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Studies on the Phase Equilibrium of Gas Hydrate with Changes in Salinity

Jeong Guk

Department of Chemical Engineering, The Graduate School

Pukyong National University

Abstract

The main methods of seawater desalination is either the evaporation using large amounts
of fossil fuel or reverse osmosis (RO). For both of them, high energy consumption is
inevitable. Therefore, a desalination process without the use of the above methods has been
proposed using gas hydrate formation.

Gas hydrates are inclusion compounds where small object gas molecules are encaged by
hydrogen-bonded host water-frameworks. Object gases are methane, ethane, propane, and
SFe, R-134a, and so forth.-They are classified as three different types, having two cubic
structures (CS-1 and CS-I1) and one hexagonal structure (H). For example, the structure CS-
I is composed of two polyhedral cavities, 5'2 (12 pentagonal faces) and 5'%62 (12 pentagonal
and 2 hexagonal faces). In this work, three-phase (liquid phase — hydrate — gas phase)
equilibria of CO, and R-134a (1,1,1,2-tetrafluoroethane, HFC-134a) gas hydrates in
artificial seawater are measured and how the three-phase equilibria are affected by the
seawater concentration is discussed

Using artificial sea salt, seawater samples of different concentrations were prepared. The

reactor filled with 50 mL of artificial seawater reaches a steady state with CO, stirred



enough to be melted. At the steady state, temperature falling is observed at regular intervals
and the changes in temperature and pressure of the reaction are recorded in real time on the

computer. The same procedure was repeated at each seawater concentration.
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A 2 EAXA

2.1 Gas hydrate

AP AEHO|E dlo| =g o] E(clathrate hydrate):= “barrier”S 2] 1] 3}=
T2 2~o] “khlatron”oll Al frEfgt T2 FA(host) EAHE0] FAATS E3l
@8k 3xd AR Zol AAl(guest) wAFEol dehd A glo]
or W Sl AAG sFEeln o wW, FARAEC]

BRajoln, AAEAE] A EAO] THACH, CO; ) A9 gas

AC)
2

=
=

hydrate® % t}.

Gas hydrate®] %FA-S 1810 Humphry Davy 7o)l &3 chlorinex
RESAIA Agd A E S S Ee st o) we] RV}
g2olgkz Ag wauskA ®rk 183l Michael Faradayi= 18231 1071 9]
= WA tiske] | 1708 chlorine AR} WESSF]  gas  hydrateE
Attt #Hxo hydrate #H =ES 24 @UH16), olF ©@e

SdT7h Aol dAn. FE [dyRoks AEI IS AAEE 2,

W EHCH4), ©oll®H(CoHe), ZZH(CsHg)s©ol = =A% ®E&sl] da3
FAFSE gas hydrates FASHAl EHa o]& s HAVFA ol
uksitty Awelich o] wlitol gas hydrateo] A 2 sel 7o 3

A7 213 =] 31, gas hydrate AJd-& =H7] 918 A 3l Al (inhibitor) ] Z 8.4 ©]
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sl A oadel dsl #EAAQ JExEAE F3En. 183l 1500 m
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2.2 Gas hydrate®] =

Gas hydrate®] -z -ZI(structure 1, S-1), ~Zl(structure 11, S-11) 18] 32
T-ZH(structure H, S-H)e & 371¢] F+x7F Sl Aoz v A tH22]. Gas
hydrate= & ZAkek AAZFAZEe] shehd Aol ofd =A<l
AF(F2AT)= olF e Txolth wekA o] w FAH= TE=
Ao(ice)el Frlel Ak, AR W Fojste AATAY] TRl
uebd I g2 AR G A "ok o] w FAE<= gas hydrate]
FHl= A F7E3 fFARSHA 831 o] SAolth Gas hydrate 7% 9]
B Jeffreyll ofs Alko]l HJUU[23]. <IE =ol 7HE V1A

