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2.2.1 B#AAR
B R E A T N B h, BRI, TR
et EL A AR R A 5 AR AR . FE FTIR w9 W i R 3l i #5038 Fl

2.1 BEERAW A3 700~3 200 em™ ', BEMFEIL X FEA 6 Fp, Fib#E
A BB R T a5 R L3R 1. M &6k 3.11%, FEH FTIR LA — A 4~7 A0, 5 B B IR B v 2 3
oA R LA WL A 3, AL SRR 80 % FH FTIR A% B H 7 A FefiE g, aiE 1 fis. R ik F)
2.2 HEZ5H FTIR fE 47 0.996, BIAMPRL . FIELRILE 2,
x1 BEERHWR
Table 1 Coal quality analysis

Tk A3/ % TERIT/ % W% e o

M.q Au Vi Caat Haaf Ouat Nuas Saat S, Sp S, o ’

1. 60 12.13 34. 67 84. 78 5. 30 5.52 1. 29 3. 11 5.08 13.02 81. 90 0.75 0.05

Absorbance

0.0 -
3700 3600 3500 3400 3300 3200
Wave number/cm™

B1 FEHEEFTIR HSEE

Fig. 1 Hydroxy FTIR fitting spectra of coal
0.8 o
R*=0.996 —— S
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20.44
o)
< \
/ 'w’
y.'zl‘A A A“AA

0.0+ =
1 800 1 600 1 400 1200
Wave number/cm™

B2 HKEsERHEFTIR Y &5iEE
Fig. 2 Oxygen groups FTIR fitting spectra of coal

F2 HBEHhEREEMAFIIR BHR
Table 2 FTIR analysis for hydroxyl groups in coal

T wmg M g2t
3686 0. 35 0.33 Free hydroxyl groups
3 649 0. 81 0.77 Free hydroxyl groups
3623 1. 38 1. 32 Free hydroxyl groups
3 497 47.00 45. 00 OH:n

3 415 29.45 28.20 OH-n

3 350 14.02 13.42 OH---OH

3 281 11. 44 10. 96 OH---O

WRIER 2 TH,. 555 E oo TR R o SR
P e A “CHE O e 2 22 i R R 25 4 . o5 B 73, 2000 . i

BRIEEEMRAD, U 2.42%, £UE IS ILS T iE
A E R n 48 SRR, 50 T R A0 M 4R 2l . AR
WA AETNEEARE, SRR RS A A, B
HEREERM AT R, HERERRM 24.38%,
M, PSS 2RI N E,
2.2.2 HEATEH

1.800~1 000 cm™ ' EHEHHREL . B, BMEAHESTAE
e R B BT H, ZX E S =S, Si—0—Si, Si—
O—C S5 J5 1 45 ¥ i 47 IR 3 00 W i g™, DL & —CH. A
—CH: & iR gh . 58 C=C 454 sh ik 1™ . B 6H
AL 020~1 030 em ™" DRI H 34 5 1 A Ao 405 4R 3h I e e
R TR TH, KA X EJEE R 1060~1 800 cm ', #lf
WEEWME 2 in. SEEREBMN FTIR #1464 —BF 13~18
WtV AR TR 15 ANERIEIE . RY 36 %] 0. 996, AR
FRAH ., MRATES R LR 3, I PABE P AR BRI 3R B L Bk
BRI ML XAAAE, FFREBRRE SRR,

®3 BEHPESEEHE FTIR BFE
Table 3 Oxygen containing functional groups
in coal FTIR analytical

X &

W for

Jem- 1 U6 T R /% o2 45 4
1077 6.71 4.91 aryl ethers
1287 14. 01 10. 25 C—O phenols
1309 0.70 0.51 C—O phenols
1 336 2.88 2.11 C—O phenols
1382 15. 84 11. 59 —CHs
1407 2. 64 1.93 —CH;, —CH;
1434 14. 62 10. 70 CHs . CH.
1467 7.32 5.35 —CH3, —CH,
1508 3.08 2.25 aromatic C=C
1548 8. 34 6.10 aromatic C=C
1581 12. 82 9.38 aromatic C=C
1613 25.2 18. 45 conjugated C=0
1647 15. 29 11.18 conjugated C=0
1673 5. 36 3.92 carboxylic acid
1712 1. 87 1. 37 carboxylic acid
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2.2.3 JEmrsZH
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IR $& & b iy 3 50X ) J2& 3 000~ 2 800 em ™', f§ I 45 44 ¥
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Fig. 3 FTIR fitting spectra of aliphatic

