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ABSTRACT

Gas hydrate (GH)-based desalination process have a potential as a novel unit desalination process. GHs are nonstoichiometric
crystalline inclusion compounds formed at low temperature and a high pressure condition by water and a number of
guest gas molecules. After formation, pure GHs are separated from the remaining concentrated seawater and they are
dissociated into guest gas and pure water in a low temperature and a high pressure condition. The condition of GH
formation is different depending on the type of guest gas. This is the reason why the guest gas is a key to success
of GH desalination process. The salt rejection of GH based desalination process appeared 60.5-93%, post treatment
process is needed to finally meet the product water quality. This study adopted reverse osmosis (RO) as a post treatment.
However, the test about gas rejection by RO process have to be performed because the guest gas will be dissolved
in a GH product (RO feed). In this research, removal potential of dissolved gas by RO process is performed using lab-scale
RO system and GC/MS analysis. The relation between RO membrane characteristics and gas removal rate were analyzed
based on the GC/MS measurement.
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A AE-go] 72-80% (K, Na', Mg*", B, Ca®)& e}
tigto] & 4= = 7le= =L ¢l ow(Park et al,
2011), Az, g, 2582 AA BeE d2 5 Sk
GH:= = EA4F= o]Fol AL Woll A7} El= A4}
7kt R E o] P E= ) At AR A
o] ZAEM AL, afxzdoA P4k GH F/doll=
=53 & EARF AA 7 FA EZ}“FOI HP%Oﬂ Hojst
2, @347 A 42 GHE =2, Agx=7olA
a2AlA Gt AR EelsH QE} 0134711 GH 34
W} s ol A AFAAHA A AdES AAAZIE Aol
GHE 0]&3! 35=E<=3} o|t}(Cha and Seol, 2013). 3}%]
ul Fez o)A GH 242 AAAEL 24 60.5%00 A
GH A& 2 425 Sall 2t 93%9] AAES Kol
11 QJthKang et al., 2014; Han et al,, 2014). 3| Aol A
= GH 349 A= a3t 5789 50%0]/d<=
A3kl U= RO 43 AAske] F53 AAASS
H st} skl
H 5742 A7} 0] F57of o2t GH P22}
dElxdo] dexich webA, o2 7EAEe sl A2,
Aol 77k 2xet ¥ x7oA GHE AT &
= AA7IAE A"k 2] 7w dlolet & 4
UTHPark et al., 2011). 7] 4], |72 90] FFofl whz}
+ GH Ak ol 771 825 Fej2 JoldlS
At} "wkek GHE o]-83t sl e] E4o] H=

A~
T
2 Aatolete, ARZEAE 5] AAT 4 Uk T4
E

Q

>

A 2 gl #h01n2 Aol skl 2
whebd, BEG GAARS B 98 ALEER= RO
AR BN A AR UAYS &

ol
2 Ate E‘H—’F”—rﬂ* HOH AEA aretE
TG HolA GH Ak Wf &5 Sle AA|7E~
7} 3&kO] RO 378 S8l AAZF 2 5= U=A 7of

7] 18l AT 2 dFoAE ERRAE 5
8 stol=lol= @Az HelEHS, AvHow
e 5ol HE BANY AelmelolEt G4
+) R134a (CH,FCF:)7}A & A E3} 9 th(Makino et al.,
2010). % QAFOIAL Ri3a 7ha7h map Q1E Qs
= ﬂ¢§ ol a]]jJA;."o] RO /kel%lg EOH oo AH/\}/\E—
7}A~A 2obE e u)- 24 7)(Gas Chromatography/Mass
Spectrometry, GC/MS)E- ©]-&35}o] EXA5F & 712 A
A o FEF Flsieltt. d+43E F GH-RO &3

o Aal.._E_ EGP ug}zl
5= 7] wioll ZFAMHE 3 @ 4~o|tHLippmann
et al, 1995). o|& &°] WIEH(CH,)2] 7-F- 0°Col A oF
27 bar, 10°Co)|A] 2F 75 bar o|AFQ] dZHo| QI E=
Hiof], o] AFSkerAx(CO)+= 6°CollA] 26 bar 7hEE &
ol GHE FAAZ 4 ooz ueto] |3 A
ZAo] ¥ §838lctar & 4~ 9 th(Qazi Nasir and Lau,
2014). & AtolA= GH /o] 7hestrtal ezl
Angg chpon wAstel 24 agel 43
S48 sl 3 AA7IAE Aeslsich

