of
nano magnesium hydroxide particles and water-soluble flame retardant 8124 are used to
bemixed into the aqueous film forming fire extinguishing agent (AFFF). Smoke-suppressed
fire extinguishing agent was prepared in Waring-Blender mixing cup and then stirred at
3,000 r/min for 5 min. The new extinguishing agent shows a good performance of
absorption of CO and reducing the flue gas temperature. The concentration of CO
was decreased below 131 ppm and flue gas temperature was basically kept below
40°C, which was 367 ppm and 83.1°C less than that in free-fire. Using new
extinguishing agent can effectively reduce the harm to the trapped personnel and
firemen in the fire site. It was of great significance. The harm of CO concentration
below 131 ppm and flue gas temperature below 40°C was low. The time to reach the
maximum CO concentration and the maximum flue gas temperature was delayed, which
ensures that people have more time to escape. Even if there was not enough time to
escape, people will not be seriously threatened.
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INTRODUCTION

The fire typical gas carbonmonoxide (CO), which can cause loss of human life, is unavoidable during
combustion of fuels. It is the most lethal component of the toxic smoke (Zhao, 2012; Hampson et al.,
2019). Toxic gas has brought great difficulties to personnel evacuation and fire fighting (Liu et al.,
2020). Some researches indicated that myocardial infarction was associated with exposure to ambient
carbon monoxide (Lee et al., 2020). Altered regional homogeneity in delayed encephalopathy, which
is manifested as local brain dysfunctions, will be found after carbon monoxide poisoning (Wu et al.,
2020). Reducing CO concentration and temperature of flue gas in fire site is the key to save the life of
people (Zarca et al., 2015; Qiu et al., 2019; Shi et al., 2020). Therefore, it is important to develop new
fire extinguishing agents for improving the CO emission inhibition performance.

Smoke suppression flame retardants have been widely used in wire and cable, indoor building
decoration materials and engineering plastics (Sain et al., 2004; Tang et al., 2013; Shan et al., 2020).
Therefore, smoke suppressive flame retardants are considered to be added into foam extinguishing
agent. Researchers believe that solid particles can improve the stability and fire efficiency of fire foam
(Xie et al., 2011; Jiang et al., 2016). Superfine magnesium hydroxide flame retardant has the
advantages of low price, low toxicity, good smoke elimination and less dripping (Kuang et al., 2008;
Lu et al., 2018). It shows excellent performance in smoke suppression and flame retardant, which is
the result of physical and chemical actions. The superfine magnesium hydroxide powder has a great
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improvement in fire extinguishing efficiency compared with
ordinary ammonium phosphate powder because of its large
specific surface area, high activity, fast decomposition speed
and strong ability to capture free radicals when heated (Wang
et al., 2009). A large amount of water vapor released during the
decomposition process can not only reduce the actual
temperature of the flame, but also dilute the concentration of
oxygen and combustible gas near the flame.

EXPERIMENTAL

Materials
The aqueous film forming fire extinguishing agent (AFFF) used in
the experiment was produced by Hebei Langfang Rongshun Fire-
fighting Pharmaceutical Co., Ltd. Both nano magnesium
hydroxide particles and water-soluble flame retardant 8124 are
produced by Shandong Weifang Wanfeng New Material Science
and Technology Co., Ltd. Nano magnesium hydroxide particles
can be used as flame retardant or powder fire extinguishing agent.
The water-soluble flame retardant 8124 is white water-soluble
powder, which is easy to dissolve in water and dosen’t contain
Nitrogen element that is harmful to the environment. It is an
environmentally friendly flame retardant with properties of non
decomposition, no smell, flame retardant and smoke suppression
because it does not contain halogen, heavy metal and other
prohibited components.

Specimen Processing
We prepared 100 ml solution containing 6% AFFF and 94%
distilled water at room temperature. 10, 20, and 30 g nano
magnesium hydroxide solid particles or a water-soluble flame
retardant 8124 were added to the solution in order to study the
effect of nano magnesium hydroxide solid particles and water-
soluble flame retardant 8124 on the performance of fire
extinguishing foam. The mixture was poured into Waring-
Blender mixing cup and then stirred at 3,000 r/min for 5 min.