hydrocarbon structure in coal
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Fig. 4 FTIR fitting spectra of aromatic

hydrocarbon structure in coal

R4 FEPRIERELH FTIR TR
Table 4 FTIR analysis for aliphatic hydrocarbon

structure in coal

i i X G B

Jem ™! U6 T AR o b2 44

2 844 2. 81 17.55 sym. R, CH>
2 861 1. 83 11. 43 sym. R, CH;
2 885 2.25 14. 05 sym. R;CH
2 904 2.28 14. 24 sym. R;CH
2917 2.06 12. 87 asym. R, CH;
2929 2.19 13. 68 asym. RCH;
2 948 1.75 10. 81 asym. RCH3
2962 0.72 4. 50 asym. RCH;
2 999 0. 14 0. 87 asym. RCHj3

9 AU U 3 530 A J T HY i I Y R R H S 1 e 4 i
gy, Mo, W SRR R BRI R AR A A . (5 H o 41,85,
FBE R o8 L 43 ) R 29. 86 1 28. 29,

2.2.4 FHBREHN

900~700 em " g Mt o 55 7 e 25 4 A W WA B i B L
BRI T RE TR Mg )8 A 6
A, B F RS I 6 AR, LA TN 4 B
7N VEZEFG I JE B W2 5. BH B AR R P O
F R B EAA R A UG R = U R 28 26 0 Hft =
X, Hd, KR HBUCEE AT o s 8 41, 42%, 2R E
ST G R DU O S5 A A R TR AR A
AT B i ik B 30.65% .

£S5 RhEELE FTIR @FE
Table 5 FTIR analysis for aromatic hydrocarbon

structure in coal

TR wn MY o2
740 0.67 8.11 2 adjacent H deformation
752 1. 64 19. 82 3 adjacent H deformation
800 2.00 24.23 4 adjacent H deformation
817 0.53 6.42 4 adjacent H deformation
861 0.51 6. 23 5 adjacent H deformation
874 2.91 35.19 5 adjacent H deformation
2.2.5 B FTIR & # Ak

FEFI T FTIR ff 4 150 2544 2 B i Bk D b )
A 57 B AR IE 07 P 28 SR AT AE DT RO 3 T R A I
TAR BN o AR v O 7 Je B 7 e 45 ) 1) FTIR fift A7 285
SR T 5T 43 BT B TS o PR S R Y 05 SR RO R

I (700900 e~

H,/H = 2 [@D)
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faur =1 C = 1 I X 7C T T, (2)
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JIE B o i SR 0 5 B R 43 3l R 0. 34 F 0. 73,
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Fig. 5 " C CP/MAS-NMR fitting spectra of coal



3376 S 5 6 M %40 &

HEALRL, FRAE 08 5 8 B B AT 25 0 e Ak 2 B 3% 6. AR 20 (3D A= () 40 3 T 505 P I a5 i R X, #iJ5
AFEH./H, iHHERILET,
F 6 [E"”CCP/MAS-NMR E# B RHLFEMLE X, =12/ f. (3
Table 6 '*C CP/MAS-NMR functional H./H= (C/HX [t 4
groups and chemical shift A fl BRI R A OB IR ) AR IS E R
i, 10°° FEERALH o
14~20 R-CH; ¥ C CP/MAS-NMR 43 #7 1% EI| 9 = PH I o 07 &0% . 05 ik
20~26 Ar-CHs FAYHIH 0.35 F10.77, 5 FTIR (5045 5 0. 34 H10. 73 4
ﬁ:; ?fi’ DN GBI AT
50~60 O—CHs, O—CH,— 24 RIRTEMN XS BAT
60~70 O—CH R
7590 RO R BRAEFE 1 AT L M P DA BL k.
100~129 Ar—H LA R 81.90% . THLGR LABR ALY 6% £, BRER R 6
129~148 Bridgehead (C-—C) . B CED | BEW . GO, JEHLEL Y XPS H1 745 4 B
148~165 Ar—0O Sylh 162.2~16.3.2, 164.0~164.4, 165~168 Fl 168.5
165~185 coon eV LEM L B BB B XPS 1AW LT 4 A
. —— U P 6 TR L AT R 8.