2 BHAHY RO X2 Est A

2 =5
0 Aol W2AY RO HAo] uhg 2 Pz
éfa} 319 RO Aol A5kl kgl AL 2
Toray A}2] REA040-SHN (SWRO), RE4040-FEN (BWRO),
Dow AF] LCLE-4040 (BWRO)o|t}. Dow2] BWRO &
4217] = PAo] uhg Halsio] AHg51L, Toray
t_r}% ;q]}_/\} éoﬂ/\{ xlx% }%—L—L’-_i ko .z:luP aﬂEH_,] j=iX=R
A3 of Fig 12 R4 RO HAle) mA RS
Lelbd 740]1:} U4 L2 ARAA]E 0|83 200CE
SABIGIL 554 FHL 15 Umin, 225 GHRO2)|
AAZAQ 20 Lim’hof] BHeo] s34 2 A4k 3]
ZZAA ZF v oF oA 7 ZoF Al
2 YA Alols ALk AT /171 wizol
Al'&l/\]?d- le{oﬂ o AAERS Z])H _i_Fg—a—]- s
20 Uh7} 5= ergdoz A
A Folls Y] 2571 QA A=A A8
7] $fell =0k GAIAE A $1R A7 EE 34
3t} &4 o= Milwaukee AF] MI-1802 ARE-3}% S
H, 24P = £ (1)20-120°C, A7) A === 0-2,999
wS/em o]tk
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Fig. 1. The flow diagram of lab scale RO process. A G-W
ol | Degasification
RO Y4t ohA]l A2 ¢4 Rli34a 7} 0 —
A zolate] olo|H o w37l ARSD /\}%o} 273 275 277 279 281 283 285 287 289
gt oluf, 7kAZF AolUrt] oA BHAsHA RS} Temperature (K)
o] oF 2A]7F &9F Z=9l5}0] R134aE ZIMA|AH Fch Fig. 2. The conceptual diagram of three-phase equilibrium
T3 GH A ALL st A7| &AL Ad AT} for a guest gas and water.
(Lee, 2014)2F Park et al 20112} AFEAE 7INLER - gz zasich. 28 279 K 714 WHFA =9

= ARE gxste] T RO 3404 $55  GH g4do] AFEWHA] GHeL 7|AFe] AR LA, Fas
b BieEE SRR wefete] A5 FEE ) Baje] ZAHG-W)SHA Hok whgo] RE

ECHERE W Fof =S thA] 283 K 74K 2154 ©W GH
7 slelEA AR bsel BeR BelG-wE. o
2.3 GC/MS =4 W, ARRAE F 1A meﬁb A0 ol
WAL RO AgoA = 05, 60, 12050] AW 2} 7kA0] B0 whet g wj GH FA4=7) o
=238 57, AAEE 605, 905, 1205(REA040-FEN WE 4= gloma AlE Fl BIRAE E OH AFA of]
SR 308, 608, 1208)0] AEHS Axsiack. g OOk Tk A, ArEd asel ] HGW
MIZeko zzzglx] wdFele] 25707F Zu|E Qch T & 4 e gty 2rof dExAds A5
ZAo|| AFLE GC/MS AHH|= Shimadzu A} (Japan)©) ofof GH7} B/dE = Sl Zlol7] wiZe] & 7Iee
GCMS-QP2010 Ultrao|ch. Z#(Column)e DB-sMs = ¥ 2] AAEAS Al=ghc
(30 m x 025 mm x 025 pum)S AFE5AT, SR Table 12 FARAE &3 22 Ke AAVIAE
(Carrier gasye THE0] HoS ALateich, ojg our O $UT 2m=xzlel dat FHALS Helg 2ol

71719 942 091 m/min® 2 A6 o-2stAT}. CHRipmeester, 2000; Handa, 1989; Dyadin et al., 1997,
Kawazoe et al, 2009; Sloan and Fleyfel, 1992;

Mohammadi and Richon, 2009; Barrer and Edge, 1967;

