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A Study on the Phase Equilibrium, X-ray Diffraction,
and Raman Spectroscopic Analysis
of N.O-CO, Mixed Gas Hydrates

Seunghyun Choi

Department of Ocean Energy & Resources Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

A gas hydrate is an inclusion compound formed by the interactions between
water and relatively low molecular weight gases under appropriate conditions,
L.e., low temperatures and high pressures. On the basis of differences in the
sizes and shapes of the cavities of gas hydrates, they have been classified
into three common families: structures I, 1I, and H. Each structure gives rise
to different lattice dimensions for optimal guest occupancy. On the basis of
the size ratio of the guest relative to the cavity, occupancy of the hydrate
cage by guest molecules may be selective. In this study, the selective
enclathration and occupancy of gas hydrates were evaluated from the mixed
C0O2-N,O gas used. The hydrate-liquid water-vapor (H-Lyw-V) equilibrium line
of CO; and N,O were determined using a high-pressure equilibrium cell
equipped with a magnetic driver and stirrer. Furthermore, CO, and N,O were
analyzed wusing Raman spectroscopic respectively. By using Raman

spectroscopic, X-Ray Diffraction and Gas Chromatography, we reveal the
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mixed CO,-N,O gas hydrate formed a structure [ clathrate hydrate. And we
define the selective enclathration and occupancy of mixed CO,-N,O gas
hydrates. This research is expected to provide basic knowledge pertaining to

gas composition in the hydrate phase under different conditions.

KEY WORDS: Gas hydrate 7} 3slo]=#|o]E; Raman spectroscopy =hqF E33H;
X-ray diffraction X-41 3]°424; Host; Guest
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Ald A&

1.1. 7}2 Slol=# o] E(Gas hydrate)

7k2s dfo]l =do] E(gas hydrate)= Hl&3} olgh, o]itsteaol e oA A
A} 7k2(guest)eh A2, e 2 oNA FLARS o] F =

E8)2 Aol o8] dHE x4 3FEo]tkSeo, 2015). F}o

29 FF EF % 7t EAS0] Y3 Ut So|EHolES] JHORE FF

< TATE o]F A 60d3F A7t stoj=d ol B

e A1yl s o] YrkBerecz et al, 1983; Sloan, 1998). ©o]%F I+ FE

A Z bFY CHot 7H2 glo]EFolE HElE BEH 3l

= Zo] AR old dig A4 E A7V 95 FUFskAoHKvenvolden,

(&
i
_|_, OHH
o
&)
r2
N
L

7k SlolEdolEel AA FTEF2 Jeffrey(1984)7F A ¢kglE W wrio] 23
nm'e} Zo] T HE FFo G o= 512 5162 51268 435563 glom, o=
Bol 5%= 12709 5749 W 2719 6449 Mo g o]Fojx 14WA <
T5< ngtUeffrey, 1984). dA7IA &#HR FF2
2tk 7F2x slolEYolEE WEE AATEE w34 ZREHE M2 EAY
=719 w2k McMullan and Jeffrey(1965)7F ¥ 3 structure 1 (s 1), Mak and
McMullan(1965)7F 273 structurell(s1), 18]3 Ripmeester(1987) %2
A oA BE R structure H(sH)2F o]l A IMA=Z FEREHHY, Z+
Txo AAstH 543 78kstd F+xE Table 1o YeERH I
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Table 1 Structural characteristics of gas hydrate (Sloan, 1998)

Hydrate
crystal Structure 1 Structure I Structure H
structure
Crystal Type cubic cubic hexagonal
Space Group Pm3n Fd3m P6/mmc
Lattice
a=1.293 a=1.731 a=1.226, c=1.017
Parameters(nm)

Cavity small | large | small large | small medium| large
Cavity Type 512 51262 512 5164 512 | 435%3 | 51%6°
Number of

. 2 6 16 8 3 2 1

Cavities

Average Cavity
, 0.391 | 0.433 | 0.3902 | 0.4683 | 0.391 | 0.406 | 0.571
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,0 |8X - 16Y - 136H,O| 1X - 3Y - 2Z - 34H,0
Composition

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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stol =@ o] E structure [ McMullan and Jeffrey(1965)el <&l o€z SAf
o]z ¢] X-ray diffraction &4 A3 Y& FHkMcMullan & Jeffrey, 1965). 3s}o]
T g o]E structure 19 7]¥ FZE Fig. 1.29 #Zo] 1,203mme] Y-S 7FAH,
Pentagonal Dodecahedron T#%¢] 5% 278, Tetrakaidecahedron T%2¢] 5?6
T ME FAHA Atk Fe 32U 12HAIE thEZQ] stol=FolEY F
%2l structure 1, structure II, structure Holl 3EZ o Z X sE o] &= FF
g & Ao o] FHEE 7P 2 4nHA ol 2 0-0-0 A ¢24H109.5° )
< 7HA o & T3 148AE sty S8 WHol| A42be] o7y Ho)
o= F M9 He=z PO o structure I, structure & o] F=
T

