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Abstract: Thermal maturation of sedimentary organic matter mostly involves disproportionation and hydrogen
transfer. Typically, a higher content of organic sulfur in kerogen leads to a decreased activation energy of hydrocarbon
generation. The abundant sulfur-bearing free radicals in the system accelerate the breakdown of C—C bonds.
Dibenzothiophene compounds (DBTs) are key products generated by organosulfur compounds during the
catagenesis stage. Therefore, detailed studies of the mechanism responsible for DBTs generation regarding the
combination of elemental sulfur and biphenyl compounds (BPs) would help geological researchers understand how
organosulfur facilitates the hydrocarbon generation of sedimentary organic matter. In this study, we investigated
the reaction pathways of DBT generation from BPs and elemental sulfur using a combination of thermal
simulation experiments and theoretical calculation. The results demonstrated that a combination reaction occurs
between S; free radicals and BPs as the dominant mechanistic pathway. The free radicals attack the C—H bond to

form DBTs and highly reactive free H radicals, the latter of which participate in H,S formation and promote
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hydrocarbon generation via decomposition of organic matter. These data indicate that hydrogen transfer is the key

step in organosulfur-induced stimulation of hydrocarbons generation from the decomposition of sedimentary

organic matter during the catagenesis stage.

Key words: sulfur-bearing free radical; hydrogen transfer; dibenzothiophene; quantum chemistry; decomposition

of organic matter
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TR B AZ R R B B g H 1Y K 43 (Lewan,
1997). wZAMEERIE H o R KA, IR T i
R 43 rh ok J B 0 e B AR A A TR R R AR

TEVIRA ML AEVE I B By, B T & AR A 05
Fa A RN 45 SRAE R B B 2G0T LT N R R
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() BPs £l T4 H i) DBTs, Ef1ZEWtA&4ET H
R I, et BPs WEIARILEY), FFFEH S B
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Table 1 Sample information
s FHRE 53 Iy Fi 4l HER 7
1 I 75 (BP) CH 154 99% ACROS Organics
2 4- I BEI5 4 (4-MBP) Ci3Hi 168 98% Alfa Aesar
3 3,3"- I BRI 3 (3,3'-DMBP) CisHig 182 98% TCI
4 A I BEW (DBT) C12HgS 184 98% Alfa Aesar
5 411k — 2 I HE W} (4-MDBT) Ci3HyoS 198 98% J&K
6 4,6-—F 3L TR IFEM; (4,6-DMDBT) C14H2S 212 >98% Adams Reagent
7 LN i S 32 99.5% Alfa Aesar
8 M CH,Cl, 85 99% IDTZ

Oy TR R A0 S B RE T b AR/ MELS, BRI N 3
Pk 2R BRSO AN RSO A LT A AR i A X s g ot
T rp Ak T A5 380 1 3 O S R A T P B s 1 A AR (IRC) T
B, B VS R A SRR T L RN W 1] 7R AR Y
B dh i A A MERR R AR BN R R I A T 2R B,
£ M06-2X/6-311+G** I+ 5 /K P [R5 4 J) = KL E
B, £ M06-2X/def2-TZVP 8K b8 ik
ZAYEA A RE, I SR FRE A,
15 3 J b v 4% W BT Y g 1 2 R LA RN W) RE A R A
T 22 ) SN R R 0 S0y RE ] o ARG AR X i
H Gaussian 09 2552 R, HEA A2 6 7E GaussView
6.0 &7 5E i

122 #HEB LR T %

SIS HE 4 E K 30 mm, NAE 5.5 mm, &
BEJERE 0.25 mm, %8 FHZ 80 KR GREE 29
800 C)KyKe 3 min, HIGHNAEHLAR B — i f PR i H:
[k, BEFELR)E, MAENEA Ar kB SE
B2, IR 40T e e i e — 7, R
IRKEMLEE B, B0 4R e o Bk et R i

PSS DL S A1 3,3'-DMBP -l 2 i 4,
ST R S 10 MPa, 43 BIAE 200, 350, 380,
410, 440, 470 'C R 18 h,

TR et N e R I 2 B BT
PR A IR AR Rt R I SR A T S PRI . SRS
TRACAR ML [ B [ 380 A R0 R R A R b ROk, 4
BRI B RV Y 3,3'-DMBP F1 S ¥y, e )
PRI HoS Al XN S A 448 SR 5E )
TG, B A, WA CHL.CL H, #H
W 30 min, UMY . A EHY Cu Jr
S 24 h JEiduE, 198 A IR ARE IR .