3. ?E:I-T'—l' E‘cl E9 Sugahara et al., 2006; Lederhos et al., 1996; Shide et al.,
2013; Nixdorf and Oellrich, 1997; Morita et al., 2000;
Kang et al., 2001; Anderson, 2003; Bozzo et al., 1975;
Fig. 2= &5 0|83 R134a 7129 AEE T Liang et al., 2001; Akiya et al., 1999; Eslamimanesh et
Z YeRH Ho]tiKorea Ocean Research Development al., 2011; Miyauchi et al., 2010; Sugahara et al., 2004;
Institute, 2015). H= GH, G= 7|49 AA|71A, W= Mooijer-van den Heuvel et al., 2000; Sugahara et al.,
ofalo] B L2 ool AXIAES gHIE Aot 2011; Kubota et al., 1984). AL T = A2 79] 275
Fig. 2= (1) G-W, (2) H-G-W, (3) G-W E+= (1) L-W, K, 280 K & 7|&2o2 ATt Py = <57 (Pure
(2) H-L-W, (3) L-W 52 & GH &3} 7] sitjof water, PW)=7 o of ’%Xéi Fd2=A GHE 3
Auel = 9tk o2 Bol, g AATIATL 283 K, AT 4 i A4gES oujeti, Pyl 9
0.2 Mpa 2710 Q& o 71/439] A7k} 3ll43(G-W) J4=27(3.5% NaCl)d uﬁg AUEH:}. EH RS
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Table 1. The characteristics of guest gases for hydrate formation by three-phase equilibrium diagram

- Pupw at 275 K Pusw at 275 K Pupw at 280K Pusw at 280K
(MPa) (MPa) (MPa) (MPa)
Kr 1.7-1.8 N.A. 2.9-3.1 N.A.
N0 1.1-1.2 N.A. 2.0-2.1 N.A.
Xe 0.13 N.A. 0.13-0.15 N.A.
SFs 0.13 N.A. 0.36 N.A.
H,S 1.2 N.A. 2.2-2.5 N.A.
CH,4 3.0-3.3 3.6-3.8 5.0-5.7 5.8-6.0
C.Hs 0.5-0.7 1.7-2.2 1.1-1.2 1.4
CO, 1.1-1.5 1.4-1.9 2.6-2.9 3.4-3.5
R134a (CH:FCF3) 0.060-0.080 0.17 0.2 0.33
R32 (CH,F,) 0.19 N.A. 0.36 N.A.
R14 (CF,) 2.8-4.3 N.A. 5.0-11 N.A.

R141b (Cl,FC-CHs) 0.010 N.A. 0.03 N.A.

R152a (F,HC-CHj) 0.080 0.10 0.16-0.17 0.19
TAE S 5 QY FEEol dEiAe NAR  oh oA AXsdd dlE fFAsiaollA AAI7E
FE7]5FA. e GH 342&2t %ﬁ'—ﬁz{ A AFE GH

A 2, 22 7k ARgstEE e 949 o 7b F4EA "k o] & HeEds ?3#% uf
FE7h oA H¥ GH 342 93 d8¥xde S5 e% GHVF seek 3 gzdoA e
S7Fhe A= & 4 Itk ol Lu et al(2001)2] ¢ &o] GH Aot 7k~ e H) ojuf, GH 34
TANE T dEEUt ¥245 GH 340 o & 9o FAVEL Ed2AF 23 A 8% JEE Ko
2 4t o 92 frxdg ashes JoR B 3 QlonR TAYRAM RO & F7 =AU RO
ok aea FUE LExoA adstes A 349 T, GH Y995o= 34sto] A4
g9 7}A(R134a, SF6, R141b 5)7} GH A4S 9] GH-RO 349 3ras =Y o SUthlee et al,
T gES ashA g AE & 4 dS] "iiel  2010)

GH 93 34& feiAe AA7tAs adshes Fig. 30| YeRRtSze], RO 4= GH A4k 5
AL FolA Aeshs Aol feld Aolg} wkEgl  SIHh WEHA, RO do) (Ol sk)S A5
o} Ao @Zuk HokS uji= R141b 7t 74 S fsiAE w9 ol2F = GH 339 o] 2AAS
AT B AN LAVtAR AR AAE wr e LEHoF Atk de9 o]2E=E Dow

Fl

¢l Q)& Ri34aE AlE3}3i tH(Cassandra, 2011).

