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% &7 WANG Meng, 2 Z' AT Ko

(1. BZBFE T RS MRR S TR, 28 R 232001 ; 2. Department of Civil and Environmental Engineering, University of Houston, Texas Hous-
ton 77204)

O OE. AL E Gk R R A RNC R XA/ FE A Ak - R 3R (PC CP/MAS -
NMR) A% 2 »t45h k38 (FTIR) X SR & F 4835 (XPS) 49 B & fEAT KB 5 B 45 M) 5 s &
M EEAAR SATRASHFIE ABRFHE FAE FHPHEMRT (X)) FREHETRE
ABH, BPREREN, HEEEETFHEER0.73~0.77, 5B FHLEMRT X, 4 0.43, X
AR R BAR AR Z KA G At £ 2095 H R EH, &5 5 A 41.42% ,30. 65% F=
19.82% , EFAZZMAM PR EZGIEHIRLEM, BILK P 41.85% , F AR T ELET LA
29.86% ,28.29% ,BLAAME P A A K % e AN F SRS 2, HEFBHAELTR PR EZWA
AERA, 5FA LT BT HROEL 7 KA P AEALE M 73.20% . EFFBRBER TN
A8 g ZHatE RIS TR T Ieb B R T AN A 25 ~32, L, FHhs EFHRK RFA
R BEEF BN TN AT ~8,9~11,6~8,5, BRFAHKAT, P BHXhFBmBELLG6 A,
Bk B Fo A LB AR E BRGEMER 1 ARRT, MAZEEEEAEX S THRAEELL %
BB BURTF AN, B AT HE P AR RS S R T MR — b 0 AT,

SR A R R B R P C R MR JE A Ak B R R YR G et 4 g R X S
P A i N

FE 45 £S5 :TQ530 M ERARERD A M EHS:0253-9993(2021)03-1024-08

Study and spectroscopy characterization of carbon & oxygen structures of
Gaoyang coking coal

GE Tao'”,WANG Meng’,LI Fen' ,MIN Fanfei' ,ZHANG Mingxu'

(1. School of Material Science and Engineering ,Anhui University of Science and Technology, Huainan 232001, Chinas 2. Department of Civil and Environ-
mental Engineering , University of Houston ,Houston 77204 ,USA)

Abstract ; Coal structure is an important research content of coal chemical industry. Carbon is the backbone of the coal
structure. Oxygen is the most abundant heteroatom in coal. The studies on the structure of carbon and oxygen are of
great significance to build macromolecular models, acknowledge the structural characteristics and reaction characteris-
tics and then improve the comprehensive utilization level of coking coal. The basic parameters of coal structural units,

such as aromatic structure, fatty structure , hydroxyl group, oxygen-containing functional group structure, aromatic car-
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bon ratio,aromatic hydrogen ratio and average structure size of aromatic nucleus in the Shanxi Gaoyang coking coal are
obtained by investigating proximate , ultimate,"”C Cross Polarization/Magic Angle Rotation-Nuclear Magnetic Reso-
nance (”C CP/MAS-NMR) , Fourier Infrared Spectroscopy ( FTIR) and X-ray Photoelectron Spectroscopy ( XPS).
The results show that the aromatic carbon ratio of the Gaoyang coking coal is 0. 73-0. 77 and is 0. 43. Phenyl ring
penta-substituted , benzene ring tetra-substituted and benzene ring tri-substituted are the main aromatic hydrocarbon
structures in the Gaoyang coal ,accounting for 41.42% ,30.65% and 19.82% respectively. Methylene is the main ali-
phatic hydrocarbon structure in the Gaoyang coal ,accounting for 41. 85% ,the methyl and methine content is 29. 86%
and 28.29% ,respectively , which demonstrate that coal contains more alkyl side chains and cyclic aliphatic hydrocar-
bons. Carbonyl and phenolic hydroxyl groups are the most important oxygen-containing functional groups in coal. Hy-
drogen T bonding with 7 electrons on the aromatic ring accounts for 73.20% of the hydroxyl structure in coal. There
are 118 aromatic carbon atoms and 25-32 aliphatic carbon atoms in the Gaoyang coking coal molecular model. Among
them , the number of methyl carbons,methylene carbons, methine carbos, carbonyl groups and carboxyl groups are 7-
8,9-11,6-8,and 5 respectively. At the same time,there are seven oxygen atoms,which be made up of six carbonyl
groups and the phenolic hydroxyl groups,the last oxygen atom is divided with thioether,sulfone and sulfoxide. Further
investigation should be made on the heteroatom structures of sulfur and nitrogen in coal and comprise more carbon at-
oms and oxygen atoms to build a precise macromolecular model of the Gaoyang coking coal.

