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Abstract — In the present paper we report the calculation results of operation energy consumption for dissolved ions
concentration technologies using vacuum evaporation (VE) and hydrate formation. Calculations were conducted assum-
ing the tenfold concentration of saline water (0.35 wt% NaCl solution) of 1 mol/s at room temperature and atmospheric
pressure employing vacuum evaporation at 69 °C and 30 kPa and hydrate-based concentration using CH,, CO, and SF,
as guest molecules. Operation energy consumption of VE-based concentration resulted in 47 kJ/mol, whereas those of
hydrate-based concentration were 43, 32, and 28 kJ/mol for CH,, CO, and SF, hydrates, respectively. We observe that
hydrate-based concentration can a competitive option for dissolved ions recovery from energy consumption standpoint.
However, the selection of guest gas is very critical, since it accordingly determines the hydration number, the hydrate
formation energy, gas compression energy, etc. The selection of guest gas, separation of concentrated brine and water
phases, and the enhancement of hydrate formation rate are the key factors for the commercialization of hydrated-based
technology for concentrating dissolved ions.

Key words: Hydrate (clathrate hydrate), Dissolved ions recovery, Desalination, Evaporation-based concentration, Hydrate-
based concentration
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(
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Fig. 1. (a) Schematic representation for the calculation and process for ion concentration; terms in parenthesis describes the energy require-
ment for the process operation. Vacuum evaporation process is composed of heating (sensible heat of brine to evaporation tempera-
ture), evaporation (evaporation energy from water to steam), and vacuum (power consumption for vacuum pump operation), while
hydrate-based process comprises of refrigeration (refrigeration energy for the cooling of brine and guest gas molecules to hydrate for-
mation temperature), hydration (hydrate formation energy (phase change from brine to hydrate) of brine), compression (gas compres-
sion energy to hydrate formation pressure (multiple-stage compression if necessary)), subcooling (cooling energy of hydrate), and
pelletizing (hydraulic energy for hydrate pelletizing); (b) Conceptual process schematic for hydrate-based ion concentration process.
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AkeE = QlE FQ% 1AL 5 shutoltt o] Aol 4] Multiflash™
(KBC Advanced Technologies plc.)& &-83lo] 4] 7}~ H =2 5}
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A= 7k T 22 oFo] HRHEE 1:100 ool Tl 7kl
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(NaCle] Z&H 4472] -9 CPA-Infochem+). CH,2} CO,2| 7%
HE2 07 Az F5 I 7291 CSMHYD (Hydoffexe, downloaded
from http://hydrates.mines.edw/CHR/Software.html, Colorado School of
Mines, Release Date: Aug. 26, 1998)5 ©]-23}9] Multiflash 7|4t
Ao} vl wakAth 949 FEE= NaCl 0.35, 3.5 wt%(LFH A=
H,0)°1H, v 98} $57(H,0 100%)Y 3¢ AAkskaict.
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]OH U5 AGFE &2 1710 oJ8}), o]
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21 5k Zol 2HET 5 Q) &, B AAEAE sle| B0l E
4P LR YA ADQg, SOl Z Al E FH s
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wel e, o AN Aol it S gens
ThAIR1 4.184 Vg K= 7Pd3ISITh. AT 389 219k 2jo]
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80.3 kJ/mol-CO,(19.2 keal/mol-CO,)Z 714}5153 © ™ (Table 4.7 in
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ol wkz} 2ekAut, CH,, CO, hydrate®] 73-%- 3%+ $HE5-2 112 8}o]
3.7,3.1, 133 SFS] 4% 5 (1T 45)= AXxksiaith 27] &%
oS T=298.15K, P=lamo|™, #F o2& CH 2] 49 4.5MPa,
C0,9] 7% 2.9 MPa, SF,2] - 0.5 MPa® 7} 331t} CH, 9
CO, ol =do| E A Al oll= 2] (8)ell &3t Al4tX| 2] 3ulE 1
SkATt.
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G} HES7 |5 AR 7iaee] §ho R 18k 5= 9lom, o]F Table 1

off YeRHSITE. 712 §F oy A] 741*&%1 ZF A S8 85%E
7Pk & 7k o oluAlE 39 sEE 7HEEk] 3xQg
0.85°% Altstoict.

