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ABSTRACT: In recent years, coal processing is developing
rapidly, but there are often hidden safety hazards such as coal
dust explosions during coal processing. In order to ensure safe
production and avoid coal dust explosion accidents, a carrier with
unique micro-mesoporous structure (SG) based waste molecular
sieves was prepared. After that, the carrier was loaded with
(NH4)2C2O4(A) uniformly by ultrasound, which acted as an
activity component for the first time. A novel micro-mesoporous
coal dust explosion suppressant (SGA) is obtained. The law
influence of different compositions of suppressant on the flame
propagation of explosion was investigated. The results showed that
the best ratio of waste molecular sieve, zirconium dioxide, and
(NH4)2C2O4 of the suppressant is 1:7:2. The suppression
performance increases with the increase of the addition of suppressant. When the addition amount is 70 wt %, the explosion
loses the ability to continue to expand. Finally, combining the suppression performance with characterization results, the physical
and chemical synergistic suppression mechanism is proposed, which reveals the reason why the suppressant has efficient suppression
performance. The study could realize the green reuse of waste molecular sieves and provide guarantees for safe production of the
coal processing industry.

1. INTRODUCTION

The coal chemical industry, in which coal is used as a raw
material, accounts for approximately 60% of the total energy
production of China. A lot of coal dusts are produced in
industrial processes, including transporting, storing, crushing,
and grinding of coal.1−5 Especially, the obvious yet hidden
danger of coal dust explosions exists in the equipment, which
seriously threatens the safety and production of industrial coal
processes.6 Coal dusts, which are relatively light, can easily
become airborne and remain aloft in enclosed and semi-
enclosed spaces to form dust clouds. When dust clouds are
exposed to a spark, they can be ignited and rapidly accelerate
into an explosion, causing a large-scale catastrophe.7−10

Moreover, the raw coal processed in the coal chemical
industry typically has coal dust with a small particle size,
which has low explosion concentration and ignition temper-
ature. Additionally, the environment of coal chemical industry
is usually high temperatures and pressures, and explosions
caused by the leakage of coal dust could easily occur. These
explosions have resulted in numerous deaths, injuries, and
massive economic losses.11−13

In an effort to prevent and control coal dust explosions,
researchers have mainly focused their studies on flame-

proofing and explosion suppression.14−18 Because of their
low cost and ease of transportation, powder suppressants have
been widely used. Explosion suppression with rock powders
has been used extensively because of their low cost.19

However, their explosion suppression performance is unsat-
isfactory, with the only effect of physical explosion
suppression.20 The effectiveness of other explosion suppres-
sants has been better, but some problems still exist, including
high cost and insufficient performance. The study of a low-
cost, high-performance suppressant is important to prevent
coal dust explosions. Cheng et al.21 investigated the
suppression of gas explosions by diatomite and quartz powders.
Their results indicated that diatomite powder is more effective
in explosion suppression than quartz powder and the explosion
suppression performance is closely related to the hydroxyl
content and porous structure on the surface of diatomite
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powder. Yu et al.22 have studied the characteristic parameters
of pyrolysis of a variety of powder suppressants, including
Al(OH)3, Mg(OH)2, and carbamide. They reported that the
explosion suppression performance of carbamide is better than
those of Al(OH)3 and Mg(OH)2. Their analysis of the
explosion suppression mechanism shows that a great amount
of NH4· and NCO· are produced in the pyrolysis of carbamide,
which react with the H· and OH· active radicals, respectively,
decreasing the quantity of radicals and thereby terminating the
chain reaction of the explosion. Yuan et al.23 have investigated
the suppression effect of a porous mineral (MTS)−ammonium
polyphosphate (APP) composite powder on the explosion of
methane and air. Their results showed that the explosion
suppression mechanism of the composite powder includes
both physical and chemical suppression. The complicated
structure of MTS could improve the capture ability of radicals.
Additionally, the successively occurring pyrolysis of MTS and
APP continuously absorbs heat, and the decomposition
products have the effect of attenuating, cooling, isolating,
and largely consuming the free radicals.
Molecular sieves are a kind of synthetic hydrated silicate

aluminate with porous structures that have the advantages of
good adsorption and selectivity.24−26 They are widely used in
the organic chemical industry, the petrochemical industry, and
exhaust purification. However, the activity of a molecular sieve
gradually decreases and finally disappears during continuous
use. A large deal of industrial waste molecular sieve was
produced throughout the world.27−29 As the industry rapidly
develops, the amount of waste molecular sieve produced
gradually increases. According to statistics, the yearly global
output of waste molecular sieve is as high as 0.5−0.7 million
tons. They are primarily microporous molecular sieves that
have little catalytic activity and are harmful to the environment.
Every year, a great amount of capital is consumed in their
disposal, which increases the cost of production.30−33

