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Phase Equilibrium and Spectroscopic Characterization of

CO and GC;Hg Binary Clathrate Hydrates

Jeong, Jae Hak

Department of Ocean Energy & Resources Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Carbon monoxide (CO), which is a colorless, tasteless and poisonous gas,
can be produced by the incomplete combustion of propane (CsHg) and natural
gases. From a point of view of chemical process, CO is a primary component of
syngas, which i1s a crucial intermediate resource in producing a variety of
chemicals such as gasoline, ammonia, and methanol. In this study, we
investigate thermodynamic behavior and spectroscopic characterization of CO
and C3Hlg binary clathrate hydrates, which has not yet been studied in the
clathrate chemistry and engineering fields. The CO/CsHs clathrate hydrates
were formed from CO/Csls gas mixtures of 80/20,60/40,40/60, and 20/80 mol%,
respectively. Three-phase equilibrium boundaries of C0/CsHs clathrate hydrates
were measured using a high-pressure cell in a wide range of temperature and
pressure (200-300 K and 20-30 MPa). It is known that pure CO hydrate forms
stable structure II (sII) or metastable structure I (sI) depending on the

formation condition, whereas pure CsHg hydrate forms only sII. Synchrotron

- viii -
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X-ray diffraction (XRD) was used to identify the crystal structure of CO/CslHg
clathrate hydrates. The XRD results reveal that the CO/CsHls clathrate hydrates
show the sII crystalline product for all binary gas mixtures. Raman
spectroscopic methods confirm the enclathration of both CO and CsHs guests in
the cages of sII clathrate hydrates. Direct-release measurements of C0/CsHg
clathrate hydrates indicate that CsHs molecules preferentially occupy the
cages of sII clathrate hydrate rather than CO molecules. These results
provide good information for selectively separating CO and CsHs from CO/CsHs

gas mixtures via a hydrate-based gas separation process.

KEY WORDS: Carbon monoxide; Propane; Gas hydrate; Phase equilibrium;

Spectroscopic analysis
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7}2slolEdo] EX 18101 Sir Humphry Davyel ol&] & Aol Aok

(United Nations Environment Programme, 2014). 1900Wdt] A7 2 HA7}xe

A4k gfelZejlo A sto]Eglo]E AA o] FAHo o]zl whes Aol
TAstAE o] & siAsty] Sl EAZF R So|=HolE A7 AIFE
(Gao, 2008). 7}xslol=do]Ex= Wgh o ©alaitvl ofyg} o] 4hetgh 4,

ofitslE A T ThRE Th2of whEste] o] "k (Wroblewski, 1882a, b, ¢
Sanchez et al., 2018; Teymouri et al., in press; Yang et al.,, 2016; Mohammadi
et al., 2011). olo] FHH, FHHC=E {F&3 7[I2E Slo|EFolEE 3 Y
AZste A= APHAY. HZoAe SA7IEE So|mgolE A Al Tt
mop AdEl=r & Ae ol&sty Ji=EYe HHoER dATHa Atk
Table 12 LA} EA(CO)S; ©8l4s W AH 72~ slo|EgolEEe A
T5%S RHoZFtE (Ando et al, 2012; Amtawong et al, 2016;
Awoonor-Williams and Rowley, 2017; Buchanan et al., 2005; Cao et al., 2016;
Choukroun et al., 2010; Cox et al., 2018; Davidson et al., 1987; Department of
Physics, Chemistry and Biology, 2016; Giavarini et al., 2003; Lederhos et al.,
1992; Lee et al.,, 2014, 2018; Mohammadi et al., 2005; Jin, 2016; Skiba et al.,
2009; Subramanian et al., 2001; Vu et al., in press). Y4+3}ek4 9} 3 2 F(C3Hp)
Btz solEdo B oA ATIL HA e Bofoln] B AFE o]d
% de-e= 498 A% 235t 544 d§ HetstuAd Aok o o
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Table 1 Research status of CO and hydrocarbon hydrate

