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Abstract: Pyrolysis experiments of kerogen, kerogen+Ni group metals (Ni, NiO, NiS,), kerogen+NaBH, (hydrogen
donor) and kerogen+Ni group metals+tNaBH, were conducted on the highly mature Cambrian Yuertusi kerogen/
Ordovician Salgan kerogen under a fixed pressure of 50 MPa at 500 ‘C for 72 h. The results showed that the
methane generated by the pyrolysis of kerogen+Ni group metals was slightly lower than that by kerogen alone,
indicating that the single metal catalysts slightly inhibited methane generation. The yield of total gaseous
hydrocarbon (3.C;_s) from the pyrolysis of Yuertusi/Salgan kerogen+NaBH, was 12.8 and 9.8 times higher than
that from kerogen alone, respectively, indicating that sufficient hydrogen supply could catalyze the highly mature
kerogens to continue to generate significant quantities of hydrocarbons. Kerogen+Ni group metals+NaBH, had higher
wet gas yields (3.C,.s) than did Yuertusi/Salgan kerogen+NaBH,, which were 6.4 to 16.1 and 4.2 to 8.0 times higher
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than that of kerogentNaBH,. Based on the proposed hydrocarbon generation mechanism of Athabasca asphalt

residue under hydrogen-rich conditions, we explained the possible hydrocarbon generation mechanism of highly

mature kerogen using a hydrogen donor (NaBH,). The highly mature kerogen macromolecules were cracked to

generate aromatic free radicals and then hydrogenated continuously to generate naphthenes in the presence of

hydrogen. The ring of the naphthenic was opened to generate chain hydrocarbon free radicals, which continue to

generate gaseous hydrocarbons through thermal cracking.

Key words: hydrogen donors; metal catalyst; hydrocarbon generation mechanism; highly mature
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TR S v 2ok I 6 T XA BB AR 1 R e 2
JZWEGE, U 4 e RE 0 O AT LT A o i A
& B BE SR (Mango, 1996; Mango and Hightower,
1997; Jin et al., 1999; Medina et al., 2000; 545,
2012). Mango (1996)#1 Mango and Hightower (1997)
PLIE+ /. TR L 5y S0y Py A7 PAASE4DL 51
5, YA ES R Ni 3% Nio B, A p=yrh &
A e B T e o LA Aok 36 4 Jas A 1k B O ik
filf, HEAM T KR TRRITER . 0 WS,
5ty F2 BEAE IR SR o I 4 B OT R e B R HE A AL
P B R (R HEHSE, 2012; Ma et al., 2016; Gao et al.,
2018). film, RAHEHISF(2012)FRTT T Mo X MR
A KRR, I Mo X Croyg YA AT fEFEAE T
Gao et al. (2018)i# i S HHRFT Ni X I HEAE BT
P AR BV AR B2 R, R BLTCIR S A A K I S T K
PRFR b, Ni BN AHRRE % 5 m FH e 5. AR, R/
P9 3R A 4 A AR X A DL BT sl 15 2 Ak
SR, X A HLBT A R R S LD

TET AR P R rh, A7 WL A 25 0 128 W 4
&, H &g Wik, FissEbm TR C %
H, A& J1MR 55 (Tissot, 1974, 1987), H A3 fE&i4h
H MR OLT, e AT AR A A 4k KA
FERYTTBE . OB R AE B FE a0 )2 3 2 A A
FErh, YA FE NS HRRFETE(Lollar et al., 2014),
4 H, SUIBUE BN, Z b iy R+ YA AL
e M 2 5 A i AR R AL . /NSRS T A

K H EX KO TFAHILBAERNZW: W Hawkes
(1972)42 R JZ FREE T AT 25 H A2 2E 1 i i AR 8
Love et al. (1995)%F P& AR A i 21 Bl P 5 10 AL 7 £
HR IR MR 7= R 5 3~10 1%, 42 39%(2003)%t
TR ER AR AT I S AL, &5 Rl 1Y
AR AT I N B 140% o H X LEBF 57 2L h7ESMIR
H IR B AR A A s e, 0 e i T AR 1) A=
PGS AL A