Key words : carbon & oxygen structures ; coking coal ;spectroscopy ; °C CP/MAS-NMR ; FTIR ; XPS

TREAE R —Fh A H AR 24 R PR &R 3
gk pe e O T R 25 A R IR A%, R L, Bk 2#
SRR S B T AE T KT B ARSI B g
ERARFPLEL ) BREIE S AR B AR, SRR
BT A B2 BT 2, I HpoRlk o 40 B — AT 70%
PLb, SRR T B A R R K R
T R P T A LA AR KR ) B SR R
A FNIEAL T 2N A . 2B A4 R 40
PPN E A= L DR N b S G TRy R i X N
i, RS A AL ARIE 556 1,2 IR IER 24210
BRAFSYIAH 2 X045 H 45 o Hp s A A I 25 4 1
LEHNETE AR VAT T RS, R AE IR B B
FERIEYR £ M A Dk
JE R TIPS S AT B A ) TR R
SRR AT T AR BRY 4535 T HOE L

PrRAERIA & B Mok TARH0 A0 B 2 JFORL
IR R R A P R ke, T E R
R 1AL, BRI R R A 32 DG T I e
TRZ— o MR AR o v [ A A e W R A 2 1Y) 27 %
A 2 12 MR R R, 13 R AR

SRR R R B o A P R R S
FIAFIE AN EIRA , K AT L5 R ff A7 40E

B C AL B FA e, -G LR (U C CP/MAS
NMR) X $ 2O oL FRE 15 (XPS) Fd B - 21 5F 5
T (FTIR) St AR R b 2= et S B &
FEIRUNRE J1 , BE % S B0 A8 X B RE S X O IR 1 4% 1
T, EEARIBOE PRk 454 S8, vk )z N TR
AORFZE R O BB T X 1LV R B AR A P C
CP/MAS NMR . XPS FI FTIR () Bk 4 2 fF Al L %5 F
G, AR U R 5 F R 48045 ARG T S8, R b el e
PRI F S5 R AEARAE

1 £ 1§

1.1 KBRS

SRAE VY FH R AR A, #2 B GB/T474—2008 il
FE 200 H A & B A, A HD-GF500 42 A
7 B I 0 o T Y = e S s Y M - S
it Multi EA 4000 ST 43 Hr{F SDS 601 & B fX 533l
W ¢ H N A S i o 8k, MR 48 o0 2 0 A B s
TR A AT, BB rai R R 1,

x1 BERZH
Table 1 Coal quality analysis
T/ % TCR G/ % JiFE
My A Viar Coar Hyye 0 gat Nogat Sat H/C 0sC
1. 60 12.13 34. 67 84.78 5.30 5.52 1.29 3.11 0.75 0.05
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1.2 FTIR x2 BPmEHMRERESH

FTIR 315 45 52 IR-Tracer100 {8 B 7280 2T A1) Table 2 Content of carbon structure in coal
JEREI, KBr A, BEREFIZRARLL 1 < 100 1 Ll L2EAR/107° UGB I8 1% e
ITIRAWHE e R Pl ERH B 0.1 ~ 1.0 mm (3 15 R—CH, 0.04
o, MATE A 4 000 ~400 em ™, 3R A 16 em ™, . Ar—CH, 0.02
FUH N 32 0 33,43 —CH,—,—CH,C 0.09
1.3 XPS

