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Abstract

Seawater desalination is a technology through which salt and other constituents are removed from seawater
to produce fresh water. While a significant amount of fresh water is produced, the desalination process is
limited by the generation of concentrated brine with a higher salinity than seawater; this imposes
environmental and economic problems. In this study, characteristics of seawater from three different locations
in South Korea were analyzed to evaluate the feasibility of crystallization to seawater desalination. Organic
and inorganic substances participating in crystal formation during concentration were identified. Then,
prediction and economic feasibility analysis were conducted on the actual water flux and obtainable salt
resources (i.e. Na2SO4) using membrane distillation and energy-saving crystallizer based on multi-stage flash
(MSF-Cr). The seawater showed a rather low salinity (29.9~34.4 g/L)) and different composition ratios
depending on the location. At high concentrations, it was possible to observe the participation of dissolved
organic matter and various ionic substances in crystalization. When crystallized, materials capable of forming
various crystals are expected. However, it seems that different salt concentrations should be considered for
each location. When the model developed using the Aspen Plus modular was applied in Korean seawater
conditions, relatively high economic feasibility was confirmed in the MSF-Cr. The results of this study will
help solve the environmental and economic problems of concentrated brine from seawater desalination.

Key words : Brine treatment, Crystallizer, Membrane distillation, Salt, Seawater desalination

' Corresponding author, 25*(Professor), sh.jeong@pusan.ac.kr, https:/orcid.org/0000-0001-8995-3497
2 @A} A T (Post-doc), david.voneiffi@gmail.com, https://orcid.org/0000-0002-3793-5892

> 22} th sHI Al (Master Student), bco030606@naver.com, https://orcid.org/0000-0002-7799-4758

% & -3 57(Research Professor), 99atkins07@pusan.ac.kr, https:/orcid.org/0000-0003-4731-1415

# 34 (Professor), alicia.kjan@cityu.edu.hk, https:/orcid.org/0000-0003-0041-2817

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

== sex| FM37AH 65, 2021



SiSERS S5 NS A8t 82 o 54 W T 67 443

1. Introduction
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g8} VEol= B9 7 9A4E K (Reverse osmosis, RO)
I 4 76k gk ZEA] SF(Multi stage flash, MSF)7}F 9}
ot} #Z &%3F IDA Water Security Handbook 2020-2021
(IDA, 2020)°] W=m A AAd X8 & g3 &F2 )
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A 5T 5440 Al mA= e g 2 A
A7 B35 9)7] " &l (Panagopoulos et al., 2019), ¥ 4
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2. Materials and Methods

2.1 Seawater

=59 s 5T B, 2L
A S dalehe] 3709 ohE X FolA s 22 AV
of AFAstA EA AT 59 B AT (sampling) A17]=
2 IFLE HZE oA G kFE VFE R e A
Fagoh Age S A A”AA AASIHAIL, Table 16 A
A9 Ae T A 718 5SS JERiddth AFE A
MY 5] pHE 7.8~8.08 HAZE ztol7t ZAUAw, 9%
£ Yehl &= &= 318 E(total dissolved solids, TDS)] &%
9 A$ 30.0~34.4 gL7HA A0 Wt FE5lE 2jo|S B
o Y fUE s5E UEd = &&77] 94 (dissolved
organic carbon, DOC)E SE€] &% 1.5 mg/Lol} o4, SS9}
SWE ¢ 1.9 mg/LY 5&E B

gefopd e Lohlr]

o

2.2 Seawater Concentrating

A% BN 94y 2R IFE WA s
Whatman GF/C (1.2 ym)Z o3¢ & ¥ A §57]
(vacuum rotary evaporator. Rotavapor® R-300, Buchi,
Switzerland)E ©] &3l S 1~-6M7kA eI 1
2o F #7187 O o2y B4E5Y WaE W 9
314 300 mLe] dFE FE 30°CAH A 100 mbarel A &3
= AP sk

2.3 Substances participating in crystal formation

Ao FF WE o2 E4 9 fVEY 550 g
IEEZ FAHE E2 & Polyethersulfone (PES) Membrane
Filters (0.45 pm, 47 mm, Sterlitech, US)Z oI5+ F do}
e BEE FF5Y 55 9 A Fostes o2 2
718 &S dotRux 3t

Table 1. Basic characteristics of the Korean seawater samples

Sample Location pH TDS DOC

name (at 20.7£0.03°C) (gL) (mg/L)
Busan

SE 507, 1250y (9002 34405015 1476
Yeosu

.83+0. . . .
S5 477 1an7e  TEH003 32502015 1909
SW Mokpo 803002 29.99+0.05  1.907