Test Methods
A small oil pan with a diameter of 10 cm was placed at the bottom
of the cylindrical container with the diameter of 30 cm. 20 ml of
gasoline was poured into the oil pan with a measuring cylinder.
Xima carbon monoxide meter [(0∼1,000) ppm, ±10%, AS8700A,
Shanghai Baoxin Instrument Co., Ltd.] which was fixed with an
iron stand was 50 cm above the top of the cylindrical container.
The detection port of the portable CO concentration meter was
facing down and the instrument switch was opened for
preparation. The CO concentration and flue gas temperature
during the experiment were recorded by a camera fixed in front of
the CO meter. Ignited the gasoline in the oil pan with the igniter,
covered the circular filter screen with a diameter of 40 cm, and
started timing with the stopwatch.

RESULTS AND DISCUSSION

CO Concentration in Free-Burning Test and
by AFFF Foam
In order to compare the effect of AFFF foam with different flame
retardants, a blank experiment of free-burning was carried out, as
shown in Figure 1. A lot of CO was produced during the
experiment. The CO concentration and flue gas temperature
were obtained. The results are as shown in Figure 2. It was
shown that CO concentration and flue gas temperature increases
significantly in free-burning. Flue gas temperature begins to
increase after about burning for 8 s and reaches 123.1°C at
41 s, which was the maximum temperature. The release of CO
starts at 14s and the concentration of CO reaches the largest at
48 s. There was a lot of CO released in the whole process. The
highest CO concentration was 498 ppm. It was believed that it
was harmful if CO concentration was over 24 ppm. Therefore, it
was dangerous for people to exposure to high temperature and
high CO concentration.

After igniting the gasoline in the oil pan, AFFF foam was
covered on the circular filter screen. The smoke passed through
AFFF foam. CO was probably absorbed during the process.
Figure 3 was the absorption of CO by AFFF foam and

FIGURE 1 | Free-burning experiment.

FIGURE 2 | CO concentration and flue gas temperature of free-burning.
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temperature curve. It can be seen from Figure 3 that the CO
concentration and the flue gas temperature decrease. The
maximum CO concentration which was reduced to 301 ppm
at 91 s was 197 ppm less than that of 498 ppm in Figure 2. And
then the CO concentration decreases rapidly. The highest
temperature of flue gas drops by 10°C from 123.1 to 64.3°C.
It was clear that foam was helpful for reducing flue gas
temperature and absorbing CO released. AFFF foam can lead
the temperature decreased because that AFFF foam contains a
certain amount of water. When the flue gas spreads through the
foam, the moisture in the foam can effectively reduce the
temperature of the flue gas. After 20 s, the fuel burned
intensely and the CO released increased sharply. But the
stability of AFFF foam was reduced after heating. Bubbles
burst and AFFF foam gradually lost the ability of filtering
smoke, as shown in Figure 4. With the rupture of AFFF
foam, the CO concentration rapidly increased. The increased

flame temperature accelerated the rupture of AFFF foam until
the foam completely disappeared.

CO Absorbed by Foam With Mg(OH)2
Magnesium hydroxide, with good smoke suppression
performance, is widely used in flame retardant materials which
can release very little toxic smoke in the process of polymer
combustion (Ma et al., 2020). The outer combustion product area
has the function of diluting and absorbing smoke, so the smoke
suppression effect of Mg(OH)2 is very obvious. Superfine
magnesium hydroxide powder, which can be used as dry
powder extinguishing agent, is easy to be suspended in the hot
air around the flame when it is sprayed into the flame (Sener and
Demirhan, 2008; Shi et al., 2019). That a large number of free
radicals ·OH and H· in the flame are absorbed and transformed
sharply reduces the number of free radicals and causes the chain
reaction of combustion to break.

