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Abstract — Although the desalination technique using gas hydrate formation is at a development stage compared to the
commercially well-established reverse osmosis (RO), it still draws attention because of its simplicity and moderate operational
conditions especially when using refrigerants for guest gases. In this study, DFT (density functional theory)-based molecular
modeling was employed to explain the energetics of the gas hydrate formation using HFC (hydrofluorocarbon) and HCFC
(hydrochlorofluorocarbon) refrigerants. For guest gases, R-134a, R-227ea, R-236fa, and R-141b were selected and three cav-
ity structures (5'%, 5'26%, and 5'%6*) composed of water molecules were constructed. The geometries of guest gas, cavity,
and cavity encapsulating guest gas were optimized by molecular modeling respectively and their located energies were then
used for the calculation of binding energy between the guest gas and cavity. Finally, the comparison of binding energies was
used to propose which refrigerant is more favorable for the gas hydrate formation energetically. In conclusion, R-236fa
was the best choice in terms of thermodynamic spontaneity, less toxicity, and low solubility in water.
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G2 A= bl S (distillation)©] TH2,3]. SFAI W St
F0] AP = FA HAHAE Al AFalFolok ab7] #f
o[ =] An]gFo] Wl wgo] Qloh = HAl= A (reverse
osmosis, RO)C.E 4HFTte]| |55 AHF4) o[ 0= 7hstste] &
5 A WoltH4-6]. o] MRS whel & o] A% 7lelA|
a1, dllgrel] 01l YRR Q18| ko] whe)w whef] Aeji=
o] Srsto] whe] afo] FrastAL: go] Hojd = Q= T
o] St} o5 WA | flste] F714 & vk AH A A
oF sH=t| o] TAJollr] w2 A7t} H|go] AR ETE

o] & sk WY Foll shurt 7k sho] E#o] E(gas hydrate)
FJdeE & o] &gt dlFErslolt). o]i= A|-HA)| 712 S
7|RES 2 B, 7k Sho| =0 E A FE A Al B wAkel A
A7k (guest gas) A Fofahr] wiitel] ST 2 glo] dlE
SR Bl = QU o] Qleh EESE 7k o | Elo] E Aol
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& 7k Slol o] Et= A (host)}] B HAFS0] A& 44
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theory, DFT)<r ©]-8-8F 22 2 =] (molecular modeling) =3+
Tk #IRHCH,) % S5 313H(SF )= o] ol 1l 3 AA7kAe] 74~
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2-1. 47 (A

M A| 72~ F R-134a, R-227ea, R-237fa, R-141b5 41 3191 2™
7y gu o] EAz 9L 22491 /4 AL Fig. 13} Table 100 242} %
2]&}3I ). Table 19141 ASHRAE QF T (safety group) &4 2] 9F
9795 vEhdl= o= oJoj(A, B)9 =2k, 2, 3)°] ¢t

Yol= =49 5AS HERr A= 52 548, Be 2 54=

ASME, 32 =& QIS ofnlgitt. 19900l A2 A PE o=

71 R-134a= @A 717 ©ol Abg-E = vl F2 sholr
RLEZS FEle] AHEo] X% CEC-12Z thAIsle] L& B4 0]
TH18]. Bl & &% = §IAIRF GWP (global warming point)Z}
1600°.2 FTh(o] ks ehA o] 795 GWP=1)[24]. vIzI7EA =
19900l A3 498 07 A 2% R-141b= WYl % AR-E 4= )
AJ9F PUR (polyurethane), PIR (polyisocyanurate) ‘52 #|3=e] =32
AFEELE @ ES T 7F A §la GWP 700232 R-134ak U
G| wk R Eg]g o) Mo oa 20297419k AFE-EF 5= QlUH23).
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Fig. 1. Molecular structures of selected refrigerants; (a) R-134a, (b) R-141b, (c) R-227ea, and (d) R-236fa.

