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Measurement of thermodynamic stability conditions and
analysis of physico-chemical properties of natural gas

hydrates deposited around the North Pole
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SUMMARY

(3 B 2 o %)

Title

Measurement of thermodynamic stability conditions and analysis of physico-chemical
properties of natural gas hydrates deposited around the North Pole

Purpose and Necessity of R&D
necessary to explore natural resources around Artic regions

necessary to investigate the thermodynamic and physico-chemical properties of natural
gas hydrates around Artic regions

necessary to study the effects of porous media, salts, clay, and gas compositions on
the properties of natural gas hydrates

Contents and Extent of R&D

Stability conditions measurement of gas hydrates
Dissociation enthalpy measurement of gas hydrates
Structural identification of gas hydrates

Guest enclathration behavior analysis of gas hydrates

R&D Results
experimentally measured stability conditions of gas hydrates with multi-components

experimentally measured dissociation enthalpy of gas hydrates using a high pressure
micro-differential scanning calorimeter

identified the accurate structure of both gas hydrate samples obtained from the lab
and Artic using Raman, NMR, and PXRD

revealed guest enclathration behavior and guest occupancy in both gas hydrate
samples obtained from the lab and Artic using Raman, NMR, and PXRD

Application Plans of R&D Results

Securement of fundamental data for exploration and production of gas hydrates around
the North Pole

Enhancement of understanding for inhibition and promotion of gas hydrates
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Eo] 3 E 4 At} (Sloan and Koh, 2007).

- A FolA] A solEdolEt WEy) 2o AAAE wFeu Qom ha solsd
olE Wof] EFHo A& wWgrtxe wfaEko] 10,000 Gtoll o2& Ao R dESH, o]=
Al el B4 AU gl F ool ARets Fow ve 44 durgen Fu
ko 9lt}h (Kvenvolden, 1988).

» AAVEE SpolEdolEE vt Ao wiE ded, 15 e H= A
Ho] gl Ao welA Uk A AT LT sl BF Waje] QRs} xgow
MZL 55 F=27F FHe] Hal glom, ojef tEo] 55 A MEE AT &
o] Folx i Jt} (Max et al, 2013)

il =) 5 e
BT g |
. y L2900]
ojojgete | d’ - — g:a
FERCR P = sgaaEre @ e
S | s :::jfﬁ;:: :::
3321. 13% } rma-m ;gmloe_.sh e
BRI S

- B3 S ool WA AAk: sol=elolE g of 2097t FEH Y Aoz &
A dew, o] EH? Aol Ao dist AF7F e vk g A F2dstE <l
Z|2gsd g 55 d9e weg WwE dAdd dist A= FEH vk (Yakushev

7

-

N

b



and Collett, 1992; Collett, 1993).
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HA7~ dol=golEY FAES WeH(CHy Cl)ola, YA = o eH(CHs, C2), ZEF
(C3Hs, C3) SolH, el o]2taler A (COy), 2Ny To] X35 glorma 7t slol=
golEe] BAF % S e B A 2ol sta slol=wolET) ¢k EA &
A 4 e Gl g ARy BFH ot} (Sloan and Koh, 2007).

ol Q& A idoﬂﬂ-/\ stol=go]E9] 34 3 (hydrate - liquid water - vapor)Z7i9]
gk dHoly Fr7F T8 3?“4, 53] T@7F2o 240, dY A, e wE E= clay
o] EA7} o] *J B x| m = FIFel gk A7 wr=Al st

HAA7t: stol=do]lE /i 8 AAbe = Y& v, olok wHd dEA 53] e
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FTag Q4o

calorimeter® o] &3 A3 FAWE S3to] thFF shx stolselolE AEe] A He
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AE R ngelA Tk el =gol 2] S AguE ZAY 5 v

_4
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Temp. Sample Reference sample Reference
Temp Temp Temp Temp

Flow
Sample Reference Sample Reference
Bk q(exo) \ q {exo}
(peak) \ /
T{*C) T{°C}
= o J

19 5, heat flux DSCY €&

72 ol Egol Ex X E = Ao AT o8 & I I, Hel A= t& A47x
S 7HAA =W, 2 AAFERE AR gE THFY MY sFeE 749 (Sloan and
Koh, 2007).

Z1A AR Azlel ojs) wigkd oghe -1, RS FE-1 §e]
o, Ad7tx stol=eolEx W', old, e Ev|AR ZAEAd
TEADE ¥ESE A, Bu orE- HUP A8t
2000; Kirchner et al., 2004; Kumar et al., 2008).
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2 'SPO]Ei’ﬂ olE9ol EAY iR e dyo] Al AR B R Ate] SlojA R
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2(5%)-6(5'?6%)-46H,0 16(5'2)-8(5'%6%*)-136H,0 3(5'%)-2(4°5%6°)-1(5'%6%)-34H.0

Structure I Structure 11 Structure H
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A A THA ARE TR AS Agd x4 53 AaE SO g A9 ARE 4S
T At (Lee et al, 2015; Lee et al., 2017).
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1. Equilibrium Cell 6. Circulator(Cooler & Heater)
2. Water Bath 7. Magnetic Drive

3. Pressure Gauge 8. Compute

4. Thermometer 9. GC (Gas Chromatography)
5. Gas Cylinder 10. Syringe Pump

Pressure (MPa)

a9 18 48 A4 AT A ke AlaE EE

Phase equilibrium point
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Temperature (K)
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(1) PXRD

