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The study of selective behavior of scCO- flooding in oil recovery

by molecular dynamics simulations

Fang Timing (Materials Engineering)

Directed by Prof. Zhang Jun

Abstract

Supercritical Carbon Dioxide (scCO.) flooding is a new technology widely used in
petrochemical field. ScCO, has potential advantages which is attracting the extensive
attention from experts and researchers worldwide. The application of CO> bring a glimmer of
hope for environmental pollution and crisis of petroleum resource. However, the interaction
between CO; and oil reservoirs during the process of CO2-enhancing oil recovery (CO2-EOR)
is complex, and this confusion limits the deepening of theories and application. This thesis
adopted molecular dynamics simulations to study the dissolving and detachment mechanism
with COz/oil/silica surface models. In this work, we examined the high selectivity of CO-
toward the apolar components of crude oil for the well understanding of mechanism.

In this work, the mechanism of oil detachment by CO. at different temperatures (303 K,
323 K, 343 K, 363 K and 383 K) was investigated. The results showed that there existed an
optimum range of temperature for CO; to detach the oil film from the silica surface and
improve oil mobility. Mobility of oil molecules could be improved effectively by CO:
molecules when the temperature was around 343 K.

High selectivity toward the apolar components is one of main features of CO,. We gave
insights into the mechanisms of CO- selective extraction inducing the wettability alteration of
an oil reservoir. The results indicate that CO. could disrupt the structure of crude oil. As a
result, the polar components of crude oil remained on the oil reservoir rock surface. Next, the
wettability of the rock surface was further investigated, and the results indicate that the
wettability of the rock surface altered from hydrophobic to hydrophilic after CO. flooding.

We carried out MD investigations on the selective behavior of CO. for the
multicomponent which contained asphaltene, resin and alkane. We obtained series of oil
adsorbed structures that is expected to facilitate the preparation of interaction with CO>

flooding. Furthermore, the asphaltene precipitation process and mechanism in CO; flooding



were studied from the micro-perspective. The research could provide clues for further studies

on the application of CO> flooding.

Key words: Supercritical carbon dioxide, Selectivity, Molecular dynamics simulations,

Enhancing oil recovery
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FERIRR 9 FHREE (Te), FEIZIREE T, AR B AT BB Ak 1 5 il FAE PR 2 i 57
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E5EIME.

AbF il SRS BT, 5 E b R SIS R B R B AT s 7 R AR A B L UG
Byos R A SRR . R R R U, 7E Tk AR = B R I SE B P 75 R I Sk
AT IR PR . UL AT L, BRI AU A R A DU R Ho—, IR IEE, Bin 5
TARAN & T WA, B BAG AR B8 B, FL RO SR B i, RIS Aok /o %,
R SR A AT AR VS FIAR AR IS il S AL v R L, e, I SR AR B2 IS
HEan T2k, I #EA TR SRz, BAWRRNT BOs#kae, HAL Fg T
RTWRER], WY HEEARRT Ky EAMERER T K=, 516, FH
VA JOAE SRR SR o B0 A S 0 U B 1 A A U, 5 T AE AR P SR TP S BL
P, A AR T 20,

1.1.2 BimF CO2 KUK

FEARFRMBERM T, COp MlH LIRA . A& KESWERFE. HiRFET, COs
NEETRTEFT L, BAGIRGE. LI9IRIE, AP BANE IR B 7] 55 5@ e B A= Rk
fReh. T AFPEREEIIT, COxRIHAFRMIAEZ, XREARMHE, wES
COz - FTUKKAKZE, LLRBRIRYCRF (S35, Xt T 4b T8 IG FUIR S 1) CO2, FiE
WISEINT 2 . IS CO2 (scCO2), HAMBRIIY #. WfRfLine s, HARRI A
PEYE. ImFHR BN 304.12 K, IRSEE 18 7.38 MPA. & AR = CO2. K. FH
HKEARD T ERRE T FiEAL &Y. BT, 90% LA AR = T2 49 B R H ¥ 71 /2 CO,
X EEERT CO2 HIRFRR M RE ST,
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s, e S EUEVAMREER N S8BT, scCO, ¥ B FEHEAT T B U B Al 1) 25
o FERRXT TR, scCOx Xt I HAWIRMTEMAE S, (£ & %M FHHEWIIE
FNRAH. AR, 0T HAh gy TR BN ESERRIEYIR, 1E scCO2 iR 51 H A BN BRI
fRfeS 1. FIFZMER, CO2 BT 25MZEEL, MRIENYe . RSB onrd s, Jh FeRi R
BrE TP b, B ookl FE A2 B Im AR AR AL B Re ) sR I 2L R R, R i a )
bt o FE BRI, BEURFE B T CO2 R BERRAG, DRI 76 i R FErp, J RIS T,
TELFEXT CO2 M FE IR R, 121 5Tt A& CO2 5 R FAAR R YA 52 1 = 2 J [R] 61