=
Wel guE AU Ytk olgd FFOE o] Fol
k<)

2

>

te]l dolrk 0.276 nmol A 0.284 nmell E3tH, A7t
E|
(¢]

flo

4

105.5° oA 124.3° Alo]=2 AFRAAIY Zi(tetrahedral angle, 109.5° )oll A
3.7° 9 AAE 7HA 3 Wt FEiE YA (cubioTFZelH, ©elAAe] A
+ 1293 nmo|t}h. dwtF o g 7pAEA A7 o] 0.58 nm W Wkl HE, gk, A
2, o]4tstetA 5o] structure 1S A 3THSeo, 2015).

X
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Mak and McMullan(1965)° AoH B Egslo| SR FWMTHR) G Hopras
X-ray diffraction £43%t ZA3} 8183 slo]=HolE structure 119 7|& F=
+ Fig. 1.33% o] tholol %Eﬂ-‘?l AARE zt= 1.731me] LS 7HAH,
Pentagonal Dodecahedron T%¢] 5% & 167H, Hexakaidecahedron T+%¢] 5'%6*

T8 8ME T AdkMak & McMullan, 1965). Structure oA 9] 22 &
QA 1298 A o] A S structure [ oA49] 22 T3 22 FEH o] AR Table 19
AT & dxo] structure 15 FASHA TFY Ao Y & A9
Variation Radius7} structure 1 o412 128419} 2tol7F A= AL & & A
= structure 119 2e FF<Q 12947} structure 119 & F33 2AgsH
HEHo] A7]17] w&elth. Structure lolAel 2 T3 16WA= 447+2] &
243 o] ®o]l 27yl HoE RAdw RYoE hEZHQl dto]l=d o
T2 A 79 53 FolA 7HE RS WAl ok olYd TEE =
17 structure 11 F22A%e] Zol7k 0.2767 molA 0.812 m7tA Watw, A

2

ZFe 105.73° oA 109.87° Atol= AMHAAE Ztoll A H+ 3.0° o HAE 7}
3 W3}, Structure 11 TE3F structure | 3 vzl 2 AwbA] FxolH, o
Azpe] Z71= 1731 molth zhx el 2e] 059 ~ 0.69 mmel EZ w3}
E

B ek(iso-butane), <&k 0] structure I = o] F = 7}20 &3}
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dut oz ik Eekn-butane) Rt A} F Aol & BEAEL 7t shol=d
OES FAA7IA EIthn dEA oy Ripmeester(1987) 52 dATzlo]

A3} structure HE o|F& AS=E He M tHRipmeester et al., 1987). Structure
H¥ Fig. 1.4} zo] Pentagonal Dodecahedron T+%¢] 5%% & 371, Icosagedron
T2 4%5%° 27] 9 Irregular Dodecahedron F+%¢] 5%6% 17]¢l &9 A% o
2 FA4=5o Ao Structure H+ structure 1, structure I &&= B 2A 22
T34 2 FF ol9olx T 5FS JHAI Yo Al Al FFLE o] Fox
SWAA F2E olFH, Fx7F AR A= 2FF ol Tt=EA
(guest)7} EA)stodoF st} Structure H9 #2 & structure I19ts 2
structure [ oA2 2 FFI #L WHAS JHAE Aoz IHA o
7k FFel 129WA|(4°5%%) = Ripmeester 5ol o] &)
e B3t 539 Z77F SElHEAT
(Ripmeester et al., 1987). sto]|=H o EE FAstE TOA 7HA 53 F 7 &
5 0WA= e T = EHU REAo] 0.1 nm o) =MW, =9 van der
Zdo] 0.571 mmQ) AS2 & A Jo). Structure

5 FAote EEEE WEAZEAL WEAZEAGS, Yok o] th

structure H9r 7}A|31 Q)

A B¢ A7 FH BF BA

his
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o

Hexakaidecahedron

(5126%)

Pentagonal Dodecahedron TR ohedro

(513 (51262)

Irregular Dodecahedron Icosahedron
(435663) (51268)

Fig. 1.1 Gas Hydrate cavities
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Structure 1

L-cages(5262%)

