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Abstract: Struvite is a chemically bonded ceramic product in the pipeline of a sewage treatment
plant. In order to explore the fire extinguishing potential of struvite, a new type of struvite ultrafine
dry powder with excellent performance was prepared by a simple process, and its fire extinguish-
ing performance and mechanism were analyzed in depth. Under the same process conditions, the
refinement degree (D50 = 5.132 um) and the specific surface area (BET = 25.72 m?2/ g) of ultrafine
struvite were larger than those of NH4H;POy (D50 = 8.961 um, BET = 13.64 m?2/ g), making struvite
more suitable for fire extinguishing. Besides, the pyrolysis process of struvite was relatively con-
centrated and absorbed more heat in a short time. Its heat absorption (458.4 J/mg) was higher than
that of NH4H,POy (156.4 J/mg). Water, ammonia, and PO- were released during the pyrolysis of
struvite, which effectively reduced fire temperature, diluted oxygen concentrations and captured
free radicals. At the same time, the final products were magnesium orthophosphate and magnesium
pyrophosphate, which formed a dense flame-retardant ceramic layer with good thermal insulation
and environmental protection functions. In these cases, the fire extinguishing mechanism of struvite
was determined to have three stages: the cooling effect, the asphyxiation effect, and the chemical
effect. Correspondingly, the fire extinguishing time of struvite was three seconds faster than that of
ammonium phosphate under 0.2 MPa based on the local oil basin test.
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extinguishing performance
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1. Introduction

The particle size of extinguishing components used in ordinary dry powder is usually
between 10~75 um. Due to the relatively large mass of a single particle, it has the disadvan-
tages of fast sedimentation, poor dispersion, and a small specific surface area, which in turn
leads to a relatively poor ability to capture free radicals and active groups and limits fire
extinguishing ability [1]. The preparation of ultrafine dry powder with smaller particle size,
good fluidity, a large specific surface area, high activity, stable dispersion, and the ability to
be suspended in the air for a long time is the key to improving the fire extinguishing ability
of dry powder [2]. In recent years, ultrafine dry powder has attracted the attention of schol-
ars and fire-fighting enterprises because of its excellent fire extinguishing performance [3].
The development of new materials has become one of the research hotspots for ultrafine
dry powder [4].

Magnesium ammonium phosphate, also known as struvite (MgNH4PO,4-6H,0) is a
naturally occurring orthophosphate mineral [5]. Due to the high concentration of ammo-
nium and phosphate in the water system of the sewage treatment plant, struvite crystals
are easily formed in the pipeline [6]. If the pipeline is not cleaned for a long time, the crystal
will block the pipeline, so a large amount of struvite will be recycled every year. In order
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to reduce the cost of waste treatment and improve the efficiency of chemical treatment
processes, alternative uses of this material need to be found [7]. Struvite is rich in nitrogen
and phosphorus, and its solubility is low (169.2 mg/cm~2 at 25 °C), which can be used
as a slow-release fertilizer [8]. However, in the process of recycling struvite in sewage
treatment plants, some heavy metals and toxic substances are incorporated, which limits its
application in agriculture [9,10]. It is found that struvite is a chemically bonded phosphate-
containing ceramic [11-13], which can be transformed from an unstable chemically bonded
ceramic to a stable heat-resistant ceramic during heating by releasing large amounts of
gas and active groups [14-19]. Researchers in the field of building materials have mixed
struvite into cement to improve its corrosion and high temperature resistance [20]. By
mineralizing struvite on the surface of wood, Guo et al. [21,22] found that struvite absorbs
heat at high temperatures and releases phosphorus-containing substances that can form a
carbon layer with carbon-containing materials. At the same time, thermal engine products
will form a dense heat-insulating ceramic layer on the surface, which makes the wood have
good flame-retardant properties. Struvite has gradually attracted the attention of scholars
due to its excellent flame retardant and endothermic properties. There is great potential in
the field of fire fighting. Therefore, it is of great significance to explore its application in
fire extinguishing.

