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Abstract: The spontaneous combustion of coal in goaf is the main cause of mine fire at present. Lignite has
become a major hidden danger in mine production safety because of its easy oxidation. In this paper, an
innovative strategy was proposed to inhibit the spontaneous combustion of lignite by using the principle of
microbial-induced calcium deposition. Based on the optimized culture method, a novel composite inhibitor of
Bacillus pasteurelli was prepared. SEM, pore size analysis and FT-IR experiments were carried out
simultaneously, and the oxidation properties of lignite before and after inhibition were quantitatively
characterized from the perspective of microstructure, and the flame retardant properties of microbial and
chemical retardants on coal samples were compared. The results show that a large number of deposited calcium
carbonate particles are obviously attached to the surface of lignite after microbial inhibition treatment, which
plays a physical oxygen insulation role. At the same time, the total pore volume and specific surface area of the
coal sample decreased by 68.49% and 74.01%, respectively, indicating that microbial inhibitors can effectively
plug the primary pores of lignite. Based on the peak measurement of 400-4000cm-1 infrared spectrum of coal
samples, it is found that the contents of active groups including hydroxyl, carboxyl and methyl/methylene in
lignite molecules after microbial inhibition are lower than those in raw coal, especially the methyl/methylene
content involved in the initial oxidation reaction decreased by 96.5% compared with the baseline content in raw
coal. The results show that the oxidation and self-heating capacity of lignite after microbial inhibition is
effectively restrained in the initial spontaneous combustion. The research results of this paper can provide
effective solutions for the prevention and control of coal spontaneous combustion risk in mined-out area.

Keywords: mine fire prevention; lignite; spontaneous combustion of coal; retarding agent;
microorganism1.Introduction

China's lignite is rich in resources and occupies the main position in the coal consumption
structure. In the process of mining, lignite is prone to spontaneous ignition when exposed to air,
which is an important object of mine fire prevention and control. People have studied the law of
spontaneous combustion by constantly exploring the relevant factors of spontaneous combustion of
coal. Based on various principles such as isolating the contact between the coal surface and oxygen,
reducing the coal temperature below the combustion temperature, improving the activation energy
of the coal oxidation reaction from the perspective of chemical technology, and inhibiting the
spontaneous combustion reaction process of coal, technical measures such as grouting, filling,
pressure equalization, inhibition, inert gas, gel and three-phase foam are proposed to inhibit the
spontaneous combustion of coal [1].Among all kinds of existing fire prevention technologies, the
research on the use of inhibitors for fire prevention is still in the process of development [2-5].
Currently, commonly used inhibitors can be divided into: (1)liquid film is formed on the surface of
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coal seam from the perspective of inhibition mechanism, thereby preventing further contact reaction
between coal molecules and oxygen in the air.(2)The blocking agent reacts with heat release, and the
surrounding water is heated and vaporized to absorb heat, thereby preventing the heat accumulation
inside the coal seam.(3)The inhibitor reacts with the active groups in the macromolecular structure of
coal to reduce the number of active groups, thereby preventing the coal-oxygen reaction [6]. From
the point of view of inhibition properties, the existing inhibitors can be divided into physical,
chemical and composite inhibitors, physical inhibitors can effectively fix the water in coal, reduce the
possibility of coal spontaneous combustion, and prevent the oxygen in coal composite, mainly
including chlorine salts, halogen salt inhibitors, gel inhibitors, foam inhibitors, polymer inhibitors
and so on. Compared with raw coal, the peak temperature and total heat release of the inorganic salt
retarded coal sample decreased significantly, and the apparent activation energy increased
significantly, thus effectively preventing the spontaneous combustion reaction of coal [7].
Predecessors analyzed the flame retardant effect of inorganic salt retardants on different coal types
by changing the types of coal and retardants. It is concluded that different inorganic salt inhibitors
should be used for different coal types [8].

