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o] Aol W' 7k (CHY) S 7 Abol & 2 3 2 3 oYl (cyclopropylamine, CPrA) ¥} Alo] S =23 g ol
(cyclopentylamine, CPeA)s ©]8-3F slo]=e|o] B9 Fd g}, 7k A=, J2]ar slo|=glo]E4] A% Aol
] =Jsklt. wigk 7kx0] ARFS SIS 5 YRS slol=Ho|E K avE slo|=ao]Ee| F1lE A
AR FEE 2 Foll uleh dokEgith. (CPrA+CH,) St =01 EL] Z-9-, 0.5 mol% F 2] FZeld Ho Fd
T} gsl3lom, (CPeA+CH,) SO =0 B 71 1719k frARE 1.0 mol% 7J=9 Fizellr Ao w1 &bt
HEPERITE, (CPrA + CH,), (CPeA +CH,) 3l]EH0|E 25 12 11 dfo|Edo|EE sty defzlEER S]]
EZ3#7 + CHY), AlelE2 3 + CH,) slo] o] ERT) O W 7kAEE A7dsh= 2102 w4t 100, 150, 200,
250 K] 2719014 (CPrA + CH,), (CPeA + CH,) dlo]=glo]E9] Bk XA 38 248 23 2+ &0 Az 97|15
oo 1 205 FAEH] G AB-S LAEISIT). ofof] wlel, A Akl A7) Afo|E 1S (CPeA + CH,) 3t
o|Eo|ES AR 57t o] & FoR RIS

Abstract — In this study, the tuning phenomena, gas storage capacity, and thermal expansion behaviors of binary
(cyclopentylamine + CH,) and (cyclopropylamine + CH,) clathrate hydrates were investigated for the potential applications
of clathrate hydrates to gas storage. To understand the tuning behaviors of binary (cyclopentylamine + CH,) and
(cyclopropylamine + CH,) clathrate hydrates, *C solid-state NMR spectroscopy was used, and the results confirmed that
maximum tuning factors for the binary (cyclopentylamine + CH,) and (cyclopropylamine + CH,) clathrate hydrates
were achieved at 0.5 mol% and 1.0 mol% of guest concentration, respectively. The gas storage capacity of binary
(cyclopentylamine + CH,) and (cyclopropylamine + CH,) clathrate hydrates were also checked, and the results showed
the CH, capacity of our hydrate systems was superior to that of binary (tetrahydrofuran + CH,) and (cyclopentane + CH,)
clathrate hydrates. The synchrotron diffraction patterns of these hydrates collected at 100, 150, 200, and 250 K confirmed
the formation of a cubic Fd-3m hydrate. In addition, the lattice constant of clathrate hydrates with cyclopentylamine and
methane were larger than that with cyclopropylamine and methane due to the effects of molecular size and shape.
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e go] E sto] =#|o] E(clathrate hydrate)= 932 FAFSH
HeE Hol= A 3F8-E (crystalline compound)Z & (H,0) 7+
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2] 44 A3H(hydrogen interaction) ©.F ©]F] % 5= (host) T-3
el 7k 22 R71E 52 A (guest) wAF A ol FAH
TZAE ABETH12L = 2] 74 AFE St whEoll F
A T2 T (cage)olTtal EE = 7] GHIAEE] A A<
Ao ® o] FoAA H=d], o]2f 3§t sto] Ed|o| E= A tfiiA]
QA 7FA 8] AT 2= /7 7 91om Zh7F G2 I(structure
1), T Ti(structure 1), 7-Z H(structure H) & U5 4= 1T 1,2].
7k 20) 712 A9 E o F= T A 2ok A7)l et o
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FalAl A E A 2 om, 12719] 5715 (pentagonal face) . % T3
B 123419 52 12719] 57H 3} 2702] 6278 (hexagonal face)OE
gHEol7l 51267 T o= 2718 4 Qlet. olof whet, 7t Haell 3
d 7 = A EAe FRE SRR =Y, 2 ”ﬂEP(methane
CH,), ©|%F8}&k2x(carbon dioxide, CO,)7t 223 = o] FAJH =

