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Abstract

Monnex has become the most efficient dry powder extinguishing agent due to its unique
fire extinguishing mechanism—the “burning fragmentation” phenomenon. To study the
fire extinguishing mechanism of Monnex in detail and elucidate the process of its “burning
fragmentation” phenomenon, we have examined the microstructure changes and composi-
tions of Monnex powder during its thermal decomposition process. The results indicate
that Monnex undergoes complex iterative reactions and produces explosive intermediates
(NH4NO3, KCN, and KNj3) when entering the fire. Upon reaching the temperature of
240 °C, the explosive substance is completely pyrolyzed and undergoes a mini- burning
fragmentation, resulting in the decomposition of Monnex powder into particles and the
release of a large amount of inert gases and free radicals. This is the reason why Monnex
has become an optimal dry powder. Toxic substances KCN and KOCN were found during
the whole pyrolysis process, so personal protection should be paid attention to in practi-
cal applications. Our research not only improves the understanding of the Monnex fire
extinguisher, but also provides important scientific evidence for the development of fire
extinguishing technologies and environmentally friendly fire protection materials.
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1. Introduction

Fire extinguishing powders have garnered significant attention due to the advantages
of high extinguishing efficiency, low cost, and convenient storage, which makes them po-
tential alternatives to halon extinguishers in various fire protection fields [1,2]. Traditional
dry powder extinguishing agents, such as BC and ABC dry powder, are widely used for fire
protection [3-5]. However, the relatively large particle size of conventional dry powders
limits their ability to achieve superior fire extinguishing performance [6,7]. Nowadays,
the development trends in this field mostly focus on efficient ultrafine dry powder [8-12].
Their smaller particle sizes, larger specific surface areas, and lighter momentum properties
help to achieve excellent fire extinguishing efficiency. However, ultrafinedry powder fire
extinguishing agents require 90% of the particles below 20 um (or even 15 pm), which
undoubtedly leads to easy agglomeration and process complexity [13-17]. Therefore, it is
imperative to balance the relationship between the particle size and extinguishing effect,
and explore more economical and industrialized dry powder fire extinguishing agents.

Monnex dry powder, as an efficient BC dry powder fire extinguishing agent, is an
excellent choice in the fields of petrochemical facilities and aviation applications [18-20]. It is a
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urethane salt generated by the reaction of KHCO3; or NaHCOs3; with urea, and its empirical
formula is MCyNpH303 (M represents the atom of potassium K or sodium Na) [21-24].
Notably, the critical particle size of Monnex dry powder (50 um) is significantly larger than
that of ABC and other BC powders (20 um) [19,24], which means that Monnex can exhibit
outstanding fire extinguishing efficiency without ultrafine processing, thereby greatly
simplifying the production process. It is reported that the fire extinguishing efficiency of
Monnex dry powder based on potassium bicarbonate is 5-6 times that of NaHCOj3 dry
powder, and 2-3 times that of KHCO; dry powder [25,26].

To delve deeply into the high fire extinguishing efficiency of Monnex, researchers have
found its distinctive ‘burning fragmentation” phenomenon. Specifically, when exposed to
the high temperatures within the combustion zone, Monnex dry powder would explode
and/or decrepitate into tiny particles with a larger surface area, enabling it to rapidly
quench the free radicals (H: and OH.) in the fire and terminate the chain reaction of the
flame propagation, thus achieving rapid control and extinguishing of fires [26]. Despite
the confirmed fire extinguishing efficiency of Monnex dry powder, there is currently a
lack of research on the details of its extinguishing process and by-product formation,
particularly the underlying reasons behind its ‘burning fragmentation” phenomenon at
elevated temperatures.

In view of the inadequate research on the fire extinguishing mechanism of Monnex,
a series of tests (X-ray Diffraction (XRD), scanning electron microscopy (SEM), Brunauer—
Emmett-Teller (BET) surface area analysis, and thermogravimetric analysis coupled with
Infrared Spectroscopy (TG-IR)) were applied to analyze the fire extinguishing behavior
and pyrolysis products of Monnex. By identifying the key intermediates that trigger
the fragmentation reaction, this work not only elucidates the fire extinguishing mecha-
nism of Monnex but also provides a plausible explanation for the ‘burning fragmentation’
phenomenon, enhancing the understanding of Monnex fire extinguishing agent.