- ORREA AZRE 1A B BRe A0l we g ke seludolE T2E 3
Hahs Aow 2 QA gtk ks stelmdelue] & B4 B AMRAL BF A4
e de) Ay Y3t ks TPY gl B5HA axolrh

» CHy CO¢F 22 &2 7AES %1 GHs 22 & 714 452 7211
2,2-dimethylbutane (neohexane, NH) ©]1} methylcyclopentane (MCP) ¥ #& & A&
Ae2 22 FAEY 34 F+x2-HE A= 545 7k

&gt F2E FAstE VA BAREoIW A EAES AV wiA Gl A E=AE
T dom, olelg A EAlete thdd AAEAE] THA StolmEo]ELY] o w A=

TS g FHotetr] fste] 7k stol=HeolE AEo| g PXRD (powder X-ray

diffraction) ®#41& EZd7}&7]AF4d = 6D UNIST A& Wlgkel s o] &-sfe] 3319

o E AA] FALE FE A2 55 dAVEE Sol=delEY FxEA Ed PXRD

= R4
(powder X-ray diffraction) &4 F3le &3t

o

» 54%F PXRD ¥ FullProf Z2I13S AMEste 2 45 st e, Le bail
method< ©]-83} profile matchings 3l 7F2 slol=go]Ee A3 F+x2E H3staL
7} G-z9] lattice parameter& Z4Fs}Slth E3H Rietveld refinementE &3he] 2} G-3of A

o AA B AHES 92 5 AN

.

1% 15. 6D UNIST-PAL PXRD H &<l

..... '« Editor of PCR Files = X

File Editor Tools Templates Help Exit
I 0H% d2® WEEEE Y o X

Information

Title, type of job: Rietveld, Integrated Intensties,
Simulated Annealing, ... e

| 1
| Fu’IPro f ﬁ Type of Pattems. profile. background. diffraction Pattems 1
i geometry, usergiven scatterng factors ...
Phase name, type of calculations (JBT), ATZ, Phases
contibution to pattems. symmetry, ...

Number of cycles, relaxation factors, access to ik - e i
pattems and phases {atoms and profile} L e 1

Constraints definttions, adding, deleting, %
modifying...

7 Fixing range of parameters, distances. angles. Box/Restraints
L magnetic moments and linear restraints
17 21 peis) 29 32 3T 4 45 4%
00 COutput options for pattems and phases: Output
Reflection lists. Fourer, distances, BVS..

Copynght {c) 2002-2005. JGF - JRC
19 16. Fullprof =213
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(2) NMR

_—

o S| 2R AATFLe] 400MHz 123 NMR (nuclear magnetic resonance) #337]& o
23te] dA7tA slol=dolEe] BC NMR AHEHS dgom HA7tA dlo] = o E 9
Tx9 T3 Ao wel W3lysE NMR 329 X9 92712 8 58 A7 EAS 2
A 4 dArh

» BC NMR9 72 adamantaneg 7]%& 4= 3t9] calibrations A A8+t

19 17. 400MHz NMR 371

(3) Raman 3% 7]

= UCRF (UNIST Central Research Facilities)®] Confocal Raman #%7]& o]&3le] A7}
2 Spol=golEe] gl ~dHEHS Aglomn olF FI HAVF slol=golEe ¥ 3 H
71Ae] FF % slol=4 TEE Tt , By A o W=

ol E g
Raman ¥ 29| 91x]¢} A7]1& &8 $& HA7 SAH= 242 7 gtk

» n-situ Raman ~HEH B4 Gl HA7M~ stol=dol|EVF AAE 7 S AIZE
of wg} FAstF o, Alte] wel 7 7AY T = AHS Ao r FAE
T AT
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A= 18. Confocal Raman

spectrometer

29 19, 1k 719} insitu Raman spectrometer

(4) 3Lt AApFALL FA (DSC)

= R sfelmdelRe yE, 2AEE A R SE s MEd e shes shele ol =e
A7t debAH ol gt AT stol=do]ES dEA FAHE flste] 1t AlA
FAME %A (Differential Scanning Calorimeter, DSC)E AF-8-3} %3 T}

= TS 7h2 Slol=olES] g ETE A AATFAIEFHAE o] &35t Ao,

deo] Fro wE seldgye] ¥IE FA39 T
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2. AA7ke olmaolEe] kgl ot

7F AR B ol R G A Ao dF

A\
o

» CHy CoHg, CHg 71AIE HA7A Slo]l=golEE A 8]
7t~ slol=dgolEe] s 9 BEALE flEA = HAVMAES XS]
o] Aetak A = oA g i3t AR AFA ot w3
Wb oz s 9128 F7F B7] wliEol ok g oo m A

W OES W5 ot

=
haes
rlr
=
=
)
r'O
N
2
)
n g
R
Q

= 1% 21, 22004 B npel o] @A EA (CHy, Cl1) 2 oA (CHy + CsHg, C1+C3)ell
Ao slol=dglolE A Al o (NaCl, 3.0 wt%)o] EAe 4% 7l slo|=golEe A
S 9Ete] AdiAHoer ¢ %2 dEHy e 2%l 2 FHAY (Adisasmito et al, 1991;
Lee and Seo, 2010).
» o]l Qo EFAE Qlste] = FaAT] A TEe 7]sksrAd Al
TE ZaA7le A 7, L A Jh2 sto|=do|E L 34 W
FAZT (Qi et al, 2012).

o CH,, Adisasmito et al. (1991)
® CH, + NaCl 3.0 wt%, this work

Pressure (MPa)

