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Abstract

The recent quest to replace fossil fuels with renewable and sustainable energy
sources has increased interest on utilization of landfill gas. It is further
augmented due to environment concerns and global warming caused by burning
of conventional fossil fuels, energy security concerns and high cost of crude
oil, and renewable nature of these gases. Gas hydrates are non-stoichiometric
inclusion compounds, which are formed by the physically stable interaction
between water and relatively small guest molecules occupied in the cavities
built by water molecules. They have been classified into three distinct
structures I, II and H by the difference in the cavity shape and size of
hydrates. These structures are arranged into well-defined three—dimensional
crystalline solids. In this study, three phases, H-Lw-V, equilibrium behaviour
for the carbon dioxide—-methane and carbon dioxide-methane-tetrahydrofuran
(THF) mixed hydrate systems are observed at several isothermal conditions.
For the carbon dioxide-methane hydrate system, the three phase dissociation
pressures decrease with increasing the concentration of carbon dioxide at all
the considered isothermal conditions. At all equilibrium conditions, the
concentrations of carbon dioxide in the hydrate phase are always higher than
that in the vapor phase. However, it is interesting to note that, for the carbon
dioxide—-methane-THF hydrate system, the three phase dissociation pressures
decrease with increasing the concentration of carbon dioxide at 290.15 K,
whereas it is almost the same regardless of the concentration of carbon
dioxide-methane mixtures at 283.15K. This may be caused by the difference in
occupancy and stability of guest molecules in the small cages of sIl hydrates.
X-ray powder diffraction (XRPD) and Raman spectroscopy are used to
investigate the crystal structure of hydrates and occupation of guest molecules
in the cages of hydrates. The hydrates formed from the carbon
dioxide-methane mixtures are found to be sl hydrate, whereas the carbon
dioxide-methane-THF hydrates form sl structure. For the sl structure of
carbon dioxide—methane hydrates, both guest species of carbon dioxide and
methane can occupy both small and large cages of the hydrate frameworks.
However, the small guest molecules of carbon dioxide and methane occupy
only the small cages of the sII hydrate, as all the large cages are occupied by
THF molecules of 5.56 mol%.
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Table 1-1. LFG composition[1]

component. unit. composition.

methane (CHa) vol.% 55~60

Cot vol.% < 0.1

carbon dioxide (CO2) vol.% 35~40
nitrogen (N3) vol.% <5
Oxygen (Og) vol.% <2

sulphur, inorganic mg/m> 0~100
mercaptans mg/m® 0~10

halogenated hydrocarbons mg/m’ 0~150

water saturated
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Table 1-2. Variety application of LFG. [3]

Medium Energy Gas (3500~5400 kcal/m®)
Partially cleaning the raw gas
Electric generation: gas engines or turbines
Heating of water in boiler system
Direct use of LFG in the kiln
Leachate evaporation

High Energy Gas (8900~9400 kcal/m®)

LFG upgrading: remove most of COz & other impurities
Pipeline gas in gas distribution grid
Vehicle fuel

Emerging technologies

Methanol production
Fuel cell

Production of commercial CO;

Use of LFG for heating and COs enhancement in greenhouses
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Table 1-3. Comparison of properties of ice, SI and SII hydrates. [5]

Property Ice Structure I Structure I
Number of H2O molecules
) ) 4 46 136
in the unit cell
Lattice parameters at a=0.452
1.2 1.73
273K(nm) c=0.736
Dielectric constant at 273K 94 =58 =58
H20O molecule reorientation
] 21 =10 =10
time at 273K(usec)
H2O diffusion jump time
2.7 >200 >200
at 273K(usec)
Isothermal Young's modulus
9 9.5 =8.4 =8.2
at 268K(10°Pa)
Speed long sound
3.8 3.3 3.6
at 273K(km/sec)
Poisson's ratio 0.33 =0.33 =0.33
Bulk modulus at 272K 8.8 5.6 NA
Shear modulus at 272K 3.9 2.4 NA
Velocit ti h
elocity ration(comp/shear) 1.88 1.95 NA
at 273K
Bulk density(g/cm®) 0.917 0.91 0.94
Adiabatic bulk compressibility
Y 12 =14 =14
at 273K(10"'Pa)
Thermal conductivity
2.23 0.49£0.02 0.51%0.02
at 263K(W/m-K)
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Table 1-4 . Structural characteristics of hydrate. [5]

ok

Hydrat tal
ydrate crysta I I 1

structure

Crystal type cubic cubic hexagonal
Lattice

at a=1.293 a=1.731 a=1.226, c=1,017
parameters(nm)

