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Abstract

Gas hydrate is ice-like, cage-like crystalloid composed of water and gas molecules under
low-temperature and high-pressure conditions. Hydrate is widely distributed in seafloor
sediments and permafrost in the margins of the continental shelf. The gas storage capacity of
the hydrate reservoirs that have been proved so far has almost doubled the total carbon content
of conventional fossil fuels. The development and utilization of gas hydrate resources are of
great significance in alleviating the energy crisis. However, due to the existing experimental
methods and accuracy, the current understanding of the basic physical properties of gas hydrates
is still relatively lacking, and the microscopic mechanism of hydrate nucleation and growth is
still unclear, which greatly limits the development of hydrate resources and applications of
related technologies.

In this study, the effect of solid surface on the stability of hydrate nucleus was studied
using molecular dynamics simulation methods. By examining the interaction between the solid
surface and hydrate nucleus, the heterogeneous nucleation of gas hydrates was revealed from a
new perspective. The nucleation mechanism and the relationship between the solid surface and
the hydrate nucleus are analyzed in depth. The specific contents include: the evolution law of
the hydrate nucleus interface structure on the solid surface, the mechanism of the hydrate
nucleus instability caused by the solid surface, the mechanism of the solid surface with different
affinity for the guest molecules on the stability of the hydrate nucleus, the mechanism of solid
surfaces with different degrees of curvature affecting the stability of hydrate nucleus.

The simulation results show that the destruction process of the interfacial structure formed
by the hydrate nucleus on the solid surface process can be divided into two steps: transformation
from whole cages to semi-cages and aggregation of the isolated semi-cages. The competitive

adsorption for guest molecules between solid surface and hydrate surface is the key factor that



leads to the instability of the hydrate nucleus which could have reached the dynamic generation-
decomposition equilibrium. In addition, by changing the affinity of solid surface for the guest
molecules and the radius of curvature of solid surface, the effects of different types of surfaces
and different degrees of curvature of the same surface on the stability of hydrate nucleus are
studied. The results show that with the weakening of the affinity of solid surface for guest
molecules, the life of hydrate nucleus continues to extend, while the strong or weak affinity of
the solid surface for the guest molecules is not conducive to the hydrate nucleus lingering at the
surface for a long time. Changing the radius of curvature of solid surface is only equivalent to
changing the degree of contact between hydrate nucleus and solid surface. It does not affect the
competitive adsorption strength of the solid surface for the guest molecules and does not change
the final state of the system. These mechanisms will provide some theoretical insights for
understanding and controlling the formation of gas hydrates and the design and selection of
hydrate additives.

Key words: gas hydrate, heterogeneous nucleation, hydrate nucleus, solid surface
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Fig.2-2 2D and Q1D structures of hydrates in confined spaces. (A) The 2D methane hydrate
structure formed in the slit space. Water molecules form an octagonal and quadrangular double-
layer water cage structure!””), Methane molecules are filled in the octagonal cage. Q1D hydrates in

[17]

carbon nanotubes: (B) hydrogen'zs], (C) carbon monoxide" ', and gas molecules fill the double-

layered water ring structure.
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Fig.2-3 Pressure-temperature phase diagram of methane hydrate (MH: Methane hydrate)”"!
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Fig.2-6 The "blob" mechanism of gas hydrate nucleation. (A) Typical process of forming sI

hydrate!*?'; (B) Typical process of forming sII hydrate**!,
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M2 IR 567 5.

Fig.2-7 The evolution process of amorphous nuclei and crystalline to hydrate!*.. (A) Melting
temperature of crystalline (black) and amorphous (red) nucleus as a function of their radius. The
lines are the fits with the Gibbs-Thomson relation. (B) Growth and evolution of sI hydrate crystal

nucleus. White spheres represent guest molecules, blue short rods represent water molecules in the sI
structure, orange short rods represent water molecules in the sII structure, and red short rods
represent 5126 cages between the sI and sII type structures.

11



FoE AHOREITE IR IR

TR G R R A, WO AR 2 PR 0 T DI, A S L
ARMEA VB T SR 93 IR S o WAE IR B MW T R R 22 SR T B e e A 2 1 9y
TR EIEB) TR o DA B IORHIE A P10 X L5 PF T R 22 INEK &)
(IR, EE 2 R A I LB . Knott 55 NHER 4730 105 92 T IE
A BT OR SR R, IR B Tl T H B AR
XRBIEFSAR A TR G S i AT RE R E
222 S A

SKBRARAT T, WA AT G B A R I R, ARPE A S S B, AR
PR T A A AR Y 5 % 75 BB ) E Y RE S 220 AR T2 S) it A, DRI - o] e A i
RESE A T A A ARSI ik o At B ATET XK EWIRIAES S gt Fem 5, AT 3 e O
[ PR SR HR BT A A =28, KRB Rk TR &4 5 [ RS i AH ELAE Y At e £
L. EWTIT BRI 261 N MO EMII . Ak, fFEE RS, mT oK eE
PHEERRIRDIBRY . KA RSB AR, L, S8Em AR, 25+
AR MR H 7> 7824 T A G EARR I A . TERKI OTR . RS i
P SIS N 2 Y A RS < SR R T 1 Dy b B I AR SR T e B R AR K B Y B
BeAh, EERZ I GRINGFD AT KE VAR S AL IR B AL A, B P
KAPEIANE LA 2570055 . H AT AR 2 SCUe AN T SEAIUIT 70 3R B R IR R F0RE e fie 12t
SAOKEPIAZ A, — SRR A2 2555 CRIMEZ K Sl mRefe itk &9
IR 5] A% 00,

Bai 55 NPU3Ms ] 73730 5 2 AR T o0 — S A IR AE Fe A0 1) — SR MR 3R T £ B
RAERAT AT 7T IREIE, fE =AM R (S - K-k — e
IKEPISAE = AR A M iz AR, Pl — SR R U P AR e R R Mt I
KK &ML, HKEYI=9%E S e ed ke, wiE 2-8 (A) Frox. K
EUER A " E AR T A A% RE AT A A = AP B, Gl 2-8 (B) fo, fEfRi%
T AR I R FR AL, K T 2RI E R — R IUCIRIE R, BB & ]
JRAE NS, 2% A AOK SRR AR R IR B IR R AL, IRYF
o} AR R AR SR Z IR S A AR S 7 IE . e, [ AR AR R 1 o i 25 Hh 5
M A 73— [ A5 T PR AL PR 20T A ) R 7K 1 B SR B iy 38 S X6 AN [R) 2 /K PR I
755, RIUKE VIR %I REAE 2R K A 55 O R T b B B e 2 o 3K i D ] K T 2

12



HrEA RS (A TRER A8 ST

REABERAIZRAKNE, RIMAR T KEWH SRz~ 4k, Hou 58 APUIETT 1 4£ 4
MR RS S 2 P2 18] PR S ARG, RBIK S VIR 5 3 I ] 4E — S A e R 5k
RAAZAIIAFAE — AN/ ME, B A 2 R ARSI, AR R K-S itz K
PR, s et 59 12 Rl SRR KSR . Yan 58 APOI0E5E 7 SUOK &S (E
FERMARZAERERE, HEREIAGAL 5n] UL R e K &R, I3t K a9
THF R EFE

(A) (B)