Nano magnesium hydroxide with the weight of 10, 20, and
30 g respectively were added to 100 ml AFFF foam
extinguishing agent. The CO absorption experiment was also
carried out and the concentration of CO was measured.
Figure 5 shows the CO concentration by using foam
extinguishing agent containing different weight nano
magnesium hydroxide.

As shown in Figure 5, the peak value of CO concentration
decreases when nano magnesium hydroxide powders of 10 g/
100 ml are added into AFFF foam extinguishing agent. The
maximum concentration of CO was about 294 ppm, which
happens at 43 s. Compared with the foam without adding
magnesium hydroxide, the peak value decreased. It indicates
that nano magnesium hydroxide plays a role on filtering and
absorbing CO. The stability of foam with magnesium
hydroxide increases and the bubbles dose not break easily
(Li et al., 2004; Qin et al., 2005; Vijayaraghavan et al., 2006; Lü
et al., 2016). The time required for the smoke to pass through
the foam was prolonged. The thermal stability of Mg(OH)2
was good.

FIGURE 3 | CO concentration and flue gas temperature by using
AFFF foam.

FIGURE 4 | AFFF foam in CO concentration determination experiment.

FIGURE 5 | CO concentration by using foam with Mg(OH)2.
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Nano magnesium hydroxide particles of 10 g/100 ml added in
the foam are beneficial to reduce the CO release during fuel
combustion. However, it was found that when the concentration
of nano magnesium hydroxide increases, the role of reducing CO
concentration will decrease. The foam with magnesium hydroxide
particles of 20 g/100ml was used for the determination of CO
release. The peak value of CO concentration was 333 ppm at 48 s
and 340 ppm at 69 s. When the concentration of magnesium
hydroxide particles was 30 g/100 ml, the CO concentration
reaches a peak value of 433 ppm at 65 s. The CO concentration
was higher when adding 30 gMg(OH)2 particles than that of
10 gMg(OH)2 particles. It indicates that the foam with too
much magnesium hydroxide particles has poor absorption
performance on CO released. This may be related to the
structure of the foam. When a small number of particles was
added, the stability of the foam increases. The bubbles broken
will be replenished by liquid surrounding them. But if the
concentration of particles in the foam was large, the foam
viscosity increases (Li, 2018). The fluidity of the foam was poor.
Bubbles burst will be caused by high temperature during the heating
process. The foam around can not move to repair the cracked
bubbles and the films fails to absorb CO because bubbles burst fast.

Although the effect of foam with Mg(OH)2 on absorption of
CO released was not obvious, flue gas temperature decreases
significantly. Figure 6 depicts the measurement result of flue gas
temperature. For an easier comparison, the results obtained show
that there was a remarkable decline of flue gas temperature. It
drops below 55°C. And it dose not exceed 45°C if Mg(OH)2
concentration was 20 g/100 ml. Obviously, this temperature does
little harm to people.

Absorption of CO by Foam With Flame
Retardant 8124
Figure 7 was the CO concentration change curve by using foam
with water-soluble flame retardant 8124.

The increase of flue gas temperature and the release of CO are
delayed by using foam with 8124. And the concentration of water-
soluble flame retardant 8124 has a remarkable influence on CO
concentration as shown inFigure 7. TheCO concentration increases
sharply if the concentration of flame retardant 8124 was 10 g/100ml
and the peak value reaches to 495 ppm at 55 s. The maximum CO
concentration reaches 495 ppm, which was similar to that in free-
burning. But it decreases with the increase of the concentration of
flame retardant 8124. The maximum CO concentration was
397 ppm of 20 g/100ml and 235 ppm of 30 g/ 100ml.

Water-soluble flame retardant 8124 of 30 g/100 ml was
obvious contributed to reducing flue gas temperature, as
shown in Figure 8. After 93 s it reaches the maximum
temperature of 41.6°C which was safe for people. It’s almost
below 38°C during burning.

