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ABSTRACT: In this paper, using a 20 L spherical explosive device
and a Hartmann device, we carried out explosion suppression
experiments on 19 and 30 μm aluminum powders (500 g/m3) with
different concentrations of the new explosive suppressants
(MCM41@CS-APP) and CaCO3 and elaborated on the
suppression mechanism of the explosion of MCM41@CS-APP
on aluminum powder. The experimental results show that when
the concentration of the explosion suppressor is 50 g/m3, the
maximum explosion pressure (Pmax) produced by the explosion of
mixed dust is higher than that of the explosion of aluminum
powder, and with the increase of the concentration of the
deflagration suppressant, the Pmax of the mixed dust decreases. When the concentrations of MCM41@CS-APP and CaCO3 reached
400 g/m3, the Pmax of the mixed dust (Al = 19 μm) was 0.133 and 0.364 MPa, which decreased by 81.3% and 48.9%, respectively.
The Pmax of the mixed dust (Al = 30 μm) was not significant. Both detonation inhibitors inhibited the explosion of aluminum
powder; the detonation duration of Al/MCM41@CS-APP is shorter; there are fewer aluminum particles in the product; and the
initial oxidation temperature of aluminum powder is higher.

1. INTRODUCTION
Aluminum (Al) is an important raw metal material widely used
in the metal manufacturing and metallurgy fields. Since the 21st
century, the rapid development of the finishing industry,
especially in the polishing and grinding processes of Al products,
has generated large amounts of Al dust. As the Al dust
accumulates to a certain concentration in a limited space and
encounters an ignition source, it may explode or cause severe
consequences. Therefore, Al dust explosion prevention is of
great significance, and the explosion suppression characteristics
and mechanism are the basis for Al dust explosion suppression.
Al dust explosion suppression has been extensively studied, and
great progress has been made.1−3

Due to the extremely high activity of Al, different materials
including inert gas, fine water mist, and solid powder
antiexplosion agents (phosphate, carbonate, etc.) have been
studied in depth for their explosion suppression effects, and their
suppression characteristics and laws are explored.4−7 To
evaluate the dust explosion suppression abilities of NaHCO3
and NH4H2PO4, Amrogowicz et al., respectively, injected the
suppressants into a container and measured the sum of the
explosion lower limits.8 They found that the explosion
suppression effect of NH4H2PO4 was better than that of
NaHCO3. Jiang et al. revealed by observing the flame shape of Al
dust deflagration that the maximum flame speed decreased with

the increase of the inhibitor concentration, and the inhibition
effect of NH4H2PO4 was better than that of NaHCO3.

9 Zhang
and Bi et al. studied the suppression effects of CO2 andH2 on the
explosion of Al dust in a closed cuboid space and found that their
suppression mechanisms were different, and the suppression
effect of CO2 was significantly better than that of H2.

10 Zhang et
al. developed the ATH/ZB composite explosion inhibitor by
physical/chemical synthesis.11 The minimum inhibitory con-
centrations of ATH and ZB alone for the aluminum dust
explosion were 1000 g/m3, while that of ATH/ZB was only 600
g/m3. They also studied the suppression mechanism of NZB on
the Al dust explosion and demonstrated that the suppression
performance of NZB was better than that of ZB2335.12 Dai et al.
compared the Al dust explosion suppression abilities of
NaH2PO4, (NH4)2HPO4, NH4H2PO4, KHCO3, and NaHCO3
using a 20 L spherical explosion device and found that 40%
NaH2PO4 could completely suppress the explosion of Al dust,
while 50% (NH4)2HPO and 50% NH4H2PO4 showed obvious
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suppression effects.13 Ke andMeng et al. obtained the KH2PO4/
SiO2 composite deflagration suppressant by mixing and grinding
the two raw materials and explored its suppression effect in a
Hartmann tube.14 The results revealed that the flame
propagation of Al powder deflagration could be effectively
suppressed with 60% KH2PO4/SiO2 and completely suppressed
with 90% KH2PO4/SiO2. Deng et al. measured the explosion
degrees of Al/ABC, Al/MCA, and Al/ABC/MCA mixtures,
respectively, using a vertical explosion tube device and analyzed
the explosion suppression effects of different suppressant
powders.15 The results showed that the suppression effect of
ABC was the worst, followed by ABC/MCA, and that of MCA
was the best.