32 2 ¥h(propane, C;Hy), iso-7-EH(iso-butane, C,H,,) 5°] 225 5101
el Fx I, HEg 2 Tk SR o R vedit
(neohaxane), AFo] & = 3 B (cycloheptane) 5°] EF ¥ % H &}
oj=glo]Er} 1 olgt & 5= JltH1.2].

olefgt 72A Yol 532 SAdol maf W ke 7k B2
AeA oz A4e Qith= FollA] sto]=glo]| E= oluf x| ¢} 3+
—b,'—o]:oﬂ}\-] teFet §-8 7Fs3E 7 e 2R AR I vk
[1-3]. 53], -Evehe tiF-2<] oA d-s 3l <]ellA A ==
A7 Z:% I % 38 7 A& 0] FFE] =& v uAd
O F tF-2 A3l A M (liquified natural gas, LNG)2] S E| &
T gl Aot s, A ATF A= G g ol A
91 K9] FA& Byt 2oeh= WS Yehla glon, #H2eo A
T AFeA = o] TS S5 S8 7% M) dskow &
o= o|E 3§ ATV A= Folth4-10].

sto] =] ET} o] 8} 317 Hofel| 4 2] 384 s dol =2
ROz AAA I YARE, o] & 34 FEskL drelulof H= o
27HA] @47F Qltk. 53], sfo|=dlo| EVF A Y] sk e &
5,32 49 9 2L Rzl =4 dAer & 4 vk
[1-3]. 7] A} organic molecule)E o] =l E A &
(hydrate promoter)= T $13}0], sto] o] E 2] A ddst 21&
H3IA)7)= Ao] shfe] W o R o] o] T AEolA Hgs
W sto| o] E A FXA7E 3 E QI Th4-10]. 3FA|RL sto]
ol E 4 FXIA) AR Fgt slo] Edo]E A 7k A%
Fo BaE oA He A9 EAlshks W, olE 53
18k F4 (tuning) Sl thsk A A= v Qluh11-22].

o] ATrellM = ShA A sol=dlo] E ZNE 7kA A Ul o
-85S A 713} Ame] Ao g ofwlo] 23 wgk 5t
ol=Ho|ES] Fd AT 7k A @Al tial] =2lsk}int. 7]
o e :rL.JZ_ 11 3t Edo| E FAA] Ato] S22 o}yl 7}
AtolE 2o g slo] =0 E FAA R ARl o, vk
7k29ke] @73 W& Foto] 7 & I st S0 EE Alxaitt
T @4 ol3lisl] flste] 1A & 27| 3 37 (solid-state
nuclear magnetic resonance, NMR)S ©]-8-35}0] lo] =Ho|E AE-S
Ao, st =0l E AlEL] Zha AES A el 54
H (direct release measurement, DR)S &5} &1t} vhA| gt
O 7 7k AR 8% oA 9] % Wste] wWE 7% sto| =
olE 54 tﬂﬁré ﬁo]o}ﬂ A3t 2 X-A 3 EA4
(powder X-ray diffraction, PXRD)S &3)| slo] =0 E ] %
As& W3S

2.4 ¥

sto]=go|E A FAR ARSE 2] obvl EAFR = 98.0
mol% =58 Afo| & =3 ZJ o} (cyclopropylamine, CPrA; Sigma-
Aldrich)®} 98.0 mol% == 2] Alo] & 2 3 € o} (cyclopentylamine,
CPeA; Tokyo Chemical Industry)S ©]-83F2© 1, 99.95 mol% =
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o] gk 7}~ (CH,, Korea Nano Gas)$}2] WH-& F3tod slo]| =
Ho|E &S Azssith