B 2-8 FEA_FAMERE E—EMBOKEURREEE. (A KEWES-E-B =MHLHIER
BRAEKRE S (B) ZHMEERE LR _EMBK SIS /%2,
Fig.2-8 Nucleation of carbon dioxide hydrate on the surface of hydroxylated silica. (A) A snapshot

of the nucleation growth of a hydrate near the gas-liquid-solid three-phase line'>. (B) Kinetic

pathway of carbon dioxide hydrate formation on silica surface™?.
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Fig.2-9 Snapshot of hydrate nucleation process and concentration distribution of methane

molecules on smooth and grooved iron surface™’!
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Fig.2-10 (A) Methane molecules are adsorbed on the graphene surface*®!; (B) Schematic diagram

of graphene oxide inhibiting hydrate growth'®,
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Fig.2-11 Hydrate nucleation on surfaces with different wettability
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Fig.2-12 Dynamics of carbon dioxide replacing methane hydrate
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Fig.2-13 Schematic diagram of hydrate structure transition and multi-hydrogen molecules

occupying hydrate cage structure!”!
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Fig.2-14 Separation of CHF; and N, by hydrate formation'®”!
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Fig.2-15 Schematic of seawater desalination based on hydrate desalination method*!
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Fig.3-1 The initial configuration of simulation systems without slab (left) and with slab (right). The
solid slab is shown with gray plate, guest molecules with cyan balls, liquid water with silver dots, and
the largest hydrate cluster with red sticks.
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Table 3-1. Interaction Parameters for the Model Systems

e(kcal/mol) o(A)
water 6.189 2.3925
guest 0.34 4.08
water-guest 0.24 4.05
water-slab 0.13 3.2
guest-slab 0.27 3.9
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Fig.3-2 Schematic representation of the water ring in a hydrogen bond network. (A) four-member
water ring, (B) five-member water ring, (C) six-member water ring, white translucent spheres
represent the positions of lattice points occupied by water molecules, and short red bars indicate the
hydrogen bonds formed.
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Fig.3-3 Schematic diagram of typical sI-type structures identified in the hydrate recognition
algorithm: (A) small cage (5'%) and (B) large cage (5'26%). Cyan spheres represent guest molecules,
and red and blue short rods represent hydrogen bond networks formed by water molecules around
the small and large cages, respectively.
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Fig.3-4 Time evolution of hydrate nucleus size at different temperatures at 50 MPa: (A) without
slab and (B) with slab.

XS 265 K, 50 MPa PR I 77 26 T 417 [E 44 38 A Aol (8] 9 38 T ) g SR AR £
BB HEAT b, BATKIAEM FRIREE . ISI56AF T, BRR A TE T K
BN KA. W 3-4 Pon, EASEARRE AR T, KEV A% E BRI [H]
IR A AW AR AL o 56— AL BRI (18] 3-5 CADD, B )20 0T 4R £11~20 ns,
IKE PRI T — B H RN i fE . AR R R, KE W) EbA% AR T = 5
HREREIE KIAEH, AR TREE K EYIE T IR E N . fE~20ns 22
Ja, IKEDEIZI D E BT, RE KGR R AR, (BRI NIEAR
RFRaE (M R-AERIERRREFAISTED . RS, WATVRIHEK SR L
TET RN, T IRK PR RIS, K-S S A% R T 5% 3k R JE. K3A
SRR AR S F L RE DR T R EE LK S AR T ) S B, IR EE R SR
B EPIET o M T A RIS IS 77 26 A 1 & [ AR i o R ok, R K& W di %

24



HrEA RS (A TRER A8 ST

(3o - BT AR O R AR (B A A, (B Pl T ] AR i (A4, 2R 70T AE R ABLRE A o b v T
FE [ AR T BT AR I 2, e AR S S AL /K S A T B AR T IR S R K
B VDG e BT H FR) 7 AR 70— A0 A HL At 32 12 5 T 7 B A 2 T A B 0 SR o i R R
TR 28 TR Ja TR RO PR (K 2 AR 73 o BRATTIE A W 53 A [ AR 3R i S 7K S i A AR L
YERIEh 22 R R B, [ R T 5 B AR 0 1 2 T (AR ELAE i = B Sl [ ik
T AR R S 0 A% R T A A, LS TR S W i A ] A i 11— 1 &5
HH R B AR P R R I 2 [ AR T (B o BRI, AR [ AR T AR A R, K
SO I RE T RO “FRIR” RIIINE o KGR A% AL 1 [ R R T R A 2R
B AR AR AR R SN AE A 7] di A AR AR IR 26 A T BAT SR BOAR S T, X &=
A 2 IR IR G BE BRI S G, IR VK S i o i R . A
I T UYL S 21 [ R R T KB 2 R 201 5 7K 0 1 5 4 W By S S T W BRS FRg 7K
TR, IKEV) A S BRI 2 8] FE Rt — D 55, A& B B AR
RGN R R T AR K S S AE~18.9 ns I BIJF AR . &%, KED
A A% B NV 5 7E~27.3 ns I3 i .

0 ns 7.9 ns 50.0 ns L

(A)

0 ns 16.5ns *_ [27.3ns:..

(B)

3-5 AEFEMERE (A MEFEERE (B) R 265 K Al 50 MPa T3 % HUL R
EERFBERREARNRGT, KeVEZERNRERMEERE, MESHERBANRES, KW
% EBFERARINE -
Fig.3-5 Snapshots of dynamic trajectories for the system without slab (A) and with slab (B) at 265
K and 50 MPa. The hydrate nucleus is spherical or ellipsoidal shape in the system without slab, while
it exhibits the gyro-shape in the system with slab.
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Fig.3-6 (A) Two typical cage structures on the slab: the whole cages (left) and the semi-cages (right).
The slab is shown with gray plate, water molecules are shown with blue or saffron stick, and guest
molecules are shown with cyan balls. The structures were taken from trajectory at 265 K, 50 MPa.
(B) The number of whole cages and isolated semi-cages with time evolution.
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Fig.3-7 (A) The evolution of guest molecules trapped by semi-cages on the slab. The slab is shown
with gray plate, guest molecules are shown with cyan balls, and water molecules are shown with blue
sticks. The area surrounded by red sticks is the projection region containing guest molecules of
hydrate nucleus. The structures were taken from trajectory at 265 K, 50 MPa. (B) The number of
isolated semi-cages and aggregated semi-cages with time evolution.
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Fig.3-8 The number of cages in system containing a larger nucleus (» = 35 A) with time evolution:
(A) whole cages and isolated semi-cages; (B) isolated semi-cages and aggregated semi-cages.
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Fig.3-9 The distance between hydrate nucleus and slab as a function of the adsorption quantity of

guest molecules on the slab surface
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Fig.3-10 The free energy for guest molecules adsorbed onto the solid surface and the hydrate
surface at 265 K and 50 MPa.

3.5 REhE

FEART N, KM TR0 1 & /AN AR R K S S A R AE A
IR 261 NPT A 3h A S I REREAT 1 78 20 ORI 7E, R ISR Ik [ A R i A7 A = 3
BAE g IR J1 26 T BRAS W] DLIE 2 73 -1 18 15 B4 AE B 7K S A% AT R 70 i«
I FLIEI R 1] BA7 AR T BUK G VDA% AL 2 i B I RE rh S B0 HY B8 52 2 B SRR )
o BAb, IR 2RI st PR R A [ RS L R K S A% S T 25 A ) 0 e e B
AR R, ERDL T EARE S KEVIEZA BRI SRR RE T

30



TR RS (HR2R) TR 2218 e

R B 3 1 52 AR T RO LA P2, S 3CE K 77 2 1) X 2% 2540 1 R A
2, W PRAE AR I B B A I R IR A s [ AR AL R T D R
&, BERREERD TR, SBUKEGYRZS BRI AR AR A5, 2k
B A T B AR o

