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Effect of gas on microstructure and thermal reactivity of coal during low

temperature oxidation
DENG Jun'?, ZHOU Jiamin', BAI Zujin', LIU Le', WANG Caiping"*

(1.School of Safety Science and Engineering, Xi'an University of Science and Technology, Xi’an 710054, China; 2. Shanxi Key Laboratory of Prevention
and Control of Coal Fire, Xi’an 710054, China)

Abstract: In order to investigate the microscopic physicochemical properties and macroscopic coal-oxygen complex thermal effects in the
low-temperature oxidation of coal under gas atmosphere, different metamorphic coal and secondary oxidized coal samples as research ob-
jects were selected in this paper. Fourier infrared spectrometer and C80 microcalorimeter were employed to study the changes of physico-
chemical structural properties, kinetic parameters and thermal effects in the low-temperature oxidation of coal under different gas atmo-
spheres. By analysing the microstructure and macroscopic exothermic characteristics of different gas content during coal spontaneous ox-
idation, the ultimate influence of gas on the oxidation characteristics of coal was clarified. The results show that gas delays the low-temper-
ature oxidation process of coal by inhibiting the relative content of key active groups in the low-temperature oxidation process of coal. 4%
gas has the most obvious inhibitory effect. The degree of inhibition on the four active groups is: oxygen-containing functional groups
(66.5%) > Aromatic hydrocarbons (47.0%) > Aliphatic hydrocarbons (29.7%) > Hydroxyl (24.7%). In the rapid exothermic stage, due to
the large adsorption capacity of coal to gas molecules, gas occupies the adsorption sites in coal molecules, which hinders the process of
coal-oxygen recombination reaction, resulting in the exothermic effect being suppressed by gas; at the same time, gas content significantly

affects coal oxygen. The amount of activation energy required for the recombination process. For high metamorphic non-stick coal, lean
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coal and anthracite, gas has a more significant inhibitory effect on its low temperature oxidation reaction; it has less effect on low meta-

morphic long flame coal. For secondary oxidized coal samples, the inhibitory effect of gas on coal samples increases with the increase of

gas content, while the effect of gas on primary oxidized coal samples decreases as the degree of metamorphism decreases, and the degree

of inhibition when the gas content is 2% is stronger than 4%. The results of the work have great significance to the theoretical study of the

prevention and control of the coupling of gas and coal spontaneous combustion causing accidents.

Key words: spontaneous coal combustion; gas; microstructure; thermal effect; activation energy; low-temperature oxidation
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Fig.1 Infrared spectra of long flame coal with different gas

content and temperature
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Change characteristics of relative content of four types of

active groups in long flame coal
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Fig.5 HF and DHF curves of lean coal sample under different gas concentrations

JRERE S Al 2 R 5 5 8 1 A B 6 R A2
Py 3R 56 B B ) TICHR IS TR BRI A2 B B T B
() HF thZe/NT 0. BEE = SRR ZE e, B
FEIE AR ROV P B, A fil S g g R b, 3 1
e W A e 5 AT RO, JE AT R R
FRIE PR RS B BRI R S TS RS S RO . TR
e R i o AR A T A R 1 G o i e R AT, A it
RIEE /NI M SR X 8 8. FE, 76 T, 2)5, H
TR o3 B on i R B SR R AN 4
SERE B PR (PR M K H 22 S5 AR 15 B i
2.3.2 AR EEALHAE

S1HT HF <k T, J5 8L B, 4 FRERETEAN[H]
LA AR TR BT Bl B A8 A i R, B T Aok
FOHIE], LU R3], anE 6 fras. HIE 6 T LIE H,
B % BLH AR A3 B B3 T, SR AT AR o B U
FE TR e S 3G a3, S5 AR R s,
5t Bl BT AR B 43 B v T 28 T R AT, 3 R B B Ak
TR RO I SRR Tl B IV E T . YR EE TR

