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Experimental study on surface structure evolution and
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Abstract: In order to improve the reliable and accurate of self-ignition warning for soaked coal, this paper studied the
structural changes and oxidation laws of coal with different moisture contents and raw coal by using scanning
electron microscopy experiments and programmed temperature oxidation experiments. Firstly, the surface
structural changes of the soaked coal were compared and analyzed. Then, coal samples with moisture contents of
4%, 11%, 18%, 25%, and 32% were prepared by soaking method. Finally, the relationship between the amount
of gas produced in each coal sample and temperature using a programmed heating experiment was analyzed. The
results showed that the critical temperature for the oxidation of the soaked coal samples to produce CO and C, H,
increased from 73 “C and 180 “C to 62 “C and 161 °C respectively. The amount of gas produced during the heating
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process of each coal sample increased with the increase of temperature. The coal sample with a moisture content of
18% produced the highest concentration of CO, CO,, C,H, and C,H;. On the basis that CO and C, H, could be
single indicator gases, CO/CO, (¥) and C,H,/C, H; (¢) were introduced as the predictive indicators for coal oxygen
absorption and thermal storage stage and self-thermal oxidation stage respectively. When y << 0. 019, the coal
sample, with a temperature less than 136 °C, was in the stage of oxygen absorption and heat storage temperature.
When 0. 752 <X e<< 0. 836, the temperature of coal sample was 136~226 “C, and it was in the stage of the self-
thermal oxidation. When Y= 0. 908, the coal sample, with an oxidation temperature of greater than 226 ‘C , could
be considered to be in the accelerated oxidation stage. Finally, based on the three single indicator gases of CO,
C,H,, C,H; and ¥, e, a graded warning and prevention indexes system for the residual coal in goaf under
waterlogging conditions was established.

Key words: soaked coal; scanning electron microscope; temperature programmed experiment; surface structure;

spontaneous combustion; indicator gas
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Table 1 Experimental coal sample preparation
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Fig. 1 Pressure chamber and experimental coal sample diagram

T HERE 0 R

1.2 XWEESHRE

4 PR S 0 ) AR i R 5 AR R O SR A R R T IR R O SR T (R K T
A R TR S5 R Sl G5 R E R G AT R I AR 5 b 3, AT 45 BI04 5 2% 11 2 30
FRIE MBS . SR ISM-6510LV &K B2 FH o 7 B0 xR & WA R R & a#R s R IR
KR LB B R A5 T B AR AR A

35 HCRR T R IBT 2 LE AT 55 10 AR R K B R
Je 132 K e A B G R IR RE L a2 TR L A
BRE M E P TS . W s R
PORFWE i Y N T O AN N TS Ve~ N
[ 35 K0T A SO L B 85 ) B AH e 24 B
1.3 EIWHER

I FH 4 R B T LI T O 258 380 R A 3R T
JBOWIBT I 26 075 . WM 3 B HEREE A
IR BL 8K 60 min J5 CRFE DBEREM gy 2 Diagram of experimental coal sample after processing
R ek 2D B A R A B 1K A
TR A SR T A S B B R R AR R AT REME . FE 2 MPa I SR L X IR KIS TRDAN [ ) R (I
FE2.5.8) kB B2 TG UKL 34 22, A5 00 5 A0 B A0 fk 10 22 AR IS 05 XY R 0 4R = B 4 MPaCJERE 3.6,
9) Bif o BREVRE 7K ERF i) £ B A A 45 5 2 T B 30K L 24 PR O R A B R T AR B . X R 40506 AT
DL B, 152 K B B R ) s 7 0 4 e 2 e B0 3 T 7 A 5 R RUBE 110 24 B L A R S0 A AR L 14 I B
BRI BEYE . T UMW, 8 I T ERER K G 3R 1B 45 5 77 A il 1 L 28 B, P MR AR Ak i R LA R VR A

12 K5 B IR AN AL 2 PR IR B4 17 L5 7K B9 422 o R v a0 389 00 1 AR 229 MR L A IR RT B L O R
LR SRS VR O 1 25 A L2 AR PR R0 L T DAHE IR KRR B R 5 R COLCO, RS
A, AR Al A R b AR ) AR S R T b AR RO AR R R, B R e A B R




© 24 b AAH KT FIRCE RAF O 2024 4 % 3

SEI 15kV WD19mm SS839 X1 000 10 pm s— SEI 15kV WD19mm SS39 x3 000 5pm SEI 15kV WDI17 mm SS39

(a) MEFE1(60 min) (b) HHE2(60 min) (c) #A£3(60 min)

4 Lot
AALIRT
A

g
FE IR L5
SEI 15kV WD17 mm SS39 x100 100 pm == SEI 15kV WD18mm SS39 x100 100 pum mm— SEI 15kV WD18 mm SS39 %100 100 pum m—

(d) #HE4(90 min) (&) HHES(90 min) () EAE6(90 min)

e
y\ !