Molecular sieves have a uniform cellular structure and good
hydrothermal stability, but their pore diameter limits effective
loading of active components. Especially, for waste molecular
sieves, their pore structures are partially blocked and unfit for
loading active components. Moreover, there are Fe, V, and Ni
elements in waste molecular sieves, particularly a certain
amount of Fe element. How to reuse waste molecular sieves
into materials with high added value has becomes a crucial
problem faced by many enterprises.34−37

Mesoporous materials have relatively large pore diameters,
and the pores are easily used to load more active components.
Liu et al.38 used a sol−gel method to prepare Ni/CaO-ZrO2
with high heat stability. Their results showed that CaO
enhanced the alkalinity of the catalyst, promoting the chemical
adsorption and dissociation of CO2. Feng

39 used ZrO2 with
different porous structures to load gold nanoparticles as
catalysts. They studied the effect of light intensity and
wavelength on the reaction and analyzed the effect of the
porous structure of the ZrO2 carrier on the catalytic activity.
Their results showed that a change of light intensity and
wavelength of visible light influenced the reaction. It was
observed that the mesoporous materials were useful to load the
active component. The green use of waste molecular sieves
could be achieved when waste molecular sieves with a
micropore structure are combined with ZrO2 to prepare a
novel material for explosion suppression, which would be
significant scientifically and technologically. With (NH4)2C2O4
as an active component, NH3 and CO2 gas can be released by

it, which is in favor of explosion suppression. However, there
are no studies on the use of (NH4)2C2O4 in explosion
suppression of coal dust.
In this work, the green recycling of waste molecular sieves

was achieved by combining waste molecular sieves with a
microporous structure and ZrO2 with a mesoporous structure.
Especially, (NH4)2C2O4 was used as the active component for
explosion suppression for the first time. The mesoporous
structure in the suppressant contributed to the high efficiency
of the loading active component (NH4)2C2O4. In addition, the
mesoporous structure in the suppressant was in favor of rapid
entry of the flame in the explosion process. The agglomeration
of the active component was solved by the successful loading
of (NH4)2C2O4 on micro-mesoporous materials. Simulta-
neously, inert gas generated by (NH4)2C2O4 during the
explosion suppression process could dilute oxygen. The micro-
mesoporous material has a specific pore structure and metal
elements such as Fe etc., which is helpful for adsorbing mass of
free radicals of explosion . The effect of the suppressant on the
flame propagation law and its performance of explosion
suppression were investigated. Combing with the character-
ization results, it indicates that the micro-mesoporous
suppressant has efficient synergistic effect of physics and
chemistry in coal dust explosion suppression. This work can
not only realize the green reuse with high added value of waste
molecular sieves but also provide guarantees for safe
production of the coal processing industry.

2. RESULTS AND DISCUSSION
2.1. Characterization of Samples. Figure 1 shows the

SEM images of S, G, SG, and SGA. As shown in the scanning

electron microscopy (SEM) image in Figure 1a, S had an
irregular bulk shape, and parts of its surface were porous.
Figure 1b shows that G also had an irregular bulk shape. The
mixed material of S and G still showed an irregular bulk shape
in Figure 1c. After the loading of component A, SEM revealed
that the material still possessed an irregular bulk shape, and
small particles are observed in Figure 1d, indicating that active
component was successfully loaded on the micro-mesoporous
carrier.
Energy dispersive X-ray spectroscopy (EDS) was used to

characterize the elemental composition of the materials, as
shown in Figure 2. S and SGA composite contained Fe, Ni, and