Cavity small large small large small medium large
Cavity type 512 567 & rafé 546" 51 4°5%° 56"
Number of

mber 2 6 16 8 3 9 1
cavities

A it
verase caVity 10391 0433 0.3902 0.4683 0.391  0.406  0.571
radius(nm)

Coordinati
ooraimaton 20 24 20 28 20 20 36

number

Number of water

molecules in the 46 136 34

unit cell

Ideal

tion® 6X-2Y-46H.O 8X-16Y-136H20 1X-3Y-27-34H50
composition

a. Number of Oxygens at the periphery of each cavity.
b. X and Y refer to large voids and 12-hedra, respectively;

7 indicates the 4°5°%" cavity.
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1.13 Gas To Solid
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2.1.1 32¢F A% 3 Mechanical System

1. Circulator

2. Controller

3. Bath

4. Reactor

5.  Thermocouple
6. P.sensor

7. Stirrer

8. Magnetic Drive
9. LaptopPC

10. Outlet

11. Inlet

12. Motor

13. Vacuun Purnp
14. Regulator

15. CO, gas bombe
16. CH, gas bombe

Figure 2-1. Schematic diagram of the experimental apparatus used in this study.
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Figure 2-2. The picture of the experimental apparatus
used in this study.
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Mechanical System 2] %2 ¥, Magnetic drive

vhEAde] WiH &2 270 ml o]® 1719 &k AlAM S 4719 hEAlA Ees s
Aaa 4= QA A He] vk Figure 2-32 wk2-4l 2B Magnetic driveE
et lvth Figure 2-4= w49 jF 2F5S YEW AL 1Yk Figure 2-5+=
Magnetic driver 9} stirrer& X531 QIth

Figure 2-3. The picture of magnetic drive.

Figure 2-4. The picture of reactor cell.
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Figure 2-5. The picture of stirrer.

st AEE AY AXeAM A 71dY EgEe] w@Ee s ®Bestr] 9l
Mechanical Systemoll A= magnetic bar 2o FAA G REHE o] &sle] AAla} 7]
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LEAME JPIL B o R -1999~1999TC ¢ HYAAM +01Ce 2A¥EYRE SAHFY
b7 Ui AdEe] =EE AvFdoexr HAHer. ¢HAAM = KELLERAMY
PA-21 SRo] AF&H %l om 0~200bare] HHelA +0.01bare] AHA A Al A 7]%

|4 wle 99.9% oAbt ThaE 99.9%E AMESEloH, SujEE ' o235
o] %5 B, = SIGMA-ALDRICHAHS] 99vol% THE A ¢Fo] A& 9itt.

L g AEAF 2
Figure 2-6 WH&7] UF9 2k ¢tEdlolHE HAFHE AL ol Agsts 22
2 0 2 SDlogl004 Ver 1.01 & AF&ste] Ad&tY

=] SDLog1002 Ver 10.1 | [
== 3

[ 2 & cheil Chari2 Chat3 Chartd
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@ Board A Data 2008-10-30 19:00:49 A FiFw2M3arNamgs MeRmT Pa
Data Chart Time: 2008-10-30 19:04:01
——— = g
= Yo 484
&1 - |
W A3E ¥ B XA
YR A
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I [s000 z0.00
& [100.00 [50.00
I~ |w00.00 -20.00
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T
I
T T T F“
19:01:00 19:01:30 19:02:00 19:02:30 19.03:00 19:03:30 19.04.00 I
8 A2
Count Time CH1 CH2 CH3 CHA4 CHS5 CHb CH7? CH8 ‘ FEHT] i 24
32 18-30 19:83:27  7.69 23.98 -24.99 -24.99 - HAES HA
33 10-30 19:83:32  6.74  24.32 -24.99 -24.99
34 10-30 19:03:37  6.83  24.66 -24.99 -24.99 L EEFE
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i JzAm

Figure 2-6. Automatic temperature-pressure save program : SDlog1004 Ver 1.01.
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2.1.2 Gas chromatography
71719) ACME 6100°]

Figure 2-7914 et GCE & A3 B4t g 94
), A& PORAPAK-Q packed columne AH&3te] £4319vt. A&7 TCDE #
AFS A&t

AetFom, £H 7 2= 99.9% 9 dES

Figure 2-7. Experimental apparatus : Gas chromatography ACME 6100.
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2.1.3 Raman spectroscopy

