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Occupation and Release Behavior of Guest
Molecules in CH;, CO,, N> and Acetone Mixture
Hydrates: An In Situ Study by Raman Spectroscopy

Seo, Youngrok

Department of Ocean Energy & Resources Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

For practical applications of gas hydration (formation of gas hydrates) in
environmental and technological processes, considerable knowledge regarding the
thermodynamic stability and structural features of these hydrates, as well as the
occupation behavior of specific components of gas mixtures within them, is
essential. Herein, the hydrate phase equilibria of a system comprising
CH4/CO»/N> (55/40/5) + aqueous acetone solutions (1, 3, and 5.56 mol%) were
determined in the temperature range 273 to 285 K and under pressures of up to
45 MPa. Gas compositions in the hydrate phase were also obtained by
evaluating the following variables: (1) hydrate-formation temperature and
pressure, (2) concentration of acetone, and (3) type of hydrate structure: (a)
structure 1, (b) structure II. The crystal structures of the gas hydrates formed
from the acetone and CH; + CO, + N mixture gas were also evaluated by both
X-ray diffraction and Raman spectroscopy. In addition, structural identification of

the CHy + CO; + N, + acetone hydrates formed by varying the concentration of

— VII —



acetone (0, 1, 3, and 556 mol%) was performed. Further evaluation of the
temperature-dependent occupation behavior of CH; and CO; in structure II
hydrate cages in the temperature range 150 to 290 K indicates that CH,; and
CO, gradually escaped from the hydrate frameworks with increasing
temperature, up to 255 K, at which point the CHy + CO, + N + acetone
hydrate completely decomposed. These results demonstrate that the guest-release
behavior from the clathrate hydrate framework is strongly influenced by the
system temperature, rather than the size and type of guest molecules trapped in

the clathrate cages.

KEY WORDS: Clathrate hydrate; Raman spectroscopy 2tRF #33H; Cage

occupancy; Guest; Host.
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1.1 7}23}o] =¥ ©] E(Gas hydrate)

Zb2dtolEY ol EE A -39t A F4AA R (hydrogen-bonded) <
o] F= E EAk(host molecule)®} dohd oz A B aFo] A EA}(guest
molecule)te] &2]# Aol o3 IHdd xA AdE=A, 4% “EE
= gLrog Edn.

Fig. 1.1 Photograph of Gas Hydrate

ZhzstolEgolE F e =7l B @Al o8 A Al A =
(structure 1, II, H)2 EFH o} Structure 1 3t =@ 0] E 2] unit cell 46
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tetradecahedron T-%9] 56’5 67§2 o] Fo}x uhd, structure 1 3}o]
= ol EE 136702 & EA$} pentagonal dodecahedron T%9| 5% %
1670 ¢} hexadecahedron T%¢] 5%6'53F 6712 o] Fo] T} (Sloan, 1998)
Structure H (sH) 3Fo]=# o] E& 1987\ Ripmeester 5ol 23] € A}o]



247 284S NMR 2~ ER I Xray 34 £4% 23 995
. (Ripmeester, et al., 1987) Structure H 3lo| =8 0] E 9] unit cell 347}
o] & EA9} pentagonal dodecahedron %9 5%%FF 3719} 27)9]
£5°%6° 123 1709 5% 32 TFAEl ok Structure H dho] = o]
ES FF HAHSE el 270 ol 3Y AA EAE(large, small)o] EA)
s okqt 3t} Structure H Sto]|=#o]E] 2 FFE A5t AA
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Table 1 Structural characteristics of gas hydrate (Sloan, 1998)