®7 B “C-NMR HH8SH
Table 7 "*C-NMR structural parameters in coal
Sar Sal S i 4 f5 /' H N 13 Uk 7 X H./H
0.77 0.23 0. 06 0. 14 0.03 0.03 0. 74 0. 26 0.48 0.12 0.32 0. 04 0. 43 0. 35
W fudFBREE, LaBEBRIE, 0 HRERN . /N BRI L0k SRR BENG RN . /S RIEBRAMB LR . S DT A R TROS Bk, Y ER T
FiRRs 2 B EEIUNTT R L P I ERRR . fT SRAETT R

Note: f.r total aromatic carbon; f, total aliphatic carbon; f, methyl carbon; fII methine and methylene carbon; f{ bonded to oxygen; f¢ car-

bonyl and carboxyl carbon; f', in an aromatic ring; f} protonated aromatic carbon; fY nonprotonated aromatic carbon; f3 alkylated aro-

matic; fP aromatic bridgehead; f phenolic.

3 500- B S W 7 AL o R B T 1 R AT 5
o000, HEY R ) TR B 2 B ) » 4 4 I M4 A 8 TR B T L
" B ity 18.09% 55 A5 4 4 5 18. 10% — B4,
g 23001 2.4.2 B RLH
S 20001 I — ML L ML B TR . B

PO Fof 25 AR KA AR R, ol T 45 A B4 il o (398.8£0.4),
(400.2+0.3), (401.440.3)F(402.9+0.5) eV, B [H
162 164 166 168 170 172 PR PR RS AR L 7. TR E 9.

Binding energy/eV
6 5 S(2p) B XPS A ik 8 RHS(2p)H) XPS AR
Table 8 XPS analysis of S(2p) in coal

Fig. 6 XPS fitting spectra of S(2p) in coal

1 500+

1000

PV R T4 G R/ eV U6 T AR A& /%
14 500+ it ik () 163. 70 1001.13 18. 40
3 164. 09 1952. 44 35. 90
14 000 CIE) 165. 15 1 502. 00 27. 61
Z Te LB 170. 00 983. 99 18.09
g 13 500+
3
13 000+ £ 9 JEh N(1s)By XPS f@&#4f
12 5004 Table 9 XPS analysis of N(1s) in coal
FHEWEHE  BFLEERE/ eV U6 T AR AR o/ %
306 308 400 402 404 ML 2 398. 78 3 585. 05 49. 20
Binding energy/eV K I 2L 400. 41 1752. 85 24. 05
7 ¥ N(1s)By XPS #l &L E Ak g 401. 52 1425.41 19. 56

Fig. 7 XPS fitting spectra of N(1s) in coal ALY 403. 00 523. 33 7.19




%11 4

S 54 BT

3377

S5 FR 3 2 b I U W U A o B 1 46
W R T0% . BT A T £ T35 T 4% M M TT 7O 1
JR A W A BT 20% . AL S AL 7.19% .
M MR A7 AL A
2.5 BREBHAEES FEMBTER
2.5.1 FAEHLH

25 B 86 B M o B8 3 0 84. 784 35 7 4 g B IC L)
35 AN A FREON T B JE U P B A A
ORI LB IR AR E AR X, 2 0.43. BT
G g B TR R P 95 7 45 4 BT B MO 3 10, 40 T 45 b
WS R BR ST AR 118 £, L £S 49 0. 74 F10. 03, [
e R EERR FIR LT Z AN 5 A

F10 BEHFEMERPFELEMET
Table 10 Aromatic structural unit in coal

molecular structure model
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coo