200 C 2 Jr i, 25 b 2 A 22 (EL T, 1d ]
FRECTARIR I BL (/INT 200 °C), BUHHAR /3400 Ei
BB G 200 °C) AR S SBT3,
FLAHTRTHLE T A e B 3 BT AR B0 T e i
REAR o T2 R A it AR A it B A g, T e A
Z, FER RGO, XA B AKEIE RS R, 2L
SRR JRE X AR 10 5 MRS R BS F] J, TT FC i A A3
SR N S A S e ) A 2 B 2 i SO ) S
AL

AN TR LR R 3 B 48 R ) S i ] 7
fizs o RYEIE 7 AT LR AEARIR 25 F AR Z
6] Y SR A AE W B A 25 5 o B B AR B
TP T T A 8 0 3 AR AR, 2 DA DAy 7 T R iy
R A B SR AT AR, AP T 2 55 B 9 76 4
PRCEE D o BRIFEZ AP, SRR A B Bl B 3 (AR
SRR AT RREARG, 2% TUIT AR M BN IR B i
WA AR, LA A B R FE R PR A [ T AE 4%
FCHr PRI ECT BERE A BRI G P 25 R DL

309



2023 455 1 14

# £ M F H# K 551 %

1000
800 |- —— TR
—— 2% T

. —— 4% Tl
600
&0
=
I 400
ERS
=

200 |

0

120 140 160 180 200 220 240 260 280 300
HE/C
K6 TREHERIHTEERMES BEZLT ML
Fig.6 Variation curves of heat release and temperature of lean

coal under different gas concentrations

4000
R
3500 —e—2% L
—a— 4% LI
3000
22500
1
% 2000 f
S 1500 F
1000 -
500 |

(R S T T
Kife

W7 FERLHERSET 4 MRS E
Fig.7 Total heat release value of four coal samples under dif-
ferent gas concentrations

A3 BT U A BU I A AR O R A TICAAT 558 A 41 1
YEH
2.3.3 EREo AT

ST IR PO X R A 2o AR AR 1) 5, )
FH Arrhenius fF 5 A BCER 3 il S L () 4k 27 8l g 2
RTS8 i OV 81 Arrhenius 2 3,
HHRJRE

c(li_(: =Aexp(—§})(%) (1)

A, e b AL, s; o ¢ B 20 G B Ak R
o=(My=M)/My; A NHERTH 5 n R R BB M,y R
BRI, g3 M ORAT BERT 2RI, g5 E, ITE1E
fiE, J/mol; R A H &, B 8.314 J/(mol-K); T Ay #A
JIEIREE, K

TR S W 4R B B T RS 2% LATF), ik
ATLIAH M=M,, T AR AH, 1538 (k25 KON
JCAATT A

310

dH/dt :Aexp(— Ea) (2)
AHM, RT
2 (2) PRI E AR XT 4L, 15
344 B (3)
AHM, RT

K3 55 I A5 3R 1 B R AR A R (3) 15 3
AN T 1R AR T E Z 0.5 °C/min I 7E BB BE
In((dH/dty/ AHM,) 5 1/T #4 thZE, i B2 w3k
PERE N TG ALEE E, IOME . LU R, Ik 8 iR .
A AN [R] BU A B B AR T B IR N T AL RE AT
AYHT, A 4 PR A BN TR AL RE AR ALARAE, 4n
B9 Fin o W RBESE Y 0 R I Rt B 80 ) 2 e
ESHZ —, R T A S G Re g HEAT I s 1 eIk
figtt. MIE 9 ATLAIE H, FEARRIAUGUR, SRR
AL RE I/ INFE FUIT AR R 3 BOR /NI AR AN ], TR
JEHET, FUHT A I A HR AL RE R AN B 8 Bl
SHEREAR FRRE B B0, FU M X 4R A B TS AL BE Y
SN SR T, AN 0T AL AR 2% LI U I
U N RA EIh BAE 4% BLMERTT, s ke
AT AT 4 4%, ANEREAE 4% FUE R 9IRS
AR I 32 B0 5 8 I RITC IR B 75 T RE 2 3] 2%
FUHT RS2 /R KT 4% B, 3X 2 FiBEREAE FUIE AR
il AR A R AZ 21— il

