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Fang Timing (Material Science and Engineering)

Directed by Prof. Zhang Jun

Abstract

The technology of CO> flooding is effective in enhancing tight oil recovery by improving
the permeability of reservoirs, which has attracted a great deal of attention for research from
the field of tight oil and gas reservoir development. Nevertheless, it is possible for reservoir
heterogeneity and sensitive CO> properties to cause fluid immiscibility or local miscibility,
which could result in the low efficiency of CO; in enhancing oil recovery, thus restricting the
application and development of CO: flooding. By analyzing the characteristics of phase
interaction in tight oil reservoirs, the displacement mechanism can be understood to facilitate
the efficient development of CO: flooding. However, due to the current experimental
preparation technology, the existing systems used to explore the microscopic interaction
mechanism and the miscible behavior of oil and gas molecules are relatively large, and the
matrix containing residual oil in tight oil reservoirs is mostly micro/nanopores, which causes
most of the research results to be unaffected by the confined space. In addition, as it is
impractical to observe and analyze the migration behavior of the molecules in nanopores
directly, it is difficult to rationally regulate the displacement process according to the results.
The molecular simulation method has advantages in exploring intermolecular interactions at
the nanoscale.

Therefore, the molecular dynamics simulation methods are applied in this thesis to study
the miscible and displacement mechanism of the COz/oil in bulk phase and nanoslits. In
addition, according to the characteristics of injection and production during the application of
COa, the miscible behavior of CO2 under high pressure flooding and depressurized extraction
of crude oil was carried out. Finally, based on the basic characteristics of gas flooding, CO2/N>
plug flooding method was proposed and micro-mechanisms was analyzed to improve tight oil
recovery. The main contents of research conducted in this thesis are summarized as follows.

(1) The miscible mechanism of CO2/0il phase in bulk and nanoslits was revealed. In this
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study, the minimum miscibility pressure (MMP) of the oil/gas in bulk phase is determined by
combining the Gibbs divided interface and the diminishing interface method, which makes the
method feasible in molecular simulation research. The research extends the method to
determination in nanoslits. MMP value in nanoslits is significantly smaller compared to the
bulk phase value, and the oil and gas phases are more likely to reach the miscible state within
a confined space. By studying the changes in energy barriers and molecular competitive
adsorption behavior, it is discovered that the improved possibility of intermolecular interactions
is a significant influencing factor for the miscible results.

(2) It is clarified that how quartz, calcite, kaolinite and complex crude oil components
affect the miscible and displacement behavior in nanoslits. As revealed by the study, oil and gas
exhibit three patterns of interaction in equilibrium, including coexistence of detachment and
dissolution (quartz), detachment with partial dissolution (calcite) and dissolution with partial
dissolution (kaolinite). In the displacement process, there are two ways of migration, which are
overall migration (quartz and calcite) and gas breakthrough (kaolinite). Different displacement
behaviors result from the stability of different displacement front. The excessively high CO»
concentration at the center of the nanoslits has an adverse effect on the stability of the
displacement front. In addition, compared to the single-component system, it is more likely for
oil molecules to transfer mass in two directions between oil and gas interfaces in the multi-
component swelling system. In the dynamic displacement system, the oil phase exhibits such
characteristics as poor fluidity and high viscosity, which hinders the detachment and migration
of the multi-component oil phase.

(3) The miscible micromechanism of CO; pressurized displacement of crude oil was
studied. By analyzing the dynamic miscibility process of oil and gas under different injection
pressures, it is clear that the miscibility of CO; and crude oil decreases with the increase of
injection pressure. The entrance effect caused by the deterioration in CO> adsorption capacity
and the disruption of oil dissolution gradient to inhibit continuous extraction of the oil phase
play a crucial role in the simulation results. In addition, the additives with different properties
can contribute to a more stable dissolution gradient. Enhancing the ability of CO> to dissolve
crude oil is the key to improving crude oil recovery in nanopores.

(4) The miscible micro-mechanism of crude oil extraction by CO; depressurization was
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studied. By analyzing the effect of CO> on oil phase extraction behavior at different
depressurization rates, it was revealed that the attenuation of the interaction energy during the
depressurization process can promote the extraction results, and the stable miscible region can
extend the duration of alkane extraction. In addition, the dispersion of alkane molecules is
enhanced during the depressurization process, and the effect of temperature on the extraction
results is more significant. Finally, the study clarifies the Arrhenius relationship between the
number of alkane extracted and the temperature before and after depressurization. A prediction
method for the extraction amount of alkanes at microscale was proposed.

(5) The influence mechanism of CO; injection method on oil-gas displacement behavior
was analyzed. The swelling effect of CO> and the driving effect of N> tend to play different
roles in the process of crude oil extraction. Therefore, CO; and N> are combined for the purpose
of coordinated flooding, it is found out that the displacement efficiency of slug flooding is not
only superior to CO2 and N, but also to mixed gas flooding, especially when COz is taken as
the front gas. The change in viscosity and fluidity of the oil phase leads to a time delay for the
gas to break through the oil phase, while extending the time required for intermolecular
interaction to occur.

Key words: Molecular Dynamics, Carbon Dioxide, Tight Oil Reservoir, Miscibility,

Displacement
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FNIRAE T BB FLRR i 153233, AL 5, 7R S MR O AR 02 R I A7
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BARIR: U2 TR BN K7 RIIAR, A S BURR G RAPAE 2 71,
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RORR KR T =P #ig b, CORAHIK AT L3RG 100% 1) i 2R R 28, 514k, CO,
55 50 2 18] B e /NB AR 77 (Minimum Miscibility Pressure, MMP) B BA% T~ Hofh <44,
WA MERERAR TR, Rk, CORAHLKAT N FLE ok R g2 F . 5
R ARRARIRAR L, COLTRARGNE B B A SEAF (RIS . AR SR 700 808 5 O FF
AT R I, S ARTRAR AR LG, VR AH SR AT 2 A R AS R DR 15% J5 46 Ji i b R ik
(Original oil in place, OOIP) IR &, BRI FBIT A 7 AT i 1R B,
[, @ A A R HHRA R L, W15 (o) RN EES, (EM R A
WE () R RTE GRBIRAPRENY, E1-5 (d-g) NI S IEIRA IR XS t, AT LA
RITRAHIR I RO B BRI A0S 2, RS IR AR, it
— D (R I 4y 1) (/e AR 2

7.6 MPa 9.6 MPa 14 MPa

20 MPa Miscible fingers Trailing immiscible fingers (' (wt%)

Polymer |

20 Mpa FJgiifiiitid 17 Mpa |V AH K 20 Mpa FiRAHIK RAR S

B 1-5 (a) COHEMERE (b) COARME 5%ZBRERTE 343.15 K AR E#E FSBAHF
RN, (o) BASIHRAFEBHLEWEL; (d-g) CO R EIRAEIRSLL % L K1

Figl-5 The gas-liquid phase equilibrium diagram of (a) CO:+ crude oil system and (b) CO,+ crude
oil with 5% alcohols mixture system under different pressures at 343.15 K!*l; (¢) Miscible and

immiscible viscous fingers!*?l; (d-g) Fluid flow of CO; miscible and immiscible flooding!*!
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588 mUR ISR E A, SEUANTH SRR B E T E AR, gkl A
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132 CO 5[RMm{ERINHIAR

MR R MER R SCHR TR R, AT SN CO2 BRIMATLER 247 (0 B i, kT
CO/JF M 7E ZL 5% - J 0 fif JE PR B3 v IR AN T4 P 7 = JR R 1 s 4% R SR B85 6k J2 1026 1 45 1
WRAE, TENSS EHAFAE =R 5 3 COo XL Y I B BRE AT MBI 7T, COo X421
FETHI PR A S5 i AR B AT A AE, AR COp Xt A1 LI R il AH B B AT A 7, HL A
5N

(1) CO X 5 ) B AT Bt 5T

COy 5HMBAAAIE, COr HATRRII AT LA TER Y HlE, FERAC, xR m e
AL 2> R IR AR RUR . T fRFE S % (Solubility Parameter, SP) 218 & ¥k 1A 53 A
W EE S H, HAY B SURMRL N SRR FE I J7 s AR 0 IRV A P S 48072 5l
K. —MekiE, PRI, PWEREE kg, HIRMESEORK . AT
il FE S HORRAR I, RIS B A A PR AT, DR S 80T DME IR B A& R 2%
RO, o m] FH T PP ARTR I o H TN ) COo FUER 5T 5L RV A P 2 5048 e 2



EE

VT, FTCATREE v IR VE AR A S ZE HARX B/ . Zanganeh 55 APU@EL 431 COL B R 2 4H
O IR, T CO2 X B i e ke LA i A IR F PRI, 390 COo mI BRI 5 i <5 5
JRA T TTRRELG, Wil 1-6 fion, IR SERMZEER L. EEEEEEL T
e R o DRI, 33 I3 A e A FH 2R A LA, A B v K T AP AT L A X T S 2 P 22 oG EE 2

SR, SRR A RAR, EMPURRUE T, WARNRERES 27T B
HREARIE, AT SR AU RN, s AR R R A28, 707 B J5 TR AT HES ]
ARSI, A 2 73 AR 5 o7 B 2 A o R RURE rh Rl R ) T RS AT A%
PG, AEROUREE N T U6 ™ S R, X BRI 3% i s AN & I ek T AR s AT
FAEMR 2. 52 RSB RF A R R SLEIIA ST, AR AR AL 0 (1 22 8] 3 A 2 32 B4R
KEZ, CO 5MiAH AR I VE I 2 A2 e P2, 4078 5286 (Slim Tube Test) 7T ISR
#r CO/ AR & 1335 BINRAHIRES o SL50H, CO2 VENF E A VA 5 It (¥ 4187 v DA H It
RN ETINEN 1.2 FUEFR (PV) B COo Jaill AR R RIS o« 2 RICRIE F] 90% A
A IF BA S VBRSNS, BRI 0f 2 A s 7 BRI A S N AR IS 59890, RAEZ TR A
RS BHAB D Z AR, W E S b A R AR B PESE, (HANE SR o2 VA TR AH AT F
REAT At T o BT H A S 08 T B XL CO 3 IR Tt (R o B R AL
PR AN R AH 735 Bt HLAR LA Y A 2 ma 73 5 DLog B oA, A SRR T R AT B FIEA
A A EA LI