Guest molecule Research status
CH, Buchanan et al. (2005)
Choukroun et al. (2010)
Cox et al. (2018)
Lederhos et al. (1992)
Department of Physics, Chemistry and
Biology (2016)
C-Hs Cao et al. (2016)
Vu et al. (in press)
CsHg Amtawong et al. (2016)
Giavarini et al. (2003)
Jin (2016)
CsHs+H, Skiba et al. (2009)
CH+CoHs Lee et al. (2014)
Subramanian et al. (2001)
CH4+CyHg+C3Hs Ando et al. (2012)
CcO Awoonor-Williams and Rowley (2017)
Davidson et al. (1987)
Mohammadi et al. (2005)
CO+H, Lee et al. (2018)
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(Chun, 2006; Chun et al., 2006; Dennis et al., 2007; Gary, 2017; Gentillon &
Toledo, 2013, Guo et al., 2010; Lee et al., 2009; Ting & Ouni et al., 2009). ¥
ATE Tl ZEEF ol BAAR] Jtzstol=HolE Nt Tk EEl s A AA T
FHAGH oA ZoF, 77188 oF T4 F&3T HolHE Z8E Jo=
71 o

Coal Aldehydes, Alcohols
Petroleum coke Methanol
Ethanol
Naphtha Syngas
(Hz + CO)
Nature gas (
Hydrogen
Biomass \ Synthesis natural gas
(SNG)

Carbon.dioxide '
Gasoline

Fig. 1 Syngas process (production & application)

12 712310l =g ol E

7hzstolEYolEx S olE = ®WFd FHaisderm AA Akt
FA Aok FaAg e Al o8] AL, adtlA FHE= EHI
grEolt}t. Jtxslel=golEe] AAFZE structure 1 (s, structure 11 (sID,
structure H (sH) Al 7FA2 &4 ok (Sloan, 1988, 1998, 2003; Ripmeester
et al., 1987; Udachin et al., 2002). Z+2t¢8] Fx+= &9 7, 39 A7]=0°]
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SlolEgo|EE ¢, sll +2E FAstH d2sets BExls I Z2ZG6 ;0 5%2,
sl : 5%%) &g ZFG6l - 5% sl : 59 73t (Petuya et al, 2017;
Mohammadi & Richon, 2010). Z=3 slo]Edo]Ex sll F+x2& JAstH ==
T BEAE & TGO Z3le Aoz dEA Jdu (Rawn et al., 2003).
Hydrate Crystal
y v | | H
Structure
Crystal Type cubic cubic hexagonal
Space Group Pm3n Fd3m P&/mmc
Lattice Parameters a=12.26
’ a=12 a=17.3
(A) c=10.17
Cavity Small Large Small Large Small Medium Large
Description sz i sz | g2 | sugs | s | s | sizgs
Number of cavities 2 6 16 8 3 : 2 : 1
Average Cavity
3895 : 433 3 473 3 4.06 571
Radius (A) :
] v

Fig. 2 Crystal structure of gas hydrate clathrate
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Fig. 3 Photograph of high-pressure ball
mill cell
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Fig. 4 Phase equilibrium curve of gas hydrate
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Fig. 5 Process for measuring phase equilibrium curve of gas hydrate
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Fig. 7 Phase equilibrium points of C3Hg hydrate
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Fig. 8 High-pressure phase equilibrium
curve measurement equipment

