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HY, THOE XX —UIZHE T 228 MfrEN S,
I CIENREZD R DPROET N —AELT,
BUE T357 7 MeARE LTz, B T357° 7 hCld Fig.
2 (R IIT, FEHEAK - B - IR FED A K - K
IRAE K72 KRk 2 TR 3 IR AR T DK ET DT
D, AR CTIEZNOOEAKMIAFIET DR E T
V¥ —% RED S EVE NS S RED =)L
X —[AL AT MO 7260 O FERETNZ 1T,
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Fig. 1. RED energy recovery system using salty waste

waters

Fig. 2. Solution stream in salt production plant using ED

system [7)

Sodium Chloride [NaCl: 7747 A7 )]

Potassium Chloride [KCl: DT A7 A7 ]
2.3 BBROAAVEEBSTEEERE

DIONEX #8047 a~<1h77 5 (1C-1500), LW
DIONEX #E#o> A7 7a~< k77 4 (1C-2000) Z VT
RENAK P OT =A DT A FEO EM: < & BT
10T,

BT NERRDA T Y%, ERABFEF A W
THIE LTz, 7035 C USSR DARE E O Z ) E #iPH A+ (> 200
mS/cm) Tho7272, JFKE 2 AR TREEEZH)
EL, TOMHEA 2 5L, CHIROIREE LT,
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4 FEOY 7 NVESHR P CIERHTZ R E LTz, IEOFESH
< AEM 73 2 FE$H, CEM 23 2 FEE CTH D, HV D K
kR % Table 1 (2739,

HYED 2 BEAEIOT 27U L NIZE VIR BRI B~E)
L, B VORI AT S E L BeEhnGE
OIESUEE LCR A—X—THIEL7-, HIEREE T 25°C
THY, BIZHONCOEY 7 IR I EIRIR B SN
T 24 h RIESET, BEEAERA TS A OBPUE (R: IBEHC
PU+ Vo TNV 05, BEE i Eie g6 Ot
B (R 7 NVEHIRST) 272 L5I<KZET, LT DR
(1) ZOEEEHT Rem 22RO 72,

Rmem=R - Ro (1)
Ruem: TEHEHT [Qem?],  R: HIEEHME [Q cm?],
Ro: 7 Z ZHGUEEE RIS [Q cm?]
2.5 EBEMOBIE

I SRR T B A 24 h IR IESE 721, Fig. 3 [T
FEEE AT, BV NITARIR BEIES TR, e B
WAL, Kili% 25°C IZfRoTREEICRB W TAZ—F
—TIBHRL 7235 10 /07412 LCR A—4 —CEEN &
ELTEY, 7eds, — M@ RN (CIMS & ACS-T8) 131
[ZOHFPFUCIEZ AL TODI20, BRALE 2R A
T 7256 % (L), SREMICIT 2582 MH)EEE
L7-, Table 2 ([ZHW =Yo7 /UIRIEDOMAH B ZR
R

Table 1. Properties of cation exchange membranes (CEM) and anion exchange membranes (AEM)

PR IEC [meq/g] Permselectivity [%o] SD Cx
[Yo] [mol/dm?]
AMX 1.4~1.7 0.98< 25~30 2.0
CMX 1.5~1.8 0.98< 25~30 2.0
ACS-8T 1.4~2.0 - 20~30 =
CIMS 2.3 0.98< 39 1.5-2.3

IEC: Ion exchange capacity, SD: Swelling degree, Cx: Charge density

concentration
golution

concentration
golution

3 mol/dm?
K

ECl

Fig. 3. A schematic diagram of membrane potential measurement

system

Table 2. Solution combination for membrane

potential measurement

{EBREE (L) AR BE(H)H

3 mol/dn’

A-B (A) EEffEZK (B) ¥k
A-E (A) EEffEK (E) K
A-D (A) &K (D) HEMEAK
D-B (D) BEHfEAX (B) 7&K
D-C (D) HEk (C) AAsk
B-C (B) ik (C) MAK

[REERKE U TR ELI- Y 7 VIRIKIZIET &2 —

—&ReHk



2.6 RED HAODERER (BELLEDHEAEHED
BED
2FIEDEDM I B DI, 4 DIIRIKIC
15 RED FEIZOW TR ETT o7, RED O 1%
FEIW/m?] 132, 3 - 2. 5 THELAVIREN LT
25, LTFDQR)-G)REH WAL THER T2 Z LN HE
THHUY,