FIH ESCALAB 250Xi % X -G HL T RE i AL 17 » OO oo
XPS ik, Mg/Al Koo BRI B4 €4k X 5206, 07! o~ 00
FAEREHREA 100 ~4 000 eV, X JF 2% 5160 85 1 $5 43 #r 81 R—0—k 0-01
X3k 30 ~400 pm, 2K 5 wm, B8R T 105,115,121,125 Ar—H 0.26
0.8 eV, 129,133,139 Bridgehead (C—C) , Ar—R 0.48
1.4 “C CP/MAS-NMR 150 Ar—0 0.04

“C CP/MAS-NMR i #E JNM-ECZ600R #% # 167,181 —COOH 0.01
SERIEN |5 1, CP/MAS AU R, 3. 2 mm o4 o 0 00

7r0, %% F, MAS ¥ 3 (12 £0.03 ) kHz, F 4 &
B 1100 Y, BKSEHR 0.1 s, BRI IER I E] H 3 s,

VEFE Peakfit V4 {4 X+ FTIR FI"C CP/MAS -
NMR & % i 17 8, &, XPS & 3% 8l & % 1k & XPS
Peak4. 1,

HR5Hi

2.1 EZEH#IEC CP/MAS-NMR fE#f

PR AR P C CP/MAS—-NMR #1415 & 1
B VSRR R? 79 0.998 , A BRI, FEH
FBZEAEEE N 0 ~90x107° AT 100x107° ~160x107° Ay
ANUEERE A B, 43 0 2R A b 1Y B T B NS A ik 46
FUT S ARE A R 0 A A2 57 A% 0 1 B AR B A ik
SR B LR RO 2,

2

— o

— ik

2 frAe/10 ©
Bl B AEEE C CP/MAS-NMR #14 J&13%
Fig. 1 ®C CP/MAS-NMR fitting spectrum of Gaogang coking coal

R A 5 v A TR] B 45 b R G o i o B, M
A (1) ~ (6) THAIFEREFRASHC T 2R
%%30

fotfa=1 (1)
Ja=fu i + 1] (2)
Lo=10+ T, (3)
STARY A (4)
AT (5)
X, =f/1, (6)

G2V S I S S D A A A A I 1
TRIFIRAR NERRA | TPRERR P P L AR R Y | 4R
PERR I R IR AR IR  JFRR R T AL AR T
TSR S BB 5 A AR, X, 3
TS5 R, 95 A W B B 5 1 B 1 1
{E (BFRR L) .

FR0. 14, £ 50,48, 43 15 B 2 ¥ R
TERREEHII 60% LA - 2 125 FF 4 4 4 o B D e 5
FAI LI FR SN 3 | ELA 88 22 1 i 0 A0 5 T
P REE L LUAE R AL S B A, ST
PIZERRSE A 0. 43, PRI , 4 5% 7 45 4 LA = PR R IY
Wi N E,

*3 SPFEKSC CP/MAS-NMR #1541

Table 3 “C CP/MAS-NMR structural parameters of Gaoyang coal
fa Ja fa i fi fE fa £ A A fE L X,
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
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2.2 REHEREEMR FTIR f@#H
2.2.1 FSEREH

700 ~900 em™ JEMEH DT RS 1Y FTIR WL
PR FGE R R B e T 5 & RS
WA EIHERZ R 6 A" S F R A
TEANE 2 (a) IR, R* 4 0. 998 | AR 545 f1F 1 5 B3R T

0.10
— e
| — A
CO8 I — s
4 0.06 -
R
o 0.04
0.02
0
700 750 800 850 900
HH/em!
(a) BTk

3700

3600 3500 3400
BeH/em™

(c) FrIELiHy

3300 3200

R3S it BT 0 285 0 1 T B AR R IO o 4, 5 2R L 3%
4, 6 NRFAEIESY BIAJE F AR5 U =BG U
PRI 4 FhZh by, o) 3R O 45 74 40 X6 Bt
HOEGEE] 41, 42% B R R T B L, R
DU AN = B 25 4 53 3 43 04 ) K 30. 65%
19. 82% , W3 “HURZEIIA 2 10%