Hydrate
crystal Structure I Structure II Structure H
structure
Crystal Type cubic cubic hexagonal
Space Group Pm3n Fd3m P6/mmc
Lattice
a=1.293 a=1.731 a=1.226, ¢=1.017
Parameters(nm)
) mediu
Cavity small | large | small | large | small large
m
Cavity Type 5" R 5 e, 52 | 45% | 5%
Number of
L 2 6 16 8 3 2 1
Cavities
Average Cavity
, 0391 | 0433 | 0.3902 | 0.4683 | 0391 | 0.406 | 0571
Radius(nm)
Coordination
. 20 24 20 28 20 20 36
Number
Number of
Water
46 136 34
Molecules in
the Unit Cell
Ideal Gas 6X - 2Y - 46H, | 8X - 16Y - 136H
S 1X - 3Y - 2Z - 34H0O
Composition @) 20

a. Number of Oxygen at the periphery of each cavity
b. X and Y refer to large voids and 12-hedra, respectively; Z indicates 4’5°6’

the cavity.
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and II Hydrates



2% A3y 2 ZA
21 Hydrate—Liquid—Vapor 4%33¥ =3
OAdFelE & ZA

2

2 8l ] d(dissociation heat)ol] #3 FHE A|F3t7] wjZol 7H 7]E 2

oA, kAl A Fojof st AFoln. Ztxstol =g ol Ex A &
;l

o
ot

o

N e

ARFHER, AAEAY T/ 2L 24 2, 2E
I, SE33HSF) ol =#H O E (structure 1)) 4 d x7io] wgh, o]4t
Steba slo]l =0 E(structure 1) HTh ¢hvbdt Z2X(Ho ©e oY, =&
25)S 7HAE A2 ol d Al 71Ug Aotk

2 AFodA e g/ o|bsekA/H A4 (40/55/5) oAl Al =ElE oA
o8 4%y A& 273285 K, 45 MPa ©|3te] A AAsA F
7V 0.2, structure 13 11 3o = 0]E & oA AA A AsE
Hlw3l7] 98 ol ES F=E 1, 3, 556 mol%(0 mol% Al2®H-L o=
2 2 I (predictive Soave —Redlich—Kwong models AH83HE AA 3



At} oA E 556 mol%= H7ME 7H-$, structure Il Slo]Edo|ES] &=
TEFS oMAEC] &3] AA ST wEe Jtaslo|mHolE FE o]

(structure =17} +ASHA LAY ST

W g/ o] 2kt ek A/ 2 42(40/55/5)+ oAl & Al 2~H Y] AHFH—L,—V) =
4= 9l vty =2ko]¥(magnetic driver)7} &2E a9k 433
7 ARE AT ntadlY EfelH = Thastol =0l B A A4
<, AA 2249 = 249 veEE SHE fste] AEH AT 7hzdto)
cHolE A4 A, vt g EglelWE o] &3 wite FIHT A5, AAl
7} (guest molecule)®t & FAZES] W& 9% HE WA

| WFEEH=T SHE7] W&ol

1 AEE AEE 300 cm’ WRE B E spgon, AZA #FS

om Hu 93 01 K, 001 MPagl ©lAd™ %E%— A A} oY =A
AMAE o] g3l HJHY 2E& 4T F AES AAHAY. Ho &

oted & 30 MPao|t}h % >99.9%2] olA|Eo] A}f

ofo
i
22
o

oAU

x4 F 34E F A 24E 27T oo wel, B ATdae 94
24, T 2doM BY 258 FHse T WY AL oY &

(A) : 60 cm’9] OFME F8N(1, 3, 5.56 mol%) Je 1Y WS
Aol bgst BARM, F& F2E ol §dle] sladtolsolEl o
47y exuc AN T W A YR LRE IHFHAZ



o A7 sk AAE 3 EF b (w0
o1 g3te] WA (purge)E 38 UAT F, 4 GO YT 1Y W
S R sl B8 F 4BY 53 4

A WRE olu] AASL Y F/1E AAS] s APk

;
ot
rSE
\
i
b~
TN
o
~
Q1
Q1
~
)
Ll

B ZA=A, 7t=stol =4 ] FH 2=
N2EE FAAZT tge] o3l @ Aak(liquid water)e] A 5
o = ‘]_(-5"_011 JtAslo| B ol E A R H=E Hositt

oJES HBY 2ARE, )] ARHE VAR
oz BASE WM o5 A%

=
¢
rg
-
=2
>,
rr
o =
o
o2k
2y
B
o
>
N
Y
1
fru
e

o e Fig. 21 433 24 A UrE‘rIHE— Fhsdtol Edol29]