BT LR g, RS DL R B R B 41
B2 /R T2 T W ARAE Sy 4, 358 BB o 4% v 5 i
NI K H A R AL A B NiO NS, 7 e, it
ORI E LA (NaBH)$R AL H O, #R97 Ni 24
JE A AR RISk 1RO R v AT R A AR A A B
JOT I A 2 1 5 e S HG v RT i B A R AL

1 MRS IHE

1.1 KEHH

T &R AR A 3 UK ZH R /R 3T 2H (R,=2.0%)
1R B 22 IR T4 (Ro=1.35%) i) v AL I Y A (IR
WA, 2012; R—fHAIZEN, 2014) K RESETE T,
e 200 H, ARG PBEARELEL 9 0 DI
IRAHRIZR AR 72 hy 425 09FES FH HCILAE 80 °C
TAbFE 8 h LABREERIRER W), SRR 2B oK
PEE P BEJS FH HCLHI HE(RFRLL 1 DIIRS %
WAE 80 CNALFE 8 hy ACEEMRALIE 6 Yk £ AL
VG TR T IR o T ISR I SE At bR fb 22 8080 DL 26 1.
BT Ni Z446H] Ni. NiO. NiS, Flfit4(#] NaBH,
I Alfa 23 @13, 4iFE R 99.99%.

F1 E/RIEHETAFNEE R THFEIREA KL F R

Table 1 Basic geochemical data of the kerogens from the Yuertusi and Salgan formations
JRE TOC(%) S$)(mg/g) Sa(mg/g) S3(mg/g) Timax(C) HI(mg/g) Ol(mg/g) Ro(%)
BN T 57.00 1.42 11.00 579 18 28 2.0
BER T4 37.05 1.02 40.27 452 109 2 1.35

T TR AEE R T T B R, Bfi 235k A i —ffnZsim, 2014; £ RW4F, 2012,
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1.2 #HEIUXE

il 25— 22 B0R A9 445 (60 mm»4.5 mm»0.25 mm)
L e R, W —im AR, T
P KR AN T IS ARNT R 4828 R8T ARAR i 60 mg
Kty THEEAR+4 @ AL+ NaBH, 251 T EEARFE
iR 20 mg A4, NaBH, A4 R 2902 T I AR 14
L7 %, DMRIETS R0 H O URAER; . BEdhese, T
BaEF I —ude %, H Ariffb 15 min DIFR XL 4
ENMEA, RIEFE Ar 5 T EE KR E R4
EE T HOK AT B BRI, B SO, R
W14 8 1Y B AT

KB EERARES T, ETEA 1514
M7 R 2 A B TRk, 50 MPa k) 4Ede 448
AN Ao TR AR =, AR AR = ™
FAK, AETFHH, KILLL 40 C/h iR POE THE =
500 ‘CIHIE 72 h, FEEREHBGEEE, L.
1.3 SEREENSEASS S

SRR THRARL 5357 BT 7 Agilent 6890N
SAHEGE LT, R A R T
G, BT IRREE I T RS MRS . TR G
B EA G, TERWFMT &8RN, @i
FERIIH SR TGP T S . SR
FEFFUNR: WIHRIRE 60 °C, f£FE 5 min, L 15 ‘C/min
B3R T2 130 °C, FELL 25 C/min AY#RTHF] 180 C,
R84 4 min,
1.4 BC Bk LIRS

PO [ A IR S5 /M AE Bruker AVANGE
M 400 MHz # A% LR - 347, C LR
%4 100.613 MHz, CP-TOSS/MAS il 5 kHz [)iE
R EIETT ORAERTTE] N 5.12 us, Y% TR A 100 kHz,

2 SLERaE

WHE AR S, 4 S50 53 T AR . T
WR+Ni Z4 8. TEAMR+NaBH,, TER+NI R4)8
+NaBH, 4 41, RIS Hy = R 45 R LA 1,
& 2 FiEk 2,

TR AR 7Rk 307 2H R g% AR T 4 T R AR AR AR
R 8 Y 7 543 1) 53.61 1 102.80 mg/g(% 52 TOC
B A L), CHRE RN BE 8] 2 AT, R W%
TR & AL By B AE RV 0 85, W A o
(Lorant and Behar, 2002), — 3 H, F= &K, 250N

0.12 F10.18 mL/g, 5T E& AR = i AL B Bt H 3 i A%
— & (Hawkes, 1972; Lollar et al., 2014),

TEAR+NI R4 8 TRl Mg R T4
BEARANI R4 R (NI, NiO, NiSy)Hufi A i H ke il 7=
FIYHIN 23.02~48.08 F1 23.30~60.90 mg/g, AL T
BT AR RS A L F e, BRI R R
T T EEAR NI 2R 4w ViR A 1 H, 17 288 Ak il 43
514 0.11~0.15 1 0.13~0.23 mL/g, 5T EEHR LI .