SEI 15kV WD20mm SS839 X2000 10pm = 0 SEI 15KV WDI8mm SS39 x3000 5um SEL 15kV WD161 im Ss39 X2000 10 pm se——

(2) H4E7(120 min) (h) HA£8(120 min) (1) JRAEI(120 min)
3 BKEHPREEERRK

Fig. 3 Scanning electron microscope images of soaked coal sample
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Table 2 Results of programmed heating experiment on non-immersed coal samples

BEC p0%  #CO/ ©(CO,/  @(CH)/  o(CH)/  ¢(CH)D/  o(CoHy/  o(CiH/  ¢(CyH,)/
)52 2

(/1) (uL/L) (uL/L) (uL/L) (uL/L) (uL/L) (uL/L) (pL/L)

27 9. 69 0 0 0 0 0 0 0 0

38 9.73 0 0 0 0 0 0 0 0

49 9.75 0 3.63 0 0 0 0 0 0

73 9. 64 3.72 15. 38 0 0 0 0 0 0

84 9.56 7.18 26.59 0 0 0 0 0 0
109 9.49 13. 60 43.41 0 0 0 0 0 0
133 9. 41 25.43 88. 85 0.28 0 0 0 0 0
157 9.32 65. 64 179. 72 0.87 0.33 0 0 0 0
180 9. 20 183.51 426. 64 8.32 2.18 0. 27 0.29 0 0
211 9.07 562.46 1 359,47 29. 41 6. 46 2.15 3.63 0.34 0
245 8.78  1659.79 6 645.26 119.79 16. 60 8. 46 9.38 6. 65 0
339 4.61 3 856. 63 13 547. 80 395. 30 62.57 115.70 36.51 92.83 0
381 429 4025.37 16 458.95 538.56 75. 29 82. 59 39.19 33. 20 0.62
413 3.96  4368.40 21 269.73 673. 84 81.74 28. 64 45.40 12. 67 0.41
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Table 3 Experimental results of programmed heating of coal samples with a moisture content of 18%

RESC e0p/%  $LCO/ ¢(CO/  @(CH)/  o(C,H)/  o(CH)D/  ¢(CiHY/  @(CyHy)/  o(C,H,)/
(It /52 2

(uL/L) (uL/L) (uL/L) (uL/L) (uL/L) (uL/L) (uL/L) (uL/L)
27 20. 65 0 523.39 5.28 0 0 0 0 0
39 20. 68 0 528. 81 5.30 0 0 0 0 0
49 20. 70 0 536. 60 5.33 0 0 0 0 0
62 20. 62 1.85 547.73 5.35 0 0 0 0 0
74 20. 57 4. 46 558.52 5.39 0 0 0 0 0
86 20.41 8.97 577.29 5.42 0 0 0 0 0
112 20. 34 19.02 615. 64 5.70 0 0 0 0 0
136 20.23 36. 30 658. 27 6.56 0 0 0 0 0
161 19.92 242.25 1201.15 15. 82 0.31 2.36 0.25 0 0
226 18. 58 1 097.63 3 755. 20 60. 64 5.23 11. 30 6. 14 0.53 0
393 7.79 3 468. 40 50 232.18 1 790.37 202. 45 151.73 86. 47 175.91 0. 85
436 4. 80 4 160.61 114 343.36 2 613.61 50. 50 115.98 39. 82 94. 64 0.62
488 4. 56 5 315.59 124 890.62 2 400. 40 39. 74 108. 37 16. 60 35.58 0.43
502 4.38 5990. 48 135 048.53 2 058. 26 17.68 60. 95 7.31 10. 40 0.24
10 000 F [*— KRB 60 000 |~ — FRZAM
Q/Jjé g 4% —o— TIKFA%
4 ) 11% N $11%
S 8000F TKH18% 3 50000 TKR18%
3 —v— TIKA25% 3 v— HIKAE25%
= 5K E30% 2 40000 | L iR3a0 2
5 6000 :g
&K g; 30000}
£ 4000} B
3 £ 20000}
: :
20001 10 000 F
0r 0F
0 100 200 300 400 500 0 100 200 300 400 500
HEE/C T
H6 CORBAMSHARNERULE B7 CO, A M SHRMERMEE
Fig. 6 Relationship curve between CO Fig. 7 Relationship between CO,
volume fraction and coal temperature volume fraction and coal temperature
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Table 4 Graded prevention and control system of natural combustion in Xiaoyun Coal Mine
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WA P S KRN 180 YRR A2 11 CO 1 CO, IR TR Bde i o AN R & K R KBEFETE 136 °C ¥y TF IR ™
A C,H, A G, Hy s Hr 87K 3 18 Yo MR = A1 C, H, 1 C, Hy fieims

