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ABSTRACT Gas hydrates are known to form by physical interactions between host water and guest gas
molecules and thus can be treated as a special type of icy materials. The gas hydrates are recently highlighted
because of their use to future energy source even though they were discovered naturally in the deep-sea marine
sediments a long time ago. However, the present and future urgent task is to develop the efficient and safe
production technology for recovering methane from gas hydrates. Here, we propose one of potential recovery
processes using swapping phenomenon occurring between gaseous carbon dioxide and methane hydrate
deposits. Such a swapping process provide several technological and economical advantages over conventional
processes. The carbon dioxide can be directly sequestered into methane hydrate layer and simultaneously
methane can be produced with a high recovery rate more than 90%. In addition, the icy powders can be
effectively used as a new medium for storing hydrogen. To increase hydrogen storage capacity the icy hydrate
networks need to be redesigned to create the more empty cages in which hydrogen gas can be enclathrated.
Functionalized icy materials might be used in a variety of energy and environmental fields.
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) e 2E9t £ oA AAEE A kA soj=
do|EL Aot G Fe|Ru, R0l 95% o4 e
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njeha) B =HoAli oalsteta, HArtA, 21 4
7} B3} whgatel AAEL slo|cHlo|ES B4 thorpst
Zdo| A AT gk AR sto|=ajo|Eo] 3t A
A WL AT, SR HATIAG ojAlstEral]
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Table 1. Storage capacity for storage options (IEA GHG 1999)

A% Wy A 58 (GC)

F AG 1400 ~ 2x107

7T A% 87 ~ 2700
H7taA A% 140 ~ 310
H43 A% 40 ~ 190
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CHolE (clathrate hydrate)&, W*E 3}HE (inclusion com-
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o] 7tA7E 23 BshA Aol oblet £ Aol
ofsl 1A Aefe] 2o EAste SetES TTh ol
gt 7k StolEgo|Ee ad¥o 2 JIAd AR (hydrogen-
bonded solid lattice}Z ©]F= A &2} (host molecule)Ql &7}
o] bl 2H =0} F0)7k= HAEA} (guest molecule) = AJEC
B A, o34 933 vissh] Hoju Ao R
SHAQN 453 2] YEAY +2F 7HXI (Sloan 1998).
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WA 52 (polyhedra cavity)2 7}A|A| Hth Jeffrey (Jeffrey
1967)0] 2Jsf AtE FHHQ ni" 2 H|E o T
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27)0f uje} 24 EA0) 44 5 HHow Ui
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lol=g|o|E 212 1965 McMullen} Jeffrey (McMullen
and Jeffrey 1965)0] 2J8t X-A 3|HEX (X-ray diffraction:
XRD) ¢1-te] ofsto] ¥zl o, o] Atofi= Aba} ol
(ethylene oxide)o] o2&t 7218 4670 BEA7} 270
9o 57 B33} 6719] 56" T3 ZH= YA (cubic)] A
Fe S A5, AR} (lattice) 2] 272 12 A o]t} (Figure 1).
ot ok, o]Akalgkas (carbon dioxide) B B4 (hydro-
gen sulfide)7} @& 3lo] =0 E (simple hydrate) 2 1-2-1&
FASICE slo|Ego]E LRI 1965 Mak@t McMullen
(Mak and McMullen 1965)9]] 2]3t XRD H+-of 2l3lo] uta
oo, o] A1E 93l HEdsto| =2 7% (tetrahydrofuran)



| Belpart AMEIQIT FRE 136702 EEA7F 167]
9] 5% E3at 879] 5% HE2 Zte ARYHE AT
(Table 2). AAH= Tho]oHLE (diamond) FHERE Holw, 27|
L 17.3 A o]t} (Figure 2). 0.76°0 A 17bA]Q] R ZH& ZH= of2
2 (argon), ZHE (Krypton), >4 (hydrogen), Ak (oxygen), A~
(nitrogen), ZE23} (propane) L o]4~ - FE} (iso-butane) 52| 24|
BalEo] g slo|Ego|ER FX1E F4TUTE EdH
89 2A}0)E (trimethylene oxide), Afo}EZ T2 (cyclopropane)
2 315} o (ethylene sulfide)S Fto)=do] EVL FA ==
Lo} org x| weh 7219 5% FEa FE-19
5% =32 = 32 $A =t (Sloan 1998, Davison et al.