2
272 274 276 278 280 282 284 286 288

Temperature (K)

a8 21, 9 (NaCl 3.0 wt%)e] A7 C1 3&o)

ZeolEe] FE ol vA= G
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O CH, (90%) + C,H; (10%), Lee and Seo. (2010)
m CH, (90%) + C,H, (10%) + NaCl (3.0 wt%), Lee and Seo. (2010)
4 L
n
©
o 3 n
=3
o
=
a m]
@ 2t
o
[ m]
a
1 n
m]
m]
0 1 1 1 1 1 1 1 1
272 274 276 278 280 282 284 286 288 290

Temperature (K)

9 22, 9 (NaCl 3.0 wt%)e] +=A417F C1 (10%)
+ C3 (90%) slol=dolEe] AHE nx= o

é‘o]:

o] E A 9] ek d o thek LMGS (Large molecules guest substance)®] %

liquid hydrocarbon®] EA|7} 742 slo]Ego]Ee] Qb G A v x| &= FFS Lolr7] 9
alo] A EA (CLHF o) AEA(CL + C2, C1 + C3)ol NHE F7}8to] 2+ A ~Eo A9 <t
Ado W3zlE dolH gkl (Adisasmito et al, 1991; Lee and Seo, 2010; Lee et al. 2015).

2 230] yERd vl 3ol Cl stol=dolES] ¢

Houe Ha o B8 eRAARE 4 4 e AL

NH7} EA4e 45 sto] =g o] ET}

PN
A T AN

2% 24o)A B wksl Zo] o|ARA (Cl + CelMel Fol=dol=E @A A liquid
hydrocarbon®] &+ < stutel NH7F A& 49 sto]=dolE P& fste] doir o=
H e g e exs) 2 7y

ol o] & (Seo et al, 2011)2] Ao} AXFA|RE slo|=olES] FAY o] w2 &
Hyp g 2% ooz olFdt AL AYsty] HalAe HIEI AdA IS st
= AE THstolof st} oW EH o As|AEA L] Aol oA MY TR 24aE I
4o B3 FAZATS & F drfoltt. ey, B AFA AE¥E LMGSE (NH,
MCP)2 &3 $42%S & & d& #8718 7HA 3 IR &
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O CH,+NH, Lee etal. (2015)
@ CH,, Adisasmito et al. (1991) ®
10
o
e

8 L
= @ e}
o
= °®
[0) L
-~ ° o
[2])
3 o
o )

4| e}

]
)
@ o
2F e}
0 1 1 1 1 1 1 1 1

272 274 276 278 280 282 284 286 288 290
Temperature (K)

a9 23. LMGS (NH, 34 mol%)¢] &#17F C1 st

oj=eolEe] H el mA= FF

5
m CH,+NH, Lee et al. (2015)
® CH,(90%) + C,H, (10%), Lee and Seo. (2010)
A CH,(90%) + C,H, (10%) + NH (7mol%)_60g, This work
Ar A CH,(90%) +C;H4 (10%) + NH (3.4mol%)_60g, This work
©
o 3t A
= ]
o A
=]
g ;)
2 2 [}
o . A A
[}
A 4
A [ J
il A
A, ®
[ ]
0 ! 1 ! 1 ! 1 ! 1 ! 1 ! 1 ! 1

274 276 278 280 282 284 286 288 290

Temperature (K)

1% 24, NH (1.7 mol%, 3.4 mol%)e] EA17F Cl
(90%) + C3 (10%) stol=eolE el F+=

b

= 29 25014 Ei= kel o] &l AEA (CI)elAM e stel=golE @/ Al NH7F &4
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KR
=
g Qe dad wAge ¢ & A

(Robinson and Metha, 1971; Deaton and Frost, 1946).

0.6
® C;H, hydrate (sll), Robinson and Metha (1971)
0 C,Hg hydrate (sll), Deaton and Frost (1946) ®
m  C,H; + NH (3.4 mol%) (sll), 60g, This work
05
[
©
04 u
g o
g
2 °
17}
Q o3 )
o
¢)
8
[ ]
02} ®
o
01 1 1 1 1 Il L

273 274 275 276 277 278 279 280

Temperature (K)

a9 25. NH (34 mol%)2] £#17}F C3 slol=3|

o= 4R Fi 4P

LMGSe &4 A Cl + C3 @lol=dgolEe] Ay o]lFe A& FHstr] ¢siA
solution®] <o W& 7]4+¢] C1/C3 Bl &S =A 35t
a9y 2694 H= vFe} o] NH (3.4 mol%) solution 2F MCP (3.4 mol%) solution + 7

§ B solution el wheh 7 2geo] WS B S glem, C3 7} Clel wlsl LMGS
solution®] © & vl AL o 2= )

AvAH o g wkgr] YH F7F Byl 250 mL 7]+ 20g solutiong AFE3F S Wl Feed %=

Hak AR =4S fASe] del=dolEE AN Y & Aee FAdR
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100

95 |

90

85 |

80

CH, concentration in the vapor phase (%)

75

70

209 309 409 60g
mass of solution (g)

100

(b)

©
(3]
T

90

85 |

80 r

CH, concentration in the vapor phase (%)

75

70

20g 30g 409 60g
mass of solution (g)