5%mol CO2 10%mol CO2 15%mol CO2 20%mol CO2

B 1-6 EARFLH CO, FBEFRASVIREERKA RS
Figl-6 Effect of different CO,mol % on deposition for the asphaltene sample!™'!
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CO2 XA CO $hJo7 PAF S5 GURAA HE R L, 9 CO2 RE )2 COa FLEEALSIE R
AR FARAE T R USSR S . Xu 5 NP 8 B RS 2Rk R AL CO, TE %
JEHHIRAE AR, 8IS SR A R R COy ¥ /R IR AR, B SIEE
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(a)

(b)  oil bubblin

co,

©

Oil bubbling (d) Oil bubbling

(€) , Oil bubbling (f) Oil bubbling

B 1-7 CO/HEAd() 0, (b) 1, (c) 4, (d) 10, () 20, (f) 100min FF i R B LIS
Figl-7 Extraction of oil components by CO; (a) first contact, (b) 1 min, (c) 4 min, (d)

10 min, (e) 20 min, (f) 100 min after the first contact!5¥
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AT ORI AT IESE . ST, 1T B A0 LR A AR FALHRA R B, S8BT
XU A EH COL IR EAEE H 1. Bk, IR B AR LB+ COL IR
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1.4 SFEBFEE CO MRPRINA

H BT S, COr AT A T R B i B, (HAESUE )= rh CO IR 1 Aou
PLHIR4298, LARGE T COr BRI BEAR IR ES AR RIVE LA Rt — P 5 . SR,
5 BRT il s DL SR EE AR, A% Gett 78 75 A0 - Bt LIRS AR b b Ak sl Skie
ML R B BRILZ b, T R R s B AL 5 AT U AT SRR, B SR
FITEE R BT TE0 R 5 G 7 COL/IMABTEM I 7 TIAFAE R A ], AReARR B )=
COx HAHIE BIME A . PRI, 78 CO2 BRBUR M B TR BT L ACSEEG I e A2 v
A3 B et AT TR T R, WS EIEm AT Sad vk, M2 TR
I AT O S AL ) B 2T B — o ARTTIRATEE X A AU TTVELE COo IR S0 1
FOIARBEAT B4
141 SFEMEN

4 FHA (Molecular Simulation) {E—FiHEABINHE AR, A8 T /KT H
K, BT AL 2 05 FEAS 20 57 [R) AR B FH BB I 1] AR A A, S e 45 SR i =
BREG T, TEMEEARMEE R R TG TA7 8. SiEalEe s R 5 &)
FRAL SV, RO TEEAGSE . Z9WBeit . MORVRLS: B i T 5 U A3 i Ak 4 5
BRI T, I RIS HA AT B R EEEH . — Bk, 0 PR & = A 5T,
Z 45 R (Monte Carlo, MC)+ 4+ /1% (Molecular Mechanics, MM) % 43 F 3 /1%
(Molecular Dynamics, MD) 40,

SR RPEINE . ZInEmE s FEUR PR RPEENEEIS R, S5
T MR A R R SR R R G SR E R, TN T RS R, 5
RiR BRI BTE T, THE R RGO AT, 75 AR R A 1) 0 R A A
B FINEMARIE T, THESE R HTE T 0 [ g, SRS AR K 2
ENEISECE RSN 2N

T IR T E . IS AT 1RO AR RN TRE R R T,
BEHAZOE TRk 4 F Re AN 7 F 451 K R I T IR B 7 FIRE R AT i 7
JE 175 AR T A AT S, BT AR P RZ IR AR BR AL B D T KA R PR A M. 3))
BAT RN ARSI AR BN . 70T 113 R BT BB 71 5% SR 5290 3R A9 IR
Bl 237 D A AU R A SR 58 73 1 1) 03 B8 23 TR AR FR
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DTN E . BEE MR 5 A WA S U AR R, 3T B AR R
(RT3 B A B RE 7 (R SR KB iy o VB0 AU 5 B G 4y, o T Al
BEPLEE T4 T 1B R B S e M@ o keok, AR SEit 1122 IR R 5%,
82 0 it 2 A AR E L T 7 TR PR AR i TS, 2 TRl R SR A ALK 52
FORL, B FEAN 225 SR 7 N ) R, BURL W] AH BRI B, AR YE g
AR KR S RAE S R IT 0 AT 4b, Gy T ahdis e M e T, RIaR o B A
SEZJE, PR T AWUE ) /)2 R A )3 e B I TR BEAT T4, TS SR &
A TR 5 70 AR R BEARRR I . 213N 0 #4500 AR T E ORS BEAELRS, SR, AE
MESFRIB T E b FR I B 1%, TRITE ) 2 A At 45 SR T 2 AR S
1, XTSRRI RRIE R EARES, H SOy BN Z i E 5.

(D 13

713 (Force Field) % & LA B ) BUF T A GIA ORI RE R . DLA TR 35 e HL
NFER, J13 TR &R T A AR B R R UOE 1R R AR I, I SR A
WS 5 7 FERSRAFRL TS s . fETF e o TR B2 A, 7 BER sk 53R i
MGG, W, TR ISSHE. 18— RE 2R, FEARE
TGRS EAEH (Bww) s FERRFFREARE (Eae) BRFHARE (Ea) AT HIF
B (Ebona)~ A HGE (Eos) WEREEIERHAEE (Eoos) 5, &RMHFZFINL
HEE (B, FHRIEERUT:

Etotal = Evaw + Eetec + Estr + Evond + Etors + Eecross. ... (1-1)
MRAE AR 2R R IR BRI A0 G RE i BT, AR T 280 7840 715, B CVFF,
OPLS. AMBER. COMPASS %5537 &, N T B IRIE Sy AL 45 SR w1, ik
a1 iRt B,
(2) REHE®

R R AR, BT i, RRAEITEE TSN T H AR
SRR U TR I R, DRI TR BB T 70 5 M, 8 SR R ) 2R 250 S i IR A4 ot
S AR (R T POV R A AE 25 R AR R %E, RIS TR RN ITE oIt
i, ARYEEAARES, AT NP0 BIEN R ZE (Microcanonical Ensemble, NVE). 1E N
%25 (canonical ensemble, NVT). 5%k %25 (Constant Temperature and Pressure
Ensemble, NPT) LK %5 E%ZE4% 224 (Constant Pressure and Enthalpy Ensemble, NPH).

FERUEN R 4% NVE o, KF8U5 4 RIAEAR, HHREEE SCSR1 sl R
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Tl RIBERORIFIEE . Bk, WZEM EF, % NVE RERM BRI EIENR
ZENVT 1, TR0 45 5 SERR G B 3, AT 7% ELAR PR R VIR B 1E 2
SR, AR R R R AT, T kLT 0 3 B AR B BE E T A SE
WREE. 346, NVT RERIE AT LAR R #amid ok S LR BE (1 8 « H AT F iR 7 ik e
Andersen. Berendsen. Nosé #3775 LA & Nosé-Hoover 77755 ; 75557 %5 5 R 25 NPT Hi,
PR ITIES NVT REEMAHIE, e e 2 8 5 5 2 A AR DL S5 i Hp 54N 7 1 £
JUSER/INRSEIIL, H 6 F #4577 444 Parrinello-Rahman. Andersen /% Berendsen
VLS SRS R4 NPH IS EAL, S5 RN e SR RAHZELL, NPH
SINT S E T, A2 G RE 5 00 A Rl e MR, RSB il A A
VES R
(3) JE St %A

— R E, BAA R IR SE 2 A0 TR GO, TR 00 1 A 2R S e o 1
T TRAE BN, AR TN A S 5 . o A M 5 A% phad i DU & 7
Hts, E=4E7 PRI 26 AN EBLME, 2O & T R TIE 3 B & T A
AIEN B AR BUG 4k B 3, T i A AR & kL 0 DA R RE 1) 7 g 3 31 o &
T, GRIE T A OB TR T RGeS S B, BEI H A T AL B SR K52 D01 L
THBRIA FRRL, Th0 T P S R AR 2 R SRR A A, R M R AR A T e B
25 I AN UET o
142  CO: HeE FMRITER I 53 FIRIMAR

(1) COy WM T AU 75

H T IG 5 COy BRI IS ARE /1, TELWIAHL. TG i DL SRS AL 28 e 5%
WURABAE T Z N . BET, BEE S TREUNER R R Hilase i, Tl = KR AR
A TR SR WAF B T AL o A0 AATTEERIT FU T (R AR AN ORI A T TR T R R A
Zhang %FUAN Li % NSERA] CO, B8 e i B B AT 40 TR0, il 1-8 B,
ML AR A AR A B A U S 5E BUWLSE CO VB KT AL AR, 2870 B AT i
T VA R ECS COa 17 T Y R R FE I I OR 2R, J31  1A) IR AH LA e S 380
FAENMFERNER, BHOEREGRRERYE R, T DABNEEKIIE. Cao 5
NIOTE 3 3 M AN R e R FE 2% A T B I 7 COo ZEEUS M I 7 T Bt I, 484 T
71 (20-30 MPa) X ZEHUEE R R TR EE (50-70°C) [5EH, CO2 RGNS &g
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R IE IR ZH CO2+20% LI A RERIUE SRR, S ele s A ks gl
Horb AR vdW AHEAE RN COx A R IR IR S HEE 3, COx IR IRIE S Kk
JE s TGN Mo A0, - Bl A T e T B

#

1-8 HEHMHEL (a) 4 Cis#H, (b) C16-CO, HRIE R 651
Figl-8 Simulation unit cells of (a) pure and (b) CO;-saturated C ;¢!