Table 2 Experimental condition of phase equilibrium curve
measurement

Experimental condition

Stabilization time > 1 hour

Stirring speed 400 rpm

80/20 : 1.8 MPa, 278 K

Starting point 60/40 : 1.2 MPa, 278 K

(CO/C4Hy) 40/60 : 1.0 MPa, 278 K

20/80 : 0.8 MPa, 278 K

_‘I‘I_

Collection @ kmou



2.3 Raman spectroscopy

Raman spectroscopy+= 2}9F & 3HRaman effect) =+ 29k 2Fek g vHRaman
scattering) & ©]-&3% #+FEAHoloh Z9F 3= Smekal (1923)0] &3l o] &
2o g2 o= o Raman (1922), Raman and Krishnan (1928)ol &l 27 =)
At 1998 ol et E3k= AA, 7k B uA Y ARe BHes WHOEA
o] FaAo]l <UdA=Eo w= 38+ 3| (American Chemical Society)ell 2]sf
National Historic Chemical Landmark® X]7 = ]t}

59 71AGE A A FA FATE FEE, A A FAe] 9
YA o os) &dste= 7HateEl(virtual state)®2 SxA "k o)gd E=AE)

= AT AHel7] Wl AA= FAE UAl BEsta AUAEATE B
FHE o] F T olu Mk AUAETE ZTAGHEY £ FH(TEE #

olx AeNE AE I~ AHEH(Stokes scattering) olgbal 34,
E]l-~E 3 2Fek(Anti-stokes scattering)e]etal skl HEH
BApo] oA Wa e Ao AEuUA| o o]AL Ul AZE
(Raman shift)2}al St} 2pnt A ZEE At A9 AFER=E dopd
Aem Fig. 99 Zeo] daE d& F Aok A=Y A A7|E T3 A4,
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Fig. 9 Raman spectroscopy peaks in H,O molecules area

dutd oz A ollA & S-S v E ol 7] WEe 2E=
2 2kl =7t A3HAl 4 =W, Raman spectroscopye J =7 A 2EA
2 AkEE o

| &-gtth. Raman spectroscopy AHl= ZA #HolA FY, T
(Monochromator), A &34 ~7](Sample holder), 7= ~7](DetectonZ o] Fo{A ).
B AFgAE IFAHAYA LA 2P A Customized Raman spectrometer=
A&t (Fig. 10).
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Fig. 10 Customized Raman spectrometer

Raman spectroscopy= 7}23to] =g o] E Yo 7}x9] =3 5= 315}
7l 8 Bad E4olth. &4 Aol At o8] wAst= s T8 &
Met= et B3EA e A4 dF =4(>@F, 22 e

ATE B AFolA ALgsle Yabslebaol 23S Raman spectroscopy o2
HZEo] 7Fs3tth. Table 3¢ Raman spectroscopy®] &4 =71-& A stATh

Table 3 Experimental condition of Raman spectroscopy

Experimental condition

Temperature 93 K
Laser Nd-YAG 532 nm 150 mW
Spectra range 0-4000 cm™
Grating 1800 grooves/nm
Microscope %20
- 14 -
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2.4 Synchrotron X-ray diffraction

X-ray diffraction(XRD)= Bragg’ s lawS ©]-&3F &332 ol 3 2] (D
7} 2t} (Bragg, 1913).

n\ = 2dsind D

Fig. 11e]4 XM<
Holos "t ol
o o] ARA) uwsn A7 5w Aol o8 7&57} ZaAA At
AL SAEAolT Haw o AdBe S XMolgw @) o WAL
dehd Aol 4 (Dolm, 4 (D& o] gate] Ax

ol g F 3om, o]AL o] &3t ARFAZ] T} lattice parameterE &
T AT

d
Fig. 11 Schematic diagram of XRD principle
- 15 -
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7}2stol = o] E€| lattice parameter= AAEAY] FF, TR &8
&, 25 ¥ o gt 254 28d F Atk ste]EdolExE ¢ €, sH 3
7HA FE2E FAAE F AoH, AARA e wet & 2 TS 45 H
3 7kzste|EFolES 3T, FFAY] T ALtstr] fa AT A
& "4AHolt} (Sloan, 1988, 1998, 2003; Ripmeester et al., 1987; Udachin et
al., 2002). XRD= ZAAT= F4 HZe FA4HoH, & dAFdA= =
%717 4(PAL)Y] Synchrotron XRD 2D beamlines o] &3t 4 =@
Table 4ol 725}t