(2) WIHRAENE

CO: MR FHRE S 304.12K, IERLT =R, & H T R EE iR B . CO:
(RIS 774 7.38MPA,  RERLTHAE TR /N, [N PG T 06 A = B 1Bk, 4+ B Al
T ACF ARG N . W IE T, COMEANTRHIIR. MR BRI PA B A4 <
P, SUETE R ELE I X COa M s R Al wT 7E— e 2 1 SR Al s 008 S5 PR 855 1) ),

(3) Ptk

CO A8 I A REI SR AR A 7, Xt AR P2/ B AR R AT S s A s e, i
K DN FEEHEDFSE, MR COx MHTAR T2 H i FE R . (HEJHEN
PEArF, CO M FHRMER KB TR KR A E BRI RAE . H4h, T
—UERSERIOMIT, BT S R AR S, e B BRI R AR PG, AT X
[, 368 ) PR S 0 B P o i e AR A R R L % R IS IR] P () 9 AR 2R
TR COp P ARIETE, H1% 77 2AFAE 5 AL b 5] N oAb 2% B (1 sty . CO2 i B PE Y
R R A AU ) L 24 r T — 5 [ R 6100,

1.2 CO, BRim A SR B4R
1.2.1 EAINE COr KHITIR 47

UEAER, A FE H a8, JEm T R 0 R R FE R AR R, (R A TF R AR A W ik
R, ARMIRAE LU R AT = AR TS ITERE . HAT, & [ HOK it B I8 i Eh T K
TAE, DR A 1Al AR . AW EBRARIRAE, AW T RE B AR KK
TAE, RHRE KRR AR R EABIaT iR e . Bar, 5 RKIKH CARERI IR
LIRS . CO2 IR UM i SRR U i . 2 e AU 77 0z — . CO2 Bl
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B e RS R, ANl FEAS ™ 3G 77 SCEEOR, T IR A A R] S B CO2
JRSRAE, DRI 1 BRIRHE 7 AR 2 205 A5 P A5G 1] AU H 3BT 1) DTk

COp BREAR B FT LA A 1920 SETT46H Pric £, 1952 4F Whorton™3jif5 1 54> CO,
WEH], ik CO HHRIZL A A M REAR M L E S, I CO I AR FAE A
THERUE (Enhanced Oil Recovery, EOR) 7 AEHTHIA R IR S2iLnt . EAM CO,
PRI T S B 3 256 TAE T btk ad bk AT 3 200, 3= 2 K T Ib 36 K IR B S K
MATTIE I X b CO2 BRTE I H A AR 2 FHRE AT B, CO2 BRI T Z MR HTE A = J2 ki
FRA, WHERARERA MBI Ry . BHAr, BFRARCEESER. MR,
JEOHURG S SR B Ve TE L, vtk — PR JL B AR SR IR [ . (225 R BIFOR K
-5 57 T AR 1, COp R A — Se b X AR SRAFAE — 52 B PR ISk, BEFEA G
T A SRR VTR N, X CO2 TRAHBR S ARRAHBR MW Fufi 7 R & AR, XHRAR/AE

VEAF 3R (1 977 26 b P 2 2243 9 LA g 3l

# 1-1 CO.-EOR HiEfFikinvE
Tablel-1 Filter criteria of CO,-EOR

R SR A AR AR AR DX AR AGBR AR TR AR DK
Hi = Wb B 2h TR
JRHRE RS (HuZ %) /mPa S 1.5-10 <600
HJE/° API 22-36 >12
BN % 22-55 30-70
J5E 3 4.7y C3-C12 & TR
REE/m >800 >600

SUCK AR CO2 WX B I B, BIYEAKCRIM G AR B, /D308 FHTE — R,
ZITVEAE SR E N 2 , 2009 4EHT O 64 MHKIITH IELETT R . Lk K& CO;
PHURAEIRIE R I, CO2 BRtHZ A AE IR iyl FH TAE TP AR LUK e

(1) CO2 VRAHIR A AR VR AH K

H 1984 FFLLK, AT LRI CO2 MRl H AR S m = &, I &I CO IRAHDK
FCARVRAHDR SR BRI . i AN f CO2 5 J5 il #E i 2 ik B ORIRAH X, At 7t
AN FEER SRS Stalkup 7E R BT B 4078 S50 2 e /NMEARE 77 (Minimum
Miscible Pressure, MMP) B4, i j5 Christiansen A1 KimI/E 1986 i@ it | FH FH 1%
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A AR LTI Sk N B, Rk B NE AR 77, 125 VE R 4R T
FEEE o LR, NATHOREEA MR 2R (B4 #ER I E Tk, RS T TAEN =
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(2) RS 2O R S0 AL 53 B

AR R R B B R A i SR AR DA K A B R

TR ITED, @SR G, b iR &R e 5 2] 20-50%. [
fof % FE 21 2 P S RE Il A, UK E — ELA TRE N A R . B4k, R FEANRIRE)
ARTE . Gy EE D)o e o aE W, AT 8GR B B 2E SOK S B BRI 7 142 i 20
Rat o IKASEE IR (WAG) 2 1 1 7K BRI 9K 9 AL St 3K B 7 15 456 1T i) EOR $K,
PSR VR AR IR 5 AR VR AR SR (K S AR o IS Kl R EOR T 1957 42 HZEAL A 5=
GumHE, T 1962 FFRMBSEI K. HAKSZE R AZ M HERE S NEX,
HIFR T 52 IR SRR 7 R ER I . TR B IR ARG T AR
(R et R DL RS eV N K I BB AR IR s, BRI %07 v AR 2 52 A AT 5 3
H.
(3) AR AT T CO2 IR R ER 1 5 e B 7