I B AR B AR R P T S-S (GC-MS)
A3AT, TE R E AR 2 (b m ) il AR R S R K
T S FE ST N A 95 [ Agilent 6890 GC-5975i MS,

FXESEAN T B E HP-5MS(5% 2 ik F L 5 ik 45 6%
PR AT BE TR A0 AE (60 mx250 pmx0.25 pm); ARG HT
AR THE, WIREE S 80 C, fHIE 1 min, LU
3 “C/min AYHCRTHEZE 260 C; #S4 He, e N
1 mL/min, ~FHHFHER 26 cm/s; FEFE T HRAA
SRR, HERE R EREETE 300 C; B
BTERABTEREED TR, BEHIE 70 eV, i
TEHEE m/z 50~450, iR =X 2HHI(SCAN)
FIEFE 2 T (SIM) [l B SR AR (Ui 2E R 4%, 2014).

S5 7 ) B RE R R T R AN I 2k . D
BP. 4-MBP. DBT. 4-MDBT # 4,6-DMDBT 1}
PRUERITT, CHLCL, AR, BLhl— ZR S [R5 1
WA T GC-MS Kl o Zbm 2 12 2 i F 0 T AE R
LR 2,

2 4t R

2.1 DBTs &£ HIE LR N EKE

Gilchrist et al. (1978)7EMF5Y N & F . HHHEEL
B R S5 SO B S T Y 2- S IR R Oy U
BRI A N TR ZEATITH . 5 0L, Asif et al. (2010)
TERFFE 2R I IR g I 4 3 R 1 i) —Fh i ZE LA
TEWE MR AL A 25T, R A 2-F2 SRR
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Table 2 Equations of working curve used in quantitative
analysis by external standard method

AL/ E2 S T AR R
BP y=2.40x10""x—0.014 0.9992
4-MBP y=3.67x10 "x+0.060 0.9996
DBT y=2.72x10""x—0.010 0.9996
4-MDBT y=4.75x10""x—0.008 0.9998
4,6-DMDBT =5.13x10""x+0.043 0.9986

:x. GC-MS WAL y. W (nglg)-
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S, H HEA/EH VIR BES R A 70.03 keal/mol., BP
5 S, Bl RN =) DBT Ml 2 A midtE H A
AL, M5 S, A AR WA DBT A1 HaoS. S JiF

A 3,3-DMBP Hr i iy # A2 (& 2) 55 A F| BP
Hh2E{RL, 3,3-DMBP il S, F H 2SO BAA AR 4R
fiE22(46.81 keal/mol), KN =2 2 4~ H H 3,
2.2 AAERBKIE =S

i 35 3,3'-DMBP FILJTT S [ BB D S 567
Y1, ZIFEY L DMDBTs 4 32 (8 3).7F 380 CLA L,
MBPs. BPs U} MDBTs S&#itZL, B TR
I B 0 Bl I B3 i, MDBTs sk &
B HA IEH i3, Bl 4-MDBT/1-MDBT {H14 K .
FEAJEAE 200 CHY, SEg™Yh 2 44 DBT 4,
HWLEF] MBPs . MDBTs 45 i I 3 7= ) (&) 4), X 2
PRI TE BN 5 e 2 A B N BT AN [ AL
2.3 RPN H TEREBLEHITE

TEE PR ZR Y, LS I 1 5 45 JC R ) i it
JESFAEY o JE AL AR E f 43 3,3'-DMBP AR S
R R BB S =8, AT AR R ) H TR

RC. B9 TS, id PR 15 TS, WA 2; IM. Jalfk; PC. /=4,

E1 BEMBERSERHERNER

Fig.1 Theoretical calculation of reaction pathway between biphenyl and elemental sulfur

2 3,3-DMBP fiE [ S it it H R MEgE
Fig.2 Theoretical calculation of reaction pathway between 3,3’-DMBP and elemental sulfur
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3 18h. FEIRET 3,3-DMBP FMHE R S KM~ H T
Fig.3 Product distribution of the reaction between 3,3’-DMBP and elemental sulfur at different temperatures for 18 h

4 200 CT 3,3-DMBP F1E S R BB~ 5 %
Fig.4 Product distribution of the reaction between
3,3'-DMBP and elemental sulfur at 200 C

AT BTG o h T S50 v AR T 3 55
A=) (LR 25 . DBT L IRIREE)(H M 45,
1998b; 4745, 2019), Ft, HHL R K )
H A A2 5N o] LAy A i 3 | 75 3k L A
i M EER 4 25, HRN(D~6)Fn~(E 5).