Figure 1. Crystalline lattice of gas hydrate, Structure-I (Sloan
1998).
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Figure 2. Crystalline lattice of gas hydrate, Structure-II (Sloan
1998).
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o gxel grelel olal HLFL fstoloRic Qurne
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EE AAISEA] Felvha oei gtk 22uk 19873 Ripmeester
= (Ripmeester 1987)- 32}7] 3 235 (NMR spectroscopy)
oLt X-A 3)A BUEA (X-ray powder diffraction) 5¢ &
Fofl ojste] F2-H| EAE 93], 1996 9] = Udachin
7+ Lipkowski (Udachin and Lipkowski 1996)9]l &t ©2%
(single crystal)®] 3| AEA 227t BEEHG 34709 &2
27} 3709] 5 5, 2709 4°5%° S5 1719 576" FES
2 AR FAGHE PRHE SR (heragonal)9] 2
AREE 7T glom, 71BA) 55 572 AYE (con-
necting layer)2 #Ast7] ¢85kl W& I3kt (Figure 3).
F2H7} HYSHEY] Slstelae 2717} B % FRel A
AEA7L 7-HTt (Sloan 1998). Z, w|gh ¥ &3hpae} 2
e BB A 5 (57, 45%)0] Bolriv, 744
Hrp 2 4294 (neohexane)?t ZE BAES £ %
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Figure 3. Crystalline lattice of gas hydrate, Structure-1I (Sloan
1998, Mehta and Sloan 1996).

Tabel 2. Hydrate crystal structures (Sloan 1998, McMullen and Jeffery 1965, Davison et al. 1983, Ripmeester et al. 1987, Mehta and

Sloan 1996)
Hydrate Crystal Structure I Il H
Cavity small large small large small small large
Description 512 5'%? 5% 5'%"* 5" 4%°%° 5'%°
No. of Cavities / Unit Cell 2 6 16 8 3 2 1
Average Cavity Radius (A) 3.95 433 3.91 473 3.91° 4.06° 5.71°
Variation in Radius® (%) 3.4 14.4 5.5 1.73 not available
Coordination Number® 20 24 20 28 20 20 36

: Variation in distance of oxygen atoms from center of cage
: Number of oxygens at the periphery of each cavity
c: Estimates of structure H cavities from geometric models
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F4HE S8t 7K. Slo[=H[0|ES| BIAE (microscopic) eS|

7k stol=alo| Abo) B4 WU s A gol
A= e EAHE A4 stol=go|E A A4 st
+= UJAI (microscopic) F oItk o] {7t wjA A L e
AV el EAoms s8Ry 2% (NMR) S 2
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7k slo]E o] EQ] NMRS o] 8-8F E44-2 NRC (National
Research Council, Canada)2] Ripmeester groupol] &J3) X2
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Folxl=d, Al F29 22 T332 SHUA 12712 o] R
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W Bl £50] 93RS WA =@, web Al 29 57 cage
L 42 t}E chemical shit 2 x}o|E Ho|A Hok

2 HAZ NMR 242 9J5) AH§E 714 sojdlolE
Xe slo|=go|Eo|t}. AAZ AL Xe2 EA}] A7]9} &
ool wlEt} fFARIA £ 19 & 53X
AL 4 9 B o olje} sholsdol=] Y2AE §2)
sich 3 ebA T} 20 HAxLE L] 2L (polarizability)
2 QI&l| 2 chemical shift HS 2 4= 9Jt} (Davidson and
Ripmeester 1984, Ripmeester and Ratcliffe 1989). Ripmeester
=0 ¥e chemical shift7} Xeo] ZAH T30 o9&k A}
42 018314 PXe NMRE ol8314] Xeol Za P21,
FR-, FZ-H slo|Ego|EE FESIF T (Ripmeester and
Ratcliffe 1990).