Composite powder explosion suppressants exhibit synergistic
effects, leading to superior explosion suppression performance
compared to that of single powder suppressants. At present, the
study of the development of composite solid explosion
suppressants and the study of their suppression performances
are urgently needed. Due to its large specific surface area, good
thermal stability, and high porosity,16,17 mesoporous SiO2 has
been rapidly developed in the fields of catalysis, adsorption, and
biomedicine.18−20 Ammonium polyphosphate (APP) and
chitosan (CS) are good flame retardants,21−24 where APP
serves as the acid and gas source of the flame retardant system,
and CS serves as the carbon source. Herein, a new mesoporous
composite explosion powder suppressant, MCM41@CS-APP,
was prepared by functionally modifying the surface of
mesoporous SiO2.

25 Since CaCO3 has a good inhibitory effect
on dust explosion,26−28 the article used MCM41@CS-APP and
CaCO3 to carry out the explosion inhibition experiment of
aluminum powder to obtain the effect of the two on the
explosion pressure and combustion flame of aluminum powder.
Based on the scanning electron microscopy (SEM), thermog-
ravimetric analysis (TGA), and X-ray photoelectron spectros-
copy (XPS) analyses of the explosion products, the inhibition
performance and inhibition mechanism of MCM41@CS-APP
on the explosion of aluminum powder were obtained, which not
only improved the study on the Al dust explosion suppression by
the composite solid explosion suppressant but also provided
theoretical support for the development of effective prevention
and control techniques and equipment for Al dust explosion
accidents.

2. EXPERIMENTS
2.1. Materials. 2.1.1. Al Powder. The Al dust explosion

accident occurred in Jiangsu Kunshan Zhongrong Metal
Products Co., Ltd. in 2014 was taken as the research
background. Based on the site conditions, spherical Al powders
with particle sizes of 19 and 30 μm (Henan Yuanyang Powder
Technology Co., Ltd.) were selected as the research subjects.
The physical properties of the Al powders are shown in Table 1.

The particle size distributions of the 19 and 30 μmAl powders
were measured with a laser diffractometer. As shown in Figure 1,

the particle sizes of the 19 μmAl powder mainly fell in the range
of 15.1−22.9 μm, and its Sauter mean diameter D2,3 and De
Brouckere mean diameter D3,4 were measured to be 19.3 and
21.3 μm, respectively.
2.1.2. CaCO3. CaCO3 was purchased from Shanghai Macklin

Biochemical Co., Ltd. (Shanghai, China). Its physical properties
are listed in Table 2. Figure 2 shows the scanning electron
microscopy image of CaCO3.
2.1.3. MCM41@CS-APP. The MCM-41 molecular sieve was

provided by Nankai University Catalyst Co., Ltd. (Nanjing,
China). Its physical properties are listed in Table 3.

To synthesize MCM41@CS-APP, 4 g of CS was added into
200 mL of 1% acetic acid solution (2 mL of glacial acetic acid +
200 mL of deionized water) and stirred until completely
dissolved. Ten g of MCM-41 molecular sieve was added into the
CS solution, and the mixture was vigorously stirred for 1 h. The
pH of the suspension was adjusted to 13 with 0.05 mol/L
NaOH. Two g of APP powder was added into the suspension
and stirred thoroughly. The suspension was centrifuged, and the
residue was washed with deionized water until it became neutral
and dried under vacuum at 60 °C to obtain MCM41@CS-
APP.29

Figure 3 shows the schematic diagram for the synthesis of
MCM41@CS-APP, and its microscopic morphology is
presented in Figure 4.