SN CO2 IR RMCZE M JBR 2% AF T2 B0 HE, OB . FR 77, ARYmME . JsE A
WA Ry RS KEFERER. AR CO2 ML IR & 7% COof il
FH I/ INEAR R AT B 52ma . A0 22 SR 2 50 0 CO2 &L et R T sz . DA
AEE MBS KX CO2 e A REHIFEI, By T CO2-EOR AR 2 Hh AN AT 6 4 ) H AR
i@, CO JRAAT R MARMCHR . SREOIRERE A, H I 7105 B o i
MIRFE AL B, A 2 CO2-EOR AR 34 R 4 21 45 K PR 8L,
(4) CO2 L EEM: 2L B ARAE ATl Tk A i N

Hlm A CO2 ML FEVEVE I, CAEAMA T PRRE] 7 Z M. miTEk,
Bt NATTRHZARFE B 0 R, SEBl T 22 U8 (0 Tolk A . B9 8 i 2 AP A
ARAHPE IR . S IR AT e T2, S 2 BURE R A Xl . H
il FEATH Tl CO 2N S R FHAEXT MRS . 2 ity Y8 SE 95 (1 007 75 i IR 4R L, LA
BR&EEEEMR. RERER M, JREd RO AR RS RSER . %L
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ST MBI, R CO2 X85t S AR A AL o0 AR E R AR AR SRS AT ML
ViR, JRE R AR R REAT RIARTO). N T S AU Ry R A A I
VL ARSI 7 SRS R K e AR R (G | R S A
FEATH ok AR N B H 2 K

1.2.2 iBlmF CO. fZ= R imR IR A B AN IE

FE M EN COz LAFE 1 JEUH R ISR (L A, CO 5 2578 40 R AH LA Y 22
HOKIRE 22 (0%, FEREEMARSE BT NI R A . MR T, BRI T
PR I8 () f5e /INEAH T 3B, CO2 5 Ji il ] BLIA BB AR AIRAS BRI (1) CO2 BKE[ RTIA
AR s RS AR B, B0 SRl AL & s, COx S5l
IERRA . R, AR AR R B N R, AT TR IR S AR TRAH B .
o JRARGK: FENTIEASIHGE, £ 5 A R KK BErE/COp TR AR, 15T
PRSI ABOH <. B 1-1 9 pih b 7 s8R LR, Bl JRAR SR RCR
RS . ARG, HXHMKE . Rk, TEANTEE T, W R s
e HR AR BRAR S MRS 5 A7 BRI A2 K Pl I PR R il 5 COp K EELE, 2245
BEFLR LAIR iRy CO2 3B e A3, A7 R PAR T THT 5K 0 S P AR AR A B, (3 Tt — 280t
SR DA R e 1200,

(a) 20MPa F 5 it (b) 17MPa FAEHILK (¢) 20MPa T iEAH4K (d) ALK

B 1-1  CO, A ARRA KL I SISt b 121

Fig. 1-1 Comparison of CO; miscible and immiscible displacement

HAT, AT B KE S K SCIGUEN T COp A& — AR AR AL A B 57, LI A
FEAHE LA 5T |
(1) AR EERGE

HI T CO AT RGRNY BOAMERE 7, 72 S a] 780 VA LAGEAS S A AU ik 124,



i3

FoE gl

HHEVONEBUZAKIG I 1006-40%, FERSZCRMGET 1.5-2.5 54 . Ed R, imE
5 EJIRse AL RS A . RS MV AR TSR R A, @R, iR
i 120°CAFIT CO2 MV fiR, FEBERBRAL 2 . T GIRBEARN, KW EAFT
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REEE, EME MR FIR, KMBRER IR S 20%-30%, JERARILHARE, o
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(4) EFHERBAT N

B S A M TE CO2 A BT VR MY, Mk B & ERI &, COx BT
FOAT R S T AR R A AL, IR PR ST K ) i EE R P CO ZRHUT N E
TRV, E, (ERMEIYR E AR P E AR, CO 2 AEMEAME
MR, JEEE B LA K, Ik, COx o F PR AR, KA
St 5 5 2 R ¢ e s 2 LV O 368 o A 7R i) B, SRR NBI CO2 i A
b CO2 1iitah, Jiilhts CO2 TR 2 e, #2053 H 6 o3 1 B 03 ¥ G5 B 32t
(5) FEmilBEE % %
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1.2.3 CO M FFIE ST IR

