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Abstract — In this study, the inclusion phenomena of tetrahydrofuran + 3-hydroxytetrahydrofuran + CH, clathrate
hydrates were explored via thermodynamic and spectroscopic approaches. The phase equilibria of the double hydrates -
THF + CH, and 3-OH THF + CH, clathrate hydrates - were determined by pressure-temperature trace during hydrate
formation and dissociation, and the result revealed that the equilibrium pressures were shifted to lower pressure region
compared to pure CH, hydrate. The powder X-ray diffraction patterns revealed that the double hydrates of THF + 3-OH
THF formed structure II type clathrate hydrates with CH,. The dispersive Raman spectra of the double clathrate hydrates
also exhibited that CH, can be trapped in both 5'26* and 5'? cages whereas THF and 3-OH THF were encaged in 5'%6* cage.

Key words: Clathrate hydrate, Phase equilibria, Large organic guest molecule, Thermodynamic promoter, Thermodynamic
inhibitor
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Ao E slo] =] E(clathrate hydrate) == 71~ dlo| =
0] E (gas hydrate)2} B8]+ 1A 3122 H|3}8HFE A (non-
stoichiometry) % 3}3&-(inclusion compound)ZA], UHHE 0 2
A9 08ke] 2N & FAF A AEE S ol F= 3%
Ao vhe 3 &l 71 B2 e A A AA] 2 (guest
molecule)’} 32| E|0] Qli= FHIE o]&t}. o] wf 7k sto]=g|o]
EQ AAE o] FaL & & WAL} L H o] 9l AA| 24 Aol
o= e &2X] Whe| 2k Jle]| o]k A% 2Rgo] EANSHA et AA)
TAFE = | ¥H(methane), ol Eh(ethane), ©]AF8}EEA (carbon dioxide),
A2~ (nitrogen), 52> (hydrogen) 5 THFSE 71 A7} 714 slo] = o]
EE 3% F glrh o] 5 7kA Slo|EFo|EL] A% T2 AA
A 7 A7 T2E 7HE Ao R dEA itk Ao ® it
7 (cubic)Ql T+Z=-I(structure 1), T-Z=-Il(structure 11), “12] 3L S
7 (hexagonal)?! -Z=-H(structure HY’} 10 o]& 3+ 27|
CHE 579 thd A 53 (polyhedral cageys 7FACt & &9,
2119 739, 136709] & A7} 8733k w3 AR (unit cell) Wil
167012] 22 %3 (5'%, pentagonal dodecahedron)¥} 87§2] & &
(5'%6*, hexakaidecahedron)® & ©]F0| %31t} 1,2].

7k sl EFO|EFY 7RAE SRS B F dhhes 7k A%
Sgolt}, wEk slo|=elo] EL] -9, 1 4 mlE| 2] gk Slo| =4
O|Ex= Huf] 180 4'd vE Q] Hgk 7pAE A = QlE BloR
& A QUTH1]. wheba] Thekst AbY Fofell 9lo] 7tk sto] Eglo]
EZ o] &8 7t F Y A% T B8 }to] AR Qlh3]
E3], @A A 7t ol T2 ARE I Q= g A 7k~
(liquefied natural gas, LNG)2] -9 9315 £ 5} 113 KO3}
225 FAA Ak ahH, o] wf) Al o] ART}E FHME TR
Ao Uk BFAINE 7k Blo|EYo] EC] FHIE M 7tAE
At A, B =2 2= 2704 wg 52 HA 7AE A
sk = 9lom, X]-7 | B Z(self-preservation) &35 F3| o]t v
"LEHX*,E L 2591 253~263 KA %= A

I QtH4]. A7) BE g e} $h2 7k 5
} A o] gk A S= P45
=i, ol& %3]1 ‘/Hl?— o EAgt= 7k stol =0 E o] F714 1
s WA eke a9E w3t

7k SPo| EYo| EE o] g8t mghE 3E3eE TR 7RAe] A
& E ke A-gslalr] flslx= 7k slol Eglo]| EV) A E=
255 7hE woldA AR S wE s Flo] st ol &
alAdst7] S8l B2 AFEol FdE o] =, tiEA Q] dojshy]
4 Z 7 A (thermodynamic promoter)?! E|Eg}sto] =2 F
(tetrahydrofuran, THF)S 37}l slo]=el|o]EL] A & Ak
3] WE = QlSo] HauE U], 22 THF= 1 A2 7k~
sto]|Ed0)|EE AT 7 gl A7F A A (self-former) O] RE,

wgka} ShA WA 749- 2F 278 KO &1 4 0.33 MPa2] &
z710 A Wghs A7 = QITh5). o= =5 Hlgk sfe] =0 E
7F @Adsh B2 25 oK 9] 9FH (4.244 MPayS 3] o]
ek 7t~8 A 7 S-S SJnlsitt