T3 AL olalahr] flste] stol o] E BA XA Rl &
zrxggopyl, Aol 2 Adotnl) ¢ F=E 0.5, 0.75, 1.0, 2.0,
3.0, 5.56 mol%® 2 on, sl FEo| Alo|FR T g o]
Aol Z 2oty &S 247 2|25 - 193 K 2522 WEil
of| Al WA ZAT W BES AA| A2 34 100 pm ©]
st 27|12 Akl om, 13} vk 7ol Yol W 5 Hek A E
ZABA. st W] U2 R F71E AlAS] sk, &
Ag we7EAE AuiEshy HE4 0% 8.0 MPal] $HE o= |
7k2E W7 el YA mEA RO = 269 KO d& 3
oA LFA3F sto| o) E AES FAAATI O, FEA
F8st7] Aol w715 sAIst = AA] Ao $HAolA Az
slo] =0l E AIES tHA 100 pm ©]3}e] A7) = F-4fstSict.

B39 stol=do|E AE i) A A 5= Wslel o
slo|EHo|E T @72 #Es] Q18 1A dxp] 3 1
(solid-state nuclear magnetic resonance, NMR)= ©|-2-3}3it}, sl
7123 A] DAY A F-AE | A Bruker Avance 11+ 400 MHz
NMR 7|71€ &-8-3151 21, 7 ol & high-power decoupling magic
angle spinning (HPDEC-MAS) 715 ©] ©] &5 Slt}. 200 K&] &%
oA F4& sl o, v E b A 2 9l (tetramethylsilane,
TMS)S] A7}E 7|0 4 A8t

2o & slo| =Yl E Ee] I AES Rl flete]
14 22 (powder X-ray diffraction, PXRD)S &4
3} 714571 74 (Pohang accelerator laboratory, PAL)S]
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aFlom,

2D el GEwAPA g 8 ol A S 33kt 0.9000 A 3g-€]

7H57] WS 28819 01, 100, 150, 200, 250 K] 250l =3
_0_

H 34 9§15 Fullprof &2 13o|A Le-Bail &4'H& %835}
@ﬂg‘ A BEATH23].
21 7FssltH24].

Z}A|EE AT 2L & 1}e] o] A T=Fol|A]

3.

M

1} 9l Ak

!
l

o] AT A] AFE-3F Slo| EF|o|E A 2R AQ Alo|E R
oy Afo] Z 2T o wgk} 3] slo| =ao] EE FAJA|
A, 7% M slo]| =Ho| EVF A4 HE o] ATellA glst
QATH10]. o] 2] ATtellA] -2 11 slo| B0 E B3 U Alo]E=
zzgopyly} Ato|E 2oyl o] A E4F AFT B 7=
11 3lo]=go] EL] Golstd] QAo tist Ral%k npxbriA| L o]
Fo1z1 vt QT 10]. o] w2 sto]=go]E 7Rk 7k A% 4
.4: _O__Q_Q_ _ﬂ{s]_ o:]_/r_ o:]:TLgl ol@roi o]—,q HE]—_:::I‘__% cd%g /\]_o]a
zrgioly Alo]Z 2 Aoyl o] Fid @ 7t A 5,
8|3 7k A E 2% oA ] 2% Wigle] wE 7] % sfo]
EeolE 54 WglE ER1s A% 4988 He= SISt

59 L olslsl] 915t NMRS Edll(rlo]E =2 Holnl
+Hgh), AtelEZ M obdl + wghel tigh -3 11 st =do|E
9] & A dE BRI, slo|EYo| E A 3149
$E0.5,0.75, 1.0, 2.0, 3.0, 5.56 mol% & 23 WZof tj 3t
AF3tt. Fig. 1ollA & (AlolE 2z 2oyl + wgh) sto] =
Eof 3t 3C MAS NMR AFEHS HojFy glon AdE
S xjolFrE R I ol o 2 1E] B5% 33 999l Fig. 1a9}
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Fig. 1. Tuning behavior of (CPrA + CH,) hydrate with various con-
centration in normalized NMR spectra for (a) CPrA and (b)
CH, region at 200 K.