CO EFMEAE TN A 2 2 2 IR T2 U B, R sy 80 sia i e
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Fig. 2-1 Molecular dynamics simulation of a reverse micelle self-assembly in supercritical CO;
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Fig. 2-2 Aqueous CO; solutions at silica surfaces and within nanopore environments
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Fig. 2-3 Molecular dynamics simulation of interaction between supercritical CO; fluid and
modified silica surfaces
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Fig. 3-1 The snapshots of oil stripping by CO; at different temperatures, 303 K, 323 K, 343 K, 363

K and 383 K at the time of initial and equilibrium configurations. Notes: the temperature of system
(along the x-axis) and the increase of simulation time (along the y-axis).
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Fig. 3-2 Density profile (a) and diffusion coefficient (b) of dodecane in CO, phase at 303, 323, 343,

363 and 383 K at 4000 ps.
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Fig. 3-3 The snapshots of oil stripping by CO; at different temperatures, 303 K, 343 K and 383 K at
0 ps, 500 ps, 1000 ps, 2000 ps, 3000 ps and 4000 ps. Notes: the temperature of system (along the y-axis)
and the increase of simulation time (along the x-axis).
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Fig. 3-4 Density distribution profile of dodecane along the normal to the silica surface at different

temperatures (a) 303 K; (b) 343 K; (c) 383 K.
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Fig. 3-5 Snapshots of the configurations of the system at 500 ps (a). Density distribution profile (b)
and height of mass center (c) of alkane along the normal to the silica surface at different

temperatures after the simulation of 500 ps for a pre-adsorption.
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Fig. 3-6 The snapshots of top view of each C12 adsorption layer on silica surface at 303 K, 343 K

and 383 K.

3.4.2 CO ¥ISBRMITA

2 CO2EN &, CO2 AH 5 1 JBE 8] ) SR PR, FFITa647 &8 7> CO2 70 T3 Lk A
LA ES. F1h0, ££ 303 K, W1l 3-7 s, COz 712155 AN A =M Bt /= 1) 22 Bt ik
NFHAAES, BRI ARG — 28, IR REA RIS FIZ RN S5 IR B
JRBAERR . B2 500 ps 17013 S, KER) COz 7 TREA B — IR P = 5 ¥ 2k
WEAREAR . Bk, —%F CO 7 TR A BIE [ 50 /i, &8 T
CO M 5 AR, iz R CO Fa A [l (AN ELAE R EE I IKEN /7, FF I8 A
WM FEAER 2 — 5ZARBRE, 0T 343K [ 383 KA R, HI TR s T3
Hieke s 5 JCFr AR CO2 70 73 BRVE AR iRy, CO2 70 TARMERRAER A HE N B AR 2o 55
T 383 K /&%, CO W BRI RERY #hE, DS A aRmERssHaEm,
15 5 i 0 T A R e IR B R AR T 25 %, SRR R 70 5 UIR IR B A R T
XL E IR A AR A Refi 1t — i
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383K

343K

303K

10 ps 100 ps 500 ps
B 3-7 CO IR A
Fig. 3-7 Interface snapshots between CO; and oil film in the procedure of CO- diffusion at 10 ps,
100 ps and 500 ps.
CO2. JlAH A A T 18] A AR ELAE A BRI 45 R N6 3-1 i, R ik Bkl ML)
CO2-C12 [AE eI, Ecozmodecanes
" Ea —(Eco, + Eoogecne) (3-2)

CO,/Dodecane — N

E

Dodecane

FH Npodecane A Kk 70 T4, Ecozodecane J CO2 ek M HIAH HAEHIBE, Etotar A
CO, Hkift i #HEME, Epodecane 5 Ecoz 70 fike o CO2 % HHI B REAE . 40k 3-1 i
7Is Ecozrsur M Epodecanersur 73 A EAE FH 88 . AEL 5 AE2 378 228 Ecozibodecane ~Ebodecanersur
S Ecozssur ~Epodecanersure 2N AE A, T4 73 1] (R AH ELA ] REBR K o

R 31 VIR KA RIA 5y T AH ELAE FH R

Table3-1 The interaction energies among CO_, dodecane and silica surface (kJ/mol)

t/ps T/IK Eco2/podecane Ecozssur Ebodecane/sur AEL AE2
' 303 | - 534 ' |
0 343 -3.86
383 -2.31
303 -9.14 -1.16 -0.46 -8.68 -0.69
4000 343 -10.11 -1.08 -0.52 -9.58 -0.56
383 -7.79 -0.91 -1.19 -6.59 0.28

TERIIGERI R, 303 K A Epodecanersur 1E 5% > BV AH -5 2% 11 7] FRIAE FH B Il L 52 1)
T A% . 4000 ps B4k R T P47, 343 K I Ecoapodecane (-10.11 kd/mol)AH Eb 45 HeAth