Fig. 1.2 Gas Hydrate structure 1

Fig. 1.3 Gas Hydrate structure 1II
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e solmdlolEx we Rue /xE FRE 4 YUtk o|EHOE Fig
139 zo] lem’e] g 7tz sfol=alol e sl HM gL - akgte] ZAo
A 170cm’e] w729k 0.8cm®e] B2 UHA Poh EF 7l slo]EEolE

L BoA A%l o8] o|FoA on® £% -y 24 F ST v
ol B3 7ta2 47 7}t B E4o] ok

FHZols o2’ 7k slolEEolEL 54 &t Tt SHA Tt
2 slo|EFo]E9 PFA AP E o] &3 &= e ATV Bo] o] FolA
3 JdokKang & Lee, 2000; Yamamoto et al., 2003; Seo et al.,, 2001; Englezos
& Lee, 2005; Happel et al, 1994). 1 < 7} WA AFH Eofs 7t~ 1A
3} 7]1%(Gas To Solid=Z 7}~ A3} 7]|&solek oUA7IAE E3sta = A
A 7t2=E B2 WSste] gojRay ZtAg e SUsk Al7l= 71E0l
H, FAFRY JlaARdAE o]zgelo|} o5k A ~(Liquified Natural
Gas; LNG)E ©] &3 FHT 7l2 slo|EgolEx AAPANA HA7t=E AR

FEdte &2 FRa .

HE
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Dissociation

Gas Hydrate
(1cm?)

Pure Water (0.8cm?)

Fig. 1.5 W& stol=golES] 7t AR 4%
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A2 Ad3H 3 Y

2.1 Hydrate-Liquid water-Vapor (H-Ly-V) #3838 =3

2.1.1 43o]&

H 23 A S 2he olitsta Aot opibeld A S S F & 729
248 EAS 4 st 2 ATl oA 7 A Eojof sk A E ol
43 3& E2olt}d. Hydrate-Liquid water-Vapor(H-Ly-V) 48 & =4 o2 HE &)
oltgolEel It <¢rAHA o 71&3} Clausius - Clapeyron 4] o] &3] 7t
Aol W ow e u LAstE lde B3I ARE AL 5 9 HGuo
& Qiu, 2002).

7t Blo|EH O EE FAATS oJFI e E EAS AA Azt &
2 Ags 3 IPH= b} 2=

ZZAA FAo] Ha, kAT =
7t2=2 28 He vt ZAsHAl kA
AHE 20 A4 BAL FRe 240 o)
A HA TF ARES A% AAEAR T A
Z 2oy} SF ste] =g o] E (structure 11 )9 7
B4 slol T @ o] E(structure 1)ETH nfd =8 2AGIA oz e oty =
e5)S Zte AL olgd A4 wEolth

.

rlo
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o Z3bfel(glass viewing windows)7} A2E o] it}
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2.1.3 A3

I H-Ly-V &
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Pressure

D
Equilibrium
Point

Hydrate
Formation

—m— Kinetics of Hydrate Formation
—&— Kinetics of Hydrate Dissociation

Temperature
Fig. 2.2 Hydrate cluster growth mechanism
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2.2 Gas Chromatography

2.2.1 A3o|&

7} AZ0EIY (GO B4 seEd B4 sluE SAstaA gl
7t2E AFoIY F4 T &
7t2~E BAStE Wtk

29
St
AR wF Thash A3

kd

=
(Retention Time)o] YAl YB2 A3 ME 7t A& 2A40E ¢
Ql & 4 gt} wE = AT & BEysE ol&d o

th= Aol Ut

2.2.2 A7

B Agodes AdaoA Bt Jde= 9d 71719 ACME 61004 8] =
AHESERTE A S Al opdtsRE 4o o3k AHje] FFES £ol7] f& A
MEE 9 YR T o|4tste Aol opitslz o] d3 oY EeE

o] =1 AAES f8) AHl calibrations AR AAIE & 23S

o} 0431 MESS LT =4AA S48 s 54 =212 FAdT< A
TO:
q

mlm

NIO _11)1

il
N

Z+7 423 K, 323 K= AAsAa, H2E Azt
k7 Al (carrier gas)v AE7IAHe)E AMEstE L, ZHS 5314
&<l PORAPAK-Q packed columne ARE3st¥ow, ZHZ=7|= Thermal
Conductivity Detector (TCD) 3 4]-& A}-&3}4th.
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2.2.3 A0

A) ¢ o] 2bstERA /oSl A A(50/50)8F FRTE AAAAL EH7INA 49 F
100um YA Z7E ZotA AL A5 AA S A9 1 HHE FAAIA 7t
2~ stol=glo]E g A(hydrate formation)g =3t}

(B) : 7t slol=dolE Aol MM, YEeedle) WEE o] &3}e] o]
Abstgt A /ol A A (505008 FFste] A URe] FE r)de] =ANE o
A3HA FA AR