3) HIR M CO 5 CO, MRS ¥ F1 C,H, 5 C, Hy BB B AE e VB 3 48 2 # i BE A
H R B B B4R bR . BP y<<0. 019 B BEWR BE /N T 136 °C L Ab T W 4 & B B s 2 0. 752<<e=<<0. 836
B AT AR R 136 ~226 °C 40T A #E AR BE XY v =0. 908 I, AT A S B AL T 2 K T 226 °C
AbF T R AR B B

5% 30k :

(1] =/, 240, XERE, 5 KR TEEBRETFRA FAURANERFBEHEALI] BERFIR. 2017,42(7),1765-1775.
WANG Gang, WANG Rui, WU Mengmeng. et al. Prevention and control technology of harmful gas intrusion in close-up
coal seam under fire area[ J]. Journal of China Coal Society,2017,42(7) :1765-1775.

2] BER,KFER,EZ0.F EARETEAME EH ARMERE LR KR EEHAL] HRFR.2016,41(3):662-671.
CHENG Weimin,ZHANG Xiaogiang, WANG Gang.et al. Reconstruction technology of gas and coal spontaneous combus-
tion coupled hazard in fully mechanized caving goaf[ J]. Journal of China Coal Society,2016,41(3):662-671.

(3] RLM, M KRG, F. AT RERY A TEESTEARMaEZ ] bARFZRFFREARHF R . 2019,
38(6) :54-60.

ZHAO Wenbin, LIU Qing,CAI Hailun,et al. Effect of particle size on spontaneous combustion of coal under influence of
buried depth in Jining mining areal J]. Journal of Shandong University of Science and Technology(Natural Science),2019,
38(6) :54-60.

(4] EFT %, 3K, B & F. ATHREIAKRAIT FRHIEGE ARTRES A ELT] MR $4R,2021,46(6) :1747-1758.

REN Wanxing,GUO Qing, SHI Jingtai, et al. Construction of early warning indicators for coal spontaneous combustion
based on statistical characteristics of index gases[]]. Journal of China Coal Society,2021,46(6):1747-1758.

[5] RAFE, L4 Am, 5. KiZRTFIRASHARERZ R ZRFR[]] s £4,2022,53(6):37-43.

ZHAO Jingwen, WANG Wencai, FU Peng, et al. Experimental study on influence of water immersion and air-drying

process on coal spontaneous combustion characteristics[ J]. Safety in Coal Mines,2022,53(6) :37-43.

[6] &/ . i3 R BRI R B AL 4 AF R [D]. AW . B A b X 5,2015.



- 30 - L AHBEKXFFROARFAFZ RO 2024 5% 3

QIN Xiaowen. Study on characteristics of low temperature oxidation of air-dried coal soaked in water[ D]. Xuzhou: China
University of Mining and Technology,2015.

(7] Rk RICRSE 2 F. BRI AT R A WA ad o [J]. BEX F 4R .2018,43(5) :1350-1357.

QIN Botao,SONG Shuang., QI Xuyao, et al. Effect of soaking process on spontaneous combustion characteristics of long
flame coal[ J]. Journal of China Coal Society,2018,43(5) :1350-1357,

(8] & BARTHA O RAAF LS ERALID]. M. FEFLXF,2014.

LI Xin. Experimental study on characteristic parameters of spontaneous combustion of soaked and air-dried coal[ D].
Xuzhou:China University of Mining and Technology,2014.

