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Characterization of Microscopic Properties of CO> Hydrate Using Molecular Model SPC/Fw-EPM2
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[ Abstract]  CO; hydrate has potential applications in carbon capture and storage, air conditioning cold storage, and seawater

desalination. However, it is restricted by the problems of long induction period, large subcooling degree and slow growth rate of

hydrate formation. Molecular dynamics simulation can be used to simulate the dynamic behavior of hydrates at the microscopic

scale, describe the microscopic characteristics, and provide theoretical base for solving the above dynamical problems. The

macroscopic properties of hydrates are also quite different due to different molecular models, and different molecular models also

show different characteristics under different thermodynamic conditions. In this paper, the molecular model SPC/Fw-EPM2 is taken

as an example, the characteristics of CO, hydrate is obtained by characterizing the microstructure, fitting the dependence of

decomposition rate and temperature, calculating activation energy and equilibrium temperature, etc. The characteristics are

compared with reported experimental results. It is found that the molecular model SPC/Fw-EPM2 can describe the microscopic

properties of CO; hydrate well, providing theoretical support for the exploration of the microscopic mechanism.
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Fig.1 Initial configuration of the simulated system
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Table 1 Potential energy parameters

TR JRT B E (kcal/moD) X (A)
H 0.4100 0.0000 0.000
SPC/Fw
(0] -0.8200 0.1554 3.165
C 0.6512 0.0559 2.757
EPM2
(6] -0.3256 0.1560 3.033
FT2 BEBH
Table 2 Bond Parameters
TR B HEAm ke ko
7 /A / (kcal/mol/A?)  (kcal/mol/rad?)
113.2
SPC/Fw  1.012 1059.2 75.9
180.0
EPM2 1.149 2018.0 108.0
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Fig.3 Mass density distribution of different molecules
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Table 3  Statistics of temperature and decomposition rate

IR T Iy iR T In
(XD (-dnp/dt) (KD (-dnp/dr)
300 0.0142 0.003333 —-4.253809
305 0.0200 0.003279 —-3.912023
310 0.0323 0.003226 —-3.432688
315 0.0372 0.003175 —-3.291447
320 0.0508 0.003125 —-2.980056
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Fig.5 Dependence of decomposition rate on initial

temperature
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Fig.6 (a) Potential energy and (b) temperature of the
simulated system change with time under different initial
conditions

G R EW T R e QL3RG TR T
BUSHREIDETC, (R R b i T3 2256 0T
AR, AHAR S )y 2R R ZE ) LUK, X — 7 T A)
RE S5 S I IVE A 5%, o — TR 5 7 1Y
R E TR 5%, RIAS [ 7T RY R AE (K & W0 AH 1
17 2544 22 AR K . Costandy 2548 F DU 77 AR R K 43
TR TIP4P/Ice 1 TIPAP/2005 o — S ABR 43 F#
M TraPPE, X CO» /K G WA AR EREAT T R4
AN, B EAT TR RS — Bk, Ha kT
TIP4P/Ice A1 TIPAP/2005 )& T MITE 7> T4, 1
1 S i JEE AP P52 1 ST A R 4 R PR S AUA I 7 v IR AN
& o RSP EAR A % T LAAR A4 52 34 e bt et
AR HIAT B E, X T B 1 B =R &,
HRFFISIIAAE, SR & T AT R, K&
Yoo fide, o33 IRV Bl 8 R4 KA AR i),
RV NHEE LT, 2, FHKEDE BT,
RE TR ERE T & Bl FE B I 6 7 S G, %2

FITHE FURIR G, Bl Sns B R], SRS R
(R R e MEAE A DG B BA 3.5MPa. 275-290K
WG FFAF ], B J 1 35 e AR FE A A an 1] 6
fim. ATLAE M, 290K WIGGIRE T, RRHAREDR
EE WBERETRE, WHKEMSE. 275K
WIRIRE T, A RAREME AL, WHKEY
T REX . 278 Fl 280K WG4 F, 1R R
TE TG g e by, BEAE RN R, 4R
Tl P BRI B, VA RS (R 2 N o i FE S 4 B
77, T HLRE A A AR SR VR 7R RE IR,
IKED AT IE . NI E, PR ZI7E 275K
A, HOM BUE J R AR 1 st 5 A K IR
(3.395-3.667MPa. 280.34-280.79K) [24,

Baghel %5251 P i T DUEFH A3 (D
THELRA,

T=T,+(T,~T, )exp(kt) 7

X, TABRRHEEE, T, A FERE, ToN
WILRIR RS, &k AAA R %, DL 310K WI4RIE E %1%
NSRS, A SE R 7 R, 15517
R N 279.85+£0.33K, Hsinst BT, 1
Je T My TR SPC/Fw 1E B8 A 47 A £ 25
Hps AT A H B, TR TR, X
T FE () 4R T IR, 4> EALVE R R B ) 2R
JR AR SE A . X — SUFE Li SR H K A
TSRS 2] THESE . XF T 310K ¥IaGEE, K&
YIAE 4000ps I O fREE R, AR IR, itk
ST IR FE B 275K S K.