4 R el AsE SAIR

A Pressuri zation of System

D). Determination of Phase
Equilibrium Condition

® Pressure Drop

® Hydrate

during

Pressure

 Formation

® Kineticsof Hydrate Formation

C. Completion of @ Kineticsof Hydrate Dissociation
Hydrate Formation
Temperature

Fig. 2.1 Hydrate Cluster Growth Mechanism Imposed on Pressure

—Temperature Trace



2.2 Hydrate—Vapor 433 =3

g/ o] kst b4/ A 42 (40/55/5)+ oAl & Al 2=®1 9] hydrate—vapor (H—
V) BHE AL o5 dASdd Yl A8En
() : WE/ oAt e sy A a40/55/5)9 OFAE &0, 1, 3, 556

© 2H(RE, ¥48) & 52, 5% =AstdA RESAIA

7}22sto] =g o] E A (hydrate formation)< -+ =%HT.

O

(b) : 7Fx=slol=EolE Aol HPHW, EElol= WHol nEFH
(metering) WHE o]§3l wE/o|4SI A/ A 4 (40/55/5)8 & H
A g 57o] g 7o A0S YAHSA FAAIZI

(d) : ¥ FTE T, W AL AHHAL H 9 stainless—steel
container®l| ©]EHT FAH rlAdloltgo|EL VA FAH]E o] 9}
Agk sy AAFE AH EMEH Jt=Sle|=EHolE e FTE
(JEIO TECH, HTRC-10)E ©]-&35tf 353 KollA of 5412t =3 At}

(€ : BEE 7tz=dtel=dolE W 239 7t~ 2AVE JtaARnE
129 (Younglin, ACME 6100)& &
A 21 7k ANAEEE, olidstea, da)e] I3 94 REs A%



HA ol =1 AABE % AHl calibrations ARl AAIS & AAHIA
U = € 717} 423 K, 373 K& AA3}

ATk HE NS 10202 AASAT. 8] A (carrier gas)v £ AT
ol Aa EFA7F E4 AEol7] WEol LFEIIE(He)E ARSI L, 2
219l PORAPAK Q, A% 7]+ Thermal Conductivity Detector

(TCD) &2 Argstgt. 7tzzznteEddgy) 23 Az BAe
standard gas mixture(™ &t/ 0|43} e A/ H A (40/55/5)) o A S-S A
B3 =, 2zt AA BEASEE, oitstea, dAa)e] B A @9 =
F AR StE HAES AFHoE AR T FYPHJG. FUHH R, Thx
ARvEIHH Y AHRE VWO E Ttxsto|EHolE g Al HA oY
SATTH, Ztastol=dolE s W 23d 4 A £A=9] A

2 1Y A= 28 Y A5x4 tig AF2Qd 4 94 7HsA E

o}

[e)



=]
%]
A

el it

XA 24
st} 31 9" XAel 3}

L —

) Y

of WAFE Aol YA XA W A, YAZ 6, 2P n

XL 01—100 A Arole] FAS 7FA ™, XRD

2d ® sin =n\

2.3 High Resolution Powder X-ray diffraction
oc4dddd

o Z XA A #A3)A

al

X
|

=)

v

S

y

<

A

dz} 7l

o

s

B

o
B

7} A

XAe] ©

B oa) 2 Agwe] 4%

|

o
1l

)

207} AFEE AL Q). ko] A

YAk XA} AR wo) o2&

L —
) Y

=

zo
A

A,

Rk

==
=
7 |

)

Q

7

=4

A

N

Bl

S

Oi?j]

o —

=

Al 324 He] LA}

=

)

ox

+

gl
Ar

NP

AHHHE T Bragg

Jo] XRDY &

sho w g/ o]k}t

2o wjdo]l A2 EA

S

[e]
o]-&

[e)

=

Fig. 2.29] KAIST Research Analysis Center (KARA)®I

U= RigakuAte] MAX—2500

A

| —

) Y

O4dRA A ¥
Aol A
A RfEta

O EEIEEELEs:
=

sho] ofe] 714 AAW A WA wo| dehdth aEEE, YA XA

S



Fig. 2.2 Photograph of XRD (RIGAKU D/MAX—2500)
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24 Raman spectroscopy
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Fig. 2.3 Schemetic Diagram of Raman Scattering
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Fig. 24 Schemetic Diagram of Raman Scattering
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Table 2 Experimental condition of Raman spectroscopy

