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Abstract

During coal spontaneous combustion, the pore network serves as both an oxygen transport pathway
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and a site for oxidation reactions. Its structural evolution directly governs the combustion process,
yet systematic studies on the dynamic changes in pore structure across different combustion stages
remain scarce. This study selected bituminous coal from a region in Shanxi Province as the research
subject. Programmed temperature oxidation experiments were designed to prepare coal samples
at different oxidation stages. By comprehensively employing low-temperature nitrogen adsorption
technology and the Frenkel-Halsey-Hill (FHH) fractal model, the evolution patterns of pore volume,
specific surface area, and fractal dimension in coal samples at different oxidation stages were sys-
tematically characterized. Results indicate that pore development during coal oxidation exhibits
distinct stage-specific and pore-size selective characteristics. The dehydration-desorption to oxy-
gen uptake-weight gain stage is characterized by mesopore local blockage and reduced specific sur-
face area. In the late thermal decomposition stage and combustion stage, micropores and meso-
pores increase dramatically, leading to a sharp rise in specific surface area. Fractal theory reveals
that during dehydration/desorption and early thermal decomposition, gas removal increases pore
surface roughness while spatial structure becomes more uniform. The oxygen uptake-weight gain
stage exhibits the opposite trend. Advanced oxidation in the late thermal decomposition and com-
bustion stages significantly enhances pore surface roughness and spatial topological complexity,
thereby boosting oxygen diffusion capacity and reactive site density.
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Table 1. Basic properties of coal samples
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Figure 1. Diagram of the experimental reactor
El ZERNRER

DOI: 10.12677/jsst.2026.141002 13 EJUES#N


https://doi.org/10.12677/jsst.2026.141002

LM 5

KR P R S50 5 BRI A A R, SR B a1 R, AREE A KRERG. R
GUER Sy o FEME A I FRIR U N s KR R R IR 0% 2t 40~60 HRiAR, HU 5 g AR AR B X
freh, ARG R X HERE BL 3°C/min (1 TR E #250 Jl n#kE] 100°C . 250°C. 350°C. 400°C. 450°C Hf-7E
2R T ER 60 min, LI Ak, BT AR 237l 6 44 4 Dshunl. Dshun2. Dshun3. Dshund4.
Dshun5, R 44 Dshun. K il 2 6 JRE A 25 IR IR SR AT DUOBE G i i Tk

2.2. BRHFFLBRESHITRAE

JERE BRI R b LR &5 M RF IR A2 LS AR B g 25 # 2t A F Micromeritics ASAP 2460 73T AX7E
—196°C 25 1F I X BT EE IR J AN [F] BRI B A BEARE EAT S S BRI IR, AR R & 2% 1 FL R 45 M R 1E
FE L AE 73 B /7 5(0.1 kPa [A] ) AT 423 300°C 725 it 1 /MM 4b 2 . >R A Brunauer-Emmett-Teller (BET)
BRI B R H T A (Seer) . S FH Barrett-Joyner-Halenda (BIH)H 7Y MR B 73 37 28+ S/ FLATK AL FLAZ
3R BARFR . AL AR e AR A t-plot 77 VE AL

DR, ST R SR L EEE, RANF V2 B Frenkel-Halsey-Hill (FHH)RE RS {1 8 FLIE R
A4S D. HARA:

In(V)=C+(D-3)In[In(R,/P)] 1)
Forp, VORI &, PIPo NARXS K 71, CoNEEL. @, 7EMXE BRI (P/Po<0.5, £ZWINES)
MG E X IR(PIPo> 0.5, B4NREE 1 5) 0 BB T RIS, BRI TRL4ER Dy A Dy, US43 M e ik
AR R F R THRFAE
2.3. {HEMLISEIEsEIs

SEIGAS FH A FTIR WU 7E ThermoFisher Nicolet iS50 8 HLH-2T 4Miti A F#E47, DL KBr {E#ifk, [k
MEARLL 1:100 FIELBNRSTTEE, FEARE SR N 200 H, HESFEZ 0.5 mg. MEEE 4000~400
emt, REREPE: <01 em™, AFEF: 0.1~16 cm, WNKAFESAEH 4 om Tt R, F#IREL 32,

3. R5118
3.1. ANERIFEW B BRK BRSNS RIE

ANMETRELE TR R B BE IR, AT DB KRB N TR, o al AL R S5 0 05 & 4504
THEERAMEE TR B 2 NAFE BRI BRI /M E R, B TR 3 BRI KB N 4
B, 4y EE(3700~3200 cm ). JENT 45#49(3000~2800 cm ). A4 B A2 [41(1800~1000 cm )Rl 7 4k #4)
(900~700 cm™?).