EOCV(stack) =N (EOCV(AEM) + EOCV(CEM)) 2
N de  d
Rstack = (Ragm + Regm + N + é) 3
P — (EOCV(stack))2 @)
Max 4Rstack
Pprax
P = —= 5
Gross 2AN &)

22T, Puax [FAZ T DERRHTI[W], EocvisudglEAZ
w7 OBAEIEEE OCV[V], R (FAZ 7 HHL[Q],
Eocviaem& Eocvicemld AEM & CEM DZENZE L 1 KD
OCV[V], N IZx4, Rapm & Reem I3 AEM & CEM OZ HU
AV BDIEIRIT, do & da 13 B SRR EE Rl O Pk
DX OD S BEE, Ko & Ko b3k i BE AR AR FE AR D ¥R D
B, 4 FE—BCE 72O MR BL], Pross 13
AB 7 DI R BEIE WM EE T, 22T Pgoss 25
BRERDEOM A G DOEEHEE T 5729, Eocviarw,
Eocvicemy, ke, ka, Rarm, Reem (ZHIE CTIHEONIEEZE N
ZHIRAL T Pyross DETH AT 272,
2.7 RED %EHER

N fs: 88 cm4L> CEM/AEM %1l L, ¥k H /i
KD 200 pm JE B DJERIGREEE AN ——Z 2 HIZE I
ZI 10 B o (= 10 ) FEfE L, A7 DK% 3 M
NaCl ¥iE Clti7-L7= Ag-AgCl Bt/ L THEHALT, #
HIEEFE DY 1760 cm? D RED A4 7 %5457~ (Fig.

th_at: tive area

r ia . "“-..n__. T T T T ]
! =l
I - Integrated
J | 1 spacer
i iEE Emee
Cathode

-------- » High concentrate
=«=««--«p= | ow concentrate

— — -» Electrode

4), 2D L&, CEM/AEM O fi ¥ % O CMX/AMX, @
CIMS (L)/ACS-8T (L), @CIMS (H)/ACS-8T(H) » 3 <
H— U, GO A A D ELT, A-D((A)
fiik - (D)PEIEAK), BEDY A-E((A) gk - (B)%E
WK) &V, ZNENOMHETERE(Q)% 1.0 L/min [Z[H]
TELCAZ I AR LT, Ag-AgCl EMRIZIMNAHEREL
T B AMIEE IS OMNT IR ZE 5281280
BHEE 0.4 mA/s THIBIL, FAEL-EIR-EE e
WE T HZECHRBRMEFTMEIT o7z, FHALLT,
[FICARE &4 H 9% NaCl KA R -56 TRk
\Z RED #1772,

3. ARBEREBE
3.1 BREROGEEESLVAA MM

Fig. 5 IZR/ R OB EORIER REe T, o7
DARFFEIT (A) BEME KD b IRLS, (B) HAKD b m
RGEZR LTz, (B)MAKOEEEDKI 50 mS/em THY,
HE/KIRAE 0 (C) 277K 239 265 mS/em T, ABUIfEKIT
38 mS/ecm TH-7-,

| P

Fig. 5. lon conductivity of solutions A to E

Tk, e
- - iy
g&&w@l R
IFtegrate I cem
Spacer
sk T B e

c o T e R e

Fig. 4. Simple scheme of a RED stack consisting of IEMs, integrated spacers, and electrodes [}



—7J7, Table 3 (/R AAALRLIZBEAL TIE, (B) #k
D ZAiA AR b =<, RO T (D) AR K,
(B)¥iEK, (C)AKDIETH T, ZHUTEXENTIZL
DIRME 7 m R B Nl A A IR H T 1A
VR T i A A RPN F IR ST TNDHT2D T
HHEEZ NS,

3. 2 [REH (Rmem)

Table 4 (24552 7 /WERIE T CHRIE LT ERDT, Ruem &
TRUTz, E7-H A 0.5 M NaClLK IR Z F O T2 iE S ]
BRI LT, (A) B AR E W84, IWIRHHTSH L T