2.2. Experimental Equipment. To explore the Al dust
explosion suppressionmechanism of the mesoporous composite
explosion suppressant, the pressures and flame evolutions during
the deflagration of Al powder and mixed dust were tested using a
20 L spherical explosion apparatus and a dust cloud energy
measurement system as recommended by international standard
ISO 6184-130 and the national standard GB/T 16425.31

2.2.1. 20 L Spherical Explosion Apparatus. The 20 L
spherical explosion apparatus used for the explosion experi-
ments was mainly composed of an explosion chamber, a powder
diffuser, a pneumatic control system, an ignition device, and a
data acquisition and control system. Figure 5 shows a schematic
diagram of the apparatus structure. The chemical igniters of
zirconium, barium nitrate, and barium peroxide have a weight
ratio of 4:3:3, and the energy release of 0.48 g chemical igniter
corresponds to 2 kJ. After mixing the experimental dust evenly, it
was spread evenly into the powder storage chamber. The
explosion chamber was evacuated to 0.06 MPa, and the dust
storage chamber was pressurized to 2 MPa. Once the operation
parameters were set by the computer control software and gas
distribution was calculated and set by the gas distribution
system, the start valve was open. The explosion pressure
evolutions were measured by a pressure sensor installed in the
vessel wall and recorded by a data acquisition system for each
run. These data yielded values of the maximum explosion
pressure (Pmax) and maximum rate of pressure rise (dP/dtmax).
2.2.2. Dust Cloud Energy Measurement System. The dust

cloud energy measurement system was mainly composed of a
Hartmann tube, an electric spark energy generator, an air
compressor, and a solenoid valve. Figure 6 shows the schematic
diagram of the system. The dust was placed under the Hartmann
tube and adjusted to the position of the two electrodes to make
them vertical and facing each other. The pressure was raised to
0.5 MPa with the air pump. The solenoid valve was turned on to
blow the dust into the cylindrical glass tube. The spark energy
generator was turned on to output an ignition energy of 20 J.
The flame evolution of the dust cloud during the combustion
process was recorded with a high-speed camera.

Table 1. Physical Properties of 19 μm/30 μm Al Powders

elemental composition

appearance Al (%) Fe (%) Cu (%) Si (%)
H2O
(%)

19 μm silver gray, no
aggregations

99.78 0.1018 0.0012 0.0422 0.02

30 μm silver gray, no
aggregations

99.64 0.1037 0.0019 0.0527 0.03
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3. EXPLOSION EXPERIMENTS OF AL POWDER AND
MIXED DUSTS

3.1. Explosion Overpressure of Al Powder. In order to
determine the optimal explosion concentration of aluminum
powder, explosion experiments were conducted on the 19 and
30 μm Al powders at concentrations in the ranges of 50−750
and 50−850 g/m3, respectively, and the aluminum powder at
each concentration was subjected to three explosion tests. Their
maximum explosion pressures (Pmax) and the maximum rates of
explosion pressure rise (dP/dtmax) are shown in Figure 7.

The Pmax of 19 and 30 μm Al powders both increase first and
then decrease with the increase of concentration (Figure 7a).
The highest Pmax = 0.796MPa of 19 μmAl powder is obtained at
a concentration of 650 g/m3, while the Pmax of 30 μm Al powder
reaches the maximum of 0.646MPa at a concentration of 500 g/
m3. Their dP/dtmax values also show the same increasing and
decreasing trends with the increase of concentration (Figure
7b). The highest dP/dtmax of the 19 μmAl powder is 27.07MPa/
s, and that of the 30 μm Al powder is 12.89 MPa/s. Smaller
particle sizes are conducive to oxygen diffusion,32 and their
larger surface areas provide larger contact areas with oxygen.

Therefore, at the same concentration, the Al powder with the
smaller particle sizes causes more violent explosions.33,34

Based on the analyses above and the capacity of the
experimental equipment, the Al powder concentration was set
to 500 g/m3 in the subsequent experiments.

3.2. Effects of the Explosion Suppressant on Explosion
Overpressure. With the concentration of Al powder at 500 g/
m3, the concentration of CaCO3 in the mixed dust was varied to
50, 100, 200, 300, 400, and 500 g/m3, and that of MCM41@CS-
APP was varied to 50, 100, 200, 300, and 400 g/m3, respectively.
The maximum explosion pressures generated by these mixed
dusts are listed in Figure 8.