Chemical inhibitors can directly interfere with the REDOX reaction in coal and interrupt the
chain reaction by forming a stable structure with its active functional groups [9]. By studying the
structural fragments of coal molecules, it was proposed that metal ions can form coordination bonds
with atoms in some active groups, thus reducing the activity of reactive groups in coal to react with
oxygen. In view of this theory, predecessors have used a variety of test and analysis methods to study
the changes of several inorganic salt inhibitors on the structure of coal from the molecular point of
view, and evaluated their respective inhibition effectiveness. For example, the mechanism of
inhibiting coal spontaneous combustion by CaCl: was studied, and the existence of N active groups
in coal was systematically studied. The results show that calcium ions react with N-containing active
groups in coal structure to form stable complexes, improve the active structure of coal, and greatly
improve the stability and antioxidant capacity of coal [10]. Through thermal analysis, infrared
spectrum, oxidation analysis and other experimental tests, it is proved that phosphate and MgCl, as
synergistic inhibitors to inhibit coal spontaneous combustion, can effectively reduce the heat in the
process of coal spontaneous combustion, and reduce the functional groups such as -OH and -CH: in
treated samples [11]. According to the temperature program oxidation experiment and Fourier
infrared spectrum analysis, it can be seen that the sodium persulfate treatment of coal samples can
increase the amount of stable ethers, alkyls and carboxylic acids in the molecular structure, thus
significantly improving the flame retardant performance [12].From the perspective of technical
means, in order to effectively solve the limitations and deficiencies of a single type of chemical
retarder, predecessors proposed to combine it with different types of retarder to form a composite
retarder to inhibit spontaneous combustion of coal. Examples include carbon/oxygen free radical
trapping agent and magnesium chloride complex [14], foam carrier combined with thermoplastic and
coal powder [13], Sodium polyacrylate - anthocyanin complex inhibitor, and the use of temperature-
sensitive smart gel coating tea polyphenols [15]. In order to overcome the problems of easy loss of
chemical reagents and short resistance life in the use of traditional chemical inhibitors, the technology
of microcapsule encapsulation of chemical reagents can improve the stability of traditional chemical
reagents and provide convenience for injection into coal seams. The principle is to inject the
microcapsule inhibitor into the coal seam in advance when the coal body is not oxidized [34]. When
the oxidation of the coal seam reaches a certain temperature point, the chemical inhibitor wrapped
in the microcapsule begins to act for inhibition. At present, the microcapsule coated with tea
polyphenol inhibitors and ethylenediamine tetraacetic acid coated with polyethylene glycol 20000
and pentaerythritol stearate have significant chemical inhibition effects and can improve the
activation energy of the reaction [16].

As for the improvement of the inhibition efficiency of the inhibitor, it is still under research and
development. It has been found that some microorganisms in nature can react with calcium ions in
the environment by their own metabolic activities to generate calcium carbonate precipitation, which
can be cemented and condensed among the particles after combining with soil particles. This feature
is often applied to soil structure modification in construction to increase soil strength. Reduce dust
[17]. In view of this characteristic, this paper proposes a new method and principle of inhibiting
spontaneous combustion of lignite by inducing calcium deposition by microorganisms. A series of
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controlled experiments are carried out to determine the optimal culture environment for
microorganisms, and four coal samples of raw coal, bio-inhibited coal, chemically inhibited coal and
water-immersed coal are prepared. SEM, pore size analysis and FT-IR tests were carried out to study
the changes of surface morphology, pore structure, active functional groups and other microscopic
characteristics of four kinds of lignite samples before and after inhibition, analyze the inhibition
mechanism and change rule, and reveal the inhibition mechanism of microbial inhibitor on lignite
spontaneous combustion from the perspective of microstructure.

2.Experimental material
2.1. Preparation of biological inhibitors

The Bacillus pasteurelli used in the experiment was purchased from Beijing Beina Biotechnology
Co, LTD. Strain number ATCC11859. The urease produced by this strain can decompose urea in two
stages to obtain ammonia and carbonic acid. With the addition of calcium source, carbonate ions in
the solution combine with calcium ions to form calcium carbonate with strong cementing ability [18].
The mechanism of applying microorganisms to inhibit the spontaneous combustion of coal is mainly
to use the calcium carbonate produced to block the pores of coal and significantly reduce the specific
surface area of coal. Reduce oxygen contact with the coal surface. The growth of Bacillus pasteurii is
mainly affected by temperature and pH, and it has strong adaptability to the environment and can
still survive in the environment of high acid, high alkali and high salt. Studies have shown that the
optimal growth temperature of this bacterium is 30°C in a more alkaline environment [28], and the
optimal cultivation conditions such as pH and cultivation time are determined through further
controlled experiments.