Hejel 5718 1270 % o] Fo] X gas hydrate®] "%+ 52 |2 E7)Fc)
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A
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671 14A(526) =2 Td= o] Stk Hat A Al 747F 3.95 A,
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=
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Table 1. Properties of gas hydrates[27]

Hydrate crystal structures | 1 H
Cavity Small Large Small Large Small Medium Large
Description 5% 51262 512 5264 6% 435563 5%268

Number of cavities per unit

2 6 16 8 3 2 1
cell
Average cavity radius(A) 3.95 4.33 3.91 4.73 3.91 4.06 571
Number of water per unit

46 136 34

cell




Size, A Hydrate former
3 No Hydrates
N i
52/3 H,0O
4 | Kr
N,
5 2ethS T saumo
CcO,
c-C;H,
! 72/3 H,0O
6 20 Vi
C3H§ 3
150-C,Hj,
17 H,0
! CH G
No S-I or S-11
hydrates

Cavities
occupied

512451264
S-11

512451242
S-1

51262
S-1

51264
S-1T

Fig. 2 Hydrate guests versus hydrate cavity size ranges[27]
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2.3 ZZA 9L A &A
ool Al e AT o] AAEA FEBe Wi ge Hop:
5o AGaat HAE AdTA 9 sholth £47 WY gas
hydrate®] 44& F419 582 Walata, dahd FHue FdEIE
el whebd R HAZkA FEol = gas hydrate®] A4S o

= de 9 "ok

V)el HES gas hydrate?} XA 2= ZH(Area INOZ O] FAT] =
=48 3} Fig. 3o Hxo] UHZ Rl gas hydrate®] 433 1|3z oltt.
A7 Lw-H-VE HIHE 7|Fo7 9Z%O0 7= gas hydrate’} A=
A ket wEkd AgA = Lw-HVe] BEAHN S EoR ol A=
=4doln 32 5= NaCl, methanol(CHsOH), ethylene glycol(C,H4(OH),)
So] uH22]. olge WHE Lw-H-VE HFAS  ole(Area DE
olFA7|=  EAS EXA(promotor)gtal  FTh tfEA O R = ethylene

oxide((CH.)20), tetrahydrofuran((CH2)40), 1,4-dioxane(C;H40),). 5-©] 31 tH22].
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2.4 Gas hydrate Thermodynamics

feig

dojety RElYS o] §sto] gas hydrate®] 7E & EAL A5S &

o

ol

k. AFS A5 RaW Aze] z2dd APt 2SS AUl

R h= = =
28 sfof Ha, o= &7, AL B A&n7E dojuAl At gas
hydrate®] th3 2ol Adjs w o= Van der Waals-Platteeuw model¥} cubic-

plus-association equation of state(CPA EoS)7} Sl th.

N
B
[EEN

Van der Waals — Platteeuw model
Polop Bk Al doisty gelsh WgHh 4 (2 )3} Lol gas
hydrate®] 7Hd 7122 89S ol e 349 fugacity’t sdstthe

H Aol 4 A gt

i % fanm K (2.1)

rlr

223 N7RE o]&Eo1 % Aol Nw7lel gas hydrate& A A7 E3FE] o] Q)

A9 JPrae e g gel Tk 2 9n.

ff=f i=12-N 2. 2)

f;:H = f-lH i = 1l 25'“1Nh (2. 3)

o1 714 714+ fugacity £V 9F A4 fugacity fie thed 2k

f¥ =yip!P (2.4)
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fl = xgtp @.5)

o] Aol y $b ¢f, 2 o= A7 718 Aol A AL el
PL w iZf o] Ao o3t E¥&3} fugacity A5 2w]dt}. Huron-Vidal
A2 E3FE(MHV2)Z  Redich-Kwong-Soave AFE 2] S AFE-35)o]
T8he29, 30 YWt o7 Hal A gas hydrate AAF W= X ¥ A ¢k
NFowRE EASHEE gas hydrate = AT 3t7] #lall A= van der Waale-
Platteeuw R o] Astri[31]. 1283l 4] (2. 3)= th=3 o] yepd &

