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Thermodynamic stability, spectroscopic identification,
and gas storage capacity of CO,-CHs—N, mixture gas
hydrates: Implications for landfill gas hydrates

Lee Hyeong Hoon

Department of Ocean Energy & Resources Engineering
Graduate School of

Korea Maritime University

Abstract

Landfill gas (LFG), which is primarily composed of CHs;, CO,, and N., is
produced from the anaerobic digestion of organic materials. To
investigate the feasibility of the storage and transportation of LFG via
the formation of hydrate, we observed the phase equilibrium behavior of
CO,-CHs-N; mixture hydrates. When the specific molar ratio of C0./CHy was
40/55, the equilibrium dissociation pressures were gradually shifted to
higher pressures and lower temperatures as the mole fraction of Ny
increased. X-ray diffraction revealed that the CO.;-CHs-N; mixture hydrate
prepared from the C0./CHi/N2(40/55/5) gas mixture formed a structure I
clathrate hydrate. A combination of Raman and solid-state C NMR
measurements provided detailed information regarding the cage occupancy
of gas molecules trapped in the hydrate frameworks. The gas storage
capacity of LFG hydrates was estimated from the experimental results for
the hydrate formations under two-phase equilibrium conditions. We also
confirmed that trace amounts of nonmethane organic compounds do not
affect the cage occupancy of gas molecules or the thermodynamic

stability of LFG hydrates.
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1.1 773
1.1.1 W HX| 7}~
A 7k~ (Landfill gas; LFQ)E 22€7] wiggdoA 714 #7]1=o] @7
3 zAstell A whe ool & aE w HAEe ETbolth dtH o R
LFG= wIgH(CH) 2 o] shed 2 (C0o) 7 Z42h 40-60%=2 734422 F 95%5 2
A, 1 9o &3t (S)H PR Yok(N) Fo mEe] faf kv of
5% == T3 H o] Ut
a9 112 AP T e dubAQl vy s HAGAIE UERd Ao
ok w gAY f71E Falle A 7 7HA FHE Qs wEzr]d
1A= 3714 ElEs FASHAR 71de] A3 F 2u AR dojztel uwet
A7) el Weta CHzb 2ASA ¥k, 200561 wES A A (Kyoto
Protocol)9] wgol & A &% t3tol] gk AAACl #do] v F7kska
d= AN HAA, 6t 247t22 AslK €0y, CHy, N:0, HFCs, PFCs, SFso] 7%
o] o]Fojx L gtk o] whEl LFGAl thFo = FfEo] =
CHi8F CO,o Bl Aol gt A7 HaAo] AZ|HL dorm o5 ¢
g AT7E &de] 218 Folvh. wulo] A5 wiEd A ¥ 90% HAEE
ol ofEstar vk, 19 1-2& I wigAY] wigrbs A @3] i)
UER L Qo 200438 7o A wlgR] 234704 Foll A ot E w g
A9l 8/ Aol ARt LEGE A3t A Bl skal vk, o]9e] F - At
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1.1.2 7}& 3slol=dgolE

Ir

7} slo] =0l E(gas hydrate) =& Ae] 2P olE slo]=g o] E(clathrate
hydrate)© A< - 31¢9] oA 443 (hydrogen-bonded) & °]F& &
Zk(host) el CHy, €0, &3 22 AiEAF 7h(guest) 7} EE = o
A A ol Fa e FskEY dFolth. AATFse] go]z FF
I 7k FAEo 9%k Vb stol=go]ES A ow £ mpo]ZTl 1d
Ag AT o] A 601 HAVEE stol=dolEo] i B AUt 1
g xjo] gkti(Berecz et al., 1983; Sloan, 1998). ©o]% 9+ TE X9 2 &
A E AT vl CH7E 7F: slel=do]E AEl= F-EHo] Sl Aol oA

-

=

Hof ol st ¥4 = A7 4= 7SIt (Kvenvolden, 1999). #H <o+
37 AQ FHoA Tixslol =g el ES U E o83t &&= gk A7}

Bo] o]Fojx|aL o, ojitstetao] e A (Lee er al., 2003; Park et
al., 2006; Saito et al., 2000), & 7h=ZHE O] SR, HoS, HFC 59 &
of #3k AT7p &e] Yokt (Cha er al., 20105 Lee et al., 2009;
Seo et al., 2004; Yamamoto et al., 2003).

7}~ slolEgo|ESl AA xR+ s (cavity)ol TRHEE 7h~ A9 A
716wt & Fx2E A4, dAA dER FxREs A A A=
McMullan and JefferyZ} ¥Z$t structureI (sI), Mak and Jeffery7} =7gh
structurelI (sII), Ripmeester &2 A9 23] 932 structureH(sH)7}
AtH(Mark et al., 1965; McMullan et a/., 1965; Ripmeester et al., 1987).

312 7k stel=dolEe] A 543 T|eket izl tial] LERd
i gk dAZA dEd FFe §3¥e 19 1-33 o] 5%, 5%6°, 5%,
4°5%7, 5%6°] dtt(Jeffrey, 1984). 0131??} sEEol dAsta U= FEd
e e stol=dlo]EVE A4 2 F A ARV vEA du. A T F
o WydH 7S uYste WHoRE E—S’: = A A= (H-0-D)<
104.5° o digh v zte] Zt=(0-0-0)E HluFgoRA Jhsete, WEdHE A
T 5% < 5% < 56" < 4°5%° £o s FUhEth. o7]A 5¢ B
0-0-0 Zto] FdstH 7 8ol 77k o =A 99 v

0. E3 sHZ I 535S 7|22 Wy zhel nls) Ae] 28] 717tol

i o ©o
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+ sH 7} slol=go] EVF A Aol A
< AWE F A& olF F stye]th(Sloan, 1998).