Experimental Condition

Temperature 150—290 K
Laser Nd-YAG (532nm)
Laser power 150mW

Spectra range 1000—4000cm™
Grating 1800 grooves/nm
Microscope x20




Customized Raman spectrometer+ 532.1 nm®| 373 150 mWe| =
8-S 7FA = Nd-YAG Laserg AR&3H, Table 2004 54 =& UE
WAtk #@olA & 1800 grooves/nm$| grating= AH83l 2 EdllTE
7}A = 1000-3500 cm™ Abol] gt W25 539Utk £33 S/N ratio?]
S7He #1381 Exposure time 1%, Accumulation time2 1032 A A3}
o 77 K5¥ 873 K7MA 24| 7hsdt =5 =4 2H 91X THMS600
el o] g3te] 150 KoM 290 K7HAl 255 5 KA Z5A7 & 10
AN TIE WHeE 4APE IPEUT. THMS600E gt

Customized Raman spectrometer+= Fig. 2.5 WEFLRIT
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Fig. 2.5 Photograph of Raman spectroscopy
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3.1 Hydrate-Liquid water-Vapor 3% &

g/ o] 2k3b ek A/ 2 4 (40/55/5)+ oAl E &3 slol=#lES] H—L,—V
A3 218 273~285 K, <45 MPa &304 AA 5t}

Table 3 Experimental Dissociation Pressures of CHy + CO, + N, +

acetone Hydrates for Various Concentrations of Acetone

Acetone concentration (mol%) Temperature (K) Pressure (MPa)

1 273.2 1.61
274.8 2.09

277.6 3.02

280.0 4.20

3 275.5 1.41
278.6 2.26

281.1 3.23

283.2 4.40

5.56 274.8 1.07
276.1 1.33

279.1 1.87

279.9 217

281.3 2.86

282.8 3.47

284.1 4.08




®  Acetone 1 mol% ’

5F 7

®  Acetone 3 mol% L

®  Acetone 5.56 mol% // °
~ 4 ¢
o]
% .
-
o °r
ot
=
72}
72}
2 2t
ol

Temperature (K)

Fig. 3.1 Dissociation conditions of CHy + CO; + Nz + acetone hydrates for
various concentrations of acetone. Blank solid and dashed lines are the
dissociation boundary of pure CO, and pure CH, hydrates, respectively,

calculated using the predictive Soave —Redlich—Kwong model. (Yoon et al.,

2004) Red solid line is the dissociation boundary of CHy + CO, + N2
hydrate, calculated using the predictive Soave —Redlich—Kwong model
(Yoon et al., 2004)

Fig. 3.1 predictive Soave —Redlich—Kwong =2 (Yoon et al., 2004)
2 4358 &g vE, oitEEA stolmdolE, Tgal wWgh/ o] ikEEA
/22:(40/55/5) EF slol=dolE FHE AFS wg/otstea/dA
(40/55/5)+okA| = sto]l =@ o] E9} Bl gt Fig. 3.1 &&tH, w&/o]4k
S}ebA /A 4 (40/55/5)+o A E StolEHolES Ay A2 WE St

it
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3.2 Hydrate-Vapor 433 =3

Table 4 Hydrate —Vapor (H—V) Two—Phase Equilibria of CHy + CO;
+ Nz + Acetone Hydrates

Run Acetone Gas Gas
No. | composition composition in | composition in
Condition
(mol%) vapor phase hydrate phase
(mol%) (mol%)

T(K (MPa) |[CH, CO, N, |CH, CO, N,

1 5.56 270.2 3.45 55 40 5 579 386 35

2 5.56 274.2 3.90 55 40 5 589 367 44

3 5.56 278.2 4.65 55 40 5 619 347 34

4 0 280.0 5.00 55 40 5 530 442 28

5 1 280.0 5.00 55 40 5 560 421 19

6 3 280.0 5.00 55 40 5 600 373 27

7 5.56 280.0 5.00 55 40 5 634 338 28
25 /49 /FZ(structure I, 1) Mol E 7t2sto|EdolE W A A
BAS(NG, ol4stta, B2 AF BHS 2 W] Feis o
§ H-V 4388 o4 Agxoz AAHJASH, Table 4= A 2
B g eIt B AT sfastelsdolE 4 Lo uE A
A BAEY Ass E43sA, 2702, 2742, 2782, 18l 280.0 (K)E