320 R2=0.8573

- - : -
0 1000 2000 3000 4000
i E) (ps)

7 310K ¥M9RIREF M TR R T ERE
Fig.7 Equilibrium temperature of simulated system at
the initial temperature of 310K
i F Clausius-Clapeyron J5 #23K fift 73 it 44, 0
AR (8) Frax, AP AN )% R I E Sk
[24], A3 (D) WEJEFRIRERN-10323.



<848 « il ¥4

G| 2022 4

dlnp -AH,
= (8)
d(1T) ZR
R, AH N R R @SR E R, K
/INA 83141 -mol K1 p ANIE S, MPa; T NIRE,
K; Z NE4ER T, FIH PR HREHERT, KN
0.6954, 43fi# R 59.68k]-mol”, 1E SCHRARIE Y%L
HYEE PN (54.5-60.1kJ-mol!) 1281,
bk, BELAUKAEVER R, P51
B 1ML A, 58D Green-Kubo AR, ZWFEit
HTKEWHRTE. HHEARWTF:
= 3k;/T2 [ ()7 (0))ar (9
X, ke NBIRE B HEH, KK 138X
102J/Ks VRIS AR, m?s T A X e
R, K; <J@)-J0)> A B H % E K
(HCACF), 270K. 3.5MPa 4 F, # S HKpEr
AR 8 s, Je i SRl THuE, P
FHEN 0.84W-m K, 7F Jiang SERMRIE ) —H A
WKEMPIGEEIEEA (0.75-0.95) W-m!-K!, #
B 73 TR SPC/Fw-EPM2 REMS 55 I IR K A4
[T

20 F

18 1

PGEE W/(mK)
[

3
T

0.6

\ \ \ \ . \
0 200 400 600 800 1000
1A (ps)

8 270K. 3.5MPa TG RAEATEI LML
Fig.8 Thermal conductivity changes with time at 270K,
3.5Mpa

3 ZEip
2 & B oy TR AR IR A P R

a4y TR SPC/Fw-EPM2, 7EAN[E #5464
I 7B AU CO2 K-S IAHAR L RS
JIEAT ARG E R AT T BOWRAE , MO &5
FAREIE | o3 s A R RN R 2 Ra e M = AN T R iR
T AR IE IV, Dk T R N B AR
Guit (kR FE R P gt T BB BEAE, KA YE)
JIEAT AR ERR R IE 4t 7 3R S . Bk

WL

(1) 91 HiA SPC/Fw-EPM2 fEFH T, /K
AU T IR 1) 3 AT BRI 56— | 56 AR = I {H 7y
WM 273, 4.47 F1 6.45A, AR ERIR TS
4] 73 A BB WA AE 6.45-6.8TAZ IR Bl . 73 T A
A SPC/Fw-EPM2 BEWS MR 1A COL /K &P
45K .

(2) 3.5MPa. 300-320K ¥ I1EEMHET,
CO2 7K AW 53 il S 20 WUk il FE RO M i, v
L BEAE ¥ 50.66+4.28k)/mol, 4 T 1Al SPC/Fw-
EPM2 fig i HERTE IR COL /K AW J1 2845 1 .

(3) 3.5MPa. 270K %ff F CO /K& T
HOERE X IR, 3.5MPa. 290K 2614 F CO /K&
Yoo 310K WIUGIRFE 2640 T, AUl A 5T iR
%A 279.85+0.33K , 43 fift %% N 59.68kJ-mol”! .
3.5MPa. 270K %14~ CO /K &I TG RN
0.84W-m™-K!, ¥ 55IG 45 SRR, R T
A SPC/Fw-EPM2 BES HERf A COL /K &I T
PR

SE R

[1] K&k BTAESET KESWIH . 4k 5 mee LI
E BEJE PR 5T A (¥ 5 F [0 403 24 41%,2019,68(1):018203 1
01820316.

[2] Sun Q, Kang Y T. Review on CO> hydrate formation/
dissociation and its cold energy application[J].
Renewable & sustainable energy reviews, 2016,62:478-
494.

[3] W RLHL IR JE M e, A — T A BROK SR E R
PV b e 42323 B [P].CN103245020A,2013-08-14.

[4] Adisasmito S, Frank R J, Sloan E D. Hydrates of Carbon
Dioxide and Methane Mixtures[J]. Journal of Chemical
& Engineering Data, 1991,36(1):68-71.

[5] Florusse L J, Peters C J, Schoonman J, et al. Stable
low-pressure hydrogen clusters stored in a binary
clathrate hydrate[J]. Science, 2004,306:469-471.

[6] Sanchez-Mora M F, Galicia-Luna L A, Pimentel-Rodas A,
et al. Experimental Determination of Gas Hydrates
Dissociation Conditions in CO2/Nx+Ethanol/1-Propanol/
TBAB/TBAF + Water Systems[J]. Journal of Chemical
& Engineering Data, 2019,64(2):763-770.