BTN RASANFEIPASL T COx RILAIA FIPEF AT 7 KB TAF. COx AR T KT
BEAIOY 180°, RN AR, =GB AR A SR B e T . ks, B
FORI, SR SR CO MM, S IE AL EES, |
051 531 18] FA) Joy 3 SR AR08, (B X A AR A0 B A 10 538 AT I 1) P S AN e 1, B3
N7 FAERASENE, FUIEAZER ERE, RIDIAL SR 2 A, B CO» )%
JEEKE LG . #LAh, Zhao 258 NN Ky /K/E I 7 CO AN 1-9, HEF T /134
WP S5k 71L& COr HK SIS MUKz, JHRE 7 32 CO HIKIEA B
SRATH T Z A E LY AEH, HUGERGSK N BRI AR o S, X COz B
K ST K 70 17) @ Mohammed 55 AVOAT Zhao 55 NUHIS25 1Y 1 PEANE) 7047, e bk S i
LR P2 B A3 AN ST R A B A P, 5 S T ok 4 DA B AR A S

= €O, e water e

B 1.9 ISR COs 57k kR A EAR

Figl-9 Interface system between supercritical CO; and water!®!

FHECRCH AR 2, 20 T RAUSORAE CO RAR VB L RERTT TT AR ) AT AU
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MO S5 46454k, B8 BRI 58 o A R F MR e R R sk . BRI A, o FARANAE
WMREIREE T COp W AR IREAT AIIRE SR, SR — 2 .

(2) CO W Bt AL HAT 9 ARV 7T

THE COx WX T4 COx B WETH R CEEE, BT K B A 25 3 s A
BN COy WK [ COp RIBATHIAR, IXFPHE S 1E T 5 i 5 31 2 P AT AR A DR B AR
A N, oy R, S TR Z A AR . I S COo 7E BRI
W E Z WG, W COy Rl R IAE S A FLEE bS8 M AT A 5E, iRk 5 32 R
] FLEEAE I S 8O R A 5 8@ IR AR AN R AT AL . FECA B, 2 PR
HI TR 2 R (B CO IR 2 108, 9 58 2 I SR B0 0 78 Ko % . Chialvo
S NUSIRIF 43130 1 BT, @l A KT COy TR AR AR VA il ik
179, RIFETH ALK CO2 = I U kT 5 HAH R L e T, B2 T TR =
BN T W SR A PR 2R AR . Qin S AUVt T BI S COL S i [ A 2 1 1)
TEFFUE, BT COx o FHERFAL S P BN AT SR T (RN (RO B AT Dy, I R IR 2 26 P T
BOMOCTEALRE-TORIRSNRHE, HT CO. MR [AfAAEAE, Kk E R
X CO2 HAT BE SR B 20 SRR

110 () CO, ERRALAR —BAMREFLE R TR ATH;
(b) COAEGRAYHBR N ORRATH

Figl-10 (a) Adsorption behavior of CO; in silica channels with different pore sizes;

(b) Entrance effect of COz/migration in nanopores!’

PG TR BRI kA, SORUEES CO2 ARSI PE R B 5 5 R ST AS [ PR A
S I3 TR IR AT RS H R E P e AN BRI HLH JZ T - Kirchofer 558 NUSTx 14 £L
EH COr MW HIZREAT kAT Tk, AR COy FEFLIE H HYis i tT N HAT B
N EVRONE, AESL DAL B H BT e ) 22, BRI AN TSR EOR, 3 CO,
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TEFL I ARAS [V RE FEE 0 R A SR LAIENALIE, i 1-10 (b) Fiow, X CO, 78 M 47
J 3 7 TSR . Cao %5 N0 6 ST T AL 3L R KA WU B, 234 CO, 3K
LR b R e RO 5 AR B AT s R FE S SR B OIRAS K COn A BT HY e M K
1M COx HAFE SIRFE N L BEE/EE LT 1 1 km 2 4 km D9ANHZIRFE AT,
CO, B ¥ e S DA AR5 SR, 1 km B ) COL B RUR Bt kLR Z D, &
IR B HAEREI N 1 km.e Sun 55 ARG T SR (1 TR IR FLE AR R A 1-11
(a), FFO3HT T B R COL BN M E PR A IR B HUAT 9, X EE PR AR TE AL
PR AL FETCR I COo B e H G e 70 B8 R st i sy, (R 3R T T AR A
NI TN Z R, Z R T o FAESLIERE VB IE ATy, A A R N IR bt
3 XA 7 1 (AT 51 o Yuan 55 NS5 4 BRI R 45 HE T SE DR 4 B0 %
I TEE X T CO2 SR B F BE I 3z 20 £ B DA R FLIE il 28 5 RUS) 0 O S5 44 1 s, i 749
H R BEE A SRR AL C-H S8 MRSy HRA e L E, COy fE A SR )AL H C=0 #fs
ARG ARREALE, 4 COp WK HI e BR A A BE B B TR B, COo 5 3R R PRHAL
MR A 2 N, B8 G B IR B AR

—=—CH, (a) 112

Loading amount of CH, (mmol/g)
5 & 5
L 1 i

o
b
Sequestration amount of CO, (mmol/g)

o
=)

T T T T
4000 8000 12000 16000 20000
Bulk pressure (kPa)

o

1-11 (a) £ 323 K W TFEMRREET CHy ABE (R M COKEFE (AL SRR
HLR, PARIEESRA () 6 MPa Ml (¢) 20 MPa Bf FESRGPURREHFRASENEW SR, &K
4: CO,p, Hfh: FAES
Figl-11 (a) Loading amount of CH4 (black line) and CO; (read line) with the variation of bulk
pressures in kerogen nanoslit at 323 K; The residual gases in kerogen slit at the bulk pressure of (b) 6

MPa and (c) 20 MPal8"!

T COy FRSUR/TUE U T CAWER R, MM K7, Hiiiaz
AT T AL Y 5 i i 2B S %ot Y < AU AR ELVE FH 52 . Mohammed 2 A\ B2 i 43 4t
CO2-NJE+ CO2-PIkE-FHZRAT CO-FZRIR G WIAE 2-10 nm F¥) A7 JERREE 1R IR PR B 242k
WA COL X AT DR THIA B i (R BRI R, S 4, A2 R 2% ) v 23— (R PR e B M R
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Re TR EL, PIBEAELE MBI T, CO2 X R TH 1R P 5 A0 it s, LA IR BCR BOERAIL,
T F 2R AE 2 o ZEA N IR, Zhu 55 NI SE I TUE T CO Fike i &4
BEAT T — KRBV i o bl 8 A DA PR SURTR B s R L, Fike
1E COy W R B B RE K 3G I T PEAIG, A LB & BRI BE (s 3 . 34, 1EA
FTUEREm T, AN S EX COy BHbiRMRe 1A B, FJEIE—Bai.
B TR LI COx 71k, A H R BIRR M SAH BhE A @& 1-12, Badmos 55 A4
R HBRTE SR CO2v HoS RIRGWIRE Ao, [ = BEA AL BEA K FLIR P (R e S A
GEIRLR], SR IRE ORI T A A RIS R, COn M JE3R T IR It e PR 2
R, M HaS A = B RCR T m, PIFRTE MgO HRILH AR TERE . Babaei
S NISTiE I # s XL 45 44 LA R I CO, TE TR MK I 4% - BE R R A ELAE FH, 45K,
SFEILNIY BAT RGBT COy TEMAR S BB R gk s, i HAZHE T CO2 1E/KH 1)
VB, EZARE T RMERICER . COL 9 HUT ANE S i R BIREME, % CO, #5147
F1 CO-EOR H HE & X

a
@) CO2 > H2s

‘X“?&’ZR‘Y"{'}‘ 2 5 '}:Y'X"‘:._"&
CO.MH,S WAt adie e aliitaie
—  £35 3.

(b) H2S > CO2

(C) uuuuuuuuuuuuuuuuuuuuuu -
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COJH:S Wyl
—_— L B

B 1-12 BEIETHRAEAS CO/HS 1 (a) AHE. (b) EMEM (o) HREFLERS
Figl-12 Simulation snapshots for systems containing n-butane and CO>/H:S in (a) silica (b) MgO

and (c) muscovite!s4l
I SCHR AR FATTPT AR IR, E5GT COp 38 M B0 M RO M 7, W98 7
BHAZ 0 iHs e 20T T REEAL TR oK ROT IR, R il i o T4 7t 32 IR 2 1) bl < o0
THESTEFWMAT A, 2 TEINESA T EEMT R TR T ERITRNE, X
F AT IR R S 4
B, $eim COr 5 IR A ELAE HLZ A R R AHAT AR 2 AT WU AT SR 25 1F . H AT
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Tk, BIRRARALER Al SR AL T e COo S M SO i R ICR M A, RUE
FASRALA O KRGS, (HX T GUR FLBR IR AT Dy S A 70 & Boxd Fsmi wfk L & 73 #
AR FLERFLEE AL CO/ 5L 58 4 W B ROUL L A 75 XE ASRAE 20 A, 9K LB COo SRS Ji
HEHESR R AL A2, VAR EE— D M. S B ZLER R R EAREAR
ISR AR bR € BT 710, R COo S BUE R MOICR W FU R R I S B AT 2
X

1.5 ARXWAREX. AREBEMEAS

2RI AN RN R, COx rIA RBOT RECH /= T I B, AR e 5
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FERIm %, BRI, JT R CO2 FF A BUE M AR S BRS04, R H TR T 24 55
2. EEALUNWATIIH: (1) COx fEMBIAEE A AR, 25 MA R EAEH]
HIGES, XTI R 2 R Z R, AR B DR M RO R, & IR
VR ELAE P SR AR SRR, R A T AR SLRR P T TR AR AT O S R E M o A
SEERAER R (2) T ERPAL G e M 5%, WEEH T8 ZE T COL IR
AU HL A A8 T B X R RS CO2 SRl HAR T T b2 22 B, 70 TR A JE 58
A BB BRI DTk, 2R ERRIE, BIBRROUE T COo S i il 1 11 LA,
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PR, AV SCRH 70 7 RAUE, MRS S0 ik 2 2505 RU3EAT CO Ot B v AL i
TCo FARWEFUEHANT . B SeRYE A KUK ALBE T COo/JE TRARNLER, 79K Sl
BRIAEE R AR SE bR, TR PRFLE T CO B AT RO LER, BNk
JUE S AR BAE B FE AR ARAE CO2 BRI FRVERARE £, 20700 JE CO I Hs 3K
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CO,/JR iR AL 7T
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F2 5E XS FE AT
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(=) CO,MEWRE (MUY CO,F&EIEMIR () B ZEFAER
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B 1-13 AR SCHIBTFTIERE
Figl-13 Technical route of this work
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W I B AR AR RO LR o 5 52 [ (A T pEL s BT AR ARAT U s, X b
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EBTE FHERPNKILERES CO/EMERIEN