—— Dshun0 —— Dshunl —— Dshun2 —— Dshun3 —— Dshun4 —— Dshun5

3 ioha Aromatic Structure
< Aliphatic St]'ucﬁlre cc (900_7000111_1)
E (3000-2800cm™) 160 - Gsc
";2 Hydroxyl Group 2917 -cH,
Zz 3700-3200cm™") -CHs
3 ( ;
< 3040 [AATSSS
T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (em™)

Figure 2. Infrared spectrum of all coal samples
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Figure 3. Relative contents of specific functional groups in different coal samples
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Figure 4. Pore volume distribution curves of raw coal and pre-oxidized coal samples
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Table 2. Pore volume distribution of coal samples at different pre-oxidation stages (x10~3 mL-g™)
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Figure 5. Specific surface area distribution curves of raw coal and pre-oxidized coal samples
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Table 3. Specific surface area distribution of coal samples at different pre-oxidation stages (m?g™)
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Dshun0 0 0.3199 0.0666 0.35
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Dshun2 0.0114 0.2079 0.1023 0.22
Dshun3 0 0.1378 0.0941 0.26
Dshun4 0.6390 3.728 0.0790 4.45
Dshun5 13.03 26.21 0.3648 39.60
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Figure 6. Fitting results of low-temperature N2 adsorption data for raw coal and
pre-oxidized coal
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Table 4. FHH fractal dimensions of coal samples at different pre-oxidation stages
= 4. TEITRE LM ELREAER FHH S R24E#

P/Po<0.5 P/Po>0.5
e
ANEE TR D1 R? ANUE TR D2 R?
Dshun0 y =-0.596x — 2.370 2.404 0.99 y =-0.443x — 2.133 2.557 0.98
Dshunl y =-0.469x — 1.539 2,531 0.98 y=-0.776x — 1.472 2.224 0.98
Dshun2 y =-0.652x — 2.89%4 2.348 0.99 y=-0.431x —2.615 2.569 0.94
Dshun3 y =—0.453x — 1.209 2.547 0.92 y =—0.662x — 1.061 2.338 0.89
Dshun4 y =-0.083x + 1.392 2.917 0.83 y=-0.273x + 1.350 2.727 0.83
Dshun5 y =—0.029x + 3.900 2971 0.96 y=-0.220x +3.918 2.780 0.86

TE IS 7K B BB B, 23 A 4E % Dy A1 Do AH B JEUE Dshun0 23 5103 (2,404 — 2.531) FlJik /)N (2.557 — 2.224),
TG ISR 5 RO, HFLBR R TORDRE B3 0, 1 S Se B S R M FLBR P, IR A Mz 0k, FL
B R SE a T 3850 TEERIER B, ) TE4E5L Dy Al D, R RIS, X 5% BUE -
SN I B 25 B AR O B B R S 20 AR LR A T s, SR THTRRE B B 1K (D P I 52 2.348),
HUbRIR, A s B A T LR R, 3G5R T FLBRGS MR & S, BB A TR 4ER D, BN E
2.569.

te 4 a5, SEALNY BUE 2 A RM BRI Dshund 2 )5, 20 TE4E8 il & 5 25 R2 1B A RIFE
BEAG, (HEXTEREE R R, ZA MM T 8252 . b 52 38 AR B 1Y) Dshun3 Ak MFLBR 3 2 71 4L
BEUT S 3 PO % st AR PR 5 [ ) A7 7 S A = 0 SR 70 I 7 X 5 S 3 H T R T 4R AL B
Dshun3 ()73 TE4E%0 Dy F1 D2 AHEG Dshun2 23538 AN/, 1% 4625480 DshunO %] Dshunl (738 4k, {H
Dshun3 150 T 4E48 D1 A1 Do ¥ T Dshunl. 2B 52 8o B BoyT A DAL AT — B B SR A R Edb
FEYIN T, IR SRR R AN, 8 R FLBR A W R DR RS 0, SIS A TR -

£ Dshun3 2 Ji5, JERERI AT N3 JEFLIR 25 M It 25 A6 HLTE 23 R AN 4 1k A< A 36kt T A TR 24 30
B, XFA AR 2 FEALRIE S T % LR A FEREK . 28 A E A 400°C Ak T 32 #4
IYFERM B S IART, 4R R I B3 HAR s i o BT . B H B Dshuns B, Dy #7t%E
2.971, Dpik#] 2.780, —FH IE TR L EA LA 2 8] ()3 B PRAE 3. 3R 0 B RS 1 DU i 6 R 84k
Ry, FLBRRHE A MR FEE BT m, MO 98 7 FLIR N B0 45 M AR B v 5 45 ) 3R 4 2 24 4k
X B S A R A A U TR WL AR 4800 SR 23 B AL B 4 PRy e 3 AT A

4, &g

(1) AL AAT IR I RE PR FLRR A B BAT WIHA I E BOE AT SLARIE B R o SRoK B PR B B 22 I S0 EE o
B FLAR AN 5 B3 ZE AL s 3240 B Ba ARG B MR BOM AL A SLEE LRI 20 R, 8
FLERAAR K — MR DL .

(2) HeR AR BRI B BEVER S5 S 4. Ll Dshun3 D9 5%,  EMAME & B BOBEAR FLER A 240 7 1
SEFEMIEVERRAR,  EUARIARID, a8 B R A HE & IO AC SR A s 0 MR A ZE B Bk 20 e e L Je 224
R Y A E R LR R E, LM L2 AU, BRI BRI, JCH ML
BRRIET, ORY™RE 1] S B A, RN Al 72 MG AR T L A R A%
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(3) iEER IR 7 AR AL SR B AL R 2R LR . SRR P -5 52 2 i T,

AU T LR AR T A P2 T % () G5 A T 25—, R D3R Do Jai/Iy; MR SR B B B2 M B
TER S aseiomg, SIAHRES . 5240 fEH B IRTRGE T BOBE AR 1 70 T 4E 8(D1 > 2.97, D, > 2.78)
HRGEIL T 3, RERMEZ TS 7 ALBR IR 5 2 M N R 2k, 35 1 U3y BRE 15 OV i
PEAL RO L

E&WE
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