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Heterogeneity of soluble organic matter in shale and occurrence state of
shale oil under nanoconfinement
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(College of Geosciences, China University of Petroleum (Beijing) , Beijing 102249, China)

Abstract: Taking the group components of medium-low maturity shale oil in the third member of Paleogene Shahejie
Formation in the Bohai Bay Basin as an example, a nano-scale model of shale soluble organic matter system was
constructed through molecular dynamic simulation. The molecular occurrence state of shale soluble organic
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matter system at the nanoscale under geological conditions was investigated. And the limiting factors of shale oil
movability were analyzed. The results show that: (1) The shale soluble organic matter system model consists of
four group components of saturated hydrocarbons, aromatic hydrocarbons, non-hydrocarbons, asphaltenes and
water, with mass fractions of 18.6%, 18.9%, 19.7%, 38.6%, and 4.2%, respectively. The representative mol-
ecules for each of the four group components are nC18, 1-methylphenanthrene, the aromatic bicyclic structure
with carboxylate-containing long-side-chain moieties, and C,,;H, NS, respectively. (2) In the initial state of simu-
lation, shale soluble organic matter system shows the uniform distribution of the various components with high
energy. As the simulation progresses, the heterogeneity of the system increases and the energy decreases. The
saturated and aromatic hydrocarbon molecules diffuse more easily, while the non-hydrocarbons and asphaltenes
exhibit self-aggregation phenomena, resulting in the generation of a free subsystem dominated by dispersed
small molecules (with a total mass fraction of saturated and aromatic hydrocarbons of 42.9%) and an aggregation
subsystem dominated by macromolecular aggregates (with a total mass fraction of non-hydrocarbons and as-
phaltenes of 74.3%). The free subsystem has a larger total molecular mass, 66.7% of the total molecular mass of
the original soluble organic matter simulation system, a faster diffusion rate, and a smaller density in the simu-
lated final state. (3) Molecular mass and polarity are essential factors affecting the mobility of shale oil in the
nanoconfinement. Self-aggregation of polar molecules inevitably triggers heterogeneity in the soluble organic
matter system, and the inhomogeneous distribution of polar molecular clusters, with adsorption in the nanopore
throat space results in the blockage of shale oil transport channels, thus limiting the mobility of shale oil.

Key words: shale oil; heterogeneity; soluble organic matter system; molecular dynamics simulation; nanocon-
finement; asphaltene aggregates; molecular mass; molecular polarity; occurrence state

|

o U 25 A I L 0 O i ek
Z—" U AR AR L n Bk R v Al
TEl Al IR Al A LS, 32 A I B A A
B . AHLBTAL AR AE R vl iy 2 2 RS
]2, Horp A ALSALUIE A E  BEA HLB A, BAR
Z /T 300 nm' s R AE RLIR R (A1 4E ) iE RE

Y. Yen-Mullins BEF A U555 50 73 H 54 rp 2
KRNI Z T AN P e AL (7 T RAF 2 1.5 nm)
N, X LIl L A 26 ST 7 R oK R AR
(RS2 2.0 nm) , KRR 7] DL E— 20 R AT
AT (ROF 24 5.0 nm) ™ BARTE FRAFE A MEAT
B, W 5T AT it AN WA 8 mT e T 0
AR EAE ASRAAE N, Al A LIS B 25 2k
B, W R o3 Ab SR 3E i 73 1 1]/ 0 AR H. 4

0

u

i

= g

P eae S R SR ShIEIE . B LA YrkLE] FL A
TCHLFL B FLAR — BB (B 24 52 2 Bk e 22
LB I U R RE 0 TUA T AN R 2E
TUFLBRE A BOMRAPIRZS 32 FLBR I/ INE R, o, i
VA A LT Y A2 2R 2 52 i LA AR S YOG
SEINER . AP T bE 25 AR, AR AL S
723 [ [#6 AR S A AR A AR R R 28 37
I, JE B Al A L0 5 (e AT 25 18] P s Bl
R e AR EL AR FATL 2 B i n] sl 1 A4 i
P HETHSCHETE 208 UA Al A HLBHIL 15
PR 8 A R AR LB 2 0], e — 25 A
o T HESL AR FORBE TR 260 THEBUR IR
JEBIRAFHLEL S SR, RS BTl S B T i sl
IR A (AR OUL b A 2R AR & 2 i 231
A7 O R BOLAE O R AR — B8 W
AT e 5 S P — TR LB R
SR AR I T T TR A R n] AL A i
TR H ), A LA B R 0 o A B iR A