138 26. (a) NH (2.9 mol%) solution %ol w&
Cl 7F2= x=A<9 W3 (b)) MCP (29 mol%)
solution %ol WE Cl1 7}~ A9 W3

a9 27, 28 A Hi= vle} o] solution 20gel A2l stol=glo]lE A A] NHe MCP7}F
EAH e = Cl + C3 stol=dolE AAS g =&k 48 ®Ert beuA 585
BATh ol& &3, NH9F MCPF 2 LMGSe &A1= Cl + C39 sle|=dolE A3 o
obFd FFE FH e o A ¢ F AAY (Makino et al. 2004; Lee and Seo,

2010; Lee et al., 2015).
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m CH, +NH (sH), Lee et al. (2015)

® CH,(90%) + C,H, (10%) (sll), Lee and Seo (2010)

w CH, (90%) + C,H, (10%) + NH (sll), 20g, This work
u

Pressure (MPa)

ov

0 L 1 L 1 L 1 s 1 L 1 L 1

272 274 276 278 280 282 284

Temperature (K)

286 288 290

1% 27 NH (29 mol%)e] 47} C1 + C3 3}

oo AR P FE I

5 m  CH, + MCP (sH), Makino et al. (2004)
@ CH, (90%) + C,H, (10%) (sll), Lee and Seo (2010)
v CH, (90%)+ C.H, (10%) + MCP (sll), 20g, This work
4 -
n
n
A " v
= =
o =
? - .
o
o 2t = °
o
= oV
.v
1 -
P
v
[
0 L 1 L 1 L 1 L 1 ! 1 L 1 L 1 I 1 L
272 274 276 278 280 282 284 286 288 290

Temperature (K)

a9 28, MCP (29 mol%)¢ &A17F C1 + C3

sol=elol e JH P Fi= IF

a7 29914 HE 8k o] 20g solutions AMEE 49,
A EE CL + C2 shol=dlo| =9 FR Yol opia
(Deaton and Frost, 1948, Makino et al., 2004).
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| m CH, + MCP, Makino et al. (2004) A
@® CH,(90%) + C,H, (10%), Deaton and Frost (1@6)
A CH,(90%) + C,H; (10%) + MCP (2.9 mol%), This work
u

>e

Pressure (MPa)
w

1 L 1 L 1 L 1 L 1 L 1

274 276 278 280 282 284 286

Temperature (K)

a9 29. MCP (29 mol%)¢] &A7F C1 + C2 3ol

SeolE B4R P Fx 9

o4 E & 9ol Cl + NH stol=dlol=e] 48P C1 + C2 ol =efo] 9]
S9& W Cl + NH stol=elolest AEH o delss] s Cl + C2

: & Cl o+ NHO| oa) 44" Aoz 3% & AN AnAew Cl
£ C20 WA WS fArE AN BT T AEE Aol WS A 98] wE
N 2 Aol A9l stol=dlo] sk Cl + €2 914 Cl + NH 24

2E AU & b gen 4G Ty Astel Fs

L=,
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6
[ m CH,+NH, Leeetal (2015) -
: O CH, + NH, Mehta and Sloan (1993) v
| @ CH,(90%)+ C,H, (10%), Deaton and Frost (1946)
5r w CH,(90%) + C,Hg (10%) + NH, This work P
fom r ]
o 4r
s J
o
§ [}
o 3} "4
o
]
m]
' ¥
2r [ |
v O
[ ]
L [m]
1 L | L | L | ! 1 ! 1 L | L |

272 274 276 278 280 282 284 286 288
Temperature (K)

2% 30. NH (29 mol%)el E47F C1 + C2 slol=
dolE FH P Fi= 4

o} LMGSE ¥33k o] B A1 9] P-T trace =74

Cl + C2 + LMGS (NH, MCP) + water A|2=#l3} C1 + C3 + LMGS (NH, MCP) + water
Al2~"l B5 Cl + LMGS slol=golE) o] EA slo]=go]lE (C1 + C2, C1 + CHE 3
e QlojA F stel=delEVE FET 4 Q) ol& A e dolH iz stolEYolE

A3 g FA e P-T traces SAHsIYom, 7 232 29 319 JehATt .
Y31 H= vlel o] C1 + C3 + NH gtol=ge]lEL} C1 + C3 + MCP 3ol =4 o]

E % E W ezt dojui A% B £ glow, WA Aus] AgsE dae Cl
+ NHe| eb499 4% C1 + MCP 949943 dxstgon, #% fd=s e Cl +
C3 ste|=elol el AP} ANehe AL FAsharh

o

&= C1 + C3 + LMGS + water A|2=®lo] & &7F<¢ Cl + C3, C1 + LMGS 3lo] =g ol E
gratalon, o Ao Ao vy e, 4

=
= AN — AN
3 FrRASROR FEF YA 2AL WA gonm
S|
g

]
I} P-T traces E3F A4 9l
NMRe|t} XRDS}F 4549l F2 3
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3.6

S CH, +NH (2.9 moI%),’CSMGem (a)
34+
3.2
30| ]
s /
o l
= 28t i
© . Y
S H ) o
8 26t [ &
0 ;
o » . ’J
24 - H
-’ /\ sH
| dissociation
22+ /
/
20t /
18 1 1 / 1 1 1
265 270 275 280 285 290 295
Temperature (K)
3.4 T
—_— CH, + MCP (2.9 thol%), CSMGem (b)
! |
32+ |
N\ sl
a0l « dissociation
g T
S 28¢ o \ !
° .
5 .
n . p
@ 26 | 2 [
o - |
s | .
24t s .
[ .
K
zo | et i\ sH
I'dissociation
2 0 1 I / 1 1 |

265 270 275 280 285 290 295

Temperature (K)
19 31. (@) C1 + C3 + NH 3slol=go]ES] P-T
trace (b) C1 + C3 + MCP 3lo]=dgolES P-T
trace

a9 32 ()X He= vpe} o] C1 + C2 + MCP slel=golEe] 4% Cl + C3 + LMGS
stol=do]Ee} niz7bAR 7 W sErt dojuv= S B e, WA 7] Al
Zshs ghele Cl o+ MCPO| b dofdat dAsta ATl Cl + C2 o] =eo]Ee
St GG dAst= AE gttt (Sloan and Koh, 2007).