Aoz dAste A2 IAPsATh Table 40 23, wgk/o]4tstgt

=
2/ A 2(40/55/5)+5.56 mol% OMHE A|2Ele] H-V 488 24e &%
e

of mlgste tHo] WMstsl= Aol BSHEHIJT. EZL OFME 556 mol%
£ Z7IEE 7tzstolEdolE Y W' sE= AAE Be A 714
o FEHT & Zeog IAIHUCH, o= Wy £A=0] structure II
stol=glo] E(o}AlE 556 mol% Al olAIE EAVF 2 T3S AHASHH

A3 structure I sto]EHOlE PA)o| 22 T&& olitsters, AL
EAERY GA AFdv= AE 9u|$t} Struture 11 3lo] =g o] E Q)
2 32 oMlEe] &AL A7l wEdl, Blolds A2 sl tg
A A= AAol #EEHY] wEoltt o, wWE/oltEEa/ A
(40/55/5) €& 7lxstol =8 ol E structure 1 725 FAsHH, 7t
o= olE W oitatEA e J|AEH 52 AoE FAHT (Lee ef
al., 2012) ©]&, oA Eol FFEA B2 F, structure [ o] =H O E
Fo e s=e oliisgart g, A4 2AEERY O £ AS

oju] g},

F7HH 02, ofAlE FEA WE JtxstolEHOlE W AA B4 A
5g BM 1A O oOPAE EE(0, 1, 3, 556 mol%)E AFFoD
AdAQstd A5 FHdeA. e/ ol4kst e A/ A 4(40/55/5)+5.56 mol%
OMA|E Al 2®l2 structure 1l 3Fo]EH0|EE g Ad3t= HbHol, W /0|4t
3}ebA /A 4 (40/55/5) Al 2=®l-2 structure 1 3to] = o] EE A Tt (Lee
et al., 2012; Du et al., 2010) °}AE 556 mol%< 4T structure 11 3}
olEHolE FAHE AT FstFEHIoZ] wWZel 1, 3 mol% o= Al
22 strucutre I, II dto]E#0|EQ] FEo] dfHM, ofAdlE wxo o}t
Zb F%9%] volume ratiow W3 Aolth(ole # ATY Raman
spectroscopy, XRD &£4122 FTHEIT) ol De3A7I™, ofAE 1
mol% BT 3 mol% Al2=Fl H %2 H&9 structure II slo]EdolE
7 EAE Aolgt ddEn. olH 7 BG4S Table 4914 = 2 YEhdt.
OMAlE 3 mol% Al=FlolA el ZhxstolEgolE f wWghEA H]&o] o}

o o]-n



EAES As AFH 5L, A oMHE 3 mol% A= WY
structure Il sfo|E=#|9]E 2] volume ratio’} 1 mol% AlZ~EHe] 7$HT}H
O 52 2< 9rdth o, Table 45 oHAES 53 S 1A &

& A% Uit



3
FAE g/ ol absbekA/ A 4 (40/55/5)+ I E(O, 1, 3, 556 mol%) 3t
o= o|E F2E EA3lux XRD ¥4 (Fig. 3.2)& 3o

o =
N on
o Ve

—

Acetone 5.56 mol%

(111)
@31

Acetone 1 mol%

€>*

Acetone 3 mol%

Scaled Intensity

—~ = :
Acetone 0 mol% S S =
a AN

o d

(220)

10 5 20 25 30 35
2 Theta (deg.)