As shown in Figure 8, at the fixed aluminum powder
concentration, Pmax shows downward trends with the increases
of the concentrations of MCM41@CS-APP and CaCO3. At the
same suppressant concentration, the Pmax produced by the
reaction of the Al powder (19 μm)/suppressant is higher than
that of the Al powder (30 μm)/suppressant (except for at the
suppressant concentration of 50 g/m3), suggesting that the
explosive power of Al powder with a smaller particle size is
greater. As 50 g/m3 ofMCM41@CS-APPwas added, the Pmax of
the Al powders increased to 0.725 and 0.669 MPa, respectively,
higher than those generated by the pure Al powders. The same
phenomenon is observed as 50 g/m3 of CaCO3 is added. These
observations indicate that low concentrations of the suppressant
can promote the explosion of Al dust. Amyotte et al. analyzed
this phenomenon and believed that the decomposition of the
low concentration of the suppressant in the high-temperature
environment could enhance the explosion.35,36 Both MCM41@
CS-APP and CaCO3 significantly inhibited the explosion of
aluminum powder when the concentration of the suppressant
reached 400 g/m3. The Pmax of the mixed dust (Al = 19 μm) was
0.133 and 0.364 MPa, which decreased by 81.3% and 48.9%,
respectively. The Pmax of the mixed dust (Al = 30 μm) was not
significant.

In addition, the aluminum powder particle size is unchanged;
adding the same concentration of detonation inhibitor, Al/
MCM@CS-APP-produced Pmax is lower than that produced by
Al/CaCO3, preliminary indication that the detonation inhib-
ition effect of MCM41@CS-APP is significantly better than that
of CaCO3.

Figure 1. Particle size distributions and SEM images of Al powders.

Table 2. Physical Properties of CaCO3

appearance
melting
point

decomposition
temperature density

water
solubility

white
powder

1339 °C 825−896 °C 2.93 g/cm3

(25 °C)
insoluble

Figure 2. SEM images of CaCO3.

Table 3. Physical Properties of MCM-41

proportion of
silicon

relative
crystallinity

pore
diameter

specific surface
area

100% ≥95% 3.8 nm 1180 m2/g
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4. EXPERIMENTAL STUDY ON FLAME EVOLUTION
DURING DEFLAGRATION

4.1. Flame Evolution during Al Powder Deflagration.
Figure 9 shows the flame evolution during the deflagration of 19
and 30 μm aluminum powders (500 g/m3) recorded by the dust
cloud ignition energy measurement system.

As shown in Figure 9a, under a pressure of 0.5 MPa, the Al
powder quickly fills into the Hartmann tube. At 379 ms, the Al
dust is ignited, and then the flame spreads upward along the
Hartmann tube. At 530 ms, the flame rushes out of the tube and
develops most violently. During the period of 530−602 ms, the
flame near the tube mouth gradually disappears because of the
reaction of Al dust in the upper part of the tube ends.Meanwhile,
the relative high concentration of Al powder in the middle and
lower parts of the tube maintains the flame at the bottom, and
the disappearance of the flame is relatively slow. At 707 ms, the
deflagration of the Al powder is over, and the flame is no longer
observed. The deflagration of the 19 μmAl powder lasts 328 ms.

As observed from Figure 9a, 30 μm aluminum powder
combustion lasted for 314 ms, and the initial combustion
moment of 30 μm aluminum powder is 27 ms later, which
indicates that the aluminumpowder with a smaller particle size is
easier to ignite.

4.2. Flame Evolution during Mixed Dust Deflagration.
4.2.1. Flame Evolution during Mixed Dust Deflagration (Al =
19 μm). Based on the deflagration flame evolution of 19 μm Al
powder, 200 and 400 g/m3 of MCM41@CS-APP and CaCO3
were, respectively, mixed with the Al powder. The deflagration
flame evolution laws of the four mixed dusts are obtained, as
shown in Figures 10 and 11.

In Figure 10a, the fire of mixed dust Al/MCM41@CS-APP
appeared at 389 ms, which was 10 ms later than the initial
reaction time of Al/MCM41@CS-APP compared to Figure 9a;
the reaction degree of Al/MCM41@CS-APP reached the
maximum at 477 ms; and the combustion of the mixed dust
was near the end at 671 ms. Its reaction process is 282 ms, which
is 46 ms shorter than the reaction maintenance time of
aluminum powder. As shown in Figure 10b, Al/CaCO3 starts to
react at 398 ms, which is later than the initial reaction time of
aluminum powder, and its reaction process duration is 305 ms,
which is 23 ms shorter than the reaction maintenance time of
aluminum powder.