D) : W& =83 & kg Ao AxEs 349 stainless—steel containerol]
olFH. AP 7l Flo|EHo]EY Jla HAHE ol AAHIF sy #HA
Ax BAE 7t sfolEdolE dgls 242 (EIO0 TECH, HTRC-10)

B : 44 7t stol=dolE W 239 b2 2AWE 7H2 A=ntEDY
v s BAH3Y. A £F Edvtz(e)stea/obtsd 2005008 WA
4% H, 4 AA EASC1E gL, opbatda)e] B A &Y & 7

Collection @ kmou



Sample injector
Thermostatic oven
Column

Detector

Desktop

Waste

Flow controller
Carrier Gas

BN B L k(=

Fig. 2.3 Gas Chromatography #x] T4 %
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2.3 X-ray diffraction
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Fig. 2.4 Principle of X-ray diffraction

Fig. 2.5 Photograph of XRD (RIGAKU D/MAX—2500)
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2.3.2 4@

B Ao = Fig 250 2 Z3} o] KAIST Research Analysis Center
(KARA) A ®fala )= Rigakuale] MAX—25008 o] &3te] o]itslel 49}
opibsl A A& vl go] 5:5%] EFE EYVIE 2 MPags o] &3l WhE o]4kslE A /ol
shd 4 SlolEoES FFE O EPTIES olibsteA/opitsbE Ao b Y
1 MPa FY3 & & olitste A} opibstdAE 247 2 MPa¥ F7FE 4

@ A 44 Sel=dolE AT FEE BAFAT

A+8¥ X-ray diffraction®] wavelength+= 1.54960 A, step sizee= 0.02° =
A, 5—45° W dlA E4o] FPHJTY. EE X-A Id 42 FAHE 7t
stolEg o] EQ sglE WAstuAL QA HAE o] &3 93 KollA 33T
TS AH W FEFUIERE S FoliA JAFPZE ol &alA WFH
E #A% A X-A FA EMS HASATE Phase identificationS 13 A
CMPR =& 1#(Toby, 2005)% ©]&€3F% 1, unit cell parameter 5 A%z AR
Z 7] 98 EXPGUI 7] A(Toby, 200D)= Al&3&+t) o] S Eth& GSAS =
295 o] &ste] sto|EFolE FxE RIS
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2.4 Raman spectroscopy

241 A3ol&
we oW v EHY w A¥s} AeEel Q@ WFORNE o Ysid
o WAL s S, ol dwE we Adel JuAE Z:

[e)

o

=
$E QAT @AY Ao oiAE A A

=

o

27k 3 H([Raman spectroscopy) °©]2ig o] HAE o] &3 A AEFT
£ 7HA= HolARE 2 A F, A AEFE xolE Zte A
BS FAS AA EAEY AsS 434 Fig 2.601] ‘/‘rE}‘rl Hhe} 2ol
AR E oAUAE 7H #ol A%
A A FHE FRIBFHEA, AHE = JJr7<4E Hde] 2FgHRayleigh
scattering), oA &7} W3lelE A4S g9k 4Akgk(Raman scattering)©)
g} sioh Enkikbere A=~ kg K(Stokes scattering) ¥ QFE] AE s 4bek
(Anti-stokes scattering) ©. & vbd o} QAR B HT YA S o] 71 A
o] AasE= AAS AE 2 AgkStokes scattering), AUA S A o 9
o] o] Aty = AL ¢hE A=~ A Anti-stokes scattering)olgt gth &
E'_]_— A

A A, 2B 4R GE 252 T 4T 92T M 25
&

i o o

(IR

BE271 A2] Aoy 7EAGAS dto BExle ol 7] AE|(Excited state)® &
o

AX oAl vke A4El(Ground state)E WjE] A %t}(t‘”é—or, 2014).

g FYAog AEHE dolAo FRd AHRle]l I VA ZE
(Raman shift) #t& 7HAl= Aol EAolth. SHAIZE™, Q)52 4Hee]
AR F97F ddE AEE VFoE o]Fd ARE UHUE HEEA, &
2 79 2E AYAE vErdY. &, #4EE B 79 o8 BdS AHES)

Hets, L3 dolgol 28 758 + dts xS 7L Aok
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Stokes scattering

Light Rayleigh scattering
Anti-stokes scattering
Fig. 2.6 Species of Raman Scattering
Stokes Anti-Stokes
R = ] r = _;
i
i
Eex_kvgx_’ EE!JL’ :kvex_’ 1
i
— h(v,-v,) «— h(v,tv,)
i
I
i
v=1 3 v=1
— hv, ' — hv,
v=0 v=0 *