Figure 1. SEM images of (a) S, (b) G, (c) SG, and (d) SGA.
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V. However, the SGA composite also contained Zr and N. The
existence of Zr indicated the presence of G, and the existence
of N indicated the presence of A. Hence, a suppressant
containing S, G, and A was successfully prepared.
The distribution of elements V, Fe, and Ni was quite

uniform, as shown in the SEM mapping image in Figure 3. The
uniformity demonstrated that S was dispersed uniformly in the

suppressant. Also, the uniform distribution of elements Zr and
N demonstrated a uniform distribution of components G and
A in the suppressant. Therefore, each component was well
dispersed in the novel suppressant, which was prepared by the
dry mixing method.
The X-ray diffraction (XRD) peaks belonging to molecular

sieve Y at 2θ = 10.41, 12.19, 15.99, 20.70, 24.05, 45.90, and
66.78° appeared in the XRD of S, as shown in Figure 4a,
indicating that the molecular sieve Y was mainly contained in
S.40 Figure 4b shows that diffraction peaks appear at 2θ =
18.45, 20.46, 27.08, 36.78, 37.93, 44.41, 54.56, and 63.29°, and
these diffraction peaks are attributed to cubic zirconia.41

Additionally, some XRD peaks of S and G appeared in the
XRD of the suppressant shown in Figure 4c, which proved that
S and G were contained. However, as the S/G mass ratio in the
sample was 1:7, the diffraction peak of G was relatively strong,
while the diffraction peak of S was relatively weak due to low
content in micro-mesoporous (SG). The XRD peaks of SGA
appeared at 2θ = 24.80 and 33.72°, as shown in Figure 4d,
indicating that A was successfully loaded on the micro-
mesoporous carrier.42

The specific surface area and total pore volume of S were 90
m2/g and 0.02 cm3/g, respectively. The specific surface area
and total pore volume of micro-mesoporous (SG) significantly
decreased after dry mixing, as shown in Table 1. The decrease
was due to the effect of the merging and coverage of G on the
pores of S. Clearly, the specific surface area and total pore
volume of SGA significantly decreased with the loading of A,
which indicated that the pore was gradually filled with A and A
was loaded on SG successfully.
The adsorption−desorption isotherm of N2 in S was type IV

isotherm, as shown in Figure 5. When the relative pressure P/
P0 was <0.1, the adsorbing capacity of N2 increased rapidly,
which suggested the existence of the micropores in S. A
hysteresis loop of type H4 occurred when P/P0 = 0.4−1,

Figure 2. EDS spectra of (a) S and (b) SGA.

Figure 3. SEM mapping image of SGA.
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indicating that some mesoporous or macroporous structures
exist because S has been used for a long time in production.
The adsorption−desorption isotherm of N2 in G was also a
type IV isotherm, and the adsorption at low P/P0 had the same
basic characteristics as the mesoporous material. In contrast,
when P/P0 = 0.8−1, the occurrence of a type H4 hysteresis
loop implied the existence of a mesoporous or macroporous
structure. The adsorption−desorption isotherms of N2 in the

carrier micro-mesoporous (SG) and SGA were both type IV
isotherms, and the adsorption capacity of N2 increased rapidly
in micro-mesoporous (SG) when P/P0 was 0.2−1. A type H4
hysteresis loop occurred, which indicated that the carriers all
had a mesoporous structure. However, compared with the
adsorption isotherm of the carrier micro-mesoporous (SG),
the hysteresis loop of SGA became smaller, suggesting that the
carrier was gradually filled with A after the loading of A.
The pore diameter size of S was mainly 1 nm, and that of G

was in the ranges of 2, 5, 10, 20, and 40 nm shown in Figure
6a,b. As S and G were mixed at a ratio of 1:7, the pore

diameter size was in the ranges of 1, 5, 10, 20, and 40 nm, as
shown in Figure 6c. When the loading of A was 20 wt %, the
peak intensity at 1 nm weakened, which indicated that A was
first loaded into the micropore structure of the micro-
mesoporous suppressant.
The TG curve of S in Figure 7a revealed that S slightly lost