According to the results of the control experiment, the strains were cultured in a weak alkaline
environment with a PH of 7.5 for 48h, and the number of microorganisms and urease activity in the
culture medium reached the highest. When calcium chloride is selected as calcium source, the
concentration of cementing fluid is 1M, the ratio of cementing fluid to bacterial fluid is 1:1, and the
ratio of urea to calcium chloride is 1:1.5, the quality of calcium carbonate is the highest. The influence
of culture conditions on biological bacteria solution is shown in Figure 1.
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Figure 1. Influence of changing culture conditions on bacterial activity(a)The change of microbial
concentration and urease activity with culture time.(b)The change trend of urease activity with time in
different pH environments.(c)The calcium carbonate quality produced by the two calcium sources in the
culture medium with different cementing fluid concentration.(d) is the calcium carbonate deposition
produced by the two calcium sources in the different ratio of cementing fluid to bacterial fluid.

2.2. Preparation of experimental coal sample

The object of this experiment was lignite, which was accurately tested and analyzed according
to the standard method of experimental coal sample [19]. Fresh coal samples were taken from the site
and sealed and stored. After crushing treatment in the laboratory, samples with particle sizes of 40~80
mesh and 200~300 mesh were selected and dried for 48 hours under vacuum environment for
subsequent use. Four groups of lignite coal powder with a mass of 5g were weighed, and one group
of coal samples was set as raw coal samples without treatment and placed in a 40°drying oven for 48
hours under vacuum drying. The remaining three groups are: Add 10 mL of soaked coal sample after
24 hours of distillation and drying, add 1 mol/L calcium chloride solution and 5 mL of 1 mol/L sodium
bicarbonate solution respectively, and react 24 h after drying chemically inhibited coal sample. In
addition, 5 mL calcium chloride solution with a concentration of 1 mol/L and 5 mL microbial culture
medium cultured for 48 h (bacterial activity OD600=1.6) were added to the bioinhibited coal samples,
which were dried after reaction for 24 h. The drying method of each sample was the same as that of
raw coal. After sealing, four groups of experimental samples were obtained after different treatments,
and the subsequent four groups of coal samples were respectively carried out. The prepared
experimental coal samples are shown in Figure 2.

(a) (b) (©) (d)

Figure 2. Sample drawing of experimental coal.From left to right are lignite (a)raw coal, (b)immersion coal ,
(c)chemically inhibited coal, and (d)biologically inhibited lignite.

3. Experimental Methods

3.1. Electron microscope experiment of retarded lignite
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The four groups of coal samples were dehydrated and gold sprayed to ensure their good
electrical characteristics. Quanta™250 scanning electron microscope was used to observe and analyze
their surface structural characteristics respectively.

3.2. Low temperature nitrogen adsorption experiment

Weigh about 2.5g coal sample and put it into the sample tube for 10h degassing treatment. Before
and after degassing, weigh the empty tube mass M1 of the sample tube and the sample tube mass M2
of the coal sample with degassing and removing water in the pores respectively. After that, the NOVA
touch rapid automatic specific surface area and aperture analyzer was used to perform low-
temperature nitrogen adsorption experiments on coal samples at ambient temperature above 77K
and relative pressure range of 0.008~0.98. The measurement principle is to use nitrogen as the
measuring medium and take advantage of the adsorption characteristics of coal to measure the
specific surface area, total pore volume and average pore size of the sample [31]. After measurement,
BET equation was used to determine the nitrogen monolayer saturation adsorption capacity, so as to
estimate the specific surface area of the experimental coal sample [29]. The BJH method is used to
analyze the pore size distribution [30], and the capillary condensation theory and equivalent
exchange principle are used to measure the volume of liquid nitrogen in the pore and then estimate
the pore size, and then the total pore volume and average pore size of the coal sample can be
calculated by formula.

