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Molecular dynamics simulation of sulfur migration in the initial

pyrolysis period of Ningdong coal
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(1.School of Electrical and Mechanical Engineering ,Qingdao University ,Qingdao 266071, China ;2. College of Civil Engineering and Architecture ,
Shandong University of Science and Technology ,Qingdao 266590, China)
Abstract :In order to explore the migration law of sulfur element and the pollutant formation in the process of coal pyrolysis,and taking
Ningdong coal as the research object,X-ray photoelectron spectroscopy, " C nuclear magnetic resonance (" C=NMR) , industrial analysis
and element analysis were used to analyze the internal element types,chemical valence states and bonding modes of Ningdong coal , and two
types of low rank chemical structure models of Ningdong coal which contains sulfur but no ash and water content were constructed. Af-
ter molecular dynamics annealing simulation and geometry structure optimization in Material Studio software, the chemical structure with
obvious stereoscopic structure was obtained ,which ensured that there were four sulfur atoms in the model box,to correctly summarize the
sulfur migration path and productions during the coal pyrolysis process. After that,ReaxFF force field was used to simulate in 200 ps mo-
lecular dynamics at reference temperature of 2 500 K. It is found that the distribution of pyrolysis products is in good agreement with the
reference simulation results, which proves the rationality of the model. Thus,the transformation characteristics of sulfur atoms in the form
of mercaptan and thiophenol during initial period of coal pyrolysis was summarized. Although both types sulphur eventually migrate to tar
products , there have different migration rates and stable chain structures. The migration of sulfur in the initial stage of coal pyrolysis corre-
sponds to the reason of high sulfur content in coal tar during the actual low temperature coal pyrolysis. Increasing the simulation reference
temperature or extending the calculation time is required to determine the deeper secondary reaction behavior of the sulfur migration dur-
ing coal pyrolysis process.

Key words; Ningdong coal ;molecular dynamics ; pyrolysis products ; sulfur migration

Wrs B8 2021-03-22; BAEHRLE: (IEHE  DOI. 10.13226/].issn.1006—-6772.CE21032201

E&TE ILARH AARAEETTIITE (2019G6X103001)

EEEMN T H(1997—) , 5, WRBEA  MTHARE  MBERRRICZHERIEIAT . E-mail: 814920441@ ¢q.com, B E
WWES . 22325 308, BT, MNBESHEREANT . E-mail: wangcuiping@ tsinghua.org.cn

51 A b, BESCH, RS T AR IR BT A% 19 231 S D SB[ ) ] G ERERR ,2021,27(4) 14855,
WANG Kun, LIANG Wenzheng, WANG Cuiping. Molecular dynamics simulation of sulfur migration in the initial pyrolysis E
period of Ningdong coal[ J].Clean Coal Technology,2021,27(4) .48-55. #ah i

48



FOPESE TR )G BORLT R 19 701 3 A AR

www.chinacaj.net

2021 4R35 4

0 35

T BE IR % GE Ak £ AR, JEH 2
B AR Tl AR 7 3 3 AT R R 4l T
fii, YEHR CO, PM, 5575 e = AR 1Y E B L IR
BTG B 16 — R e O TR S R R &R
W RN T R R G54 S HREAS R ARFAIE , JE 2 A
J RO i 7 o A oe SR AE A it R 22 2 9 Ak
PSR — AR R S U A O R R
UTEEAE H 5545 BN AT 92313 1 2 HRAT B T AL
WA BE SRR UL S 2R AR A 2 S BAR ZR B, MTT S
SR PR SRS SR BRI SR TEAT
BTG T

R A 27 S50 73 BT SR A L N7 2 T
WP F I E RN i £ LR ], R Z 44 18
RS 5HE A TS 130 AR [ R 4 RUE
(LR ) A B R 25 i B ST
ALK K8, A TS B e -3 i 7 vk
B, A2 A X RO H T RERG (X~
ray photoelectron spectroscopy, XPS) . C [ {4 #% #
( ®C Nuclear magnetic resonance , BC-NMR) .=t
%5 L B3 ( High resolution transmission elec-
tron microscope , HRTEM ) &5 43T T BE #4) 2 1 45 fb 2
gk Ak AR T S B A B RCR
TER XS T BoA sl A HCY L Bk 4 R AR 11
ST AT AL 22 e AL B 9045 LATE 43 1 2 T R T,
NG S Ak A SO HLBRER (i T LSy . A
fift R R A A H B I B, 22 A
LKy ) SN B Be, 18 53 S B P AR R R (—
WKL) B A5 R 0 I 2 O (IR BRE) 2 AN B
BB AR R A M SR I T e £,
BASE o 3 T B AR R i R v [ el SRtk A T
R AN 3BT PR O3 T R R ) 3 0 43 - B 0 2
B AR A B Nz i A= HLUR e i