weight before reaching 200 °C, which was caused by the
desorption of a small amount of water in S. In general, there
was no obvious weight loss in the TG curve of S, indicating
that S had relatively high thermal stability. The TG curve of
SG in Figure 7b contained two stages including rapid and slow
weight loss. Pyrolysis occurred at 200 °C. The TG curve
started to decrease, and the rate of weight loss slowed, which
resulted from the decomposition of impurities in S and G. The
stage of slow weight loss began at 300 °C, which might have
resulted from the solid solution phenomenon caused by a small
amount of Al2O3 in S acting as a stabilizer of zirconium oxide.
The TG curve of SG no longer decreased at 550 °C. The
pyrolysis in the TG curve of SGA shown in Figure 7c was
mainly divided into five stages. In stage 1, slow weight loss
occurred over 60−100 °C with a weight loss ratio of 4%,
mainly due to the desorption of a small amount of water in the
suppressant and the decomposition of a small amount of A. In
stage 2, weight loss occurred over 100−220 °C with a weight
loss ratio of 10%, and oxalic acid decomposed at about 195 °C.
In stage 3, rapid weight loss occurred over 220−300 °C with a
weight loss ratio of 25%, which resulted from the
decomposition of impurities in S and G. In stage 4, slow
weight loss occurred over 300−360 °C with a weight loss ratio
of 9%, which resulted from the solid solution phenomenon

Figure 4. XRD patterns of (a) S, (b) G, (c) SG, and (d) SGA.

Table 1. BET of S, SG, and SGA

sample BET (m2/g) VT (cm3/g) d mesopore

S 90.3557 0.020953 7.7879
SG 15.7313 0.001785 7.7956
SGA 6.7231 7.3414

Figure 5. Adsorption curve of (a) S, (b) G, (c) SG, and (d) SGA.

Figure 6. Pore size distribution of (a) S, (b) G, (c) SG, and (d) SGA.

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

https://doi.org/10.1021/acsomega.1c04791
ACS Omega 2021, 6, 35416−35426

35419

https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04791?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


caused by a small amount of aluminum oxide in S acting as a
stabilizer of zirconium oxide. In stage 5, from 360 to 550 °C,
there was nearly no change in weight.
In the Fourier-transform infrared (FTIR) spectroscopy

analysis of S shown in Figure 8a, vibration bands of Si−O4
and Al−O4 appeared at 1320−720 cm−1, the stretch vibration
band of O−H in aluminosilicate Si−OH and Al−OH occurred
at 3600−3200 cm−1, and the stretching vibration peak of Si−H
occurred at 2360−2270 cm−1. This vibration band also

appeared in the FTIR spectra of SG and SGA, which indicated
that both SG and SGA contained S. In the FTIR spectrum of
G, the vibration band of Zr−OH occurred at 1230−800 cm−1,
the vibration band of O−Zr−O occurred at 654 cm−1, and the
stretch vibration band of O−H in Zr−OH occurred at 3600−
3300 cm−1. Both the above vibration bands existed in SG and
SGA, indicating that the G and S were successfully mixed in
the suppressant. After the addition of active component A, the
absorption peak of the flexural vibration of NH4

+ occurred at
1790−1230 cm−1 and the absorption peak of the asymmetric
stretching vibration of NH4

+ occurred at 3260−2800 cm−1.
In the FTIR spectra before and after coal dust explosion

(Figure 9), the vibration peaks of the chemical structure in the

lignite specimen mainly occurred at 1600−600, 3000−2280,
and 3700−3300 cm−1.43 The functional groups mainly
consisted of the C−H bonds in olefins and in aromatic
hydrocarbons as well as hydroxyl groups. The peaks at 1700−
1510 cm−1 corresponded to the vibration of the CC bonds
in the aromatic hydrocarbon. With the addition of the SGA
suppressant, the FTIR spectrum after coal dust explosion
showed that the intensity of the C−H vibration peaks

Figure 7. TG-DTG curves of (a) S, (b) SG, and (c) SGA.

Figure 8. FTIR of (a) S, (b) G, (c) SG, and (d) SGA.

Figure 9. Infrared spectra of the explosion suppressant before and
after explosion.
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decreased significantly. Additionally, the intensity of oxygen-
containing functional groups at 1098 cm−1 significantly
decreased, the intensity of the peak associated with water at
1602 cm−1 slightly decreased, and the intensity of the hydroxyl
vibration peak at 3429 cm−1 decreased. The FTIR spectrum
before and after the addition of suppressant showed that the
chemical structures in the lignite specimen, including olefin,
aromatic hydrocarbon, oxygen-containing functional groups,
and hydroxyl groups, participated in the lignite explosion
reaction.
2.2. Flame Propagation Inhibition. 2.2.1. Influence of S,