-3.5

In((dH/df)/AHM,
1N
W

0.5 g =6 502.87x+8.39 R*=0.97

* 2% FL1T y=-9 388.01x+13.20 R>=0.98 N
7.0 & 49 T y=—7 170.51x+8.21 R?=0.98 .
0.0019 0.002 0 0.002 1
T

B8 R LA AR o B T ROE B In((dH/de)/ AHM,)
5 uraé
Fig.8 Fitting of In((dH/df)/AHM,) with 1/T of coal samples un-
der different gas concentrations

i DL Hr il DIAS 2 U R B A SRR Y 5
M R 2 RNy MG TR BE AR B/ N Ry 2 <>
4% FLIT>2% FLIT; ANFRIER 4% FLIT>2% FLIH>%8
L JEIERTCIIE N 2% FL>285>4% FUir. 1M
FLHTX AN [R) A 1) 336 Ak BB 52 ) AS [], % 2% o
JEE B R IR, A — s A RIPE L, T 5 K B A,
FUBTABU O i AN B 4



X ZEAE s TLH IR S AR SOV 2 ) B RS P 2 5 2023 445 1
100 229-236.
ws/5 2% LT [T 4% B [2] ZHANG Q,YAO BY, LI Y H, et al. Research progress and pro-
80 L 24 78.05 77.467¢6 spect on the monitoring and early warning and mitigation techno-
T: M 63.37 I logy of meteorological drought disaster in northwest China[J]. Ad-
=] H N
g 60 vances in Earth Science, 2015, 30(2): 196.
RN
;‘; [3] WANGH Y, CHENG C F, CHENG C. Characteristics of polycyc-
E 40 _30.21 29.39 lic aromatic hydrocarbon release during spontaneous combustion
H’E[ —
- 22.4 of coal and gangue in the same coal seam[J]. Journal of Loss Pre-
vention in the Process Industries, 2018, 55: 392—399.
Z i Al | [4] WANG CJ, YANG S Q, LI X W. Simulation of the hazard arising
KJprk B il . .
YR from the coupling of gas explosions and spontaneously combust-
ible coal due to the gas drainage of a gob[J]. Process Safety and
— N N Y 3 2
B9 TERHERL # Tkﬁ# #y 7% o Environmental Protection, 2018, 118: 296—306.
Fig.9 Activation energy of coal samples under different gas [5] EAaB, ApRe, 42« By sah E ki 2 h iy LA RE )
concentrations HILLT). BEBE2EAR, 2021, 46(1): 5764,
WANG Deming, SHAO Zhenlu, ZHU Yunfei, et al. Several sci-
3 z:'n: 'L/I’.\. entific issues in major thermal disasters in coal mines[J]. Journal
e o P . of China Coal Society, 2021, 46(1): 57-64.
1) BUIUr X A A e b B B SRR RE ML D7 [6] ZHENG Y N, LIQ Z, ZHU P F, et al. Study on multi-field evolu-
% %(:\ Hg‘ﬂﬁ J&:%H;ﬁé%ﬁ 4 5@@ jEITE‘J‘ﬁEJ:H E"J?é%@(ﬁ”fﬁ tion and influencing factors of coal spontaneous combustion in
FLF G IHIVEF, 7T DA IR SR ISR 4L . 4% TLHET R goaf[J]. Combustion Science and Technology, 2021, 195( 2) :
4 Fhis PERE AT R PO, MR IR N A RE - 2477264,
N “ L - 7 TANG Z Q, YANG S Q, XU G, et al. Disaster-causing mechan-
>_H‘ ,X>k» AX> Z% 1 E J = = |
: I:'ji%tkl EH HB}:I il j:_o jé H ﬁﬂ’f L EF‘ E;/H;ﬁ ism and risk area classification method for composite disasters of
=Rl = A VT 7 4