1o WlE) 29 32 (b)) Cl + C2 + NH to]=dlo]ES] AL old ARsas thaA F

30



gk 7 R FEE B 5 YT o= Cl + C2 toj=dolEe] A3 E A3 C1 + NH
stol = o] E 9 é}'ﬁﬁé ol vy AT Gl AAAA dojut= Aeleta AckdEn

(Sloan and Koh, 2007).

alel = Etebar, ofghe] ler]e] WstE Fa 7 UHAY xRV wE e As
skt wheF C1 + C2 stol=#olErE WA sglstA =W 7] del= C1 3 C2 2F
AstA =W, C1 + NH ste]l=dlo]Ed Al ojA C2 71AIE inertd EA7F 7] W
A C1 + NH stel=go]Ee] g C29 #¢vha =4 dA4do] = o)== Cl
C2 + NH sto]=go]E St g Ao Anpe} ghx] gt

vk o] Cl1 + NH7F WA &lgstA 2 75]—?—, 1Al Aol A Cl + C2 stol=dolEoA Qo]
A inertd 71AlE EASHA FA WM HE AW EP Aol C1 + C2 stol=do]ERZNH U
oA A 2y B, Cl + NH7F 94 sjesta 4540z C1 + C27) dleshe 38 &
T 3
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52

Pressure

Pressure (MPa)

—.—.—.  CH,+MCP (2.9mol%), CSMGem | @
CH, (90%) + C,H, (10%), CSMGem i
50+
48t s
46 | .
4.4 :
42 -
o'
-
40 |
3_8|1|I|||x|||w|||||l|||:l||||
260 265 270 275 280 285 290
Temperature
4.8 I b
—_— CH, + NH (2.9 mol%), CSMGem | (b)
_____ CH, (90%)+ C,H, (10%, Inert) + NH (2.9 mol%) CSMGem
4.6 1 CH, (90%) + C,H, (10%), CSMGem
44t
42t /
40 | i
}
e
38 +
36
34+
32 n L i n n n n n L n n n PR n " n 1 PR L n
260 265 270 275 280 285 290

Temperature (K)

g 32. (a) C1 + C2 + MCP 3lol=dolES P-T
trace (b) C1 + C3 + NH 3lo]=go]|E2] P-T trace
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2
o
e
X
I

o

ot g o] 3t clay (Na-montmorillonite) 7} 7] %] &= < g

o] wo

A7 spol=dolEVE Mg H o 3l= A9 F2 sandy clay= o] Fo| X A
°© A3

o 1 % 4%+= Na-montmorillonite (Na-MMT)E ¥3sla Q= Aoz &
(Clennell et al. 1999).

2 ol

o

Na-MMTol Eo] F9= 4% interlayer &3F ¢t Eo] Sojz 4 A HH o] A$
interlayer®] swellingo] doju}A o] A& interlayer’} ztil &= Zolxwtl s A o
= Aoz dHA drt o]El 3t interlayer &3F <ol A& EL 7l Flol=g o] B o]
st Aoz dE A At (Seo et al., 2009).

O

¢

grﬁ B x} o} o3k 044 MMTOH/H Cl slol=go]EQ] otAd <

% 33004 B nkel o] CHy + MMT 3lol=golEel AH LS MMTe F=e &7
glo] CHy stel=dlolEe] kgt dAgtlor, o= MMT7F Cl &tol =0l &

ggeol ol FFES FA s rFh

2, o Ao A bulk AHe] o] EAlstaL bulk AEIe] Cl sto|=elo|Ee] n&ol
o 2w A8 interlayer Aol EASE sto|=elolEe] P o] i FeS sols)
7%= o k.

12

e CH,, Adisasmito et al. (1991)
A CH, + MMT (10 wt%), This work
m CH, + MMT (50 wt%), This work ®
10 |
°
.
L 8
= °
o
2 °
o
g o ot
°
o
4r |
o
)
o
1 1 | | | 1

2 1
272 274 276 278 280 282 284 286 288

Temperature (K)

%l 33 MMT® A7k Cl stel=dolE FF P F

%

rir
ol

04
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. ;:ﬂodﬂ—_/: 3}0153}10159/] Tz _‘ﬁLUg

7F LMGSS %3131 o] &7 slo|=golES +% 14

LMGS®] EA7F 7k sfelEdolE Fxo] WA= FFs dotry] flste] A<l
LMGS? NHe¢F MCPE H7MAI= AR&ste]l @A S stol=do]E MEZo| et PXRDS
“C NMR #4& Fa3s3ith,

# 1% 2% 34004 Le bail WHE AFE-3lo] Profiling matchingS X 83t A3E5S
ow 7 3494 WMt HELS original datags olv|sta A AGA AL Profilingg 3 A
< A3E 9u| g