A 3 AT 2 A 3 W B A [ AR T AR 5 ) % R T ) PMF 2k, BATRIUK &
o et A o] A R T SR A o i i 24 2 [ R R i 1 B AL S5 7K 5 A P B S (R A
70555 [ RS AR EL AR P 9 AT O o o] (AR T 3 BUK S WD A% R A0 il R S B R 3R
FEFAR T TAE BRI LI B B RE KT AR K S A% R TR M A B HRE . IE
FEIX P AR TR A > T HISE PR, 30T BT A W I B £ [P A R T
Ik, EZAR > TARKIPEL A, X SRR AR I A A7 A R AR T H K &Y
FESENT o [AIFEHL, XS5 18 BIE7RAE IX SN B A 707 WBL B RE 0 o (4 [ A S i b AE— 5
IR B ) 26 T AT REH DK S B UZIE 1R, 1X 5 Cox 55 NI 7 2544
R IR TCAE R 2

JAE A T S AR 8 P AR 2 e R [ A SR i, (E2 | T2 R SR I AR S0 B
RIS EARI T HI5EF FE K EVZAE BRI ERREMIER, ARG
H— NI EAT E R TR S5 R ORS00 5 A 001 AT 52 A0 7 (14 [ A 2 T A
A TGN AL RE o T LU X B A AN 1) AR 7K 5 (8 A B K 5 s Il
it MEA SRR NS %

31



R AR K S ) AR E PERI BT T

BE  EREE MR A YIRS

IR E DI ARL 5 A% R A RSB Ak A T e L ZE R L . B RS R AL
I A R AMOKE I RE T, R RIS A SRR AR R, Bln AR B &
J&i~ BRIEGNAN RS o AN [RIRD SIS IR o] (A T 12 o 22 57 K, WK A 25 55,
EL A ) Aob 245 70 F 1] 3 T A AT IR R T 3 . TR IR L 5 R R PR B S T REL R P52 45 P 3R
SR TR AR K S P R A R P AN T AL . AR e, AT
SR [ AR T 5 TR R K A ) de A 2 TR AR LA R T RN T2, W e AR SR T AN TR
PEBUS K VARG E VE R, JF L HEWT K S AR Y S iz g fE . IR T
SRBR A, AEAS T AT AT T AR A [F 2 1 VO K S YDA e VE RN T2, 4R
P R A AR L. N E—ZRet e, BAOTEIE R BRI Z ik 7 AA
Besm RN Ty, S BURAT] DLAERE 8 B 5 A7 56 A TR I B - KB 1A 4 A
R AR THGE G, AR S S RAGIE i . DRI, AR rh A TR 3
RIS R T 2 R A EAE S5, DRSS ks 1 HA A FZR AT
IR BAh, BABEWETC T AEORFF IR R 5 B R 71 2 18] R AH AR T S8R 1
LT, DA AR T A A, DAPR TOAE [R] — P ] (AR T T, ANTR] A 25 il R X 7K

BRI EVE IR .

4.1 BRE-ZAEEERAXNKEIRZIEE R0
4.1.1 RBRAE T %

RRIFSE AR 531 LA AN RIS AN 77 (0 2 1T 5 7K A5 420 o A% T8 (9 AR ELAE PR, BRANE A
R T 5 b Sk E AR S AUA R A BURPIE AR, Kl 4-1 FR.
A8 I N B AR TS B AR T Z A A EAE S8 eq REBUE A A F &R TR
JIR AR, A AR TR M I S EURFEAAL . AT T 7 HE S A
SRR AY, [R5 A4 53T IR R AH ELAVE I 240 66 A\ 0.27 keal mol ™! J /) 3
0.09 keal-mol™!, [HIF#M 0.03 keal-mol's 7K F/EREAMEIILFE 4N 92 J FIFA B,
MRYEFEH AR BT, K-EARTAE AR SECR T . Sthr b, BAARFEMT
Py [ 2 T 5 B 4D Ak o~ 00 L AT 66 T R T £ 7K - [ 4 3 TR AR ELAE FH S, TR G 1%
BN S BB A5 o

32



HrEA RS (A TRER A8 ST

ekl

B 4-1 WNEESTFEEAFRFMAREFERERAREE. FraRSAR—WHRaA, (GET
AREARE S EES T RRALERSEE R BE A FERM 8 BHARE .

Fig.4-1 Schematic representation of a solid surface model with different affinities for guest

molecules. All models have the same initial configuration, and solid surfaces with different affinities
are obtained only by adjusting the interaction parameters between the solid surface and the guest

molecule.
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Fig.4-2 Time evolution of hydrate nucleus size at different £ (0.15 kcal-mol ™ < g4 < 0.27 kcal-mol ™)
at 265 K and 50 MPa.
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Fig.4-3 (A) Time evolution of hydrate nucleus size at different & (i< 0.15 keal-mol™) at 265 K and
50 MPa. (B) Interface structure of water molecules. The slab is shown with gray plate, water
molecules are shown with blue stick or balls, and guest molecules are shown with red balls.
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Fig.4-4 The free energy of guest molecules adsorbed onto the slab with different affinity for the
guest molecules (&i =0.27 - 0.09 keal-mol™).

BEAh, FATRS EEMEILAR R K SV A% AR ar AT T M SE T I F AR 2o T
K 4-5 (A o AERAHRRA B AR (ei=0.27 keal-mol™) I RZEH, KEW
A% K75 i B o KB W A% ) 75 i i o ] T - 72 4 20 TRV RE TELAE PR Al 55 1 K
B, SRR BRI [ R 1 -2 4R 731 (B0 AH ELAE AR K & o 1S e 1

(A) 350 BN Lifetime 1.0 (B) 1600
- rT
300 1400 A
0.8 1200 -
250 00
B g 1000
' 200 0.6 = A
1
E E E 800
3 150 ki
a r0.4 O 6004
100 1 400 1
r0.2
50 2004
0.0 0- T : - . .
0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.09 0.12 0.15 0.18 0.21 024 0.27
£si (keal/mol) & (keal/mol)

Bl 4-5 (A XAEESTFEEARRNANEBREAR (ei=0.27-0.09 keal'mol™) F/KEY
ARG RIT fH. 24 £4<0.12 keal'mol B, & RBUI RIFEKZ 300 ns, KAWL KIRF
K ERFRE. (B) XNEAESTEEARREN SRR LK EWERIRD (gi=0.27-0.09
keal-mol™),
Fig.4-5 (A) The lifetime and RIT value of hydrate nucleus with the slab of different affinity for
guest molecules (g5 = 0.27 — 0.09 keal-mol™). For &< 0.12 kcal-mol’, the simulation time is extended
to 300 ns, and the size of the hydrate nucleus can remain stable for a long time. (B) The size of

hydrate nucleus on slab with different affinity for guest molecules (& = 0.27 — 0.09 kcal-mol ™).
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Fig.4-6 The time variation of distance between nucleus and slab and typical interface structures.
(A-C) With the strong affinity slab (g5 > 0.21 kcal-mol™), the hydrate nucleus no longer returns to the
slab once leaving. (D-F) With the moderate affinity slab (0.12 < £ < 0.21 kcal-mol™), the hydrate
nucleus can stay for a long time after approaching the slab. (G-I) With the weak affinity slab (& <
0.12 keal-mol ™), hydrate nucleus frequently close to the interface but can't stay on the slab for a long
time.
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Fig.4-7 Model system with different radii of curvature of solid surface, including two radii of
curvature and three configurations. (A) curvature radius Rc = 27.12 A, hydrate nucleus is located on
the concave side of surface; (B) curvature radius Rc = 54.24 A, hydrate nucleus is located on the
concave side of surface; (C) curvature radius Rc = 54.24 A, hydrate nucleus is located on the convex

side of solid surface;
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Fig.4-8 The evolution of hydrate nucleus size in the system with different curvature radii solid
surfaces at 250 K and 50 MPa. The data labeled “Rc_infinity” is derived from the model containing a
horizontal solid surface under the same temperature and pressure conditions in Chapter 3.