sto| =0l E U FEoll LA F wgo] #3¥ Fig. 1bZ F-29]
7Fs3lth. Fig. 10 E&E BC MAS NMR A EHL gk 2159
A71E e I35 71707 garskste] Yehl it Alo] S22 3
EZopyl F24= 3 719 1eF ' AR} & o F L AR,

o] F 2719 %*7} 0% FeE 779 = o] 'hA 91X oA o=
9327} A=, oF 7 ppmellA] AS5E v 3.9 A717F <k 23
ppmelA] AEE §A 9138 A7) nlste] A bt s
gRlg %EP(an la). o] W, 3to] =g E FF Yol A==
AtelE &2z 2oy F442] 2} 3 Ell(conformation)= ©] 2] A
2} =oll A EAEl e, o] =RolA e Avls XS AT
e AL 9k 10]. A Eet g5 248 s A ofuX| vk wigk
¥ =79 Gtate AHNEZS 7|F 07 BES u), 5,56 mol%S] A
olgZ = 2ol “gollA A} 0.5 mol%Z Wolef we} 3
Ul 23E = Ale| 2Rz oyl 8] ofo] Taeh= AT Yo
21 7Fsslth(Fig. la).

5.56 mol% (Ao|ZF R Z 2ol + wgh) slo|=go] E Q) mgt
o odof] T3k 3C MAS NMR A3 E # (Fig. 1b)ollA] gl 4= 9l
501, -4.5 ppm FAolA YRt B4 AT = T3 11 sle]| =0 E
9] & EF(small cage, 5% EHE vetS ov]sly 712
-8.4 ppm oJodof| ] o}F eksl Bl AT = X I Slo| =0 E Q)
53 (large cage, 51264)01] ZAE QRO HErS HolFET) o)=

el Bxjo] vsle] & Bl 9712 zH= Alo|Z2 2ol
ARE TR o}°1EEﬂ°lE°l T TS U A8k s
o)) Alo|F R Z 2 Folo] F2 1 oMCEl B9 & 535
B Aeksle e 7P R 5.56 mol% ET=0llA 3.0 mol%
Ao wmef, AAF 72 11 sto| Bl E Aol whet F T
AtolEE g FoI 0 7 HHER] X3t FFo] YA = o

mo o ¢

1

N

TR e E27} A9-A H e, o] gk @do] Fd A v
goh11-22]. o]l w2}, -8.4 ppm 4 0331 gk A% A7) 7} 5.56

mol%2] &%= AEel lste] 7K Z1S gheld 5= 3lthFig. 1b). ot
A|5E 2.0 mol% ©]3}+2] *MZEJEJ‘O}{] SRR AR Aol
w2 1 sfo] =ejo| E who] opd = meko w2 e 7 x ]
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sto]Eg|o]| E 2] AJo] IEE ™, 43 ppm} -6.7 ppm G el A] 2]
vt 4 93+ Fx 15t E o] EQ] 22 5 (small cage,
513} - 5 (large cage, 52675 YEFATKFig. 1b). ©] R
Z L3Pl EYO|EE FA Ao 2222 oyl 559 7ol
upg} o] A& F27t 5k v sfo| SO E(TR | dto| =

o] E)E /35l whal g Ao o] Mo T EelME
R Ak B8 A8 1olFEa Yri10].