3.1.1. Calculate the specific surface area

By applying BET equation, the specific surface area of each layer on the isothermal adsorption
line can be calculated, and the interaction between the single-layer adsorption amount Vm and the
multi-layer adsorption amount Vm can be deduced [27].

P/(V(B,-P))=1/(V,xC)+(C-1)/(V,xC)xP/P,

(D
P: partial pressure of nitrogen, Pa;
PO: Saturated vapor pressure of nitrogen at adsorption temperature, Pa;
V: The actual adsorption amount of nitrogen on the sample surface, cm?/g;
Vm: nitrogen monolayer saturation adsorption capacity, cm?/g;
V.,=1/(A+B
m ( ) (2)
D: constant related to the adsorption capacity of the sample;
D=1+(AxB)
(3
Sg:Specific surface area, m?/g;
S, =4.325xV,
g m (4)

Using BET equation, P/P0 as the X-axis and (P/P0)/(V(1-P/P0)) as the Y-axis, the linear equation
y=Ax+B can be obtained, and then Vm can be determined by combining the calculated results with
slope A and intercept B.

3.1.2. Calculate aperture distribution

The coal pore size division method proposed by IUPAC has become the most commonly used
method in the world today, which divides the pores of coal into three categories according to the
changes in the pore size of coal and the influence of solid substances: micropores (<2nm), mesoporous
(2~50nm) and macroporous (>50nm) to better meet the needs of different applications. At present,
BJH has become the most widely used and mature calculation model of aperture distribution, which
is based on the Kelvin capillary condensation theory and has been widely used in a variety of theories.
In this paper, the BJH method is used to analyze the pore size distribution, where dv (r) represents
the differential relationship between pore volume and pore size, reflecting the function of pore
density distribution, that is, the proportion of pore volume. The cumulative pore volume refers to the
cumulative volume of coal sample with the increase of pore volume.
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Using capillary condensation theory and equivalent exchange principle, the volume of liquid
nitrogen in the hole can be accurately measured by adsorption technology, and then the size of the
hole can be accurately estimated. The following formula can be used to calculate the total pore
volume and average pore diameter:

In(P/B)=2yV /rT -

Where, 7 is the pore range, nm; p is liquid nitrogen surface tension, N/m; 7 is the absolute
temperature, K; R is the universal constant of gas,8.314 J-mol-K-1; V'is the adsorption angle, liquid
nitrogen adsorption r=0.

Aperture size calculation formula:

d=4V/4 6

Where, Vs the total pore volume of the adsorbent, mL; &is the average aperture, nm.
3.3 Fourier infrared spectroscopy experiment

The content of C, H, N and S in lignite can be determined by industrial analysis and elemental
analysis, while the content of O can be calculated by subtraction. Test results are shown in the
following table 1:

Table 1. Lignite industry analysis table, element analysis table.

Sam Maa( Aaa( Vaa( FCaa( C(% H( O(% N( S(

ple %) %) %) %) ) %) ) %) %)
Ligni 65.0 4.5 0.3
0.86 6.81 23.15 69.18 29.19 0.93
te 0 4 4

Bruker VERTEX 80v infrared spectrometer is used in the experiment. According to the relevant
regulations [21], the experimental environment was clean and free of strong electromagnetic field
interference sources, and the coal sample was preheated for 30min. The coal sample was tested
according to the standard experimental measurement process. A sample of 1g solid coal powder with
a particle size between 200 and 300 mesh was prepared. The test sample was made by mixing KBr
with the coal sample and pressing. The scanning range was between 4000 and 400 cm!, and 64 sample
scans were completed.