=B, RGP ARSI UG IR i) LGRS Py 3 DU (R 5 o i, T2 B
Jash il ied, B Re_54.24 THIKE Y EAL 0 il R BB ALAGAHIR, 1£~24 ns I 58
GO M Re_54.24 1 (Y7 s 5 U 5 A5 /K2R T AR R AR, #E~28 ns I 52 20
fifto TR Re 27.12 FRFIZK S0 S K 70 i B AR XN R 18, #E~29.5 ns N 58 200 i
I 4-9 F, FATRME VA =B S AU PR . AR ) 28— IR PRI it i
st TR I3 J1 2 e R AL, 5 R DRI R 7K 5 10 it A% RIDHRE 12 1 ] 4 T e ) g R g 72
5 =R PRI R IR K G W) A% AL RIDRE 58 2 0 R (10 80 77 A Y, 28 DU e R B U7 4258
IR FFETI R R (YICT 60 ns IS AU AY) . S —IEHIAG I BT AR A Y, Y
Re 27.12 1, [ AR 5K G0 et B R PR RO, 38 Z B T 32 B St
giky, M Re 54.24 R ST AR B, #RA Re_54.24 ¢ FKEPDmZS
[ PR 2 i 2 T WP 1k 1 e B SR 25 o AERE R ) Zh st e, X =4I R K&
YIiA% 73 AAE~18 nsy ~8.4 ns. ~2.5 ns Jr BT [E AR BEANBANIAEE,  FF4REE I i o

39



VU ARSI SRR G SRR E TR R E T

_60ns”’ A
(A) e
60 ns
(B)
C)

Bl 4-9 BEEFIN 250 K. 50 MPa %44+, =HABRRKRAZ LT ERRK .
Fig.4-9 Snapshot of typical dynamics simulations of three models at 250 K and 50 MPa.
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Fig.4-10 Accumulation of guest molecules on solid surfaces with different curvature radii and
orientations at 250 K and 50 MPa. The black dotted line divides the curve into two parts: rapid
accumulation of guest molecules and adsorption equilibrium. The accumulation stage of the guest
molecule can be divided into three stages by the time node of the hydrate crystal nucleus leaving the
solid surface and complete decomposition, all of which are indicated by a dotted line of the same

color as the corresponding curve.
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Fig.4-11 The number of cages in the hydrate nucleus interface structures with time evolution in
three groups of models: (A) complete cage, (B) half-cage structure.
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Fig.4-12 The number of dissolved guest molecules with time evolution in a system containing solid
surfaces with different curvature radii and orientation at 250 K, 50 MPa. In each model, the time
node when the hydrate nucleus leaves the solid surface and completely decomposes is indicated by a
dashed line of the same color as the curve.

S VISERY Y e oviy I N K e T e N e DR Y2t B B e e TR S S P RN
TN 28 BN ARy BB B P48 o AL, & 4-12 PR, O Va2 AR o 1
HOF R BNEAEL, B I b [ A 3R T X 2 4 201 0 5 2B B S50 T R ) 24
Iy TR H R, 2 i T A T AR Bk B . B iR R, WO P A

42



HrEA RS (A TRER A8 ST

N

SRR IR 2R 0 TR H AR R, 3 — 20 2 W [ AR 3 T P 25 R P32 B B ) A 2 S e X 2
PR 5 IR BT BRSPS R B 28 0 IR S AN 27 AR A R IR 5

ERII TR, AEAS SR [ AR R T AR TR AR RO DR A [ AR T (1
A2, AR TN 7K S A% (] A i T ) 5 T 45 4 (e BT 1 AN JE A5 .
XL ARG 58 T OK GV SRR I 2 MER, FHEAEE, KEW izt
[ % 28 T PO B I TR AR o R KW i A B DT [ AR T 2 S X BTN B, X 5
HEIFREARI G, 2R TRRERS A NG 5. ok, BRI S
FHE R PEE AN S EL 0 2 A 0 (RO R PR P87, X T A I R R T ) b 3 A3 ) AR A AR i 7K

BRI, T2 B R AR
43 KREING

i LTk, AEAREPBATLRA T 07 12 05E R0 T O AR R 0 B A 7012k
AN 3 AR [ 4 2 T 25 i R PS8 9 SRS [ P[] A S i P o xeh 7K 0 A A S TR RIS o TR N
AT T AR UK AR AR, RS T S K& AR EAE A R L. A, i
MR 7K G 0 i A% 5 A [ o 110 [T 4% 3 T AH LA IR IR o A 17 A [  Jo 114 Tl 4 3 1
IKE AR 5] A% I RE A S A A s Dt BT R K A A2 1l 0 e 2 i i e B s T A
[R5 1) [ AR i R 14 1 — S A B A A

i R ] AR T 5 R R T A AR 24, 345 TR R A A FSRA
(RO PR o X6 U014 9N ) IR T il 5 7K SR T 58 IR 24k e 1, A
M- BUK GV AL TCIEIE LB W - A AV, A S BUK SV RAZ I o TR 244
93 2R AN F 7 55 AR 2] 4% 2 v O i DLW B A2 R PR B R 20 1 R DR FF K 5 1 Al A A [ A R i
B AR RE o A X AR 3 3 B 2R AT 7 PR [ RS T A REAE LR i R B — 2 B AR
531, A DVERRF K S WD REAE B A IS 8] BLGE B A [ AR T il . KB, HAERERE
W PR — 5 B AR 0 1 SCREMR P — 5 B /K90 1 R [ AR 2R i B4 mT e LB R A K S AE
oI %R .

E I PR 2 [ AR A gt R AR, BRAT AN RS A P R I 1 ) Rl ] 4 2 T O 4 %
IKE W AL AE [ R R ] _E 5 P EL R T A A U I 4 M R 2 5 [, 3X
SLAERI M BCR M OE 1K S SR AE B R T A B TR e, RS S R
FEAFE M HS 2 AR 7 1 BB T4 B IR A AR B i 4T IR S

43



ARV SO [ AR T 5 7K S P A% TR AR LA P I R REAT 1 BT PR 7T . IR
ST ENIFRERNTTE, AR REBEIE AR A 1 B R T S BUK S S % R AR 1)
BU, JF 5 AR T oK S f A i S AL PP R . ISt BB R TR AR
I3 TR AN 7 B i 8 2 AR 9 e ] A T P o PR AR X K S AR E P KIS, iR T
XA A S [ AR T 5 7K B 0 A 22 B AR LA E R AR S AL, RS s 1 [l ik
RIEK VAR Sz RE A o

X AR 5 B AT B SR AN (4 [ A T PR A7 AE 2 S SO — e R B T T 2% A T B A
A DLIE I A2 B8- 7 il - 7 10 Rp SR A7 AE I K B WD A ORI 3 e [ AR T 5 BUK S0 8
1% R AL P B SRR TR 2 0 2 AR 1 A [ A 2R 1T 1 RSB £ Pl g I KT L AE K 540
R B e . 12X PR X B AR T I SEFIRB, 30T &A1 A Wit
MK OB TR W B A T, [N 3 K 5 P 5 A8 O RBEUR

FEIR GV e S BT AR 2 1, KA A% A2 [ AR T B R B AR 7 T 5 4 1
AR LRSS — A Pb IR B4 i P Se B8 1 A RO B AR 03 52 TR 1 ) 5 2 AH
BAFFARIRm, S EOL R K 7525 10 X 2% G5 R IR R AR W B A [ AR T ) 25 4
7SR BRI 7S s R [ AR ] 2R 1 I B B, [ R 2R 1
EACLH R PG, BEERREERY TR, NNSEOKEY S-S [ R i E 5
T ESF T 2, 3 18] (AR AR PR 55 6815 K 6 W A% B T [ AR R T e A

