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Abstract

In the context of global energy transformation, there is an urgent need for collaborative optimiza-
tion between efficient shale gas development and geological CO, sequestration. Kerogen, acting as
the primary medium for shale gas adsorption, has seen limited research regarding how varying de-
grees of kerogen thermal maturity influence the adsorption behavior of CH,/CO.. By employing mo-
lecular dynamics simulations, three distinct heterogeneous kerogen nanopore models were devel-
oped. Using the Monte Carlo method, the gas adsorption behavior under reservoir temperature and
pressure conditions was analyzed. Additionally, the fitting performance of various adsorption math-
ematical models was compared. The findings are summarized as follows: @O The adsorption capac-
ity of CH,/CO, on kerogen follows the order of Type III-A > Type Il -C > Type I -A. This trend can be
attributed to the intricate pore structure, strong van der Waals forces, and abundant polar groups
characteristic of Type Il kerogen; @ An increase in temperature results in reduced adsorption ca-
pacity, consistent with the exothermic nature of the adsorption process. Meanwhile, increasing
pressure leads to exponential growth at low pressures, gradual growth at intermediate pressures,
and saturation at high pressures; @ Model comparisons reveal that the L-F model demonstrates
superior fitting performance due to its incorporation of multi-layer adsorption and intermolecular
interaction correction terms. This study elucidates the regulatory mechanism of kerogen thermal
maturity on gas adsorption and offers theoretical guidance for enhancing shale gas extraction and
CO, sequestration technologies.
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1. 518

TEABRBEIRB AL T R, TUSSME N E BEEERRIR, W sEIlvls S m 20T K 5 A A0
(CO)Mb T I #7452 RIE 1] [2]. HHMRATE R AAME, TUAERTKZ UM ESE R Z T,
W B2 o bik 20%~85% [3] [4]. T-BEHRAE N DUE AL ) FEE A [5], BEAR FFHEE(CHa) TR B BIAZ Lol f%
N AT AN CO2 (R B a7, i A5t 1 OCRES& A [6] [7] [RIL, A 75 F R A [m) F4 e o 5 1
i MR X 3 R A A A I B AL PRI PF

MHTTUE SR ML T B R G =, i NA[8]. = N IE[91F 4 FRERL[10]. Hdr, BIE
IEN R 43 5840 R I8 1 (GCMC) Al 73 150 /327 (MD) AR R ¥ 73§ 100 H R AE G oK R B35 7R AR B AL
Ho flan: VFREEEIRA[11]IZ2H GCMC %, BT TUASAETERAR . L. A9 =F PIFL IR o i1
RAERAS, RIAFET VIR G R TEAR > Loy > AENESR: FREE[12]446 GCMC 5
MD 7795, W7t CHa TEIIRL T EEAR IO IR BAT A, IESEFLIR KNS CH, B AR B & 2 IE A G 788
13 TR B AR @R L) - TR E A0 TR, R TUE SETERR . TRIE - R A S
Al RIS FLH IR RE TR IR TS ,  HLY A BRI B s BREE SR[14] 15 B GCMC F1 MD #5410
PR e FE DR B 1T LIS R TR PRHIAE 31, IO L Bt 2 TR REL RS 8 o O B e e S 3 B2 46 N[ L) B XRS5 DU i
JE4AM, RFPRIAPUKILBR T CHa AT A, RIVRZ 66 Z 90K LB AR IEMANRE, 5 R)ZHM
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B, o o B B AR B A BB e RV T AR DU SR AT A B SIS T R, (EH
RARGH LT BRI CHAICO, AR AT A MM, JCH AL m il = T R B BT, IREA
() F-EE AR S AL U i CHAW/CO2 AR B 1) 3= LA TS AS B o

T, B S FEMS ARG S TE, RERI TIRIZA RTINS CO2/CHa <,
PRI FIHLEE . [FIRFIE L% T Langmuir, Freundlich. Langmuir-Freundlich (L-F)#1 Dubinin-Radushkevich
(D-R) 4 T B ASE AL 4005 28R T 1 B YRR AR 8 R A [F) 4 S B2 T IR AR Y CO2/CH. AR TR B R 1 11
B BT R PO TS ST R CO, b 5T 35 A7 SR AL BR AR 4

2. FEARAIKFLBRIEE folg

TEARSE TUA 2B HUR N EEA 5y, HENE T KAE G PR R E[16], HILBEW . o1
4 PR R 5 THT R A 2 AT 52 DURR IR BT B e AL B 42 0 3 U [17] o IR B 4 22 S S5 S M R BEA TR, DRI 7 22
7~ TEE AR KB XT CHA/CO2 W P WLEE . AW 5T 2 % Ungerer 55 [18] 4 Hi 1 45 44 o0, i HLT &Y
(C251H385013N7S3)« TI-C 7Y (CosaH210013N5S7) A Y (Coa3H204027N ) = Fib TR FEEARAE AR AT G, HAorT
ity ot mARME 1 R, HpEPEE: - K A - A A-a. J-E -5, K 1EAH
KT BRI LA SR