4.Results
4.1. Scanning electron microscope analysis of lignite surface structure

The SEM images of the four groups of samples are shown in Figure 3.

doi:10.20944/preprints202310.1599.v1
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Figure 3. Lignite scanning electron microscopy(a) Raw coal (b) immersed coal (c) chemically inhibited coal
sample (d) biologically inhibited coal sample

From top to bottom, the images are (a) raw coal samples, (b) water-immersed coal samples, (c)
chemically inhibited coal samples and (d) biologically inhibited coal samples respectively. By
observation, it can be found that in the figure, there are a large number of pores formed by gas
generation and gas accumulation due to low metamorphism in the process of coal production,
exogenous pores formed by geological structure after consolidation of diagenesis, and some solution
pores. These are secondary pores formed by the dissolution of soluble minerals in coal after long-
term immersion in water. Under electron microscope, there is almost no difference in surface
structure between lignite treated with water and lignite raw coal.

Under electron microscope, the surface structure of coal sample (c) and coal sample (d) treated
with chemical and biological inhibitors is significantly different from that of raw coal in morphology.
This is because the solid product calcium carbonate covered on the surface of coal sample produced
by the two inhibition methods leads to a more dense and compact surface of coal sample after
treatment than that of raw coal sample and water immersed coal sample. By enlarging the coal sample
(c) and coal sample (d), it can be found that the calcium carbonate produced by chemical inhibition
treatment and covered on the surface of the coal sample mainly presents a massive distribution, while
the calcium carbonate produced by biological inhibition treatment presents a more dense spherical
distribution. The main reason for this phenomenon is that the biological inhibition process uses
microorganisms as the intermediate medium. The resulting calcium carbonate combined with the
viscosity of the microorganisms themselves can more firmly seal the pores generated by various
factors in the coal seam, significantly reducing the contact area between the coal surface and oxygen.

4.2. Experimental analysis of inhibited lignite pore size
4.2.1. Aperture distribution characteristics

The pore size distribution of lignite samples after different treatments used in the experiment is
shown in Figure 4, where the horizontal coordinate represents the pore size and the vertical
coordinate represents the number of holes. It can be seen from the figure that most of the internal
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pores of lignite raw coal are medium and large pores, and a few are micropores. Compared with raw
coal, the pore size of lignite treated with water immersion increased slightly, and the change trend
was consistent with that of raw coal. However, the number of macropores and mesoporous pores in
the lignite samples after bioinhibition treatment has great changes. Compared with the raw coal, the
number of macropores above 50nm has a significant decrease, while the number of micropores has
little change. This phenomenon verifies that Bacillus pasteurelli lives well in macropores and
produces high urease activity. It is found that the total number of pores of each pore in the
bioinhibited coal sample is significantly less than that in the chemically inhibited coal sample by
comparing the number of pores of each pore in the bioinhibited coal sample. The obvious change in
the number of holes indicates that the effect of biological inhibition is better than that of chemical
inhibition on the sealing of internal holes in coal samples.
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0.010 = . pymersed lignite
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Figure 4. Pore size distribution diagram.

4.2.2. Pore structure characteristic parameter analysis

The multilayer physical adsorption model of BET theory can effectively capture the adsorption
characteristics in the range of 0.05~0.35, but when the range exceeds 0.05, the formation of multilayer
physical adsorption will be affected by capillary condensation, thus making the surface non-
uniformity become more obvious [25]. Therefore, in this range, BET theory can capture the adsorption
characteristics more accurately. In this paper, the BET equation is used to calculate the specific surface
area and the relative pressure (P/P0) is set between 0.05 and 0.35.

According to IUPAC, coal pore size is divided into three types: micropores, mesoporous pores
and macropores to better meet different application requirements. The BJH pore size distribution
calculation model is developed from the Kelvin capillary condensation theory [26].The adsorption
properties of nitrogen in samples were studied by BJH method, and the pore size distribution was
analyzed in detail. In Table 2, the total pore volume Pv and pore specific surface area Ps of the four
experimental coal samples are calculated using the above method. Two parameters, Dpv and Dps, are
introduced to represent the difference percentage of the PV and PS of the experimental coal samples
compared with the raw lignite coal respectively. Positive values of the two parameters indicate that
the value of the treated coal samples has increased compared with the raw coal. A negative value
indicates that the value of the corresponding coal sample is lower than that of the original coal.
Formulas (7) and (8) are the calculation formulas of Dpv and Dps.

P, —P

=47y 100%

Dy,
Pv Pvl

(7

(8
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Table 2. Specific surface area and total pore volume determination results of coal samples.