0.18

— e

0.15 - — AL

— e
0.12

|

3R 0.09

0.06

0.03

2 850 2900
W H/em !
(b) REWT R L5

2950 3000

— SR
— DA

0.6 L — U

Wl

04

02+

0 / \
1800 1700 1600 1500 1400 1300 1200 1100
HA/em™
(d) &EERALY

K2 FTIR #IA%
Fig. 2 FTIR fitting spectrum

F4 JFEPIFELEN FTIR #AT
Table 4 FTIR analysis for aromatic hydrocarbon

structure in coal

AR/ em ™! WEEA AR RSB % LS
874 2.91 35.19 I HHUR
861 0.51 6.23 HIR TR
817 0.53 6. 42 IR PUEUY
800 2.00 24.23 E SN UIE
752 1.64 19.82 KR =R
740 0. 67 8. 11 FEER U

2.2.2 JRWiESSH

2 800 ~3 000 em™" S I i 15 ks &5 ) 1 ke £ IXC
[E], g Wil g5 L&k B an & 2 (b) Fios, R 5 %)
0. 999, #hG BEAR i, P05 04 U Jg B L AH XTI k4 3L
5, RIS RS AL, BRI Z5F 1) FTIR Hog
ARSI RO 6 ~91 | BRI R 9 4
LA 643 VA T 3 0 SRR R 3 e W
F R TR RS, 5 ol 41.85% , H 3k Ik

3L 5 He 4 0 29. 86% ,28.29% , AT UL, &A%
() bt R I B AR AR B T A o
x5 HAERAE LM FTIR R4
Table 5 FTIR analysis for aliphatic hydrocarbon

structure in coal

PR/ em™ VETEAR  AEXTER B % RS
2999 0.14 0. 87 RCH,
2962 0.72 4.50 RCH;
2948 1.75 10. 81 RCH,
2929 2.19 13. 68 RCH,
2917 2.06 12.87 R,CH,
2 904 2.28 14.24 R,CH
2 885 2.25 14. 05 R,CH
2 861 1.83 11.43 R,CH,
2844 2.81 17.55 R,CH,

2.2.3 M FTIR 4555k
FERH FTIR A8 4 0 S 80t I A A
rp U S HEE MR SR E R T, MR
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5 IR IR W ke 5 A0 1 FTIR AT &S R R 7y 2.2.5  HEAEERER

PrECHE 150 i PR SS R 1 05 SR RDF IR
n(H,) _
1(700 ~ 900 cm™)
1(700 ~ 900 cm™") +1(2 800 ~ 3 000 cm™")

(7)
_, Gy _ . _n(H,) n(H)/ n(H,)
far—F 1 n(C) 1 n(H) n(C) n(Cal)
(8)

Hr n(H,) WA EENEEFEGn(H) ,n(C)
3 5 A R 23 A v 7 U ORI SRR S R 1 R i
B TR] Py W e g i B, i FTIR AP RE Y D7
F5n(C,) ,n(Hy,) 73R BE b 0 g 10 ik S 4% B
a5 P SR T8 n (H, ) /n(C,) — I BE
1.8, TR B R AR b O SRR O B30 3l Ry
0.34 F110.73,
2.2.4 FRILHELH

FELAE FTIR iy W Wi 4 3h i 0l 3 700 ~
3200 em™, FTIR #IAIEERWE 2 (c) Binm, R A
0. 996 , U & BERG AR T 07 Tl 2 i R I ke s 4, 222
RS g P i I TR RS, RS
g K AR 5T 2 BRI S5 R W3R 6, bk 2 %2
A6 i TEWT R ACHR B I BA AR R A IS A0, 32 %L
FEAE T ot 3 A 4% rp | PR, 23 19 FTIR $U6 —
4 ~7 A 2 () 3 6 AU I, 43I
JB TR AL R m SR R A 4R S B
HESRIOE R SRR S, 550 o TR
BRI m SRR PR A I e ) R S 454
di R 73.20% o MR RS Rk B 3 BUR D A
2.42% RBEPIREER ML S B RERI A AL 4R &
YERT i 1 ir e R B i Ik gl . PRI R R R B
g o SR Tk AU S R Y Y S T B
Hi PR AL LI 24. 38% , A B M4 A S 1) FE AR
i, K B g S 5 DL 2 RIKIE A £