22



HE AR (A TR A8

B, R, CO2 HeRAE 343 KB (HIAH BLAE IS L8 o AR, %448 R 1 Ecozsur
B REIR T E M FEAS, AF]T CO 5RMIMIEM . 343 KAA R T 4E1 (-9.58 ki/mol){&
B, H CO Sk i FA S i s ft, AE2 WIBEIEE THa T A%, EIREIRETHE CO,
ERAAE SRR SE 4R M FE R s 1795 %. 383 K i) 4E2 (0.28 kd/mol) > 0 kJ/mol
Bl Epodecanersur > Ecozsurs  WLET CO2 TE 5Kt FH (138 52 /N 5K 1 R 1 1 4 S, 643
RERRE S FIREW I ERTT Fo 28 LATIR, A B AR AR e 318 J5 i g f2 bt 21 7 ¢
BEAE R, T 2 RORAT A BEZ KA, T RN TR AL 2 B0 Jd— 4R

& 3-8 Y43 [] 43 4ii Bk ¥ (radial distribution functions, RDFs), RDF #& %t H Ax 4 [ & [
i FLAth i E H Ak 1528 2 R0 A (4R, TR 7ERE B AMTE 0 1 HARRL 7 r A 3
[ 57— FlokL 7 (R %6 25 P 5 oA R P (P38 o A R B P I LU, SRR R T2 IR 25 4 1)
5B B BE B AR A I RO R . ] 3-8(a), (b)FA(C)Z3 i 303 K. 343 K J% 383 K i &%t
Ja 2 TR R T S5 B T (42 1) o A B 4, B g(r)(C(dodec)-C(dodec)), Bl 3-8(d), (e)F(f)
NIRRT COy Wik 7 IR (¥4 17 43 A R 8L, B g(r)(C(dodec)-C(CO2)). K
3-8(a), (b) 1 (c) HH A9 55 — VA it P 1) 28 At BB S PRI, S et e e 2 T 7 6 P i/
A UL H e 08 4 1 TR B BE B B W g Bk . AR A, X T 3-8(d), (e) A ()
9(r)(C(dodec)-C(CO)) U A7 At B HH S AR AY, , I R i Fof [ P 38 A T 36 m B d, - 3R
T COx SFehem i me Az £ N, W4 o I EE 2548/ Bk, FRATTIAY CO2 4 Btk N 1
ot S EE R T IR BE B R KRR . 5346, 3000 ps 55 4000 ps A I3 FAJ U fE 2 {4
NEJLFAAR, LA R CA BT, & 3-8(d) 1T I IR I A 5 (e) AN (F)
9(r)(C(dodec)-C(CO2)) FIUEAEARML, {H 343 K 44 Z ik 1P i i i) i > T HAt i &,
R HNZAR R ¥ CO2 A7 % a1 UK 3 B e

4k, Bl 3-8(d), (e)FI(f)H RDFs (K E A f /MEFE 4000 ps AbJfoK H BT S48
W, V=AM R COx ek A £ S 85 s A L. Tt T 3-8(a), (b)Fi(c)
11 RDFs {, 303 K J% 383 K e kelal4 a7 AT e Aol (i B S v 1 343 KO RAE, R
I e K 1) o F A B RBE T /N e X TARRZ IR, BRI R KRB R E,
M FAT B E A5 g(r)(C(dodec)-C(CO2)) ke T 4000 ps I 44 T4 (4 ) . Jdid it
—IDIME, BATKILT BT e th, SETARRPREHENIZR,
343 K B beR e T NET RS, W 3-9@)FTR. FN, 55HGE 5 LR SR 5 18]
FA A A 15 Bi i B R A RS Gy B CO2 RSN E4/N &5 0 . Rk, 303 K i)
g(r)(C(dodec)-C(dodec))7E 4000 ps B A % H AR FIEE . 745, BIRSEHI = X0 T
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- - -
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0.4 ——3000 ps 0.4 —3000 ps 041 ——3000 ps
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3-8 RIS R H £k A
Fig. 3-8 RDFs of C(dodec)-C(dodec) for (a) 303 K, (b) 343 K and (c) 383 K, C(dodec)-C(CQOy) for
(d) 303 K, (e) 343 K and (f) 383 K.Firstly, Figure 8(a), (b) and (c) depict the RDFs between carbon

atoms in different dodecane molecules (C(dodec)) at 303 K, 343 K and 383 K.

3.4.3 REX CO RSk IRR AN RIF/AT

an BRSO AR T B E R A s B S . B,
AT EESITE MAT NERATSINT B, 34

x=U=1)/l (3-4)

Horb 1 otk R b be i B R R, o A 5r FHESEHE KT 13.85 A, &l 3-9(a)di ik fr) 2 1
HPIRES TSR R bt R BRI AT, & MAR TRZERVE. b 303 K I 3
TLAPAGTE-0.6 3 0.0 8], HHNAKuGEEVER Y 5.9 A #] 13.8 A, Ui/ F 2 H# R T
AR BB IR (T, WERZ M 0 45 4%, el CO2 IME R T AR BIA AT
[, 2T 0.0 et T —ANJR g, B DEbeke /s AL T 58 287 RRES . A R
R T IR T A B T 5 F 1085 R LU K4 FIRIBE RS, 12N GO0 el o A0 K it 3l
RSN RS AT

T34k, COz Wtk a M g ma Al 7 2 dr, o B 4E T Be ke 3 5 A R it 2k
(mean square displacement, MSD) LA K4 Bt &%, 7761 %, MSDI™n= 3-5 fis:
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MSD = (r (¢ (3-5)

)-r(O)f)

Hp, < >FR TSGR RV A THESENFE, MSD 85 14 Tiashd
HOG TS B . AR R AR, W) MSD 42T —Hfl, Rk, MSD NI &R 7]
RGN T iZik R, AR MSD HIZA1R, B 6 550 FHYBAYK, WA
i 3-1 fo. B 3-9(b)H, 1E COMANJG, Kkl RS B3 in, R CO X kke
TR RGEHER . Aoh, 343 K IR R AR RE R, $MERKKEY
B R0 59 0.41, 0.93 A 0.34x108 m%s.