Pv
Coal sample (mL/g) Dpv Ps (m?/g) Dps
Raw coal 0.00476 - 1.340 -
Bioretarded 0.00150  -68.49% 0.348 -74.03%
chemically o o
inhibited 0.00258  -45.79% 1.004 -25.07%
immersed 0.00479 0.63% 1.335 -0.37%

From the analysis of Table 2, it can be seen that the total pore volume Pv and specific surface area
Ps of the coal sample treated with the two inhibitors are significantly reduced compared with the raw
coal sample, and the Dpv and Dys of the bio-inhibited lignite sample are both smaller than those of the
chemically inhibited lignite sample. This is because the adhesion of calcium carbonate induced by
Bacillus pasteurelli is higher than that of ordinary calcium carbonate, which can better glue coal
particles and seal coal seams. Therefore, both of the two inhibitors can effectively plug the pores in
coal, and it is found that the effect of biological inhibition using Bacillus pasteuris is more obvious
than that of chemical inhibition.

4.3. Experimental analysis of infrared spectrum

The classification of functional groups in coal molecules is shown in Table 3. The spontaneous
combustion of coal is due to the heat accumulation generated by the reaction between the active
groups and oxygen in the coal molecules, which makes the temperature of the coal seam rise and
reach the combustion point. The addition of biological inhibitors prevents the natural microstructure
of coal by reducing the number of active groups to reduce the reaction rate. Combined with the
infrared spectrum of coal samples, the main functional groups in coal can be divided into four
categories: hydroxyl, oxygen-containing functional groups, aliphatic hydrocarbons, and aromatic
hydrocarbons [33]. In this paper, the content variation is analyzed by comparing the size of the peak
area of the functional group.

Table 3. Table of peak attribution table of main characteristic spectral

Peak type Peak Pe.a.k Functional group Peak attribution
number position
1 36973590 Free hydroxyl
group
An intermolecular
hydrogen bond
-OH between a phenol
2 3500~3200 hydroxyl group, an
Oxygen-containing alcohol hydroxyl
functional groups group, and an
amino group
Stretching vibration
3 1790~ 1715 C=0 of the carbonyl
group
4 1715~1690 -COOH Carboxyl group
5 1275~1010 C-0-C Ether bond
Methyl group
6 2975~2950 asymmetric
Aliphatic hydrocarbon -CH3 stretching vibration
7 1470~1430 Methyl shear

8 1380~1370 vibration
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stretching vibration
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12 1620~1490 Cc=C vibration in
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Figure 5. Infrared spectral curve of lignite samples
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Figure 6. Fourier infrared peak fitting diagram of different experimental lignite in different bands Fourier
infrared spectrum peak fitting diagram of 3000~3800cm™ experimental coal sample (2) Fourier infrared
spectrum peak fitting diagram of 2800~3000cm-! experimental coal sample (3) Fourier infrared spectrum
peak fitting diagram of 1000~1800cm™! experimental coal sample.

1.  Hydroxyl group

Hydroxyl groups in coal are the main components of hydrogen bonds, and their type and
strength affect the risk of spontaneous combustion of coal. The characteristic peaks of hydroxyl group
in coal are mainly distributed in the range of 3800~3000 cm™, and the wave numbers are as follows:
free hydroxyl group, intermolecular hydrogen bond, phenol hydroxyl group, alcohol hydroxyl group
and amino group intermolecular hydrogen bond. According to Figure 6, the distribution and
intensity of characteristic peaks are quite different in this band, and the strength of hydroxyl
characteristic peaks of coal samples treated with water immersion is higher than that of raw coal, and
the hydrogen bonds concluded between molecules are mainly used, indicating that the number of
hydrogen bonds binding coal and water molecules increases after water immersion treatment. The
characteristic peak strength of hydroxyl group of coal samples after inhibited treatment is lower than
that of raw coal, and the type of hydroxyl group is also different. After inhibited treatment, lignite
has no characteristic peak of free hydroxyl group, the number of intermolecular hydrogen bonds is
increased, and the number of intermolecular hydrogen bonds between amino groups is reduced, and
the effect of biological inhibited treatment is more obvious than that of chemical inhibited treatment.
2. Aliphatic hydrocarbon