Struvite and ABC dry powder (NH4H,PO4) have similar pyrolysis mechanisms. When
the struvite is decomposed by heating, a large amount of water vapor, ammonia, and phos-
phorus oxygen groups are released [23], which can not only reduce the actual temperature
of the fire field but also dilutes the concentration of oxygen and combustible gas near the
flame. Moreover, phosphorus oxygen groups can also consume the free radicals in the
combustion reaction, so that the number of free radicals decreases sharply, resulting in
the interruption of the combustion reaction chain. At the same time, the decomposition
product (Mg,P>0y) is a good refractory ceramic material, which covers the surface of the
combustible, thus playing a role in isolating air and preventing reburning. Its potential
in the field of fire protection is supposed to be further explored. Although the pyrolysis
mechanisms of struvite and NH4H,POj, are similar, the pyrolysis products of struvite are
stable neutral oxides, which are not corrosive to equipment and are more environment-
friendly. Therefore, struvite has a great advantage as a fire extinguishing agent. In this
work, ultrafine struvite powder was synthesized using an economic method. By comparing
the particle size distribution, microstructure, pyrolysis, and fire extinguishing experimental
data of ultrafine struvite powder and ultrafine NH4H,PO4 powder, the fire extinguishing
mechanism was explained in detail.

2. Experimental Methods
2.1. Materials

All reagents (AR) were purchased from chemical reagent companies. Nano-hydrophobic
silica and struvite were purchased from Shanghai McLin Biochemical Technology Co., Ltd.
(Shanghai, China). Ammonium dihydrogen phosphate and anhydrous ethanol were pur-
chased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

2.2. Sample Preparation

The preparations of ultrafine struvite powder and ultrafine NH4H, PO, powder were
prepared as follows: firstly, the struvite was crushed and refined by a horizontal planetary
ball mill; the time and speed were controlled at 40 min and 400 r/min. The ratio of
grinding ball, struvite, and absolute ethanol was controlled at 5:1:1. The refined struvite
was then dried at room temperature for 5 h. Finally, 5 wt.% of hydrophobic silica was
added to the dried sample for secondary ball milling to obtain an ultrafine struvite powder.
The preparation of ultrafine NH4H,PO4 powder was the same as the above preparation
conditions. Figure 1 shows the XRD spectra of the two synthesized materials. As shown
in Figure 1a,b, the crystal peak of silica is identified at 2 theta of 22.03°, and no other new
substances are identified on the two spectra, which confirmed that hydrophobic silica is
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only mixed with two samples and does not react to form new substances. In these cases,
the mixed hydrophobic silica gives both samples good fluidity and hydrophobicity to meet
fire extinguishing agent requirements.
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Figure 1. XRD analysis of (a) NH4H;PO,4 powder and (b) struvite.

2.3. Characteristic Method

Particle size distribution of samples measured with a laser particle size analyzer (LS-
909, OMEC, Zhuhai, China). The BET analysis was performed using a specific surface and
porosity analyzer (ASAP 2460), and nitrogen adsorption and desorption were performed
at 100 °C for 8 h. Imaging analysis of samples was performed usng a scanning electron
microscope (SEM, Antimony Lead Alloy 8100, Hitachi, Tokyo, Japan) with magnifications
of 5.00 K and 50.0 K. Analysis of material composition used X-ray diffraction (XRD, Ul-
tima IV, Rigaku, Tokyo, Japan); its parameters are set as follows: conventional wide-angle
measurement (10-60°), test rate (10°/min). TG and DSC curves were obtained by a simul-
taneous thermal analyzer (STA449F3, Germany), and the pyrolysis process was analyzed.
Its parameters are set as follows: test temperature (30-800 °C), heating rate (10 °C/min),
gas environment (N). Additionally, the characteristics of the two ultrafine dry powders,
such as D50, D90, bulk density, fluidity, contact angle, consumption, fire extinguished time,
were tested using a Rooko FI-2000A powder characteristic analyzer.

2.4. Fire Extinguishing Experiment

In order to compare the fire extinguishing performance of ultrafine NH,H,PO4 powder
and ultrafine struvite powder, a small powder fire extinguishing device was used to carry
out local oil basin tests [24-27]. The small powder fire extinguishing device used in
the experiment is composed of three parts: a powder storage pressure device that is
fire extinguishing, a temperature measuring device, and a data acquisition system. The
schematic diagram of the experimental device is shown in Figure 2. The fuel fire used in
the fire extinguishing experiment is a liquid pool fire produced by combining 200 mL of
water with 150 mL of n-heptane in a 400 mm x 400 mm X 50 mm oil pan. The oil pan
can be placed on iron cube supports of different heights to adjust the distance between the
oil surface and the nozzle. The temperature acquisition system consists of three K-type
thermocouples with a diameter of 4 mm connected to the data acquisition instrument
to collect the flame temperature. The powder pressurizing device consists of a nitrogen
bottle, a pressure tank, a powder tank, and a stainless-steel conical nozzle fixed to a stand
with adjustable height and direction. The fire extinguishing time of different powders is
recorded by an electronic stopwatch. During the fire extinguishing experiment, 50 g fire
extinguishing agent were placed in powder cans as a fixed amount for the experiment,
and the powder consumption was obtained by weighing the mass difference of the sample
before and after the experiment with an electronic balance. In order to stabilize the flame
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temperature zone, each experiment required pre-burning for 60 s before releasing the
sample. Each set of samples was repeated three times to reduce accidental errors.