F E@ =, }:%#(ﬁ Iﬁz%x%u E/Jm]ﬂ]:u,ﬁzﬂg @5‘% © gas explosion and coal spontaneous combustion in deep coal min-
2) JERE A AL R R T 3 I B 2% ing with narrow coal pillars[J]. Process Safety and Environmental
P TR 78 R APRH AR, FC M 5 A B e P Protection, 2019, 132; 182-188.
B B s R R B R R R H [8] AR, ZEPR%EN, Bl A, M0 R X RLHT S 05 ER AT B 3 )
N o - REZ AT [T]. B2, 2021, 46(6): 1715-1726.
I DA S BEXT BLIHT 1 A W R BE D A, LB U . . .
. e A LIN Baiquan, LI Qinzhao, ZHOU Yan. Research progress on multi-
i t g W =
lﬁjﬁ TJ: % ﬁ % EF‘ E/J IJ&I}HL\L ‘I‘J_:T‘ ’ Em]fﬁu T}: % AXnA fi@ field evolution of combined thermal and dynamic disasters of gas
i#j%o and coal spontaneous combustion in coal mine goaf[J]. Journal of
3) L & B I A R A IR IR AL RE R K China Coal Society, 2021, 46(6): 1715-1726.
I LT B N A [ 7% R R R AR 1 S5 AL RS ) [9] WANG G, XIE J, XUE S. Laboratory study on low-temperature
o] Y 3
_ S e o i R oH = coal spontaneous combustion in the air of reduced oxygen and low
NERR:!
TL—] : E;P;Ff j‘ﬁdi = lﬁﬁﬂig}:ﬂ:ﬁ’f&ﬁmﬂﬂﬁ%ﬁﬁ i methane concentration[J]. Technical Gazette, 2015, 22( 5) :
. ) . v/ &
FLAER K 109%, AL % A 15 S8 A A3 WD 2 900 4 ) o 1325
(R UR AR TR B AR 05 AL BB A2 21 ) 52 1) S [10] X 22,72 W, BESCTR, S FUTAPAL FREPE SO0 15
A WBF5E (3], BE %242, 2014, 45(11): 31-33.
4) E%Xﬁ}?ﬁﬁﬁﬁéﬁ& gwﬂ\/ﬁﬂsiﬁﬁé# E@’T/EJ:HZ(IEJ DENG Jun, LI Peng, CHENG Wendong, et al. Experimental
V> IS —_ o
\ - ., study on the influence of gas on coal spontaneous combustion
YRR R AR 32 B U RO, T o R
. . characteristic parameters[J]. Safety in Coal Mines, 2014, 45(11):
P A HERR B I 1 P BEE PAFR 0 R H i 5 3133,
Xﬂ‘ﬂ:iﬁﬁﬁgﬁﬁ%ﬁ? E’Jﬁﬁlﬁ&%‘@&“ﬂc, {EE/EB\% [11] WANG H Y, TIAN Y, LI J L, et al. Experimental study on
TR B RS2 2 LB S B A0 B2 e A BH S T e AR S AR thermal effect and gas release laws of coal-polyurethane cooperat-
Tﬁi%ﬁﬁ 20 Eﬁ;ﬁ/ﬁﬁfﬁﬁjﬁﬂ ﬁrﬁlj *%Ej(ﬂ: 49% Eﬁ;ﬁ_ ive spontaneous combustion [J]. Scientific Reports, 2021, 11(1):
7 7%
e 1-13.
o .
[12] ZHOUF,LIUS,PANGY, et al. Effects of coal functional groups
Sx STk (References): on adsorption microheat of coal bed methane[J]. Energy & Fuels,
2 :
2015,29(3): 1550-1557.
[1] CHENX,LIL, WANG L, ef al. The current situation and preven- [13] HUY, WANG S, HE Y. Investigation of the coal oxidation effect

tion and control countermeasures for typical dynamic disasters in

kilometer-deep mines in China[J]. Safety Science, 2019, 115:

on competitive adsorption characteristics of CO,/CH,[J]. Energy
& Fuels, 2020, 34(10): 12860—-12869.