]l

2.1 B

CO2 BUR AL 5 e 77 FTAE U R MR B i 31 8-14% 1) OOIPIS™8, il 2 % 7
FH/MEAME /7 (Minimum Miscibility Pressure, MMP) I}, J@idiE N CO, A B A =%
W 1R IET MMP, 5 COz MK ASE SR IF BB, SEERZ IR
BEARISN, DRI, WERRSRJ MMP (B0 T 808 M I s 80T K 2 oRE 2. 18 H YO E R
901 AR AL 5K S 2% (Vanishing Interfacial Tension, VIT) k922 £ A I
MMP SEE &7k, Horf, VIT s BARERNE, 07 5B 5 o TR &
931, DU RYCH S, SR RE . %53 T AR A 9K /) (Interfacial
Tension, IFT) S51ARE KR, K2 RAEMSMELE KR IFT J % LIIRBU R % 7)
14, BIVR R B/ ISR AR 1L, 127530 30 RS i AR YA R 7 (0 52 T gl oK LR %),
8 [& P52 R (8] FR AV BT IR R TR, B TN R R B @A HE AR B,
TR — e R 7%, WA 32082 (Diminishing Interface Method, DIM). DIM AJ 4
L N ELVE AR TR SIS BEAR A e 70 22 8] (¥ 55 & i MMIP {6971,

BUE AR COy 5 JE MR FXHEARAT NI LB AR 3 B 4%, T ZEQR R -
YA 0 FCFEAT 23 A 1 e T SRR o Dy T R T SR AT B U g 2 e e A AR (R GO
AR KA H it 43— B 08 45 K4 A8 A RN Bl ) 2R AIE , MD B 1k g A9 302 N
MD BAU A 73BT 5 4% BAE LA T BB s O PR SR it T — i 58 DU SRR 10 U vk, SR
FE5r TR F7KF L, (5B MD BT R SC T 9K IL A 20 TIRARAT AT A UL, %
J7T T TR COa i 8O R B0 i Bt YA it e 2R S0 8F . fEIx — 75, FRATTEET MD
BT, R FHHEEIERAE T CO/ZEkE (Cio) M REGURILTHIIRAAAT N, JEXT
KAL) MMP (BT SI0E. BEfE, 2l 7L 24 3. 5. 9 f
15 nm AIAS [FIGERFLER P (il SRS AT Ay, BETT 18 T 52 PR 25 [0SR AR AT A [R5

22 WREBEGEHEASE
22.1 PDFELBERIENL

PRARAER: 0 TR B ST R AR e A e O A TR R W v
R 3t S AR AR A (/R RS i, Xt e B il SO B T R AR . [ 2-1 Wt se
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T IARAR B FLIE A &, 14 %t Materials Studio (MS)# 2%, Firfs 23 T YIBENL A T & T
N, IR R EBGE N Snme A TEUIRYE ncor=xcor n i, b xcor /& CO2 7E
Fee R (AR R0, noh 58 % B EIB0E M DUR B A, PR
27 5L 25 AR e () TR A, IE S R R Cro 1R Dy T2 S g A A3 0100, L S O i
IR AL . AR RS CO2 5 Cio HELVEH], JE T SRIRSCHRIATIL $E 344.15 K AN
12.62 MPa T HIEMRIE xcor YENARAETY, FRHE 300 A CO2 73 TR N B R R A A2

AR B R AR

E 2'1 /é\ COZ/C10 E‘] (a) ﬁij‘ﬂﬂ] (b) %*}Lm&k/\’ COZ: é:l:'@n ClO: E@A
Fig2-1 A CO;/Cy system in (a) bulk phase & (b) a nanoslit. CO;: red, Cio: blue

LN HR B SFLBRE MR TV B LB AR SRS AT iz, BLEGK
JUE EREERE AR, #RR BRI ARFLBR 450, HAE S8 SR o BT (1 2 o
I RIAUEIARRT 25 FE A S B AR S5 . AR W, i i A oK AL
RO AR BB it J2 B SR B, [R] I CRAE FLIRBE T JE 52 K T 34 R A FH T 142 . 1 %%,
AT CO/Cro B FAEGLRILB O, W 2-1 (b) B, GRIREE AN I
THREMEERIR R, BRI oA RIS (1000 ~FH)IE], RSF xyz 7505008 39.98
nmx2.70 nmx1.507 nm. T2 FGERALII R THEH AT 3~8 nm Z 1021031, (K] Bk By
BE I CO/Cro PIKFLBRIAE R z U5 1724 5 nm.

222 ARFLBEEDSHHHESEIE

SRR IS0, 9K FLRR A B o A AT AN 5 L&, 7R B i by
2 I DL AR 3, B TS SL A R DA, BRATEAR R z Bh7 R4 0.5 A 4%
—2, HETFRX (2-1) K (2-2) FJH Large-Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) (Version 16 Mar 2018)# {4114+ 545 12 52 F7 I 45 55 ) 1K 748

. SutS,+3,
e kY,

Forp, ONETAE R T, S RN STk, a M b BUA T x, y, z ZANJT AIFREK
BN R F(2-2) th, HIAEE 1 TUNJE T STEREEE . 28 2 TUA RO A RE,

2-1)
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Horbon NFEIRT i B9 Ny MARAR IR T BIEAREL r M @ AN I B, FURl R 2

AT A EAF I PR 7 56 3 25 8 AR A No i, NaiEA, No M,
VLK N ABSETHEEAE A, KEEECIER (Kspace) FIPNEBLIR 11. &5k 12 M H
TR BRAR & 14 B0 1000,
mv,v, += Z (raFp + 1Py |
Z (raFp + 1oy
+§Z(r1a Fip + DaFop + 154 F3b)
Sw=-] W (2-2)

1
+ZZ(r1a Flb + 1 FZb +1, F3b + 1l F4b)
1
+ZZ(r1a Flb +h, FZb +1h, F3b + 1l F4b)
n=1

+ Kspace

Z.a .

N VAR R SR AT T R S B, AT ISR 1 CHy 2 T AE A SR 9K LI
R SR A, ZAKFLER A % BN 3.6 nm. & 2-2 BoR T z 8l (BB TALERED 1
RSB CHa I () MR TT (b) Ao FEGUKR LRI IE], 3 BN K 1354k F
Fasg, AIEREONCE AR, SELBRR T R AR A2 AN . SR 2-1 o, e
& CHy B AL 8 5 CkE &l fEARI LT, ikl 2-3 Pos, fE0KSFLIR
TR BRSE H) CO2 X3

ia? |b

1200 400 —
—D—7000 T(b) —— 7000
1000+ —o—1000 | 300 i
~ 800- ; s
“& S 200-
& 600 g
< free gas § 100
T 400- 2
L1 } - E
200-‘:E ah
0+ : 160 +———l—
05 10 15 20 25 30 35 40 05 10 15 20 25 30 35 4.0
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z (nm)

B 22 CHOFEASBARTHN () FEEM (b EH5M, B (b) FEAELENXEANE

HAMASFXIR, 7000 A1 1000 FHKILR T CH 2 FR%

Fig2-2 (a) Density and (b) pressure profiles of CH,4 in a graphitic nanoslit. The region between two

dashed lines indicates “free gas”. “7000 and 1000” refer to the total number of CHyin the nanoslit
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R2-1 CH O THEENERE
Table 2-1 Density and pressure of free CH,.

CH. 4 T ¥ Pressure (MPa) Pressure (MPa) Density (kg/m?) Density (kg/m?)
) SRS AW 5t SR A5
1000 2.61 2.73 15.07 15.11
7000 47.25 47.41 224.90 225.01

300 S :
1 (@)
200
<
S
s 100 ﬂ free gas
jni
7 , «
L 0 - omae | 4 e
& |
- I OO T I T I
0 2 4

z (nm)

Bl 2-3 (a) CO,EBAMM (b) CO. 4 FE_EMBEGORILBE 2 H 4347
EAFRE 2 HALT 0-1 nm 1 7-8 nm XI5
Fig2-3 (a) Pressure profile of CO; and (b) CO; molecules in a silica nanosilt.

The silica pore surfaces are located in the region 0-1 nm and 7-8 nm, respectively
223 SFEHESHEE

DT EN IR LAMMPS B 3E4T T 55 AR S PRl sk A iR B AR AE
344.15 K, JfH Nosé-Hoover ¥l 77153474171, LT %% (Lennard-Jones %) AHH.{f
F R4 1.0nm, FFH Ewald SRANVEEAT # A BAE R THE, S B IE I R 4 A
R T HTE 5. BEJGHET 10 ns 457 MD S5, SR pppm SRATAG K AR i
HAEAFA, RPNy 1 s, & 1000 BT — &R 2, FIH VMD BfFE AT
el AN 1573073 i VA

1. K ARHH COYCro R REUERIAE NPT REEPHHT (BFHEERSD TH,
TIREFE) o BEAMERALE x A1y J5 ) BRSP4 E A 5 nm.,

2. YKALER: BEAL T EALRER I CLAYFF /1376l ), BEIE NVT R4
BT (rFHCE, WRRNREETE ). SRR R E, SRAGE BRI AR, Xt
Cro HEAT 5ns HE40L. FRAE %5 FEAH R 1 CO2 AHBUETE Cro AHIIPIMIIEAT 10 ns 4330 )1 245
S T

RS AR A A FE R PR e AR (vdW) MK EEFF A HAEH . vdW i Lennard-Jones
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(L)) &R, FHEMEAEH B ESHRR,

12 6
. i ofij

oAt g F1 oy A2 HIRFRESR BAZ, i NIRRT 0 A0 7 BIIEEES, 2T i AT, e
=8.8542x10"12 CN'm2 A BTN HHE .. NI ERSEAER 2-2 HHIH
£ 22 AEZEMEENCL CW"E COMSTF 1S

(2-3)

Table 2-2 Force-field parameters for quartz!'”!, Cy, "%and CO,!"!