SV 1135 ( Reactive force field , ReaxFF) | f&—Ff
BTN T 1Y, W T 01 8h i oE il h
van Duin 25 IR JE T B T2 Be A V32 070
ReaxFF Ji3h | RGcHEHE DIERE 2t Mo FIEHERE AN 10
FIBERE B A BE LU S IERE | — T £f AR LA RE
JEFEALAH B AE ] 1 68 LA B i A B T RE 2 F
ik, P ReaxFF T 1 1 AU IF B T4 9%, 5 1%
G 1) GAH L, n] LA 2 W BEHTE s i R i ]
DIMSERDLAR A SO e i R # A . S
( Quantum computation, QC) A k., % 77 L 76 % &4k
BN [, SORT LK BEADUAR 2 i R4 v —

T

w5155 F 8 J12% ( Molecular dynamics, MD)
BADURE LG 12 B0 7 3 7 i S04 3 B 104 A 1R 7 24
HAHG W A2, I ReaxFF N J) 58
Z T A BRI A 7 S 3l ) 2 AL 40 s
SRR ¢ 75 SN L) RV = B S 25 (v N
ot A JE A AL R AR T ORI S REA L, 70T
PSR R T 1, Zhan 551 SR Hatcher YA
AL FIH ReaxFF-MD #5400 I fift e 1 M 4k 7 )
A JRHLEE, Salmon 251 BT Morwell 48 A5 A5S 751 4
fifpad A b RE T A P S5 A B, Hong 2515
X T 2 R P A 3 A DA B 9 ) R B g R A T
WF7E, BEAh B4 R Wiser S50 4 T4 R AR RS | |
JiI ReaxFF-MD LS BERA AR LR 224 Ty
B2, HETIFZE T, R B i 28 317 ) 43 BT A
Z AR R g H s ¢ (HL.0 =Fot
RO APG R TR I S B G A AT AL
H# K S TTRIEH M FTA T80 FF R S 1L
APy A BLER AR R AR ST, S & 75 e 9 1) 34
P Rk e rh s i HLER S AL JEL i

TR 0 5 i 3l AR, T AR
PR T A PR AR IR 2% T 22 0%, i D v b b IX B R
ftar 2500, g2 4 AR IR R aoR DU AR, A
SCHEBUCT ARBAE R A i@ e &R oA ol o3
Br XPS PC-NMR 4553t B, #fi o Herb i oe R 19
FEALEIE, WA T 2 Fh ELEmas e Xy
B T AR A 2= 4549, 83T Material Studio #X {4 7E
B 3 AR IR RE T AT T AR AR SO 1 433 )
SRALL R R IR i A v R P DR B A O Y
ST, #8578 T AR IR R L R R A T R AT R
119,
1 REGESE A X

1.1 BENTISHMTESHT

R T AR AL A A R T AR TR S
FAE, R ACRE A 7S T2 75 pm DIT
. RHJCE 4 (445 VARIO EL 1I) I &
SRR B AT E S, R A A dE A (B
ZDL-9) M 7 JERE B B 5, T i 22 0k TR
5. T #HrE% GB/T 212—2008 (KR Tl 43 #r
Ty T, THRET AT S TR 1,
MidH— T B AP EL LR S C mRZ MK
JRFE AR R 2,