FIGURE 6 | The result of flue gas temperature by using foam with
Mg(OH)2.

FIGURE 7 | CO concentration by using foam with 8124.

FIGURE 8 | The result of flue gas temperature by using foam with 8124.
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This phenomenon may be related to the stability of the liquid
film when heated. Images are shown in Figure 9. When a certain
amount of flame retardant 8124 was added, the burning-resistance
ability of the liquid film under the high temperature action was
improved. After local heating, the liquid film would form a bulge
and was not easy to crack, as shown in Figure 9B. Flames and
smoke will spread out from the outside of the filter screen, which
shows that the liquid film has strong resistance to high temperature
and good coverage effect to flame. It was only under the action of
high temperature for a long time that the liquid film breaks down.

Carbon Monoxide Absorption Ability of
Compound Foam
In order to study the performance of compound foam, several
groups of composite experiments had bee done. The result was

shown in Figure 10. The interaction of Mg(OH)2 and 8124 is
helpful to the inhibition and absorption of CO. It can be seen that
the efficiency of compound foam was good when the
concentration of Mg(OH)2 and 8124 was high.

According to the above experimental results, appropriate amount
of nano magnesium hydroxide or water-soluble flame retardants
8124 was beneficial to fire-fighting foam agents. When adding 20 g/
100ml magnesium hydroxide, a good extinguishing foam with good
cooling effect was obtained. Foam with water-soluble flame
retardants 8124 of 30 g/100ml has good performance of
absorption of CO and cooling effect. Therefore, the combination
of nano magnesium hydroxide of 20 g/100ml and water-soluble
flame retardant 8124 of 30 g/100ml are considered to be added into
extinguishing agent foam. Figure 11 shows CO concentration and
flue gas temperature.

It can be seen from Figure 11 that CO concentration only
reaches 131 ppm at 91 s, which was the maximum. And it only
lasts for 20 s when the concentration of CO exceeds 100 ppm. It
was believed that when the concentration of CO in the

FIGURE 9 | Foam with 8124 (A) at 0 s; (B) at 24 s.

FIGURE 10 | CO concentration of compound foam with Mg(OH)2 and
8124.

FIGURE 11 | CO concentration and flue gas temperature by using
compound foam with nano magnesium hydroxide of 20 g/100 ml and
water-soluble flame retardant 8124 of 30 g/100 ml.
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environment exceeds 100 ppm (100 × 10–6), the human body
will have dizziness, fatigue and other discomfort. Therefore, it
is safe for people that CO concentration is below 100 ppm
(Dogan et al., 2019). During the whole process, it was only 9 s
when the temperature exceeds 40°C. And the highest
temperature was 40.9°C, then it rapidly decreases. After the
oil pan fires, the foam covers on the filter net. Only a very
small number of filter holes are burnt through, as shown in
Figure 12.

The performance of compound foam formed by adding two
kinds of flame retardants was the best. Mg(OH)2 in the foam has
good smoke suppression performance. Most of free radicals OH
and H in the flame were absorbed and the chain reaction of
combustion was broken. The adding of water-soluble flame
retardant 8124 to AFFF foam can improve effectively the
viscoelasticity of the foam. Therefore the compound foam was
helpful in absorbing CO and reducing the flue gas temperature.

The foam has strong toughness and the effect on inhibiting CO
release was very good.

CONCLUSION

In view of the problem that CO release is likely to cause death in
the case of fire, this study proposes to add flame retardant nano
magnesium hydroxide and water-soluble flame retardant 8124 to
AFFF water film foam extinguishing agent. The concentration of
CO and flue gas temperature are significantly decreased.
Composite foam extinguishing agent (6% AFFF + 20 g/
100 ml Mg(OH)2 + 30 g/100 ml 8124) exhibits excellent
performance of inhibiting CO and reducing flue gas
temperature. It can effectively reduce the harm of toxic smoke
CO to the personnel at the site of fire, extinguish the fire
efficiently, reduce the temperature of the fire site, and has a
good application prospect.
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