Korean Chem. Eng. Res., Vol. 55, No. 5, October, 2017



706 7 - Qe - EE - olAlE - A8
Table 1. Physicochemical characteristics of HFC refrigerants
Refrigerant R-134a R-141b R-227ea R-236fa
Chemical formula CH,FCF; C,H;CLF CF;CHFCF; CF;CH,CF;
Boiling point (°C) -26.1 32.0 —-15.6 -1.4
Solubility in water (mg/L) 2040 (25°C) 420 (25°C) 79.5(25°C) 724 (20°C)
ASHRAE safety group Al N/A N/A Al
GWP 1600 700 3800 9400

oo} T Wr g AFEE 3 © 2 113 glx]wk GWPZ} 3800
© 2 =2 Holt}, 3IA|RE R-141b8}F & A4 T2 ofuth24).
R-226fa%] ASHRAE Q-2 R-134a8} 28 Alo]t}. 1996\ 2]
= AHE-E R-236fas T S g o YAk A0 WA R
AHEE T 9 2203 E §lou GWPZE 94002.F 2 ot} R-
141b% A5 v WIS Ao e o 23].

A 7k sto| =] E A ARl E o] &3t slaastell Mg
o] 12 EE Y= R-134a0]UH19-21,25]. A 2ollA] AF3150)
YupE o] gahd A o7 AAHQ 3 NS 7P frelsith
[10]. Z&]1} Table 1914 K= vlel 740] R-134a2] &l )3t 43
=7} 2040 mg/LE R-141b2] 420 mg/L7} H] w3l BA mf$- 2.0,

T3
o] A% Srst BHE AR AZFE 2

252 L85 AL Sla)
B ol galEIo] iz Il AASH= B7] 37 (degassing)el 44
H 07 e o7k 28] S vlel] gl o]2j3t o] i Al ET}
Sk Re14100] 12 A S191EH26], SRR 4] g0 R-
141b= A O 2 20293 o] Tl AMgo] BErlssln g 2 o
Tl R-134a9} 22 248

AE st AL Yl Eofl ek &

Table 2. Geometric properties of CS-I and CS-II type gas hydrates

=7} 2 R-227ea[27]2F R-236faS A 5Fo] A 7F~2 A R-
1342 WA = QX5 Bt st A=A o] F+

=2 T M
W SRSl 48 Al elA S ek

2-2. XY

Gaussian09 -3 3 & 77 3 (software) .2 ALkt 2H)S 3513121
[28] GaussView -8 X2 73 © F A5 3/3}(visualization)s}
ATH29]. 712 Blo| =dlo| EL] 713 H A 3lE 3l B3LYP RIgrst
6-31g(d) 7143 & (basis sety= AHE-8FITH30,31]. 714 Sho] =2 0]
ES AL Sl FAIS AA 22 27171 217 wiikel] 714
Fhe] 2wz F e skA] ISkt 71 sl =elo| B 3afl o ®
-8 W s A TR0l A RE E Aol e R E 7R Fto)
EH0|E 5F eks wlofule] Aliksli= AP (approximationys
21T, 1 -] FAfo] 7k sfol=g|o] E Aol gk At
A1 Adg gpotetar 7 Wl ' AU & vlwshk= Flo)7]
wzolek. Alitel] o] &5k T8> 7k sle| EHO|E & 13 42
IIE T8k 512, 5%, 5'%62] Al F57o]™] Table 2¢1 7} 532

Hydrate crystal structure CS-1 CS-I1
Crystal system body-centered cubic diamond cubic
Cavity Small Large Small Large
Description 512 5126 512 51264
Number of cavities per unit cell 2 6 16 8
Average cavity radius (A) 3.95 433 391 4.73
Coordination number* 20 24 20 28
Number of waters per unit cell 46 136
Lattice parameter (A) a=12.0 a=17.3
*Number of oxygen atoms at the periphery of each cavity
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Fig. 2. Optimized molecular structures of cavities without guest gas; (a) 5'%, (b) 5'26%, and (c) 5'26*. Red and white balls indicate oxygen and

hydrogen, respectively.
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A& A (binding energy, BE)

=ZA7E7F Akl w2 HA sk 759 eluA
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Table 3. Calculated binding energies between cavities and refrigerants.
Each energy has the unit of kcal/mol

Cavities R-134a R-141b R-227ea R-236fa
512 3.592 35.071 N/A N/A
5126 —12.470 2.551 -0.970 -0.075