2

al

Figure 2-84 1}Eld Raman spectroscopy+ 7473l

sl= HR Micro Raman spectrometero® E dFo] AR&H Yt MICRO Raman

AN 1

spectrometer LabRAM HR 2 800mm ¢ =AATE 7FAE= czerny-turner type?
spectrometerZ #4331 9lo] A9 E&%(03cm DS F235, Lens t4l¢] mirror
walg Agste] UV gAollA Near IR FA97hA Fa4Qd ko dig 24 §lo] &

Aol 7hsgl Al~"olt) 51dnm 2 633nm #NO|AE AFEE $ 9o ™ multi channel

air cooled CCD detector(-70C)E o]&3lo] AME=Ho| golsir}

Figure 2-8. Experimental apparatus : Micro Raman spectrometer
LabRAM HR
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2.1.4 High resolution Powder X-ray diffraction

B QoM Es E371E7]A 14 8C2 B/L high resolution powder X-ray diffraction
o2 Fpol=golEe FxE5 #3599 E o] XRD+ high angular resolution, ideal line
shape, in-situ measurement 9179 F-&35}7 o] &t & AH] 9 slo|=#Ho|EA
T ExxAdo] 10KAA 900K7HA] 7Heste]l A&dde] 7ssttkes AR &
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2 5% stol=elE e vae YJHE ARZsA fdste] a7d

)
®
=
=
a
o
©
2
-
o
i
sl
i
L
>
=
)
(2
N
rir
F=
—
{
F=
-
)
B
ol
~J
X
N
N
o
D
n
2
¥
o
i
>

Hine Fized Mask

Hultiple Dete ctor System #1 - F7

Ik Hit #1 £ 42

Lollmating Mirrer 1!
Monoc romator
Sip 1]

ﬂifmdmﬂ%ﬂ;f

Figure 2-9. Schematic diagram of the PAL 8C2 High resolution X-rav diffraction.
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Figure 2-10. Experiments in the process of

pressure — temperature line diagram.
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Figure 2-11. Experiments in the process of pressure - temperature

change.

Figure 2-11& (@A (@744 o] AGHWA wrgd e L= 4l
2 tehdl Aol
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2.2.3 Raman spectroscopy 4! 9"
stol=dlo]lEx Agd v AR A2 A dEHER HEs
A Agol wgkel w977 Aeath ® AT AAALE ol gafe] A
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Figure 2-12. Raman sample vessel
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2.24 X-Ray Diffraction 2 g4

XRD &A% Raman 3 o] A2olA o] o]Fojxjof gttt o]2]gh o]frol A &
EUE dAELE o] 838to] 8K 7HA Waste] die AASkdvh XRD9| calibrated
wavelength= 1.54900 ©]03L step< 0.02% fixed times 1% 2 &to] slo|=#oBEE
A AT A= F NE 7E ALY 671E AREste] AT o] % 6719 de]
B+ Figure 2-13¢] 8C2 B/LS] HEZE wd& o] &3t 6719 HeolHE 179 dlolH
2 e

of ojbsteka 49k ¥R 65 EFT Jlim e Slol=go]ESt w¢

JIE O a2 1
TEw LT =
2

% THF(G56mol%) s H7tste]l wE stel=do]lE 2 7HAE 1|53
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Figure 2-13. The picture of 8C2 HRPD B/L MDS DATA POST
PROCESSING CONTROL PANEL.
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A 3. Ad4H
3.1 439 34
3.1.1 ol dstgi-vgdo o mE XA dd249

Table 3-1. Three phase H-I-V equilibria of the + CO2 +CH; system at isothermal.
(268.15K)

Pf;flige Order Drei‘;f}?‘eat(iﬁlpa) CH: (%) CO» (%)
. Ist 0.57 29.75 70.25
2nd 0.34 16.03 83.97
Ist 21.4 55.74 44.26
A 2nd 2.44 56.45 4355
3rd 2.56 56.09 4391
4th 212 55.69 4431
Ist 2.36 51.38 48.62
. 2nd 2.48 54.62 45.38
3rd 2.66 53.53 46.47
4th 2,51 51.91 48.09