2.5.2 fEMAELM

IHE T I 7 235 A L o L D 4 L 3R e A RN R AR Y B XA
FE . MBE BE B b T2 BE 0 38 o i R o g b, AR C
CP/MAS-NMR H1 FTIR 14387 45 5% . o 7€ 45 14 5 o0 g 7 o
JIE W B S ¥4 35~44 A, Hidr, HUEERR . I HT R . T
B 9By 10~13, 15~18, 10~13 4,
2.5.3 XRTHM

ARMTRFEENRET, MAMASEREGS AL ®
PEERTNE A FEICR . R B 45 R K B TR
I F RO A R AL . BAWNIEF DB 8. 2 Al 2,
XPS 43 45 R vl M5 oo BL th — A 1 A EM A, )
A1 AT TR B B L B AR DL R T LR s nik
WE A1 EJR T kA e g5 M A 1 AN AR T
MG FTIR it 4 2R ity b &R 750, ZBR b i &
R SERYRE AL rh e R B RR L BEAUEE DB B 4, 2
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2.5.4 HFLEMETER
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Structural Characterization and Molecular Model Construction of Gas-Fat
Coal With High Sulfur in Shanxi

GE Tao" ?, LI Yang', WANG Meng”, LI Fen', ZHANG Ming-xu'
1. Department of Material Science &. Engineering, Anhui University of Science and Technology, Huainan 232001, China

2. Department of Civil and Environmental Engineering, University of Houston, Houston Texas 77204, USA

Abstract Gas-fat coal is one of the main coal types of coking coal. To study the structure of high sulfur gas fat coal and
construct a molecular structural unit model is of great significance for desulfurization and upgrading, optimizing coking coal
blending and saving high quality coking coal resources. The high sulfur gas-fat coal in Gaoyang mining area in Shanxi was
selected. Its carbon, oxygen, nitrogen and sulfur structural characteristics were characterized by FTIR, *C CP/MAS-NMR and
XPS. The molecular structure unit model of Gaoyang high sulfur gas-fat coal was constructed by combining the results of coal
quality analysis, calculate aromatic structure, fat structure and hetero atom structure parameters. The results show that the
hydroxy m hydrogen bond formed by = electrons on the aromatic ring is the most important hydroxy structure of Gaoyang high
sulfur gas fat coal, accounting for 73.20%. Hydroxyl self-association hydrogen bond, ether oxygen bond and hydroxyl group
form a high hydrogen bond content, accounting for 24.38% of the total hydroxyl groups. The free hydroxyl content is only
2.42% , and the association structure in coal is mainly in the form of the multimer. Conjugated carbonyl and phenolic hydroxyl
are mainly forms of the oxygen containing functional groups. The aryl ether and carboxyl groups are low. Methylene is the most
important aliphatic hydrocarbon structure. Accounting for 41. 85%. The proportion of methyl and methine groups was 29. 86
and 28. 29% respectively. The aromatic hydrocarbon structure mainly has three forms of benzene ring penta-substituted, benzene
ring tri-substituted and benzene ring tetra-substituted, accounting for 41.42%, 30.65% and 19.82%, respectively. The
aromatic hydrogen ratio and the aromatic carbon ratio is 0. 34~0. 35 and 0. 73~0. 77 respectively. The average structure size of
the aromatic nucleus X, was 0. 43. The contents of thiophene, (sub)sulfone, thioether (thiol) and inorganic sulfur in coal is
35.90%, 27.61%, 18.40% and 18.09% respectively. Nitrogen is mainly present in the structure of pyridine and pyrrole, with
less protonated pyridine and nitrogen oxides. The molecular structure unit has 118 aromatic carbon atoms, 5 carboxyl groups and
carbonyl groups, 35 aliphatic hydrocarbon atoms, and 8, 2, 2 oxygen, sulfur and nitrogen atoms. According to the analysis of
the structure of heteroatoms in coal. It is determined that the molecular structure model unit contains functional groups such as
thiophene, sulfoxide, pyridine, pyrrole, phenolic hydroxyl group, ether oxygen bond and the like. The molecular structure unit

model of high-yang high-sulfur gas fat coal with molecular formula C;s; Hys Os N2 S, was constructed.
Keywords High sulfur gas-fat coal; FTIR; “C CP/MAS-NMR; XPS; Molecular model

(Received Oct. 27, 2019; accepted Feb. 12, 2020)