P
T Digital pressure gauge
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N (r C(E ;):]

/g
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Data acquisition system
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Figure 2. The experimental apparatus for the fire-extinguishing tests.

3. Results and Discussion
3.1. Micromorphology Characterization

The morphology and particle size of the powder are the key factors affecting its fire-
extinguishing effect. It is thought that when 90% of the particles in the powder are less than
20 um (D90 < 20 um), the powder achieves ultrafine requirements. As shown in Figure 3a,b,
struvite and NH4H;PO,4 meet the ultrafine requirements under the same process conditions,
but they show different microstructures. Figure 3a shows that the ultrafine NH4H,PO4 powder
exists in the form of an irregular prismatic structure, and there is an obvious agglomeration
phenomenon in which the large particles are surrounded by small particles. Figure 3b shows
that the ultrafine struvite powder exists in a relatively smooth columnar structure. The overall
particle size is smaller, the particle size distribution is relatively uniform, and the agglomeration
phenomenon is obviously improved. According to Figure 3¢,d, the D90 of ultrafine NH;H, POy
powder and ultrafine struvite powder are 18.625 um and 20.077 um, respectively, which reach
the ultrafine standard. By comparing the average particle size (D50) of the two samples, it is
found that the average particle size of struvite is smaller (D50 = 5.132 um < 8.961 um). The
results show that struvite particles prepared under the same process conditions have smaller
particle sizes and less agglomeration, indicating that struvite is not easily agglomerated in
storage and has better dispersion and a faster decomposition rate in the fire, resulting in better
fire extinguishing capacity.

From the high-magnification SEM images of the two samples in Figure 4, it can be seen
that nano-scale hydrophobic silica adheres to the surface of large particles, which solves
the large particle agglomeration problem. At the same time, the silica-coated samples meet
the fluidity and hydrophobicity requirements of fire extinguishing agents.

Figure 5a,b show the adsorption-desorption curves and pore size distribution curves
of the two powders. The specific surface area (25.72 m?/g) of ultrafine struvite powder
is larger than that of ultrafine NH4H,PO4 powder (13.64 m?/ g) (see Table 1). This phe-
nomenon is most likely caused by the particle size and particle size distribution of the two
samples. As the particle size becomes smaller, the specific surface area becomes larger.
According to previous studies [3,4], particles with a large specific surface area capture free
radicals in the fire field more easily, and the degree of pyrolysis is more thorough due
to the increased contact area with the flame. Therefore, struvite is more suitable for fire
extinguishing due to its uniform size distribution and relatively high surface area.
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Figure 3. Scanning electron microscopy (SEM) images of (a) ultrafine NH4H,PO4 powder and (b) ultrafine
struvite powder; Particle size and size distribution of (c) ultrafine NH,H, PO, powder and (d) ultrafine
struvite powder.

Figure 4. High magnification SEM images of (a) NH4H,PO4 powder and (b) struvite.
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Figure 5. (a) Pore size distribution of samples, (b) Adsorption and desorption curves of samples.
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Table 1. Particle size and BET of two samples.
Sample D50 (um) D90 (1m) SpeT (M?/g)
ultrafine NH;H,POy4 8.961 18.625 13.64
ultrafine struvite 5.132 20.067 25.72

3.2. Fire Extinguishing Performance

The fire extinguishing time of the two samples is less than 30 s under a 0.2 MPa nitrogen
drive. However, the flame cannot be extinguished within 30 s with only 0.2 MPa nitrogen,
which proves that nitrogen is not the main factor affecting flame extinction [4]. The fire-
extinguishing performance of the two samples is different under the same driving pressure.
The data from Table 2 show that struvite only takes 10 s to extinguish the flame at 0.2 MPa
nitrogen pressure, while NH4;H,PO, takes more time (13 s). Besides, the consumption of
struvite (13.067 g) is less than that of NH,H, PO, (18.625 g). This result strongly shows that
the extinguishing performance of struvite is better than that of NH4H,POj,. Figure 6 shows a
screenshot of a fire extinguishing video of two samples under 0.2 MPa (the specific video of
local oil basin experiments is shown in the Supplementary Materials).