Fig. 28} Table 194 FA2AS HAA3 22 GH
P47 e s “U%M 9Jgt OI%AJ Xq10171 o
T°ﬂ A *X*ow R4

Zn} Hole &4
3.2.1 GH-RO 88833 /idS S5t RO ¥4 & MY
LERdH Zo]

Fig. 3¢ GH-RO §3 349 mAzE

Chemical®] Filmtec RO membrane technical manual<-
Zzsto] A5 tHDow liquid separations, 2015),
GH F49Y ol2AA EAL HuEd(Park et al,
2011)S a2 slo] ZHEZOZ Table 29 722 GH
AR, RO 9499) o] B mgte 97 ik

GH Concentrate

Seawaterﬂd» — GH-RO
Permeate
RO Concentrate

Fig. 3. The flow diagram of GH-RO hybrld process.
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2. The ion concentration of seawater and GH product

water when GH removal rate is 80%

S229] E=19] 35000 ppme @A UEE
AAE RO Q7F 2 mld, ry7t 80% ©]7] W&o

Q= 2 ()0l SJSHA A4t 7Fssiet

A AR TPgehE 95
o= A % F3) AdEL

(Qp, an < G, cm)

op. 635-643

(@.xC)

O p—
4 &+ Q. ro

Qo= A (D= B

@

E3)] 2.5 m’/d, C, o= Table 29]

Ton Seawater (mg/l) GH product (mg/l)
Ca 410 74.80
Mg 1,310 230.12
Na 10,900 1947.70
K 390 105.98
Cl 19,700 3,394.60
SO, 2,740 402.75
B 5.0 0.63
TDS 35,455 6156.58
Q.| C.
v
Q Q Q
—mat | Feed 1RO )
c,,,G" tank Cf,m Ro cD

odlc.,

Fig. 4. The mass balance of the RO system in GH-RO hybrid
process.

ATE E3) 6156.58 mg/ll, C= E RO AA =4
oAl dstad WEHE o 5= 35000 mg/L,
Qe Qe QF WFol 05 mUdojch of7]A,
o 1.5 MR AR FHELE ZHE| X

Lo S UL ©), Q= 5.5 mUdr}
SA ek o] AL B3 A )7 AXBHY O o

@

Fig. 4= GH-RO §3t-&A oA St ROQJ 22 73)

(Mass balance)2 UEFH Z1Holt} g3 o}

FEE 2 m/dE ZAA s (Korea

Development Institute, 2015), RO 3% 9]
=5to] GH 349 ¥4-2 3
80%= AA3IFtHLee et al.,
80%E A

AL O] A 5] A~=L 1 [e]
FETE 49RAR Iechs A S

RO =4 QTE(TR())E
2015). 2 m/d RO 38
Fig. 4914 Q, cn®t C,

p('Hl—

Ocean Research

FETE A

5517] 919

47| 913 RO
AFgFsLh

7tAstolEdolE 24

A=) S m/d) T} B E(mg/ll), Q, C= Y58

oA HjZE]= Y2

TR} F=(mg/l), O o

Crno=C)= B 91420 FHmIT B E(mgl),

Q(;’ C;Ll: J(]);—"Zi__l—y Qpa Crg}:_ }\”}\]—_/I\_Q’]

S(mgL)E oulgit}. oju, o)

FHFHm)T 5
FE(C)= Bl

26,000 mg/Lo] Er} Ignz B2
Q] Qi o.J_oH/\oﬂo] iag}o]ﬁé
26,000 ppmO. = Brof A2t
ShiTh 7hs 4 AL, L (Sealing)

RO A9

— =2 -
olg3tel g
R134a 7}_:; =95
2 5435 sho] EahAAL

3.2.2 YAFY RO AHZt
Table 3 A}EE T} o]

AAZk] heb vepyolck A7)

SENE R U#

o Aoz Holu, o
ek, shA)¢F RO
A ol A

A ok A

tollA AL

Table 3. The summary of lab scale RO experiments: Average flux and salt rejection, Salt rejection by specification.