7k StolEdolE F2 F s 12 YWAl(cubic) TRE 6719 14W A (576%)
2 FAEYY. dukd o g JpaRzl A Aol 6 A HTH

T 2 5ol sI& @At oo 7}

< pzs
B2 slo] ofd sIE FATH. s+ thololm= FEo AAE 7}7@“4 167H
9l

2
o] 7ol 6-7 ARl LRI} SE Fo] AA EARA I
HJ 35 3/ Fe Z719 129A1(5), 2709 3 A7) 1279 A (4%5%°)
9] 2 20WA(576°) & AFor FAH Atk 53], @d A
Tx} oHdE = e s, slohes @8 sHe F3o) ¢tAshy] Slside 4
= 27 o)A AA EA7E EAS|ok s (Ripmeester et al., 1987,
Udachin et al., 2002) ¥zt A7o] 7-9 AQl wEAlo|ZF =23} HEAlo]EZ
Aek, Yo dA 5o &3lErEo] sH 7k o= o ES FA 3},

1.1.3 7} 1A3) 7|&

7}~ 3 A 8 (Gas-To-Solid; GIS) 7]&ol=t AUA| 7t ~& xgstal = A

Vg o R WEele] 4oy AR EFS SEA 7= TlEott
E3], GIS 71&L A3rtas wte=d o3k 1k Fx4n]o e Aol ¢l
7] wiEel H AR, G, =240], vm T AxTelA duUATte] a&
A A B FES gk AN FAR FEAds A .

7h2 stolEdolEVE A B FEE St EARE NS WA He olfe
T AR vm 7F dv A HA ol i B §99 JtaE e
1= of 1%l 1-48} o]

7}~ slol=g ol Eol A& (capacity)olt). o=
1 cr®] wWEe7ps stol=go]EVL sfeHd e
g7t29t 0.8 ard &2 YA ¥ H(Sloan, 1998). 3 7h2 o] =go]Ex=
Z¢7 Aol o) o]Fold Jorr 2% ¥ A F st gyEo =
B3 Ztag gGA B He 540 U



A Bl FES Sg 7Fs StolEYolEY T HE SAHSREE TVl Shol=
dolE9 z7|HEG I (self-preservation effect)”} Ut}t. o)== 7k~ 3fol
ol E7F 7]t stollAd Aol w5 2REY 25 HWE nded 2 21
oA EEEA Fi FAE F e AL TbesHA skl s wEn
(Gudmundsson et a/., 1986; Handa et a/., 1986). <Al AF3F 7t slo] =4
o|E 9] 7}2o] A5 E (capacity) N3 A7F2(ING) 2] 439 1% o] A7t
BA R mdEgt By 2% 2 9 A dH] 5o "ol o] gt
Gudmundsson's> AAES g o= EAF A FtolA FolzZElolnt
Mukg o] 43t AA7F~E FFo] obd NGlH(natural gas hydrate)?] HE|2
k= Aol gk A AdE AAEdT. 29" 1-6 7E B AR
Z yehd Aotk 1000 km mwre] Aabsko] &
FEol 7 A, 1000 km ool AAbRFo)
ARk 5 - At

1
3
=g Ao

of K
14
)
[

(Takahashi et a/l., 2008).
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E 1. 7}~ Slol=Ho|E9 F+x4 EA (Sloan, 1998)

Hydrate stal
yorate Cry I i H
Structure
Crystal Type cubic cubic hexagonal
Space Group Pm3n Fd3m P6/mmc
Lattice Parameters a=12.26
. a=12 a=17.3
(A) c=10.17
Cavity Small Large Small Large | Small | Medium | Large
Description 52 Vi ¥, 51%* 52 45%° | 5'%6"
Number of cavities 2 6 16 8 3 2 1
Average Cavity
) 3.95 4.33 3.91 473 391" 4.06°  571°
Radius (A)*
Coordination Number® 20 24 20 28 20 20 36

Ideal gas composition

6X - 2Y - 46H,0

8X - 16Y - 136H,0

1X - 3Y - 2Z - 34H,0

a. Variation in distance of oxygen atoms from center of cage.

b. Estimates of structure H cavities of each cavity.

c. Number of Oxygens at the periphery of each cavity.

¢. X and Y refer to large voids and 12-hedra, respectively; Z indicates the 4°5°6® cavity.
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Pentagonal Tetrakaidecahedron Hexakaidecahedron
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1.2 d7HE
B AL AE F - 2R dAo A B RG] A4 2 559 9
HHOR Jh spol=olEe vk nAIS VEs HEstaal sholth. LGS
8 AE9 C0-CHAN, EF7L2 tol=go|Ee] Aty ebgdde] that &
& AYstdon, E AT Lo

C
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=
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Aol BAEE el dvk. o] A=Ele AEd SA4S 9% o 7HA
U 3 owladlg =2bo]d (magnetic driver)E o]&3lo] A U] &
bladeE 3HAI7|= WS ARESAL vk, o W2 A Uy viaulyg wf
(magnetic bar)E Yol 7F& SPo|=golEE A Al7]al dlg|A] 7] W
Hls] 71 A4l 0= bladeEs 3| HAA F7] wliZel stol=#o|E A4 A H

wo oko] Flo|lmFolEE AAA7|H,

=

T

==

>,

AAN TS a7 FHo] ¢l

%

= 4 = o] 9l
ol wadlE ukE o] &% A HAAE stol=gelEe Wrt St
sk A ol ol 3 de Rata AA e Mg, vt =eelwE o
&3te] bladed 3|HA7IE A4 AEHow B3 7k S5, A3 7o) v
ST 7 o= AF WAL SUHAA stol=YelEV A& er Y d F gl
T 848 wEeo 3] ol

o] A2H2 AA 2% 3 dHS 24 & 5 e dEEY, 1Y s A

ool 2rxde fE FAE ASHoR SFAA FE FLFE, dol=
dolEe] A 2 oFEsF dojubs sk ke AL 2k gl 4 AlA, ThaE
o Tom ggEe] slvk. gt wkE AL Wi B7E o 300 carelw g2
A AL AzxHgor Ao g4He 30 wH A ¢ AEF A AT
Ao AW} TR AL gl AekiEs 3 HdH stol=HolE Ao