Fig. 3.2 X-ray diffraction patterns of CHy + CO; + N, + acetone hydrates for
various concentrations of acetone. Asterisks correspond to peaks: (*) Ice I;(¥)

structure I hydrate; (*) structure II hydrate

XRD 3 £4 A#, vgk/o|4bsiebs /A
o] E& space group®| Pm3n%l cubic T
=

—_— 1

7FAI ™, A 2 (unit
cell parameter) a = 11.95 A2 49 2

ATt g/ o] AkE e A/ E 4



(40/55/5) E% 7}2dtol=elo]Ee] XRD I IE hexagonal TES)
ice(Th)E A ¥3slal, BF structure 1 slo]=d o] Eo] 7]1gF Aot} ©
aho) 2, e/ o) 4k8b Bk A/ A 2(40/55/5)+ OFA E(5.56 mol%) BFol =0
o] XRD ¥ =& space group©| Fd3m%l cubic 7&E 7HAH, AR A<
(unit cell parameter) a = 17.3 A2 9t} structure 19 7399} vh3t
7R R, PO hexagonal TF%l ice (lhyE Al¢sta, XRD #HH-2
structure II sto|Ed o] Eo| 713 Aolth. & A7 XRD 54 23 F
g/ o) Akst kA / H 4 (40/55/5)+ oA =(5.56 mol%) Al =E2 HE+o] 4k
SteFA+THEF (structure II) Al2=®3 A8t Aoz yegton, wg/
o|iFEt A /A 4 (40/55/5) A 2=EHS A, wE+olabE A A 2~H
(structure 1) YXst= AOE ATt (Lee et al, 2012) F71H O,
oA E 1, 3 mol% Al2HlE 3 ZhE A= "2 A Miller indice)
ES B4 23 structure 13} 1 POl Ed o] EVl &3 Aoz IS
=H3AH.

=



3.4 Raman spectroscopy

3.4.1 Raman spectroscopy 23}

gk BB wek/o] AFahEha/ A 2(40/55/5)HOL A E  Sto] SElolE
%

54 B4 9 72 EHXRD

—— CH,_+CO,*N, hydrate

Pure acetone hydrate

-

= CH,

= \
>

=

' Z’ Co,

g ¥

—

\ ﬁ
TS W OV A N S

N

, L . 1 , I ) I .
1000 1500 2000 2500 3000 3500

Raman shift (cm™)

Fig. 3.3 Raman spectra of CHy + CO, + N> hydrate and pure acetone hydrate

Fig. 3.3 wWg/o|4tateka /A2 40/55/5)9F 556 mol% OHA|E &
of ol FAHE Zlxstol =g ol Ed #A3 2Nt 54 Ayolt). 9 sAksE
=& struture 1 7&(ZoA dFhxol, wet/ol4ksteta/d 4 (40/55/5)
g3th) stol=glo]E Wl EF

I
Ll
ofl
2
o

system-> structure I 3}o]=go



H O OAA BEAWE, oliksierd, AA&)Ee gnt 33 E AASH
| W, o]aksElA FAA ExEe] Thut ¥ =3
of #3k FAZAA A mol% oA &

o]t HolE A 56 mol%< &+

4%, structure I 3}o] =@ o] E(o}A|
3} structure II dlo|=HolE AAPS 93 3

<} shFEH)E FASIY, U=
el gty FE 2925 cm?, 1700 cm™ oA UYEhE Ao =2 FelxH, zt
b

ol ES] C—H, C—0 A %5 (stretching vibration)= YEHHATH

\

\

N

=N

/“ “\\//’

A b

i My \
\ o/

Acetone 5.56 mol% : /’)/ oy ~_
| ACEIoNe .30 M ! ‘ —
i ¥ / \\‘
Acetone 3 mol% | / \\

Intensity (a.u.)
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Fig. 34 Raman spectra of CHs molecules encaged in hydrate framework for

various concentrations of acetone

Fig. 34+ °ME 55(0, 1, 3, 556 mol%)°ll wE 7}Aslo] =g ol E 5
T W 2719 Hg 24 g7 A 55 Y. dibF
I I stel=dolE