T A wg stol=eo]lE A9, 2 Tl =HE v
gl Bx}o] 5C NMRe] 5T 2]Z2]9] chemical shiftS ©]-&3]
EEE
HPDEC / MAS (Hi-Power Decoupling / Magic Angle Spinning)
S ALg3to 24 ZH NMR 1|32 A2kz|l sj4o] 7%
S A2 2t 20) HEE WA ofo] £ deistala o
Hotod Ao RN 7t 53 dfhed ANE = it E
3t dojll A1}t=Z hydration numberE AAF 4= Qlch
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A FEE B

RT
Aply=— —BIn(1-6, o) + In(1

23 ~Ocm)]

RS 4= Ut} (Ripmeester and Rateliffe 1988).

+Z 1L
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A= —
Hw 17

47014 O3 G2 22t 4982
L}Emm At HolSl Blol=aolE ARjet Al 5
8 Zelld A5 oulgith Ap, #he of2] Akl osf 1
NIRRT 3?—3}?_15] glom, gtz om JLzlof thafA] 1297 J/mol,
F-Z-110] 3] A] 883.8 Jimol2) ZH-& AM-&-3tct (sloan 1998,
Dharmawardhana et al. 1980, Davidson et al. 1986).
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B4 IE¥ dtol=#o]=9] PC NMR spectrum Brhe H4)
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webd, B7 £50) AHRE TE10] e S PRI
9] 2 230 YA o|alslets EA= NMR spectrum o]
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EZ "C09 9 NMR sepetrumofl 4] ¢ e =S
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QurHom oltslaiy Ba) 27|12 s P2 19
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PC NMRE Ea)A] ojAtsleta 827t 213 2119
e $EL AL & A8S HHT FEHY BEAR A
42 £E YUSE Bk olFL Apy= 1297 Jmol® G
hgstel 919 7] Aelstam 2nlEde] WHoRYE 5
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2 Atk

Z Z_'O E.J_J,}‘ELE_J__’]

2 A79E "C0,E o143 AT ofikaleka T 3o
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S AL P21 4 57 9 2 FE BF A
= A& A5t o] spectrumof A 22 Foll HAK €]
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6., =10029} 5, =182.72] chemical shfit tensorE 7}A]+=
powder patternS X 0]31 Qlt} o] chemical shift tensor2 5 &
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e woic

wjere] 79, 714 e (33.6 ban)ol|A4= 2917.6 om' o] 3t
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7@@' o]— /\ o]r,}
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Figure 4. °C NMR CP spectrum of pure CO, hydrate at 243K.

s 2HE 0|23 02 oUX KT 2L} X2| Yok - 85
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i} slol=Hol= Arps02 YA Hu o e 5
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B AL T2NE WS A02 YA e e
AFEH A L2 2 13 (12739 em )7} F212) &
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2 9Ir} (Seo and Lee 2002). 0|25 agt 2BEH X o] 52
of 9 FHAE SJOIEHCIEY PEE AT F Uk
o|AlstErs sto| o] EL= vlgt Sto]Ego|Et EE| 2
d} ;g]ea"_j ]/\~] 71»71-_:1_ E.:__,,]. Zho E_-—oﬂ EHDPOF J_]g_
S 789 5 ok tep ek A9EYS B olisiEis
EJ: 539 Aeeo dit AEE ¢& e WY
(Uchlda et al. 1995)2 olAl3letaol £ 2t 7
=9} ojAlaleta o] SIS o] g3te] FAR W} 7.24
- 7.68 AL Q] o|AlslErA Flo] = 0] E 2] hydration number
£ olo] itk vt slo|=|o]|E Q] hydration number7} 5.8
- 63 A 27 ol TAgle] Ao} YA U Hole
by, o]alslela slo|=Hjo|E9] A9 4 Wl whet
ook MRS A1 vorst o] ols) 24 oldkstet
lo]= @0} =9] hydration number= Table 3of L}Eh} Qlck
FH2ols gyt Bad Axzte s P o] 7HssiAA
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Figure 5. Raman spectra of CO; in gas (25.5 bar and 293.15
K), pure CO; hydrate (sl, 27.3 bar and 273.45 K) and CO; +
CCl, hydrate (sII, 26.0 bar and 280.25 K) (Seo and Lee 2002).
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Table 3. Hydration number of CO, hydrate obtained from several
methods