BRI R MD J7v%, o 11 N TSR 752 3.8 nm x 3.8 nm x 3.8 nm [ AL A &7+
NAREFEE G, S BOR KA BSETE NVT R4 REHT4 T3 J1 24, I B 1000K HA
PeZ 293 K, H/JA 110 MPa i 0 B8 % 10 MPa, 58 5 IRTEFF, R BURI KO8 1 ns; B 5 i
JURTHRAG R B & /MU S TF BoR s /st 5 . AL G IT-A B, 1-C B RII-A BT R AR 2 B2 433 0.98
glem3. 1.15 glem® Al 1.18 g/em3. VKA SCHRFRIE[19] [20]H) T M AR 25 Y [ (0.9~1.3 glem3) N . 3 Fh T+
MR AN B T o FLH R E X SO B 20, 0 68 DX 30 L 5 1 D R 7R A L B A

a(I-A) b (II-C) ¢ (I-A)

Figure 1. Molecular structural units of kerogen from different organic matter types
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Table 1. Molecular structural parameters of kerogen
= 1. TERIR FHEESEER

Febr 4 | B F AR 11-C B AR 1 BB AR
HIC JRF Lt 1.53 0.905 0.886
O/C Jii¥ Lk 0.052 0.054 0.116
N/C Jii ¥t 0.028 0.021 0.017
SIC Ji ¥t 0.012 0.008 0
75 B 15 (%) 29 58.7 57
C-O H & JE T % (% 100C) 4.0 3.7 0
-COOH 457 #((fF 100C) 0.8 0.83 2.4
It % (mol% of N) 72 60 50
itk (mol % of N) 14 40 50
VG4 (mol % of N) 14 0 0

3. BRE5VE

GCMC i 1] DUSC A #ERA b = 3 22 S AT RL i SR BB AT D9 [21], OB Fi 3T GCMC 1173 15840
Tiik, BT IRETUA#E ST CHa Fl CO, I HL A 43 SARTE A ML T B AR 1 IR AT Ao ZERSTHL 2
W, vdW AR ELAE R R LA FH 43 0 ) Atom AT Ewald SRS 9%, A TRAR 220 P B9 0 R 451
RSB 55 B HT 500 T35 AW RSP B, S5 1000 325 4E ST I T B B B E e RE AR, i PCFF
DI AT RN, o EARBLA A, A G B SR AR S TR AR CH, A CO2 (R B, 16 B2 il i it FE R A B A5 3
fhy, T Z #0052 1 Peng-Robinson 77 2545 1

DR S WL R AL 25, BERA R I E T R IR 300~450 K. [t 7774 0.1~50 MPa [fIfif 2 i
. #T LR CAE ST ERSE ), KA PCFF J13ithid TEAR 55444 7 I A AR

3.1. FEEIRAKR

W 2~5 JE7R T CHA/CO2 TEANRIFBEAR b (R B S50 28, MU AR I AH R, CHW/CO2 AR Bt
BAE AT RS B R4 R I > T > DRI, X — 451 5 R0 AR —8[22] [23]. LA
300 K. 50 MPa Afil, 1. II. IIZSFPEEARNT CHa (1) 48505 T B 543 704 1.38. 6.04. 8.30 mmol/g, CO2 M
=00y 111, 6.23. 8.45 mmol/g. EILAFAH TR TEFIREL, KIL COL FEML X (<5 MPa) ¥ b & i 2%
T CHay HBEE I THE BAREOEK, HARARI AL CHy mith 40%. XKW COp 4 FEAR I F e
TR o 8 T I AR A0 K AL IR i B IR B L 05, X T A R T CO A 55 i AR AL R R TU B A [24] [25]
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Figure 2. Adsorption isotherms of CH4/CO: on different kerogen types at 300 K
2.300 KT, CH4/CO ZEA[ETFERIR EAYIRMIZ IR L
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Figure 3. Adsorption isotherms of CH4/CO: on different kerogen types at 350 K
[ 3.350 K N, CH4/CO: TEAN[E]FEEAR £ BRI IR 2%
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Figure 4. Adsorption isotherms of CH4/CO: on different kerogen types at 400 K

4,400 KT, CH4/CO: FEARTEEIR L HIIN PR Lk
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Figure 5. Adsorption isotherms of CH4/CO: on different kerogen types at 450 K