In Figure 11, the degree of flame development of the two
mixtures of dusts was significantly reduced after addition of 400
g/m3 of the deflagration suppressant to the aluminum powder.
In Figure 11a, the initial reaction moment of Al/MCM41@CS-
APP was unchanged, but the flame development to the optimum
extent was delayed by 99 ms compared with that in Figure 10a,
and the flame extinguished more quickly.
4.2.2. Flame Evolution during Mixed Dust Deflagration (Al

= 30 μm). Based on the deflagration flame evolution of 30 μmAl
powder, 200 and 400 g/m3 of MCM41@CS-APP and CaCO3
were, respectively, mixed with the Al powder. The deflagration
flame evolution laws of the four mixed dusts are obtained, as
shown in Figures 12 and 13.

Figure 3. Schematic diagram of the synthesis of MCM41@CS-APP.

Figure 4. Particle size distributions and SEM images of MCM41@CS-
APP.
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As shown in Figure 12a, the Al/MCM41@CS-APP reaction
process is 266 ms, which is 48 ms shorter than the reaction

sustaining time of aluminum powder (30 μm). As Figure 12b
shows, the Al/CaCO3 reaction process is 287 ms, and the

Figure 5. Schematic diagram of 20 L spherical explosion apparatus.

Figure 6. Schematic diagram of the dust cloud energy measurement system.

Figure 7. Maximum explosion pressures and maximum rates of explosion pressure rise of the two Al powders at different concentrations.
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reaction sustaining time also appears to be scaled down. In
Figure 13, the flame development of the mixed dust was
substantially weakened by adding 400 g/m3 of the deflagration
suppressant to the aluminum powder. As displayed in Figure
13a, Al/MCM41@CS-APP reacted at 429 ms, and its reaction
process reached 113 ms. In Figure 13b, the degree of reaction of
Al/CaCO3 was also significantly weakened, a stronger flame
appeared in the 419−452 ms, and its initial reaction moment
and the end of the reaction moment were advanced.

According to the above experiments, it is observed that:

(1) The concentration of suppressor is constant, and the
larger the particle size of the aluminum powder, the
shorter the reaction time of the mixed dust, and the
weaker the flame development.

(2) Further verified that the inhibition of the burning of
aluminum powder by MCM41@CS-APP is significantly
better than that of CaCO3, which is reflected in three
aspects: the flame produced by Al/MCM41@CS-APP in
the optimum degree is obviously weaker than that by Al/
CaCO3; adding the same concentration of MCM41@CS-
APP and CaCO3, the reaction time of Al/MCM41@CS-
APP is much smaller than that of Al/CaCO3, and the
high-concentration MCM41@CS-APP shows signifi-
cantly superior suppression effects in terms of flame
brightness and flame height when compared to CaCO3
(see Figure 14).

5. EXPLOSION RESIDUE ANALYSIS
5.1. Physical Form Analysis. 5.1.1. Microanalysis (SEM).

The explosion residues of 19 μm Al powder and Al powder/
suppressant (50, 200, and 400 g/m3) mixed dusts were
characterized by SEM for their morphologies. The results are
shown in Figures 15 and 16.

As can be seen from Figure 15, the particle size of Al2O3
produced from the explosion of Al powder is significantly
smaller than the particle size of the Al powder. After 50 g/m3 of
MCM41@CS-APP was added to the 500 g/m3 Al powder,
different sizes of Al2O3 particles were observed in the explosion
residue. As the MCM41@CS-APP concentration increased to
200 and 400 g/m3, the number of Al particles drastically
increased in the explosion residue, indicating that MCM41@

Figure 8.Maximum explosion pressures of Al/MCM41@CS-APP and
Al/CaCO3 mixed dusts containing different concentrations of the
suppressant.

Figure 9. Flame evolution during the deflagration of Al powder.
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CS-APP can greatly inhibit the explosion of Al powder at those
doses.