A% A E @Fe] vl HolH e 7k stol=do]ES deE dS5S
8] aretw  CSMHYD(The colorado school of mines hydrate prediction
program)E AR&38le] o 53k Aotk (Sloan, 1998). ©]i= 7} slo]=do]E 9]

] EA dF5S 98 S3ld 2o =M van der Walls W42 2

] g3ato] stol=dolE T We] 7k 243 Fol A7

el EHE cage occupancys wAE W ¢ lom, AAAE Tt slol=
A}

do]EQ A3 = cage occupancy ARt di] o] &% a1 Qitt.

Jkxdtol=dol B9 3AHH-Lw-V) HIS =AHs7] $JelA = Gibbs phase
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of AH&E A8 COQ/CH4/N2(4O/55/5) =
He 27delA Azl &
A A L= 9 80 CToly o]
=Rl M Co7E adem wate] AlmRel EAl7F A717]
2 stol=do] BVt kA4S ¢ = -30 T= AskaL o
oAlA A HAAIZL F o Thse] u)
I el -196 Ce] AA LT TFA%
o7 AL BGE FAMNA Ft

Al
=
£317] 98 HAAbEg olgate) M) 250 m olelr}t HEs Ean.

L o o =2
= M
ol

o XL ore X

B oL oE
ob

)

2.2.2 XA 3)AEH
B 23] E

XA (X-ray)< 0.1~100 AAbole] TS 71A= Ax7|aEs waiy X-4 34
B4 (X-ray diffraction; XRD)< o]2]gt XX} FxZ<l A dx F, 2
(crystal)#¢] 5285 EAstes As E3rh. 34 Ho vdee i )
et Wyel 71249 Jd e R Bragg's Law/b lew o] ¥ 2-39] X
A sldel delE B A9 5 k. Z7)el 3ol A9l XAl f9 YAz
o= AxHe] YAtEW U= wAbEI, dF= A 24 dA
AAEHA . o)E T dF= sty

= 507k AtdeA ¥

n\=2dsinf

(n: B2, A XMO| T, d ZNBO| 2, 6 YA
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=, YA HRARZES kAl Sl AstelA Ao EE AW 4R d
E T3k 3ol HAoltk. XRD 549 7MY 2 AHS 34 dYys #Age=w
A Fx2AJ] ARE 85T  Adoe Aotk A EAlete B 2329
AL ES 230709 Fxhro R e 4 9= o]E space groupol#til g
th. XRD =74 9 refinement S T34 & 5 A= AR EZ T space group
I AR} A4=(unit cell parameter), o] WH3slo] thak x4l AR o}
Y A4 5ol widEoe] = Adoly dAES WA 5 thFsith

o
s T

resolution powder diffraction(HRPD) Xl #}¢lo] o] gxich. o] Hl &elel 7}
4 2 54 multi detector system@ & 77098 HAZE717F BAlo 27M3817] wfi-
of A& F4 A @5 Fo] AT, T 2=xd FHE ZEFal 3lo] 1

491 300-900 Ko] 5= LRk ofyfel A£-o] 10-300 Kol A= F7 o] §-o]s}
o, ¥ALY 7FE5719] H o A2 synchrotron radiation©]”] w)
o= oyAe] W7t 4-20 keV=2 wif- A0 o]= Sl dwk AP A A
|53 Q= XRDl  wWs) €SB S f=(sensiti
(collimation)& 7FAtk. Synchrotron XRDE %3+ =4 ZAI}ZS o]g3dlo]
refinementE AAIE v 2Amo] Yepd 9359 #ert 4ds] H7] Wi
of Bt} Ak efAo] bttt Aol

2 A9 XRDFA = (02/CH/Ny(40/55/5) E¥7k2 stol=do]E AlRE
Abgslglom TN 1.5496 AoE =SAHS AAEgrh. 3d sjge
8-149° o] ol whsl ZAHEASM step lengthe 0.05° = AT
Phase identifications $84& CMPR Z 213 (Toby, 2005)2 ©]-&3}3 o,
AA} 249=(unit cell parameter) 5 AlHF-ZA < AREL EXPGUI 3| 7] A (Toby,
2005) & Abgste] F53k3A

ﬁ
<.

=
<

N—
)
ot
o,
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o)

ek 3% (Raman spectroscopy) @l &= @ &
= B ZAbste] AP vE ek oFgt

SAsk= Aolvk. 19 2-4% AHAsteAe] sovt 29 EHS Ul Ao
2 A e AeFE A= AFeS dgloly] Abgr(Rayleigh scattering)
ojgta st M= v, Ao FEE yehdth. #eld AFeH(Rayleigh
scattering) S 7| o2 Y% Auyoezr IIrF & ~E2 A (Stokes
scattering) ¥ QL E%9] SQtE|A&E A~ ’&%(anti—StOkes scattering) 0.2 i
= = A e ]JJ’OJ/] FAFet ’“4 =l s ’\] SEil A F SH

19 2-59] YERd mlo]lm 2 #}uk E337] (micro-Raman spectroscopy) A]Z~El
< 7k Sol=dolE B e Ht 28 SAS AT HHom il
2 Aes oo 532.1 m Y 7HA= NdiYAG LaserS ©]&-5t
A, #HolA= 7] 150 o] &9 7HAaL low #HolA A &E(laser path)
=2 wg Az =gstA W ok 10 e AVE ZhE F AR BEAES
7] AZIA At o] W ElolAe] BlE HAATY] 9l AlEEHE =R