311


https://doi.org/10.1016/j.ssci.2019.02.010
https://doi.org/10.1016/j.jlp.2018.07.004
https://doi.org/10.1016/j.jlp.2018.07.004
https://doi.org/10.1016/j.jlp.2018.07.004
https://doi.org/10.1016/j.psep.2018.06.028
https://doi.org/10.1016/j.psep.2018.06.028
https://doi.org/10.1016/j.psep.2019.09.036
https://doi.org/10.1016/j.psep.2019.09.036
https://doi.org/10.1038/s41598-020-79139-8

2023 455 1 14

#EMFHK

%51 %

[14]

[15]

[16]

[17]

312

TANG Y, WANG H. Experimental investigation on microstruc-
ture evolution and spontaneous combustion properties of second-
ary oxidation of lignite[J]. Process Safety and Environmental
Protection, 2019, 124: 143—150.

V. S E R R b LB AL O 2 0 SR B A1
FIRZIA D). AR Ak K2, 2020.

TANG Zongging. Pore evolution mechanism during coal spontan-
eous combustion and its influence on multi-component gas ad-
sorption characteristics [D]. Xuzhou: China University of Mining
and Technology, 2020.

3. A ) B AR BE R — SR AR I ST (D). P % P %
R, 2017,

BAI Ya’e. Study on the secondary oxidation characteristics of
coal with different pre-oxidation degrees [D]. Xi'an: Xi'an Uni-
versity of Science and Technology, 2017.

F Vg WD, BB, H L E-FTIRE ST AR A A4
MBI BeRlE 55K, 2021, 27(1): 35-42.

JIANG Feng, SHANG Fanglan, LI Zhenbao, et al. Analysis of
non-stick coal oxidation characteristics by thermogravimetric-
FTIR method[J]. Combustion Science and Technology, 2021,
27(1):35-42.

[18]

[19]

[20]

[21]

VT AR T SRR D T A S TG R A I — U AR
PERFSE[D]. FRM: i E D, 2021

XU Qin. The evolution of oxygen absorption capacity on the sur-
face of oxidized coal and the secondary oxidation characteristics
of molecular active structures [D]. Xuzhou: China University of
Mining and Technology, 2021.

I, SO, T A N DA I 1 X RS A 1 B
FELI). PR AR, 2002(5): 25-29.

FENG J, LI WY, XIE K C. Study on coal structure by Fourier
transform infrared spectroscopy[J]. Journal of China University
of Mining and Technology, 2002(5): 25-29.

oo R A CE R AR AR T (D). bt IR
HFVFBF BB, 2016.

WANG Kun. Study on heat generation and functional group
change characteristics of coal oxidation products [D]. Beijing:
General Coal Research Institute, 2016.

QI G S, WANG D M, ZHENG K M, et al. Kinetics characterist-
ics of coal low-temperature oxidation in oxygen-depleted air[J].
Journal of Loss Prevention in the Process Industries, 2015, 35:

224-231.


https://doi.org/10.1016/j.psep.2019.01.031
https://doi.org/10.1016/j.psep.2019.01.031
https://doi.org/10.1016/j.jlp.2015.05.011

	0 引　　言
	1 试验过程
	1.1 煤样采集及制备
	1.2 傅里叶红外光谱试验
	1.3 C80微量量热试验

	2 试验结果与分析
	2.1 煤质分析
	2.2 瓦斯对煤微观结构的影响
	2.2.1 瓦斯条件下关键活性基团分布特征
	2.2.2 不同瓦斯含量对关键活性基团演变的影响

	2.3 瓦斯对煤放热特性的影响
	2.3.1 热流曲线变化特征
	2.3.2 放热量变化特征
	2.3.3 活化能分析


	3 结　　论
	参考文献

