ive

creat
commons

)

E D

O N S D

M

O M

C

XN & XHEAl-

)
)
A
5%
<+

ioll
)
10
ak

&l

O

3
<D

0%

W0 s

~U)

<3

oll

RJ 4D oo
oS
”) <+ 1

~ 2 O]

LICk:

El-

ZHE Metor

LICH.

!

MEXE ZEAIGHHOF &

— o
:_CI

t

¢}

MNERLEAlL A

K4 .
I
[
00 <
S
] =
Ww m
RC o0
= K’
0 oy
RC U
K &
S K
oF
)
J (@)
(o]

3l
ST
- .o
)
o 3 _Eu_JE
00 7 5
(@) LOr _
= 2 ol
o7 2 U

-
0 il
RM 5 O
= = %_”
S 19
JI Ay
5 80 gr
o=
[ ] [ ]

X ESLICH

tOd

HEAH0 2 Ol8Ke als 2o ol o

E

ol

I 2

Oloiotol &

S}
=

0l N2 0| =3 & 72 (Legal Code)

Disclaimer |:|._'|

lection

Co


http://creativecommons.org/licenses/by-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-sa/2.0/kr/

1l 5& o]l =EH= A AdoEE
o) g3 EPILARIE o] iahEiae
SRR

Selective Separation of Carbon Dioxide from Gas Mixtures

using Guest—-Free Hydroquinone Clathrate



;OU
N

2
010 2
4



Abstract
A 1 A A B s 1
L1 AATHIT e s 1
1.2 GITEUIR e 6
1.3 BFO] BT o 7
A 2 A AR W HFH e 9
21 ]?—%7] .......................................................................................... 9
2.2 O] ERAIE0] FEA] e 9
2.3 Gas chromatography e 9
2.4 High resolution powder X-ray diffraction —  srereeemeeeeeeseeeeeeee 11
2.5 Raman SPECtrOSCOPY | ressseismsmsmmmsisssnsssssssinssassssssasssassnns 13
A 3 A AF AT H O] e 15
3.1 FO)ERm ATl TRA BB 15
3.1.1 A gdAo] ©2 X-ray diffraction FJEL e, 15
3.1.2 &% Z7}o] WE Flo|ERH = O WE e 17
3.2 o] A E A EH L MEILD s 18
3.2.1 gAY stolmgF o] gul A EY BB e 18
3.2.2 X wE olxtslerrol - sy U e 19
3.2.3 Wgto] X W slo]=2F]=2] Byt AFHEF] 24
3.24 27 £HE slo]l=g =0 gk AFED e 26



30

.
eyl

Al 4

32

Y

0
al7)

X



Figure 1-1

Figure 1-2

Figure 1-3

Figure 1-4

Figure 2-1

Figure 2-2

Figure 2-3

Figure 24

Figure 3-1

Figure 3-2

Figure 3-3

Figure 3—4

Volume charge during NGH phase transition —  ceooeeeeeeeees

Structure Of Hydrate Clathrates .......................................

Comparison between gas hydrate and organic

Clathrate ...............................................................................

Hydrogen bonding structure of the (a) a—hydroquinone

and (b) B_hydroquinone ....................................................

Data analysis software program : Autochro—-2000 1.0
Ver- ...........................................................................................

Experimental apparatus of the PAL 8C2 High

re Solution X—ray dlfftactlon .............................................

PLS 8C2 HRPD BL multiple scintillation detector

System me asurement Danel ............................................

Schematic illustration of experimental apparatus for

Raman Spectroscopy .........................................................

Synchrotron XRD pattern of the a—HQ ~  cooeeeeeeeeeneeeeennnnns

Synchrotron XRD pattern of the empty (a) B-HQ and
(b) ﬁ_HQ ..............................................................................

Temperature—dependent synchrotron XRD profiles -

Raman spectra of HQ ; (a) a-HQ, (b) CO: load-HQ,
(C) empty ﬁ_HQ ..................................................................



Figure 3-5

Figure 3-6

Figure 3-7

Figure 3-8

Figure 3-9

Figure 3-10

Figure 3-11

Figure 3-12

Figure 3-13

COq uptake kinetic measured by time-resolved in-situ
Raman spectroscopy at 298 K : (a) In-situ Raman
data, (b) Intensity .................................................................

COg release kinetic measured by time-resolved in—situ
Raman spectroscopy at 298 K : (a) In-situ Raman
data, (b) IntenSIty ...............................................................

COy uptake kinetic measured by time-resolved in—situ
Raman spectroscopy at 343 K : (a) In-situ Raman
data’ (b) IntenSIty ...............................................................

COs release kinetic measured by time-resolved in—situ
Raman spectroscopy at 343 K : (a) In-situ Raman
data, (b) Intensity ...............................................................

Raman spectra of HQ ; (a) empty B-HQ, (b) empty B
-HQ +pure CHy gas, (¢) CH, load-HQ, (d) pure CH,

gaS .................................................................................................

CH, release kinetic measured by time-resolved in-situ
Raman spectroscopy at 343 K : (a) In-situ Raman
data’ (b) IntenSIty ................................................................

Raman spectra of HQ ; (a) pure Hy gas, (b) Hy load
—HQ’ (C) empty B—HQ .........................................................