S 2, structure
o] 2 FEel =3d We A g9 dae 44



2915 cm”, 2913 cm'2 LA (Sum et al, 1997) ©l¢h= 2,
structure 1 3to]=doES & T3 XHE wg Exto vk 93
2903 cm™ ol A UEM}7] wj ol (Schicks et al, 2008) Zhi EF
stof ZhzstolEgolE W AAREAEY AT =8, 4 7t~
golEe FxE 4T & Atk oME 0, 556 mol% A=Fe] ¢,
e #xbo] gk 937k 247 2915 em”, 2913 cm’ 2ol A SRl
2, ol E 556 mol%- structure [°]A4 11 3lo]|EFolEE FX2E 4
3] HolAlZS YERAT o], olAMlEo] structure II slo]=HOE A
Al (former)?l A7, 556 mol% 7} structure 11 B 93 =of thgh oAl
E9 st ENAS FHake Aotk FUHHOE, 556 mol% Al 2~H ol
A 2903 cm” R A3 W Bk g@ut H37 Agk Ao 7
Asted, Wek EX= structure I SO =FH O] E(SFHE 556 mol%)e &
TS AASA e #ESAT o), ofAE EATL Thdto| = o]
EQ9] Fx Hol(strcutre 1914 1) A, & &&= AA3t7] wijolth =3,
olMIE 1, 3 mol% A= e] W A4 28t I I+ structure 13 11 3}0]
EHolE T3 24 wEg &4 g5 v=8 T30 A= 2ol &
15l om, o]& structure I, II o] Edo]ES] F&ES A3t 9 2
= B AT XRD 2A#7F A8, structure I, 18] volume ratiow
Zy 3 39] 7)FE(structure 1 =& 11 3 I) S 2RE shiftd A=E ZAE
=7Hs st

[-'0

HJ

=
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Fig. 3.5 Raman spectra of CO, molecules encaged in hydrate framework for

various concentrations of acetone

Fig. 35% °ME X0, 1, 3, 556 mol%)oll WE 7}2slo]EHolE &5
5 W 29 olptEea FA9 #Rt yaE Uedth Jp2asto]l = o]
E F3 ZRE olsiga Ao tiEA gt J3E 1278 cam’,
1273 cmoll 91X15kH, 247t structure 1 7 11 3te] = o] Eo] 23H o]
At ERA BEAFE XA ST 1275 Cm'l(structure I 1T slol=EdolE TF9
ojitsterA kel Rt MAE A o2 YEhr] sl 2A- 7,
1380 cm oA UEht T ELS Fermi FH AT 7]o]d oz o]4ks)
g F2E9 FEol 93] C—O symmetric stretching mode®} O—C—
O bending mode ¥ == &g YEPITH (Sum et al, 1997, Wright &
Wang, 1973) Fig. 3.5°] &laliA, o}AlE 0 mol% Al=®l-S 5t 1 =7}
1278 cm™ol RS2 Z structure 1 3to]|EH O E, obAE 556 mol% Al



2 1273 cm‘loﬂ X BEE structure 11 3FO)EHET} A B AL
#A=3 4 Q. =, Jpxslo|THolE U Wek B gyl 13 23
7 A 2, olHNE 556 mol% S EFE AL stasloltgolES T2

7} structure 1914 T2 443 dojd AES vepdch 18, 7p2so|=
dolE W 2549 we 229 vt va S 2y, 7t2sto]| =g o]
W 28 ojjtstea B4 2tk d=39] A, 928 & (splitting) T
o] WAstA] 7] Wwol oliSteAE T e Tl #I A
2 AAE P (Sum et al, 1997) 134, Fleyfel &
Delvin(1988)°ll ©|8}H structure I Slo]=d|0|ES] F F/F F&(32 &
&, & F8)° oltEEa EAE EF xR o] 1 H AT (Fleyfel &
Delvin, 1988) T Wol7}, & AT A= ofA|E9 structure 1T o] = 9]
Eo thgt setFEHIR] 556 mol% AlZEHloll s, H-V 483 219
Aol A A AT AT7B27HE Sl olikste A ZA7} structure 11
stol=glol EL] 22 FFol ZXES FRI3A T Structure 11 o] =
OJES] & FTFL oMMES BT AASHA F2 Fo|(structure [-1)E
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Fig. 3.6 Raman spectra of N> molecules encaged in hydrate framework for

various concentrations of acetone

29 N-N vibrations A= 24vt A EL2 Fig. 3.691 eI
T} N-N vibration®] 7-¢, ®Wg, o|4tsigbae] gk 913 E4 3= 4ol
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I 3lel=dgolEE FAste Aoz Xtk (Kang et al, 2001;
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A4 B2 29t das At 7 (free gas) FHIG A& EAE A S
o, 25 23 e oA A g F4 Al ZE|o]X] Wi AA| AL
oA HAEE 2Ext0 o% F7] FY FF717F FEFEe a4 W