B & [ AR T 2 AR 70 TR AT RS, RGP /K SV eI 77 dn th i 2t 4,
FREOREF H SR AN RS A (EREE R DN 2R 7 7SR A T RS, [ R R
R R T RO H B b, R R T 2 s DA K S Y A A
S 3T [ A2 T PR LT I 2 S8 0% (10 57 T 45 40 DA ZE 55 FL A [ R i R A I TR BE B . AT
24 [F] A 3 TH] 36 [0 I B B &8 R 2 AR 70T F— i B IR 2 11, K-S ieiz A e S a3k
T 22 [ 3 S A I 2 fh o

[ 4 T b 3 A K s ) BT (R AR A B ) 1 ] A SR T 5 7K 5 A 1) 42 ik T
RIRIN, RIS [ AR S T 100725 R AT 4 e 1 [ AR T 5 7K B DA% 22 1) 1 EL R4
SRR P o b [ AR SR T ) 75 R A EL BRI N B A 1 IR PR 11T, R & iy
TAERA A il 2 A2 B [ R R A 5 AR R R H R RE. I, KEPIaizeE
[ % 28 T 1) I I 3 52 0 s S T S A RO R, i ELAVIRARORE, T AR T 1Y

44



TR RS (HR2R) TR 2218 e

25 AR A SRR R I IR RS

T UL ESEE, AR CLE BEHEYS, XA A4 T B R s e L 55 2% A1 Ay B [
R EAR] B ELAR H BUK S VI AR S Az I RE o 1 [ VA 3 T P AN ) 25 fh R P AR
XK G A IR RAS IR P AL AR 5 (V0520 B S [ A% 38 1 2 ol 14 7 T 25 A ) 2 T BT
O S 25 MR fH R A, B0l ] A T FE RSP T 5 5 AR T A 10 e R B ) 2 )
P 5% FC A I8 2 18 ot A RS S R v ol s BB 1 B ER e 42, SOREXT B AR IR B U 2R K
ARG 7 2R E RO o X SR X BN A AR K S B A B B K S s TR
B A SR AL EH I S5

45



ERBEN

B2 SRR

[1] Chatti L., Delahaye A., Fournaison L., et al. Benefits and Drawbacks of Clathrate Hydrates:
A Review of Their Areas of Interest[J]. Energy Conversion and Management, 2005, 46(9-
10):1333-1343

[2] Duc N. H., Chauvy F., Herri J. M. CO> Capture by Hydrate Crystallization-a Potential
Solution for Gas Emission of Steelmaking Industry[J]. Energy Conversion and Management,
2007, 48(4):1313-1322

[3] Park S., Lee S., Lee Y., et al. CO, Capture from Simulated Fuel Gas Mixtures Using
Semiclathrate Hydrates Formed by Quaternary Ammonium Salts[J]. Environmental Science
& Technology, 2013, 47(13):7571-7577

[4] Dashti H., Yew L. Z., Lou X. Recent Advances in Gas Hydrate-Based CO» Capture[J].
Journal of Natural Gas Science and Engineering, 2015, 23:195-207

[5] Zhang L., Yang L., Wang J., et al. Enhanced CH4 Recovery and CO, Storage Via Thermal
Stimulation in the CH4/CO; Replacement of Methane Hydrate[J]. Chemical Engineering
Journal, 2017, 308:40-49

[6] Hassanpouryouzband A., Yang J., Tohidi B., et al. Geological CO, Capture and Storage with
Flue Gas Hydrate Formation in Frozen and Unfrozen Sediments: Method Development,
Real Time-Scale Kinetic Characteristics, Efficiency, and Clathrate Structural Transition[J].
ACS Sustainable Chemistry & Engineering, 2019, 7(5):5338-5345

[7] Florusse L. J., Peters C. J., Schoonman J., et al. Stable Low-Pressure Hydrogen Clusters
Stored in a Binary Clathrate Hydrate[J]. Science, 2004, 306(5695):469-471

[8] Veluswamy H. P., Kumar R., Linga P. Hydrogen Storage in Clathrate Hydrates: Current
State of the Art and Future Directions[J]. Applied Energy, 2014, 122:112-132

[9] Mimachi H., Takahashi M., Takeya S., et al. Effect of Long-Term Storage and Thermal
History on the Gas Content of Natural Gas Hydrate Pellets under Ambient Pressure[J].
Energy & Fuels, 2015, 29(8):4827-4834

[10] Veluswamy H. P., Kumar S., Kumar R., et al. Enhanced Clathrate Hydrate Formation
Kinetics at near Ambient Temperatures and Moderate Pressures: Application to Natural Gas

Storage[J]. Fuel, 2016, 182:907-919

46



HrEA RS (A TRER A8 ST

[11] Veluswamy H. P., Wong A. J. H., Babu P., et al. Rapid Methane Hydrate Formation to
Develop a Cost Effective Large Scale Energy Storage System[J]. Chemical Engineering
Journal, 2016, 290:161-173

[12] LiuJ., Hou J., Xu J., et al. Ab Initio Study of the Molecular Hydrogen Occupancy in Pure
H> and Binary H>-Thf Clathrate Hydrates[J]. International Journal of Hydrogen Energy,
2017, 42(27):17136-17143

[13] ChaJ. H., Seol Y. Increasing Gas Hydrate Formation Temperature for Desalination of High
Salinity Produced Water with Secondary Guests[J]. ACS Sustainable Chemistry &
Engineering, 2013, 1(10):1218-1224

[14] Babu P., Kumar R., Linga P. Unusual Behavior of Propane as a Co-Guest During Hydrate
Formation in Silica Sand: Potential Application to Seawater Desalination and Carbon
Dioxide Capture[J]. Chemical Engineering Science, 2014, 117:342-351

[15] Kang K. C., Linga P., Park K.-N., et al. Seawater Desalination by Gas Hydrate Process and
Removal Characteristics of Dissolved Ions (Na*, K*, Mg?*, Ca**, B* CI", SO+*)[J].
Desalination, 2014, 353:84-90

[16] Zhao W. H., Shang B., Du S.-P., et al. Highly Selective Adsorption of Methanol in Carbon
Nanotubes Immersed in Methanol-Water Solution[J]. The Journal of Chemical Physics,
2012, 137(3):034501

[17] Zhao W., Francisco J. S., Zeng X. C. Co Separation from H> Via Hydrate Formation in
Single-Walled Carbon Nanotubes[J]. The Journal of Physical Chemistry Letters, 2016,
7(23):4911-4915

[18] Zhao W., Bai J., Francisco J. S., et al. Formation of CO> Hydrates within Single-Walled
Carbon Nanotubes at Ambient Pressure: CO; Capture and Selective Separation of a CO2/H>
Mixture in Water[J]. The Journal of Physical Chemistry C, 2018, 122(14):7951-7958

[19] Prassl W., Peden J., Wong K. Mitigating Gas Hydrate Related Drilling Risks: A Process-
Knowledge Management Approach[C]. SPE Asia Pacific Oil and Gas Conference and
Exhibition, 2004

[20] Koh C. A., Sum A. K., Sloan E. D. Gas Hydrates: Unlocking the Energy from Icy Cages[J].
Journal of Applied Physics, 2009, 106(6):9

[21] Akhfash M., Aman Z. M., Ahn S. Y., et al. Gas Hydrate Plug Formation in Partially-