(34.79, 127.36)
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g 2] &(Chloride, CI)F FAito] &(Sulfate, SO,) BE+E
Ion Chromatography (IC, Thermo Dionex/ICS-5000 model)=
=339, S84k (Bicarbonate, HCOy)< Total Organic
Carbon (TOC) analyzer (TOC-L, Shimadzu, Japan)Z ¥4]3}
Heh. ZE(Potassium, K, Z4(Calcium, Ca™), mlIvl<
(Magnesium, Mg*"), 22 7KSilica, Si0)% YEF(Sodium,
Na’) ©]2 Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES, Optima 8300 model, Perkin Elmer)
2 23899 g7ko]&(Manganese, Mn’hY ZA-$oll=
Inductively Coupled Plasma Mass Spectrometer (ICP-MS,
ThermoScientific/iCap-TQ mode)Z =3 3IA . &&771¢
2x(dissolved organic carbon, DOC)<] 7Z--ol = Total Organic
Carbon (TOC) analyzer (TOC-L, Shimadzu, Japan)S ©]-&3}
o Z3sHAh

2.4 MSF-Cr

Aux AZY ZAFIAVNMSF-Crne ZEIoz HAE
MSF-Cr ZE2 F45m, 7] & 1F 9=, 5| 4
2717 2 E T JF FEZE A|2ES
dFoz FA A, 4 zolZ A3 A
712 719E o ¥ AYR o3} dEh 5
o]5 3t 55~65°CE ¢ 7FEEth AL &
FE2 /HEE FF AER olE3std €& HES
2 WEHth AN U2 §FF F7=
o3 FHEHY, 7] dFEYG =7t ° &

off
2L M 2 o

At Zxel gigt g2 o] A (von Eiff et al., 2021)9ll

A BT

2.5 Modelling of MSF-Cr using Aspen plus

ASPEN Custom ModelerE AH&3te] MSF-Cre] 12+ ¥
F de 2dg Nt €% EF AES Adete Al2E
o] A £xok 58S FAAT A 2l i A
BL o)A AT (von Eiff et al., 2021)1A Q& 5 Jom,
Gained Output Ratio (GOR)+= MZ2 A|&HE Hrlstes 4
WAl Wy olH, GORE FAF ZZA 29 U E&8&
Yell = dvtd ez A&FE wizfdsolth. MSF-Croll A
GOR2 714 #4 & & 948 o i S/7T7Y o=

A% FW FA9 v 3T 5 Yk

o

)

3. Results and Discussion

3.1 Korean seawater characteristics

Table 2014 e %], SE sl5+9] 3%+ K9 Mn*" 9
&7t OE Rt =34tk K'e o2 ol nls] <oF 2wl
AE E$H31(737 mg/L), Mn**¢] A$-olE £3] 0.840 mg/L
2 EUT Si0,9 FE+= SS7F OE sl HlsiA] <k 24
FE(0.761 mg/L) E%th SW sl ohE S5 &) Na'
¢} Cre) =7 tha gtk 183 30 280, 5%
= AR e 52 & YAt

Table 2. The concentration of ionic substances in three
different Korean seawater samples

Samples K* Ca** Mg™ SiO, Na~ M* Cl- SO/ HCO;s
SE 737 341 1,021 0.381 9,553 0.840 18,349 3,839 34
(Busan)
SS
371 397 1,161 0.761 9,993 0.189 18,811 3,687 32
(Yeosu)
SW
374 375 1,094 0.403 9,277 0.077 16,706 3,619 33
(Mokpo)

3.2 Korean seawater concentrating characteristics
Fig. 12 3l &% W2 DOC FFH|(x &FH|A
DOC 5%/XS DOC %) ¥aE yelhdth /7189 3
ol At 35 FFoNA 2 A FAste 6nl
E50] o]FoHE WE AL DOC 59 589 1 <59
DOC FETo] @& AL 1T & AT 261 ¢] FF0] o
g = ok 50% FE9 DOC7F 23}l Fod3 AL
AR ol o2 EFo] 2H g EH = &1
= A7 A7 B3 23 Edoly YRR
2743l Foste A& ¢ F Utk &
HA A7 BES F71EH &3
ot A FHAIA AR FAst
F3& 4 ATHFortunato et al., 2020).
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concentration ratio.
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©

Fig. 2. The remaining mass of ionic substances after crystal
formation during the concentration (1, 2, 4, and 6
show the concentration factor).

2 F7HH Y& YA e s5uedE 2 AV 2a
g Ao HWlth

3.3 MSF-Cr with Korean seawater

Table 2 2 Fig. 201 JEbAd AAF Na', ClI'9 so42-7} 45
5718 o 2B =2 F
= + 4= Tk A3 (erystallizer) &
=A%t oA, 212 i%fﬂVH 7tE3 ¥Z J&e 7
=]

ol

1S = ASPENS o] &3] A o}aitl{von Eiff et al., 2021).