[ 5. 450 K v, CH4/CO: FEAR T EEAR LRV IRME B4k

£ J1(MPa)

10 15 20 25 30 35 40 45 50 55

T AR A TR LR CHa A1 CO, MM i R L MIE A o A MRS A TR AR, LI 1
MR I BE I R, X R EH P T IR B MR B A S . 55 1 2 N-C IR ARAH B

7Y EA S LR E A AN R R FLAR (A 6 BIow), AUk THR L T & )

R B 3 T HESI SO, X/ 7T IR AR 2> T, [FIRHE R 5 1 EEET), AT CHy A1 CO,

&
2

frris HeAh, 1
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IR . A Z A R A, T AP AR AU HIC JR B, X s [ 5 nAssE , TR
=) OfC J¥ L R BHIIAL T AR A AE £ 1 & B Re ], WAL, nf LLS M COp 70 T T A5
B - BB BAE A o 10 2T AR B 8 e B A A U RE B R A, g — 2P nag 75 CO A BAEH .
FHEEZ R, | BT AR I LRSS M ST B, 2 FHER SRR B, BRSS9 . B s HIC J5 7 HL A
O/C J5 L P BRI, 543 R MR AR B 22 . N1-C BY T B AR AE FL BRI A PEANL 2 8 1% D7 T e
T AL, EAET A,
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Figure 6. Pore size distribution of kerogen

6. FEIREVFLIZS T

BeAl, 222 45 T 24N 300 K Fl 450 K, & 7774 0.1~50 MPa i), CH4 5 CO, 7RI T B AR i 4
XP BB AR AR Lo AT, FEL-A B EEAR O SR 1R IR B S I AR B4 R KT 10 MPa
I}, COp ML %W P B 55 T CHay 10 24K /385 30 MPa Ji, CHa Wi B B S L T CO20 X Tl PRI
S 311 51 R R B e B B 5 T VA DR T B R SRR LA T EEAR - R AL & A T AR — R R X LR T
WPt 32T, COL St Herm BRI 56 o5 48 T B AR R IR R BRI A7 R [26] (FRFE . BREESE); TAE i [ X AL
PR 4 P, CHa BN BN ) 2 BARAE S 28 Gy e NUALRR, AT B 1 S e P o 1 7
N T IR EEN 300 K B, CH4/CO, TEAS AT EEAR IS I (MR B S8R 28, T1-C RITI-A ZL T B AR 7E Fr s 1) &
FIXIAIEIRIN CO, MW B IR KT CHyy X S1-A BLUT-ERAE b (W B 530 28 2 R (6 B, 3]
VAP F11-C AII-A T ES AR A FLER ELI-A BB & 2%, H AL AR FR LLI-A BUK, IS BUMALIE 78 ROR A
Wi-A U .

Table 2. Absolute adsorption capacity of CH4 and CO2 in Type | kerogen
7z 2. CHa 70 CO2 7EIEY T E& AR B9 48 XF U Bt 2

W 300K 450 K
ZH CHa "B fff E:(mmol/g)  CO2 W Ff4 E:(mmol/g)  CHa Wk Fi & (mmolig)  CO2 W Fff & (mmol/g)
0.1 MPa 0.028 0.092 0.003 0.004
1 MPa 0.225 0.392 0.028 0.045
3 MPa 0.454 0.664 0.047 0.083
5 MPa 0.547 0.777 0.101 0.207
10 MPa 0.834 0.947 0.166 0.253
20 MPa 1.110 1.066 0.339 0.332
30 MPa 1.354 1.074 0.462 0.347
50 MPa 1.381 1.107 0.648 0.417
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Figure 7. Adsorption comparison of CH4/CO: on three kerogen types at 300K
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Figure 8. Absolute adsorption capacity of CH4/CO2 in Type | kerogen
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Figure 9. Absolute adsorption capacity of CH4/COz in Type II kerogen
9. CH4/CO. 7EIEY T B4R AR P FF iR 22
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Figure 10. Absolute adsorption capacity of CH4/COz2 in Type III kerogen
[ 10. CH4/COz ZE L FER IR ORI F IR 25

o

=)

TEMFEIESTR, AL 0P B 08 5 1) BT RIS, X — IR i@ LR AN 5 TH
KEBEHNI ., © MO P SERRAT AR — BRI, Z5EMETHHELAG = AH -
TAS)FTATE . MRS REF, REFRMEQH<0), AN BETSMASFHEHSELAEESSHTH
H(AS < 0)o WRIBLRE T &, A4 TAS BUARHE M 2 B E R, ZIEETUR SR AG 1 fum
fEo MR EEREFUER, AG FTRERAL VIR, BUERME RS R ERIIFWEN 1. @ T3 J15AL
il BT SARDFIB BB, IR TS AME A TP B A . AR T Bl AR R T R
FREMI B, SAA T E BN R AL SRR S K. A ORI SR A [27] 28], BEEIREF &,
T E A RIS ECT W - BP0 B S P4 1 5 BB 7 1) R R