stol=dlo] E FAS Sl o d Azt ovA= 4 (9=
EHs

Qg =m;;xC, , xAT 9

71X, mi= SfolEeo]EQ oo E3 AA7EAS) ks
#telm, CH, sl =o)L= 20.7 g, CO, 3}0]%11015—5 217 ¢,
SFg 8lo] =20 Ex= 26.5 g ol olf, 37 &&2 50%, 39| §
ojlto|E ¥AE AAIH, olw Z} %XMAH el g7 2 ¥
ol FUatrtar 714813tk Ning 5[91 AR5 wAlS &
3| 7}~ sloj =0l EQ H|HS ﬁl*&o}aigtﬂ, 10% o1 #ehel=
Sk 3lon}, CH, slo| =0 B oF 2.5~2.6 J/g-K, CO, 3lo| =2
O|Ei= 2.2-2.3 J/g-K ZEE o533t} o] Aitellx= CH,, CO,,
SF, sfo|=gjo] 9] H|dS 2.6, 2.3, 2.3 J/g-KZ 733t} SF,
so|=go] 2] HHe 7 FaleE 2] sl oLy, 7]
n|<do] CH,, COLll Hlal YEo o 0,9} 2-& ghoz 7143t 3}
W2 s AT =3 KZ 788kt

T oA 9] Antellr= g, AdtellAl slElgitka 7
sto], sFolut slg] I oA A 7krt Garell EE o] 3157
A Fahe 9= wiAlsklek. 9 W co, 7kAe] el s ALt
315 (20 °C, 1 bar, Aspen Plus ©]-§- AlAh), 1.70 g-CO,/kg-waters]

= Aom, mhebA] A, el A 9] 7k Gl 0.2 wi%
uRke & 7k gaflef 9§t o A] Bl v]g AR FAIE Rkt
o FdEY 8 o UX] AREF AAS EA] AE screw
press®] 22 FE (1.1 kW)E F-E&313th; &8 80% 7H4[10].

ofe] A9 sto|=dlo]E A S A= A& reste] 7F
22§k oy, stol=glo| E e AL UAE -8 wjelli= 2t
A A5 S S ey AE AltsGith. sfol o E

37 1*1 oJ o] Full-& 0.9, 0.95, 0995 718t} 181

AT HZ S|S0 B S E AE E&2 0.1004 0977}1}
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o
-
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3-1. Y == 2o A1 HHX|
S EFY A F olUA AR oF 47 ki/molZ AL
Stk o] FollA /B‘E"‘iﬂ(ﬁ — 7)) ol 23 A A]:= 42 kI/mol
= A °1]L17<] AR oF 90%E AA|SFATE A4 g oA 7t
AA 25 YA ] giiEs i}xlo 3L QoL Mol A 71 (F
1)i4 T HFARI Ao BE Z1F, THe] 2715 Wiy
2 oflUR] AR FA] GEAA] ‘\2—3}——% Z10 7 oliek 4= Qlrt.

3-2. 310/=20|E o] A ofLiX|
321 8o] =0 se) 4t
CH, Bl =elo]E2] it e 2al|s) vlmato Fig, 201 1
EhH2IT}. Chejara S{111] AAT0IN AL B AAkA S A8

ot A3}-2} Maekawa 5 [12]0] AQket A% w2 CH, 3to]=#]0]
E 4 dYS ol5shs AP A S o] &5 AN QJ%C A vl

14 -
E‘ Pure water(this work)
o NaCl 0.35% (this work)
NaCl 3.5% (this work)

= 124 NaCl 3.5% (from Ref. [12])
() NaCl 3.35% (from Ref. [13]
‘5 1 Pure water(from Ref. [11])
» Pure water(from Ref. [12])
17} 10 4 Pure water(from Ref. [13] v
o ]
e ]
c -
s 8
=
© .
[&]
o 6
[]
2 1
©
o 4
-
®
f i
3
T 24

0

T T T T T T T T T T T T T
272 274 276 278 280 282 284
Temperature [K]

Fig. 2. Hydrate dissociation pressure of CH, hydrate in different
salinity of brine.