Fig. 2.7 Schematic diagram of Raman Scattering
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2.4.2 4@

2 AT = Fig 2.89] F=FA|Z3E Customized Raman spectrometer& Af

g3tk Ae ofy) me} Pk

Table 2 Experimental condition of Raman spectroscopy

Experimental Condition

Temperature 123 K
Laser Nd-YAG (532nm)
Laser power 150mW
Spectra range 1,000—4,500cm™
Grating 1,800 grooves/nm
Microscope x20

Customized Raman spectrometer= 532.1 nm<] ﬁH}iﬂr 150 mWe] &9 7}
A= Nd-YAG Laserg Ap&3}H, Table 204 =4 =4S YeR) AT oA
= Hx 150mWe] &= A go]# 7 Z(Laser path) S wal Al 50 =E3H
HH 10mWel Al712 Z4AE F AR BASS A7IA71A Eo #olA e d
< FAAZ17] f8iA Mitsutoyorte] 71 2 AZE zh= 2001 & AZE AHE-
st th E37](spectrometer)o+= 300, 1,200, 1,800 grooves/nme] A F7Fo
gratings7} WA= o] dth 300 gratingS #3350l AT W& gyl ~HEH
HAE AT 4 Aok ¥bA 1,800 gratingS #3ll 5ol =X F& 2yt 29
EY #How =Ho] rshesith Zég ]= Multi-channel air-cooled CCD
detector(-75C)E AH&3tA A A5 S48 AS @5 5 AV

2 dFdAE B8R st gyl ~2FEHS WHe
w] & 1,800 grooves/nme] gratingS AE3st = =
(0.1cm™MH22 1,000-4,500 cm™ ¥ ko] ¥t HAE 53T
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Ao, Intensity”7} <kgk -9 Exposure timee 10%2 3}al, Accumulation time

< AESAT &5 HA A9, 77 KFH 873 K
Zz74 g oA THMS600 =d& o] g3te] HA AL
Aed, = A T2 79l Lincsys32E o] &3 4
Ao E 255 A48T & Jorm 7 ddA e sto|EdolEV &3lHA &

EE 123 KolA AdL Y3t THMS600E =38HsE Customized Raman
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Fig. 2.8 Photograph of Raman spectroscopy
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A3 F Addd 5 B

3.1 Hydrate-Liquid water-Vapor (H-Ly-V) A% 3% A=}

S ol WEHERE, ¢ ol A b Shol=dlo]Es) ol Ahseka/ o} ata)
A 2(50/50) EF 7t stol=#lo]Ee] H-Ly-V AHa z=de 273-285 K,
15-40 MPa =75tolA AAH AT} Table 3& ol4hsigizs} opthsids 7h2
sfoldlo)E, olststea-oliEids EF stx stolmdolEY YBIHS
JeRd Zlolth Fig. 31& Table 38 WMHOE WE &4 oldsles, &4 of

T
ApstE A Th2 Sto|EYo|ES] AHE, T8l o|ikstekA/opikEd A £ Tt
2= o] EYolE AHE S =243 stATh
Table 3. CO,, N2O, CO4/N,O H-Lw-V equilibrium point
CO, N,O CO4/N2O
Temp. (K) Press. (bar) Temp. (K) Press. (bar) Temp. (K) Press. (bar)

273.25 12.35 275.2 12 275.15 13.33
276.95 19.18 276.25 13.2 277.85 18.22
278.35 23.16 277.01 14.5 279.95 23.6
280.35 29.78 277.71 15.8 281.45 28.89
281.25 34.03 278.39 17 282.45 33.24
282.85 42.69 279.18 18.7 283.45 37.04

279.94 20.4

280.73 22.6

281.51 24.8

282.39 27.9

282.79 294

283.19 31.2

283.47 324

283.67 334

283.87 34.1

284.06 354

284.37 37.6

284.58 39.1

284.76 39.9

284.97 41.5
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Fig. 3.1 Equilibrium point of CO,, N,O, CO,/N,O mixed Gas Hydrate
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opitalH 4 Stol=golEL AHY Lxs TUI Ao ojatswrAs A
25 Zde ¥ 100 MPa o]3te] ¢ ZZoAH 2-3 K ¥ 525 & + A
3, 100 MPa =33t 8 ZHddAM = 2227 AA3 TAsiA 300 MPaol
olZH A= 4.5 K9 2% zol7F YeR}A "th(Takeshi, 2009). Table 32] do]
El¢} 712 d74(Takeshi, 2009; Mohammadi, 2009) Hlo]ElollA] &2l & 4+ Y%
o] TYZ 4y Al oSt E AT o]ibstE A HlE] O ES XA
FH o] dojdS AT & Atk FYT FHo| o|itsErAs} opiEHAAE
o] &3 stol=dlolE A4 AFE stuA T uf, ojiisletaEs of4bstE Ao