®6 BHREEMR FTIR T
Table 6 FTIR analysis for hydroxyl groups in coal

PR/ em™! WETRIA AR B % f2rght
3 686 0.35 0.33 e B 5k
3 649 0. 81 0.77 e B
3623 1.38 1.32 A= S
3 497 47.00 45.00 OH---1
3415 29.45 28.20 OH---1
3350 14.02 13.42 OH---OH
3281 11.44 10. 96 OH---0

1 800 ~1 000 em™ JEMEBREEEL LIS (IR HE |
Pk T EREAT) B AAUE REH LM BGE . T
ZILHER A ¢ =S, Si—0—Si, Si—0—C 47 1
P —CH, ,—CH, . J5 % C = C S Ig i f& M55 & 12
e ™" PR SRR BE AT FTIR 3 & 2% 1
BIXE], — A 13 ~ 18 LA R B
FE1 030 ~1 020 em™ D HF B0 1 265 08 199 ik A 46 4 2
WS I | A T 9/ T PR LA X E A & R 1 800 ~
1060 em™, BIAREEAIE 2(d) fis, 36 15 4
R BT A R L3R 7. R? R 0.996, #0045 B 54
FRHEAR Y WA RO & AUE REHA 2 D ek
SR R HE B A, J7 FE i FOR L B i b

*7 KHAEK|ELHE FTIR fFif
Table 7 Oxygen containing functional groups in coal
FTIR analytical

W H/ em™! WETRIAR  AHXT B4 % 1245k
1712 1.87 1.37 A
1673 5.36 3.92 R
1 647 15.29 11.18 EasIE 8
1613 25.2 18.45 i A
1581 12.82 9.38 Fit%k C=C
1 548 8.34 6.10 I C=C
1508 3.08 2.25 Jit%C=C
1 467 7.32 5.35 —CH,; ,—CH,
1434 14. 62 10. 70 —CH; ,—CH,
1 407 2.64 1.93 —CH, ,—CH,
1382 15. 84 11.59 —CH,
1336 2.88 2.11 M
1309 0. 70 0.51 i3 2 Jk
1287 14.01 10.25 g
1077 6.71 4.91 75 Fk ik

2.3 BEPBRELEHR XPS BT
2.3.1 R4

s i XPS UG, — Mo B e BB ik |
Mt/ Bt BE AR L 4 JSRIA W MRAELS ), =M
JHEXPS WIS A TS AR 3 (a) iR, 3 3 M UA
U | LT85 5 BB b 2 A B 45 A 45 ) A X I i 43 K
WS,

®8 JEPERZEN XPS i

Table 8 XPS analysis for carbon structure in coal

HTHARE eV kst VETAR A B 44 %
284.73 c—C 65 733. 48 76.70
285.30 C—H 15 016. 03 17.52
286. 00 c—o0 4951.48 5.78
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V% e PR AR SRS e SOt 2 R AR 1029

— St
— i
—— it

1 1 1

282 284 286 288 290 292
CINELEy Y
(a) R4

528 530 532 534 536 538
SN Y
(b) &
K3 RS FISESS R XPS #145 Fi

Fig. 3 XPS fitting spectrum of carbon and oxygen structure

XPS 1 3% 40 M 45 B R, S oA
76.70% , 5°C CP/MAS-NMR F %% % 0. 77, FTIR
RN 0. 73 WA as SR AR 5 B2, Bk e/ By fik 5t
BN 5. 78% AT BRIk A FUL A R AF 06 | Tk 3
FIT L5 5 U R T BT i 7 Bk 5. 78% , 3R WA B
PEAREARR,

2.3.2 AL

XPS NGB X J3 F5 S 2540 P ) Bk S AR L | o S P
HET LA k2 W Bl 4045 A4 1 B i, GRZYBEK T
B\ Sy LA e 531.3 Fl 532.8 eV 435Il
T v R SEORU R iR S B A MR A g, T I 2 24 A
}(531.3+0.2),(532.8+0.3) 5(534. 1£0.4) eV %
3 Rb WS 53 ) U B TR R e S B B Rl SR