A=y
v = [ (2. 6)

o] u gashydrate ‘el A1l & &4} fugacity=

A ‘I/\V/IT—H
fill = FT exp () (2.7)
2 Uepd = oo AL £ = gas hydrate A ALE o] F= B A9
fugacityo] ™, AuMT-H = yMT _ yH 3 gas hydrate ZA} o] 2 A|&A17}
AYFA A k2 noQl= AAE o]F= & A+2] chemical potential, u” 2}

AAZEA7E A A= AAE olF+= & A2 chemical potential, pff 2l

2po] S uHgiri32]. o] 7] A

MT-H

Ap
Y = Sk U In(1+ B, Coif) (2.8)

14



o] ™, ki= gas hydrate Z A2 AAEF =, v, = gas hydrate 22}
TAskE sty = EAE w39 T, fiv 718l SAEE AAE R
fugacity, C,; & Langmuir A== gas hydrate 53 dlelA =¥ 2AF4
Abolol AE#gS  udEst Zoluh. F3¥ 3o 71X (spherical core

assumption)= 7}7 Kihara £814 st AL-g30H22].

4 ()
Cmj = k;r fo exp (— %) ridr (2.9)

°]7]A4 ki Boltzmann “&F, 1> % SAHLESFE AY, o)< gas

hydrate A WH-5 FFolzta ZHgstu of &, tiFE  cell]

potential 3 oJu| it} Ao oot FARE Ao 8-S R theFst
potential| 7}t gas hydrate A} el ¥ 7tA FAe) AAE

Apo] Az g xaef 7 stz el 2 e Kihara

i
iz

h=
=

off

T3 3t
potential & " F& o] &3%tF. = Kihara potentiald+=S o]7|o] 7 &3}
bS53} o] Langmuiriy==S AlAte 4= Qi)
o® a
w(r) =22, [—(51°+ 511)‘?5(54+E55)] (2. 10)

A7)A 6% thed ol Uk 4 9k,

[(1 —1—3)_N -(1 +1—E)_N] 2. 11)

15



N2 4,5 10, 119 %< 7FA31[32], Z&= "9 &7, RE B39 #HEolt
81 WS q,6,0+ Table 29} 7T}
YE9h gas hydrate A2FE o] F& & A9 fugacity fi'T &
MT-LO
MT — £1° 0 (Auw ) (2.12)

olth. o714 £ = b B RA fugacity, ApbTE = f1T — £ = gas
hydrate 22} ol AAZA7E A AA A @42 vl AAE olF= =
B219] chemical potential, fE'" 9} =44k o) chemical potential, fL° ©]

atol & wETha]. 4 (2.12)%

ALY S a0 o (AnyT-1° e
T=(ﬁ)—fro( AT )dT+( = )‘l”“w (2.13)

2 uekd = Av}H33].. 283l Parrish and Prausnitz®] ¥rie] w=w
oo A o= yeRd 4 QITH34].

ARMT=L" = ARO + fTTO Ac,dT (2.14)

Ac, = Acp + a' (T —T°) (2. 15)

ARMT=L® = pMT _ pL7= W] gas hydrate Z#S} &5 A B B2} Apo] <]
& olegty] zolS weith gelal ApMTL = pMT _ L’ = Wl gas hydrate

-

ARt w5 A B BA Ao B Ry ol warh A

rlr

273.15K= Adigk® 09l ArEjellAl Wl gas hydrate 2 AFe} s

Ry

M

16
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Table 2. Regressed Kihara Potential Parameters[22, 33]

Component a o e/K
Methane 0.3834 3.14393 155.593
Ethane 0.5651 3.24693 188.181
Propane 0.6502 3.41670 192.855
Carbon dioxide 0.6805 2.97638 175.405

R-134a 0.65 3.612 353.3

18



Table 3. Thermodynamic reference properties for gas hydrates[30]

Structure-I Structure-11

Apd,(JImol) 1120 931
AhY,(Jmol?) 1714 1400
AvS,(cm®mol?) 2.9959 3.39644
Ac?(ImolK™) -34.583 -36.8607

T>To 0.189 T>To 0.1809
b(IJmol*K?)