0.5 3000

a 303K —o0—303K b .
: e |——343K
0.4 * 343 K 2500 4 383K ol
—h 4
0K ) 303 K without CO,
034 ", o 343 K without CO, o
= RN T o | 383 K without O,
z T z s
3 02 LI 4 ° oot
£ \ A = 1000 B ol
- A &i . e P
- L \ of ¥ 93‘
0.1 ! °° AR e
r % - 500 e m}wﬁﬁﬁ‘”
|§:.““- ..g‘\ k.. O ,p:ﬁmﬂ”j"{m .- T
0.0 4 T T T A, 0+ peanoay= - T T
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Kl 3-9 (a) hileEn FEHELME; (b) AR PR bR ALK Lk
Fig. 3-9 Tortuosity distribution (a) and mean square displacement (b) of dodecane molecules in

equilibrium configuration.
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IO AE FA ML B AT AR, 04T T CO2 (iR AT I sl R 2 ma i o 2 -0
JEH R B AR B, FRATTAAEE T CO 8 Ji e 14 il P Y L

SAh, N TIRNG TR B 2 R, AFEESH T 303K, 343K & 383K
T N HIR R . 303 K I CO2 % A B 7 N LREAR R 32, 343 K I LLZ Rl
¥, HRETE R 383 K I, B KE LR R BB A AR BT/ 75 23 [H]
IIATRE RS AR 0] 3 AT B AEU(RDFS), AR AL T 343 K I COf beka A 5 1) 3¢ 25 5K 5
B, FEUABOR I Rk B R P . BRI A, CO2 %t S IR BN M (¥ 5 e & AN m]
BRI, Il A R E U A, SRIAL T 343 KT A F B S B RL 2

25



=5 IS COz B Il HLER OB T

R, JFdbeked BORERIR LA, BRI e it sh Y BOSCR et
AT TAE N, R E oo Hr 5 R e (L et e s it 1 S8 2 A BB
oM, D9 JE SN R SRR AR AT E 2 B ik

26



HE AR (A TR A8

FNE BlaA COZFEMIRHIE S MBI k5
41 5|15

fE b, FATRA 3 FRATVER G T CO2 R Btk i IR R FEARAT e, I
TR R ALET CO X HI LRI 25 (1 B AR P Va [l @I AR i oy A kB, 4125 th i
LA EREEE S BT T CO2 X [ (K178 K B Rt b A S5 4L

COx HAMRIG s il itk . B VA AR AR J7 0S5 R, BRI T — Lo WL R
A BORIVAMRAMEERE T, ot e R RO R A T S ORERTCTO), R RI R IEK S
ZZE Ik (Water Alternating Gas, WAG)iIFEH, COp 4 HAR M AN AT 028 Jh i 41 2R 1
Je At 80 81, i HORT A g i K =P AL, KA B, A A T
TR AR ERIBITAT NI B R, X RS IR B e T /K 284, SR,
I FE R COg PRI N Ko JH I 1 s 1) 2 e 5 D>

AP EN, TEAKBHEE T, B E NIRRT, RN LR B B R IB IR K
B BB FLAE B, Anderson BATERFFE AR I, TN IK R e NS I FLIE,
FIFFLEEZR K S5 A 3R Es o T TR FLIE R UL, Henry 258 ABSUR B A KAR
SEHEN A, 177 CO2 AT HE N FERE 8 73 iih 0K & AR E K EN, A AR T CO2 N
T A Yo 5 2 T 1 R P4 . S 4, Bondar BOVRIE T A B CO, 0 T it AR 4 0 A
PSR A HFEAE ] o 25 LATIR, 7EAS B ORI FE p, COp FRREAERR ML S0 3 PR PE A2 1
L B (R AR A 2H 2 5 5 e A e SR T 1) /KR P R T S e, T, R AR B B W e
F7 VLB I P9 B R R AR LABR T o AR, T CO 5 ol k3 T A5 A A R ARV it
P, BT SR8 5 VETE I R B R ) T R A — € R R, A0 o0l F2 R AR
BRI 5 3 TR BRI .