Similarly, after 50 and 200 g/m3 CaCO3 are respectively
added to the Al powder, the SEM images reveal more Al2O3

particles and fewer Al particles in the explosion residues (Figure
16). As the CaCO3 concentration increased to 400 g/m3, more
Al particles were found in the explosion residue, and the

explosion suppression effect of CaCO3 at this concentration is
relatively obvious.
5.1.2. Macroanalysis. A uniform Al2O3 film is observed on

the chamber wall after the Al powder explosion (Figure 17a). As
50 g/m3 of MCM41@CS-APP is added, a layer of off-white
substance is found at the lower part of the chamber, and there are
flocculent reactants on the ignition electrode (Figure 17b). The

Figure 10. Flame evolutions during the deflagrations of Al/MCM41@CS-APP (200 g/m3) and Al/CaCO3 (200 g/m3).

Figure 11. Flame evolutions during the deflagrations of Al/MCM41@CS-APP (400 g/m3) and Al/CaCO3 (400 g/m3).
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explosion residue of the mixed dust containing 200 g/m3

MCM41@CS-AP at the bottom of the chamber is dark gray
(Figure 17c), indicating that a dense layer of product of
MCM41@CS-AP itself is formed at high temperature as more
MCM41@CS-APP is added.37 This dense layer prevents the
reaction of a considerable amount of Al powder. At the
MCM41@CS-APP concentration of 400 g/m3, a dense white
substance is formed on the surface of the aluminum powder due
to the reaction of MCM41@CS-APP, which prevents the
reaction of aluminum powder.

These SEM results and the explosion residues can be
explained by the fact that the APP in MCM41@CS-APP
decomposes in the high-temperature environment, which
releases strong acids, such as polyphosphoric acid and
pyrophosphoric acid.38−40 These strong acids tend to dehydrate
the surface of organic substances such as CS in the suppressant
to form a colloidal carbon layer. Meanwhile, the gases including
water vapor and NH3 released from the thermal decomposition
of APP and CS foam the carbon layer to form a porous colloidal
carbon layer, which greatly hinders the direct contact between Al

Figure 12. Flame evolutions during the deflagrations of Al/MCM41@CS-APP (200 g/m3) and Al/CaCO3 (200 g/m3).

Figure 13. Flame evolutions during the deflagrations of Al/MCM41@CS-APP (400 g/m3) and Al/CaCO3 (400 g/m3).

Figure 14. Durations of the deflagrations of different mixed dusts.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03871
ACS Omega 2024, 9, 44942−44955

44949

https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03871?fig=fig14&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


powder and oxygen, thereby suppressing the combustion and
explosion of Al powder.

5.2. Thermogravimetric Analysis. In the above section,
the suppression effects of MCM41@CS-APP and CaCO3 were
qualitatively analyzed by observing the morphologies of the
mixed dust before and after explosion. In order to further
understand their explosion suppression effects, TGA was
conducted on Al powder (19 μm), MCM41@CS-APP,
CaCO3, and mixed dusts with CaCO3/Al = 2:5, CaCO3/Al =
4:5, MCM41@CS-APP/Al = 2:5, and MCM41@CS-APP/Al =
4:5, respectively, in a nitrogen atmosphere. Figure 18 shows the
TG curves of Al powder, MCM41@CS-APP, and CaCO3. The
TG and derivative TG curves of the mixed dusts are shown in
Figure 19.

From room temperature to 600 °C, trace moisture in
aluminum powder is evaporated (Figure 18). As the temper-

ature increased to over 600 °C, the weight of Al powder slightly
rose due to the oxidation with air that produced amorphous
alumina. The weight rapidly increases and then becomes
constant as the temperature increases to over 800 °C. At this
stage, the Al powder vigorously reacts to form Al2O3, but due to
the incomplete reaction, the TG curve rises slowly from room
temperature to 600 °C, mainly due to the evaporation of
adsorbed water.41 The TG curve declines dramatically as
temperature increases to over 600 °C; CaCO3 is decomposed in
the high-temperature environment to form CaO and a large
amount of CO2.