Table 2. Extinguishing performance and Temperature drop.

Sample Extinction Time (s) Mass Consumed (g) Temperature Variation (°C)
ultrafine NH4H,PO4 13 18.625 <5
ultrafine struvite 10 13.067 66

. .
7s 10s 12s

Figure 6. Images of the fire suppression processes of the tests with different samples at 0.2 MPa.
(a) ultrafine NH4H,PO, powder and (b) ultrafine struvite powder.

Figure 7a,b show the temperature change of ultrafine NH4H,PO4 powder and ultrafine
struvite powder after entering the fire (0.2 MPa). In order to stabilize the flame temperature
zone, each experiment required pre-burning for 60 s before releasing the sample. When the
flame was stabilized at 450-550 °C, the extinguishing agent was released into the fire. Due
to the different fire-extinguishing characteristics of the two samples, the temperature change
curves also show different trends. As shown in Figure 7a, the flame temperature rises
briefly after the ultrafine NHy;H,PO4 powder enters the fire field, and then the temperature
fluctuates slightly. The temperature remains almost stable throughout the fire extinguishing
period. As the flame is extinguished, the temperature of the fire suddenly drops. From
Figure 7b, it can be seen that after the ultrafine struvite powder was released to the fire
site, the temperature also increased briefl, and then decreased linearly. During the entire
fire extinguishing time, the temperature drops by 66 °C. After the flame is extinguished,
the temperature drops faster. By analyzing these two different temperature trends, it
is strongly confirmed that struvite absorbs heat during pyrolysis in the fire field, thus
reducing the flame temperature to achieve the purpose of rapidly extinguishing the fire.
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Figure 8 shows the covering effect of two samples after fire extinguishing. Compared
with NH4H,POy, the pyrolysis products of struvite form a larger area of coverage on the
surface of the oil basin, effectively preventing the fuel from contacting oxygen to achieve a
suffocating effect. At the same time, the covering layer is a stable heat-resistant ceramic
(Mg»P,0y7, Mg PO4OH) shown in Figure 9, which will have a certain heat insulation effect.
As shown in Figure 10, the remaining materials after NH4H,PO, decomposition are P,Os
and incompletely decomposed HPOj3, which easily combine with water molecules to form
acidic substances that corrode the equipment. Under the synergy of many aspects, struvite

shows a more efficient fire-extinguishing effect.

Temperature (°C)

(b)

Temperature (°C)
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temperature stable
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Figure 7.
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Temperature variation of (a) ultrafine NH4H,PO4 powder and (b) ultrafine struvite powder.
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Figure 8. Fire extinguishing agent coverage effect: (a) ultrafine NHy;H,PO, powder and (b) ultrafine

struvite powder.
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Figure 9. XRD analysis of pyrolysis products of struvite.
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Figure 10. XRD analysis of pyrolysis products of NHyH,POy.
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3.3. Comprehensive Characteristics of Powder

The comprehensive characteristics of two ultrafine powders are shown in Table 3.
Where, D50 (um) is the corresponding particle size when the cumulative particle size
distribution percentage of the sample reaches 50%. D90 (um) is the corresponding particle
size when the cumulative particle size distribution percentage of the sample reaches 90%.
Bulk density (g/cm?) refers to the ratio of the mass of the powder to its filling volume
(including the gap between the dry powder) when the sample is not vibrated. Fluidity (g/s)
refers to the time required for a sample to flow through a standard funnel with a prescribed
aperture in a certain amount of dry powder. Contact angle (°) refers to the angle (8) between
the sample solid-liquid interface and is a measure of the degree of hydrophobicity.

Table 3. The characteristics test results of the above two ultrafine dry powders.

D50 D90 Bulk Density . Contact Consumption Fire Extinguished
Sample (um) (um) (g/cm®) Fluidity (gfs) 5 ;o1 ) ® Time (s)
NH;H,;PO4 8.96 18.62 0.51 0.04 90.89 18.625 13
Struvite 5.13 20.06 0.51 0.04 91.44 13.067 10

By comparison, the ultrafine struvite powder prepared in this paper meets the ultrafine
requirements (D90 < 20 um), and all the bulk density, fluidity, and contact angle reach the
level of commercial dry powder. Moreover, its fire extinguishing time and fire extinguishing
dosage are obviously better than ultrafine NH;H,PO4 powder.