47



ERBEN

Dispersed Water-Oil Systems[J]. Chemical Engineering Science, 2016, 140:337-347

[22] Wang Z., Zhao Y., Sun B., et al. Modeling of Hydrate Blockage in Gas-Dominated
Systems[J]. Energy & Fuels, 2016, 30(6):4653-4666

[23] Sloan Jr E. D., Koh C. A. Clathrate Hydrates of Natural Gases[M]. CRC press, 2007

[24] Jacobson L. C., Hujo W., Molinero V. Thermodynamic Stability and Growth of Guest-Free
Clathrate Hydrates: A Low-Density Crystal Phase of Water[J]. The Journal of Physical
Chemistry B, 2009, 113(30):10298-10307

[25] Sum A. K., Koh C. A., Sloan E. D. Clathrate Hydrates: From Laboratory Science to
Engineering Practice[J]. Industrial & Engineering Chemistry Research, 2009, 48(16):7457-
7465

[26] Zhang X., Hester K. C., Ussler W., et al. In Situ Raman-Based Measurements of High
Dissolved Methane Concentrations in Hydrate-Rich Ocean Sediments[J]. Geophysical
Research Letters, 2011, 38(8)

[27] Zhao W. H., BaiJ., Wang L., et al. Formation of Bilayer Clathrate Hydrates[J]. Journal of
Materials Chemistry A, 2015, 3(10):5547-5555

[28] Zhao W., Wang L., Bai J., et al. Spontaneous Formation of One-Dimensional Hydrogen
Gas Hydrate in Carbon Nanotubes[J]. Journal of the American Chemical Society, 2014,
136(30):10661-10668

[29] Perrin A., Musa O. M., Steed J. W. The Chemistry of Low Dosage Clathrate Hydrate
Inhibitors[J]. Chemical Society Reviews, 2013, 42(5):1996-2015

[30] Chou I. M., Sharma A., Burruss R. C., et al. Transformations in Methane Hydrates[J].
Proceedings of the National Academy of Sciences, 2000, 97(25):13484-13487

[31] Kumazaki T., Kito Y., Sasaki S., et al. Single-Crystal Growth of the High-Pressure Phase
Ii of Methane Hydrate and Its Raman Scattering Study[J]. Chemical Physics Letters, 2004,
388(1-3):18-22

[32] Loveday J., Nelmes R., Klug D., et al. Structural Systematics in the Clathrate Hydrates
under Pressure[J]. Canadian Journal of Physics, 2003, 81(1-2):539-544

[33] Sosso G. C., Chen J., Cox S. J., et al. Crystal Nucleation in Liquids: Open Questions and
Future Challenges in Molecular Dynamics Simulations[J]. Chemical reviews, 2016,

116(12):7078-7116

48



HrEA RS (A TRER A8 ST

[34] Gibbs J. The Collected Works of Jw Gibbs Longmans[J]. Green, New York, NY, USA,
1928

[35] Volmer M., Weber A. Germ-Formation in Oversaturated Figures[J]. Z. Phys. Chem, 1926,
119(3/4):277-301

[36] Farkas L. Keimbildungsgeschwindigkeit in  bersittigten Dampfen[J]. Zeitschrift fiir
Physikalische Chemie, 1927, 125(1):236-242

[37] Becker R., Doring W. The Kinetic Treatment of Nuclear Formation in Supersaturated
Vapors[J]. Ann. Phys, 1935, 24(719):752

[38] Zeldovich Y. B. On the Theory of New Phase Formation: Cavitation[J]. Acta Physicochem.,
USSR, 1943, 18:1

[39] Sloan E., Fleyfel F. A Molecular Mechanism for Gas Hydrate Nucleation from Ice[J].
AIChE Journal, 1991, 37(9):1281-1292

[40] Christiansen R. L., Sloan E. D. Mechanisms and Kinetics of Hydrate Formation[J]. Annals
of the New York Academy of Sciences, 1994, 715(1):283-305

[41] Radhakrishnan R., Trout B. L. A New Approach for Studying Nucleation Phenomena
Using Molecular Simulations: Application to CO, Hydrate Clathrates[J]. The Journal of
Chemical Physics, 2002, 117(4):1786-1796

[42] Jacobson L. C., Hujo W., Molinero V. Amorphous Precursors in the Nucleation of Clathrate
Hydrates[J]. Journal of the American Chemical Society, 2010, 132(33):11806-11811

[43] Jacobson L. C., Hujo W., Molinero V. Nucleation Pathways of Clathrate Hydrates: Effect
of Guest Size and Solubility[J]. The Journal of Physical Chemistry B, 2010, 114(43):13796-
13807

[44] Jacobson L. C., Molinero V. Can Amorphous Nuclei Grow Crystalline Clathrates? The
Size and Crystallinity of Critical Clathrate Nuclei[J]. Journal of the American Chemical
Society, 2011, 133(16):6458-6463

[45] Walsh M. R., Koh C. A, Sloan E. D., et al. Microsecond Simulations of Spontaneous
Methane Hydrate Nucleation and Growth[J]. Science, 2009, 326(5956):1095-1098

[46] Knott B. C., Molinero V., Doherty M. F., et al. Homogeneous Nucleation of Methane
Hydrates: Unrealistic under Realistic Conditions[J]. Journal of the American Chemical

Society, 2012, 134(48):19544-19547

49



ERBEN

[47] Zhou S. D., Yu Y. S., Zhao M. M., et al. Effect of Graphite Nanoparticles on Promoting
CO; Hydrate Formation[J]. Energy & Fuels, 2014, 28(7):4694-4698

[48] Nashed O., Partoon B., Lal B., et al. Review the Impact of Nanoparticles on the
Thermodynamics and Kinetics of Gas Hydrate Formation[J]. Journal of Natural Gas
Science and Engineering, 2018, 55:452-465

[49] Zhang C., Fan S., Liang D., et al. Effect of Additives on Formation of Natural Gas
Hydrate[J]. Fuel, 2004, 83(16):2115-2121

[50] Kumar A., Bhattacharjee G., Kulkarni B., et al. Role of Surfactants in Promoting Gas
Hydrate Formation[J]. Industrial & Engineering Chemistry Research, 2015, 54(49):12217-
12232

[51] Bai D., Chen G., Zhang X., et al. How Properties of Solid Surfaces Modulate the
Nucleation of Gas Hydrate[J]. Scientific reports, 2015, 5(1):1-12

[52] Bai D., Chen G., Zhang X., et al. Microsecond Molecular Dynamics Simulations of the
Kinetic Pathways of Gas Hydrate Formation from Solid Surfaces[J]. Langmuir, 2011,
27(10):5961-5967

[53] Bai D., Chen G., Zhang X., et al. Nucleation of the CO, Hydrate from Three-Phase Contact
Lines[J]. Langmuir, 2012, 28(20):7730-7736

[54] Hou J., Bai D., Zhou W. Methane Hydrate Nucleation within Elastic Confined Spaces:
Suitable Spacing and Elasticity Can Accelerate the Nucleation[J]. Langmuir, 2018,
34(37):10889-10896

[55] Yan K., Li X., Chen Z., et al. The Formation of CH4 Hydrate in the Slit Nanopore between
the Smectite Basal Surfaces by Molecular Dynamics Simulation[J]. Energy & Fuels, 2018,
32(6):6467-6474

[56] Yan K. F., Li X. S., Chen Z. Y., et al. Molecular Dynamics Simulation of the Crystal
Nucleation and Growth Behavior of Methane Hydrate in the Presence of the Surface and
Nanopores of Porous Sediment[J]. Langmuir, 2016, 32(31):7975-7984

[57] Zi M., Chen D., Wu G. Molecular Dynamics Simulation of Methane Hydrate Formation
on Metal Surface with Oil[J]. Chemical Engineering Science, 2018, 191:253-261