1

MitsutoyorFe] 71 %A 78] (working distance)E 74+ 20u]& #AZ7} AFE-FH
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ATk g F37] (spectrometer)oll= Al 5294 gratings (300, 1200, 1800
groove/mm)7F WA= o] Ao}, 300 grating®] A+ HS gk ~FET HY
(spectra range)E g ®el FAET %2‘/} walsol W wkd, 1800
gratinge H& ~HEZ HYS
-196-600 CT7HA] 2% -] 78 2% x4 2o
gote] A2oA Aol dagk 7kx fol=dolE 54 T f7]Ee AWst
5 TES] fg AP E 7Msstth. HE7]+ Multi-channel air-cooled
CCD detector (=75 C)E A}&3IEE A5 =4 A7 @0 fo]s}r}.
AT 97k shol = o] =4S 98 Nd:YAG Zo]AZS A
4332 1800 groove/mn?] gratingS AFE3le] £ a5 (0.1 em S 7}
A= Bk 35S 53T, T3 THNS600 =% 24 AH oA & o] &-35}o]
NAAA(N2) LA FAE ¥ o w=FA]7H exposure time)S 1sZ =
Aot th. +4 Sl4(Accumulation time)i 532 AA3FSaL o]of weg} S/N
ratio”} F7t=o] Bt} g HolHE & 533t

H
jon )
=
w2
(@)
(@)
O
td
e
o
-

|
>
i

2.2.4 9 R7|FH 39
W 2ol &

N 21715 B33 (nuclear magnetic resonance; NMR)S Raman, IR, UV &
[e]

Fohat e UE Y 57 249 dFolvh. NRE A 223 £
= Az )29 (radio frequency: ~106 Hz)E ZAFSte] Al&7) o] gy
Qs Fste dA4E ol &S, AVIM AL AZIZE AW S5 ¥4
o] ks o FopAA At

2 A AFRE AE e 7Fs Sto|=do]ERA anA] AEjolth. dwkA o
2 A MR el Bol AREE AL s ol AAE olF = AARY
AAE7E =2 A o8 Hu FEg M s o U7] wZolvt. A



HATFL(KBSI) S Bruker DSX400 NMR spectrometer=

WS35 (Larmor frequency)E ©]-&3dte] HAE ST}
7} slelEFolE w3 ulol (0, B CHy wA=4 ZHFHE &str] <sl
BC cross-polarization(CP) NMR =A3 ¥C high-power decoupling/magic
angle spinning(HPDEC/MAS) MR A& HAek3ith. (0.9 745 &4 A
37F Aol 7] wiitol MRS Al 339 HAZEFo] ol dAHe] o] & =

Aol AMEE ETEA stol=glolE Almol = F007t W A7 AT, Az

N

ANae AADL F97194 4.0 mm 27 9] zirconia rotord]l BAZX & 54
ok Alge FElE WA YE 240 Ko oA F7go] o]FolH k. Al
el Ad o=z BC (P MRS pulse length for proton®] 4.2 us, pulse

repetition delay: 3 s, contact times 2 ms® =AEJvt. 28l
HPDEC/MAS NMR =42 pulse lengthi= 2 ms, pulse repetition delay+:= 10 s&=
dAskslen 2.4 kre] A FEE 7 SAEIH. V€ 2d=2= 300 K
| A FHol <3t 3}sto]E(chemical shift)zko] 38.3 ppm@l adamantine©] A}
| AT
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Wave 2 / \
\/

g Reflected
angle

/
Wave 1 Incident
i | angle
Rtomic
plane
d :
Atomic
plane
B~
d sinl

29 2-3. X4 529 97

- 24 -



Yo
€ Stokes — 3 | €& Anti-siokes ——3

I Y !u_)"\__ =

Raman shift{cm- ) 1000 460 0 -1000 cm -!
Frequency (cm-1) 18435 18975 19435 20435cm -1
Wavelength {(nm) 42 4 5270 514.5 489.3nm

39 24, AGHT-LY ASee A=
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PI Spectrometer

Olympus
10X eyepieces

Laser travel direction
L-F

M-8

Long pass
edge filter

M-7

= A4 apd MSQL-S)
D-BS

20X
Mitutoyo
il Objective M-n (4-7): flat reflecting mirror;
ors U M-8: silver reflecting mirror;
2 . Sample IRIS-n {1-2): IRIS aperture;
t: ==z == = L-F: Longpass edge filter;
* CE D-BS: dichroic beamsplitter;
MM IRIS2 C-LS: calibrating light source;
M-M: moving mirror;
Tlﬁl;ﬂil;:gi XYZ sample stage E; 1800mm1200mm optical table
PIXIS CCD 1200g/mm
Detector 300g/mm
_ B 3r j
a9 2-5. upo]a 2 Rt £47])¢8 RAE
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7y~ A ZntE 189 (Gas Chromatography; GC)&-A]

2.3.1 7t& A 2vlEO

2.3 7t AAX

)

i
fiTe)

il

Aol AR

&

o

T

ol 222-6

g Z R el

CHy, Al HA 3=

P GEREE nRE Ak oy

°

COe

°©

-
T

=
=

o] GC dlolg

Ea

-

@7t

EEIEE!

Al ZH(retention time)o] =<

COZ_CH4_N2 %

Na,

=
-

=y
-

j
-

™

-
T

0|
HH

0
o

X
)

o

—

N
]

ol
N

K
7O

x
B

o

0

0|
HA

Jo
—_
X
TH
il

0

o

olo

o
JJo

iz

TR

!