The characteristic peaks of aliphatic hydrocarbons in coal macromolecular structure range from
3000 to 2800 cm, in which methyl and methylene are the most common types. The antisymmetric
stretching band of methyl group can be observed at 2950 cm, the antisymmetric stretching band of
methylene group can be observed at 2915 cm, the stretching vibration band of -CH can be observed
at 2890 cm, and the symmetric stretching band of methylene group can be observed at 2850 cm-!. As
can be seen from Figure 6, the distribution trend of aliphatic hydrocarbon characteristic peaks in coal
samples is roughly the same. The methylene content is higher than the methyl content at 2950 cm,
indicating that the macromolecular structure of coal is mainly in the form of long chain alkyl. Methyl
and methylene are one of the main reactive groups in the macromolecular structure of coal. The peak
area of methyl and methylene in the coal sample after bioretarding treatment is significantly lower
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than that of raw coal, indicating that the methyl and methylene in the molecular structure of coal can
be consumed after bioretarding treatment, the number of active groups involved in the coal-oxygen
reaction can be reduced, the reaction rate can be reduced, and the effect of coal spontaneous
combustion can be prevented.
3.  Oxygen-containing functional groups

The oxygen-containing functional groups in coal are mainly composed of carbonyl group,
carboxyl group and ether bond, and their spectral peak band ranges from 1800 to 900 cm. The
carboxyl group and carbonyl group in the oxygen-containing functional group can combine with
oxygen to produce more active small molecules to participate in the coal-oxygen reaction. Therefore,
the higher the content of carboxyl group and carbonyl group in the oxygen-containing functional
group, the easier the coal-oxygen reaction is to occur. By observing the comparison of activity
spectrum peaks in Figure 6, it is found that the area and quantity of carboxyl group spectrum peaks
of the coal samples after bioinhibited treatment are reduced, and the reduction is greater than that of
the coal samples after chemically inhibited treatment. The results show that bioinhibition can reduce
the active sites of oxygen-containing functional groups in coal structure and delay the reaction rate.
4. Aromatic hydrocarbon

The out-of-plane bending vibration of various substituted aromatic hydrocarbons is mainly
distributed in the band 900~650 cm-!. The aromatic structure is the core structure of coal molecules,
and the molecular skeleton structure will fracture only at high temperature. It was found that there
was no significant change in the aromatic substitution structure spectrum peak between the treated
coal sample and the raw coal sample, indicating that the molecular skeleton structure of the coal was
not changed after the biological inhibition treatment.

4.4. Analysis of spectral peak characteristics of functional groups

The main causes of coal spontaneous combustion are aliphatic hydrocarbons, hydroxyl groups
and oxide functional groups. By using Origin software, the infrared spectral data is fitted peak-to-
peak to determine the number and proportion of different types of functional groups. The functional
group changes of lignite after different experimental treatments were accurately detected by sectional
fitting. The absorption bands of hydroxyl, aliphatic, oxygen-containing functional groups and
aromatic hydrocarbons were 3600~3000 cm, 3000~2800 cm™, 1780~900 cm and 900~650 cm’,
respectively. Understanding these common functional groups is helpful to better understand the
changes of functional groups after lignite treatment. The following parameters are introduced to
characterize the change of the content of different active groups in lignite after resistance treatment.

EC_ —cuo> — RC_ —CH?
D_CH3/_CH3 - CH3/RZH., CH3/-CH2 % 1000/0
—~CH3/-CH2
9
EC_on —RC_on
D = x 1009
- RC—on " (10)
D_COOH . E:C—COOH - RC—COOH X 100%
RC_coom 1D

In the formula, EC represents the content of corresponding active groups in coal samples treated
in different ways, RC represents the initial content of corresponding functional groups in raw lignite
coal, and D-camsrcz + D-on and D-coon respectively represent the changes in the content of
methyl/methylene, hydroxyl and oxygen-containing functional groups (carboxyl groups) in coal
samples treated compared with raw coal. The detection shows that the hydroxyl content of the coal
sample after the resistance treatment is reduced, indicating that the two treatment methods will
combine with the hydroxyl group in the coal structure, reducing the chance of hydroxyl group and
oxygen contact. Methyl and methylene groups in aliphatic hydrocarbons are important groups
involved in heat accumulation during oxidation.Table 4 lists the calculation results.