T<T, 0.0121 T<To 0.00377

19



2.4.2 Cubic-plus-association Equation of State(CPA EoS)

Cubic—plus-association equation of state(®]3} CPA)= SRK(Soave-Redlich-
Kwong) 1% AFE] =g 2 (cubic equation of state)[30]3} SAFT(statistical
association fluid theory)[36]7} 41-8%¥ Wertheim ©]&[37, 38]%] X Oo=
RFEOI A 39, 40]. CPAE &3 =49 SA4ET oidH &, <A,
=y g3tri TRE SAAE o Fo] 7hesith4l, 42]. FE3h
CPA EoSt HerEz =& 22 498ty A3 Al (thermodynamic
inhibitors)[43, 4417} Sl A AE  gas hydrated] dlE] S
AR oR &S shrh45, 46].

2
T LB (1 28 3 3, (1 - X)) (2. 16)

A7 v Y 28, Xy it AES Aty AZE IdekA ok
wAe BUES B Kyt B8 SAolv ol yae How
— 1gnc vy AN
Xai = (1 + 2751 X Xp, Xy A% ’) (2.17)

v =SSR io AEAE A 9 AR o ARAe B 0

s gA7Ielm o= tadt ol vERd 5 gl

ref %)
AiBi= g(vyh) [exp (?) - 1] b;; BB (2.18)

20



ehPr ok A= AR Qg slgael A 9 AR jol SEAe B

ref L

wAE g e g et SFFe el a8 g(vy,’) £ radial

distribution <=4 th23h o] yEeR S QITH4T]

1
gvn’) = =5 (2. 19)
b
= (2. 20)

21



2.5 Raman Spectroscopy
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il
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i)
i)
o
o
4
oy
_0|L
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1. Gas bombe 2. Regulator 3. Vessel
4. Reactor 5. T-P.sensor 6. Magnetic driver
7. Raman spectroscopy 8. Computer 9. Chiller

Fig. 5 Schematic diagram of the experimental apparatus
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Table 4. Equilibrium points of Lw-H-V; CO; gas hydrate in deionized water

Deaton and

Vlahakis

Larson and )
Frost(1946)[50] et al.(1972)[51] Sager(1955)[52] This work
bar K bar K bar K bar K
32.13 280.9 29.89 280.4 15.1 275.0 242  279.25
35.30 281.5 31.34 280.7 16.34 275.7 28,5  280.55
37.09 281.9 33.27 281.2 16.82 276.0 34.8  282.05
41.3 282.6 34.72 281.4 17.17 276.2 38.8 28270
43.23 282.9 36.26 281.8 18.06 276.5
38.33 282.2 18.89 276.9
39.47 282.3 19.51 277.2
40.82 282.6 21.37 277.8
41.62 282.7 21.65 278.0
43.11 282.9 23.44 278.6
45.08 283.2 24.48 278.8
25.3 279.1
25.44 279.2
27.3 279.8
28.61 280.1
29.23 280.2
30.20 280.5
31.58 280.8
32.82 281.1
34.75 2815
36.34 281.9
36.89 282.0
38.68 282.3
44.68 283.1
45.02 283.2
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Fig. 7 Equilibrium pointsof-Lw-H-V; CO, gas-hydrate in deionized water
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Table 5. Equilibrium points of Lw-H-V; R-134a gas hydrate in deionized water

Liang et al.(2001)[55] This work
bar K bar K
0.566 273.51 1.3 280.75
0.739 274.82 1.8 281.75
0.963 276.12 2.3 282.55
1.484 278.23 2.8 283.05
2.357 280.46 3.2 283.35
2.94 281.51
3.632 282.50
3.978 282.92
4.144 283.13
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Fig. 8 Equilibrium points of Lw-H-V; R-134a gas hydrate in deionized water
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Fig. 9 Equilibrium-point-of-Lw-H-V; refrigerant gasin deionized water
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