Jr i fe
J7F ¢ (kcal/mol) 5 (A) q (e)
C (CH3-) 0.0660 3.5000 -0.1800
C (-CHy-) 0.0660 3.5000 -0.1200
H (H-C) 0.0300 2.5000 0.0600
C (C=0) 0.0559 2.7570 0.6512
0 (C=0) 0.1599 3.0330 -0.3256
Si 1.8405%107 3.3020 2.1000
O (0-Si-0) 0.1554 3.1665 -1.0500
O (Si-OH) 0.1554 3.1665 -0.9500
H (Si-OH) 0 0 0.4250
AR 4 e
i K., kcal/(mol-A2) ro (A)
c-C 268.0000 1.5290
C-H 340.0000 1.0900
C=0 615.3220 1.1490
O-H (Si-OH) 554.1349 1.0000
Al pe
GBSt Ko, keal/(mol-rad?) 0o (deg)
C-C-C 58.35 112.70
C-C-H 37.50 110.70
H-C-H 33.00 107.80
0=C=0 295.4110 180.00
Si-O-H 30.00 109.47
IR R
TR AR V1 (kcal/mol) V5 (kcal/mol) V3 (kcal/mol) V4 (kcal/mol)
C-C-C-C 1.30 -0.05 0.30 0.00
C-C-C-H 0.00 0.00 0.30 0.00
H-C-C-H 0.00 0.00 0.30 0.00

224 FHEBBHESMERE
REWATE. Fmiks (OFT) B LAMMPS S5 A5 #7 AL 3K /7 (Gibbs interfacial
tension) AN (2-4) THEIME. STFAEFE CO/Cro R, PHAFHIEET x fill H
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AT T zp P, JF Hald R 775k B RIE S P COL A1 Cro IR TF T

y:%T(PN(x)—PT(x))dx=%lpxx—(PW+P“)]Lx (2-4)

0 2
Horp Py Pr a3 vk AR E 7T : Pao (a=x, y, 2)/ & K BRI AR, L AR
T x K, Kol iR A

N-1 N

PV = Zm. vaVig T 2D Niafig (2-5)

i=1l j>i

Hor v, o RIRT i 7E o TR RGEEE; ry=rir; § 25T MR T i BRI, v R
BT, IEEERJE 2 ns WK IFT “PRMENE N R BT 04

FEEETTE: T RERN AN, EAREMGKILER T, COo FlhAHZ A4 B
RS, R N x M O TR COM SR, BER S TR
SCHREE H I T R A AE I S AR R RAE 7D, Wl 2-4 FoR, HEF AR E
M (Gibbs dividing surface, GDS), FIH AR (2-6) HhE Cro ¥ x il %5 B 73 A7 -

1 X _
p(x )_Z'D{erf[o—fj erf[GIH (2-6)
Horp po LB COo/Cro S HIHAHBARZ FE, x1 Al x2 KR Gibbs N E; 0 RARKE

HIFRHEZE o SIEPI> Gibbs [ Z A HIHCEE (xoxi ) H1T- Gibbs [HIE 70 B P AH O ELAE L 5,
PRI 7T DAKE SN 22 Gt rh AR B 2R

-—— Actual

Fitted -

£(x) (atoms/As)

0 20 40 60 80 100 120
x (A)
B 2-4 Ciu¥fs x HINEFESM, TEN COYCw B FEMEE, Bf: Cuw 4Afi: CO,
Fig2-4 Density profile of Cyo along the x-axis, blue: Co, red: CO,.

The equilibrium snapshot for CO2/Cjy in bulk phase is shown on the top
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Fig2-5 IFT between CO; and Cyy versus pressure. 0: in this study; x: exp. by Shaver et al 114l
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Fig2-6 (a) Interfacial thickness; & (b) d&/dP versus pressure in bulk phase
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AR, GRFLBR A ) MMP A T4 B fciil 1) MMP (11-12 MPa), R 5 557
IR H S CO IR ENRAIRES . N T EEAIMME RS L ERNZESR, A
15 75 /1% (Potentials of Mean Force, PMF), LLiFWT Cro V& T CO2 BT 75 2 o AR I E
mHa,

PMFOQ:—@TM{EQQ} (2-7)

0

Horb p(x)N Cro W x B AR, poh Cro 7 CO MR BEME, ks NIH/R 2L 2 HHL.
K] 2-8 LA T HE 6.29 MPa B ARAHAT 5 nm KAL) PMF (. EAERRLZ, 99K
FLBR I 7 R4 CO M AL . LA CO2 AN IEHE, JHA B2 () PMF {E 47 CRJ
BARD - Bk, Cro 20 T35 WNIHIAHEE R 2 CO M, 75 TEiR— & M H th g3 22AF, 4
R AF % 3.58 keal/mol = T4 KFLEH 1 1.11 keal/mol. IXFEHAEGIKLLERH, Cio
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Fig2-7 (a) Interface thickness J; (D) d&/dP versus pressure in 5 nm nanoslit

31



HE A EGURSLEE h COyJE R AIHLEERT 7T

6.29 MPa 7 " 6.29 MPa

PMF (kcal/mol)
<

21 27 1.11 kcal/mol b
| 3.58 kcal/mol (b)
0 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350
x (A) x (&)

2-8 Cup7E 6.29 MPa it (a) K (b) 5nm FKFLFET CO, FHTF KT
COx4fh, Cilth
Fig2-8 Potentials of mean force of Cio upon CO: flooding at 6.29 MPa (a) in bulk phase and (b) in 5

nm nanoslit, CO: red, C1o: blue
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5. B EIKIE SN 6.29 MPa. 7E 0.1 ns I, PR R AT E AT W . 7E 2.5
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oy A, PR AT O R R AT AE Sns I, BATRIWE F
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Fig2-9 CQ,/Cyo system in (a) S nm nanoslit and (b) bulk phase at 6.29 MPa from 0.1 to 5 ns. CO»:

red, Cyo: blue; (c) Densities of CO; and Co along z-axis at 5 ns
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Fig2-10 Density evolution in 5 nm nanoslit at different pressure. (a) CO; and (b) oil in nanoslit (c)
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CO:; and (d) oil near pore surface
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Fig2-11 Mean-squared displacement along x-, z-axis, total value. (a), (c), (¢): CO; (b), (d), (f): Cio

23 CO K Col BARAE
Table 2-3 Diffusion coefficient of CO; and Cyo

L 2 3 5 9 15 Bulk
(nm) (627 MPa) (620 MPa) (629 MPa) (6.37 MPa) (6.47 MPa)  (6.29 MPa)
COy: T ELAR%
s R 1.26 1.39 2.09 251 2.9 11.17
(108 m¥/s)
Cio: VELZR%
o I HUARH 0.29 0.34 0.45 0.59 0.62 1.06
(10" m?/s)
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Fig2-13 (a) MMP versus pore size; (b) Number density of Cio at 6.29 MPa; (c) Free energy barrier

AF of Cy9 in CO; flooding versus pore size
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MMP {3 SRl Bk, AF BEEfLARIB/NE] 5 nm BN /IME, 985 4k 4:
. BTRUNIAF SECER 5 SO R, B, ZIREAEEE T COu R
1779 RIM, FLARIR KR ARAT I SE IR AFAE T IR, X2 S BUR AR 22
1701 B RIS S XA K T84 Cio 20 T, AT RASEBLEIE, S JUPHE ASER .

24 KEINE

FEXIU AL, AR 73T 30 7 AU T VER 8 T /RAH K 9K LB COo/iiAH
VR AEALEE o T SR8 T VAR AR RUEE KGR 23 B i 7 TR AR EL A R 2+ 20 TR o
Ry, DRI 58 B I M R S B i 3L, RS R T3 oK RS (¥ 431 IO AR H
1791 CO-EOR i #2.

T, FEIX U 7T, Gl 51N Gibbs 43 ST E T AH TR RE 1% 05RO T MMP
fEAE DL I o A E BRR I W . kA, BFFIER T DIM YETE S AL 5 R
IR ATk, ok ™ FE Bk FLRR H MMP (I35, M B TR 20 750 71 22 R4
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Hox, WRREEREY, kAL T MMP (&0 SN TR, 33X % B S PIAEE
SZ PR A R S A RNRAIRAS . AT IRICZIG, BANIHET Co T CO, HHIH M
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]l

3.1 3]

fEE—FA o, BT SO R LB S MRS £ BT 132 R A TR R R
R BV iR B AR . AR, BUE 2 B AMEADUR IR T2 70 A 48K L
B, EHA A0 e A 2R 2 e T 5 | A R i 2 350 S At R S0 e o Rt SR AN 6T
—J7E, RV EBRYA  WIR A SO SR R, T R A T
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AR AN N TR 488 S B AL B L RS A AR il 211221, Wangl! %A1 Caol' 1454
FR Y BB IR B AR AT N EEAT 1 T REEIIBFE, S5 8R W], A HLA ST+ A
FELL UL N B A S i 8 . th4h, Zhang!" 40 Lil'14 A LU 7 & Fh US4
BRI 2397 AR B SR A H AR PO B B 5 JEE A7 FE BRI i o> = W A > S RO o L4
CO2 X it 2 AR AR A BURIO 27T, W U &) S BURA A 2 s 1 12 b AN
LRSI AHILG . Santos 55 NS MD 300, 73 RIHRTE T CO VEAN T7 A 4K
FL o A o AT 5 ik AL 2 B] o AT AN S R R, SO A A B TR S
CO HHEAE F IO RE AN 2 A7 AE 35 22 5, A F I 22 5 Pl 5k J2 3 T o 1)
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TifRAAEI D MG FLIES, COr BB (B LIRS (3h&) 1704,
HEE COo/Cro 5 IR AR ELAE FI X i A 72 5 ZUIRIRAN WA B I 25 R A5 X il
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HIEERME AR ML, [F0 2% 58 2 SR 58 % WY esy, T i 1A
L TR RO R KL . B S, ASEERI, FRATHRIA Materials Studio ¥4 T a-
quartz 458, MRS (xz) A 3.60x50.00x0.81 nm ({47 JERTH, W FRFEE R A
SEPPRILBE, BT ZALERE AL, BATR B FLBRI 58N Som: Fok, Ak, 5
T SiO4 PUHIAFT AlOs )\ SR TCH B, PUTIR S HAR L ML= — £, AR5 AR A
ot —i4, Mol AR T RERARCTFAT T (001D A SisAlsO1o(OH)s J1 =44
[SLI32T g DL A AR IR 0 MDA - e 56 B2 9 5 nm AR SLER, AR E RS A
3.60x50.03x0.64 nm; )5, JIfRAKE, HEEE (104) aiAEm EIEILUEROT A
R, 14 3.60%50.00%0.78 nm, K PATT A7 AR BB IR #h i A i 58 20 5 nm Y
AUKALRR, FLBRIEE— Ml 3 A J7fda B S, B2 8k 3-1 s,
#£31 COy, Cu AR, HREAMIERRANIGSH