o‘:&
odk

s 2-3 K A= o se exolA 4BFPe FHs) BB, o we oy
AE avlol stoloHolEE FHFS ¢ F AUtk ot o arBlekis o4t
sane] solsHolEe e $F HH8e)l el e Az, oo me
ohatsl A4t ol EhEkae] Hla) ATiHos B Be exsl ve 4o 23
SHmild) 2N 3HY Hol RS FAT + ATk T b e B
Fo BYSHTL FARPAY SelSHEH 54 nEne AL 4F
Stk old® WY A¥oE B u FUS o] Fojd A5 of4ts
Hajobiatd s EY 2O o AStEAe 2 O BEFE We 2%
oA 4Fel Lok, ohtsrd sl =Nk AUHOR O BESFE R
exdN 4ol dolde 28 + Atk

L
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3.2 Gas Chromatography 23}

FAG WISG0509] ol4ksh@ast ofist s BF FAE FUT ol
Eo) 714 8 a7k Ax ohushase] A £HFol H BeS
AT 10 bare] o] Haheks/obahE 2 4(50/50) EH7}
g 715 o2 10 bar 7Y A
B W ol MBI AT FUF A5 stolsdolE

ks

279 o ALE FYD

Iy

J!
o 0 &

>
4 @
S
e

=
T
i)
it
O
=2
2
R
i

0
o
oM.
o
ol
ol
o
[
)
o

S|
)
]
o
nj
i
N

¥ 8 b

o 17 bare] E37F: A & o olaksigas} ojatad
bar FUg ARl 17+39] HAAE Holx, A

2
o] ojqtstgkaol WIS ¥ w2 A= A & F Utk

il
o
N
Y
o
fu

Table 4. Mole fraction of N;O in Vapor & Hydrate phase

Mole fraction of N.O | Mole fraction of N,O
in Vapor phase in Hydrate phase
(%) (%)

COy N.O COy N2O

CO,/N;0 50:50 49.87 50.13 47.27 52.73
COLN,O 10+10 92.86 7.14 83.60 16.40
+CO2 17+3 81.82 18.18 74.72 25.29
COuNLO 10+10 11.11 88.89 14.37 85.63
+N,O 17+3 24.78 75.22 22.57 77.43

_ 33 _
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3.3 X-ray Diffraction 23}

ni,‘ji'
N
[
9#
o
n
i
o
I
o
A

CEEIURECESERE EENE
b aE A7t F7 FPoR
£3 b solSeolEY FRE E43uA KARAY AT FUIE o] &3

X-4 32 B4 AAsT

off

X-Ad B4 #4 23, Fig 329 22 Al 7HA 23 d< F AT o
o EE o]itsteri-opikstd A XRD #”olA x 2 FAIRE 3£ hexagonal
TES iceE omlstal, UmA A5 ojqtstga-opitd A 25k Tk 3
O|EHCIEE v} olibgtEa-optstd s Y VhA Slo|=EolEs
space groupe] Pm3n¢l cubic #+2E 7FAH, AA A<(unit cell parameter) a
= 119413 AR #9=EAG. £F olidseas) otsidas F4E F9Y
Mixture gas+CO, Hydrate$} Mixture gas+N,O Hydrate XRD 3| €12 hydrate 4
A oy Zbzb g = 117927, 11.7710 A2 #9895 Aok

b

2 AT A7 42 ol4sleA-obslE A &3t Tt o= ol Eg) &
oj4tstgt a9l oMbt AAE FUIE  FR stolEdolES] XRD F A&
hexagonal 7221 ice(h)E ALlsta, Al 7o A3} T o]t olE T2,

251 BY FEYL L F AUk
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Mixture gas+CQO, Hydrate

Intensity(a.u.)

Mixture gas+N,O Hydrate

Mixture gas Hydrate
CMPR sl

| | | | |
10 15 20 25 30 35 40

2-Theta(degree)

Fig. 3.2 X-Ray Diffraction patterns of CO2/N;O, COs/NoO+CO,, CO4/N20+N0O
mixed gas hydrate, CMPR s 1 position

Collection @ kmou



3.4 Raman spectroscopy 23}

74 A HAR SAHS 2Nt A3 Figo 33004 &% = A 71AGH 9
ojxtatehaol HA G o] o] ikBtea, AAGE S o]itEtEa® o]itEiehao]

st AAEdT a8 VRS #Yy 4FeHRayleigh scattering)el]l o gt

=
o] F(shift) =& FAZ ZWANZE H<S UBHIL, A25He 2o IFx

Table 52 Yehd 7]& A5 T 3(Yang et al, 2016; Vlahakis et al., 1972)3 1]

dolEe) g BT ANk
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Table 5. Wavenumber(cm™) of gas phase, liquid phase, solid phase and
hydrate phase of N,O (Yang,2016)