Cl + C2, C1 + C3 slol=dlo]Ee] A5 sll sfel=dolES P Aoz & deA 3
ov ¥ 13 ¥ 34 oMo Axtel o] NHY MCPY hydrocarbone] #H7HE ¢ sl
ok sH7F gEdhe stolmdolEE Ak Ao glHlon, o= sl 9 sHe A
FAol A= ZI7hE kel §1A8H7] wWZol YEReE dAbelth

ek AA FA2F (C2, C3)e] A7|7F A-AFS oIl dte]=go]E Q] unit cell parameter?] =
717 AAE RS & F Added, ol 9 & £49 & AFE AsA celld] A77F A
s & F A

R

E 1L Bgd 2 FA4H stn selseole] AYTE 54

unit cell

system structure Ry (%)

parameter (A)
sII:
a=b=c=1715
Cl + C3 + NH sII & sH sH: 5.7
a=D>b=1218
c= 10.01
sII:
a=b=c=1716
Cl + C3 + MCP | sl & sH sH: 6.3
a=Db=1215

c= 10.04

sII:
b=c=1712
Cl + C2 + MCP | sl & sH sH: 9.2
b = 12.14

c = 10.04

sII:

a=b=c=1713
Cl + C2 + NH sII & sH sH: 59
b = 12.19
c = 10.02

jab}
Il

o
1

jab}
Il
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CH, + C,H, + NH

sli | | Il [ o [ e |
sH 1 I I e e wrer TR0 T T W e rwewnnn
I

Ih 1 1

r T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55

20

CH, + C,H, +MCP

CH, + C,H, + MCP

L xld X_L

sli | | L U O I A Y I Il 1l
I I \I\ 1 \I HI wrrr mn LRI BRI IHHIHI\HI IIIIIIIHHIIIIHII

CH, + C,H, + NH

sl | | [l [ I | | s T | I A A I |
LEAEE e mn LI T T T CEUCEEER e e
[ 1 | | [N |

vy 4 +
-V A -+

sl | | Il [ [ [ N N
sH |l | [ N L T B O V1] IIII I\IIH I \IHI[II[II\
[ | (NN

Ih

é 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 5‘0 5‘5
20

19 34. Liquid hydrocarbon®]

XRD #¥

. Na-MMTE E3tele S84 stol=# o]

= 27315 K ©]&}e] &%
2 slol=dolEV) sl dkA] &
3t} (Handa, 1986).

. x}7]£§. _§_37,].l—_

(

ro "o 2=

l

ATt

o= ©v= T
- dge)
Esh Agel HE B2 sl &

A B =

Aele 7ha sholmeol ERYE A4
oJE FWol & wWEo| 7lx Folmdo]EE BEFTIL

o W Cl dtol=golEe dalA%E e e
wERsgte w2 PXRD #Hd&

CREEREE

E o] PXRD #A

14 7bes stolmdlol e Y 99 HolwgdE BFea
BEHE @Y 7hs stolmdolse] AnE L)
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Fullprof Z=2 138 ¢] Rietveld methodE ©]-&3dte] H&FiEAlS stgom, 7 23 I
PXRD #j®loA 133 K 7|22 d59] o] AA MES 1023%F #Ash= A& g
At

35

! ©

19 35 PXRDE o] &3 Cl slol=wolEe gl A% (Ih
= 10.23%)

a9y 369 A4S, 133 K 7lee 2 A9 o] dA| AMEF] 77.92%E AAstAvk. 1™ 35,
36014 20 = 27, 28°1 -9 I A= sl Cl sfol=do]lEA Yo & I=a0]1 20 = 255°9]
3+ TholA Yo+ 330t

45 A5 (29 35), Cl sto]=dolEVF 223 K ==7bA4] A= Ao, o
&9 ol e A% (17 36), CL Fol=eolE7} o & &% 238 KM 45 2
] Al -/‘I

3T -

2 B 5 Atk 99 o] Fugon ke mes 4 49, Cl dol=dolEe A%
A ewst Fohstgon, ol Age ol AV RELI FFS Frhe AL @

36
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9 36. PXRDE o] &3k Cl stol=dolEQ] el AE (Ih =
77.92%)

2ol Cl dtol=dES HE sl %7 268 K7HA A5sl=
Na-MMT7}F 923 ¢4 A7|nEg s SUAlA CHy shol=

S, 1Y 35, 360048 Asbeh gol Aol ol CH stol=elolE9] dele] 93 =
F QemE Cl + Na-MMT (0 wt%) sol=dlolee] Juia e 53 Agel mas

o
Artetdom, 1 A3 133 K 7] 33.70%2] €0l EA8ts 3S &<l

19 36, 37& v wEgS W, 1% 379 Cl stel=golEe] d&e9 o] 18 369 Cl 3f
ol=ygolEe Ao FHT HFolx B3 HF gy 2%+ Na-MMT7F =43
S oyt (29 37) ¢ Eorg Ao Uit #ARe], Na-MMT &4 Al Cl1 slo]=do]
E

b
o A% e exel PP Fr AT ¢ F Aok

ol

A
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198 37. PXRDE o] &3t Cl1 + Na-MMT (50 wt%) slol =g ol E
o] s8] A% (Ih = 33.70%)

@ A7InE G947 gt dHRA solmdolE + Na-MMTe] dlel A% 24

= Na-MMTY &A7F A7l HEE37F 9l CHF; slo]l=dolE 9 g Ao 9daS nx=
A vetslr] 98l 2% PXRD #ES SA4siden, 19 38 39914 20 = 27, 28°9]
]33+ sl CHF; dtol =g o] EcA o= d=oln, 20 = 255°¢ ¥ax dS-9 ThoA o}
Q= ¥ Aot}