51264 —14.780 —7.164 ~11.820 -15.359

EHo] FA4 Haxof didehs Y TFRER FEEd ot
Table 3914 1= nle} 7o) 512 23 0] 749 3592 keal/mol® 2F7F
& W FHOE 297 AFeUAE 71Tt o]= R-134a7} 512 &
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W 51%67 532} 5% 552 A9 AgellvA7E 42 —12.4702F
—14.780 keal/mol® F& AFHA S & R-134a7}F A1E F AUSS
BojFEo Agd o] W= R-134a9t & FA}F 719 523
(hydration number):= 17°] 3 WA R-134ai= -3 119
(590l 4Hs1E 4= Gl o= AxbA e} x| gttt
[19-21]. SF3lre ofHl F59] F=g-olof A o] 2o]
= 728 & o] ol it 7k slo] Eglo] E 9
T Stk FEE o] e e 25k wE <l
ZFo} o] Qs £ ATelx e D] AfeluAlE A
skal B ws}7] wlitel o]2f st AlAg F-E7kA] A= of ot
o714 thA] 3hA F2)E AL Fig 2ax] 9 At Qe FEA o]
x| 74 HA R dlgshs gE T27F FAH Ak s
R-134a7} 512 5EFR2 S50l A4 4= 925 2vlshs & o}
Ytk oA Ao = AFERe] 2 ATelAE 33k 7k
sto|EHO|E IAFZ Foll T shvhE woju] Alikel= A
HE AH4-37] wlitel] @l FFoH & EAEY 444 %9] Fig.
2a9} o] A7|7} & R-134a9}2] vhES 53 4= gl o Ak
& e sa HAA TR FRo] Zhssitt AR 21 3 o]
A R-134aZ T3 512 530 WA YA Beda#)7] wjioll
AUAE 7S W Fre] T 7HAA H AL kA R-134a
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Fig. 3. Optimized molecular structures of cavities with R-134a; (a) 5'%, (b) 5'26%, and (c) 5'26". Red, white, gray, and azure balls indicate oxygen,

hydrogen, carbon, and fluorine, respectively.

Korean Chem. Eng. Res., Vol. 55, No. 5, October, 2017



(a)

(b) (c)

Fig. 4. Optimized molecular structures of cavities with R-141b; (a) 5'2, (b) 5'26%, and (c) 5'%6*. Red, white, gray, azure, and green balls indicate

oxygen, hydrogen, carbon, fluorine, and chlorine, respectively.

LERAQIEE. A9 512 53-2] 749 AgellU=]7} 35.071 keal/mol
2 ]S 2ok Zhe 7FA R-141b7F 512 B2 Al HE e
H|APHA Q1S oF 5= 9tk 2, R-141b3 2 (chloring)?] EA & &
28] A7} ARA 72 251200 QP A AQlE7) e Ao
2 M9t} vhd 51%6% Tl tiall A= —7.164 keal/mol] A gl
VRIS 702X B8 AFjlo] AP _ls Hol Ft. o] R-141b
T R-134a9} "R 2 2 IS G481 1 ol E 2 3%
ofjut Eoiz &= Qlthe A AT 2 SdRskar gloh20-22].

3-3. R-227ea2} R-236fa

WA 512 230 A= F ] 25 FElA o x| T =
A HAAZ ] X 5, WullE AV AR Sl Aglst
o] AAl| x5 FHA skt Yol P 725 24 8k F
T T2 AWM FEET, ol 7 Wule] Ak A7 g o R

7] o2 AT}, R-134aL} R-141b2) 7-$-olM & Wuj7} =
FO7 Zo7H HW Fgol vlo] ols wirrt 552 A7]7F AA
Al H=d R-227ea®} R-236fa8] -9 F-5o] U Bt 3=
O)F+= & wAHE 1Fe] A TS o] W Z0E diA
AgUA = F P BF 5% T3 27 ~11.820, -15.359
keal/mol® & 55 #E= 7H & o APRA 0= F3ol AhglE o]
TE 119] 7k sle|Eglo] E FAo] 2 Al HojErt 4

3hgl 72Z Fig. 50l YERKSITE

.3 B
B Q7 ARSI o] Galo] el Ul Sagish R ek

ol AR B ks ol maelE A4 AE oled o

S5t sl om Wulo) B30l AT A, v eto.

Fig. 5. Optimized molecular structures of 5'2 cavity with R-227ea (a) and R-236fa (b). Red, white, gray, and azure balls indicate oxygen, hydro-
2 P

gen, carbon, and fluorine, respectively.
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