Wavenumber(cm™)

Assignment .
Gas Liquid Solid sl hydrate sl hydrate

(298K) (298K) (140K) (140K) (140K)

V2 588.8? 588 585 582

2vy (biphonon v-) 1169 1167 1166 1162 1158
2\/2 (Vz(k)+V2(—k)) 1177
vi (MNMN®O) 1253
vi (PNMN'®0) 1277

vy (UNM“N'0O) 1285 1284 1291 1282°, 1290° 12884

V3 2223 2222 2237 2218P, 2231° 22284
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=
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IS A
e
- _\,_j @‘I 1386 i

1286 1389
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Raman shift(cm™)

Fig. 3.3 Raman Specta of CO, solid, liquid, gas
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Mixture gas+N,O Hydrate

1276 1282 1381

1290

Intensity(a.u.)

Mixture gas+CQ, Hydrate

Mixture gas Hydrate

| | | |
1200 1250 1300 1350 1400 1450

Raman shiftcm™”)
Fig. 3.4 CO;-N,O &% 7} 3slo|=golE gyt ~HEZ &
COz9] vy, 2vpoll 3l #AS 939 N,O 73
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=

< 2218 12231

=
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c

2 ;

C Mixture gas+N,O Hydrate
/\N—v——m——\mﬂ.—n—ﬂm“w—'\f\—'\ﬂ/\m-—\mw T e

Mixture gas+CO, Hydrate

Mixture gas Hydrate

| | | |
2150 2200 2250 2300 2350 2400

Raman shift(cm™)
Fig. 3.5 CO,-N,O &3} 72 slol=dolE vt ~H e F
N,O¢] Fermi effectell <J3) A3k 3=
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o)F AN olarshekh-olistd s EF b Slolmdo|EE gurmyy
o8 sy, %M ZRT HOHE 7102 Y} PgHE ol YeA @
% 33 NS s Both Ma A3 o BhRas) ofast AL e 3
2 9HE BE S| Stol=dolEY X% AN AR BA s| ol

oJE el YIRS AT & Yk

Fig. 3.4¢] 1276, 1381cm™ol A YElGE 3 olikdtet4aE o)wsla, Fig,
3.49} Fig. 3.59 1162, 1282, 1290, 2218, 2231cm el Al UEh}E T 3= of4its)
A2E ofn| gt

Fig. 3.4& o]4taleta/ol4bald 4(50/50) &3 712 slol=go|E] gyt 3=
A3 F olakst Ao vy, 2vy, RO ol AR va9k opitEEAs A E
Uehdth A HAZ 12769 1381lcm™ & v ol yelhd 2wk y3E w26
S (Fermi Resonance effect)ol] o|3 Zo= Az o]itsteta #Ake] C-0
symmetric stretching(v)3¥ O-C-O bending(2v,) EAdel ols] A 3 Fo|t}
(Lee, 2012). & WHAE %A ¥ =70 Hl&l intensity7} 73+ 1282, 1290cm™ o2
UH ol d vebd ghnt 3 opaksld 4Tl 599 2(S-cage)$} 516 Z(L-cage)
2 BT AA3E AL oudt AFoer & 3 7(1281cm e L-cageol
olaksl A A7) TRAEHA LSS omsta, oF3k 1 3(1290cm )= S-cageoll of4ksk
A47F TREJSS o v grH(Takeshi, 2009).

Fig. 3.5¢] vt A s opiksld A #Hl=2n Fdd o dAyg A3 E
Uebdth 2218, 2231lcmt 33 2% olakgA Aol #H 2w ZW(Fermi
Resonance effect)oll ol&] Yeld Z o2 N-N stretching vibration(vs)e]th
(Takeshi, 2009; Yang, 2016).