Alo1Zz Aoty + wghel ojgk 773 11 sto] =djo] Eof| Tt
BC MAS NMR 2~2FE- T fARSE 4 S Holgal 9lom ok
Aol Ak AfolEE g oyl o 2 1 E] #54 93 e
Fig. 2a%} 3to] =0 E uf B3l 225 ¥ Mgk Fig. 2b= 73t
Stk 5702 188 v gxpE g e Aol SR A Exjo]
A5k, 7 242 Ui S o] F= ©hA P uix]ol whet Fig. 2a8) 22
3719 &4 937} AEEE As ER1E 5 Qlok AAE '
I A% AX S} T3 Ul AlelEEs"eli o] 2} FEl= o] e
H ¥ A2 s=ollx ER1 7Fsatth10]. Alo] S 2 g ol #
2] 271 AlolE R m ol Tt B 7] wiitell, b Awtel
FARSHA Hlek E4b= & 3ol 23 == Fo] 753ttt o]
w2} BC MAS NMR 2~ EFL -2 1] slo| = o] E 47 3
7 -4.5 ppm Gl FHETFsS A2 ol 2% Rk )
5 BT Y FAKSHA -8.4 ppm & Yol YEIUE 52
22 9 okt vk A= X 1 | B0 B & 3l

ERE GAE] HgkES BolFETH(Fig. 2b). Al EE oS F
7} oH 3 LA wrorl el whef, A} :rLZ I 3fo] =go]
ES & Tl 249 ve 93] A7 AR FYE @S &
%@“’F Jom Apo| SR E Y ol e] 99} FUEA =53t
gk sto| =0 B P TSI

slo|Ego|E A = 2EE Beh Fd S FAE A
& sl == HEe] oFo] SislE = AR G 3l
o o] Ayl= UA A & S(critical guest concentration,
CGO)ZE %d 7FssleH11]. A AA 552 FEst 245 913

3 Aol d&e T AAE tuning factor® g OJ8131 oM, 1

gl vt At

CH,in
SIS

— N K

7] [5.56molo6 CPeA j/ \
3 Omol% CPeA / \ Js A

i ’
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S e
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Fig. 2. Tuning behavior of (CPeA + CH,) hydrate with various con-
centration in normalized NMR spectra for (a) CPeA and (b)
CH, region.
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A71M 0y, , Oy, & 212t T2 1 SOl =ro|EL) 2 533} 2

& F3ol 9 veke] T3 H--8(cage occupancy) S U5}
®, 247 s Ao, & C MAS NMR A ERolM BE8 73
11 slo|=g|o| 2] 2 Fa ) 2R Faofl ZH vigke] 2 w4
H)&-S Sttt
Fig. 3a%} Fig. 3boll= ¢H4 13C MAS NMR A E&of A 14
A Alo|FR 2oyl v} Ato|FZ2 Aol o) 5% Wdle] whE
tuning factors =213}sF 1ol Zpzt Aol SR X 2ol o]
% 0.5 mol%, Ate] EZHEotrl €] -9 1.0 mol%2] FEeolA <
A A 57 VERFE Ao ® BAE QT ok theksl 3l
A 7 ddol A E o, A A s TS AR
A2 YepdS gRlsl i 12-13]. 53], Alo) FzHldorl o]
9 0.9 mol%2] sellA A A =7} FRIE A THs 7]Eo
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Fig. 3. Changes of tuning factor of the binary (a) (CPrA + CH,)
and (b) (CPeA + CH,) hydrate for various concentration.