R EANARI, CHA/CO, B W Bt Bt K /1A A0 28— BUBE AR AE o O AR X (PR i B B ) -
SRR B TR AR R TR A O, R s, R 0T e S8 T AR IR R I, (RIS oy Tl v A A
JIRGE 4R T EEAR 0 BB, R R P SR ) BT R ARG . B B B A B A
AFILRRH TN, SRR DA R R . @ R (GBI B 4T B AR R 10 55 ekl
I 1E (30%~50%)  J& » Tl R WL i B2 A B HL oM AT, SR T34 75 e IR PR 43 1 23 [ 2 RBH., AT
ST R R B A ) IR AR . P BRI SR R R R T K, 7 Langmuir A58 R
AL RUEAIREE . @ i R X CPEE I B) . Bl 5 T I AR 2 THI 7 5 e 40 P )2 IR B AR R (85 % LA 1), ST R B 7
OB TR R R IR EE RN T A R, AT PR R T P A s B AR, PR e 5 R ek R R
WA, AR B E AN PR BN, AR REAMA RN T AR, SRR PEMES .
3.3. WRBHEIF R AR

IRAE SRR BB 18, [RIRF454 CHa 5 COL TETHEHE LMW B, AR TURFIE A 4 N ECERRL, 4
ARy TR Langmuir #8512 HESS S Freundlich A7, Langmuir F1& 1R 7Y
Langmuir-Freundlich (L-F)B 7 DA K 4 FL3E 78 B2 8 (1) Dubinin-Radushkevich (D-R)FE R E47 HE 014 20

1) H5FEW I Langmuir FEAY

_y _BP
Vab _VO 1+b1P (1)
2) JE¥ISI M Freundlich #5274
Vo, = FP" @
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3) Langmuir 2 IEREAY L-F 5 4Y

Pn
Vo Vi oo ®

V,, =V, exp{{Dln%} } @)

s Vo BRI M &, mmol/g: P NIE7), Hfr: MPa; Po AMEFIZEI<E, MPa; bl. F. D fln
BNt E REL

DL 350 K IR E AP B, SR 4> TR 738, 33T CHW/CO, FEAN [F) T i AR A 28 v 1 W P £ 47
FE T TH I 10 1) DY R 2 A R R Bty b, ASHIE SR dpe /s iR X e e B AT AR S . U A
R 11~13 . AEER A ERAFE RS 25 . TUUEH, LF A RHA ih 2 5 0 B s 14
HREE R . BT RSB U RE(RY) RIS T IR 1R ZE(RMSE), 44 Rindk 3 fiR. g5 R KW,
SHADERIAAEL, LF AR R2(EHE R T 12%~35%, 1 RMSE &1 7 30%~50%. iXF W LF #A(ERAE
CH/CO, HIM BT R B M ik AUl o BRSO FEAE f R, LF B SE & 1 22 2 W B ALERL RN 237 IA]
JIRZIETR,  BE % SR B R A A AU FLB P SRR B I F2 . Wi, (A LR BEALRAIA CH4 5L CO,
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Figure 11. Comparison of adsorption model fitting for CH4/CO2 in Type | kerogen
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Figure 12. Comparison of adsorption model fitting for CH4/COz in Type II kerogen
B 12. TB FEEAR CH./CO, IRFHERINA ST EE
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Figure 13. Comparison of adsorption model fitting for CH4/CO2 in Type III kerogen
13. AL FEEIR CHa/CO, IR FHERIINA ST EE

Table 3. Fitting results of different adsorption models

= 3. TRIRMREMATER

0 5 10 15 20 25 30 35 40 45 50 55

FEEIRKRE PR CH4-R? CHs-RMSE CO2-R? CO2-RMSE

Langmuir 0.9910 0.0454 0.9959 0.0220

- Freundlich 0.9684 0.0849 0.9132 0.1009

LF 0.9927 0.0408 0.9982 0.0143

D-R 0.9857 0.0570 0.9978 0.0158

Langmuir 0.9694 0.2873 0.9593 0.2629

- Freundlich 0.9427 0.3933 0.8422 0.5180
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JEM B, mE R ST
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12%~35%, RMSE [£1Ik 40%~60%. HARHAIET 5| N 2 EW ML A 2T B AEFH 18 IET, REHEMFIA S
PRLEA LT FLRR H B B ik 72
EL£mAB
5 RBH R K ARG B I 251X T 2 i B (52024115001026)
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