2. Materials and Methods
2.1. Materials and Sample Preparation

All reagents without further purification were available from chemical reagent com-
panies. Hydrophobic fumed silica and ammonium dihydrogen phosphate were obtained
from Shanghai McLin Biochemical Technology Co., Ltd., Shanghai, China. Urea and potas-
sium bicarbonate were purchased from Shandong Xiya Chemical Technology Co., Ltd.,
Zaozhuang, China. Heptane was purchased from Tianjin Kemiou Chemical Reagent Co.,
Ltd., Tianjin, China.

The preparation of Monnex powder. Firstly, the precursor of Monnex was obtained by
mixing potassium bicarbonate (29.1 g) and urea (20.9 g) in a horizontal planetary mill
(FOCUCY-F-P4000E) at 250 r/min for 1 h. Subsequently, deionized water of 30% solid mass
was added to the precursor and continuously stirred for 15 min to form a milky white
colloid. The Milky white colloids are then placed in a hydrothermal reactor at 140 °C for
3 h, followed by cooling to room temperature (RT). The Monnex particles were obtained
after the hydrothermal products were placed in a 60 °C oven for 4 h. Finally, the Monnex
particles and 5 wt.% hydrophobic silica were refined by horizontal planetary ball mill at
a rotational speed of 400 r/min for 40 min with a ball and reagent ratio of 5:1 to obtain
Monnex powder.

The preparation of the comparative sample (ultrafine NH4H, POy powder). NH4H,PO4 was
refined using a horizontal planetary ball mill with a rotational speed of 400 r/min for
40 min. The ratio of balls and reagent was set to 5:1. After drying at room temperature,
5 wt. % hydrophobic silica was incorporated into the dried NH4H,PO,, followed by a
secondary ball milling treatment to obtain the desired ultrafine NH4H,PO,4 powder.
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High-speed camera

2.2. Characteristic Method

The particle size and particle size distribution of the sample powders were measured
by the laser particle size analyzer (LS-909, OMEC, Zhuhai, China). The surface morphology
was observed by scanning electron microscopy (Regulus 8100, Hitachi, Tokyo, Japan), and
the Brunauer-Emmett-Teller and nitrogen adsorption—-desorption isotherms were tested
by a specific surface and porosity analyzer (ASAP 2460, Micromeritics, Shanghai, China).
The curves of thermogravimetric (TG) and differential scanning calorimetry (DSC) were
obtained using the synchronous thermal analyzer (STA449F3, Netzsch, Selb, Germany).
The X-ray photoelectron spectroscopy (XPS) was collected by Nexsa X-ray, ThermoFisher,
Loughborough, UK.

2.3. Fire Extinguishing Experiments

To compare the fire suppression capabilities of ultrafine NH;H,PO, and Monnex
powders, a local oil basin test was conducted, aligning with our previous works [7,15]. As
illustrated in Figure 1, a small-scale experimental setup included a high-speed camera, a
fire extinguishing chamber (1 m?), a data acquisition system, a powder tank, a pressure
tank and a nitrogen driving unit. The enclosure was composed of five stainless steel panels
and a transparent acrylic plate to observe the flame behavior, with 50 mm diameter holes
in the sides and top for natural ventilation. A nozzle with a diameter of 50 mm is located
at the center of the top of the fire extinguishing chamber for the release of extinguishing
agent. A square oil basin (400 mm x 400 mm x 50 mm) was filled with 200 mL of water
and 150 mL of n-heptane as fuel. Four K-type thermocouples (with a diameter of 4 mm)
linked to a data acquisition system were used to measure the flame’s temperature changes.
These thermocouples were positioned 100 mm above the oil basin, with a distance of
100 mm between each thermocouple. The pressure tank incorporated a pressure gauge,
inlet pipe, outlet pipe, ball valve, as well as some bolts and nuts. During the fire suppression
experiment, the operating pressures were adjusted to 0.1, 0.2, and 0.3 MPa, followed by the
release of the sample powder. The initial loading amount of dry powder in the pressure tank
before each experiment was 50 g. A high-speed camera was utilized to record the changes
in the flame behavior and the time required for fire suppression. To ensure the accuracy
and reliability of the fire extinguishing time and powder utilization, each experiment was
conducted three times.

pla

Spayer
[ ]
R et U
= gee Powder tank
K-type thermocouples Pressure tank

Data acquisition system

Nitrogen driving unit
Figure 1. The setup of fire extinguishing experiments.