Table 3-19] Yeldt 232 2w 1@ AMPa ¢ 5MPaolA A€ H]=d 248 UE
Wi doheE Ag & F Ak 9 51%dd A ol 56% 7FA wE 24 S WERd ST

o] Aol x7] 7} 2AQH|7E 64 o|07] Wl olitster vt Wl AT &F Eo
A Y wol AHATE Ho= sy}

3MPa ©M <= ste]l=#HolE A AA7E AgA o ofFo] AA X Ao
WEE Foke] 4 @ 4 vk ol gk o]l Ao A HlolH

p o o~
R
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Table 3-2. Three phase H-I-V equilibria of the THF(5.56mol%) + CO, + CH,; system at
isothermal. (268.15K)

ol &l oldl W3
(1\';[*1% ) A J(;/[Pf CHA Z4(%) CO2 %4 (%)
1=} 1.37 62.11 37.89
3
2} 1.34 61.31 38.69
1=} 2.14 61.45 38.55
2} 2.44 60.17 39.83
4
3=} 2.20 63.47 36.53
A=} 2.06 62.07 37.93

Table 3-2= wF3Eo°] ofd THFE #rbste] += I7F dAHUAN 2 sgdd=

THF 7 Sol7ka #he el uets ol dsieast Sojzbl 2 el
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ol APAN F 5, 604 et Aot olge T st s gy 2 )
E goe exg Y Aol tehtE Ao FRHLL

(@ ©)

Pressure (MPa)

3 b)

285
Termperature (K)
Figure 3-1. Phase equilibria of (a) water +CHy, (b) water + CO., (c¢)

water + THF (5.56mol%) + CHy4, (d) water + THF (5.56mol%) + CO.,
and (e) CO, dew point.
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3.2 o] st i-vgdeol H-Lw-VelA 38d 54 9 sfol=4olE

F¥Ue AArzy 445

= 274.15K (this work)
\ o 27815k (this work)
40 Sloan - 4.0
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§ 30 = 3.0
°
= 20 25
>
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Maole fraction CO2

Figure 3-2. Pressure and composition diagram for mixed COs+ CHy hydrate system.
(274K, 278K)

Figure 3-2%= 274K ¢} 278K oA 9] 7|78 x4 3 sto|=#olES w3 o Z3H
k2o 2AE Eudl Aolnh Bla HeolH= AMS® ZmIOd F Sloand The
Colorado School of mines hydrate prediction program (E.D Sloan)[5]o. & o] 2571
A2 van der Waals®h g4 & o] &sle] o984 sfdoez slol=golE Yo 7t~ =
A3t Tl 274 wEl 259 ves #4582 ¢ vk 2elar PSRK Z= 1
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449 PSRKE o] &3te] stol=dolEe 714 208 AFLEAM] Feg A

ol

Abetan stol=wolE e ®AE shhe) 2AS o ¢ ol TR
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Table 3-3. Three phase H-Lw-V equilibria of the pure water + CO; +CHy system at
isothermal. (274.15K, 278.15)

T (K) P (Mpa) Vapor phase Hydrate phase
composition composition

153 0.787 0.882

274.15
1.71 0.566 0.765
1.95 0.404 0.626
213 0.260 0446
241 0.149 0.304
2.54 0.109 0.203
2.40 0.808 0.891

278.15
2.56 0.648 0.778
272 0.541 0.720
3.18 0.305 0.455
3.42 0.202 0.388
3.65 0.125 0.257

Table 3-3¢) hehdk 20 %ol 2ol H-Lw-V #q Aol 27] 7hx9) vgke) =
ol Frhw AA e FHAA WIS olFy Yrk 1 olAsEaY 2HE 7

Yol 2% 7}2A7 =4 EA990

o,
jof
v}
_0|L
o
I
ivD)
o
m

_32_



Figure 3-3°14 THF(5.56 mol%)3 7t 32 283KeH 200Kl A A A= At
guts stolueolE o By ¥ © sbae 245 /149 240 ¥z
ebstet,

THFZ 556 mol% A7) mie] = MMuto] AAHYS Aom 2AHY, 5o
cdole 44 A 9%e FE A4k olstdi-vlE o T shxsk ofe THF
oo}y thewt e Ak et Ao FRAL

M
-
e

A

30~ - 30
—0—\apon(290K)
- —&— hydrate(290K)
—{3—Vapon(283K)
25 — hydrate(283K) / 25
B Lo gl
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™ /D
= :
@ 15} M 415
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[7:] L
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Figure 3-3. Pressure and composition diagram for mixed THF(5.56mol%)+ COz+ CHy4
hydrate system. (283K, 290K)
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Table 3-4. Three phase H-Lw-V equilibria of the THF(5.56mol%) + CO: +CH; system

at isothermal. (283.15K, 290.15K)