(9]
|

—M— Pure water (this work)
O Pure water (from Ref.[8]

L m]

—@— NaCl 0.35% (this work)
—A— NaCl 3.5% (this work)

\

N
PR T S T

-
1
[m]

Hydrate dissociation pressure [MPa]
w
1

o

T T T T T T T T T T T T
272 274 276 278 280 282 284
Temperature [K]

Fig. 3. Hydrate dissociation pressure of CO, hydrate in different
salinity of brine; filled symbols represent data obtained from
this work and open symbols are data from literature. Liter-
ature data for pure water from Sloan and Koh (2007) were
graphed (original paper: Larson (1955)).

sSlth U A e A9 slolEdo|E A oS walA| st
Ak AoE At 2evh 9] st ok A, 71E
F%]] Maekawa 5[12]2] A3}-2} Dickens®} Quinby-Hunt[13]¢] 4
(2 3.35 w%o)ell B3l o] 20% F = 3A| A5t

CO,, SF¢2] 3lo| =80 E 84 7S vERA “170] Figs. 37} 49|
th A Aoel Falol] BarE &SrellA 2] sho] =] E se] o

S v B, 2 7R A8 R 9} oF 10% o]u]e] oS B

ola gtk 7t 7k stol =0 E dlE] & ALte AdE
Table 21| QoF513t}.

AXt Axfela] & 4= 9l50] o] Frt S7keH slol=d|o]
E9 37 ¢=& Z7}3sttt. Multiflashe} Hydoffe] AAFE S 1)
W R, 24 7}47) CH,2F CO,01 1 2572 735 AlRF Sl el
Hydoff AR S 7150 2 Hit Q3= 247} 1.1%, 3.0%%2 AALE
Atk T3 NaCl 5571 0.35% & A$-olls ZF 7P 2 1.7%,

Korean Chem. Eng. Res., Vol. 57, No. 3, June, 2019



382 AP O)RE - QR - ol

1.5 m st A
—_ W— Pure water(this work) ® 2nd
© O Pure water(from Ref. [14] A 3rd
o @— NaCl 0.35% (this work) < ¢ v 1000000 5
=, A— NaCl 3.5% (this work) jary ]
© W Pure water(from Ref. [15] >
5 W NaCl 2% (from Ref. [15]) < ®s VYV m £ A °
n 1.04 @ NaCl 4% (from Ref. [15]) =
3" «_NaCl 10% (from Ref. [15 o
o « o v = = 100000 a
Q = 1 Target: 35,000ppm, °
5 o @ A
5 < . 2 i "
S A v s A 4
o ° A Y -

= 4 n
% 0.5+ g 10000+ A o .
.— U) 3 . n [ }
© é¢4%7¢? . M
[0] -
© .
A
> . 1000
T _—a A J T y T T T T T T 1
— 0.0 0.2 0.4 0.6 0.8 1.0
0.0 T

r r— - r—+ T T 1 Hydrate fraction
272 274 276 278 280 282 284
Temperature [K] Fig. 5. Salt concentration of concentrated water in each stage using
hydrate-based concentration; partitioning coefficient between
Fig. 4. Hydrate dissociation pressure of SF; hydrate in different water and hydrate phases is assumed to be 0.9.
salinity of brine; filled symbols represent data obtained from

this work and open symbols are data from literature.
At} NaCls §Hsh= wgk slo] =ejo| & Aol w24} &