A 212 A A vE A58 $F (60, 90, 120 L),
Al 7kA 7vE7) &% (60, 65, 70°C)R LM, &4 A+ 47
1otk

== sex| FM37AH 65, 2021

Table 3. Results of crystallization using Korean seawater

conditions

Flow Heating  Experimental ~ASPEN Relative
rate Temperature flux estimated error*
(L/h) (°C) (L/h) flux (L/h) (%)

60 65 1.84 1.98 8

60 70 223 2.08 7

60 75 2.66 2.82 6

90 65 2.64 248 6

120 65 2.94 2.67 9

* Relative error between experimental flux and ASPEN
estimated flux

38717} °;<4*8}b Bt ERlxE BRI 274
Z5tath AedE A5 140 mS/em7t H QLS w7t
SHRI 22 20°C7HA WZho] H AL XRD £4
93 Na,SO7F -2 435 T4t AS FAsA
L2 B FY2E S EA3L, Aspen Plus &%) ¢ 1|
Wtk ARG AFH 9 FHFHA LFE F 6-9%= &
1= S th(Table 3). o] AF= mdo] ZAsr|9 AAHE &
Yerd ¢ ASS guleith
ASPEN BEd2 T +4(1E BE oA 2F 579
A5E FA57 A& F=79 sl FEES Ve E o]
EFth A& o)A ZIH(Table 4)°] WE=9 Gained Output
Ratio (GOR)2 & EE T 37 2= wpet &F 2.42~4.13
Ql Aoz Yelgtlh GOROl % oux] a80] IS
guStR=E 60°ColA BE T 471004 80712 =8]H GOR
o] 24278 A 356N ZF7}st= GORel AE3F 233FA
FEFE PR A2 Ugyth 28y BEY FE FUIE
F7METE 3= FAEAL EEY 5 8070004 160712
F U2 53 L 1 GORS 0.03% =713ith. ASPEN 2d ¥
2 (1) dR FAYdAN 2Fsr19 dAE FHs e,
() oA v && AR At Ve BA EAE gYe
o 243t ouA] &84 FEE AITE F AJt AAZE
= ﬂili-ﬂ =70 AHSEZ oY dF2 5F7]
39 7tedE 1T & A @k
71 BAY B4 AlReA Bad ARE NYsESE 5t
THTable 5). 71EH o2 & H]&2 ZA HIA| %‘M
P2 A7) v 8- Pumping®] £9H&& SF T Eh &2
7] &2 MD A&3 HE&S 5%7HA R Th ASPEN
43y Ao m2d Na” 2 S0 557 ¢ Fol B2 ¥9
FHo] AU oz AR, 7|2 Al AU o=
23 B2 123 £ §1.908, H]&0] $0.08 Z2Fth 18
U HE Al oM s 4 duyR] HE0E Q1% dE o]
7] el vgo] $0.03 &= o ZHIATE YA A
oo 7+ Alug ol thsl $0.07~0.082] FHaet A 7+
ARG 7HA dEo] AT ol#et ATl v xste AP
£ 73] AAFQ 34 AeE Holn, HE Ay L9
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Table 4. Unit performance at different heating temperatures (a) 60°C, (b) 65°C and, (c) 70°C (flow rate = 700 L/min)

(a) Total Module (s)
4 40 80 120 160 200
Distillate (L/h) 1620.49 1822.77 1830.03 1833.61 1835.85 1837.71
Na,SO; (kg/h) 1552.45 1557.01 1557.23 1557.30 1557.33 1557.35
GOR 242 3.49 3.56 3.58 3.59 3.60
(b) Total Module (s)
4 40 80 120 160 200
Distillate (L/h) 1959.48 2190.06 2198.99 2201.10 2205.49 2203.74
Na,SO; (kg/h) 1559.98 1564.97 1565.20 1565.28 1565.32 1565.34
GOR 2.61 3.77 3.84 3.87 3.88 3.89
(c) Total Module (s)
4 40 80 120 160 200
Distillate (L/h) 2302.30 2561.58 2570.05 2577.44 2578.47 2581.65
Na,SO; (kg/h) 1567.25 1572.60 1572.85 1572.93 1572.97 1573.00
GOR 2.77 4.00 4.08 4.11 4.12 4.13

Table 5. Treatment costs for RO brine based on Korean seawater conditions

MD + Cr* High flow High 100
(20 stage Module, vzz:te rate temperature Cells in
400 L/h, 65°C basis) (600 L/h) (70°C) Parallel
Cost of MD to treat RO brine ($/m’ of freshwater produced) $1.68 $0.58 $1. $1.68 $1.68
Cost of Cr* treatment ($/m*> of MD concentrate)
MSF-Cr Capital Cost ($/m’) $0.43 $0.45 $0.38 $0.48 $0.47
MSF-Cr Operating Cost ($/m’) $2.65 $2.59 $2.91 $2.67 $3.25
Total Cost of Treatment (MD+MSFCr) ($/m*> RO Brine) $1.90 $1.00 $1.91 $1.90 $2.01
Materials Recovered
Water Recovery (%) 88.6% 8.6% 91.2% 89.5% 88.6%
Na,S0; (kg/m’) 3891 3891 3891 39.09 3891
Value of Materials ($/m’ of freshwater produced)
Water @0.6/m’ $0.513 $0.513 $0.499 $0.507 $0.513
Na,SO; @ $90/tonne $0.251 $0.241 $0.247 $0.240 $0.241
Net treatment Cost ($/m’ of freshwater produced) $1.14 $0.24 $1.16 $1.14 $1.25

*Cr: crystallizer
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