A7) 98 BaE da B g 5=
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2} structure 19} I19] volume ratio= W= HAOZ FHEHIOH, 7l~
stol=go]lE W wgh, o]katetio] 2hwlk 3 =7} 7] F(strucutre 1 EE
I 7o =58 AA 2o gt v g)e=2RE o]Fs J&= 31 XRD
ANE £4T A3, oME FE7F S7HEFF structure 11 3ol = ]O]E
= 2oz ety T3, ol WA =
g 238, 92 oisEAd THES RSk, 9 AHE T3l okAlEe
structure Il 729 & T&< 2ASIAA F2 HAo|(structure [-I)E
1o] W&sxth ol w} structure II slo] = o] ES 22 &
A3 =7F =L wg £A47F o]4bstEs EAETG ¥ 2 £
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3.4.2 In-situ Raman spectroscopy &3}

2 AFolA s, t71d & (ambient pressure)oll A =0 W 7t

oJ=dole Ul AA B4 AFS BHI] g8, AR G Eapye
l|

ol
i

(o3

AR [¢]
TFhstAT dao] A, AT Aol FRAFA 7] vl W, o
et e A BAES] Thastol=golE W AFel #siARr =5t7]2 3ihh.

i

il

Y1000 1500 2000 2500 3000 3500

Raman shift (cm'l)

Fig. 3.7 Temperature-dependent Raman spectra of CHy + CO; + No +

acetone hydrate, representing occupation behavior of guest molecules

Fig. 3.7 Azt 2=¥3}lo] 2]&3F 1000—3500 cm™ FHol A g, o]
AFelera EAEY AF 2 E BAEY AWHSE Uehd Ofolt uid
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10% 22 dAsAt Fig. 379 W&, olitses &4 2wt 3=
150 KellAel & 33aEs 7oz o4 %9 E 13E4

normalizeE G343+ & Ueld ZAylolr dASE AIFS 7R A EA}



3

5 B2E9 ¥aE 270 K 7HA= 7FAsto| =g olE
A
[e]

Astthrl, 275 KEE Aoz syt detuds 2 A" et

ZbzstolEFolE AH e = 24 2t vAs fAR dHE A EE,

Aol NS ABEs] £l @AY, AA EAEC] BT et
=]

-«
o
£
ot
o
B~
S
X
il
flo
N
Q1
Q1
~
N
N
o)
rﬁ

=

o] FHAT. o] F AA EA=Y = AT oz 2l 7
gt Ao ®E AT Wilson & Davidson®l| ¢34, 556 mol% ©FAE 3}
ot ol Ex Eﬂﬂ?i 2718}l Al (atmospheric pressure) ©F 252 K9] S+
H(melting point)E 7FAH, wWg/o]4ts}ekA /2 42(40/55/5)+5.56 mol%
olME  Slol=# 1_.4 A3 HolEHE sutoz 3 9
(extrapoloration) 28 Al 1 atm, 255 K 483 =0 7IA& A= Y
gt ¢ dRS AR S, Jtxdto|EYolE

WE Ase AA x40 427 @ FREG AzHle] 2Eo Fa%
= We Aoz qREM, A2ge 257} 72| EgolE 29

“
9 AA-FA AEAE] 4P 9T WAL FASAT

oR_?i

ook
o ©

E

r2
o
oX
N



o —®— CH,in CH,+CO_+N_+acetone hydrate
' —o— CO, in CH +CO_+N _+acetone hydrate
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Fig. 3.8 Normalized relative intensities of Raman peaks for CH; and CO;
molecules incorporated into CHy + CO, + N + acetone hydrate, as a

function of temperature
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