(71 %5 B K G E BRI B A SR AL BOR[D].) I A 7y



36 55 6 1

TRIE, %5, 4TI SPC/Fw-EPM2 %} COL K& MIE) 12 T 1 25 T AT

- 849 -

(8]

(9]

(10]

[11]

[12]

[15]

[16]

[17]

HUTKA2,2013.

Adibi N, Mohammadi M, Ehsani M R, et al
Experimental Investigation of Using Combined CH4/CO»
Replacement and Thermal Stimulation Methods for
Methane Production from Gas Hydrate in the Presence of
SiO2 and ZnO Nanoparticles[J]. Journal of Natural Gas
Science and Engineering, 2020,84:103690.

Pang W X, Xu W Y, Sun C Y, et al. Methane Hydrate
Dissociation Experiment in a Middle-sized Quiescent
Reactor Using Thermal Method[J]. Fuel, 2009,88(3):
497-503.

Kou X, Wang Y, Li X S, et al. Influence of Heat
Conduction and Heat Convection on Hydrate
Dissociation by Depressurization in a Pilot-scale Hydrate
Simulator[J]. Applied Energy, 2019,251:113405.

Li XY, Li X S, Wang Y, et al. The Determining Factor of
Hydrate Dissociation Rate in the Sediments with
Different 2002,202:
117690.

Song G, Li Y, Wang W, et al. Experimental Study of

Water Saturations[J]. Energy,

Hydrate Dissociation in Oil-dominated Systems Using a
High-pressure Visual Cell[J]. Journal of Natural Gas
Science and Engineering, 2017,45:26-37.

A, B DTS, F IR B R R 2F TR B e K54
I ARASOUARF PR AE (] 10 124 41,2020,71(3):955-964.
Jiao L, Wang Z, Li J, et al. Stability and dissociation
studies of CO; hydrate under different systems using
molecular dynamic simulations[J]. Journal of Molecular
Liquids, 2021,338:116788.

Takeuchi F, Hiratsuka H, Ohmura R, et al. Water proton
configurations in structures I, II, and H clathrate hydrate
cells[J].
2013,138(12):124504.

Harris J G, Yung K H. Carbon dioxide's liquid-vapor

unit the Journal of Chemical Physics,

coexistence curve and critical properties as predicted by
a simple molecular model[J]. The Journal of Physical
Chemistry, 1995,99(31):12021-12024.

Cygan R T, Romanov V N, Myshakin E M. Molecular
simulation of carbon dioxide capture by montmorillonite
using an accurate and flexible force field[J]. The Journal
of Physical Chemistry C, 2012,116(24):13079-13091.

[18] Chen Z L, Xu W R, Tang D L. Theory and Practice of

Molecular Simulation [J]. Chemical Industry Press,

[19]

[20]

[22]

[23]

[27]

[29]

2007.

Kondori J, James L, Zendehboudi S. Molecular scale
modeling approach to evaluate stability and dissociation
of methane and carbon dioxide hydrates[J]. Journal of
Molecular Liquids, 2019,297:111503.

Alavi S, Ripmeester J A. Nonequilibrium adiabatic
molecular dynamics simulations of methane clathrate
hydrate decomposition[J]. Journal of Chemical Physics,
2010,132:144703.

Peng D Y, Robinson D B. A New Two-Constant
Equation of State[J].
Chemistry Research, 1976,15(1):59-64.

Myshakin E M, Jiang H, Warzinski R P, et al. Molecular

Industrial and Engineering

dynamics simulations of methane hydrate decomposition
[J]. the Journal of Physical Chemistry a, 2009,113(10):
1913-1921.

MK T, 5 B ot 45 8RR &Y ik sh )
SERIEFULT] R A R 24k CH AR RRO,2001,25(3):
8-10.

Ohgaki K, Makihara Y, Takano K. Formation of CO»
hydrate in pure and sea waters[J]. Journal of chemical
engineering of Japan, 1993,26(5):558-564.

Baghel V S, Kumar R, Roy S. Heat transfer calculations
for decomposition of structure I methane hydrates by
molecular dynamics simulation[J]. The Journal of
Physical Chemistry C, 2013,117(23):12172-12182.

Li J, Wang Z L. Fluctuation—dissipation Analysis of
Nonequilibrium Thermal Transport at the Hydrate
Dissociation Interface[J]. Physical Chemistry Chemical
Physics, 2019,21:23492-23500.

Peng D Y, Robinson D B. A New Two-Constant
Equation of State[J]. Industrial and Engineering
Chemistry Research, 1976,15(1):59-64.

Anderson G K. Enthalpy of dissociation and hydration
number of carbon dioxide hydrate from the Clapeyron
equation[J]. The Journal of Chemical Thermodynamics,
2003,35(7):1171-1183.

Jiang H, Jordan K D. Comparison of the Properties of
Xenon, Methane, and Carbon Dioxide Hydrates from
Equilibrium and Nonequilibrium Molecular Dynamics
Simulations [J]. Journal of Physical Chemistry C,
2010,114(12):5555-5564.



	参考文献：