TEEAR +NaBH,: £ /R 372 T B AR +NaBH, #4
fiff A R G L 28 S AE R 7 0 5 Sk 649.73 .35.85
7.34 mglg, EABIE(TCos) = R IE B T AR (1)
12.8 5 B /R T4 T W AR+ NaBH, A B 5t . &
Be . PIGEEI =R 53 5] 891.88, 70.32, 16.77 mg/g,
SC s PRI AT R ARAY 9.4 4% o T R ik 3 41 g
IRT AT B MR +NaBH, #URA K Hy 197735 518
3.51 f15.24 mL/g, AH T E&HRZH Hy - Z[RIFEAR 2] T
RRHE -

FHEHR+NiI &4 JE+NaBH,: /R4 T g AR
+Ni R4 JE+NaBH, AR GE . JbE. NRER =%
I35 318.31~672.70, 213.66~676.38 ., 4.74~61.10 mg/g.
5T MM +NaBH, M, Ni, NiO. NiS, %% 3 #i4: g
AL B I A R E LT TR (X Coms) ™%, S HMA
B NaBH, 725 (1 6.4~16.1 4% . 52K T2 T B A+ Ni
F 4R NaBH, #FA R BE . 2506 PIBERIF=553 5
4 298.25~488.59 . 330.25~692.40, 7.91~330.95 mg/g.
3 M Ni ZRE BT IMARRE S ERT TYCos
FEE, JE HAABEEH NaBH, 72 3R (1) 4.2~8.0 %,

T RIS R T4 T EEA+NI R 4:JE+NaBH,
Pt i H, B 77 02 6.56~8.99 F119.76~16.94 mL/g,
T REINABEEGR RS, ATReRES Ni RERAEfk
KU AAEZE T (%050 NaBH, 40, 48 T £ H,.

31w

3 SEREUTERIPHERRBENREHSTIER

TAIBAELER

TEAR USRI, TREAR NG 2 4 Jm P A=
G S R W AR T B AR 1 A e R, U
A 4 Ja AR R A T i A T AR AR A
TR FE Y 4 T AR AR T LA AT LB A A
A—=F(Mango, 1996; Mango and Hightower, 1997;
Medina et al., 2000; Z=HiHi%E, 2012), AIRERHE K
e ALY T IR S5 H BN AR e, (UK SE B4l i) 4 )
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HEALTAS 2 A LT A R ey VA AL AR P SRR A K 7R S P B v, NaBH,, 781

ERE B AR T2 T AR +NaBH, 44 I 500 C23fi# A= il Hy(2NaBH4—2NaH+2B+3H,),
JEHIY.Coos 77 A0 B B TR 12.8 R 9.4 4% RV H IR AEGS 7 e 8 10 T B AR v B0 R
(B 1; % 2), RUIPERR NaBH, (OIMA RZFRSE T AHUHEECERE .
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A, B/RHITAFEEAR; B. FEER+NI C. FERNIO; D. FEEMRANISy; E. THEM+NaBH,; F. FH§H+Ni+NaBH,; G. TR +NiO+NaBHy; H. F

Ji% R +NiS,+NaBHy.