Bk
e
_.AO
IoH
<

Y =
S A—

FWH (valco valve)E A X s},

H
ol

N

N

=K

2 2AM AR Aol JAERoen & A

-
T

PORAPAK Q, A& HE7|E

blc,

°©

g

3t 10 min

S

g
=

=

S|
=

100 T=

T

L
A

=

-

[ =
S

’

150 C

=

thermal conductivity detector(TCD)

TH
Y

)
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AegAel BAS 9 ~utte 7tA~2= (0,/CH/No(40/55/5) E371~8 o] &
SEaL, FAstaal sk Algel 93] 5% yase] HE S vuste]
2 o7 AeEzel HolHE =&Yt

2.3.2 7k2= 3T 573

EH7EE BPe| B0l ES] MAARY e U8 -‘H'H direct release
methodE 483} t}. Direct release methodE ©]-&
Eo] 7k AFE W Y HE EA4E fAAE M s 3] Tk Sfol
=HolE AR eItk 7k o] wdsHA e AR
el B Ao Ed(ball milD)FAS o] &slo] A2t 3

slol= o] E A 8E A%},

A2 WA A i BTN d¥ SRFE PAARES o83l 250
gmolske] F-rR LA & BH kg Hau SRS gAY, Tha F
A A DS St =54 SEF S| fe -10 T 2IolA CO./CHy/N;
(40/55/5) Z#7t2E FHAstL FFAIZL F -3 CollA 7k= om0l ES
FAAATE. O F 2252 T2 &9 7 Bad d55 =590 F 04 3 C
oA stel=dlolES FA AT, Zb GAmEe] AJREE 124]7ken] gheS
AAste] A GEvE EF7AS QA A A FYad . o o) ¢
Hark fhs o sol=elo] BVl ghds] A HAT A ddehal s Ads A
Yotk a9 2-89] 9% B wkg7

S =
—{m
=2
>
2
BN
(i
Q‘L
-
[
=
-
(m o
>
bl

IJ
juich
L\')
@

—9ll M= 7k ?ﬂ”a* 2 &3t slo| = ol E o] Tk #4 A F 9]

e IO



c @A :

solglo| =g
o|=elolEe] a
34

oA 7} SlolEgolE

T
°T+=

o

AZH o] A =],
L AFHILE o] g3t WFHIIAE
L35Fo] 25 ColA] 12A]1%F EoF 74~

_29_



Voltage (mV)

1600

CH,
1200 4
800 1
N, COo,
o J\J k /\
I I I I I 1
0.0 0.5 1.0 1.5 2.0 2.5

a9 2-6. CO-CHN, EF7F29 7t AZuED#H T d o] g

Retension time (min)
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=73

Al =273
Al 2T P
=Yt (Valco valve)
20Hl
(He)
-/

MzdE)

R R

<

V//—N§§%ﬂ

=21
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Residual
Gas

a3y 2-9. 7t2 AF

Dissociated
Gas

Y.
l.

(b) (c)

ot
M
o
112
nd
R
>
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Al 3 F AdEH

3.1 49y 23
3.1.1 CO;CHyN; EF712 o= o|ES EYE4 <A F Y
LFGol A A E= & 7Fs~o] dubA el AL 40-50 mol%e] CO,, 50-60
mol%2] CHy;, 5 mol%e] N, 18|31 YR wjgFe] 7pAE2 o]Fojx Qit}, 1A
T LRG 2 AelE LFGe 24 T N9 mol%7t thh =3 EfFHes 54
A

ol B, ole 7] Fo FYoltt LFG -9 A a9l 1e]al LFGS
7

olo] whel AukHel LFG 4L ol 3 AMY ZAUY o] ol = ool o
LFG stel=elo|=e] Aqats hggelo] oig Qe Tolmua C0./CH,
(40/55) £F7kze] = W2 n4s Aeel Kol WE FH1A 48P 54

CO~CHyN, &37F~ slo]=go]E9] 34 (H-Lw- V) By =AHS A3 -31:_—?;
2 g xolt}. (C0./CHy/No(40/55/5) &3t/ sfol=golEe] 49 (0,/CHy
(40/60) 24 EA &7t~ slol=golES} mlauale] AtHE ©}lelo %%ﬂ W

0,/C
o = H7F A E el oo RZF S8 s 3R
Kol

=
Be (R e o) qgdes o]%s}—z—

(D)
9
O
s
.
&=
Flot
f
)
[>
ol
ol
©
[
=)
o,
i

_%_
V) HEeele £ 09 CH 8ol
QA Ateloll EAs= Ae & vk, sHAIRE N7k 30 mol%Y W= =% CH,
S 3t

stolcelol=e] WY el wAss Agel 471E AL At 3,

e o7 Kok 29 % 3.5 o) el A w57 CHy Shol =gl =nrt oy

o= s R et Ak AL duidch oY@ AREL wgom

st solmdolEe] A4 (0, CH 123 N7b 72 sol=dolE ¥
J

oA ¢ Zo] A7) il A= AA= AL D+

=9
AR Tx 9 slo]=dgolE F& W AA EAE29] cage occupancyol =
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ZAA 25 & 4 ok, 8 Addns a9 319 1ol A& npep fo)
CSMIYD g2 o= (A3 vaste] Ads] 243 23E It

3.1.2 "7t H7le| wWE LFG sto]=go|Ee] ¢tg 39
B V|Z7tAE HUES 3712 Sfol = ol E

UM AF3 mpel o] LFGE F2 CHy, €0y, Np 2 ar w o] 7pAEs
dEo] k. oW Aol A= LRGel] X3 o] Sl WF 7t T felrbad
Folra(S)e AEe FHE FTUIE Aoz A wEH Aol & (CHSH) o
o)g A4 E ol ®stel wia] Sletuar AFS AAsink. AL 00./CH,
(50/50) &g7hzoll W 7255 Z42F 500 ppm ¥ FH7bste] @A, L
H 3-2¢ W VeSS WS EUFE stol=dolEL A4EE 54 A=
A xR 274-280 K, &2 oF 4 Wme] M9 oM SAHE 3HH-Lw-V) HY
ZhlS yER AL Aok aellA g2l & 5 9%l UlEk 7y~ 5e] HTbel ¢

