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Fig. 1. The global distributions of natural clathrates worldwide (there are totally 90 docu-

mented locations, and the data are from Ref. [3, 4]).
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(b)
Hydrate crystal structure II H
Cavity Small Large Small Large Small Medium  Large
Description 512 51262 52 51264 52 435663 5E268
Number of cavities per unit cell 2 6 16 8 3 2 1
Average cavity radius (A) 3.95 433 3.91  4.73 3917 4.06 5.71t
Coordination number” 20 24 20 28 20 20 36
Number of waters per unit cell 46 136 34

“Number of oxygens at the periphery of each cavity.
fEstimates of structure H cavities from geometric models.
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Fig. 2. Three main crystal structures of clathrate hydrates. 52 means the pentagonal dodecahedra cages

and 5262 (tetradecahedron) indicates a water cage composed of 12 pentagonal and 2 hexagonal faces. The

numbers in squares indicate the number of cage types. The figure is cited from Ref. [6].
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Fig. 3. Relationship of guest molecules versus cage
size ranges. Along the line is the sizes (in A) of the
guest molecules in hydrates. The figure is cited from
Ref. [6].
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Fig. 4. Atom number and the neutron scattering length amplitude relationship. Right figure shows the

comparison of atomic number dependence vs. scattering length, b for X-rays and neutrons. The figure is

cited from Ref. [11].
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Fig. 5. Schematic draws of the HIPPO, D20, SNAP neutron beam lines (figures supplied by LANSCE-Lujan

Center, ILL and SNS).
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Fig. 6. Schematic general view (top left corner) and the enlarged section view of the setup designed for high-pressure,
low-temperature hydrostatic experiments at HIPPO, LANSCE [13]; top right panel is the photo of internal cell at liquid

nitrogen temperatures attached to the closed cycle cryostat; lower panel are the representative neutron diffraction
patterns of sI methane clathrate at 100 bar and 100 K (20 = 90° Ad/d ~ 0.01, and 144.45°, Ad/d ~ 0.005).
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Fig. 7. (a) The 52 and 5262 cages with D atoms in disordered positions; (b) the configurations of the three unique water

01 23 4 5A

m

molecules showing the anisotropic ellipsoid surface; (c) the ordered hydrogen position configuration of 52 and 5262 cages in

theoretical calculation for comparison. Figure (a) and (b) were from Ref. [24].
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Fig. 8. Hydrogen clathrate structural determination, including D2 molecular scattering models, refinement of hydrogen molecules
in cages, such as linear combination of localized and delocalized models in 51262 cages and variation of hydrogen occupancy in
the clathrate as functions of temperature and pressure. The large cage occupancy varies between 2 and 4 hydrogen molecules

and single occupancy of the small cage at pressure up to 2 kbar. Detailed information can be found in Ref. [14].
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Fig. 9. 2D diffraction patterns of selected region, and phase fraction versus time for three different samples. Symbols:
D20 ice (W), sIT hydrate (A), D2O water (o). Graphs are from Ref. [39].
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Fig. 10. Up panel: temperature, pressure, and size dependency of the reaction kinetics of CH4 and CO2

clathrates; lower panel: schematic show of CHy substitution of CO2 molecules in the clathrate. Data are

from Ref. [41].
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11 (a) TMO (trimethylene oxide) 4 7 sI B /K & ¥ K% F 4 (0 JT A T g6 &, 6% 173 K31, (b) NH

(neohexane) K& WITE sH 45#y 51268 7K (¥4 45 1991, () 383 AN 7] %) TG P RS 8 45 8 S80S K A0 o0 107 S PRI AT O P
4345 B0 (d) it 53 F 3 S35 A8 B — SARER 1 512 ARIEF 40 AR, IR 220 K 154 (e) 76 sT MFRIEFRE T, —4
B S TLE 512 AKIER 51262 KT rh 43 A3 [57]

Fig. 11. (a) Trimethylene oxide (TMO) molecule in the large cage of sl clathrate for all allowed positions at
173 K 153]; (b) view of hydrates of neohexane (NH) molecules in the structure H large (51268) cage [°°]; (c) different

molecule disordered models using convergence criteria of the refined neutron diffraction data of Ny clathrate [20];

(d) the distribution of the CO molecule at different times in the 5'2 cage of sI clathrate at 220 K from molecular

dynamic simulation (541, (e) CO2 molecules distribution with full symmetry shown in 5'2 cage and 51262 cage of sI

clathrate hydrate [9°].
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Fig. 12. Neutron diffraction pattern and nuclear density distribution map of Xe deuteron-hydrate at 10 K

[37),

nuclear density distribution map of methane clathrate [34] at 7 K and of CO3 clathrate at 10 K [35],
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Fig. 13. Different scale of nature clathrate exploration, from continuum scale (10 cm—100 m) to pore scale

(10 nm—10 cm), and down to nano-scale (< 10 nm).

WARTT KA Y, A RIUE 6506, 1At
PR Z S5 K KA, R, HA SR R
JERE 3 R R e B R TBORT DA IR 4 BRAR I, (R A
I 2 AR 77 T PR e sz v T AR RS
o B e 2 B s, R AT B 51 R AR R AR 4
(E14).

K14 RABSUKEVITRA LM RNEE

Fig. 14. Potential hazards of decomposition of natural

clathrates.