Vapor phase

Hydrate phase

T ) P (k) composition composition
283.15 1.45 0.164 0.139
1.52 0.283 0.227
1.63 0.419 0.352
1.88 0.620 0.590
2.24 0.818 0.769
290.15 0.5 0.253 0.181
0.51 0.429 0.363
0.52 0.661 0.629
0.51 0.763 0.720

Table 3-4% THF(5.56mol%)& #7}3t o]+
th 54 o2 200.16K oAM= tEel Walrh shse] x40
ool e, o)A G AT olibsteAnt HiE
Ej290.16KoN A e d#o] of 0.6MPaz H]5=dte] thg3 o] et How
"k 200.15KelA 7] stol=HolE Ao A8 Z&

AFAAE The 24o) tehg
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3.2 334 §A

3.2.1 Raman spectroscopy 2 &4 3}

12000 -
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9000 +
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4000 A
3000 4
2000 H

1000 4 J_J (a)
] il
-1000 . : '

1 1 1
500 1000 1500 2000 2500 2000 2500 4000
Raman shift (cm™)

Figure 3-4. Raman spectra of (a)pure water + CO, + CH4 hydrate and
(b) THF (5.56mol%) + CO; +CH,4 hydrate.

Figure 3-4= &5 E% THES 556 mol%E A7bsta wlgd) ojitstebis o] &3t

stol=dolES &S AAE Aou =2 THFE #7F & A Bu ded I

odpelEaelde] BAF g FA ¥ F vk T odlely 2T 3000em FH
3500cm 7HA W FEY B wag sl @ 5 Ul
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Figure 3-5. Raman spectra of C-C-C-C and C-O-C vibrations on THF.

Figure 3-5+ THF$] Raman shiftE WEF5L Qlth &3 THFE &%3F 300K A<
C-C-C-C ¥2E 916 em ‘ol E}ba, C-0-C 923 103lem "o JERHTL[16,17]
sto]=#o]E9] THFY C-C-C-C #M=ZE 922 cm 'lA YJEvs C-0-C Hz2:
1034em ‘ol A vhebd. [18,19]

T EAS W F 2L 2E 5 em’ AR 7 g W=} Yehd Row 3

2 HAH

_36_



Figure 3-62 4% 1 +%, THF I +&olA o]Atale4 2] Raman shifts Ho|F
Ark Vi o HAark I Fx9 O7% °FF Apol7} verskth Table 3-5& &
Aol o] ibstEA vt Rl HAE W stol=wHo]Ed 2 HAS WS B st
28 vERH Aot

M
=)
E

M
1%
réd

1379.9
12729 l
B -\AA_‘—V\/\"M/\—AA—\"\W—N
£
=
=
2 3000 4
£ 1380.0
12753 L
[]-

1500

Raman shift {cm”)

Figure 3-6. Raman spectra of COs vibrations.
Bottom: Pure water, Top: THF

Table 3-5. Raman shift of CO.. (a [20], b [21])

a b
conditions Vi Vo Vi1 Vo
(cm™b) (cm™b (cm™b) (cm™b)
CO2 in solution without hydrate. 1274 1383 1284 1388
CO2 in solution with hydrate 1275 1381 - -
CO2 in the hydrate 1277 1380 1276 1282
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Figure 3-7. Raman spectra of CHy vibrations.
Bottom: Pure water, Top: THF (5.56mol%)
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322 X Ray Diffraction 2 ¢4 3}
Figure 3-82 &%t Eof ojitsleti-vghs &E31st0] 27410KAA wkg-sto AAH
Slol=golEe] FxE #E3 Aot 20 255 FZAl A 3719 ololx W=yt RS
= AL B9 @ 4 vk AnEd (2319 waste] sae sde] T 198 Hal
sttt
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Figure 3-8. X-ray powder diffraction of pure water + COs + CH; hydrate.
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Figure 3-9. X-ray powder diffraction of THF(5.56mol%) + CO2 + CHs hydrate.

(low pressure condition: 0.8MPa)

Figure 3-9% o THFE 556mol%E 231 WesiolA YzhalA A#H
stol=dlo]ES AT v WA o] itEt R A-mw T tAE Yol WhGAIH Y
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Figure 3-10. X-ray powder diffraction of THF(5.56mol%) + CO. + CH; hydrate.
(high pressure condition: 4MPa)
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