Table 4. Content changes of different active functional groups in coal samples after treatment
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Coal sample D-cns/-ch2 D-ou D-coon
Raw coal - - -
Bioretarded -96.6% -33.5% -70.7%
chemically o o o
inhibited -94.4% -33.8% -77.9%
immersed -67.7% 268.2% -73.3%

Table 4 shows the content changes of hydroxyl, carboxyl and aliphatic groups (methyl and
methylene) in the three treated experimental coal samples compared with the raw coal. It can be seen
from the table that the content of three active groups in the coal samples added with biological
inhibitors is reduced compared with the raw coal, among which the content of methyl and methylene
is reduced the most.

Through the above comparative analysis, it can be found that whether chemical or biological
inhibitors are added, the content of three main active groups in the coal sample will decrease, among
which the methyl and methylene content in aliphatic hydrocarbons is the most obvious, and these
two active groups are also the key groups for heat accumulation in the coal oxidation reaction. The
decrease in the content of active functional groups indicates that the number of active groups
involved in the reaction is correspondingly reduced, and thus the reaction rate is reduced. The D-cHs-
cxz of chemically retarded coal samples and biologically retarded coal samples are -94.4% and -96.6%,
respectively, indicating that the effect of biological retarders on the consumption of these two active
groups is better than that of chemical retarders.

5.Conclusion

In this paper, the modification of lignite before and after the addition of retardants was analyzed
from the perspective of microscopic structure, and the change of flame retardant performance of
lignite treated with two retardants compared with that of raw coal was explored. It was concluded
by comparison that the oxidation and self-heating capacity of lignite after microbial retardation was
effectively curbed in the initial stage of spontaneous combustion, and the retardation performance
was better than that of chemical retardants.

(1) Based on SEM images, the change characteristics of the surface micro-morphology of the
treated coal samples were analyzed. The surface of lignite is mainly composed of dissolution caves
and pores. Compared with raw coal, a large number of deposited calcium carbonate particles are
obviously attached to the surface of lignite after resistance treatment, which plays a role of physical
oxygen insulation.

(2) The pore size distribution, total pore volume and specific surface area of lignite after different
treatments were studied. The holes of lignite mainly exist in the form of parallel slate-like slit holes
and open wedge holes on all sides. Based on the pore distribution map, it is found that the primary
pores of lignite can be effectively blocked by microbial inhibitor compared with raw coal.

(3) Based on the fitting results of infrared spectra of coal samples, three main active groups,
hydroxyl group, carboxyl group and methyl/methylene group, were selected for analysis. The results
show that the content of active groups including hydroxyl group, carboxyl group and
methyl/methylene group of lignite molecules after microbial inhibition is lower than that of raw coal.
In particular, the content of methyl/methylene involved in the initial oxidation reaction is reduced by
96.5% compared with the baseline content of raw coal, indicating that the biological inhibitor can
simultaneously block the oxidation of the three active groups.

(4) The performance difference between biological and chemical inhibition on coal spontaneous
combustion was further compared, and it was found that calcium carbonate produced by biological
inhibition showed a more dense spherical distribution than that produced by chemical inhibition,
indicating that the adhesive of calcium carbonate produced by biological inhibition was better. Based
on the pore size distribution map, it is found that the total pore volume and specific surface area of
the coal sample after biological resistance treatment are reduced more than that after chemical
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resistance treatment, and the pore number is significantly reduced. The results show that biological
inhibition is more effective than chemical inhibition in preventing spontaneous combustion of lignite
in physical level. Combined with FTIR infrared spectrum analysis results, it can be seen that the
consumption effect of biological inhibitors on methyl/methylene is better than that of chemical
inhibitors, and the inhibition effect of spontaneous combustion is better.
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