ERgt A5 g1d 4= 91 o™, A tuning factor k- 0.5 mol%2]
AtolE 22 FolrloA] 0.682 A= STt slo] = 0] E FH
Aol Fuigts = 9A AA wEe o] d e =itellA 0.1¢04
1.0 mol% == W vl Qlti13]. o]oll Y&FE T+ 242
sto|=H|o|E AR B (AA 24-e] FH, 7], A eldA],
Z-87] F7 To)eIH4EY T TSt 24 IS Ao E A
Hu, 35 A% 22 A7E Bote] /S gigk g
g3 stolEglo]| Eof| AAbe wgh 7pae] oks 14351 Sl
5.56 mol%2] A #AFE FYstrtolFZEZ o] + w|h), (A
ol FZgdoll + g slo| =Y 0| EE mof A4 dg] S
(direct release measurement, DR)S §-3F0] 7124 |48 A3 3f
ATt F7EE FA el W 7k AR WsE g1k ¢l8t
o] 8.0 MPa?] ‘& o9 x££ 2315 77 269 K, 285 K
o7 AAYstolrlolE 2z 2ol + Hgh), AlolFEAgoll +
Hgh) sfo] SO EE FAA7IAL AA el S-S Fato] vl
3HATh. o] GA| A1 sk Ao A=A RIS flste] B XA F]
A FAE Bl ol ek FF RS, 283 o3 e ATl
A ezl NMR 4 © 2HE 9] 3 553} vlaskich2s).
GlolEE 2ol + H|gh) slo] =ejo] EL] A4, A7 7]
&2 it o EAH I A 230l BAIglo] o] B A9
117.3 mmol-CH,/mol-H,0 2} §-A13F k& B A TH(Fig. 4) (Alo1F
23gopyl +v|gh). sfo] =go] 2] ¢ T XA 3743 NMR
A8 B8 7t Aol o) B fARHAl ek AT 2
alg] SARlelN Za o B 7k o] AE s gRlE 9l
ATHFig. 4). o)== AA el 78 A Fgollx] st oAk vt
ok, spAIRE, A4 ] S ] Avks XA 31 A Aol
NMR #4] 0 27 9] vE Fafl A3 vtk vo]Heh= 2s
g1zt 5= Slth(Fig. 4). ©] AT-ellA] £A8 7 o =0 E B,
HEE o] o} fEjgk o EH4 M/dE Hol= Z1 0% By
1 Sl HEgsko| =& e (tetrahydrofuran, THF) ©|u ALo]E2
F%k(cyclopentane, CP) T} | w3} = <=3} W&t 7}~ A% 58S
Holi= Ao ZlE o], sto]| =0 E 7|9t 7k A% Bl =4
& A3k A3 ol B0 E PR FHRTCE 112 ofvl

A= e =2 A0 7 o] AR TH25-26]. NMR 28-S E&lo

3

AN

Moot (e Mz oo

=4 =
A% Y AP A7 ke 9ol A8 A T AYL
sfo} 2 539 et A7k HOlESS Il TRE V1FOR B

Theoretical gas capacity

B e o L B e e e L L e

CPrA(285 K / 8.0 MPa, DR-P)
CPrA(269 K / 8.0 MPa, DR-P)
CPrA(269 K / 8.0 MPa, XRD)
CPrA(269 K / 8.0 MPa, NMR)

CPeA(285 K /8.0 MPa, DR—P) |1 —

CPeA(269 K / 8.0 MPa, DR—P) —
CPeA(269 K/ 8.0 MPa, XRD) N
CPeA(269 K/ 8.0 MPa, NMR) )
THF(Not Specified, NMR) |EE—
CP(277 K/12.0 MPa, Raman) = ]
1 1 1 1 1 1 1
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Fig. 4. CH, storage capacity of the binary (CPrA + CH,) and (CPeA
+ CH,) hydrate and other CH, hydrate from different con-

ditions [25,26].
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7k A% 9 2% e g 2 Wl w7
Z sto|=Ho)E BA HIglE ERls] Hete], B XA 3 &
2% (powder X-ray diffraction, PXRD)S 53l sto]=go|ES] A
W 7S-SR 5.56 mol%] FEE A FHAo|FEE
2oyl + vl Alo]EFz ey + wgh) FZ 11 3fo] =djo
EZ 100K, 150 K, 200 K, 250 K9] &L & HEAAFg oH o]
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Fig. 6. (a) Lattice parameter and (b) normalized lattice parameter of the binary (CPrA + CH,) (ll) and (CPeA + CH,) (@) hydrate for var-

ious temperature.
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