[58]LiS.,LvR., WuY,, et al. Size-, Aggregation-, and Oxidization-Dependent Perturbation of
Methane Hydrate by Graphene Nanosheets Revealed by Molecular Dynamics

50



HrEA RS (A TRER A8 ST

Simulations[J]. The Journal of Physical Chemistry C, 2019, 123(20):13154-13166

[59] Kim D., Kim D. W.,, Lim H.-K., et al. Inhibited Phase Behavior of Gas Hydrates in
Graphene Oxide: Influences of Surface and Geometric Constraints[J]. Physical Chemistry
Chemical Physics, 2014, 16(41):22717-22722

[60] He Z., Linga P., Jiang J. CH4 Hydrate Formation between Silica and Graphite Surfaces:
Insights from Microsecond Molecular Dynamics Simulations[J]. Langmuir, 2017,
33(43):11956-11967

[61] Lacis A. A., Schmidt G. A., Rind D., et al. Atmospheric CO»: Principal Control Knob
Governing Earth’s Temperature[J]. Science, 2010, 330(6002):356-359

[62] Peng Y., Zhao B., Li L. Advance in Post-Combustion CO; Capture with Alkaline Solution:
A Brief Review[J]. Energy Procedia, 2012, 14:1515-1522

[63] Dumée L., Scholes C., Stevens G., et al. Purification of Aqueous Amine Solvents Used in
Post Combustion CO» Capture: A Review[J]. International Journal of Greenhouse Gas
Control, 2012, 10:443-455

[64] Zhijun Z., Haifeng D., Zhang X. The Research Progress of CO, Capture with lonic
Liquids[J]. Chinese Journal of Chemical Engineering, 2012, 20(1):120-129

[65] Shannon M. S., Bara J. E. Reactive and Reversible Ionic Liquids for CO, Capture and Acid
Gas Removal[J]. Separation Science and Technology, 2012, 47(2):178-188

[66] Qanbari F., Pooladi-Darvish M., Tabatabaie S. H., et al. CO, Disposal as Hydrate in Ocean
Sediments[J]. Journal of Natural Gas Science and Engineering, 2012, 8:139-149

[67] Koide H., Shindo Y., Tazaki Y., et al. Deep Sub-Seabed Disposal of CO,-the Most
Protective Storage[J]. Energy Conversion and Management, 1997, 38:S253-S258

[68] Qi Y., Ota M., Zhang H. Molecular Dynamics Simulation of Replacement of CH4 in
Hydrate with COz[J]. Energy Conversion and Management, 2011, 52(7):2682-2687

[69] Bai D., Zhang X., Chen G., et al. Replacement Mechanism of Methane Hydrate with
Carbon Dioxide from Microsecond Molecular Dynamics Simulations[J]. Energy &
Environmental Science, 2012, 5(5):7033-7041

[70] Yoon J. H., Kawamura T., Yamamoto Y., et al. Transformation of Methane Hydrate to
Carbon Dioxide Hydrate: In Situ Raman Spectroscopic Observations[J]. The Journal of

Physical Chemistry A, 2004, 108(23):5057-5059
51



ERBEN

[71] Komai T., Kawamura T., Kang S., et al. In Situ Observation of Gas Hydrate Behaviour
under High Pressure by Raman Spectroscopy[J]. Journal of Physics: Condensed Matter,
2002, 14(44):11395

[72] Maria G. A. Natural Gas Recovery from Hydrate Compounds Using CO> Replacement
Strategies: Experimental Study on Thermal Stimulation[J]. Energy Procedia, 2018,
148:647-654

[73] Schlapbach L., Ziittel A.: Hydrogen-Storage Materials for Mobile Applications, Materials
for Sustainable Energy: A Collection of Peer-Reviewed Research and Review Articles from
Nature Publishing Group: World Scientific, 2011:265-270

[74] Jena P. Materials for Hydrogen Storage: Past, Present, and Future[J]. The Journal of
Physical Chemistry Letters, 2011, 2(3):206-211

[75] SchiiTh F. Encapsulation Strategies in Energy Conversion Materials[J]. Chemistry of
Materials, 2014, 26(1):423-434

[76] Lee H., Lee J. W., Kim D. Y., et al.: Tuning Clathrate Hydrates for Hydrogen Storage,
Materials for Sustainable Energy: A Collection of Peer-Reviewed Research and Review
Articles from Nature Publishing Group: World Scientific, 2011:285-288

[77] Roman-Pérez G., Moaied M., Soler J. M., et al. Stability, Adsorption, and Diffusion of CHa,
CO», and H» in Clathrate Hydrates[J]. Physical Review Letters, 2010, 105(14):145901

[78] Lu H., Wang J., Liu C., et al. Multiple H> Occupancy of Cages of Clathrate Hydrate under
Mild Conditions[J]. Journal of the American Chemical Society, 2012, 134(22):9160-9162

[79] Koh D. Y., Kang H., Lee H. Multiple Guest Occupancy in Clathrate Hydrates and Its
Significance in Hydrogen Storage[J]. Chemical Communications, 2013, 49(60):6782-6784

[80] Linga P., Kumar R., Englezos P. The Clathrate Hydrate Process for Post and Pre-
Combustion Capture of Carbon Dioxide[J]. Journal of Hazardous Materials, 2007,
149(3):625-629

[81] Zhang B., Wu Q. Thermodynamic Promotion of Tetrahydrofuran on Methane Separation
from Low-Concentration Coal Mine Methane Based on Hydrate[J]. Energy & Fuels, 2010,
24(4):2530-2535

[82] Kim E., Ko G., Seo Y. Greenhouse Gas (CHF3) Separation by Gas Hydrate Formation[J].
ACS Sustainable Chemistry & Engineering, 2017, 5(6):5485-5492

52



HrEA RS (A TRER A8 ST

[83] Tung Y. T., Chen L. J., Chen Y. P., et al. Molecular Dynamics Study on the Growth of
Structure I Methane Hydrate in Aqueous Solution of Sodium Chloride[J]. The Journal of
Physical Chemistry B, 2012, 116(48):14115-14125

[84] Guo Y., Xiao W., Pu W, et al. CH4 Nanobubbles on the Hydrophobic Solid-Water Interface
Serving as the Nucleation Sites of Methane Hydrate[J]. Langmuir, 2018, 34(34):10181-
10186

[85] Cox S. J., Taylor D. J., Youngs T. G., et al. Formation of Methane Hydrate in the Presence
of Natural and Synthetic Nanoparticles[J]. Journal of the American Chemical Society, 2018,
140(9):3277-3284

[86] Ripmeester J. A., Alavi S. Some Current Challenges in Clathrate Hydrate Science:
Nucleation, Decomposition and the Memory Effect[J]. Current Opinion in Solid State and
Materials Science, 2016, 20(6):344-351

[87] Bertolazzo A. A., Naullage P. M., Peters B., et al. The Clathrate-Water Interface Is
Oleophilic[J]. The Journal of Physical Chemistry Letters, 2018, 9(12):3224-3231

[88] Yagasaki T., Matsumoto M., Tanaka H. Adsorption Mechanism of Inhibitor and Guest
Molecules on the Surface of Gas Hydrates[J]. Journal of the American Chemical Society,
2015, 137(37):12079-12085

[89] Weijs J. H., Lohse D. Why Surface Nanobubbles Live for Hours[J]. Physical Review
Letters, 2013, 110(5):054501

[90] Weijs J. H., Seddon J. R., Lohse D. Diffusive Shielding Stabilizes Bulk Nanobubble
Clusters[J]. ChemPhysChem, 2012, 13(8):2197-2204