= A3} 500 ppne] S H7bel mhet vl A P A(AP=0.01 )7} o
SHJAT B AAA3 719 M 7Y @8]y 276.4 K A3 o] ozt
o] ¢te F7HE Bl PhE BRI AFRHow LRG| nFo R EFE o]
A= o] oislA olgoldde] = kS w]X

H.S9} CH;SH:= LFG 0}01‘:31] olE

N
&2
rr
u
rir
P
o
do
rO
mﬁ
i

32

;L

_35_



Pressure (MPa)

CO,:CH, N, =29:41:30
CO,:CH, N, =34:46:20
CO,:CH, N, =38:52:10
CO,CH, N, =40:55:5
CO,:.CH,=40:60
——calculated

> &« O 4 &

CH, h}dlate

274 275 276 277 278 279 280 281
Temperature (K)

ad 3-1. COyCHN, ER7ME slol=0]ES 4B 3E HolH
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Pressure (MPa)

4 CH,/CO,=50/50 with H S 500 ppm

@ CH,/CO, =50/50 with CH_SH 500 ppmn
3.5 AD

o CH,/CO, =50/50

[m]
A
3.0 )
O
25 8
A ©0O
20 |
| | | | |
274 275 276 277 278 279 280

Temperature (K)

Iy 3-2. vF 7tAE HUMe Ut slo|=dolEY AHY
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3.2 3%y ¥4 A%
3.2.1 X4 F4EH 4%

LFG stel=ge]ES] 22 FRE dotw 7] 9] (0./CHi/N2(40/55/5) &
7k stol=dlo]ES] XRD A4S AASHTh. 1 3-39] YEY 3= XRD
HES A% A3 C0./CHy/No(40/55/5) &7k~ o] =@ o] E& space group
o] Pm3n<? cubic TFE 7AW, AA AS(unit cell parameter) o+
11.856 A2 s15 @At 2oz El¥ltr. 2o Hxz FA5 o] 3l
+ hexagonal T2 ice(Ih)E YeE 22O JIE5S AQstais
C02/CHs/No(40/55/5) Eg7F2 dtol=dlo]Eo| ofs vEtb= K& Bragg 94
5ol s ¥ dAet= AS I 5 vk, =3, 7+ 34 7S YEhdle 2y

< =% 00, stol=# ol E(Ripmeester et al., 1987)
oF 244 CO~N, she]l=dle]E(Seo et al., 2004; Yoon et al., 2006)2] %k
S w9 frAkeE AS gelskgltt.

A|4=(Miller indices)E

3.2.2 &9 E4 =4 A

% 3-4% LG stol=glo]Ee] p2Ae AW B B U EAstE JtaE

of 3 ARE 537 Y8 0./CHi/Nx(40/55/5) &7t dlo] =g o] Ee
ghnt A4S AAE gl 7fRES Folg At e o)F AEE ®d
st 2pnk AIZE g YERd i, AZFL A5 E(intensity) o] iAo
$1Q1 arbitrary unit(a.u.)o2 Z ST, POl olE 53 o 5 5o
Qe BAEL gk A9 ER WY oF 1200-1500 cm ol Al 0., 2200-2300 cm™
o Al Ny 22|31 2900-3000 cm ' HelelA CHy #27F ZH2E gl Q). =gt

3000-3500 cm' Alolol Al Bl e AA YERE Ice(Th)oll 93 Ha=
AA Ao FAFoR Yehs SHF o 36 vsf 3120 em F
78] Zr7b et veide As gelsiion HiEE EAIHY e 3050
em? F-Zol A sTFFE WY CH EAFel] 93k secondary ¥ A% ﬂd% F 9l
t}.

a9 3-5% #t AFED 9 1200-1500 cm el 4 C-0 vibrationell
gt IAES ez k. 0,9 FHAEe] UrolAE A& Fermi
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resonance effectol] 28t ZHoZ (0, ¥AE9 FEol 2% C-0 symmetric
stretching mode(r,)¢} 0-C-O bending mode(2w,)2] ]I = Y oj ER}A
Aot A A7 7149 0, EAl 93 1A= 1287 em ¥} 1389 cm el A
B v, ke €0, vae 1 B e gk AIZE o<l

1285 cm el Al ZH7E yERE 1S BRIEsITE. ATl A A8t o

C02/CHs/N2(40/55/5) E&7F2~ stol=dolE w3 el E5E C0Atel ]
3 1278 em ¥ 1381 cm el A 22 YEbEaL, ol 7)Aol (0.EAe] o] 3
Ao Aoz vre gk AIZE gqow ofsdH AL gl o
T AJZE9 I3 YAE FE 0./CHi/N2(40/55/5) EF7F2 sho|=do]Ex
sI &8 el 235 Advke= AS FIsigon o= £39] gEdE U

o]

S (Sum et al., 1997; Uchida et al., 2005). HE3+ 317
319 S W= C-0 symmetric stretching mode(r,)2] I3 9
bending mode(2v,)9] X7} AthHo® 4 em! X ©o gk A|ZE ¢jojo
= olF® AL QT S, dAE Abelé Aot Wk Al
(stretching vibration)oll&= & F&FS A A AR €0, EA7} hol =g o]
E 5% Fol xggoemA 42| w9 %1&(bending vibration)o] T g
te As ‘/}E}‘H At

% 3-62 C-Holl ofgh A} = UEIT. WA HuE He) 7)1
oMol CHy BAHE] oek ek AIZES SRls| & A¥} 2918 cm oA EIt=E
& s Azt s A& S8t C02/CHi/Ny(40/55/5) EF7F2~ &