1.2 Al S JUE & R ARMIK, B RT i
R, TELRIE AL 2 (0 L 2 25 4 vh & D A e — A
BRI B A 300 A A HE A T A T 48 G UK

49



2021 4F55 4 14

www.chinacaj.net

E A g B K 527 %

®1 THREFEROBREST

Table 1 Composition analysis of Ningdong coal

Ultimate analysis/% Proximate analysis/ % Qu.a/
Cy H, Ny Sa 04 Ay Vir FC, M, (MJ - kg™")
69.33 4.65 0.66 0.62 19.70 4.73  24.30 64.88 6.09 27.77
Cdaf Htlaf eraf Srlaf Odaf Vdaf chaf
73.00 4.89 0.69 0.65 20.74 27.24 72.76
K2 FHREREFL 254 4 931.16 g/mol,
Table 2 Atomic ratio of Ningdong coal 1.2 JE#E XPS 91
H/C 0/C NG s/C ARG T ] e T 5, X T AR R AT T
0.804 0 0213 1 0.008 1 0.003 3 XPS FAEMNR, {4 %% 4 Thermo Fisher 2% 7] ESCALAB
“ W, N =% ] 555D sy VR R rw sy X T~
AL LR LS TR N € H, O N, S, BE R T XI+5] X SFEOEH T RERE I, WHRE R sl 1 s,
Cls 284.8  — Experimental curve Ols — Experimental
5 — Fitting curve 53131 curve
- - -Fitting peaks R — Fitting curve
4 - - -Fitting peaks
529.93 1/
286.42
289.05291.21
280 285 290 295 525 530 535 540
Binding energy/eV Binding energy/eV
N Is — Experimental S2p — Experimental curve
curve — — Fitting curve
399.27 Fitting curve - -Fitting peaks
- - -Fitting peaks 162.60
1367 6116876
400.69 _Wg.,'g - AR
395 400 405 160 165 170 175

Binding energy/eV

Binding energy/eV

B 1 7 AREA XPS #
Fig.1 XPS spectra of Ningdong coal
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eV) AEALW (401.8 V), HEEF] N JF 14K,
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£3 THREH C15.0 1s.N 1s.S 2p XPS B 5 #4117
Table 3 XPS C 15,0 1s.N 1s.S 2p data of Ningdong coal

Elemental Binding Atomic
Functionality
peak energy/eV content/ %
C—C,C—H 284.80 73.33
C—0 286.40 21.41
Cls
Cc=0 289.05 3.21
—COOH 291.21 2.05
Metal oxide 529.93 10.85
0 1s C=0 531.31 62.33
C—0 532.70 26.82
Pyridine nitrogen 397.93 19.51
Pyrrole nitrogen 399.27 44.47
N s Quatemary nitrogen 400.69 20.02
Oxidized nitrogen 401.80 16.01
R—SH 162.60 53.80
S 2p Thiophene type 163.75 27.48
Sulphoxide type 167.61 12.67
Sulfone type 168.76 6.05
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Fig.2 "“C-NMR spectra of Ningdong coal
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Table 4 Percentage of structural parameters of Ningdong coal

B fa fa fi fa i /i fa fa Ja Ja H
Wi 5739 986 47.53 1749 30.04 4.08 7.10 3565 1578 6.15 13.71

1 f, M total sp® hybridized C; f$ 24 carbonyl or carboxyl group; £ A aromatic C; /Y 4 nonproonated aromatic C; /% 2 protonated aromatic C; /¥ 4 ar-
omatic C bonded hydroxyl or ether oxygen; /5 24 alkylated aromatic C; /% 24 aromatic bridgehead C; f, 4 total sp* hybridized C; £ & CHy; f4 4 CH or

CH, ; f9 4 aliphatic C bonded oxygen,
A LA b 12 A (A , 8 T R S SR ik

o Xy , SR TR 5 BRSP4 40 SRR B T AR
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e v
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Fig.3 Chemical structure model of Ningdong coal sample
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Fig.4 3D chemical structure model of Ningdong coal
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Table 5 Number of main products obtained from Ningdong coal at 2 500 K,200 ps

Inorganic components

Organic components

box(S1) box ($2) box(S1) box ($2)

Products Number Products Number Products Number Products Number

H,0 87 H,0 97 CH, 5 CH, 4

co, 12 co, 16 CH;N | CH,0 !

H, 8 H, 6 CH,0 | C,H,0 3

NH, 6 NH, 3 C,H,0, 7 C,H,0, |

H 8 H 10 C,HO 2 C3H,0 1

OH 2 OH 4 C,H,0 4 C,H, 4

C,H,0 | C,H,0 1

C,H,0, | C,oHs0, I

C,Hs 1 C, Hy04 1

C,H 0 | C1sHyONS |

C.H, | CioH 30, I

C;Hg 1 Ci7H;605 1

Gy Hs0 1 Ci7Hy, 05 1

C, Hy0, 1 CigH,,04 1

CigH 0, 1 C, H 30, 2

CyH 16055 1 Cy H;3055 1

C3H 30,45, 1 C,sH;0,NS 1
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Fig.7 Main existing forms of sulfur in box(S1)

at different time periods
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Fig.8 Main existing forms of sulfur in box(S2)

at different time periods
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