B 1 E/RMEEETFEAR 500 CIEE 72 h HBERBR@). 28R Db). ALE)- BRYCosd) BREEYCs(e)Fl Hy(h)hY
=

Fig.1 Yields of C; (a), C,(b), C;5(c), > Cs5(d), > C;-5(e), and H, (f) generated by catalytic pyrolysis of Yuertusi kerogen
at 500 'C for 72 h
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% HR +NiS,+NaBH, .
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5

Fig.2 Yields of C, (a), C;(b), C3(c), >.C,.5(d), Y Cy-5(e), and H, (f) generated by catalytic pyrolysis of Salgan kerogen

at 500 °C for 72 h

3.2 #SF NaBH, U S ENL FEHRAERENE

SR AL T AR AL AR AR ML, B SR
PRGOS T BEAR Y S5 A HFA TRAE . A% R I
ANFEEEAA R X R AT IHZE 6 PR R 2546 1) B REA:
AEMPERERR (0~62x107°) . FFERERR (62310 °~92x107%)

FF M (92x107°~150x107%) . A IEIFHR(150x10 6~
1653107, BRI (165x 10 °~190x 10" ) FI R H ik
(165x107°~220x 10" ) (F 55, 2018), AS YIRS
Borh, R Rk 4R R T AL T R AR A 0 A e Tl
R L o i 7 B e (151 3), BB iR T+ AR 20+
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Table 2 Yields of gaseous hydrocarbons and H, generated by catalytic pyrolysis of Yuertusi and Salgan kerogens

£ T M (mg)  Ci(mg/g) Ca(mg/g) Cs(mg/g) Y Crs(mg/g)  ¥Cis(mg/g)  Hp(mL/g)

YeTs 60.24 53.61 0.48 0.02 0.50 54.10 0.12
YeTs+Ni 64.57 23.02 0.25 0.02 0.27 23.29 0.12
YeTs+NiO 64.21 47.93 0.51 0.02 0.52 48.45 0.11
YeTs+NiS, 64.02 48.08 0.01 0.02 0.03 48.11 0.15
YeTs+NaBH4 24.98 649.73 35.85 7.34 43.19 692.92 3.51
YeTs+Ni+NaBH, 26.54 672.70 213.66 61.10 274.76 947.46 6.84
YeTs+NiO+NaBH,4 2491 613.75 306.44 4.74 311.18 924.93 8.99
YeTs+NiS,+NaBH, NaBH,+NiS,+NaBH4 21.90 318.31 676.38 17.66 694.04 1012.35 6.56
SAG 59.95 102.80 1.08 0.07 1.16 103.95 0.18
SAG+Ni 60.02 47.02 1.13 0.00 1.13 48.14 0.23
SAG+NiO 60.44 23.30 0.40 0.00 0.40 23.70 0.13
SAG+NIS, 60.39 60.90 0.01 0.00 0.01 60.91 0.15
SAG+NaBH,4 38.72 891.88 70.32 16.77 87.09 978.97 5.24
SAG+Ni+NaBH, 40.47 303.62 368.39 330.95 699.34 1002.96 9.76
SAG+NiO+NaBH4 40.06 488.59 330.25 35.30 365.55 854.14 16.94
SAG+NiS,+NaBH4 27.59 298.25 692.40 7.91 700.30 998.56 16.00

e YeTs., B/RMITA T HEMY; SAG. BR/R T4 T RE i .

-100 0 100 200
AL B(x10 )

3 E/RMETAFGER FAFERR °C DP/MAS #%H#
AR T

Fig.3 "“C DP/MAS NMR spectra of Yuertusi and
Salgan kerogens

TR T A, RE MR BT LIRS TR
FELAE I —F(Qin et al., 1991; 224545 2013; mis64E,
2018; Agrawal and Sharma, 2018),

Sanford (1994, 1995)%} Athabasca Wi 5% 7F
N, Hy . Ho MR 3 Rl 00 T 1246 7= 647 53 1,
RIAEEA Hy AL A RN 26 8, AR T £
FAAR S b T Ho 04 T Ak 7R 4 2 S AR A i1
RSHLER: & & 95 B MR 4y T RN IERF
T 2 A G S T P B T Bl 1 P R R S e AR
BE, BEWiRk A bl 2k B B A A BUSAR, D5 R A