Relative raman peak area at 4122 cm' for the
encaged H: molecules as a function of pressures and

tEMPEratures cecrerri

Percentage diagram for gas mixtures load—-HQ  «eeeeeeeeeees



Table 1

Table 2

Table 3

=]

23

Properties of hydroquinone -

Composition of gas mixtures load—-HQ

Mass of occupied gas mixtures



Selective Separation of Carbon Dioxide from Gas Mixtures

using Guest-Free Hydroquinone Clathrate

Han Kyu Won

Department of Ocean Development Engineering
Graduate School of

Korea Maritime University

Abstracts

In this work we study on a selective and reversible storage of carbon
dioxide from gas mixtures using a guest-free hydroquinone(HQ) clathrate.
Initially, a-HQ was mixed with CO; at high pressure conditions, which
was then treated by a structural aging process to convert the a-form to
an open clathrate and to squeeze out CO; guests from the host frameworks.
From the temperature-dependent XRD measurements, we found that the
COo—loaded HQ clathrate gradually transforms into a guest—-free structure
in the range of 298 K to 378 K. However, the guest-free HQ clathrate
transforms to a a-form HQ at higher temperatures than 378 K. To examine
the effect of temperature on uptake and release of CO: molecules in the
guest—free HQ clathrate, we carried out the in-situ Raman spectroscopy
measurements. We observed that the (O, uptake and release kinetics are
highly sensitive to the loading temperature. From the Raman
spectroscopic measurement coupled with gas chromatographic analyses, we
confirmed unusual high selectivity of (O, over Hy, CHs, and N, in gas

mixtures.
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Table 1. Properties of hydroquinone.

Properties
Molecular Formula CsH4(OH)2
Molar Mess 110.1 g/mol
Appearance white solid
Density 1.3 g/cm3, solid
Melting Point 172 °C
Boiling Point 287 °C
Solubility in Water 5.9 g/100 ml (15 °C)
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Figure 1-4. Hydrogen bonding structure of the (a) a—hydroquinone

and (b) B-hydroquinone.
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Figure 2-1. Data analysis software program : Autochro-2000 1.0 Ver.
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2.4 High resolution Powder X-ray diffraction
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Figure 2-2. Experimental apparatus of the PAL 8C2 High

resolution X-ray difftaction.
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Figure 2-3. PLS 8C2 HRPD BL multiple scintillation detector system

measurement panel.
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2.5 Raman spectroscopy
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Figure 2-4. Schematic illustration of experimental apparatus for

Raman spectroscopy.
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3.1 3tol=E=2F =9 Fx4 W)

3.1.1 A& Ao & X-ray diffraction

Figure 3-12 #2717} 100pm ©]

A

atol w4ak slol=2F = AlRe] XRD
S vERA Aol o] HsXl slo]== =9 crystal data® material
studio 2.1 X213o] QdEsle] o]Z2F o7 Aty XRD FAE 3 AF 7S H)
wake] sfol=EmF = a RIS FeUsAHh

Figure 3-1. Synchrotron XRD pattern of the a-HQ
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Figure 3-2v ¥4 ¥ B-HQ¥ empty B-HQ®S XRD Hed& yebdl ot
o] ¢ A] crystal dataE material studio 2.1 X213 2 83}H S uw] AIZk
¥ XRD {®l& Hluste] Zbzbe]l grxet AXFe s B-HQH
empty B-HQS XRD #©E wlasinw 22 337 254 o 93¢ v

Figure 3-2. Synchrotron XRD pattern of the (a) empty B-HQ
and (b) B-HQ.
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Figure 3-3. Temperature—-dependent synchrotron XRD profiles.
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Figure 3-4. Raman spectra of HQ ; (a) a-HQ, (b) CO2 load-HQ,
(c) empty B-HQ
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Figure 3-5. CO:2 uptake kinetic measured by time-resolved in-situ
Raman spectroscopy at 298 K : (a) In—situ Raman data, (b) Intensity
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Figure 3-6. CO, release kinetic measured by time-resolved in-situ

Raman spectroscopy at 298 K : (a) In-situ Raman data, (b) Intensity
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Figure 3-7. CO. uptake kinetic measured by time-resolved in-situ

Raman spectroscopy at 343 K : (a) In-situ Raman data, (b) Intensity
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Figure 3-8. CO, release kinetic measured by time-resolved in-situ

Raman spectroscopy at 343 K : (a) In—situ Raman data, (b) Intensity
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Figure 3-9. Raman spectra of HQ ; (a) empty B-HQ, (b) empty
B-HQ +pure CHy gas, (c) CHy load-HQ, (d) pure CHy gas
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Figure 3-10. CHy release kinetic measured by time-resolved in-situ

(a) In-situ Raman data, (b) Intensity

Raman spectroscopy at 343 K :
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Figure 3-11. Raman spectra of HQ ; (a) pure H. gas, (b) Hs load-HQ,
(c) empty B-HQ
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Figure 3-12. Relative raman peak area at 4122 cm™' for the encaged

H: molecules as a function of pressures and temperatures.
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Figure 3-13. Percentage diagram for gas mixtures load-HQ.

Table 3. Mass of occupied gas mixtures

T(K) mass (g)
263 0.0322
298 0.0456
333 0.0526
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