. Lo
rlrg
o
o 1y
+
(@)
(le
< E

Z = Oﬂgdl

ol=go|EQ] & uldl EA®E CHy At oJdt s Qs 2905 cm ‘ol Al
2 she) waek 2915 em'e] Fe ¥ A7t FAHAY. ols HAE 47 s
o] 2 (%)%} A2 585 Wl Ch £AE52 C-H vibrationol JsjA

YEPHTH(Sum et al., 1997; Uchida et al., 2005).

a9 3-72 N9 N-N vibrationdl oJs] A&%+= dAE5S WEldla o
N-N vibration®] 7% sI 3 sHolA YEph= SpREAIZES] 943 2po]7} 7 9]
o™ (Sasaki et al., 2003) CO.¢} o] & TF(5%6%) 3} 2L FF(5%) 29
FRE AeA ARTE ERJAHATE Ferh. 2k 2d ZHo A A A2 Tt

W 24 A 2dolA ] /7 AAAL o8 W AAAAEE L
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atoll el &7 T F5717F ZH oA FyHel EetEA ", ol & ‘ﬂx}ﬁ}
71 A&l AL N, 71AE AEH oz fEd fld FashAl =HEd 2330 cen’!
oA Uetve gt vas dolA AmolA olefd falw $19 Ny 7]A
AbE Aolth, wEka] ol AF3d XRD A¥ % C0,, CHeoll 9%k &tk &
A7 s1& o]FaL Stk Zlo] FAHA7] wiite], 2324 cm el A YERY
N-N vibration ¥ == s1 Fo] ZHE U= Ny iAol 93k Ao = AR
o 2 AFo = tE dFoA AT N9 double occupancy @42 LHE}
A 9kt (Chazallon et al., 2002).

oo orr x> oz

3.2.3 8x7] ¥% &% 4 A%

7 3-8 240 KollA 4 ¥C CP \MR¥} C HPDEC/MAS NMR Z3HE H o F
Atk 7tEHS 334 olFE YEhaL dlow W9l ppmelal, AlEFS
A 7] (intensity) & A< @9Ql arbitrary unit(a.u.)o2 YERIA
e A gl 3 4 ol CP NMRe| AzpellA] I =7 WA #H3 3e &<
T A o]#H%X (P NMRES #AH=9] powder patterns R1sh=t] 7 o]
3L, HPDEC/MAS NMR2 Al &) kiAol &3 Fxlol 2
H

AN = stol=dolE &

¥ ot o> K

off

o] CH, ##}2] cage occupancy ratio=

IOH

gelst7] 91 ©C HPDEC/MAS MR SAS AAl8kla 1 A3E 29 3-99 1
Atk sTo 2L FF(57) el E3d (el sl o 9371 -4.3
ppmell A HAEHAL, F FF(576°) Wl EAE CHol FHel o 9ae
=6.7 ppnel A HE HAT. olHF A3} ghEe &g (e 247 A Co.-CHy &
b stol=dlo]E] FC MAS MR SAel s 2

= AT xrpek S Aol dA Stk (lee et al.,  2003;
Subramanian et a/., 2000).

o2 sI W9 €0, +A=dd 93k powder patterns SAHS 98l
spinningS FA 2 static AHolA ¥C CP MR =A& AAstgct. 19
3-8% s19 B (asymmetric) 725 7HAAL de 2 53(5%6°) Wl (0
Ba=o] 93 powder patterne H.o]F3 ¢Jth(Ripmeester et al., 1998).
gt s1 el A A (symmetric) T2E 7HAI e S FFGH) & (0
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ﬂ
82
2
s
rJ
rot

F2pol 93k isotropic ¥ (~123 ppm H--) & Q}J
2 "Fo] (0,-CHi-Ny EE7F2 sfol=dlo]EoA (0, &A= s
(5%6%) el WA LHo] Hi= AES HAtE AE AT 4 gk, 2A3H
CO7F & =3(5%6%) oA YElE powder patterno] o8] Ajzo=z ko
intensity® A&H+E 2o =3 (5%) £ (0, A} 93 isotropic ¥ A7} 7
HA g Aoz AR AT (Seo e al., 2003; Seo et al., 2005).

A Ads vger E3vke stolmdolE 2 FE (5767 CHist CO.7F
FAE7] A BAE W C07F o FAsHA 2RHEE, o Ae A T

(52)e]] WA ZTHELE o & Yi(lee er al., 2003; Seo et al., 2004). ©]
g3t SEAES AA 2AEY SAA7|Y FA A AA EAE Alole] A
A ot At o] vepdt. weEbA CHy &4 2 0, e Ny &

Aok ¥ B2 wEs AHE] fls) A4 de a5S R e 9Tk
o] =4 Oﬂ g} cage occupancy’b S 7FSFAY HAE Aotk 2Rk NMR &
ol 5 u39 WA HE sT W CHy ¥4 cage occupancy ratio=
Qg ? AE wHor dHA UArh(Uchida er al., 2005). &= CHy 3he]
dolES A9 s1S FAsH ojme F 5F(5%) % A& 53(5%)9 cage
occupancy ratio(6;/60,)% 1.268t} & Aoz A& AUti(Lee et al., 2003;
Sum et al., 1997). ¥ AFoNM= Rt MR Ao WA BAS T
C0o/CHi/No(40/55/5) Z317k2= stol=go]E o] 2 F3(5%6°) % &2 &
(5%) % CHy ¥AH59] cage occupancy ratio(4,/64) <F 0.78 £ 0.05 ¢
helskit). o] ke &= (CH, 3lo]=w|°]E 2] cage occupancy ratioX.t} 2
fhomA, AL FF(5Y) ol CHy 247 235+ vl &5 CH stel=q
o|Eo] Hla} ¢ Avk= A o ght. O]Eiﬂ A= 0, A=Y & 53
(52620l ek 73 M3 E(affinity)ol] o3 Ao = Alm .
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Intensity (a.u.)