Table 3-1 Force-field parameters for CO,, C19, quartz, calcite and kaolinite

) JR+ q(e) ¢ (kcal/mol) 5 (A)
CioH2 C (CH3-) -0.1800 0.0660 3.5000
C (-CHa-) -0.1200 0.0660 3.5000
H (H-C) 0.0600 0.0300 2.5000
CO, C (C=0) 0.6512 0.0559 2.7570
0 (C=0) -0.3256 0.1599 3.0330
A Si 2.1000 1.8405x10- 3.3020
0 (0-Si-0) -1.0500 0.1554 3.1665
O (Si-OH) -0.9500 0.1554 3.1665

H (Si-OH) 0.4250 0 0
Jifdf Ca 1.668 0.4781 2.3700
C 0.999 0.0882 3.8230
-0.889 0.1391 3.0910
= A Al 1.5750 1.3298x10- 42713
Si 2.1000 1.8405x10- 3.3020
0 (-0-) -1.0500 0.1554 3.1655
O (-OH) -0.9500 0.1554 3.1655

H (-OH) 0.4250 0 0

322 [REiMpk el
BAVET O STk E 1 45 K b 134135, BARSHORgE Ry an gk 3-2 A 3-1 Al
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o NI ITERIE, R FHBIREEE T, FFH NI $IRT (S) , 3%
¥ (R, HFHEKRDT (B) KERHAD (H) .
# 32 RN RARSH

Table 3-2 Oil component and relevant parameters

JAN E=N JAN =L
. = aFE b
Y43 = YiN ¥ BANTFE
%) e pam st ML (MW) TR MWO%
nCs S01 CsHa 60 86 5160 6.66
nCro S02 | CioHa 36 142 5112 6.59
nCi-OOHeapric acid | 0 1 10 24 172 4128 5.33
(%§E§> 100120V2 .
Amine/decyl amine | g0 N 30 157 4710 6.08
€379 1 '
nCio-SH S05 | CioHnS 29 174 5046 6.51
mCohexamethylene | p oy | cen 60 84 5040 6.51
(k) o '
Tol/methyl cyclohexane ROD CH 5 98 5096 6.58
(A D5 [ '
Naphthenic Acid RO3 | C.H,O 36 128 4608 5.95
R bR [ '
Propyleyclohexane 1o 01 40 126 5040 6.51
CERER ) e '
bCio RO5 CioHis 36 138 4968 6.41
Pyridine CAHLRE) BO1 CsHsN 55 79 4345 5.61
Benzene () B02 CsHe 60 78 4680 6.04
Biphenyl () B04 Ci2Hio 30 154 4620 5.96
Phenanthrene (3E) BO5 CisHio 26 168 4368 5.64
HC|7 HO1 C17H36 22 240 5280 6.81
pCi7 HO2 |  CiHse 22 240 5280 6.81

AKALPY Kt CO SIHRHEZS, HrR AR 4 300 4> Cuo 42 T FEFTE iR
BB 323 K. LA IAS IR R T, COo HISMBUMCE T 0 /2 0 KL A4 -5
AR, RO A2 M0 32 BT
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Fig3-1 Molecular structure of oil components used in the study
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Fig4-1 (a) Snapshots of basic model (R=3.3), white arrows represent the direction of applied force;
(b) Side view of the unit structure of the silica groove with width (w), height (%), step width (s), and

length (/)
WARRNL: R, IR RIIR A B E Ty 323 K. LAZE e (Cio) 1ENR

oy, WAHILEAH 161 4 Cio i, BlAE TREMWARMA T, S»FRAAE
Pho REETIMIBEYIIMTE 2330 4> CO2 70 ¥ CEJE 0.71 g/ml, H7JJ 1538 MPa), ET
TR Lo JMARVERK G, FIEIEH CO, 73120 2000 /> C# % 0.39 g/ml, £ 7] 13.86 MPa).
fh Z COx BRI 5 5508 304.12 K AT 7.38 MPa, [RGB IE A B4 AEIE R T COx FHITHER IR
FriRA, HB T CO2 5 Cro FUSR/INEAIE 7 11.63 MPall#197,

422 FANENWSEHSFEHUE
778l 12 (Equilibrium Molecular Dynamics Simulation, EMD)
FirA WAL TAE SR H LAMMPS 3647, 3548 VMD 3 A43E47 50t 915 2I7E 323
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KRS N EEIMAIES, KA T NVT R%5 MK Nosé-Hoover #IIEAT T 2 ns 1P
B S5 . K OPLS-AA (Optimized Potentials for Liquid Simulations All-Atom) /717
A CLAYFF 73373 At i 4 5 ] 44 2 11

P45 73 14548, (Non-equilibrium Molecular Dynamics Simulation, NEMD )

Huf, X T COy FEARPREMIEE FEAFMITX, KIFEAN Coy A —IR
&, CARANOEA R B R AN FARS AT L. — M N R, EEORIEE KT 283
K, JEJJKT 5MPa, 7EH 4L CORAE — M A BGHIE FURA . B FENEREL
FEP AW EBEAR S 10, WA B SRS TR A G TX COp HEm I
Wi, REAEST T AR ILBR SR B 2SR . SRR 1 5662 SIAE, e 7R BRAT]
AN RS T IR NG 51 RS2 5 70728 . 5340, TEFR VKR -, J@idxt o,
53 £ 5 1) 48 7 DA BN B i NG R ARSI R 2, VENIS R 1A 5
MPa 1 10 MPa, HLRIEFEAE SR THMIFEAN KT N T AL COiEAMZhAT
R, HLJFEIMEIKE LR EMD J&, X 7AER4% B T COx 4 T AR R TN v il

(WD IEJ7 M 7). fE NEMD & dr, i in i) /1 53N 70 Z [ 306 708
_FxN
sz
Horp FORARHEIN ST, AP NIBSIAFENIE ST, Se N EIIE y M, N RR CO A
HIE 2. A TR S AINERCR, BN 778 B AR T X EEE A K COs.
R 4-1 B TAFIENE S TN A0 . MR RI/E EMD 4015 21 (1 44 7
fERE 34T T 30 ns f) NEMD 4.
F 41 WA EAERREEHSH

Table 4-1 The applied force, injection pressure through the nanoslit and structure parameters

AP

(4-2)

- Wt NI SEEE MG MR

R (kcal-mol1- A1) (MPa) (A) (A) (A)
i 0

22 0.00037 5 20.1 59.8 49.7
0.00074 10

3.3 0.00046 5 21.9 2.1 49.7
0.00092 10

3.9 0.00075 5 15.4 19.2 49.7
0.00151 10
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43 GENENF CO, IRZR SR HMIT RIS

[ % 2 1 (A B TS S A O YA (R A% R AT D9 BAT B BN, IXM R iR 28 I
WRAE S o PN 8 PP SRR e A 4-2 T, BEETE NS TR0, R R R R
B, BRI COx ASHLAE /I BEE IS /1 Z OB IN I8 » ARFEAIULTIR, FATRIL T
PN AN BALRIANTY, B CO2 431 M T RN 73 AR VA A L

35

30 .
& 251 .

f‘f?zo- _— -

15

0 5 10
iz AJE (MPa)
B 42 AENEANESTEER RS FERIL LR

Fig4-2 The number of residual oil molecules in the rough surface varies with the injection pressures

43.1 S FANON

0.010 | | | ]
— AP =0 MPa (a) 204—O0MPa 13
_ ~ AP=5MPa —5MPa 12
% 00081 Ap=10MPa 1 15/——10MPaqq!/
[%2] 1
S 0.006 S
g S 1.0
=
X 0.004- 05
: . Entrance
0.002+ T T T T Y T T T ] 0.0 T T T
40 50 60 70 80 0 2 4 6 8 10
z(A) r (A)

B 43 (a) COATHEPRINDOMERNEERE ST, CO 7T HHRBOIFEEFTR; (b)
CO/-OH (ZEMRERT) HIRMNARE L, BN RDF &K R EORE
Fig4-3 (a) The number density profile of CO; molecules near the entrance of the nanopore, the
accumulation of CO2 molecules is shown inset; (b) Radial distribution function profile of CO2/-OH
(silica surface), the inset image shows the partial enlarged drawing of RDF peaks
P R TR AL D RN B AR bR . A 4-3 (a) R, COx (ZLt)
I TAEN T SBET ML AFAESERUT Oy, AT B0 A T LAZIE, X FPHERRAE 10 MPa
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I o PRI BN, CO 73 1 T AMEEIR P PRI S T B T AN A HERR T, AT )
55 17 TAEN DAL 4 HiaE 7900, Jl i tH 5 COo/-OH (U RESR D M4 17) 73 A1 R 2L
(RDF), Kl 4-3 (b) Frzn, AILLE HAEAS [EEN R /7 09K 1 A% A7 2R 35 1R 22 5
5 2R IR A B 5 O A # 2R R T A SR, (B FIGIE(EAA/E 2 5, BIFE 0 MPa I,
CO2 77T B P L Afil B /=, 10 MPa BF, CO2 S5 53R TH AR EAEFIRES . BRIk, A2
St 2 B I A R R P B2
432 AEGEINRETING