42,43 The TG curve of MCM41@CS-APP is
relatively complex. The adsorbed water in MCM41@CS-APP is
evaporated as heated from room temperature to 320 °C. With
the further increase of temperature, the APP in the suppressant
is decomposed to release NH3 and H3PO4. As the CS in the
suppressant is heated, the dehydration of the sugar ring and the

Figure 15. SEM images of the explosion residues of Al (19 μm) powder and Al/MCM41@CS-APP mixed dusts.

Figure 16. SEM images of the explosion residues of Al (19 μm) powder and Al/CaCO3 mixed dusts.

Figure 17. Images of the explosion residues of Al powder and Al/MCM41@CS-APP mixed dusts.
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degradation of the polymer unit generate a certain amount of
NH3. From 320 to 900 °C, the decomposition of APP continues
to produce NH3, as well as N2, CO2, and P2O5.

44,45

As can be seen from Figure 19, the larger the proportion of the
suppressant, the smaller the final mass percentage of mixed dust
and the higher the initial oxidation temperature of Al powder. As
shown in Figure 19a,b, when MCM41@CS-APP/Al = 2:5/4:5,
the aluminum powder in the mixed dust started to oxidize at 835
and 850 °C, and the mass of Al/MCM41@CS-APP decreased

by 9.8% and 15.7% at 900 °C, respectively. As Figure 19c shows,
when CaCO3/Al = 2:5, at 620−720 °C, the thermal
decomposition of CaCO3 made the mass of dust decrease by
10.1%; when the temperature reached 720 °C, the oxidation
reaction of aluminummade the mass of dust begin to rise; and at
900 °C, the mass of Al/CaCO3 decreased by 11.35%. As
depicted in Figure 19d, when CaCO3/Al = 4:5, the aluminum
powder in Al/CaCO3 began to oxidize and react at 740 °C, and
the mass of Al/CaCO3 decreased by 19.6% at 900 °C.

5.3. X-ray Photoelectron Spectroscopy. In order to
analyze the substances that may be present in the explosion
products of the mixed dust, 200 g/m3 of MCM41@CS-APP was
added to the aluminum powder, and the full XPS spectra of Al
and Al (500 g/m3)/MCM41@CS-APP (200 g/m3) were
obtained after the explosion.

As shown in Figure 20a, after XPS analysis of the alumina
produced by the explosion of aluminum powder, only three
elements, namely, O, C, and Al, appeared in the full spectrum. In
Figure 20b, after adding 200 g/m3 of MCM41@CS-APP to the
aluminum powder, three elements, P, Si, and N, appeared newly.

The XPS full spectrum of O 1s, C 1s, Al 2p, Si 2p, P 2p, and N
1s was obtained after peak splitting of the different elements in
the product, as shown in Figure 21.

After the addition of MCM41@CS-APP, three peaks
appeared in the O 1s spectra of the explosion products after
the peak splitting process, corresponding to Al2O3, P−O bond,
C−O bond, and O element in SiO2 (Figure 21a). As shown in
Figure 21b, three peaks appear in the C 1s spectra with C

Figure 18. TG curves of Al powder (19 μm), MCM41@CS-APP, and
CaCO3.

Figure 19. TG and derivative TG curves of Al/CaCO3 and Al/MCM41@CS-APP with different ratios.
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Figure 20. XPS full spectrum.

Figure 21. XPS full spectrum of O 1s, C 1s, Al 2p, P 2p, N 1s, and Si 2p in Al/MCM41@CS-APP explosion products.
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elements originating from activated carbon, the C−N bond, and
the C�N bond.46 As illustrated in Figure 21c, four peaks in the
Al 2p spectra of the explosion products were obtained after the
peak splitting process, and after analysis, it was concluded that
the four peaks corresponded to Al, AlN, Al(OH)3, and Al2O3,
respectively. Under the inhibition effect of MCM41@CS-APP,
most of the explosion products of Al/MCM41@CS-APP
consisted of alumina particles and some unreacted aluminum
particles. Al(OH)3 may also be present. After the addition of
MCM41@CS-APP at a concentration of 200 g/m3, the P
element was considered to belong to phosphoric acid and other
compounds such as P2O5, and the N element was derived from
AlN, NH2, NH3, and C�N bonding.47 In addition, the selected
molecular sieve (MCM-41) specification is all-silicon, which
combines Si with O to form SiO2 in high-temperature
environments.48