5 H, RAERN, AN C-H #AEYE °H JET, 4
BUREYE H R ARS8t 07 I, 805 R AR
RGeS, AR RS R . Sanford 1SR
IR ER R, SN B AT 0 H, FR R S A Hy #2448, OF
TRFF Hy IR IR A LEFRFAE 11 MPa; TEABFSEE 4] BT
SERRT, R H, BRI T Hy 2, &
JE 50 MPa £R9FE T H, 5 0 ) 0% DBz fik . i e
FHEI RN Y RS AE 524 CZEBIG BT A58, R
N DL e O A R 0 R . Wi R 32 AR AR
PS5 v 1 R R e BT AR % R T4 T AR, BRIk
RS FA 51 2.0%F1 1.35%(F 1), HE k3 m ik
BB, 2592 LIOTE ko (18 3). WE MR E
SEEG A, ARELA MM . fKHE Sanford (1994)F2
(R0 7 5 v I A i A R LB, e T AL T AR N R
fEAL R A ) i R T RE M (18] 4): 3% ] Huang et al.
(2018) 42 4 14 155 38 4k (R,=1.98%) T 1% H A5 74 /K 4y 4]
U T R AR M 25 A ALY, S AR T AR K F7E =
TR 2 A IO R R s I A /b B CHL RS B ke A Hh 3
H, 5% & A MERA RN, AREE H 87, °H
BT ARSI R I e PR bR TE T T
KA T IS A R R S P R A, RS 2
P R R B e . SRR BE; ATFAE Hy I,
I ERE A IR AERE RN, A B N 4 1)
i,

Geochimica | Vol. 51 | No. 6 | pp. 651-658 | Nov., 2022



%6 H

F 7% S5 NaBH, 7 Ni REBEXN SR L TRROE R T I R ELIE 657

B 4 SRETERESRSH NaBH, (EA T REE RN
HEE
Fig.4 Hydrocarbon generation mechanism of highly
mature kerogens with NaBH,

EASTE RS ER kB0 ApR R T2 B AR
+Ni &4 JE+NaBH, ## A LAY Cos o R B E & T
THMR+NaBH, R 50(& 1. 2; & 2), RWETLLE H
TN R 2600, Ni R BRI B F et TYCos
AILE IR X AT RS A Sy dod 4 IR B A L T 2 2
ARBCXTHY d B, AT R R A H 23 1T RS 6,
PEHET XS Hy BTG4, IR 175 T BEAR K43 19 SO
(REAART-T, 1994; Sanford, 1994, 1995).

3.3 SRR A

AR BRI T 3 Fh Ni R 4@ AL,
T TR A & 55 2F & (Tissot, 1974; Mango et al., 1994;
Mango 1996; Mango and Hightower, 1997): Ni J& i Jit

BUBUA h BB A5y, NiO J240 HHR 1Y £ 2
YIRSy, NiS, AR IR 92w (1) 32 2241 Ak
B WFREM, IESE Fe Al Ni 7EAHLTH )
B — B 2000x107° F1 10x107°°, fEHBF 4140 F B
A AR )16 P (Tissot, 1974), Hirp Ni 2 ¥4 /8 c
F et RE R R, RIEA T 1x107° /Y Ni, St
7~ AR BR A fiEAL BE 7] (Mango et al., 1994),
HEABFGEIN Ny, 38 BLR b IR ik 7 2 o K 4
MR A 2, TE R 72 v 32 U IS A0S 30 i 52
SR KHER CO. CO, Hy L AN I E &FE
) Ni. Co S5l il & J@c R (R —FfIZ=ip, 2014), Y4
P S UUBUEAHIE T, O TR H, 5 B A kbR
142 JEITR &) T oI %G 0 W A BIL s
B, 2 5T A M AR R OF AFLAE, 2013).

4 45 ®

(1) & Ak B9 T 2R i 307 20 A 2R 4 T S AR 3R
f = LA B R, Al Ni R 4 I A2 S
T

(2) FREM H AL (HEEG NaBH,)BEGEfH 5
WAL E R T AR R T 41T AR gk s e, ARk
RIS

(3) TEHEER NaBH, fEFHIF, i Ak AR
AR R E T RERLEE T AR K2 T I fie
BT AR R EE, D5 AR i AR Ho AR R A
ISR, Ie fe db 22 K Az T 30 2 fidt A ATk 55
AR,

(4) HEEF NaBH, il Ni 2 4 J@ 19 B ) i 4 55 3
e TR (X Coms) I 36, AT HEZ A 2H 42 I i A1 57 412
PET H WA, AR 2 00 T H O RS AR &k
SN

T A BALE WA E R AR B E R

=L,
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