3.4. Fire-Extinguishing Mechanism Discussion

In the process of fire extinguishing, the thermal decomposition characteristics of dry
powder have a very important influence on its fire extinguishing efficiency, so the decompo-
sition process of samples in the experiment was analyzed. TG-DSC curve, combined with
the appearance characterization and fire extinguishing performance of the two samples,
explain the fire extinguishing mechanism of struvite. According to the curve of Figure 11, it
is found that struvite begins to pyrolyze at 60 °C; the pyrolysis process is relatively concen-
trated (60-150 °C), which mainly releases large amounts of crystal water and ammonia and
absorbs lots of heat in a short time. Then the struvite is slowly pyrolyzed at 200-700 °C
and gradually transformed into a stable heat-resistant ceramic (Mg,P»0Oy7), which is a
stable neutral oxide and forms a dense thermal insulation layer covering the surface of
the oil to isolate the air. The gas-phase phosphorus-oxygen groups generated during this
period can capture the free radicals. Ultrafine NHy;H,PO4 powder has two decomposition
processes: the first stage begins at 190 °C (releasing water and ammonia gas), and the
second stage begins at 550 °C and produces P-O groups and unstable P,Os5, which easily
converts phosphoric acid (corrosion to equipment) in water. Because the flame temperature
is stable at 500 °C during the experiment, the secondary pyrolysis of NH4H;PO, cannot be
realized, resulting in limited fire extinguishing ability. Ultrafine struvite powders contact
the flame more fully because of their smaller particle size and larger specific surface area.
As seen from the DTG curve, struvite has a faster decomposition rate due to its smaller
particle size. Although the decomposition residue of struvite (43.9%) is higher than that
of NH4H,PO4 (39.9%), this is related to the characteristics of the material itself. The heat
absorption of the ultrafine struvite powder is 458.4 ] /mg, which is significantly larger than
that of the ultrafine NH4H;PO,4 powder (156.4 ] /mg) from Figure 11c. It can be inferred
that struvite absorbs more heat to reduce the fire temperature after entering the fire site.
The temperature change curve in Figure 7 can well demonstrate this conclusion. Therefore,
struvite has better fire extinguishing efficiency in terms of pyrolysis characteristics.
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NH4H,PO4, (b) Thermogravimetric (TG) and Derivative thermogravimetric (DTG) curves of struvite,
(c) Differential scanning calorimetry (DSC) curves of sample powders.

The pyrolysis process of NH4H, POy is as follows [28]:

NH4H,PO; — NH; + H3PO, (160 °C)
H;PO4 — H4P,O7 + H,O (220 OC)
H4P,O7 — HPO3 + H,O (360 OC)

HPO; — P,Os5 +H,O (500 OC)

@
@)
®)
4)

In order to explore the fire extinguishing mechanism of ultrafine struvite powder, it is
explained from three aspects (Figure 12): chemical effect, asphyxiation, and cooling effect.

° Chemical mechanism

The thermal decomposition of struvite releases N-H and P-O radicals, which can
absorb OH: and H- radicals in the flame [29,30]. At the same time, due to the pyrolysis
of struvite, it has a larger specific surface area and greater adsorption energy, which can
instantaneously absorb free radicals and effectively consume the free radicals OH: and H- in
the combustion reaction. Therefore, a large number of free radicals supporting combustion
in the fire field are captured, resulting in the interruption of the combustion reaction.

e  Asphyxiation

Struvite (chemically bonded phosphate ceramics) releases water and ammonia at
high temperatures, which dilutes oxygen and combustible gases in the fire so that the
oxygen concentration is lower than the oxygen threshold of combustible gas combustion.
In addition, the final product of struvite (Mg,P,0O7, heat-resistant ceramics) will form
a dense isolation layer [15,19,31], blocking the contact between combustibles and air to
achieve physical asphyxiation. Compared with NH4H;POy, the final pyrolysis product of
struvite is magnesium pyrophosphate (pH > 7), which is non-corrosive to metal equipment.
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e  Cooling mechanism

Since struvite absorbs more heat than NH4H,PO, and the pyrolysis process is more
concentrated and rapid, it can absorb more heat in a short time to reduce the fire tempera-
ture. Therefore, the cooling effect of struvite is particularly prominent.

[ Chemical mechanism ]

PO- + H- — HPO:
HPO- + H- — H, + PO

[ Asphyxiation:NH;,Mg,P,0, ]

NH,MgPO, — MgHPO, + NH; +H,0
2MgHPO, — Mg,P,0, + H,0
(endothermic reaction)

Cooling mechanism

Figure 12. The fire-fighting mechanism of ultrafine struvite powder.