2.2%% LFEFSETE NaCl 5571 3.5%%Y 749 283.15 Kol A &fjz] 9] Aol M NaCle] EAZ Q151 slo|=d|o]E gA £x7}
A F AE DT} oF 20%014 ZFo]E Holal Qo] HEEs) sholA] a1, st EHO|E 4 £5rF “e RS gkl vl Qlk17].
& 79 Multiflashel] 2]gt A Aol Fejsjjof & 710 % wck AR AT o] g3te] Blo|=dlo|E AT HdEEHTdh)e] vlEel
), SF2] sto] =0 E slle] e A TS B, Seo 51519 U2 sEGAbA 9] 0] 2 % WEkE Ukl 17do] Fig. 50|t
A3 Al v n e, vE FUg &5 2312 o AW H] I o] Aitel| A o] & Euj&-& 0.9% 738t 7] % 3,500
! %h]sa} TARHA ell&shhar B 4= Q. ] o Altellal= ppm °llA] $3521 35,000 ppm7HA| E& 3=t 23 sto] =H|o]
£ 0] &(Na', CI& qdol] EAlsH= A o= AR it 12, E A s slo| B0 E R MlEshs o) BETE Fof
ﬂ—:ﬂ oAb RElES 2-8-3F NaCle] EAltA slo] =0 E o S/ et F, St EHO| E E-80] 80% o1 A4, 2keld F
’del] st Aol A= NaCle] 7k sfo] =80 E Zxf -2 (3 3] sF0] 7kt ol dE = Utk B Slo|TYo|E o R
o|to|E AhHE B4 4 vk A B EHUTH16]. tHA H|EBH= 250] 60% o)/de] Hojof, 3ThO . H3t F kA <]
Wb, 1 7 A7 SATH0.07 wi%), NaClo] sto] =g o] %o 7Fe e Hojrh wullgo] PHEFE o L o ol
E Az} g xol4 Wﬁl H A =] 2] ko, o] 2 Qlsto] o] A9 E%o] 7hsst, mebA, stol =djo] E /33 A 59 sl
ARt ARk 55570 o] 55 Gt A 1o o te Tt ZlololE A= Al 3 Aol ek e ek AR E

Table 1. Result of gas compression energy calculation: T = 298 K, water 1 mole(18ml) basis, reactor volume 54 ml

Parameters Unit Description CH, CO, SFg
Hydration no. Hydration number 6 12 17.25
P o Compression ratio (final to initial) 45 29 5
MW [g/mol] Molecular weight of guest molecules 16 44 146
Nyequired [mol] No. of gas moles required for hydration, hydrate fraction=0.5 0.167 0.083 0.058
Neactor [mol] No. of gas moles in the reactor 0.106 0.068 0.012
DNyotal [mol] Total number of gas moles for the compression process 0.272 0.151 0.070
Vas [ml] Gas volume at 280 K 5953.0 3310.3 1523.6
Vs, compressed [ml] Gas volume after compression 1323 114.1 304.7

Table 2. Hydrate dissociation pressure[MPa] of water with different salinity for various guest molecules: H for Hydoff, M for Multiflash
CH, CO, SF¢

T [K] Pure Water NaCl 0.35% NaCl 3.5% Pure Water NaCl 0.35% NaCl 3.5% Pure NaCl NaCl