THFS} 7o) 7k slo| =0 EQ] PAS FXIA7]E F7] 22t
7 EABHE e, kA sto| =0 EL] S ofAlstE 84 o
AlA (inhibitor) GJA] EAIECE At A 7kAE o5 i ARk
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BRSjS] s A 5O AEAGE ol - 9o, £ BA
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A8t &4 AAAZ AU = Qs AT Bl
7F ATHT). #Zoll= THFSF HIE 25 7P she] 424l
A7t oPO]E%*EW]E 2|8k 3-3lo] =2 A E| Egtalo] & 2 Fak(3-
hydroxytetrahydrofuran, 3-OH THF)2] 7}~ slo] =g[o] E 2] 4]
of mx]3= o] Harel uh 9lom, THFS) v]5zeh 573 2] &
Z5 ZHIRE, THFSR= R 7k slo] =0 E2f A4 93%‘—%
ghear e Fleh8)
ATl = 7}i sto|Egflo] E o] A stz YA FAQL
THFS}F 34 A7 3-OH THFZ} &3 =8-ofof| ] <] et
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2-1. 48 M= Y 71 S0|=2I0|E ME FH|

S 99.999%2] WEk 7FA(SINIL Gas Inc.)S AFEEFITE THF
(C,Hg0, Sigma Aldrich Co.) & 3-OH THF (C,HgO,, AK Scientific,
Inc)= ZH2} 99.9%, 99%2] =52 717 71 0 & A5tk THF:=
72.11 g/mol®] 71 EHEA 5543 BE5S 47 1648 K 2
339 Ko]al o]l 2 =t} 3-0H THF:= 82.11 g/molS ZH= §7]
AT 5543 F=12 7247 31926 K 9 454.15Ko] a1, &3
L& le+006 mg/Lolth &3 7}~ o}O] EdolE P& 98l
THF % 3-OH THF7} 212} 0.5 mol% %! 5.06 mol%7} 3 3%
FNE 250 K9] WFarolA] A8} A] Z A A gAoll A
st} ©F 150 pm oJske] YeE 7 EEFEHE vt
& REE71E HA AAE o] &3te] WAAIT &, 1A s
5, EER A skar vgk 7k~ E 9 MPa® 7Faaitt. of
5719 255 243517 Yt F-2F(RW-2025G, Jeio Tech
Co., Ltd)Z o] g3}l o, 25 += 253 K2 17g3kaL 597 $33)
HESAIZATE AE 35 918l 18t W71 WA AA Ha 3
of| A W¥7}etel o™, 3]4=¥ THF + 3-OH THF + CH, + H,0 7}~
5]-0]531] ]E /\ﬂi_o_ oﬂ/\/ﬂ g;@ H‘8L7] ] g]. %7]% o]%ﬁ
o] FA313iet.
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2-2. 7k~ SI0|=R0|EL| MEYE £
THF + 3-OH THF + CH, + H,0 7}~ 311 =801 B8] H-L, jpps.0n
V3R EE S0l S o AR RESY) W = AR =
Fig. 101] =214 0 2 YERY T THF % 3-OH THF7F 242} 0.5
mol% 2 5.06 mol%”} 3 =& 20 miE Ui H-3]7} 50 cm?® ¢1
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Fig. 1. Schematic diagram of experimental setup for phase
equilibrium measurement.
1. High-pressure reactor
2. Water circulator
3. Syringe pump
4. Recording system

5. Pressure transducer
6. Thermocouple

7. Methane gas cylinder
8. Vent system
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2-3. E& SI0|=20|EL| & &M

A& SlailA A2 3)d 22371 (X-ray Diffractometer)2h
2}7k 37 (Dispersive Raman Spectrometer) S A8-511 T, A A4
31 SIS 40 kve] 2 5kt 300 mAS] A A RFelA CuKaE
FUO R 1.5406 A T 2heE 37 24 %0](D/max-111C, Rigaku
Co)E ARE3to] ATt 7k sto] EFO| E AES] &4 W3]
Sl AES A 717)ell AAA1717] Aol 93 KO 2 255 W
A AAATE 1 A Aol Bt @ AES 80 KZ W7} A
71 AL ME 2Eo)A 2 A 323F0.02° 749 34 ARlS =
Akt ghvtk 54 ZH](ARAMIS, Horiba Jobin Yvon Inc.):=
514.54 nm2] 35 Zh= Aro]2o] B o AREE I, 30 mWe
A71E AHESFGITE Aleh 1 112 B3| o] AxLE ARE-ske] Ak
Helar, ghuk AHEHL A5t e AAF(Charge coupled device,
CCDYE AHgste] AE3ith A S4E g8l 25 Alo] dnl
2~ B 0] %] AX])(THMS600G, LINKAM Scientific Instruments Ltd.) S
AMEERITE B ek A EL 93 Kol S35