3. Results
3.1. Material Characterization

The infrared characteristic peaks of urea, potassium bicarbonate and Monnex were
analyzed by FT-IR to determine whether the synthesis process was successful. As shown
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in Figure 2, the peaks of urea at 3452 cm ™! and 3367 cm~! correspond to the stretching
vibration of NH, group; the peak at 1683 cm ™! is attributed to the stretching vibration
of C=0 group; the peak at 1603 cm ™! is the variation in the NH, group; and the peak at
1468 cm™~! could be regarded as bending vibration of C-N group [27]. For KHCOj3, the
peaks at 3417 cm ™!, 1403 cm~! and 1008 cm ! correspond to the stretching vibrations of
the OH group, and the peak at 1651 cm ™! corresponds to the C=O group. Compared with
urea and KHCOj3, the peaks of Monnex at 3358 cm~1 3213 em~! and 1670 cm ™1 belong
to the peaks of O-H, N-H and C=0 groups, respectively. Specifically, allophanate serves
as a component group within Monnex, and its characteristic peak is located at 1726 cm ™!,
which is consistent with previous reports [28]. The IR results demonstrate that urea and
KHCO; generated allophanate under hydrothermal reaction, confirming the successful

synthesis of Monnex particles.
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Figure 2. (a) Infrared diffraction peaks of urea, KHCO3; and Monnex; (b) the combination rules of
the Monnex.

3.2. Particle Distribution and Micromorphology Characterization

The particle size distribution and micromorphology characterization of powders
are primary factors that determine the fire extinguishing performance. During the ex-
tinguishing process, particles with sizes smaller than the critical particle size have been
proven to exhibit high fire extinguishing capabilities [29,30]. Figure 3a,b present the par-
ticle sizes and size distributions of ultrafine NH4H,PO, powder and Monnex powder,
respectively. It can be found that 90% of the particles in ultrafine NH4H;PO,4 powder mea-
sure less than 19.829 pm (D90 = 19.829 um < 20 pm), and 90% of the particles in Monnex
powder are smaller than 50.267 pm (D90 = 50.26 um near 50 pm), which suggests that
both powders meet the critical particle size requirements and could achieve optimal fire
extinguishing performance.

The microstructures of ultrafine NHy;H,PO4 powder and Monnex powder also exhibit
different morphologies. As shown in Figure 4a,b, the particles of the ultrafine NH;sH,PO,
powder are densely distributed at the scale of 50 pum. When further magnified toa 5 um
scale, the ultrafine particles show apparent aggregation and form irregular block-like
structures driven by the interaction of the coulomb force, high surface free energy and
chemical bonds between particles. Compared to the ultrafine NHsH,PO, powder, the
microscopic images of Monnex powder (Figure 4c,d) indicate that the particles of Monnex
powder are larger, as well as the gap between particles. When enlarged to the scale of 5 um,
the Monnex particles exhibit a relatively loose arrangement, indicating a low tendency for
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particle agglomeration in practical production. Simultaneously, the adsorption—-desorption
curves and characterizations of pore size distribution were shown in Figure 4e f, with
the relevant data summarized in Table 1. The results indicate that the specific surface
area (11.24 m?/ g) and pore volume (0.03 cm3/ g) of the ultrafine NH4H,PO4 powder
are significantly larger than those of Monnex (2.68 m?/g and 0.01 cm®/g), which is in
accordance with the initially measured particle sizes and microscopic structures.
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Figure 3. The particle size and size distribution of (a) ultrafine NH4H, PO, powder; (b) Monnex powder.
Cum (%) and Diff (%) denote the cumulative percentage and differential percentage, respectively.