FERIR SR EDIIIERTT i, BATH V4
R AR B R KGR (B 15) 09 4
MR B 43k T LS B RE IR e AR OO R LR
T COo KK EWEAFPIA H 1, 10 HSE 56 AR 18
FAESE, A REAE IR B) ) R AT B A i
T, RIS, i RR A oK S

W, N FERERR KGRI, T/ 7
JRITZARGRE , HEMTE G 1 Ll AR I o ¥ O <5

K15 ZHABREARRTREWITRIIREE

Fig. 15. Schematic show of the concept of gas exchange
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Ohgaki %5 [0 5§ — YR SZ 58I SE 7 7K & 4 U
Hh A i B A T ) AT AT R, TR S BRI R,
15 22 FLA T B () AT e — 2D 15 3 SIS 1Y
HESE T 55 A0 Id 5 B2 B K A R SR 4 T AR
R AE F ) JEL AE B TSI, 6 A ik
Ft 7K P BUAROK 22 A2 38 1 2 00 A B 1) ) o
FAEBEA BT RE, 0T BRI RO HLEE K 22

018203-12


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y38 ¥ 4R Acta Phys. Sin.

Vol. 68, No. 1 (2019) 018203

KE T HIWG LB, A L8 B REE. andEid
MRI (g 3L4R A8 ) 1R 2 7 2 55T B, Ersland
2 172 b A L R K A4 COo BRI 58 K 1L
ZA RN B RHT, BRE SRR T K &Y
(3 A, Jung %5 (751 3 3k B8 gk A% r e BH 26 R0 i i
(R RAE, R IUET 2 B BA 5 (0 B B 402, H:
IKE WS S R W 4518 Ota 25 Ml i
Fi 261G 2 COy BT R KK &Y iR, I
& HAE BRI AR 1, COo BUAR K /K 26 1) 38 5 B iz
78 5 T BN KB B3 % Stevens 25 738 3 MRI
W T B e K A I AR i, IR BILAE COy 8 it
FE A A MR 20 5 K B AE R, (EDR RS T 1
MRI 3 H b B Ab /N6 ) P 1) 7K 56 0 i R K 4 B
A K.

X T COo U F A2 /K B P 1 85 i L 18 50
ALER: 515 COy SRR /K &4 B 4
BEATEUR, i RE Bl i iR, B2 D it — 20
IEUR, FFE COy M —EMBERIENKE
PR PR 2 I R B AR EAT BUR. [RTT 28 2 25
T TR 7K A ) e 248 TR A5 R R R Ak AR 3ok ) O
SO IR B T TR BRI Kk B BUR G R R
ROV WL ER -3 13 2 AR IR PR B2 58 128

64% of CH,4 recovery

Number of CH4 molecules
in sI-L and sI-S ——

3 T2 R AR K B I O RN A 1, 2 75
SRR KA RIS L IE CO, it — 209
#, BRI RH L COo Mk — SR, Bai % Ol i@id 7>
TB Sy SRR TE 55 = AN B T Ak R e 7K
BYE SRR, ZEEREE A KT E RS
{1 CO2 K EWIBHIE T COo BIHE—25 985, T Geng
2 T W@ T ah J R T BRI R R K&
Wi — R 2E 8 Schicks 25 781 )N BRI FETE 20 T
JZH BB AKEYIR) 2 R AE R, 11 Ota B3E—25 10
P VR TE B R P AR E 0 R, FF EBLRIK 4
T EFHES M CEE. Bk 4, MR — 25
WEFL T AR CO 725> F 2 TH 5 R H K &4 1
SR, QiEE ORI o7 B 2k g AR BRI AR
IKED AR R R KIE R AT BRI
Tung 2 BUHE—B44 1 T K&+ CH, f1 CO, #
ANIKIEBRA 5P FE.

NT HE R COo HBURIE R, il Ny /CO,
RA SRR COy AR BT IEANZ — A
AR M. R TR B COo B A1 T B KK 58
Hh R B AS A, T C O AR HE N /N K 8 1) 136 7 22
512 /N K IE R AR BT TR 7 A 2 R

Exposure to

:'/ N2+ CO3 mixture

Number of CH4 molecules
in sI-L and sI-S ——

K16 COo/No BREMEANRBT S i@t COg AMEUR, B ST S5 HIRKIE, CHy SARIII R N
64%; it COg2 /Ny WA AT LA N HUA R K IERT/INAKSE, BT AT AR R 3 g AR %
Fig. 16. Improvement in CHy recovery yield by using CO2 + No mixture. When COs is solely injected into CHy4

hydrate, a maximum 64% CHy recovery yield is anticipated because CHy molecules in 51262 (sI-L) cages are mainly
recoverable (left). On the other hand, when Ny is added, the distinct roles of N2 and CO2 remarkably enhance CHy4

recovery yield (right).
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SPECIAL TOPIC — Critical topics in water research

Structure and properties of nature clathrate and its
application in energy and enviromental science”
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Abstract

Clathrate hydrates are energy and environmental related materials for energy storage and extraction, as well as
for waste gas sequestration. The three general structures of natural clathrates, structure I, structure II and structure
H are reviewed in the aspects of stability, cage size, and preferred guest molecule encapsulation. Neutron scattering
technique has its unique advantage of clathrate hydrates characterization, such as large bulk property determination,
penetration of high pressure vessel and the clathrate sample inside, sensitive to light elements (clathrate hydrates mainly
containing C, H, and O atoms). Neutron diffraction and inelastic neutron scattering of clathrate hydrates are covered on
the abilities of H/D atoms positions and anisotropic thermal parameters, pressure-temperature-dependent guest molecule
occupancy, the disordered distributions of guest molecules and the nuclear density distributions, the thermodynamic and
kinetic process of formation and decomposition, the translational and rotational vibration models of guest molecules
and their quantum state transitions. Using CO2 to gently replace CH4 in methane hydrate is one of the most attractive
exploiting schemes for its benefits to both geologic hazard consideration and cost efficiency (energy extraction and CO2

sequestration).

Keywords: clathrate hydrates, high pressure, neutron scattering, CO- injection
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