TEARTE BT, R T3 1 BT E R 5T CO2 5 i A A F SO % & %
FIROMAL . 2, FE ARG R, WA T COx fEM B s iE T Hod BB Hik,
X AN EZH 53 (R AR FBLEIEEAT 23 BT, #8787 CO2 EREPERI B RO &5, did
FKI A R AT NI T R R RIS . AT LUK S B IR TR 5t
PRI T COp MM ZH 73 1A IR M R BRI D J5 IR 98 CO2 B 2 14 i o B FH 255 T 3
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4.2 IRBEGESHERE

REBFGERIIET b — TR AT ok, @id Materials Studio (MS) #4528 73+
1AL, SR NVT R%E, RERE 326.15 K, % /7i4i% % Berendsen 1HIRAE, K
MITES b —%AHE, 21000 ps BB AR LL & 6000 ps i) CO2 I B AH I Zh /)
TR

B 4-1 CO, F & XTG4 14 B
(@FEE CO. E; (b)CO#H; (c)MifE; (d) a-AERM: ()EZTE; ()CL04T;: )HEERSTT
a.f(0). FES). BfaH) BEE@EER). SE0ERE CoHz)

Fig. 4-1 Snapshots of initial system configurations: (a) fixed CO.; (b) CO; phase; (c) initial
structure for oil adsorption; (d) structure of a-quartz surface; (e) vacuum layer. Notes: O, red; Si,
yellow; H, white; lysine, blue; decane, green; (f) decane molecule (CioH22); (g) lysine molecule
(CsH1aN20y).

B RN 4-1 o, o CO My R Som AR i, Hehoa AR T N SN
o -FPE(L00)FRHEAL ST, S 40.1 A >43.8 A x13.8 A, a4 s 15 MR 4 T
55 MREEIr T, AR ANy, BEARRARIELL Sy, RSy 40.1 Ax43.8
Ax115 A, %% 0.83 g/em? 7). Rl ETSCE TR A AR T, 42 1000 ps AL,
FREW M TREZ b Z )5, #EH 1300 4> CO2 7r 1) CO HHE Tl |, % 0.81
g/lem®, IR ¥ 326.15 K 671,

4.3 iEFEM R BT RHRE
4.3.1 RBIGE CO, IR M IS B miT A2
W 4-2 o, B T CO #IBS M FE, 4351k 0-6 ns [, B 45, 75 0ns
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I, Keke s 7 SRR 7> T2 SR G IFNON oA ki Lk, £E 0-3 ns [(IFTE] A, e
Koo T IB I CO2 70 T, TR 70 TR AR TR i, 3807 PR & KA
s WA, M 3-6 ns RRIBUTERIFEA, Keken TIBHI I E CO M, #it
SR 73T WUTE B (e inh REEMR B T8 A 3R i, 52 P A OV TR 70 8
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Bl 4-2 CO HBFmEER (0. 1. 2. 3. 4, 5K 6ns)
Fig. 4-2 Snapshots of oil stripped by scCO,, at 0, 1, 2, 3, 4, 5, and 6 ns.
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LA, R T AERI A KE NIRRT, T 0 T X T
Fekekii, MEERM/NT 6.0 AME A HEE A%, %I HIAEER
12,0 A kb, BEMEAEKRT 20.0 AJFiRaTRUE . 48RRI T bk 5iE R i 58
A3 UL R be e 4 FHE CO i 3 5 43 i o THITE 2.6 A J 7.5 ARLFTELR I CO2 I
ANECRIE I B, 7E 2.6 A ALK 2904 1.02 glem?, 1ZAEIE KT CO AR
KUY CO fE A A R AL BN 5 2L B AT 04 o 1111 CO2 FYY 2R I I T e e 5 i 2 MR
B B UREAEL 10 o ), AN BRATTRT AEIN 28 W5 = K] CO2 2555t 1 4 JEr b 2 70 RO AH 73 B S
B PEHEERAEM B, FETULEHr, CO2EH PRI 1 e FEk IR AT M.
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Fig. 4-3 Density profiles of decane, lysine and scCO- along the normal to the silica surface in the Z
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direction at 6 ns.

4.3.2 CO, SHERIERY BT

TEE 4-2 P AIAa R AL R, RATRT LA B il 58 R B AR A A R, SR, X T
TR, AR KR AR 2T A4 B4 /N FLBR, T LB AT 4 A A A B AR AR
(Free Volume, Viee)o 1E H FHARFR A HARREN 7377 H HZ 3, Voceupy A5 M2 o5 98
PARAR, RICA T R ZE R &SR, AT T B AR L (fractional free volume,
FFV), 41 ha(4-1 fros,

Y
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Fig. 4-4 Time evolution of (a) FFV of oil film and (b) number density of CO, in the cavity.
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HIARRUG R, BRERHTERT 0.5 ns JHIEAFEEIRAT N, SubF, 7EFLBR M 1 CO2 i)
e B AT T, W 4-40)FR. 1B 4-4(a) 5 (o) IR AR LA SR L, R T —
SEMFEZE KRR AT COz fEi%FID R A BT B 1 E R, B 4-5 /R T CO2
5 ol U T o 1 T T