Table 4 Experimental condition of XRD

Experimental condition

Optical source type Bending magnet
Energy range 8-20 keV
Beam intensity 8.2x 10 (ph/s/0.1%BW)
Beam size 100 ym(V) X< 85 pm(H)
Detector ADSC Q210
Wavelength 0.9000 A
Exposure time 15 s
Measuring angle range 5°-67° 26)
Temperature 100 K
- 16 -
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2.5 Gas chromatography analysis

2 AFoA LS EAa/z2R ERTVEE S| EYo]EY Vi HEEE 7
AZZvlE 189 (Gas chromatography)E o] &3t B3t 7|AZ2nE
¥ = o]5/3(Mobile phase)E3 7% H(Stationary phase)®] 35 2Fgol 2
st A StE HEAbo]E o] &3 EElr|Holtt. B A9 dlolH & Fig. 129
Add7]7] ACME 6100 7|A a2 vlE 23 AH]E o] &35t 2 Autochro-2000 =
219 A3} thermal conductivity detector (TCD)Z 7]1AE &3
Z+4-2 Molecule sieve 5A¢} Porapak Q F+ 7N & AFE3FH S Porapak Qwho
2 A4t 2 o] ZE7 HAY dibsEaTr Freke &7 HA
oro} Molecule sieve 5AS AH83te] Z717F EYHYLS Wle A3 B o] 7}

=<}
535S stk WHzse $i) Fg 139 2o A9 29=Ae 4y

&

Fig. 12 Gas chromatography (Younglin, ACME 6100)
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Table 5 Experimental condition of gas chromatography

Experimental condition

Oven 423 K
Temperature
Detector 273 K
Injector 30 mL/min
Flux
Detector 30 mL/min
Carrier gas He
Detector Thermal conductivity detector(TCD)
Molecule sieve 5A
Column
Porapak Q
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AR AFEH

H Ak Fig. 144 ditstai/rest S§7t2 sto]EHo|EL 4P JAE
= 274-283 KollA FAFHJAoH, o] 4HE H=L Fig. 15914 <

Z 29 slol=dgolEQ A A AlololA yERYTE (Mohammadi & Richon,
2010; Sloan et al., 2008; Lunine & Stevenson, 1985). Y4tal et/ 23 &7}
229] Al o] vl Lol we} 27| wEe AWIF IS AL/ ER &
G720l 2 AFEHQ2, AAZE2SY H5tR]) 2% o]t FHAA FAHS Y
ST Yatslel /23 S35l sloluEgolEE ZHZE 276-283 K, 275-279
K, 275-278 K, 274-276 K (80/20, 60/40, 40/60, 20/80) &%l 3
BB PH =L Table 622 Ayttt LAseHA slo]EF o] EQ] A& =4l
I HuEHE of, YASlEA/ZER EYRUE: SPolEY ol Er ZE WL
20 mol% Wt E3E o= Hl A A dlo]l=doE Ao st5Elh 1

X
g\
ol
ob
32
1

ot
ot
N
N
[
gﬂ
o
[
e
o
(m
mlm
mg
e
e,
i
2
X
n:?i,
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00 CO/C,H,20/80
=7 COIC;Hg 40/60
77 COIC;Hz60/40
) COIC,H, 80120

10°

= I S
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[}
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o

102 1 | 1 | 1 1
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Temperature (K)
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Fig. 14 The phase equilibrium open symbols of the CO/CsHg binary gas

hydrate in 274-283 K

[C.H, hydrate [CH, hydrate

O Wilcox et al. (1941) O Wilcox et al. (1941) v

O Miller and strong (1946) O Miller and strong (1946) a

A Deaton and Frost (1946) A Deaton and Frost (1946) P

Reamer et al. (1952) Reamer et al. (1952) v &
104 H & Robinson and Menta (1971) w K Robinson and Menta (1971) o