G, and SG on the Flame Propagation Inhibition of Coal
Dust. Figure 10 shows the flame suppression results with

different suppressors. When the coal dusts contacted a heated
platinum wire without a suppressant, the explosive flame
rapidly diffused in the tunnel and reached a maximum length
of 400 mm, which indicated that coal dust of lignite was
strongly explosive, as shown in Figure 10a. With the addition
of 20 wt % of S and G, the flame of the coal dust explosion was
suppressed, as shown in Figure 10b,c, respectively. Under the
same conditions, with the addition of a mixture of S and G, the
maximum length of flame was about 100 mm. The decrease in
maximum flame length in Figure 10d demonstrated that the
SG had the best suppression effect.
2.2.2. Influence of Different SG Contents on the Inhibition

of Flame Propagation of Coal Dust. Figure 11a−e shows the
flame suppression diagram of the increase from 10 to 30 wt %.
As the amount of SG increased in the explosion suppression
test, the flame of coal dust explosion was shortened. With the
addition of 15 wt % of SG, the length of the flame was 250
mm, which was shortened by nearly 40% due to the effect of
explosion suppression. With the addition to 30 wt %, the flame
basically disappeared, illustrating that the coal dust explosion
was completely suppressed.
2.2.3. Inhibition of Coal Dust Flame Propagation with

Different Ratios of S and G. As shown in Figure 12a, the total
length of the flame from lignite reached 400 mm when no
suppressant was present. Figure 12a−i showed the flame
suppression diagram of waste molecular sieve and zirconia at
different proportions with the increase in zirconia. The length
of the flame showed a trend of first shortening and then
increasing with the decrease in G. As shown in Figure 12g,

when the S/G mass ratio was 1/7, the coal dust explosion was
effectively suppressed.

Figure 10. Flame suppression results with different suppressors. (a)
Blank, (b) 20 wt % S, (c) 20 wt % G, and (d) 20 wt % SG (S/G = 1/
1).

Figure 11. Flame suppression graph of coal dust with different added
amounts of waste molecular sieve and zirconia with the S/G = 1/1.
(a) 10 wt % of SG, (b) 15 wt % of SG, (c) 20 wt % of SG, (d) 25 wt
% of SG, and (e) 30 wt % of SG.

Figure 12. Flame suppression diagram of waste molecular sieve and
zirconia at different ratios of 20 wt %. (a) Blank, (b) S/G = 5/1, (c)
S/G = 3/1, (d) S/G = 1/1, (e) S/G = 1/3, (f) S/G = 1/5, (g) S/G =
1/7, (h) S/G = 1/9, and (i) S/G = 1/11.
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2.3. Performance of Coal Dust Explosion Suppression
for the SGA Suppressant. As shown in Figure 13, it can be

seen from the experimental results that when the concentration
of coal dust explosion is 300 g/m3, coal dust explosion has the
maximum explosion pressure and the maximum explosion
pressure rising speed. Therefore, 300 g/m3 (6g of coal dust)
was selected as the best concentration for experimental testing.
The 20 L spherical device used in the explosion experiment

obtains the maximum explosion pressure Pmax and the
maximum explosion pressure rise rate (dP/dt)max as shown
in Figure 14.

The curves of pressure changing after the addition of
suppressants with different mass ratios show that with the
increase in suppressant, the pressure peaks of explosion
decreased continuously, the rates of pressure increase
continuously slowed, and the rates to reach the peak also
continuously slowed, as shown in Figure 15. These changes
occurred because the higher the mass ratio of the suppressant
was, the greater was the mass concentration of the suppressant,
and the explosion suppression effect was improved. The
pressure curve of an explosion with an explosion concentration
of 300 g/m3 of lignite was used. The maximum explosion
pressure Pmax was 0.56 MPa, the increased rate of maximum
explosion pressure (dP/dt)max was 19.336 MPa/s, and the time
to reach the peak was 30 ms. As the amount of added
suppressant rose to 40 and 50 wt %, the rate of rise of the
pressure curve and the peak both significantly decreased. When
the suppressant content was 60 wt %, the gradient of the curve
decreased, with Pmax, (dP/dt)max, and time to peak values of

0.22 MPa, 9.023 MPa/s, and 60 ms, respectively. Compared
with the baseline curve, the Pmax and (dP/dt)max decreased by
39%, and the time to reach the peak doubled. When the
content of suppressant was increased to 70 wt %, the Pmax,
(dP/dt)max, and time to peak values were 0.15 MPa, 5.15 MPa/
s, and 80 ms, respectively. Increasing the suppressant content
to 80 wt %, the coal dust explosion was basically suppressed,
with Pmax, (dP/dt)max, and time to peak values of 0.06 MPa,
2.57 MPa/s, and 100 ms, respectively.