HF CO» BAT BT Bk fE, CO» Iy #2iE £ CO2 /3 TR AS [ 4,
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THT PRI TR A P BB 45 0, 940 7 IS A IAD R SR AR AR, iR T M IS 1) CO2 43 -4 ML N3
P T BRI GAE L, o TR Bk, SO I B9 5N SRR By T %, i 4-5(b)
FIiR o Rt — 2380 7 CO2 Ak N7 8] I i 48 58 IR IR S5 K . 5341, B2
CO2 FIARAR G F- 1Al P HE N FRERAR, 3T IR P = A B8 22 (AL B R (i 2 B 1) 1) 56
47N BlIanfEE 4-5(@)H At Fi kR, B A 5 B fE0.01ns £ 0.02 ns kAL TR
AT N %, T ABC HRAREG, BN T —%B5%E COrTIfliE, Fid
TMBEER: T CO S B AR, —H CO 3 TFLEE T, B2 T CO2 4 FInFR
7 FFREIER . &, 5 CO2 4 THREN T AR T SR 2 BR, IR PR 7E

S .

0.01 ns 0.02 ns 0.05 ns
Bl 4-5 (a)CO/MERAHBRE (Bgt: HHAR; RE: WHESHEERD;
(b)HMBEA S TFHASEIRERE (FE: ke HE: BER
Fig. 4-5 (a) Interface snapshots between scCO; and oil film at 0.01 ns, 0.02 ns and 0.05 ns. Notes:
free space in oil film, deep green; spatial volume occupied by oil molecules, silver. (b) Representative
snapshots of the system in oil film. Three pairs of polar (lysine) and apolar (decane) molecules are

highlighted in blue and green for clarity.

433 HSHETBUMK
K 4-5(b)HH IR ETE COMEH TN, kil 5 R 4 B B O L 72, Sy 7 5 {0,
Kpikh T = AR 1. VIERZIE, et S53EMrEs + B gss, MEE
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CO B AT B, P 7> TIZWT R AT REI BT R B . 2%, Bk T4 CO2 ARV il
$&, MR T T 1R R T, FFR RN 7 72 o WA KRR, £ 5 & i A
H, COp 70 T he e AR 70 7 R I B A s BRI R A R RE . O 1t — D irizdT
N, BAVBIANT P RMBAEHESE, PRI RERERER 4-1 9. Hrb, HEAE
FIRE AP RIIIRE ST, W0 Boo pecane » THELTT AN 4-2 Froslr™ M

Etotal - ( ECOZ + EDecane )
ECOZ—Decane = (4'2)

N Decane

/ﬁ\:qj » N Decane j‘j}ﬁiéﬁgﬁj\¥/l\§&’ ECOZ-Decane y‘j COZ 5*%%% lEﬂ E‘J*HE«E% ﬁ%’ Etotal j"j@
T CO 5t AR RIS BE R, Epecane 5 ECO2 Al AR S CO AHI S HaelH. M

AR 10 40 1 P A 07 D 3 7 78 2L 73 ] KR LA P i K
R 41 hike 5545 8 KA EAR A B8 (kd/mol)

Table4-1 The interaction energy between decane and other species (kJ/mol).

Interaction energy E e E.o E ispersive E pisive
ECOZ—Decane -24.01 -0.08 -23.93 -35.18 11.25
ELysine_Decane -12.46 -0.21 -12.25 -26.97 14.72
E pecane-surface -4.51 -0.08 -4.43 -17.52 13.09

Nk 4-1 A7, Ecoz-Decane ('24-01 kJ/mol)j(T ELysine-Decane ('12-46 kJ/mOl)’ E surface-Decane
(-4.51 kd/mol) 2 ¥ # 2 F1-16.97 kd/mol . W L& KK, CO2 L5kl A fAH B AR FH 38 B K

TR o3 F s A R T e I E o B, dE M S b ke e e 1 1) CO2 A
£ 4-2 BEBRESH S KA IR (kJ/mol)

Table4-2 The interaction energy between lysine and other species (kJ/mol).

Interaction energy E.... = E gispersive E epuisive
Eco,-tysine -7.40 -3.01 -4.39 -8.65 4.26
EDecane_Lysine -45.70 -0.79 -44.91 -98.90 53.99
ELysine_Surface -61.22 -7.90 -53.32 -107.22 53.90
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Fig. 4-6 Structure of the lysine and silica surface with numbered atoms. Notes: O, red; C, gray; H,
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Fig. 4-7 RDFs of (line a) N1 of lysine, (line b) N2 of lysine, (line c) O1 of lysine and (line d) O2 of

lysine surrounding hydrogen atoms of the silica surface.
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Fig. 4-8 Snapshots of water droplets adsorbed on oil reservoir rocks (a) with apolar and polar
components (before CO; injection) and (b) after extraction of the apolar components (after CO;
injection). Notes: the yellow lines show contacts, and the atoms are colored as follows: O, red; C, gray;

N, light blue; H, white.
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Fig. 5-1 Snapshots of oil components (a) asphaltene (b) resin (c) dodecane.
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Fig. 5-2 Distribution configuration of oil components on the silica surface at 323 K and 398 K.
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Fig. 5-3 Radial distribution functions between asphaltenes and oil components.
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Fig. 5-5 The process snapshots of asphaltenes accumulation and precipitation.
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