<] Verma (1974) < Verma (1974) "

[> Holder and Godbole (1982) 5 || > Holder and Godbole (1982) y ©

- CO hydrate 10° H-cConydrate a
= ¥ Mohammadi and Richon (2010) = ¢ Mohammadi and Richon (2010) Io) .
© Q) Mohammadi et al. (2005) © © Mohammadi et a. (2005) A% 0
o |- CO-C,Hj binary gas hydrate (this work) o0} |- CO-C3H, binary gas hydrate (this work)| ey )
3 ) COIC;H, 80720 3 O COIC,H,8020 * v
= =
D) (3 Y 7 COICH, 6040 [} 7r COIC,H, 60140 s v 40
K] 7 COIC,H, 40/60 Ke) T/ COICH, 40/60 = (6
o [ COIC;H, 2080 el O COIC,H, 20180 </
i g vV &
= S o <P
[} 0
%] @ @
@ A @ i <]A
a 10k B> Qu(Lw-H-Ve-Le o ng

>
> P <
> Aw
Qu(I-Lw-H-V) a
10t L1 L TR N T R | o e e 1
245 250 255 260 265 270 275 280 285 290 270 271 272 273 274 275 276 277 278 279 280 281 282 283

Temperature (K)

Fig. 15 The phase equilibrium open symbols of the CO hydrate, the CsHg hydrate

Temperature (K)

(black) and the CO/CsHg binary gas hydrate (red)
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Table 6 Phase equilibrium points of the CO/CsHs binary gas hydrate

CO/CsHs Temperature (K) Pressure (kPa)
80/20 276.4 846
276.5 930
271.2 1063
277.8 1149
277.9 1127
278.6 1282
281 1503
281.1 1415
281.8 1514
281.9 1578
282 1630
60/40 275.9 560
276.7 653
2T} 699
277.3 725
278.1 781
278.5 815
40/60 275.6 399
276.2 429
276.3 442
276.4 475
276.9 519
277.2 571
20/80 274.5 250
274.7 270
275 293
275.3 344
~ 99 -
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3.2 Raman spectroscopy

Raman spectroscopy A¥# = YA A/ZEH SRV sto|Ed o] Ed A
AEAe] = oRE vepdth Fig. 16914 800-1500, 2700-3100 cm™ << 9
bgkA] Bl 4oke] Raman ¥ A ES ZTEH Ao o8] vEld yaEoly, w
P dbxsghel 2134 cmT REIOA UEbd FaE dakstga FFet
(Iwamatsu et al.,, 2006; Jankowski et al., 2013). =4 u}x~<Q+e] 3000-3500
cm'e] A E Bxb] ofs) vephun Repa ghagke) 2325 cm Rl A
Uetd d3= da4 ZAel o8 yEeldok (Lee et al, 2012; Murphy &
Roberts, 1995). slo]=#o]E2] Raman spectroscopy 4 93 93 Koz &
T fA BHoz ARALE THFA HEH ol Udsh 2325 cmT oA A
=37 AEHAS. Fig. 172 24 vl&9 ditstas/z=20 Sd7Es &)ol
d°]E Raman spectroscopy A3} =4 d4tstebs sho| =4 ]EE H) w3}
o

m Pt

2P o]t} 800-1500, 2700-3100 cm™ FHollA ZE2F FIE0] HEHUIL o]
AL stolEdolE Wi Z2aFEA7E THEJSS Yr| (Kub1ny1 &