= 7k stol =gl EL] A E S S| fleh &% 8t
gl ol wh 9 Wisks S7get ook 7k sl EElo| E
e A%k &% 317 ¥ oll A 3-OH THF (3.0 mol%) + CH, +
H,0 A|A8lol M= w31 9] sbe7sbr) €lE Wi (Fig. 2(a)),
THF (0.5 mol%) + 3-OH THF (5.06 mol%) + CH, + H,0 A ~&]
o= I e syt SR1E Sl tk(Fig. 2(b)). o] AlAEe] 7
o= goska A 221491 THF 7} 0.5 mol%, A 8H2] 84
o] A|#191 3-OH THF 7} 5.06 mol%= H]&0] ¢k 10814 = =jo] L=
g Aketthd, 4 25 317 bAoA A ek FAgAd
THF7} 44 &, wleka} §7) &5Fe] F3-Isto| Eglo] E5 A
QAdato] s E i vrERLbL, o] w1 ofofellA] d o
82 o AIAIQL 3-0H THEZF Helols =, wiwkat 9 S7H o=
7k Blo| S0 EE g/dste] & gk WMo o Asr e s A
O 7 FNE < Qlrh F, 7k slo] o) E G /b Aol At
285 sh= 7 7HA 9] 7] EAo] EAshE AlHlellE F 7
THe] 7k st =0 BVt BvrdatA AR T A58 5 Q)
th 7k Slo|=elol E dja]E et &% Ak el E F 7A€
sto]=glo| EZL ExtdstAl AL A= &1 = QST
= 3

3-OH THF (3.0 mol%) + CH, + H,0 A| 2~ Bl oA = o &jite] 3
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Fig. 2. Pressure-temperature trace of (a) binary 3-OH THF (5.56
mol%) + CH, system and (b) tertiary 3-OH THF (5.06 mol%)
+ THF (0.5 mol%) + CH, system (Formation process, O;
Dissociation process, @).
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AL A& 5 AW wHE(Fig. 2(a)), THF (0.5 mol%) + 3-OH THF
(5.06 mol%) + CH, + H,0 A| A~El o A= 5 7) o] HE -8 gholsh
5= AJTH(Fig. 2(b)). el FFolM oz el HEHH (st
equilibrium point, 277.9 K, 3.3 MPa)< 3-OH THFS} &4 wjgko.
2 o]FolX 7} dlo| =g o] EVL g H o] doixl Flola, =
A2 YERD 333 A (2nd equilibrium point, 293.1 K, 3.85 MPa)
THF$} Q5- w|gko 2 o] o] 7} slo] =0 EV} sfjg]H o] o
o] Zolt}, W Z AlF-(mesopore), " ZLZ A3 (macropore)=
5 F3e= F45 47] %A (Metal Organic Frameworks)S] U
Q1 MIL-53°l &5 23} A7 &, vlet 9 o AbstebiE X335k
7k sl B0 EE 34 F s A7IE, Wz Ale miAE Al
Foll ZHI Q0= sto|Tallo| BV WA aljg]w] 1, A A 2] sto]=
do|EZ} Yol 2] EWA Fig. 2(b)eF 22 F 719 HE ol
TAFTR= ATA37F QATH9L. ol @ AdkE Farstkls ), of

199 AR EE ) ) S A9, 2 £

OE A7IEAE FHATIE T B BAL B 54 2%
e 202 WESE EAHOR ks ol Selo| £ wEE R
o7 223 2= oA}