MK AR COo DR a1 Ji I A e 22 1 = 22 SR AL o AR SRV g IR bt e 2o T (R gk ke i
FH R HE— ARSI, B, S M N R R RANAR S, RS X T AR
A2 U XI5, 540 B T -2 48 4R RN AR PR AH X 3. ] 4-4 (o) Nl I E
R, EFATHEERT (AP=0MPa), JHIAH M 5T [ P 50 21 52 4% X Jek ] 2 30 i
FaE VR RRER . (R EIX D . fEE-PATR R (L) AP=10 MPa HIRERUNG]D, BRI
AT LT IR IBZ, IR T ECE ORI XA AR R 1 e e
G, OB IV AR PO R R O LT DAY P ke A e — 2 1) Y 4 T R T VA A

1.0 " T " T

(@ { (b)
= 0.35 /_O\ 0.5 4
£
<
I 0.0 % 0.0
L |
S —— AP =0 MPa
o '0.5_
——AP=5MPa |
1—— AP =10 MPa v Entrance |

& 4-4 (a) 0 iFlJ 10 MPa TM*HEQH*S‘LEPE’J%‘E%%%%&?’ &, %ﬁé@&iﬁ Cio %E@k
(b) AFEEANES FHARK PMF #i2%; (¢) AP=10 MPa R FRISBEWEE (0, 1.5,5.2,8.2
M 12.5ns8), AEWGERL, FESTHRANTTHES (1D KA (2 Bx
Figu4-4 (a) Contour plots showing the density distribution at 0 and 10 MPa of the oil phase in
nanopores, and lighter colors indicate higher density of Cio; (b) PMF curves of the oil phase in
different injection pressures; (c) Representative snapshots of oil molecules at 0, 1.5, 5.2 8.2 and 12.5

ns at AP=10 MPa. The two molecules are highlighted in blue (1) and gray (2) for clarity
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Wk 4-4 (b) PR, FATHE 7P 3L (PMF) PUE &0l 70 7l 5L
PP s e IR B 35 42 . 8Tt SR04 1) e 22 MG A mT FD T VP4 S8 TE 0] it 23 0 BEL BT
AR, W7>TAE AP= 10 MPa I T 5 5 B BE 22 B e, 2T S EUKER A0 23 1R B 1M
P b o DRt LA AR P B S5 R s, JRAT I 20 OIS B SRR IEREAT T 0
B, ik 4-4 (o) PR, NiEWER, FATREER 7% Cior 7o WNXPIAN2T
HIE RS BR AT T ORI, bekedy T BO3L A2 B e AR &, R 5V E TR AR iE R
I, IR R T VR AR A AR E VE XS Tk AR U D9 IR B2
433 CREWREMSH

N T IR EIRA AR E N, SR TR KT, K B A FR R R BhVA T 2> T
ME CO M. 5, H 777 AT CO Wit AA R 48 o F 5V 577~ B LA
R, AT s BT 772 — bl W B R ik . 5i5h, BAIAIH Miiller-Plathe [ J<
AR 7B 1 T5%, TR TIRA A FEBIFIE COx AR NS, tniE 4-5 FoR,
FERMRERE b, SERRABRAE > T ST DASE N CO2 IR EE . ST, S TUUIAR S g, X
TSR R IEERA R, BRI PR i &

Jkﬁt "fﬁﬁf ‘%jf{ ﬁ?&iﬁ “%2} 2220220 0200000z

Ik Ak TR .3 e SDS CTAB

100 +— . : , : : , — 04 3

i :
90{ ~ T Q 1y &
- A\Q/ .
= — bl
< 30- AN . 11 S
Y, e’ T
2 | A A——F o] Bt
= 0 22 e

32

10.1 =
. i
601 S 1-1
\D/ 0O ”

50 0.0 49

#4CO, FF LI AE W3 A % CTAB SDS
BhiE ) EA
& 4-5 CFAFBIER T 81 A RRB RN A Cuo RIE. BRARENBREE
Fig4-5 Seven different cosolvents, and recovery efficiency, viscosity and solubility difference

between displacement agents and decane
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=
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(@)

o
[y

I
Pure CO, i
| ——co,+CcTAB (5%)
—— CO, + Pyridine (5%) |,

——CO, + Propane (5%) | Entrance
Y

PMF (kcal/mol)
o
o

o
o

20 4I0 6I0
z(A)
Bl 4-6 (a) ARIEEFIHRARRT PMF Hh£%;
(b) AFEIBZIBI CTAB 4 F1EA SR E MR AT H
Fig4-6 (a) PMF curves of the oil phase in different displacement agents; (b) Adsorption behavior of

the CTAB molecule on the silica surface at different moments

MmH, Bl4-6 (a) £, LEIEVERDTIERBEACGE B AL R 32 . ik
22 CTAB 7r T2 #8150, (£ 4-6 (b) FATLURIL, T Skdk 57 e 3R i 2 [A] 1)
sEAH HAEH, CTAB J3 14 77 [ R B AE 1 |, 3B CTAB X CO2 fili# e 18 (1) 5 )
REEATE . BRI, GRKAL R A B0 i K T R 5 5 R F LR I 5 T R AF AEAR K 22 57

BT R, FATES RS MERKEBESE, DR SR R AR A
R PIRENLEL . Cio f2 CO HHI N R REE L (Cohesive Energy Density, CED) FI4 fif &
ZH (Solubility Parameters, SP) %1 T3 4-2 d1. CED "I (4-3, 4-4, 4-5) 15 H154,

Ecoh = _< Einter > = <Eintra > - < Elolal > (4_3)
E
CED = —¢h 4-4
- (@-4)
CED=SP* (4-5)

Hrb, D PRMBEAEM Ene MEMAERTIAT 73 THEEE Eow 270 T N HEE
& Eingao 5 <.. >UREUEN T EIME . 2 TR R B IRAE Econ 2R T 70 T80 7 B 21
e PR ER RIS T 75 RE RN T- 0B . CED 83 A ARRR I A K RE, I 240 SP 09 CED
PITHR. R 42 B T ARIRE LU IR S B SR A R, HE R IR AR
SPwip 5 SEIAR 1 SPexe HATHAF IV &, AR ORI E AL AR RIAERR 1 . I S
O ZE 5 SR T PR B B, 2SN, DU PR L BT T, M
4-5 (b) AT AE Y, BEIRARRAE T AT 3R R COx SR I E, AT §E COs
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X7 T IZEROCR . B, N T IR mbe R A BURR, A7 46 B2 1 45 IR SR Tt SR 15
Wi, AN E IR CO HIRESE, T HZE R CO fimtanth. (Ha2, X T40KFLEEH COs
HIZBGE AR, BRI/ 77 BV T3 R COL WA RE /1 TE R B

R42 COECoMARRERSHRESH

Table 4-2 Cohesive energy density and solubility parameters for CO; and decane

T/K P/MPa CED/10%Pa ! mp/MPal!”? SPexy/MPal”?
278.15 10 2.12 14.55 14.61 11561
CO» 298.15 10 1.55 12.46 12.45
323.15 10 0.37 6.09 6.07
Cio 303.15 0.1 2.46 15.69 15.60 11571

4.4 REBREEST CO, IR MITHRIFN

2y A T 10 T 45 ) 2R BRI, N ke R ot TR o B R i 4 5 Tt B 2 T
2o W 4-7 Ca) R, Ak RS Y 2.2, 3.3 A1 3.9 R4 M. (H1S
R, WK 4-7 (b) B SRR E N 2.2 B, DX 28 2 BRIV N ) )38 n v 284 00
b, 2 R=3.9 I, KERCRYIE T,

(@) (b) 100 : .
—a—R=2.2
A —o— R=3.3
90 A R0 -
S ]
S °
— \ -
N\- 80 ® .
= n— ¢
% 70 ®.
R=3.9 R=3.3 R=2.2
60— : A
0 5 10

ENJE (MPa)

B 47 (a) REGEREERMAERE (R=3.9. 3.3. 2.2), AGREIBEEMEFN CO4Ts
(b) ANFFEEANESAERERE T BRI 2

Fig4-7 (a) Silica grooves with different roughness (R=3.9, 3.3 and 2.2), and red balls indicate CO;

molecules that reside in the groove; (b) Oil extraction efficiencies in different injection pressures and

roughness in nanopores
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B RIE B FEPIRA G, (2 4-8 () FERAVER T CO2 FARIITIZ A7 28,
DLSE B S R CO, 4> I Al fEit, E# 5 MPa fERIEANIE, WK 4-8 (a) Fr
7R, R=3.9 I} CO» 2> T Hi#aln) T Wl ah. ks B R, EANDMHE S RAE
NGBS EH RIS, X FPIRELAT A BE R TE— B R LR A e

(a) (b)

1.0, ——R=22 |
0.8
06
044 4
0.2
0.0
R=3.9 R=3.3 R=2.2 -0.2-

0.0 0.5 1.0 15 2.0

t (ps)
B 4-8 (a) GERILFAFREER CO, 5 FIRF ML (AP = 5 MPa);
(b) LR BE XA P 3ok 3 I B AR S R B AL B

Fig4-8 (a) Streamlines of the CO; phase in different roughness (AP=5 MPa) in nanopores;

C(v)

(b) Effect of roughness on the computed VACFs for oil molecules in the groove. Each function is an

average of five trajectories
N T WK R BRI G 7T s, Gl 4-6 H BT R A 5K R AR
(Velocity Autocorrelation Function, VACF) TH5. 1 1143 H0 5 0o ia £ 5t 74 05 1] .