Table 1. Particle size and BET surface area analysis of two samples.

Sample D50 (um) D90 (um)  Sppr (M?/g) Vi (cm3/g)
ultrafine NH,H, PO, powder 8.961 19.829 11.240 0.030
Monnex powder 11.382 50.267 2.720 0.010
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Figure 4. Scanning electron microscopy images of (a,b) ultrafine NH4H;PO, powder and (c,d) Mon-
nex powder; (e) adsorption—desorption curves and (f) pore size distribution of ultrafine NH;H, PO,
and Monnex powders.

3.3. Fire Extinguishing Performance

A series of fire extinguishing tests under 0.1, 0.2, and 0.3 MPa were conducted to
evaluate the fire extinguishing performance of ultrafine NHyH,PO4 powder and Monnex
powder. Initially, nitrogen gas (N;) without any powder was sprayed into a burning oil
basin, and the flame was extinguished after 140 s. Consequently, to eliminate the primary
influence of pressurized N, on fire suppression, a maximum extinguishing time limit
of 25 s was set for the subsequent experiments. Before releasing the fire extinguishing
agent, the samples were pre-burned for 30 s to stabilize the temperature (about 700 °C).
Table 2 lists the applied pressure, extinguishing time, and consumed extinguishant mass
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of both powders. The results indicate that the fire extinguishing time and extinguishing
agent mass of Monnex are both less than those of ultrafine NH4H;PO4 dry powder at the
same pressure, demonstrating superior fire extinguishing performance. Moreover, the fire
suppression advantage of Monnex becomes more pronounced as the pressure increases.
Especially, at an applied pressure of 0.2 MPa, the average extinguishing time (5 s) and
extinguishing agent mass (6.753 g) of Monnex are almost half that of ultrafine NH4H,PO,
(13 s, 13.623 g). These two sample screenshots of fire extinguishing experiments at 0.2 MPa
were also shown in Figure 5a,b (videos in Supporting Files).

Table 2. Fire extinguishing time and agent mass consumed of ultrafine NH4;H,PO, and Monnex
powder under varying pressures.

Sample Power Pressure Average [Fire Extinguishing Time] Average [Agent Mass Consumed]

(MPa) (s) (g
0.1 25 [25, 23, 26] 20.5 [20.6, 20.5, 20.5]
ultrafine NH4H,PO, powder 0.2 13 [13, 14, 13] 13.6 [13.7, 13.8, 13.4]
0.3 99,9, 10] 7.0[6.9,7.1,7.1]
0.1 18 [18, 18, 19] 18.3[18.4,18.1, 18.4]
Monnex powder 0.2 5[5, 4, 5] 6.8 [6.8,6.5,7.0]
03 212,2,3] 53[5.3,5.2, 5.5]
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Figure 5. Images of the fire extinguishing test procedures of (a) ultrafine NH;H,PO, powder and
(b) Monnex powder at 0.2 MPa; temperature variation curves of (c) ultrafine NH4H,PO4 powder and
(d) Monnex powder.
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To compare the impact of fire extinguishing agents on the temperature of fire scenes,
the temperature changes were also tested (Figure 5c¢,d). When two types of powders enter
the fire, the temperature curves begin to fluctuate, followed by a downward trend. It is
worth noting that due to the difference in fire extinguishing performance between the
two samples, their temperature curves also exhibit different patterns. When ultrafine
NH4H;PO4 powder enters the fire scene, the fire temperature undergoes a relatively
long period of temperature fluctuations before rapidly decreasing. In contrast, the fire
temperature of Monnex drops rapidly with almost no fluctuations, further confirming that
Monnex has a shorter extinguishing time and superior cooling effect. Additionally, due
to its large initial particle size, Monnex could effectively avoid the interference of the fire
plume and reach the base of the flame, which means Monnex can accurately target the fire
source and is more suitable for local fire suppression devices.