= 1% 38914 CHF; dto]=do]E7F 218 Ko 2&=olA HFA oz sejats AL & & 9l
om, a9 3994 Na-MMT (50wt%) =71 Al 223 Ko =kolA sfefst= As = + 9l

=
» 19 38, 395 E& Cl slel=deolEY el AEY & CHEF; sto]l=dg o] E+= Na-MMT

o EA FF<F #AIglel €A 2xolA FElstR o, o= AAAH FHAA HAS o,

Na-MMTel 93t &flg] Ad XS A7 REFHE 7[A = 7FA Solego|Eo Aut 3z
= St
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1% 38, PXRDE ©] &3t CHF, slo]l=golES] sg) A%

a9 39. PXRDE o] &3 CHF; + Na-MMT (50wt%) 3s}o] =] 9]
9 HYAE
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29 40, 41904 B 4 o] o] E A (C1 + C3, C1 + C2)alA Cl #A}o s = T
A sl stel=dgolES 22 Fao £3=E Aol -43 ppm, & ol =182 4¢ -
8.2 ppm2] 9] XA ‘/}E]r»/\u}. ek C3 Fxlo dFsts yae= sl 2 s 2349 4
175, 165 ppm® Aol A et C2 EAbel aidst= I =2+= 61 ppmé Aol o

E}ykt} (Subramanian et al., 2000; Lee and Seo, 2010).

1% 40, 41914 NH, MCP7} &A1& 4%, kel A&t 2ol Cl &Akel| g s« 927} sl
o] =go]EQ] & FFo siHEH = -43 ppm, = F&o sFEHE= -8.2 ppm, sH 3}9]
ceolEe F+ FFo ddEE -49 ppmol YERG AS F3ho] S dtol=do]E9 sH
sfol=dlo]EVF FEstal e AE &21st T (Subramanian et al, 2000; Lee and Seo,
2010; Lee et al. 2011).

Tk C39 45 175, 165 ppm #1xel WEFH C2¢9 4¢ 6.1 ppm Xl YEhE AS
&3ll, liquid hydrocarbon¢] #H7l=Hdete 54 F&Fo HAfste A2 192 A9

LMGS®] 45, #3x #AE A9 Jas x589 LMGSE, B3 ZAHA &2
NAEE A &g LMGSE ov|stm, Wit Hx A" X9 45, 2378% LNGS
oF 18X %2 LMGSe F&°] HA &&= JAE v sttt (Lee et al., 2011)

7k spol=golES Hy AA HAFE&S
Abgete] ALt & Aok FER-1I8E -
1.0022 7M4sd e, LMGS 339 Yol ¥H 7%“4]94 A9} A ‘3%—3— A 2
=9l yHolo HE F3l F3tA T (Seo and Lee, 2013).
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(@) (b)
17.2
-4.5 -4.5
16.4
8.2 -8.2
- ")
CH, + C3H, (sll) CH, + C,H, (sll)
17.2
45 -4.5
. 164 -4.9 -4.9
M 82 82
A
CH, + C3Hg + NH (sll + sH) CH, + C4Hg + NH (sl + sH)
17.2
4.5 -4.5
16.4
4.9
8.2 4.9 8.2
A
CH, + C;Hg + MCP (sll + sH) CH, + C;Hg + MCP (sll + sH)
L 1 L 1 | L 1 1 1 1 )
60 40 20 0 -20 0 2 -4 6 -8 -10

Chemical shift (ppm)

&% LMGS (NH,

[€)

a9 40. NMR< ©]

Chemical shift (ppm)
MCP)2] E#47} Cl1 + C3 sto] =g o] E L]

S W AR Bxo mAE g

(a)

61 -45 (b) 45
CH, + C,H, (sll) CH, + C,H, (sll)
-4.5
-4.9
-8.2
CH, ¥ C,H, + MCP (sll + sH) CH, + C,H, + MCP (sl + sH)
| 45 -4.5
: 6.1 9 4.9
-8.2 82
CH, + C,H, + NH (sll + sH) CH, + C;Hg + NH (sll + sH)
L | 1 1 ] L 1 1 1 1 |
60 40 20 0 -20 0 2 -4 6 -8 -10
Chemical shift (ppm) Chemical shift (ppm)
2% 41 NMRE o]&3 LMGS (NH, MCP)¢] &A17F C1 + C3 slo]=#olEe
2 Y AAEAe Px vAE JP

¥ 2, 3914 Hi= mpel o] sHel " Cle 5% HA&L LMGSY F7Fd #A§lo]
T ztolE HolA koo sl 23 H Cle 53 HF&2 Cl + C3 gtol=golEe} Cl
+ C2 slol=dlolEd ¥ Cl9 & HF&ol vste] vt

Cl + C3 + LMGS 3&lol=go]ESt C1 + C2 + LMGS sto]=o]E A 2o A slI¢ sH
TER7F FEIWEA FAG T FRAAM BT C1E TEEa 7] wied sl FEeA Cl



o)

5

o

Afrgol #AasHA =AUt

3 2. Cl + C3 + LMGS (NH, MCP) sto]=#o]E9] 33 fF 4]