4. Conclusions

Facing the excessive production of struvite, this paper expands the fire safety appli-
cation field of struvite (chemically bonded phosphate ceramics) through economic and
environmental protection methods. A simple ultrafine treatment was used to create ul-
trafine struvite powder. Then it was compared with NH4H,PO, produced by the same
process. At the same time, the fire extinguishing effect of the two samples was tested using
a 1 m3 small fire extinguishing platform. The results are as follows:

1. The ultrafine struvite powder and ultrafine NH4H,PO4 powder prepared by the same
process were compared by BET and SEM. It was found that the struvite sample had a
smaller particle size distribution and a larger specific surface area, which was more
suitable for fire extinguishing.

2. Through TG-DSC, it was found that the pyrolysis process of ultrafine struvite powder
was relatively concentrated, and the decomposition efficiency was faster. More im-
portantly, its heat absorption (458.4 ] /mg) was much larger than that of NH4H;PO4
(156.4 ] /mg), which meant that struvite could quickly reduce the fire temperature to
achieve the purpose of extinguishing fire.

3. It was found that the fire extinguishing performance of struvite was better than that of
NH4H, PO, through small fire extinguishing experiments. Considering that struvite is
a cheap sewage treatment product, it used as a cost-effective fire extinguishing agent
base material agent.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15228021/s1, Video S1: The firefighting video of NH4H,PO4 under
0.2 MPa; Video S2: The firefighting video of struvite under 0.2 MPa.


https://www.mdpi.com/article/10.3390/ma15228021/s1
https://www.mdpi.com/article/10.3390/ma15228021/s1

Materials 2022, 15, 8021 12 of 13

Author Contributions: Data curation, Z.Z.; Formal analysis, Y.H.; Methodology, G.C.; Supervision,
Data curation, Y.S.; Validation, X.G.; Writing—original draft, visualization, Z.L.; Writing—review
& editing, resources, funding acquisition, M.W. and H.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded by the Scientific Research Project of Tianjin municipal Education
Commission (2018K]247).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, H.; Feng, L.; Du, D.; Guo, X.; Hua, M.; Pan, X. Fire Suppression Performance of a New Type of Composite Superfine Dry
Powder. Fire Mater. 2019, 43, 905-916. [CrossRef]

2. Kuang, K.; Chow, WK; Ni, X; Yang, D.; Zeng, W.; Liao, G. Fire Suppressing Performance of Superfine Potassium Bicarbonate
Powder. Fire Mater. 2011, 35, 353-366. [CrossRef]

3. Averardi, A.; Cola, C.; Zeltmann, S.E.; Gupta, N. Effect of Particle Size Distribution on the Packing of Powder Beds: A Critical
Discussion Relevant to Additive Manufacturing. Mater. Today Commun. 2020, 24, 100964. [CrossRef]

4. Kuang, K; Huang, X;; Liao, G. A Comparison between Superfine Magnesium Hydroxide Powders and Commercial Dry Powders
on Fire Suppression Effectiveness. Process Saf. Environ. Prot. 2008, 86, 182-188. [CrossRef]

5. Jaffer, Y; Clark, T.A; Pearce, P; Parsons, S.A. Potential Phosphorus Recovery by Struvite Formation. Water Res. 2002, 36, 1834-1842.
[CrossRef]

6. Le Corre, K.S.; Valsami-Jones, E.; Hobbs, P,; Parsons, S.A. Phosphorus Recovery from Wastewater by Struvite Crystallization: A
Review. Crit. Rev. Environ. Sci. Technol. 2009, 39, 433-477. [CrossRef]

7. Kwok, WL],; Suo, H.; Chen, C.; Leung, D.W.J.; Buffet, ].-C.; O’Hare, D. Synthesis of Dense Porous Layered Double Hydroxides
from Struvite. Green Chem. 2021, 23, 1616-1620. [CrossRef]

8.  Ryu, H.-D.; Lim, C.-S,; Kang, M.-K,; Lee, S.-I. Evaluation of Struvite Obtained from Semiconductor Wastewater as a Fertilizer in
Cultivating Chinese Cabbage. |. Hazard. Mater. 2012, 221-222, 248-255. [CrossRef]

9.  Chen, Q.-L,; An, X.-L;; Zhu, Y.-G.; Su, J.-Q.; Gillings, M.R.; Ye, Z.-L.; Cui, L. Application of Struvite Alters the Antibiotic Resistome
in Soil, Rhizosphere, and Phyllosphere. Environ. Sci. Technol. 2017, 51, 8149-8157. [CrossRef]

10. Otoo, M.; Drechsel, P. (Eds.) Resource Recovery from Waste: Business Models for Energy, Nutrient and Water Reuse in Low- and
Middle-Income Countries; Routledge: New York, NY, USA, 2018.