Fig. 3¢41+= &5 CH, [10], THF (5.56 mol%) + CH, [5], THF
(1.07 mol%) + CH, [11], 3-OH THF (5.56 mol%) + CH, [8], 18] 1
THF (0.5 mol%) + 3-OH THF (5.06 mol%) + CH, dFo] =& o] E 2|
/\LJﬂzsi _T'_/q o L]-E]—LHO"E]- 1;].__ 1\]/\1;11 ] ]5].04 THF (0.5 mol%)
+ 3-OH THF (5.06 mol%) + CH, + H,02] 7}~ 3lo] =0 E A]
2EoA = ARl 7 9] BE Aol veh =], &5 s
AollA g% Tzl 7277} sto| EYo|EL sE] THRE
laf ehtal A= A 3e W Hew A4S, Fig. 30l vEh
%tk THF (0.5 mol%) + 3-OH THF (5.06 mol%) + CH, + H,0 <]
7k spol o] EL] A WA AEE oY 9 2% 271E 3-0H
THF (5.56 mol%) + CH, + H,0 7} Slo| =0 E9] Ad3] =4l n}
H W3S wl, 5 2504 oF 2.44 MPa2] 3/ 7 gy}t
AetASS go1g 4= Atk THF (0.5 mol%) + 3-OH THF (5.06
mol%) + CH, + H,02] 7}~ 3lo| 0| E A|A~Flef|A] ZF7}ko) 71~

15

3-OH THF (5.52 mol%) + CH,

THF (5.56 mol%) + CH,
L ]

Pure CH,4 /
/

THF (1.07 mol%) + CH,4
=]

-
o
1

THF (0.5 mol%) +
3-OH THF (5.06 mol%) +
CH,, 2nd equilibrium point,

Pressure (MPa)

(o]
THF (0.5 mol%) +

3-OH THF (5.06 mol%) +
CH,, 1st equilibrium point

(3]
" P L

04—
270 275 280 285 290 295 300 305 310

Temperature (K)

Fig. 3. Phase equilibrium conditions for pure CH, [8], THF (5.56 mol%)
+ CH, [3], THF (1.07 mol%) + CH, [9], 3-OH THF (5.56 mol%)
+ CH, [6], and THF (0.5 mol%) + 3-OH THF (5.06 mol%)
+ CH, hydrate.
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slo|Eglo] BV} 5724 0 2 qhEo)X|X|uk, A ek A F71A| <
&= S THEZF AIEL vel] - 5o 9l o= QlsjA
3-OH THF + CH, + H,0 7}~ o] =80 E K.t} THF (0.5 mol%) +
3-OH THF (5.06 mol%) + CH, + H,02] 7} sfo]| =0 EV} 4
oﬂz‘ﬂ—x—lpj = H }_12._9_ _Q_1: gl 1;_\1-% %1-‘:'4 }_ﬁoﬂ/\i o‘l.;ﬂsl— 2= 9};]._,_
R D} ShH, AMIEA) 7R sto| Edjo] EL] ?HWH ks

]_oﬂ e} uH Eo] _Q_EO]]/\-1 ok 7MPaJ
—%—% gRlgk 4= itk PRI A &, A2
1 @A AlA] 8-S Sk= 3-OH THFZF
3helo] 3150 = QI3 THF + CH, + H,0 7} 3lo| E|o| E Hrk=
THF (0.5 mol%) + 3-OH THF (5.06 mol%) + CH, + H,0°] 7}~
sfo]=go| BV} Aogta o2 & t] By sirtal ddE 5 gk
0] THFS} 3-OH THEZ} & 98h4] Qg A of] m]x|+= J8ko] A=

hEAR, F A7) B4 FEE 2F0E s Ak &%, ¢
o 2710 ve sl Selo] = 4BY L o FAPoRA T
Al 7k Sl ol el ke Agshs $8 e §Y 5

Ues AAFeit,

Fig. 4= THF (0.5 mol%) + 3-OH THF (5.06 mol%) + CH, + H,0
sfol=dlo|EL] A 72 BAE 28l S A 31d 4
Ao}, Fx-11 & ZEerha €27 3-OH THF (5.56 mol%) +
CH, + H,0 7}~ 3lo]=do|E 4 THF (5 56 mol%) + CH, +
H,0 7} slo| Eglo| Eg} nizl7HA| &2 o] Z/d oA 2 71 o] =
do|E Tt Fd-3m ©] %A (cubic) TEE Z%’C T2 7F~ )
ol=glo]E9S 13 4= 91t} FullProfE o] &3 ZH YU (le
bail) ¥ & ZA¥}[12], THF + CH,2] A} 2 7](lattice parameter)i=
a=17.095 A°] 1, 3-OH THF + CH,2] Z#} F7]+= a=17.1708 A
2 AL E Y} 3-0H THF = THFS] 9.7F +39] $F 4 A=
sl =EA7|7F Xgkd 22, AFo] ofF 7.33 A2 ZA THER.UH
B2} 57)7} A7) Wil 3-OH THF + CH, 80| =|o] E¢] 2=}
A717F o AA FoX Aot THF (0.5 mol%) + 3-OH THF (5.06
mol%) + CH, + H,0 7} ato] =ej|o] E ] 7-9-0lli= a=17.1059 A2]