Keresztury, 1997). £3], AYAT A4 878 cm™e] =23 ¥ 3= ol +x%
stol=go]Eel & FFo EHE = EXAEZEEH BAE Ja2 4 A
AT} (Sloan et al., 2008). =g, A4S ERA/ZEZH EF7A0] T2 H]E9|
ARATE A EA/ZE2H T2 StolEFolE YR =2 ¥ 37l A
e Ao 2 Belth Fig. 1804 2133-2135 cm™ FHolA vehtsE F 79
Yae gakstgie] C-0 x5S ov|gtt (Petuya et al, 2017; Kubinyi &
Keresztury, 1997). d4k3lebs BAlE g, sll 7% sto|=dgolES] & T334 2
2 T3 BT ZHHE Ao=E A Avk (Zhu et al, 2014). Petuya et al
(20170l A dAtsterAo] C-0 FE A= sl F+x slo]=d o] EolA] 2135.33
2136.3 cm oA FAEAC Fig. 18914 diser s 3= zkz -1.6, -0.9
cm™? o] %3+ 2133.7, 21354 cm oA HE=ETh

Raman spectroscopy+ slo] =g o] E A% o] L4k3letiol T2 9]
TH ARE Fosted AALEHAY. Z2F BExls sl 7 F slo|=g ol E9
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2 ZF YRu 2HEE Aew o4#x 91, Raman spectroscopyS E-3l
slil. 72 sto]=do]ES & F3o 23 223 22 9aE HEsAAT 4
33 AATZ 78S Y3 synchrotron XRDE ©] &3tk (Schicks, 2018).
CO/C;Hjg binary gas hydrate
H,O
:j: \
L)
2 C,H
a 3' '8
G A
c e
= "
y co
N2
A
1 1 L 1 L 1 L ] 1 ] 1
500 1000 1500 2000 2500 3000 3500 4000

Raman shift (cm-')

Flg. 16 The Raman spectrum area of CgHg (blue), CO (red), H,O (green) and N,
(purple) molecules.

Coll

(D

)

I,__

o1

@

- 24_
Kmou



F

N SN

COIC,H, 20/80
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A |
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Intensity (a.u.)

) M, AN 1 L
L
L

v

CO/C,H; 80/20

:

pure CO hyd

500 1000 1500 2000 2500 3000 3500 4000
Raman shift (cm™")

Fig. 17 The Raman spectra at around 500-4000 cm™ show the gas occupation of CO
and CsHg molecules, and H,O molecules.
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Intensity (a.u.)

21337 2135.4

—— CO/C4H4 20/80
—— COJ/C4H4 40/60
—— CO/C4H4 60/40
— CO/C4H4 80/20
—— pure CO

)

2120 2125 2130

gy ]

2140

Raman shift (cm™)

2145

2150

Fig. 18 The two peaks (2133.7, 2135.3 cm™) in the C-O stretch area change as
concentration of the CO/CsHg binary gas hydrate changes.
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3.3 Synchrotron X-ray diffraction

Akt A/z 2 B3t s Sl
1§35t vttt Fig. 19 &4
w7, 9", 25)9 A EA/Z
HojZth XRD | ojgfol =3
9} ice (2) 7% ¥ A9 A=
YER AT

O

|=dolEe] AATFZ+= synchrotron XRDE
H]-&-(80/20, 60/40, 40/60, 20/80 mol%, A,
23 E3Ut2 slol=glo]Ee] XRD HH &

E2 ol2Z<Ql sl (g3, sl (W) F+=

o) 5
BojF0] 24% XRD Ae s wlwals] 918

wavelength:0.9000

i

Intensity (a.u.)

il

Mﬂ#ﬂ—.ﬂzﬂm COIC,H, 20180

J\_,u_/\_;\_,m/\«,«!kf\f\ﬁ__ COIC,H, 40/60

COIC,H, 60/40

_A_AJJLJ\/\.AML CQIC,H, 80/20

L S o e O I O O o I A e A A T

[ e e e e e I T R TR TR

I (R [ 0 T ice
] L ] 1 | 1 ] 1

5 | 10 15 | 20 25 30 35 40
2theta (dgree)