11.  Wang, M,; Bu, F; Zhou, C.; Zhou, Q.; Wei, T,; Liu, J.; Zhai, W. Bonding Performance and Mechanism of a Heat-Resistant Composite
Precursor Adhesive (RT-1000 °C) for TC4 titanium alloy. J. Micromech. Mol. Phys. 2020, 5, 2050016. [CrossRef]

12.  Feng, Z.; Wang, M.; Lu, R.; Xu, W.; Zhang, T.; Wei, T.; Zhang, ].; Liao, Y. A Composite Structural High-Temperature-Resistant
Adhesive Based on in-Situ Grown Mullite Whiskers. Mater. Today Commun. 2020, 23, 100944. [CrossRef]

13. Wang, M,; Liang, Z,; Yan, S.; Tao, X.; Zou, Y; Li, J.; Zhou, X.; Zhang, H. The Preparation and Property Analysis of B4C Modified Inorganic
Amorphous Aluminum Phosphates-Based Intumescent Flame Retardant Coating. Constr. Build. Mater. 2022, 359, 129480. [CrossRef]

14. Yan, C.;Ma, H.; Luo, Z.; Zhou, X.; Wang, L. Influence of Phosphorus Sources on the Compressive Strength and Microstructure of
Ferronickel Slag-Based Magnesium Phosphate Cement. Materials 2022, 15, 1965. [CrossRef]

15.  Orlova, A.L; Ojovan, M.I. Ceramic Mineral Waste-Forms for Nuclear Waste Immobilization. Materials 2019, 12, 2638. [CrossRef]

16. Jia, L.; Zhao, F.; Guo, J.; Yao, K. Properties and Reaction Mechanisms of Magnesium Phosphate Cement Mixed with Ferroaluminate
Cement. Materials 2019, 12, 2561. [CrossRef]

17. Ding, Z.; Li, Y.-Y;; Lu, C,; Liu, J. An Investigation of Fiber Reinforced Chemically Bonded Phosphate Ceramic Composites at
Room Temperature. Materials 2018, 11, 858. [CrossRef]

18. Wang, M.; Zhang, J.; Tong, W.; Zhou, Q.; Li, Z. Effect of Al: P Ratio on Bonding Performance of High-Temperature Resistant
Aluminum Phosphate Adhesive. Int. |. Adhes. Adhes. 2020, 100, 102627. [CrossRef]

19. Wang, M.; Dong, X.; Zhou, Q.; Feng, Z.; Liao, Y.; Zhou, X.; Du, M.; Gu, Y. An Engineering Ceramic-Used High-Temperature-
Resistant Inorganic Phosphate-Based Adhesive Self-Reinforced by in-Situ Growth of Mullite Whiskers. J. Eur. Ceram. Soc. 2019,
39, 1703-1706. [CrossRef]

20. Walling, S.A.; Provis, ].L. Magnesia-Based Cements: A Journey of 150 Years, and Cements for the Future? Chem. Rev. 2016, 116, 4170-4204.
[CrossRef]

21. Guo, H,; Ozparpucu, M.; Windeisen-Holzhauser, E.; Schlepiitz, C.M.; Quadranti, E.; Gaan, S.; Dreimol, C.; Burgert, I. Struvite

Mineralized Wood as Sustainable Building Material: Mechanical and Combustion Behavior. ACS Sustain. Chem. Eng. 2020,
8,10402-10412. [CrossRef]


http://doi.org/10.1002/fam.2750
http://doi.org/10.1002/fam.1058
http://doi.org/10.1016/j.mtcomm.2020.100964
http://doi.org/10.1016/j.psep.2007.11.002
http://doi.org/10.1016/S0043-1354(01)00391-8
http://doi.org/10.1080/10643380701640573
http://doi.org/10.1039/D0GC04410E
http://doi.org/10.1016/j.jhazmat.2012.04.038
http://doi.org/10.1021/acs.est.7b01420
http://doi.org/10.1142/S2424913020500162
http://doi.org/10.1016/j.mtcomm.2020.100944
http://doi.org/10.1016/j.conbuildmat.2022.129480
http://doi.org/10.3390/ma15051965
http://doi.org/10.3390/ma12162638
http://doi.org/10.3390/ma12162561
http://doi.org/10.3390/ma11050858
http://doi.org/10.1016/j.ijadhadh.2020.102627
http://doi.org/10.1016/j.jeurceramsoc.2018.12.040
http://doi.org/10.1021/acs.chemrev.5b00463
http://doi.org/10.1021/acssuschemeng.0c01769