Method n reference
Theoretical (L-J 6-12)  6.82  (Parrish et al. 1972)
Theoretical (Kihara) 7.26  (Parrish et al. 1972)

Pressure drop 6-7.8 (Aya et al. 1997)
XRD 6.2 (Udachin et al. 2001)
NMR 7.0 (Ripmeester and Ratcliffe 1998)

Raman pectroscopy 7.24 - 7.68 (Uchida et al. 1995)

gollo] A Fto|=do|ER B2 Pg HiloA sto]=o]E
29 W4 TS AT et 528 BAA DAL A
o] 7lsaA ) Kawamura 5 (Kawamura et al. 2002)2 -8.7°C,
16 baroll A Lo g ojAbsleta: 71AI9 FEHAIAA ol
s Slo|EaolER HBTE HAL it LHEYS B
o Bk A17bo] Z7ktel whet ko] Ao <l
2 sfol=slo|=) 92 ZEsk BT F7h)

%l%%# Qglem, o Zue 2 27N 7t 28

= '

oj2f olx|H222| HIE 5t0|=3[0|E

siA EIXEQ mE slo|=20|E

I m’2) gt slo|=dlo] L of 164 m’o] 0|2 wek 713
2 AAslY 9lon, sto|Edo|EE digjAlylet Badt
NUR = AZE o9 15% vjgte g vl £ U]
AR 52 Kol gtk A Az 10704 10 m’ A=
o] et sloj=go|Ex} A3 E]HFo HAE U= AL
2 deA glon ol #A Ao Qe A AR F
dfol] 7i7he o uA| oz FAEI Qlo] ES AETE=
B AgAol ule) oA Yo zhjuka glrt (Sloan 1998).
o3t Alg)A wjet slol=olE] A UL IA F 7t
A& gA =, EHZo] 23 5 AEEY A7 R
a5k PAE oiE 7|2 FAPEE AE 7194 (bioge-
nic)Ql AA Aol WiFEo] gl AR Halea EHE
ZHE FAEE= 4D F (thermogenic)?! AB/d0] ATt HHA]
met slo| S o|ES] 7hg H HYLR ‘”E%Xﬂl U= e

gL et stol=AlolE F2 7219
oﬂ Aol YR B LEAA
28 WAE7] B FHE]
offerolut 3% %§}¢ of ot FRel vt T, F

2, 283 F2-HE ookt L2 E 7HAH, o3 Aha
Ql gt slo]=go]Ex WA Tk SR Uf u}]xgxloﬂ/ﬂ
2 97 gt} (Sloan 1998, Sassen and MacDonald 1994,
Pohlman et al. 2005).