Average flux Average salt rejection Feed pressure Salt rejection by
Membrane type oe e
(LMH) (%) (bar) specification (%)
18.8 97.7 33
RE4040-SHN 99.75
18.1 97.6 30
RE4040-FEN 18.6 92.6 25 99.70
LCLE-4040 13.7 97.2 55 99.20
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3.3 7IA MH7ig EM 2.0 s
-- DI water
3.3.1 GC/MS &3 to[E| 24 — Feed
.‘? R Permeate
Fig 5= %59} REAM0-SHN A3 9] 4= 605, YAk g
4 608 NE ZYATNE R Stol, Shimadzu A 5 1o |
GC/MS E-A4 A E 969l GCMSsolutionS £33 4-& —;
AROEIYTIC)S YepH Aolch ARntEIdS = 05 ¢
sfte] ARz jsEst ol Unla] ok 58 ojggt
A AT S} Fig. Zro] Y459 e 71 =1 0.0
J9df _E:/\Fig >k = ] “T:J ° N P71 =il 1.00 1.25 1.50 1.75 2.00
Akt 2= A Y Alo7t Gl ARE BV ue Retention time (min)
O|th(Table 4 =), “Lef 3o A x5-2 “gH]el| AlwE 5 Fig. 5. The representative result of chromatogram in GC/MS.
s A 2 kel 453 frix] dels Az
(retention time)& 9|u|3}, y5e HE71E F¢ Az HERd Peak SA12 Ri34a o Slofet ol e 4 glct.

%= (Absolute intensity) S UEPHTE qhoF S37kATE 29 EEgolAE FUR A0 Peako] LERE Zlo& Hof
oo Zh 7hAe] 318 EAJo] u}e} retention time©] AAAE] ti7|u Zelo] RI3daz ¥ ZAeg HolA|
ey Zo|u& ZpAHQl Peak FA0] T Uehd 75 Bk 22529 Peak A HAgEO] iR o] RO AY4k9)
Aol =& otk ¥ o= oA 220l ddget LA Aok UA] 7] wEe]| background $EOR 8-
AAE A== 26,000 ppm =0 Y=o Rl134a THS ok 4= QS Aolgt weskaint

2915191 7] wjEo| Fig. 59] retention time 1.505 L] o]] Table 4= Aol AHS-H BE 9hET} 28429] GOMS

Table 4. The summary of GC/MS measurement depending on the membrane type: Retention time, Height and Area

Type Group Sampling time (hr) Ret. Time Height Area
0 1.544 0.921514 1352350
Feed 60 1.544 1.081993 1642706
LCLE-4040 120 1.553 1.536619 2181994
60 1.537 0.958446 1462210
Permeate 90 1.544 0.939299 1402278
120 1.548 0.938600 1412313
0 1.554 8.364783 8894753
Feed 60 1.555 2.783287 3416537
RE4040-FEN 120 1.546 2.194915 2925167
30 1.551 1.470735 2111891
Permeate 60 1.550 1.295893 1896310
120 1.549 1.326380 1925733
0 1.553 3.166321 3901511
Feed 60 1.550 1.364314 1999834
RE4040-SHN (1) 120 1.548 1.172430 1772876
60 1.547 0.943853 1432651
Permeate 90 1.542 0.908928 1374986
120 1.550 0.972461 1438307
0 1.543 1.117667 1716356
Feed 60 1.546 1.073559 1640926
RE4040-SHN (2) 120 1.546 1.046817 1605951
60 1.546 0.945881 1410864
Permeate 90 1.546 0.942199 1405456
120 1.549 0.964843 1415361
DI water - - 1.551 0.999961 1476481
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mhi Rida §2 7271 100% AAD 5 ek e
o] 28E WA gk
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Peak 224 WHAZFS] G-AMA o] X Microsoft ExcelS
0]-83}o] two tailed t-testS $YTFOo 24 FHQlstSITh
2 0] wWAzko] mEhE AT RO AlAke] A
pero.m TAE kel 2 HaHel7t 02l 4o o
3l t-test2 AAJSH A3}, LCLE-40402] 7% p-valueZ}
0.65, RE4040-SHN(1)©] 79X 0.63, RE4040-SHN(2) 2]
73§~ 0.63, RE4040-FEN©| 739-= 0.02& z}7} ye}
ek ol = Age] Bagtel FASHoR S
gHgo] 717} 65, 63, 63, 2% H| el Sltk= ¢ju|o]
of AR SAAEA | ol AHE-E= p-valueZt 0.05(41
$Z 95%0] ) I 0.1(AZGE 90%°] )
2 I HSIH(S, p-valueZ} 0.05, == 0.1 m)gtdd
- = Ao Hatgkol thEohal w@Hsh), e
gk ol okl & 4 loB®, 259 Peak
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Fig. 6. The gas removal rate on sampling time by RO membranes.
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