§ &8 §@ 8T &a& T & §c 8@
§ §8 38 3§88 g g8ese
N
—— 3-OH THF (5.56 mol%) + CH4 3

A
[ THF (0.5 mol%) + 3-OH THF (5.56 mol%) + CHa

i |

[—— THF (5.56 mol%) + CH4

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

5 10 15 20 25 30 35 40 45 50 55
20(°)

Fig. 4. PXRD patterns of the 3-OH THF (5.56 mol%) + CH,, THF

(0.5 mol%) + 3-OH THF (5.06 mol%) + CH,, and THF (5.56

mol%) + CH, hydrates. The asterisk mark indicates diffrac-

tion patterns from hexagonal ice.



257 THF + 3-OH THF + CH, Z#] A 20]E 3ol =go]EQ)

— 3-OH THF (5.06 mol%) + THF (0.5 mol%) + CH4

—— 3-OH THF (5.56 mol%) + CH4
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Raman Shift (cm™)

Fig. 5. Raman spectra of the THF (0.5 mol%) + 3-OH THF (5.06
mol%) + CH,, and 3-OH THF (5.56 mol%) + CH, hydrates.

AE Kol 7 gto| =0 EQ] AR} A Alo] 3hg ZhE B0
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Fig. 5= THF (0.5 mol%) + 3-OH THF (5.06 mol%) + CH, + H,0 7}
2 fo]=g|o] E¢} 3-OH THF (5.56 mol%) + CH, + H,0 7} 3}
o|=glo|EcA 2] wgl #ate] XS et g S Bl gl
3 Ayjolt} AQulA 0 7 J}A Flo| = o] E FLZ-19) 51%64 T3
a0l 512 3ol 37 ¥ wleke] C-H symmetric stretching mode® -
FEH peak:= ZH2} 2904 cm™, 2914 cm oA AR = Ao ® oF
2171 QATH1]. 7 Al elA] f71E2ke] o] -2-11 sto] =4
o|EQ] 5% F3-& BF A& 5 i 5.56 mol% THEF EA gl
T Eekal, A 5160 5a-g HiEke] Al9-aL QS 1Sk = Q)
%t} THF (0.5 mol%) + 3-OH THF (5.06 mol%) + CH, 3] =
go|Ee] ¢ 51264 53 o tigt 52 532 CH, AR v E 7
Zte] peak 17|12 Bk Ak, AT AT 4 =0.157 FHR1IE Y]
©w, 0] 3-OH THF (5.56 mol%) + CH, &lo]=glo] Q] Af%
HIQl 0.12K T} & A2 UEMRTE 58, 7 AAE 25 odF
Z-18] 57 CH, ol =do|EV} 3434 4= glom, Fig. 59 13-
11°l] fjdsh= 526" 4 5'% %3-2] Raman peaksS} 47 A2 75
Zdo] lont, F A B Hlsst AR 0] AE s
7207 7448k 7% THF (0.5 mol%) + 3-OH THF (5.06 mol%)
+ CH, slo| =0 E7F ozt o 358 A WS 7 A2 7t
Zke] §71EA} 7k slo| EHo| EE Ak uebA] A o0R
56" T 3-8 AL - 3k CH, APF oE 516 5o
ko=

A= o] 24} ‘tuning” AFOE o]3llE = Qi

4.

iy

=

L ATE T doets FA HAIR THRSE 4ofeh2] 9743
A A AIQl 3-OH THFE £33+ THF (0.5 mol%) + 3-OH THF
(5.06 mol%) + CH, + H,02] 7} sto] =gflo] o o3t 873 715=

o wd [ 12 dJo 1o

10.

11

12.

4 7T e 9 BEs 24 357

QAT ME T2 T §7)EA7) A5 A ABlo M=
71247 24218 sto| B0 EE A sk #g oA k] &
aH @iol] YIS F 0w FAT 5= Qlglon, 7k Fo)
go]E Aol Ak JEe vAE T AR FEE X
growx slo|=go] B uitel] 7k7) Qb 0 7 A 4 Qe
I, oY 208 o) A T e TR EklE

-

~d
rlo
[\)
=]
2
kit
o
Jr

@5)2) Agow saetse] 19

ol =8 7) 2 PARIY (NRF-2015R1D1A1A02061741).
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