Materials 2022, 15, 8021 13 of 13

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Guo, H.; Lukovi¢, M.; Mendoza, M.; Schlepiitz, C.M.; Griffa, M.; Xu, B.; Gaan, S.; Herrmann, H.; Burgert, I. Bioinspired Struvite
Mineralization for Fire-Resistant Wood. ACS Appl. Mater. Interfaces 2019, 11, 5427-5434. [CrossRef] [PubMed]

Yu, R; Geng, J.; Ren, H.; Wang, Y.; Xu, K. Struvite Pyrolysate Recycling Combined with Dry Pyrolysis for Ammonium Removal
from Wastewater. Bioresour. Technol. 2013, 132, 154-159. [CrossRef]

Ni, X,; Kuang, K; Yang, D.; Jin, X.; Liao, G. A New Type of Fire Suppressant Powder of NaHCO3 / Zeolite Nanocomposites with
Core-Shell Structure. Fire Saf. ]. 2009, 44, 968-975. [CrossRef]

Fudang, S.; Zhiming, D.; Xiaomin, C.; Linshuang, Z.; Ye, Y.; Linming, L. Experimental Study on Fires Extinguishing Properties of
Melamine Phosphate Powders. Procedia Eng. 2014, 84, 535-542. [CrossRef]

Chen, X,; Fan, A.; Yuan, B,; Sun, Y;; Zhang, Y.; Niu, Y. Renewable Biomass Gel Reinforced Core-Shell Dry Water Material as Novel
Fire Extinguishing Agent. J. Loss Prev. Process Ind. 2019, 59, 14-22. [CrossRef]

Zhang, C; Li, H.; Guo, X,; Li, S.; Zhang, H.; Pan, X.; Hua, M. Experimental and Theoretical Studies on the Effect of Al(OH)3 on
the Fire-Extinguishing Performance of Superfine ABC Dry Powder. Powder Technol. 2021, 393, 280-290. [CrossRef]

Hangchen, L.; Xiaohui, S.; Xinxin, G.; Shunchao, L.; Han, Z.; Chendong, Z; Min, H.; Xuhai, P. High Efficiency of the
NH4H,PO,/Mg(OH), Composite for Guaranteeing Safety of Wood Production. J. Loss Prev. Process Ind. 2021, 69, 104364. [CrossRef]
Sengupta, A.; Malik, S.N.; Bahadur, D. Developing Superhydrophobic and Oleophobic Nanostructure by a Facile Chemical
Transformation of Zirconium Hydroxide Surface. Appl. Surf. Sci. 2016, 363, 346-355. [CrossRef]

Withers, PJ.A ; Elser, ].].; Hilton, J.; Ohtake, H.; Schipper, W.J.; van Dijk, K.C. Greening the Global Phosphorus Cycle: How Green
Chemistry Can Help Achieve Planetary P Sustainability. Green Chem. 2015, 17, 2087-2099. [CrossRef]

Vijan, C.A.; Badanoiu, A.; Voicu, G.; Nicoara, A.I. Coatings Based on Phosphate Cements for Fire Protection of Steel Structures.
Materials 2021, 14, 6213. [CrossRef]


http://doi.org/10.1021/acsami.8b19967
http://www.ncbi.nlm.nih.gov/pubmed/30623641
http://doi.org/10.1016/j.biortech.2013.01.015
http://doi.org/10.1016/j.firesaf.2009.06.004
http://doi.org/10.1016/j.proeng.2014.10.465
http://doi.org/10.1016/j.jlp.2019.02.008
http://doi.org/10.1016/j.powtec.2021.05.075
http://doi.org/10.1016/j.jlp.2020.104364
http://doi.org/10.1016/j.apsusc.2015.12.047
http://doi.org/10.1039/C4GC02445A
http://doi.org/10.3390/ma14206213

	Introduction 
	Experimental Methods 
	Materials 
	Sample Preparation 
	Characteristic Method 
	Fire Extinguishing Experiment 

	Results and Discussion 
	Micromorphology Characterization 
	Fire Extinguishing Performance 
	Comprehensive Characteristics of Powder 
	Fire-Extinguishing Mechanism Discussion 

	Conclusions 
	References