= PHARE XPS S 3% i L &% i 3 (b) s,
532.90,531.80,534.10 eV 23 HIH )& T bk & B4
BRI IR B ) R AE 0 EL B B, RAE 45 R Lk
9, & PH OB P oEE DL OB OB BE 25 M AF TR,
530. 00 eV FfFic A H B I G, 1 BH TG AL A &
O3B D R ) SR A AR B I, 5 1 i T &
B BRIEFR L XPS B FTIR 40745 b iy
el e 4.5 0 1 A 5.6 1, R, Ao 2k 2
BREANB S AR .

2.4 EEBEES FEREBHBRASEH
2.4.1 J7FFIREAE

e 9 B JBT £ 53 Bl 84. T8 % , U5 A 4
FRRICLL 3 ~5 D aR A BN £ B AE M BUE
SRR P R A BT R I A R R R
P v PHEE Y X, BT o AR TR o 5 A 25 4 B 5T A
O3 10, 5 F R 37 F SR ik R TN B0 118
FLORTC A5k 0,74 F10. 03, R, Bk I 5k RN #R 3k
Wz Fk 5 4,

F9 HHhREH XPS #ET

Table 9 XPS analysis for oxygen structure in coal

HTFHARE eV bRgii VETAR XS B H %
531.80 C=0 13 650. 95 35.25
532.90 c—0 22 028. 80 56.90
534.10 0=C—0 3 040. 67 7.85

#x10 SPRGEES FEEGFEELHET
Table 10 Aromatic structural unit in coal molecular

structure model

4

s

iz

hy
ol iy

st i L
*m S

K

&
te

2.4.2 JRWikEsH

IR R TS R DUe SEEE IR Bed fn L5 1R 1)
TEAEAE A I A 2 3 1% 18 o i R /)
FRAE 7 iR T 25 5 TR v g iy s I 1
Bk 22 ~27, Hop, B3R fR I A Ok LAk Y
AEY N T ~8,9 ~11,6 ~ 8. 1 BHAE Uk 5 14
L 0,75, Bk, 4y FRER ) SR T 109 ~
113,
2.4.3 RARETHEH

HR L 5T 53 B 285 R S o3 —F B A e Jot - K0+ 53 4
JEF A ECh 7, E R AR P R R ) A0S F
3.11% JE T s, B 32254 JCHLER B RE i
ik WEWY ARSIV ARAE 25 44, IR AR o LA B o B
1, 5 R TR R AR ] BE & AR, By
TR i SR R AN 6 | Tk AR FLAT LA 2
A5 1A R T s A
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3 & g

(1) 75 P A2 P C CP/MAS -NMR, FTIR, XPS
Dt 0 A A 25 R AR R, 42 R 0.77,0.73,
0.77 0 KER fo sfasfd S LSS0 X, 2350
0.06,0.14,0.03,0.03,0.26, 0.12, 0.32, 0.04 F
0.43,

(2) fe PR SR b 1 05 B R 5 1 AR IR TR
ARIA IR ER = U 3 HA R IR R4 1
AT A0 Bk 2 41, 42% 0 P 3 2 o 1 B0 i
Wike 2544 , b7 LA 41.85% , Ji v & A 30 22 B e 3
HERARNG IS . B 045 0 3 2 LIk SR 8 2 56 1
TEAFAE , 55 FEBEARIL T /4 b

(3) FEIRBE T ECH 118 BB TR
NI IEBR IR N B0k 27 ~ 32, Hoh ) B g | 0 Y 3
e U HH BER e 6 RN R S Bl 7 ~ 8,9 ~
11,6 ~8,5, AR MR 7, 2 A F2 3N
6 ik LB A AILER i IR s AR R R 1 A4
55

(4) s PR AR B M TR A T A
22 IR SR T L, AT VA A A B e R R
N R S e e A Sl SR T A/
F A5 g — 2 T
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