[91] Molinero V., Moore E. B. Water Modeled as an Intermediate Element between Carbon and
Silicon[J]. The Journal of Physical Chemistry B, 2009, 113(13):4008-4016

[92] Stillinger F. H., Weber T. A. Computer Simulation of Local Order in Condensed Phases of
Silicon[J]. Physical Review B, 1985, 31(8):5262

[93] Jacobson L. C., Molinero V. A Methane-Water Model for Coarse-Grained Simulations of
Solutions and Clathrate Hydrates[J]. The Journal of Physical Chemistry B, 2010,
114(21):7302-7311

[94] Nguyen A. H., Jacobson L. C., Molinero V. Structure of the Clathrate/Solution Interface

and Mechanism of Cross-Nucleation of Clathrate Hydrates[J]. The Journal of Physical

53



ERBEN

Chemistry C, 2012, 116(37):19828-19838

[95] Lupi L., Hudait A., Molinero V. Heterogeneous Nucleation of Ice on Carbon Surfaces[J].
Journal of the American Chemical Society, 2014, 136(8):3156-3164

[96] Nguyen A. H., Koc M. A., Shepherd T. D., et al. Structure of the Ice-Clathrate Interface[J].
The Journal of Physical Chemistry C, 2015, 119(8):4104-4117

[97] Lauricella M., Ciccotti G., English N. J., et al. Mechanisms and Nucleation Rate of
Methane Hydrate by Dynamical Nonequilibrium Molecular Dynamics[J]. The Journal of
Physical Chemistry C, 2017, 121(43):24223-24234

[98] Beazley D. M., Lomdahl P. S., Grenbech-Jensen N., et al.: Parallel Algorithms for Short-
Range Molecular Dynamics, Annual Reviews of Computational Physics Iii: World
Scientific, 1995:119-175

[99] Hoover W. G. Canonical Dynamics: Equilibrium Phase-Space Distributions[J]. Physical
Review A, 1985, 31(3):1695

[100] Hoover W. G. Constant-Pressure Equations of Motion[J]. Physical Review A, 1986,
34(3):2499

[101] Nguyen A. H., Molinero V. Identification of Clathrate Hydrates, Hexagonal Ice, Cubic
Ice, and Liquid Water in Simulations: The Chill+ Algorithm[J]. The Journal of Physical
Chemistry B, 2015, 119(29):9369-9376

[102] Xu J., Li L., Liu J., et al. The Molecular Mechanism of the Inhibition Effects of Pvcaps
on the Growth of Si Hydrate: An Unstable Adsorption Mechanism[J]. Physical Chemistry
Chemical Physics, 2018, 20(12):8326-8332

[103] Zuo G., Shen R., Ma S., et al. Transport Properties of Single-File Water Molecules inside
a Carbon Nanotube Biomimicking Water Channel[J]. ACS Nano, 2010, 4(1):205-210

[104] Torrie G. M., Valleau J. P. Nonphysical Sampling Distributions in Monte Carlo Free-
Energy Estimation: Umbrella Sampling[J]. Journal of Computational Physics, 1977,
23(2):187-199

[105] Grossfield A. An Implementation of Wham: The Weighted Histogram Analysis Method,
Version 2.0. 9[J]. Available at membrane. urmc. rochester. edu/content/wham. Accessed
June, 2014, 1:2017

[106] Zhang J., Hawtin R., Yang Y., et al. Molecular Dynamics Study of Methane Hydrate

54



HrEA RS (A TRER A8 ST

Formation at a Water/Methane Interface[J]. The Journal of Physical Chemistry B, 2008,
112(34):10608-10618

[107] Sarupria S., Debenedetti P. G. Homogeneous Nucleation of Methane Hydrate in
Microsecond Molecular Dynamics Simulations[J]. The Journal of Physical Chemistry
Letters, 2012, 3(20):2942-2947

[108] Fitzner M., Sosso G. C., Pietrucci F., et al. Pre-Critical Fluctuations and What They
Disclose About Heterogeneous Crystal Nucleation[J]. Nature Communications, 2017,

8(1):1-7

55



TCRE A = 2 S 1) B ) 22 AR SR

BUE - F A HAE EUS R F AR AR

Wi+ F AR & R FEARIR L

[1] Rui Ma, Hong Zhong, Liwen Li, Jie Zhong, YouguoYan, JunZhang, Jinxiang Liu.
Molecular Insights into Effect of Solid Surface on Stability of Hydrate Nucleus[J]. The
Journal of Physical Chemistry C, 2020, 124(4):2664-2671.

[2] Rui Ma, Hong Zhong, Jinxiang Liu, Jie Zhong, Youguo Yan, Jun Zhang, Jiafang Xu.
Molecular Insights into Cage Occupancy of Hydrogen Hydrate: A Computational Study[J].
Processes, 2019, 7(10):699.

[3] Hong Zhong, Liwen Li, Rui Ma, Jie Zhong, YouguoYan, Shuguang Li, JunZhang, Jinxiang
Liu. Two-dimensional Hydrogen Hydrate: Structure and Stlity[J]. Physical Chemistry
Chemical Physics, 2020, 22:5774-5784.

[4] Timing Fang, Yingnan Zhang, Rui Ma, Youguo Yan, Caili Dai, Jun Zhang. Oil Extraction
Mechanism in CO> Flooding from Rough Surface: Molecular Dynamics Simulation[J].

Applied Surface Science, 2019, 494:80-86.

56



HrEA RS (A TRER A8 ST

B

PG, A EER . FIRE =F Rl C IR RS, W RRAeS
E AR (7R B SE-EAME L. RIARRAEREIRI S H, A 00 s s P g
EH. SRz BliRT, B EEKR, BRAWERA, BERGHE, AEHERIIL L,
BRNE. Z2OENGIE, 20 NMERRE.

TR R 11 3 it e A SR 0 LS R K T R AR T T A =R 45 T B0 FR
o ZEMFIRAL, MITIRSSE, BstE T “XATREMT, XMEONREN” MAMRR
e B S AR A U AR e 03 TS LR T ORI BT 7 AR, R RERIE I
T DA R 1] 1 B 0 SE AR B TR TR . AT 5 A% B R K Ui B, LIPS
5 RS 0 TE AR AR R IR — DI Bk !

TR P R 2 A X e AR I AE DR T FE T R T 45 3 R4 o ABIE FE TR (R 8 3 21 T
T R E G 25 T BARZ W, ARt 2 TR Z 406, AR IR — RS
HRREAE T M ALET, B HEXTRIAIT ) R RN B i o

I 2 70 SO S AE T ST A IR T DL SS PR AN Bl e =48, il SO AE SR BT B8 i A
LRIBARTT RS RET 45T 7 IF 2 @2, HRZ R 2. I8 EgE, B
&PV LAAAE R ZAB IR E B, s LU DL BSR4k 855 J1 4 3

IR EWEITAE < P S 2RI S AE Bt 7 2L PRI 70 BT 48 5 AR AR 1B S iE
T o TR rh SR B BRI B

U EZE, 2200, EER. BRI, SR, . BRI K FEICREE AR
FERWETE S EORTTH S T 198 T LR AT BRI D .

U TR RS2 Ani. e WI[FE A8 HR I 2 ) AR B R A B, Stk
IR AZ AL e B 7 AR 22 73 A AUAEAN R A b LA A SRR, A8 TIRZ B .

SR PTAIToL HA DTf RAT SR P A 3 B AN BT, K 53 R Bl B AR AR SR M
5 P45 BB RSB R AE— B e (s O, ARt — DI A !

TR TR 7 R AOFE AR L BRI SFd ;R Sdihid 3 prfy 20
[l A AN AT o

A, RN AT B ORISR BTG !

57