4. Discussion

Given the unique and efficient fire extinguishing ability of Monnex powder, it is
necessary to further study its fire extinguishing mechanism. Due to the complexity of actual
fire scene reactions, the thermal decomposition process of fire extinguishing was explored
to figure out the fire extinguishing mechanism [31-33]. Firstly, the thermogravimetric
analysis (TGA) and differential thermogravimetric analysis (DTG) curves (Figure 6a,b) of
the two fire extinguishing agents are used to show the differences in thermal performance.
According to the thermogravimetric curves, it is found that the thermal decomposition
process of ultrafine NH4H,PO,4 can be divided into two stages: the first stage reaches
the peak of thermal decomposition at about 200 °C, and the second stage reaches the
maximum rate of thermal decomposition at 600 °C. In contrast, the pyrolysis behavior
of Monnex occurs earlier, with pyrolysis starting at 100 °C and reaching its maximum
thermal decomposition rate between 100 °C and 200 °C. Additionally, a minor thermal
decomposition peak of Monnex is observed at approximately 780 °C. The pyrolysis process
of Monnex powder is mainly concentrated between 100 °C and 200 °C, indicating that it
mostly decomposes in this temperature range. Furthermore, according to the differential
scanning calorimetry (DSC) curve analysis of the two sample powders (Figure 6c), the heat
absorption of Monnex is significantly lower than that of NH4H;POj. Therefore, it can be
inferred that the fire extinguishing advantage of Monnex is not endothermic cooling, but
rapid quenching of free radicals and interruption of reaction chains, thus achieving rapid
fire extinguishing.

The morphological changes in Monnex within the fire were also studied. To simulate
the real fire environment, Monnex was calcined at room temperature, 190 °C and 240 °C,
respectively. As shown in Figure 7, Monnex particles remain intact with smooth surfaces
at room temperature. After calcination at 190 °C, the particle surface becomes rough
and forms a honeycomb-like structure, indicating the generation of large amounts of
gas at high temperatures, which is consistent with the rapid weight loss observed in
thermogravimetric analysis. When the calcination temperature exceeds 240 °C, the giant
skeleton particles decompose into small particles, and their specific surface area increases
rapidly from 2.68 m? /g at room temperature to 3.78 m?/g (Table 3), which confirms that
Monnex experienced similar small-scale fragmentation before 240 °C.

Table 3. BET surface area analysis at different temperatures.

Sample SpeT (M?/g) Viotal (cm3/g) D (nm)
Monnex (RT) 2.68 0.007 17.03
Monnex (190 °C) 2.72 0.010 20.96
Monnex (240 °C) 3.78 0.016 21.10
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Figure 6. Thermogravimetric and derivative thermogravimetric curves of (a) ultrafine NH4H, PO,
powder and (b) Monnex powder; (c) differential scanning calorimetry curves of ultrafine NH4H,PO4
and Monnex powders.
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Figure 7. (a-c) SEM changes in Monnex grain calcined at RT, 190 °C, and 240 °C; (d) adsorption and
desorption and pore size distribution curves of Monnex grain calcined at RT, 190, and 240 °C.

To further elucidate the fragmentation phenomenon and figure out the decomposition
products of Monnex, TG-IR and XRD were used to detect the products of the Monnex in
the thermal decomposition process. Based on its three-dimensional plot (Figure 8a), it
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can be found that the gaseous products are concentrated between 100 and 300 °C, which
is approximately consistent with the temperature range at which Monnex undergoes
fragmentation. The specific gaseous products of Monnex at temperatures of 120 °C, 190 °C,
240 °C, and 700 °C were analyzed in Figure 8b. The results indicate that the pyrolysis of
Monnex mainly produces small gaseous molecules such as CO;, H,O and NHj3 at 120 °C.
As the temperature gradually increases, there is a noticeable trend of increasing content
in the released CO,, H,O and NHj3, and low-molecular-weight compounds containing
C=N, N=0O, and N-O groups, some of which were subsequently confirmed to be potentially
HNO;3 or N,O gases (see Figure 9b). When the temperature reaches above 700 °C, the
residual substances in the gas phase are almost exclusively CO,.

(b) o

co,
700°C

0.20

e
a

Absorbance

240°C =S =o=s

190°C

120°C

1 N 1 . 1 2 1 L 1 . 1 N 1 N 1
500 1000 1500 2000 2500 3000 3500 4000

-1
Wavenumber/cm

Figure 8. (a) Three-dimensional TG-IR spectra; (b) absorption spectra of pyrolysis products at
different temperatures of Monnex powder.