KA1 mol A H 3 52 (1) 75 TH#E 1 mol H i
F, 1M 1 mol 75 HF 3 ) i (2)K 1 mol B34 & S W 47
AT LR AE 1 mol B 2 mol H 7, I HEIE 8 52 1
AEFEMARAE H T IR S H it
B RANE . R F MR L X PR AT 2 R G 3

fili b, ARAEA (DI H R A it

AT E=(2) 42X (3)+H(4)—(1) )]
Aorpr (D~ AR SR 2 (1)~(4) HHAH LS5 5 7 ) 1Y)
PR . TEAE RPN R L s, 152
#3918 h, AFEE T DBTs f= il H 5 Fi~
St A T BE 2R 43K

397 1w

3.1 DBTs £ HRE R EEZE

AL REM, STTR L S, A MM LAk
AZ| BPs H1JE i} DBTs iX — i A2 HAT AR AR 46 i
fezz, I, BPs 554 S [ i3 & DBTs A ik
DL FA I IO, A o [RIERE, 2 I I 6 A8 A it e 9 P ) HE
AL, XEemErE H A RS 5 ALY B B
N, JERE Hyo HoS DL KA ML AR =45 . 4 it i
W, 78 3,3'-DMBP FIHLT S HHEHSLE T, T
TR S J&ad B0, A=Y Hy & 2 A
b HoS i AR SN A AT AR =9, B 7=
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Fig.5 Types of H equilibrium chemical reactions involved
in thermal simulation experiments

%3 18h. FEIRET DBTs 5 H=EF&HITEER
Table 3 Mass balance between DBTs and H yield at
different temperatures for 18 h

IRFE(C) DBTs = (%) HJETH/ 8 (%) il HoS H PR ™= (%)

350 35.80 37.63 18.82
380 35.17 54.58 27.29
410 35.63 56.46 28.23
440 33.87 63.66 31.83
470 33.54 65.74 32.87

H: GC-MS il A 25 A e A5 45, 1 55 i g ml RS DU 380 1 VA 7 4
(BP. MBPs, DMBPs, DBT. MDBTs #l DMDBTs £ 51))f{ 4 (mol)5 H
ST o (mol) >R A5 IH — b Ab 38, DBTs j* it/ DBT. MDBT Fl
DMDBT "4t 2 Fl; Tl HoS #R BR ™ fit 248 ™ A4 H T 43R4 160 HaS.

4,6-DMDBT LISk, BT HIE™Y) H A W52,
#B43 4,6-DMDBT #1 3,3'-DMBP 1] RE7EAR IR 5514 T &
A i R A A i/ Y BP .MBPs .MDBTs il DBT,
55200 CF UL B Ay PBL RIS 0 25 R — 3K

PRSI0 H ou R e P TR A5 (3R 3) i ow,
B 4% 52 8 T 7= A e H R T4l 554 H,S, Tl
Y HaoS AR R 7= L R 2IK T DB Ts iy P2 i, KW
H,S 7= 4: 5 DBTs IJE & AH B A ST (4, H HoS 1Y
SRR RAR T R A R BT S MYt BOUET
M3 S 7 6 A 55 AR AL S B0 45 SR ) — B

Ellis et al. 2019)7EWF5E A1 iG55 S YEH
PRSI0 P R B, BT S MUINA RS H,S AR R
HZEJEAR 1 LICR, RUE RSB AR T
FAHLE S thEPI(OSCs). XL OSCs LAMEMY 20 &,
A= R R T C,o-Cs BB, ESE T A1 MR

5 S EM Rt rh a7 4k A TRE S S 1k
B, FERUTARHSONY BAR TP AR TM, Xt
B 44 23 33F — 2D B A R o R e e Ak &9 . [
B, Ellis et al. (2019)F AN A M AL S BB
SRR HoS ARG fLREN T 38~52 keal/mol
Z ], 5ABFEIHE 1 BPs M S AL I B
T2 PTG S g 22 AR &
32 E§SEHERHFAVNRABHUELR