Fig. 19 XRD patterns of CO/C;Hs
mol%, black, red, blue and green

binary gas hydrate (80/20, 60/40, 40/60 and 20/80
lines, respectively). Vertical ticks below the XRD

patterns represent the theoretical XRD spectra of sl (red), sl (blue) hydrate and ice
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(green).
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=

LSRR A/Z2 T ETVLE SlolEHo]EL FRE EE HIEdA HAUY
(face-centered cubic : FCC) A&} Fd3m &3k

2 yehgow, Ax gk E(lattice parameter):= Z}Z; g = 171222, a =
17.1177, a = 17.1163 and a = 17.1154 A (80/20, 60/40, 40/60, 20/80 mol%)°]T
(Table 7). w&}A], A7) Raman spectroscopy A9} 2133.7, 2135.4 cm™o| A 1}
Bl dsbslebs BEAbe) waE sl & 3fol=golEe & T3 Fe 5
of ZFHA YEtd daga & 5 Uth

(space group)= 7}3 sl +=x

Table 7 Parameters of CO/C3Hg binary gas hydrate (80/20, 60/40, 40/60 and
20/80 mol%)

Parameter analysis

COIC3Hs Structure Space group | a (&) b (A) c Q)
80/20 sll FCC Fd3m 17.1154 17.1154 17.1154
60/40 sll FCC Fd3m 17.1163 17.1163 17.1163
40/60 sll FCC Fd3m 17.1177 17.1177 17.1177
20/80 sll FCC Fd3m 17.1222 17.1222 17.1222
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3.4 Gas chromatography analysis

Zh vEo SR /Z 2R E9UEs Sto]Edo]Eo] 2HHE 729 HE
S #3slr] 98] gas chromatographyE o] &3t th Fig. 208 dAksieks/
23 EFVEE A BlEoA stelEdo]E Witel] £ Jpaof dilsieas}
2o 7t v &S Jehd Ogolth dasea/za2n B3t slo| =g o]
Eo xHHE 729 Hl&2 47 44.79/55.21, 32.80/67.20, 24.90/75.10,
10.99/89.01 mol% (80/20, 60/40, 40/60, 20/80 moln)= e}t L4tsterA ol
A dasta /e d Ut HIERT Sto|EfolEd XHH 729
A4S 4] HlEo] Aol al, WrHo| T2 @2 slo|EgolEd XHH Tt
o] zg¢e] Hl&o] § ARG ol& stol=dolEVt ditsta /TR T3t
29} kg A GAFSIERA9L R B Alo]of A 4%3735‘:«] ztol 7} Ay gk
= As 9H

| : 2

dsbsler el 2ol AP E(e)E AXISIES W

0.20/5.02, 0.32/3.10, 0.50/2.01, 0.46/2.19¢]™ Fig. 212 uYelfAct. L4tstetba

B2 JtaAgsE 2E H LA 050 ol3t2 UEFGA| T T2 2o 7}

2 L5 A vEwon JAS e /2R

EFTtzo A ZERS Hgo] REFE AAE AFS BHATh ol ZEH
&

|
¢ Re ddBLEeR EPhadA SelSdolE T e
A [e) [e)

ul o] o
9 2AL ANARS o AEE Be A med sEo] JITE AL
ol v gk}
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Fig. 20 The concentration of CO and CsHs molecules in the CO/CsHg binary
gas hydrate.
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[— CO-rich gas
Residual gas separation

Hydrate formation

Residual gas separation
CO/CaHz gas mixture

Hydrate formation

CO separation process

C:zHs separation process Hydrate formation

Hydrate separation and
dissociation Hydrate formation

Hydrate separation and
dissociation Hydrate formation

He— CiHa-rich gas

Fig. 22 Separation process of CO/CsHg gas mixture
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C,;Hg concentration in hydrate phase (%)
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C,;Hg concentration in CO/C5Hg gas mixture (%)

Fig. 23 CsHs molecules separation from CO/CsHg gas mixture via gas hydrate
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