Cage occupancy
System slI sH
0, CH, 0, CH, 0, C,H, 0, CH, 0, CH, 01, Lacs
Cl + C3 0.62 0.15 0,84 - - -
Cl +C3 +
0.52 0.15 0.84 0.79 0.81 1.00
NH
Cl + C3 +
0.48 0.21 0.79 0.79 0.80 1.00
MCP
# 3. Cl + C3 + LMGS (NH, MCP) slol=dgolEe HFdF 4
Cage occupancy
System sII sH
95, CH, 91, CH, 91, C,H, 95, CH, Hm, CH, 01 acs
Cl + C2 0.84 0.38 0,56 - - -
Cl+C2+
0.82 0.27 0.65 0.79 0.80 1.00
MCP
Cl+C2+
NH 0.73 0.29 0.60 0.78 0.82 1.00

Y. Na-MMT &7 A @A &7

T 4201 H= wpel gl

$18 NMR

=] o
S

¥+ -43 ppm, -6.6

Cl1

CREE PR

SEC RIS

ghol = ool B o]

[e]
e T

Na-MMT &4 A] @74 sto]l =g o] E 9
TG o, 1 A3 10 wt%e 50 wt%e] MMTE=
ppme] $1xol CH.el ¥ 27} e AL gelaidr).

-4.3 ppmoll A 9] A= FER-19 Fe 5Tl

Cl& ovlsts, 6.6 ppmol Al 9 A= F2-19] & T¥d 249 Cle ofvl g

MMT &A47F Cl stol=do]Ee] Fx¢ 5F

AT,

42
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-6.5
-4.3
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American Mineralogist, Volume 94, pages 372-379, 2009

The stability of methane hydrate intercalates of montmorillonite and nontronite:
Implications for carbon storage in ocean-floor environments

A.F, KOSTER VAN GROOS* AND STEPHEN GUGGENHEIM
Department of Earth and Environmental Sciences, University of lllinois at Chicago, 845 West Taylor Street, Chicago, Illinois 60607, U.S.A.

ABSTRACT

Sodium-rich montmorillonite, Na-exchanged montmorillonite, and Na-exchanged nontronite form
intercalate complexes with methane hydrate, identified by a characteristic d(001) value of ~2.2 nm.
The upper stability of both Na-rich montmorillonite-methane-hydrate complexes is nearly identical
to that of methane hydrate, whereas that of Na-exchanged nontronite—methane-hydrate complex is ~1
°C lower. The low-temperature stability of these complexes is controlled by dehydration reactions of
the montmorillonite and nontronite. At temperatures of 2 °C, the d(001) value of the montmorillonite
complex decreases step-wise with decreasing temperature from ~2.2 nm at 2°C to 1.6 nm at <-5°C,
indicating that H,O 1s progressively expelled from the interlayer. All methane is probably expelled at
~0°C. The d(001) value of the nontronite complex did not show a similar step-wise reduction and,
consequently, the lower stability of this complex is not well established. We conclude that under
conditions of reduced salinity, smectite may sufficiently swell and intercalate with methane hydrate
in an intermediate to deep-ocean floor environment. Consequently, these smeclite-methane-hydrate
complexes in the sub-ocean-floor surface may store substantial quantities of carbon.

American Minevalogist, Volume 99, pages 4071414, 2014

Interaction of methane hydrate complexes with smectites: Experimental results compared
to molecular models

RUBEN MARTOS-VILLAY, STEPHEN GUGGENHEIM?, M. PILAR MATA?, C. IGNACIO SAINZ-DIAZ AND
FERNANDO NIETO'S

Facultad de Ciencias del Mar y Ambientales, Universidad de Cadiz, Avenue Repiblica Saharawi a'n, 11510, Puerto Real, Spuin
“Department of Earth and Environmental Sciences, University of Hllinois at Chicago, 845 W, Taylor Street, Chicago, [linois 60607, LS. A
"Institute Geoldgico v Minero de Espafia, Rios Rosas, 23 28003, Madrid Spain
‘Institito Andali de Ciencias de la Trerra, CSIC-Univiersidad de Granadi, Avenue de las Palmeris, 4, 18100, Armulla, Granada, Span
‘Universidad de Granada-CSIC, Avenue Fuentenueva s'n, 18002, Granndns, Spain

ABSTRACT

Molecular simulations were performed to determine the strscture and behavior of methane hydrate
complexes in the mterlaver of Na-rich montmorillonite and beidellite smectite. Molecular dynamics
(MD) simulations used NPT ensembles in a 4 * 4 = | supercell comprised of montmorillonite or
beidellite with methane hydrate complexes in the interlayer. The simulations presented here are in
agreement with experimental data that show a significantly expanded interlayer (Guggenheim and
Koster van Groos 2003; Koster van Groos and Guggenheim 2009). The smectite 2:1 layer forms part
of the coordination sphere enclosing methane molecules; the MD results show that water molecules
close to the siloxane surface form mixed cages that enclose methane molecules between basal oxygen
atoms of the silicate rings and water molecules from the hydrogen bonding network. However, the
higher tetrahedral charpe did not favor the formation of methane hydrate components in the interlayer.
Thus, methane hydrate complexes can be formed in pure montmorillomite more easily than in beidellite.

Clay minerals obtamed from marine localities with associated methane seeps and with variable
Na, K, Ca, and Mg interlayer compositions were used to examine how swelling capacity affects the
crystallization of smectite-methane-hydrate complexes. Results show that the formation of these com-
plexes depends on the swelling capacity in the smectite. In samples with limited swelling properties,
methane hydrate is formed in the pore spaces between particles and on the external surface of clays.
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