2.4. Mechanism of Explosion Suppression. In the
paper, S was mixed with mesoporous ZrO2 to prepare the
suppressant with high added value, which could provide
important security for coal industry and realize the green reuse
of waste molecular sieves. At the same time, A was used as the
active component for explosion suppression, and it was loaded
on the mesoporous carrier to prevent the aggregation of A,
increase its dispersity, establish a physical and chemical
synergistic effect, and improve its effectiveness as an explosion
suppressant. The mechanism of explosion suppression of the
novel suppressant mainly involved three main effects, as
illustrated in Figure 16.

(1) The physical effect. A, separated from the mesoporous
carrier, absorbed the heat at a high temperature,
decomposed, and generated NH3 and CO2 gas, which
attenuated the oxygen concentration in the explosion
area. After the micro-mesoporous (SG) particles were
heated, S and G coated the surface of the unexploded
coal dust particles, which segregated the particles and
caused them to avoid the reaction of the explosion.
Dehydration occurred in the process of heating S, with
adsorbed H2O absorbing the heat and evaporating,
which had an effect on the cooling effect. As presented
in Table 1 and Figure 2, SG had a relatively large specific
surface area and a specific pore structure that resulted in
the good adsorption performance of the suppressant and
fully contacted and adsorbed the free radicals in the
explosion chain reaction, causing the chain reaction to
stop.

(2) The chemical effect. As shown in Figure 3, S contained
elements such as Fe and Ni, and the existence of element
Fe consumed some of the OH· in the explosion reaction
to stop the chain reaction. Additionally, as a

Figure 13. Coal dust explosion characteristic experiment.

Figure 14. Diagram of the explosion pressure curve.

Figure 15. Influence of different SGA additions on coal dust
explosion parameters.
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decomposition product of A, NH3 was generated before
CH4, which reacted with the active free radical OH· and
H· to generate ·NH2, H2, and H2O first, and thus the
chain reaction of coal dust explosion was stopped.

(3) The physical and chemical synergistic effect. The cooling
effect of A in the suppressant was achieved by
decomposition and heat absorption, and the mesopo-
rous carrier had a special pore structure and relatively
large specific surface area, which resulted in a good
physical explosion suppression effect. At the same time,
the Fe and Ni in the suppressant and the decomposition
product NH3 could react with the active free radicals of
the explosion to play a chemical effect. The suppressant
simultaneously achieved the above physical and chemical
synergistic effect with high efficiency, which demon-
strated good explosion suppression performance.

3. CONCLUSIONS
In this paper, the microporous waste molecular sieve and
zirconium dioxide were used to form a micro-mesoporous
structure as the matrix, and the (NH4)2C2O4 was first loaded
to realize the green recycling of waste molecular sieve to
prepare a novel coal dust explosion suppressant with a micro-
mesoporous structure. Physical inhibition mainly consists of a
physical coating, physical endothermic cooling effect and gas
inerting effect. The micro-mesoporous suppressant has a large
specific surface area and good pore structure, which enhances
the ability to adsorb free radicals of the explosive chain
reaction. Fe and decomposition products NH3 in the
suppressant can react with active free radicals, which shows
efficient chemical effects.
The suppressant has an irregular bulk shape, and each

component was well dispersed in the novel suppressant, which
was prepared by a dry mixing method. The specific surface area
and total pore volume of SGA decreased with the loading of A
due to the fact that the pore was gradually filled with A. In
addition, A was first loaded into the micropore structure of the
micro-mesoporous suppressant. Meanwhile, the active compo-
nents dispersed uniformly and their aggregation problem was
solved.