&, HARMERE A SRS R PR 20 JT 1 R, A
W O AR B AE R 73 LSRR AR A I 5C
FEAFAE T I o i/ AR A S5 Fe U 22 LA
IIHCIRESAAAE " o AERTIE AR T A LA /Y
WA7AIE RIS, W ZHTIE 00 75 JE LA § RARARIL A7
TER T AR R R AE DK RO A B 22478

B RTT R SR W, b [ 2 A DU G A7 A i
FE AP OUE 2, S R ARBUR (I 2 i 4R
JZo B ICA I Z AR bR O A E TR
A RHORFNGRGALEE ™ o 9K FR & 1
PRI s R P R, S B0 IS B AR B,
REPA b LAy 59 B o AR ELAR D 1 AL
AR M J2 KA 20 A G LB v A 0 B 24
EAE TAEZ ARG AL R, I ICIE S T4
MBER LB ES BRI DR AL B b AT
TR BPIRZS " A, P AR BE A TR B9 )2 Ao
T AIPE 28 SR T B HAT XA T R 7
Ao X Frp—RATUE , Al A LR N & &



162 & M

iz}

R %36% Ho6M

TR, A IR ARAA, I 15 9 K 25 1) 51 & A
FHE AR, R, B8 50 al A HLBRE AR R
JE 25 0] AU SRR I, o5 TG 52 2 A 3 v AR [ 2 2
A VLS Y531 18] A ELAE L OG 2 SH AR 22 03
T AT R

K358 112 (MD) B J5 7% , 2 i —
RS L PP I 0 T T VAT LA 7 A, 1
HAMRGRIER M ARE O7 ke ARk S B 24 7
(745K, R R AR R RUBE T A9 T A BB A % 5
M 3L 705 B ) S AR T U Al A HLBORE 2 o3
(R 73Tz SR, W 25 2 0 A 9K SR IR 2 R Y
O SERFE B T IR 2 R A AR A 2 WAL,
AR SR B 28 A HL 1R AR AT AR A7 A
B AR BRIRAI S T B AT ShPEALER, LU 4R FLER
BN AT R AR IS SR T

1 TETAEANRAER RS F 5 A
BRI M R AT i

B b B B A T — AR AT S R R R R A
G35 A EAE L, DA v 4 bty 3 R el i 2
= B U2 AT HUTE AL N BE R
VEM NS D7 & & AR IS BT 4 FRdL 1
Iy FALSARIRIAS 1 R MR 2 43 DA IE A ot ke
g EGE H 4 nC,—nC,,, LA nC,—nC,, 1 & &
K, EE nC A AR F RO . HIRTGERTY
Bl oy bR L B s s I — 28 A AR Ak
Yy, L AEFRE0R VR N A B R bR > SR 1-H 3
FEVE N TS I T AR . R o2
TRZEMI G 1 AN 4~10 A I5 R 2H i B30 55 16
SER R EE SR 3~7 ARk B 10 B I 7 N 6, 45 5
BE B B T R CH NS T 2 T 8L
T BT AR T R T R
BN A B R 5 % 56 A ) D7 A DU 5 4y
YERARR D FRIRER (I 1) eAh, DU AR R
FALLF A FURTS", AT AL g i T —
SEBYIK o X IV S 2 s VD YAl A 4 = BE A AR L e
HEAT R AR, B vl VA ML T A 50 40 15
VTS B 1) £ TR A o3 & AR A BT RL AHE , eE
B 2R v 4% 21 40 19 T 8 0 4k, S i R g Sy
18.6%, 75 & k& 0 18.9%, AL 1M 19.7%, Wi 5 i A
38.6% KN 4.2%.