(9] 246 Mt £ 427 & Ra K3 A R KW 348 LA L[], 7 kBT R 5 IF £ .2020,40(10) :118-122,

WANG Yi, XIE Jun. REN Guangyi. Study on index gas in spontancous combustion of goal residual coal[]J]. Mining
Research and Development,2020,40(10) :118-122.

[10] A F. RMHS 3 ER A RR KRG KR L]] b AR K FFRE RAFIR),2011,30(4):17-21.

MENG Xiangjun. Experimental features of spontaneous combustion in 3™ seam of Dongtan Colliery[J]. Journal of Shan-
dong University of Science and Technology(Natural Science),2011,30(4) :17-21.

[11] R E.FN,F5E 5. MM AR AR IR LR L] R FH K. 2014,42(1),55-59.

DENG Jun, LI Bei, LI Zhenbao, et al. Experimental study on gas indexes optimization for coal spontaneous combustion
prediction[ J]. Coal Science and Technology,2014,42(1) :55-59.

[12] . 4% . KEL.F. o(COV/e(CON A MR T RAKB ARG A R]]. KRE LK FFIR.2017,48(4) .
598-601.

CAOQO Sheng,WANG Junfeng, ZHANG Yulong, et al. The experimental and applied research about CO/CQO, as the low
temperature oxidation index of gas coal mined-out area[ J |. Journal of Taiyuan University of Technology,2017,48(4):598-
601.

[13] ZAa & ik AR, x| @y BF, 3. & & F 46 F 4 4] bk A X I A1 72 [ ], MR A5 3K, 2023,5108 1D :132-140.

WANG Fusheng.ZHANG Chaoyang.LIU Xiangqun, et al. Experimental study on suppression of coal spontaneous com-
bustion by metal ion chelating agents[]]. Coal Science and Technology,2023,51(S1) :132-140.

[14] A &, A% K, F R ARBRO RT3 KRR [J] ThHE LXK FFHRA RAF IR ,2009,28(5):547-
551.

YU Minggao,ZHENG Yanmin, LU Chang,et al. Experimental research on coal spontaneous combustion characteristics by
TG-FTIR[J]. Journal of Henan Polytechnic University(Natural Science) »2009,28(5) :547-551.

[15] Bk 30K 24 . BE A RA KA 5 F & X4 B R [J] 7 % £.2022.53(9):31-37.

YI Xin, HU Zhen. WANG Weifeng, et al. Key technologies of intelligent monitoring and early warning of coal spontaneous
combustion[ J]. Safety in Coal Mines,2022,53(9):31-37.

(161 #h#f . Az, &%, . ZA T = Hpoan s 0k A A o) K38 A [J]. M5 % 4 ,2022,53(4) :51-55.

SUN Meng.WANG Fusheng, WANG Jiantao, et al. Experimental study on inhibition of coal spontaneous combustion by
hydroxyethylidene diphosphonic acid[ J]. Safety in Coal Mines,2022,53(4) :51-55.

L17] AF 38 A% RE 3% A FT R 5. AC T R FBLAL 7 89 ) & 55 M it SR 3 AT A0 LT ] B & 4, 2017,48(7) : 44-48.

ZHONG Yan, YANG Shengqiang, HU Xincheng, et al. Experimental research on preparation and performance of physico-
chemical synergistic inhibitor[]J]. Safety in Coal Mines,2017,48(7) :44-48.

(18] fhkFE, EZ2F REM. F. 5T XL EFHE G RIKEZAH BAF A X 44 R[] B R $R.2017,42(4) :935-941.
XU Yongliang, WANG Lanyun, SONG Zhipeng. et al. Characteristics and key parameters of low-temperature oxidation
stage of coal spontaneous combustion based on crossover point method[]]. Journal of China Coal Society,2017,42(4):
935-941.

[19] ZHANG J,AN ] Y,WANG Y G,et al. Philosophy of longwall goaf inertisation for coal self-heating control, proactive or
reactive? []J]. International Journal of Heat and Mass Transfer,2019,141:542-553.

[20] LU W,LIJ H,LIJ L,et al. Oxidative kinetic characteristics of dried soaked coal and its related spontaneous combustion

mechanism[J/OL]. Fuel: A Journal of Fuel Science,2021,305. DOI:10. 1016/j. fuel. 2021. 121626.
(WAE%H . A4