Al HERR| 340t OjABIEMNO| ATl KT

Aol migEle} ol HiEhs st} oA PR Af
2317] Y3l ofz] 7HA) o] AltEiet e fAE sHE
2 st HEg Faahs @594 B, mge 59 9
AAE Fsto] mgt 7]H9} gk sto]=do] 2] HHatE
AAZ Wslsle v JAA FUY, 5k YEAE ol E
sto] vgt 7|8 WEshe gEiehe] aAlolth A
o|Z3t WHEL slol=do|E R RRE A=5E 78| H"
slo|=do|BES Bafigte] 3|48k Hlofl 250) ghFoiA 2l
of, AsjA ElFZol FAA A= = stol=dolE T
of olgh Wiio] ALSE AL, A Ao BT = FE
3k 2= 9T} (Ohgaki et al. 1994). E3F Haf w0 240 A
so] vjgto| FASA UEE A, 37 FE WEEH W2
oro] g 7]H2 Qls) 24 A B FieslE 4 9l
(Lelieveld and Crutzen 1992).

2] 2o]| o]t 34> W Eel gt ieteZ stol=go]E
o) BaE uieix] = o 3 W] AlYE it (Komai
et al. 2002). o]Ak3lEtAE Aldlo) 2o} orE 2704 sl
S o|ES YA5tH, A H ojildtEta Slo|EH 0| EE =
B} 9irt 37] el AR sietstA "k o]t 4
& B9 AT 28t 7ha9] 71 QB4R olibshEAE 4
o) Ash= do] o AFES Fal Al o] Stk o]
ol Ti3lol, ojAtalerael sto|=do|E P4 x7lo] et 5}
olzglolErT} ¢ QPicte AMIREE sto|=FolE ¢
o ZAFEo] e wigh 215 olaksleta BAR X|gsl=
ohi sk 2Ao] slo|Edo|E Bl SukshA] o gk 3
50} 24 7k AAFe] £ 7H] BEAE FAlO) gAE 4 Sl
gk oR Weaw ok olelgt ojildieka A
o] g2 A, Lee 5 (Lee et al. 2003)-2 1A =757 &

I (NMR spectroscopy)S £ 7212 £3t og 5}o]
‘:EﬂolE"ﬂH v erat ojAtstekAo] ghudl @4k HAYS
S Fstgieh Figure 60f Wrebd oghat ojibsbeta: E3t
7pagiE F45 slol=do]E9] UC NMR 22EFH 2
e L2 Blo|Se|o|EojA gkt o]Atdlgla: £A14] Ul
XA AS-S At 9ok «ad vg sto]=go]Ed

A 512056_ (S)-"l‘ 5126 55 (L)9 A v (05’0111/65’0%)—:
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Figure 11. Replacement kinetics of guest molecules in the sl
and sl hydrates. (a) Relative moles in the sll CH, + C;Hs hydrate
replaced with CO, measured by gas chromatography. (b) Replace-
ment rate of CHs molecules encaged in sl CH4 hydrates by N,
+ CO, mixture (square) and in sII CHy hydrate by pure CO:
(circle). The recovered CH, is 85% for the N, + CO, mixture and
92% for sIl CH4 hydrate with CO,. The dotted line represents the
64% recovery rate of CHy4 obtained during the swapping process
between sI CH4 hydrate and pure CO, (Park et al. 2006).
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Figure 13. MAS 'H NMR spectra of the THF + H; double
hydrates formed at 120 bar and 270 K as a function of
concentration of THF. The NMR samples were prepared from
deuterated water (D;O, 99.9 at.% D) and THF (THF-d, 99.5
at.% D) (Lee et al. 2005).
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Figure 14. H, gas content as a function of THF concentration,
and a schematic diagram of H, distribution in the cages of THF
+ H, hydrate (H, gas content is calculated from gram of H, per
gram of hydrate, and expressed as wt%). In region III, H,
molecules are only stored in small cages, while in region II both
small and large cages can store H, molecules. At the highly
dilute THF concentrations of region I, H2 molecules can still be
stored in both cages, but extreme pressures (~2 kbar) are required
to form the hydrates. Pure H, clathrate (2H,),*(4H2)-17H>O
would have a 5.002 wt% H, content (Lee et al. 2005).
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