W5 R 8l 1 2 7 i, 25T Materials
Studio 2019 #F5E A . #E#E Smart S JLT 1 T7

1.1

(a) fIFIE

(o) ke (d) Wi o

TE: KA C T 6 H T 2065 O 5T fi 60 N 5T
WK S T

B 1 FEMABIREERERASRRESFH
A= YR
Fig.1 Chemical structural formulas of representative
molecules of each component in shale soluble organic
matter model

12, W] COMPASS 11 J337, ¥ B KG BE o b 55, I ]
Amorphous Cell FiHEE45- 20 53 HLHIK BENLE )
R R R 0.7 glem’ s XM HELF AR R
RO it BE i m AR R R HZAR R e AT IR
FEab R, 508 07 Andersen 3%, BIZE NVT £ %5
L REIRE N 423 K, 4T 100 ps A9 MD 4L
B SBRHZ R ) 7 NPT 45 R4k st
B IR R AT MD B4, 45 7774 Berendsen
1, 1% E R 1M 50 MPa, BRI 1 ns.
1.2 HEXSHSH
TERUAR R B F 2 R Wrb A% 8, B — Wi
e AT . 477 iR 47 #8 (Mean Square Displace-
ment, MSD) 1] I F 5l i ki 71 53+ 8l J1 243
()32 ST R, R T R0 T 7E — %2 B ] P A 72401
B DL () o ¢ BPRET RO B, MSD 1] g SCH
MSD = (|7(1) - 7(0)[*) (1)
P HARFCRMAY B E YR, 501K
N BBV BARZ TR EAE R A 6. )
P PR e e
}Lr%<|?(t)—?(o)|2>=60(t) (2)

D) RET R BUR KL, 5 MSD BB 8] )22
AR AIE T .
44 1] 43 413 pR %% (Radial Distribution Function,
RDF) /& F T R AR R s ik (1) —Fh gt 1
Bin, R Z ok B HES A 7 5 s RS AT
DLHIA 1] A eR R S it o 448 ) 53 AT PRI g () FH 3R
TTEREERZR D IEESHR TR r AT LR
T AR T ARG AR T AR e O, L



2024 F

EFEF ARBRTREPTEAINRGIELFTRAR B BREIRS 163

B SO AR T RS 5 P R LA

__p(r)
g(r)_p(total) 3)

K M, m;p (r) BRI E SR r 20RGTT
AR T W BUR TE 5 p(total ) KRBT LKL 1 1Y
SRR
2 HMARRETR T EANRSF
FHRE W
2.1 FIABENRS FIEIFIE
TUA AU TR R B O NVT

0 1 2nm
[ E——

0 1 2 nm

(a) NVT REHHLS R LGS

(b) NPT REZFUL R INLS

R EURT (IR ) , & 2L 70 70 103 A i BEHIL I
Fo L, BEPUA R K 5.30 nm, & R S IR AF 11
JiPE (] 2a) s NPT R EFFHUIT (A2 R R LKA
o 4.78 nm, YA WA R RBUE —E R B Rk b O 1
BB AR R (18] 2b) o i 00 T3l
Rl e R Koy T sts sl A s
I, BT ABEARLR 2 2 fE DL T T AR E , R
PRI ~E R B 5 1] K ™. X R WA A
BLUBTIR 20 FAERI A E — 70 A iR 2 b e i e
1713 it AL DA ] 4 RS, B MR R AT AR vk 4 5
] A J , T A HUSUAR 20 RO BE R g P A

'8 trafg
Lo sme
L4 e
1.2 Wi
1.0 i3
0.8
0.6
0.4
0.2

0

MSDnm?*

200 400 600 800 1000
I ] /ps
(c) NPT RGNt Pt i R FH a5 iR 4
I3 T80 A B (MSD ) A (L ARRAIE

TR G CIET 5 H ) HIFT 20600 O R i 60 N T 008 S BT REAMEZN AC &1
B2 MRRETHREWAANEERELNERRERAD ST HHFE

Fig. 2 Molecular distribution characteristics of the entire system and each component for model simulations
of shale soluble organic matter at the nanoscale
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at the nanoscale in typical areas
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