Moreover, the results of the XRD test were shown in Figure 9. Because Monnex is
originally prepared by the reaction of KHCOj3 and urea, there may be some unreacted
raw materials remaining (seen in the peaks a and b at room temperature in Figure 9a).
When the temperature attains 120 °C, novel peaks corresponding to NH4NO3, KCN, and
KNH; emerge in the spectroscopic analysis. As the temperature escalates, the calcined
products evolve: the generation of KNOj3 at 190 °C, followed by KN3 and KNO, at 240 °C.
Ultimately, the resultant products stabilize into KOH and stable KOCN. Based on these
observations, we infer that the chemical reactions occurring during the fragmentation
of Monnex are depicted in Figure 9b. NH4NO3, KCN, and KNj are thermally sensitive
and explosive substances that are prone to small-scale explosions at high temperatures,
which provides a reasonable explanation for the generation of combustion fragments
of Monnex. Specifically, as the temperature gradually rises from room temperature to
120 °C, NH4NOj3 begins to decompose, yielding HNO3; and NHj. As the temperature
further increases, the decomposition rate of NH4NOj accelerates significantly, and it rapidly
decomposes into N,O and H,O. When the temperature climbs to 240 °C, the decomposition
of NH4NOs3 becomes more intense, accompanied by the occurrence of fragmentation. The
fire suppression pathway is illustrated in Figure 9¢c. Various by-products (e.g., NH4NO;3,
KNH,;, KOH, NH3, N,0O) play a significant role in the fire suppression process. These
burning fragmentation products of Monnex can react with H- and OH. radicals in the fire
environment, effectively terminating the chemical chain reactions and achieving flame
suppression. Concurrently, the fragmentation process releases a substantial amount of
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water vapor and inert gases. These gases not only help to lower the temperature but also
significantly dilute the oxygen concentration in the surrounding environment, exerting a
potent inhibitory effect on flame combustion.
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Figure 9. (a) XRD analysis of components at different temperatures; (b) reaction pathway and
(c) interrupted reaction chain of Monnex powder.

5. Conclusions

In this study, Monnex powder was prepared using KHCOj3 and urea as raw materials.
The morphological changes in the samples after entering the fire were studied by micro-
scopic characterization. TG-DSC, TG-IR, and XRD were used to analyze the compositional
changes in Monnex after entering the fire. The following conclusions can be drawn:

(1) Monnex powder exhibits superior fire suppression effectiveness compared to
ultrafine NH;H,PO4 powder in extinguishing oil fires. Due to its relatively larger particle
size, it is more suited for localized fire suppression devices (directional spray systems).

(2) It was found by TG-DSC that the heat absorption and decomposition rate of Monnex
powder were lower than those of ultrafine NHyH,PO,4 powder, but the fire extinguishing
effect of Monnex was better than that of ultrafine NH4H,PO4 powder. This shows that
the primary fire extinguishing mechanism of Monnex is not to reduce the fire temperature
by heat absorption. Instead, the large particles entering the fire break into small particles
and then quickly release a large amount of gas and free radicals to achieve the purpose of
extinguishing the fire.
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(3) XRD and TG-IR analysis indicate that the combustion products of Monnex, namely
NH4NO3, KCN, and KN3, may be the causes of the bursting phenomenon. Additionally, the
extensive production of water vapor and inert gases significantly dilutes the oxygen concen-
tration in the surrounding environment, exerting an inhibitory effect on flame combustion.

(4) During the Monnex fire extinguishing process, we detected trace amounts of highly
toxic KCN, and its final thermal decomposition products also contained toxic KOCN.
Therefore, appropriate protective measures need to be taken when using it.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fire9070304 /s1, Video S1: extinguishment of the burning oil when purging
with nitrogen gas without any powder; Video S2: extinguishment process of the ultrafine NH,H, POy
powder at 0.2 MPa; Video S3: extinguishment process of Monnex powder at 0.2 MPa.
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