C(t)=(v(ty)-v(t))/(v(t,)-v(t,)) (4-6)
Horb (o) WRLFHIGRIR L, v(e) IRLFLE ¢ I ZITE L, FHXT RN K704 5 VACF ()71
BRICT35 . H—A0JS ) VACFE A 1 JF4R, I BB E o I B AR 71 TA] () 56
— KA RIS S FIRIUE T ) SR, R BUR B AE, AREUSEENF . 1R
RARINIRG A, RWGTZ R EMERE, WK 4-8 (b) Frox. NEITATERE
iU 5 B AE BT A A A JR e, R =2.2 5% 7 ) S Bl e e Ii) (58— AN B o AP B9
AR A AR Z 5 1 IE B T BB M RA st i [0S0 BT DUR B, N AR AR AR 3l %ot
FERUT NI A o] 240 R, Jishi COy B BRI ARAT AR IE 1 Xy AH 1 4k
&, T HX SRR Bt ) T OCEER, XONMARIE AT IR B T 2 LS.
B, COr 5MHEARAM B BAEHZER, K15 T COx BIFEE AR
TTANTA] o B8/ HORELRE B R B0 2 RS o EBOR R A2, BTl S COn FEAARXS
7RGy, DRI AT DATRIS R AR o S R VA R S a2 o T BRI IR, CO, ke 2 1A]
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PRI A 2 AR ORI o 1T T 253 9 0 MR PR R Rl T AR, 42 o A ) B A T
Gtz R 4 R A AR AR ROl FERCME LT, VAR EAE BRI R A I A v o
i 7 B AL B TRE AR E A Z RIS FE R EAR ), S BERBCR B =
D] 75 S S AT BT X PR ) CO VE NSRS SRR s R R

45 KREINGE

AW FUERL 73 A, IRIT T ARG R COo TR S5 14T
HLEE . 105 COp PR B i 2 rp A7 AE IBL R, FATT 3 BIBETT T A F ) CO2 N J i it
RRBSRAERE . WU, SRS ST 3.3 I, CO IR AEIBEIEA
& 77 B3I AR . £E CO JOE Y RE T, PN EE R ESIEM: &5, BT COMk
BERE S FRESIERIAN DR, FHORE COx 7 THERMERE- LA D4k, ik, BT
ey RO ZNE ()| W DSR2 B A SR ER B NI RIS L ik

R, AR B AR BRI BRI S] CO A, LIRAT AR SE IR AR B L . 18
TSR R IREAE RS BT R, B, TR 55 A 3R 2 18] ) 5l
HAEM, SREFEREM, EEGORILREAR R o m Al s 2k, wFRilonig
e CO2 o JHIAR RV A BE 77 A 41 vy S50 il SR WA 1 DR

HEAl, 2RSSR RIS 5 NS 7000 i B YR A AR R R BN [ . 2R
FEON 2.2 I, SEINENISJ3RAT B FISE R T . i, et 7R E R i
CO: fih# M ML A5 B oA, JFEas 1 izd R P R A &
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5.1 5|

L JZFLARBIPURGS , SEPRAS A A RS RN = T 8, LA ot th B 2 e 2e
(OA63T, g F Ak B 23T AH ELAE PR S AT 9, A0S FA 9 B ) R s A A2 0 e AR 4K
o DL, T ERFIRIGE P HOR DA AR = B0 T AR T R, WK ) RN i O
SETPENTIN, S kR B 2 B S R R P A SR R R, KEBRE A
PIRR AL AR I ROR R ERGUR AL, B P B R Rcs 224, 'R
e [ 33 B 9%), COL-BOR A& T SR BUE il 45 Al H F I U BT o LA iz — 14, i
TG I T B e AT e - U il Ak R U0 B, O 1 3RS s AR R BCROCR,
MNITIERE CO2 s 7 B il B2 15 SORBEAT CO2 BRIEBK . — MBIy, il ek P A i SR S
BRI RS AR AR, HL R I AR AR AR R B OO, e B S
KW, 8 COr A it G n] SEL BN BAR I RACICR R S50 5 o £LIE P 1 K8 0 7k
ARUGRER T OO SERR b R IS KRR I A sy, Jf BRBUE
7R B I TAIERS SR, X5 B 45 RAFAE R 22 R UL DRI, COo/ BRI e 18
PR & RO A A A R IR T o

s s Bk N LBy, KAl AT 5 RS0 TAR, AR R
L BRI E AL SN R o, AEARTIWEE R, BATER 73 1A 5k, wid st
TR GE-SE U 2 AR 5, BT R RIS RE T COx Skeke 71 22 1] i B A TR AH 5 4
RAT N o H7s A [ T T RN (AR A R A . B, 20 < A AR A e
PR SR 8], IRFUORAETRAN RS E VE, AR PRI 18] i) e TR K B, X BTkl
RIS I EREERRFEREAT 1 oM, FFHATIC TR X 7 FIs 4T MBI .

52 REEISHERE

B I R 55 A A K Tl AT — s R Z AL, BEE T A R BRAIG, 3R Il AH Y CO2
ML PATBURE P88 o B A il A S s PR SRS AR R T it vt 3 S ke A i ) R 4 S TE
IR IR, TSR A A ERIRON ARSI R, R A BAT AR
AL, Byt il b I B 5 B I (22 5, DA SGALRR A B AR 2 RS R R 22 5
R xt T AR SLRE N BRSO . BRI, FEQUR R b B i [ R AR R A7 A —
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SEMERE, T HAE ST 9K 5 i AT R A R AH S T AR S i s b, BT AR 2 W)
FRATE oF B e 3 FE R AT T VR . Wl 5-1 Fios, EeMEmE N Sam, RE AN 10
nm FIPORFLEE, T (epz) 8 80.0 nmx2.7 nm*20.0 nm & F. 1E yz J5 RN M.

255 LAl
CAN g S

nm, TN Snm, ZHEGEIEKSMNEEE A @ P EE
Fig5-1 Snapshot of basic model. CO; (red) is located in the main channel and C;o (blue) is in
the branch with a depth of 10 nm and width of 5 nm, the outer wall of the branch channel acted as

the wall of the main channel

TR E 257 A Cio 7 TR M, FIEE PG R 5556 4> CO,
ST, MIEEKE, FEE R CO JE 1N 14.07 MPa, MG SR [KIh R A6 1F, TR
N 323K, il COr BRI TR A o BRI — AL RERU B AE COL A, F3d 3t )
WA SR H RGERE S Pra B8 LAMMPS 84572, IHEH VMD
BAFFEAT 47 1 Nosé-Hoover #0i, FIH NVT REZFAT 1 20 ns 257 P47+
371 (EMD) Bl fEMAHASEIKE, 7Lk 0.1, 0.5, 1.0 A1 2.0 ns (I ] 25 52K
B oA 0% ) A T 30 40 nm,  DASE RSP 3 ) S AL [ o A

53 FEEREIHRIT AR

FIRAT B OHEAE T P e R AR L, o T B AR ANDU Y SRR S e e, i ok
E T TIAH AR A SR, A SRR 2 700 Jyt, BATARO A EE 7
BT 13X — BRER P R
53.1 FEEXNBEIEMHERRIF M

ke 52 () P, AFERERER B EMR RN AR . 72 RS RRIa B
i A IR B e ke A 5 o SR, 35 P T T 2 PR CAP/0.1 ns), U H T FF 22 TH) e,
FERDGICR B, SahIREAZ PR PR AR (AP/2.0ns) & FHEMIZRCR
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AEE, &R EER N Cro 720 THURFFHER RN B . SERECH MR Cio 2
T BRE TR P B FL A BAEE X TR I TR TR I CO2 A A LLIE AR AT — I Z0H Cro 20
TH, ARG R AEBMCERRES . T AW 7R £ ZEE % 2 RS E], AR
W R B o ) 5 SRS AT B A S IR A A8 #e, IR TR R bk e 5 AE AR R 9

TR B R AN TTRE G o PRI, A4 R 708 B AR i SR 23 Bk B4 5 1 45 R i AN s
T AT B 7T
128 " g
(a) AP/1.0 ns
124 ] ]
g 10 AP/0.5ns
2 1161 N
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B 52 (a) RRABEERR CionTHIFHRER, LLERF NEMD &R, BLRT EMD 451
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B R x TR B RS CO RN ER R FilE W KR
Fig5-2 (a) Extraction results of C1o molecules with different depressurization rate, solid line:
NEMD period, dotted line: EMD period; Extraction numbers were based on the average of three
independent simulation results as shown in Fig. S3. Only the average value is retained for the clear
display of the extraction results. (b) Density profiles along the x direction, release amount of CO; and
the pressure of main channel before and after depressurization occurred

K 5-2 (b) W T ANFRIR R AR T 5 IR CO2 AN 1324k COx BTSRRI
Ny 5 e ke b B AU — S PIIER] 7R ReR S CO BRI, A, AT
HTRARBERAZ T ERIR . il (5-1) TH5E COx M Cro ZIB] AR ELAEH]

fe, 5K 5-3 fion.
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(5-1)

Exvtercoyicy) = Ecoy e, ~(Eco, * Ec, )
HHA Einercoriciop®rn COx F Cro ZIAIAB EAEFIAE, Ecoscio /& CO2 1 Cio IR HA Bt
Ecio F! Ecor 73 ARE Cio 53 THI CO2 73 T AE o EintercorcrofIAEXHE K, FoRMA
Hor 2 A BIAH EAE B, B 5-3 R & Re B E M AT LUE 1, fERWIE 0.1 ns N,
FEAE A REREFEG, FFHE 5-2 (@) H5 2500 MR dh e 2o bE 2 30 .

-1000 T T T

= 1 .
£ o osm oazas @
o -15007 : .
S 1 !
& ~2000 ! e AP/1.0 0§ -
L | == AP/0.5 ns
LN | . | ———AP/0.1 15
Y 05 1.0 15 20 25 3.0
t (ns)
6 ] T T | T ]
— — EMD (16.11 MPa) |Channel top (b) 1
5 | =——AP/2.0ns ]
{——AP/1.0ns i ]
—_ 4]l AP/0.5 ns , b
=) ] ——AP/0.1ns : ]
= | ]
==, ]
= ]
0] = e AN
0 50 100 150 200
x (A)

B 53 (a) CO5 CoMEIEMGE, BETHEARKELKERARERT NEMD 5 EMD it
B FALE, ZETALIRHBEERRFENEIEE; (b) ColdATEERFHF (PMF)
Fig5-3 (a) The interaction energy between the CO; and Cjy, the dash lines perpendicular to
horizontal coordinate represent the position of the time boundary between NEMD and EMD in
different systems, the dash lines perpendicular to the vertical coordinate represent the delay time

span; (b) the potential of mean force (PMF) for Cy dissolving into the main channel
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