FE 200 CHE, A2 56 7= Py b nl LUK I )
DBT £ MBPs, iX %t DBT £l MBPs it 7= 4= WL A [H]
TR~ DMDBTs F1 3,3-DMBP HJ 2L @ ALEE, T 2
S AWM FEMEA A THIMY H A 3L, fEdF TR
T 3 I N ) & A=, 530 DMDBTSs il 3,3'-DMBP

— AR, TEERTRANL S &Easgm A
JRAT R, S B i i A T 1 AR 7E A Tl B v 2 R
&S A, XS |l C-C SR fE
ABLTR A2, R EAR MY A R T fL BB (Lewan
and Ruble, 2002), Lewan (1998)i# i %45 1k &
1R IR+ e A 23 R AR G PR D S 5 e A
S A IR BE AT AP E A AR R R . A
FoE e AR, & S A SSaPUEAEH,
Bl H H i3t Rk, X Lewan MUSCH UL, &
S FH 3R 1 v T R A i ) A R R R R
MM OWHLEE R, & S B B Sea MR Y
C-H 8= T miEtE 0 A, Mt 7 A
R A, AR B C-C #. L, S S H
HIEVERT, H B0 & E R4 UE A L 2497 1) 16
SN, X AE IR AP Ll Lewan Y500 25 1
PEAET S S, IESE T H o RTEA ML 2T
PR AR o SRR AR FH AR PT DA At 25 11 52
ST A RIARBE, 4N, Lewan et al. (1979)% & A
HLI Y Woodford TUAHEAT T F /K AL S50, HHAR
TIKEER, EAKRZR T B W 4B 531 5
FARBEHZERL, IESK T H £S5 TAHHLURK
LUt Jin et al. (2004) X% U8 5 ( 11 50T g AR ) Fi A
AT T EH AR R TINALS Hy, M1 H0 A9 A @RS
55, Z5HRU, 5 H,0 M, i Hy 5 Rig A
SRR A R R R A R AR N, L A Y AR R
PR 140%L) 1o FPFRSCIG RS SR, H TR S
5T B YRR 2 R
3.3 WEHRRESE H, NENEKER

EERVEEN Hy, T F &, TIRERTFER L)z
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SR AR HZ, Hy #4732 7 1€ (Lollar et al., 2014;
Meng et al., 2015), H, HA LR HE R, X FIHRE
MR APURE R Hy, APPSR RS RS T
—FPErRE, BRI H, nTLOR B FAVLUEM 4GB H;
PR HZ, Kb LI H R, W=
A Hyo BUAR HARSE N AR R DA A ALK IR H,
B, (AR 2 A8 J PR ADL S 00 1) A 7= 1 rh AR RS T
BT —E BN Hy, Z5AARTI AT RV %%
I, X AT RE S i T S0 Y AR S 6 2 S I
R, ARG A AR R A H 3 B H,
W B RAE TR, T7E AR UTA A b, R A
TR — AR R T L — R TR S R, JF
Z R ZF IR HZ W, H H BB H, 1
WERAR H Hy 5 &% L. Saxby and Riley (1984)/Jj
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BOFA 1-557; Cheng et al. (2017)7Ei s i AL I%
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NN IX e A A YRR AR Y 1A 0 1 2 S 2 47,
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it 1800 m Y KAR A HTIA Ty, BB AFTE Y C [
FFRF R X RN BRIV AR S IR AR, T
R PR AR E YR HEBR Hy AL A Bk IR, X
AT E Y Hy AR AT RE & i A AL 4R 3 i X
IR T R

4 45 g

TG A VE B B, BPs 588 S 1k 4 i DBTs
BIDE 34 R N 5 45 2 BPs 58S S [ fR 3 A0 R .
S JTTRHEAF BP 4514 P il — L AN ER e 1 b (A 44,
HETT Ak M Fa B9 DBT 4544, % F s B
BUETR A H, XFPh H B By kAR E S Ak
TR A DL R A BT . (IR A5 T, 3,3'-DMBP
IR S AL S50 7 ) i A DI 2] MBPs. DBT
PL S DMDBTSs 4 7= ) B EPE T 3% — S5 I B 44 A9 AT &
o XFEIYE A A AR AR H A

KEPLHR ], Je AR Be H B 2R A AR DUR
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