In the explosion reaction, the species that participated in the
explosion reaction are mainly olefin, aromatic hydrocarbon,
oxygen-containing functional groups, and hydroxyl groups.
When the ratio of waste molecular sieve, zirconium dioxide,
and (NH4)2C2O4 of suppressant is 1:7:2, it has the best
inhibitory effect in explosion suppression. The suppressant
performance increases with the increase in its addition. When
the addition amount of suppressant is 70 wt %, the coal dust
explosion loses the ability to continue to expand.
In the end, the physical and chemical synergistic suppression

mechanism of the micro-mesoporous suppressant based on
waste molecular sieve is proposed, which reveals the reason
how the novel suppressant plays a role in efficient explosion
suppression.

4. EXPERIMENTAL SECTION

4.1. Preparation of the Explosion Suppressant.
Zirconium dioxide (G) and (NH4)2C2O4 (A) were from
Qingdao Jingke Chemical Reagent Company. The brown coal
was from Pingzhuang, Inner Mongolia, and it was selected and
screened by a 200-mesh standard sieve, and the experiment
was carried out with a particle size less than 75 μm. Figure 17
and Table 2 show particle size analysis of pulverized and
industrial analysis. Figure 17 shows that the coal dust particle
size distribution is concentrated in 74.3 μm. Table 2 shows
that the volatile matter and fixed carbon content in pulverized
coal is relatively high.
The specific preparation process is as follows: First, the

waste molecular sieve (S) was calcined at 500 °C for 4 h so as
to remove the residual oil. After that, molecular sieve was
mixed with zirconium dioxide according to a mass ratio of 1/7
to obtain a waste molecular sieve-based micro-mesoporous
material (SG). Then, 20 wt % of the active ingredient
(NH4)2C2O4, it was dissolved in deionized water, and the
solution was dispersed in an ultrasonic cleaner for 30 min. The
temperature of the water bath was 30 °C. Finally, the waste
molecular sieve-based micro-mesoporous material (SG) was
added to the above (NH4)2C2O4 solution, stirred evenly, and,
under the condition of a water bath temperature of 30 °C,
ultrasonically dispersed and loaded for 30 min so that the

Figure 16. Mechanism of coal dust explosion suppression for SGA.
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active molecules and the carrier were fully dispersed and
contacted. After that, a turbid liquid was obtained. The turbid
liquid was allowed to stand for 12 h to form a precipitate and
dried at 30 °C for 12 h. The precipitate was taken out, crushed,
and sieved to obtain a micro-mesoporous composite powder
explosion suppression material (SGA) based the waste
molecular sieve. The specific preparation process is shown in
Figure 18.

4.2. Laboratory Equipment. Through the dust explosion
flame propagation test system, the coal dust flame suppression
experiment was carried out, as shown in Figure 19. First, 1.0 g
of coal powder and different quality explosion suppressant
samples were placed in the sample tube, and the sample tube
was installed firmly to prevent air pressure from rushing. Then,
the platinum wire was moved from the small hole at the back
of the pipe and heated up to 1100 ± 1 °C, and the powder
spraying pressure was set to 0.05 MPa. In this state, the start
switch was pressed to spray the pulverized coal into the pipe
while high-speed photography was used to record the longest
state of the flame image, and each group of experiments was
performed 3 times in parallel.

The 20 L spherical explosion test system was used to test the
coal dust suppression performance, as observed in Figure 20. A

10 KJ chemical ignition tip was used in the coal dust
suppression test, a 60 ms ignition delay was set, and 6 g of
pulverized coal and explosion suppressants of different qualities
were mixed and added into the dust storage bin. The ignition
tip was placed, and the tank was sealed. The spraying pressure
of the solenoid valve was set to 2 MPa, the tank was vacuumed
to −0.06 MPa through the vacuum pump, and the valve was
closed to ensure that the experimental device was completely
sealed. The device was started, and the sample was sprayed
into the tank at a pressure of 2 MPa to form a dust cloud,
which exploded using the ignition head. The explosion
pressure curve was obtained through the pressure sensor.
The maximum explosion pressure Pmax, the maximum pressure
rise rate (dP/dt)max, and the time of reaching the pressure peak
were recorded.

Figure 17. Particle size distribution of coal dust.

Table 2. Proximate Analysis of Brown Coal

proximate(%)

sample Mad Aad Vad FCad

brown coal 6.31 17.01 32.8 43.88

Figure 18. Composite powder SGA preparation process.

Figure 19. Dust explosion flame propagation test system.

Figure 20. Twenty-liter spherical explosion test system.
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