Fig. 3.4 &t ~HEg}t F o]tk A/ob,hebd 4(50/50) &9 742 steol=
golEd oliEeis FUIE FYUT sto|=d o] BRI opibshE 4
B 935 S u, intensity7} o] AbstehAy/obaksbd 4x(50/50) &FF 7h2 S
o= ol E(H A9 opitstd A F e HIE) o wol I AL ol & £ gl

Tk ol & Tl olitstehaio] FATFC] @obA o]itEtErao) TR o] ofitabd

i
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o] 2bst ek A [ob2kSL A £(50/50) £ 7t~ StolEHo|Eo| opibstAAE FUF
E(FddD)ol tigk givt F4 Aol opitsds et
7 39| intensity= ®eol AZ A, o]iksigrA hRF 339 intensity= o] 4hs)
Bhar/ob4ksl A A(50/50) EF 7t stolE# o) E(H2AD)el Hls] Hart o wol
zZhokzl s &l & & Atk ol oistetAE FUIE FYT Sto|=EolE
(A FAE = de= A} R opibstd 4ol FYFo] ©ekr] o
o)t
o] 2b3lek A9} opikEld A F ¥ F9 intensity WEH olE FUFALS ),
ofststd A ¥ A9 intensity’l EolEw AEUF ol4bstERA 2] H9] intensity7F
oo AZEG ¢ L& AL Y9 T F A}t olE Fd o]itsgkAd
Hls) ofstslA o] whgAdo] Fa1, o mEt XJE A FUFHoE o F&
S AT 5 Atk
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2 AFE olitsterAe} Hlgt EAES Ko, EEsiety fAMd S Hol
= ofitEtA 49l o)4kstEr A 19 slolEdo|EX EA A AlAstaA §f
A, AT Ad2L goksiAd g 2o

o|4t3lEtA Slo| =Y o] EE o] &3k Ayl o]itsletiol R3PSy EolA
2ol 23] oHAd 5F A7 5 22 HolHES EAE] f41%
ofitsld 4 Slo|EYolEE F3 f5FE 4 A= NO analogy 54 S &85t
VT A=

7 A 7180 HE ol4lstekAe} opgbstA Aol EE 3 EAS Yo

B7] 98l A w5 ol4bBbERRSh ofAlslax, olAbsigra-olME AL E
b stoledlolEe] 4R S WA SHSAT. L A3t opstE T} o] 43}

|\

gkl H]3) 100 MPaclste] 2o AE ofabsbal vt o dsberanct o vt
=3 2AEe £xd we g WAL A 5 Ak oRe
A gre o] o galekas) ot ALE o[ g4 SeldolEe] WA D 3

FAe FAFnA @ W, opB AL Fol=d o] ET} of
Ae UAE EAsIE PG Mol P4

Oeo2 &9 7k sfe|EdolEe 72 #4& 98] XRDE °]&3k3la,
I A oitsteka-opikstd A 29 Tk sho| =0 Egt B9 ThA o] =
o|Eo| FI7FHOE olitsttay} ot HAE FUARM Al A BT FUT v
A AN YeEbdS &l & 5 AT ¥= F Hexagonal?l ice®| ¥ AE
A YA & 352 B4 A3 BF sl 9= sttt ojitsiea
-opatEt A & EF b2 slolEg ol Ed ojitstetay opitstd s U Y
Fo 2N Wshs AR 7tA SolEolE FE= s1 @Y 7FEUE ¥
A 9
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29 YAEERE solsdolE Yol 3 B YEEo| ol4stekash o}
Ak Pe FAT & YU, WA AL gulste e B e AFA
o ohie} obitstds AMEAI} SolSHOlE s1 FoIA T FES &
e 53 mFo TIHASLT ¢+ AU

5:5 Hl &= ddsHA £ d olitsea/optada £ 7}é% o]-&sf st

7k27b Aoy 23] FH3leAs GCE FA el & 5 SUSith 10 bare] o]
At a-ob st d A £ v Y &F olAtEEAY opibstd 4 VA E
10 bar ¥ F7} F<Usk= 239k 17 bare & 7F2 U F &5 7F2E 3
bar B 7} FYste AF BT F Vb T 54 U2 =AW wistel #
Aol stol=golE Ul opitstd ol x| HlgL ojstslerAe] X3 HER
O b =2 As #3d & F AAT oktEE e ojitstEATE TR £A
Fo JHALL AFAdE BTk, £ HEo] tENE AL o=l EF

3 A3
Eo 4P Hol A2 BE LEoIA FHFS FARAL EF 2 &
oJAtBlE 2-ob B A 2 BF shaol FAHOE FYshE shaut Delstel
AR 72 stol @O Eo) A o] Msberast obiEAL F bz EREO]
A gold Ae AL F YT, o ZRE F shnel stol=do|EH 54
o] B2t ARE o & Utk ol4BHATE AN ohuHALE B
got WAL F shao B4 thzr] WEe o 4HVAE 8T & it
AL el @ 5 YT, B AT ARE FF T sj 7}4 TMOI !
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S 2014, LE-9JE Go)ERF = 2 ~Ho)ES T

Ao AFo B 7 AT =E, Rk G

NG, 014 Y BFYE o] & HE, ojisEs, Fu oE EFF o
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