H M %eror H M %emor H M %emor H M %emor H M %emor H M %error Water 0.35% 3.5%
273.152.546 2.663 4.6% 2.672 2.700 1.0% 3.028 3.534 16.7% 1.243 1.236 -0.5% 1.287 1.256 -2.4% 1.490 1.451 -2.7% 0.076 0.079 0.109
275.153.182 3.231 1.5% 3.266 3.276 0.3% 3.664 4316 17.8% 1.580 1.549 -2.0% 1.606 1.575 -1.9% 1.869 1.830 -2.1% 0.118 0.122 0.168
277.153.849 3.928 2.1% 3.904 3.984 2.1% 4.444 5289 19.0% 1.982 1.955 -1.3% 2.016 1.990 -1.3% 2.366 2.333 -1.4% 0.183 0.189 0.262
279.154.667 4.789 2.6% 4.735 4.860 2.6% 5.409 6.516 20.5% 2.510 2.495 -0.6% 2.557 2.542 -0.6% 3.042 3.024 -0.6% 0.284 0.2954 0.411
281.155.680 5.864 3.2% 5.765 5.953 3.3% 6.618 8.082 22.1% 3.233 3.244 0.4% 3.299 3.313 0.4% 4.020 4.051 0.8% 0.445 0.462 0.655
283.156.949 7.219 3.9% 7.058 7.333 3.9% 8.144 10.11524.2% 4.292 4381 2.1% 4.399 4.568 3.8% 14.51718.57427.9% 0.709 0.738 1.075
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Table 3. Salt concentrations with different volume ratios of hydrate and brine phases and different number of hydrate operation stages
Partitioning Fraction of Hydrate Fraction of concentrated water 1% stage 2" stage 3" stage 40 stage
coefficient  Each stage Accumulated (up to the 3" stage) Accumulated (up to the 3™ stage)
0.10 0.271 0.729 3,500 3,500 3,500 3,500
0.20 0.488 0.512 3,938 4,430 4,983 5,606
0.30 0.657 0.343 4,500 5,786 7,439 9,564
0.40 0.784 0.216 5,250 7,875 11,813 17,719
0.90 0.50 0.875 0.125 6,300 11,340 20,412 36,742
0.60 0.936 0.064 7,875 17,719 39,867 89,701
0.70 0.973 0.027 10,500 31,500 94,500 283,500
0.80 0.992 0.008 15,750 70,875 318,938 1,435,219
0.90 0.999 0.001 31,500 283,500 2,551,500 22,963,500
0.10 0.271 0.729 3,694 3,900 4,116 4,345
0.20 0.488 0.512 4,156 4,936 5,861 6,960
0.30 0.657 0.343 4,750 6,446 8,749 11,873
0.40 0.784 0.216 5,542 8,774 13,893 21,997
0.95 0.50 0.875 0.125 6,650 12,635 24,007 45,612
0.60 0.936 0.064 8,313 19,742 46,888 111,358
0.70 0.973 0.027 11,083 35,097 111,141 351,947
0.80 0.992 0.008 16,625 78,969 375,102 1,781,732
0.90 0.999 0.001 33,250 315,875 3,000,813 28,507,719
0.10 0.271 0.729 3,850 4,235 4,659 5,124
0.20 0.488 0.512 4,331 5,360 6,633 8,208
0.30 0.657 0.343 4,950 7,001 9,901 14,003
0.40 0.784 0.216 5,775 9,529 15,722 25,942
0.99 0.50 0.875 0.125 6,930 13,721 27,168 53,793
0.60 0.936 0.064 8,663 21,440 53,063 131,331
0.70 0.973 0.027 11,550 38,115 125,780 415,072
0.80 0.992 0.008 17,325 85,759 424,506 2,101,304
0.90 0.999 0.001 34,650 343,035 3,396,047 33,620,860
0.10 0.271 0.729 3,850 4,235 4,659 5,124
0.20 0.488 0.512 4,331 5,360 6,633 8,208
0.30 0.657 0.343 4,950 7,001 9,901 14,003
0.40 0.784 0.216 5,775 9,529 15,722 25,942
0.999 0.50 0.875 0.125 6,930 13,721 27,168 53,793
0.60 0.936 0.064 8,663 21,440 53,063 131,331
0.70 0.973 0.027 11,550 38,115 125,780 415,072
0.80 0.992 0.008 17,325 85,759 424,506 2,101,304
0.90 0.999 0.001 34,650 343,035 3,396,047 33,620,860
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Table 4. Comparision of energy consumption for ion concentration between vacuum evaporation and hydrate-based process, in the unit of in the

unit of [kJ/mol]
Vacuum-evaporation Hydrate
Component Value Component CH, hydrate CO, hydrate SF¢ hydrate
Heating 33 Refrigeration 1.6 1.6 1.6
Evaporation 42.1 Hydration® 333 23.6 20.9
Vacuum 1.9 Gas compression 3.8 1.8 0.9
Sub-cooling 0.6 0.5 0.6
Pelletizing 4.1 4.1 4.1
Total 472 434 31.7 28.2

Hydration energy, Q- [cal/mol-gas] = a + b/T, where a = 13.521x10%, b=-4.02 for CH,, a=19.199x10%, b =-14.95 for CO, (Table 4.7 in Ref. [8]).
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