6. RESULTS AND DISCUSSION
Through the XPS analysis of Al/MCM41@CS-APP explosion
products, combined with SEM analysis and TGA, it was
obtained that the inhibitory effect of MCM41@CS-APP on the
explosion of aluminum powder was reflected in the
condensation phase and gas phase. From the condensed-phase
aspect, the APP loaded byMCM-41 is thermally decomposed to
phosphoric acid and phosphates with CS as the carbon source,
expanding and carbonizing to form a dense carbon layer under
the action of acid and gas sources.49−52 The charcoal layer can
effectively prevent the penetration of oxygen and the diffusion of
the combustible gas, which inhibits the oxidation and
combustion of Al powder to great extents. From the gas-phase
aspect, the amino group in CS is converted into NH3 at the high
temperatures, and the reaction of APP produces large amounts
of inert gases, such as NH3, CO2, and N2. These gas products
dilute O2 and take the heat produced from the combustion away.
The free radicals, PO• and HPO•, generated from APP at the
high temperatures can capture the active free radicals, such as
H•, HO•, O•, and so on, as shown below, which makes it very
difficult to continue the combustion chain reaction.53−55

+ +• •H PO HPO PO HPO3 4 2

+• • •H PO HPO

+ +• • • •H HPO H PO

+ +• • • •HO PO HPO O

According to the above analysis, the suppression mechanism
of aluminum powder explosion by MCM41@CS-APP is
obtained, as shown in Figure 22.

7. CONCLUSIONS
In this paper, the inhibition effect of MCM41@CS-APP and
CaCO3 on the explosion flame and explosion pressure of
aluminum powder (500 g/m3) was investigated; the inhibition
performance of MCM41@CS-APP and CaCO3 on the
explosion of aluminum powder was compared in various aspects
such as flame development, pressure changes, and initial
material analysis; and the inhibition mechanisms of
MCM41@CS-APP on the explosion of aluminum powder
were obtained through SEM, TG, and XPS analyses, and the
following conclusions were obtained:
(1) The Pmax of the mixed dust decreased continuously with

the increase of the deflagration suppressant concen-
tration, and the decreasing trend of Al/MCM41@CS-
APP was more significant. When the concentrations of
MCM41@CS-APP and CaCO3 reached 400 g/m3, the
Pmax of mixed dust (Al = 19 μm) was 0.133 and 0.364
MPa, which decreased by 81.3% and 48.9%, respectively;
the Pmax of mixed dust (Al = 30 μm) was not significant.

(2) The particle size of aluminum powder has an impact on
the explosion effect. Aluminum powder with a smaller
particle size burns more strongly and has a longer
combustion process. Adding the same concentration of
the deflagration suppressant, Al/MCM41@CS-APP
produced a significantly weaker flame optimum than
that of Al/CaCO3, and the burning time of Al/MCM41@
CS-APP was shorter.

Figure 22. Schematic diagram of the mechanism of inhibition of aluminum particle explosion by MCM41@CS-APP.
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(3) The larger the proportion of the suppressant, the smaller
the final mass percentage of mixed dust and the higher the
initial oxidation temperature of Al powder; when CaCO3/
Al = 2:5, MCM41@CS-APP/Al = 2:5, CaCO3/Al = 4:5,
and MCM41@CS-APP/Al = 4:5, the initial oxidation
reaction temperatures of aluminum are 720, 835, 740, and
850 °C, respectively.

(4) Under the high-temperature environment, APP and CS in
MCM41@CS-APP react synergistically to generate a
gelatinous carbon layer; APP and CS molecules also
release a large number of inert gases; and the free radicals
generated by APP, such as PO• and HPO•, are able to
capture reactive free radicals. The inhibition of the
explosion of aluminum powders by MCM41@CS-APP
has been described in the condensation phase and the gas
phase.

As a self-developed solid powder suppressant, the preliminary
results show that it has a good suppressant effect (compared
with the conventional solid suppressant calcium carbonate). In
order to explore whether MCM41@CS-APP has application
value, it will be considered in the future to compare its explosion
suppression performance with NH4H2PO4 or MCA materials
under different initial conditions.
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