—— CO, in hydrate
........ CO2 in gas phase

CO2 in solid phase

1200 1250 1300 1350 1400 1450 1500

Raman Shift (cm™)

I 3-5. €0, B2 AFd 93 g AZE < (1200-1500 cm™)
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Intensity (a.u.)
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. -1
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a9 3-6. CHy B2 AFd 93 g A|ZE 9 (2860-2960 cm™)
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—— N, in hydrate and gas phase

Intensity (a.u.)

I I 1 I
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Raman Shift (cm™)

a9 3-7. Ny B2 %4 93 gt A ZTE 99(2280-2380 cn™)
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—— 13C CP NMR at 240 K
—— 13C HPDEC MAS NMR at 240 K (2.4 kHz spinning)

A MW WIMAMW/ '\'vwwf'

T T T T T T T T T T T T T T T T T T T T T T T T T T T

-40 0 40 80 120 160 200 240
Chemical Shift (ppm)

19 3-8. °C Solid-State MR &3 A}
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| —— 13C CP NMR at 240K |
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18 3-10. CO, Ao 2§t Powder Pattern
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LFG 3tol=do|EQ] 7faAAaSs EQlsly] 93 Agomr B Ao =
LFGe] £ AR 2 durAel x4l (C0,/CHy/N2(40/55/5) E3t7FA~E o] 83}
ZYolE ARE AXSYUY. 7t A AT SAHL slol=HolEY

el & 2 wo] S FH = WO EA direct release methodE 2 A3}t
TPt stol=go]EE de] A7l F slo|=dolE s wol

UE 7t=Ee] 2SS SAT Aot WA slo]=HolE Y N,

Zbae 7130 Ny bR o Z2guvh BAl YERgTh R R (0= dtel =
golE Aol 714 AR Y O A deson ol BFEH AieMr u
EFER 0y #4219 s1 9 2 3 (5%67) ] tek 23 Mgt (affinity) 2 <13)
o o] ¥-89 AoZ Alg ¥, Direct release method?] A3 A3 &37F~
slol= g o] EQ] 7l AL 1g9 7lA Fo]l=golEl sE W standard
ambient temperature and pressure(SATP) ZZolA ¢F 126 £ 10 cn H3 2] 7}
27 o= Aol FAHA0H o= F (H sto]=do]Ee] o231l 7l

A Bohe @2 d3E Holsal o
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£ 2. YA Sol=golEY Fhx AGTF

N o GRS GRS e amon
& (my  C0: CHN, (C0:7 CHi N (an/g)*
1 268 9 40 55 5 47.5  50.9 1.6 121
2 270 7.7 40 55 5 58 40.1 1.9 136
3 270 9.5 36.2 48 15.8  54.1 38 7.7 128
4 270 6.3 26.7 8 34.3 50 39.7 10.3 118
4 Total gas volume (at SATP) released from 1 g of hydrate.
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= A9 YEUA e &elsteit.

T #els 93t synchrotron powder XRD =4 Z 3 (0,/CHy/No(40/55/5) =
712~ Sto]l=d ol E= cubic 7F&o|™, AAF AS-(unit cell parameter) a+i=
11.856 AZAM s1S A= Aoz ).

3 71 dlol=dolE FF W 7taEe] B4 8
RE #2450 sI w3 Wl EHEHY e AE
Aol og FaE 1278 om ¥ 1381 cm oA y¥lo] HEEH
(57%6%) B 2 FF(57) el CH wAkel og g2
7} 2905 cm™, 2915 cm ol A SAE o™ N, A EdF 2324 cm oA HEH
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2
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EN

7k stel=dolEY F 2 B A5 AFS Q] 9% MR =
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(5%6%)2] WA A Fx ol EHE] ASS AAeE HS powder pattern
S

2 Bage 4e FEGH W T Y AL vl Fi
isotropic ¥ A s B3I, AN o= = EF (5262 0, A}
b A er x4o] Ha Aud e < HE9 (0, AHEC] #2 s

(5%)ell ZA o] AnpHor & %%(5“62)01] S0l €0, EAHEQ powder
patternol] &3k ¥ Fof 7}#x oz Alg T,

CHy EA59] cage occupancy ratioZD <ol 7] ¢sf vk U NMRONA A=
¥ 93 dAE AT A3 02/CHi/Nx(40/55/5) &7k dto] =0 E ]
2 536 Ze T3 (5%) W CH EAH52] cage occupancy ratio(6,/6g)
= 9 0.78 £ 0.05 & FAHgon o7 g Z& FF (5% CH EAEC]
Ao R Fo vES AAEH 2R EE AS gelakgln.

AHoR s1& FAd = C0o/CH/N2(40/55/5) E37h2 dlol =g o] E 9
A COEARE B2 CHy, N, BAET 2 5F(5%)S 2A87] Y& 44T u
S-Ask, Wb R CHeF Nt 2 53(57)d =2 H&=2 LHHE S &
k5=

b AR EAAY £2d 99 deete AE BHilow, £t Gol
=Y olE 1go] SATPelA sfE]=™ °F 126 + 10 ar¥-¥] 9] 7k=7F o= 2s
A= AT

B Ao BlEAE F - AR LFGe g-grketd] tidk AR #HS

AA ST govl, B ATe] Avks LG stel=dol=e] 44 % seel e
gojsa dHe A9 /|24 B89 F A0S Ao Aud, 9 s
sfol=elo] & okl A stolmelol= B0 FARAS AALA Aole] 3%

Agel W AREE B89 5 Je Ao AnH),
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