PRI IR I NS, Alal, BEPTE R E 528
INTERD Tz, ZAMAF AR D b @V (B) 357 HIZH
T CEM X008 AEM I3 ERERHERV MEZ R L7228, ZHUE
T TF AR T AMT =AU R ENRR T ICE E
ALTWRWZH ThDHEB 2 BID, LIZA3->T, RED &L
TINDLDOWRAE AW AL, AT AN CEM R
PU G2 DR BN B0 E 2 Hiudp 2,

Fig. 6 [Z5 Y T AR O ZfliA A4 FE (= Mg
+ Ca?") (EHTF A &) [mol/mol]) EEHEFT D EfRZ R L
72o AEM X0t CEM DOIEHRHTAS AfiA A2 0D 58258 <

Table 3. Ion composition of the solutions (A — E) used in this study

Solution Cations Anions
types Na* (%) K* (%) Mg*2 (%) Ca*? (%) Cl (%) NOs (%)  SO42%(%)
A 82.90 % 7.49 % 9.10 % 0.43 % 98.46 % 0.00 % 1.53 %
B 9.45 % 12.93 % 54.96 % 22.63% 97.65 % 2.34% 0.01 %
C 93.11% 2.95% 2.62% 131% 99.91 % 0.00 % 0.09 %
D 83.24 % 1.64 % 13.43 % 1.69 % 92.86 % 0.00 % 7.14 %
E 86.44 % 1.83 % 9.84 % 1.88 % 95.10 % 0.00 % 4.839 %
Table 4. The experiments of membrane resistance (Rmem) [€2*cm?] in the solutions (A-E)
CMX CIMS AMX ACS-T8
(kt#&%) 0.5 M NaCl 2.56 1.85 2.47 2.24
A. BEREK N.M.* N.M.* N.M.* N.M.*
B. & 33.50 48.34 5.68 8.78
C. DAk 2.59 2.09 2.09 1.98
D. drfEK 5.07 5.48 2.86 2.92
M.* 0 EEEHEHUR & RO & T X7/ E R /[ Th -1z,
OFT NaCl @#AK (€33 1323
60 I
- CMX
S0 [ |—e—cims
T 40 CAMX
E —8—ACS-T8
S 30
g
&
& 20
10k ___f
&

ZHAA (Mg ECa? ) DEIE [%)]

—{fiA A (Mg2++Ca2*)DEIS [%]

Fig. 6. Membrane resistance of the IEMs as a function of divalent ion composition
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7=

3.3 EELL (OCV)

Fig. 7 & Fig. 8 |2V 7 VIR 2 RO AA Y
THIELZBARIEEIE, OCV Z7~L7=, CEM, AEM &%
V2 il 338 PR 5 2 ARG R BEE AR 11 ) 72 355 6 (CIMIS(L),
ACS-8T(L) IZFV VTRV OCV 7R L, RISl R
L2 = FE (N2 M)V S 7235 (CIMS(H), ACS-8T(H)) A3
<, A A BRPOEEME AR 72 R D OCV 73k
HARZRDZ LD LT, ZAUIEEALIZ W TRIR B
MORF BB BIROBENIZ HHLEIE N REL,
IR FERN —fliA A ORI A [T 52 L1280, (KR

FE A5 i i FE AR ~0D —AfliA 4> @ Uphill #ik AMEIK L,

AU BEEBAL ORI S T= LB 2 Hipih2,

A-E (BEfiAK — #EAK) Zvt A-D (B — HEHEAK) O
OCV MMEWVEK ELTIE D D575 E LI FE AT
&, A AR EIE D ENZER T AR F

TAREFEZENREVA-B(EK - EEfi7K) 235H OCV 73
E<RHETRINTZD, ZAliA A ALK DOFIE D3 E T2
® OCV 1T A-E X° A-D ERER AN LR -T2,
3.4 EDHAEHLEISHELIZR2YIH N

Fig. 9 1T A-B(&EffiK — #57K), A-D (MK - SR
K), A-E(BEfEAK — WEK) 2 W56 0, KO
HEICHITDH RED HEEOHERME R4 R~T, BE
PP BHEBR S NS RED 1% A-E BN
0.6-0.7 W/m?, A-D FIHEEAY 0.6 W/m?, A-B FIIHEEHR
0.45-0.55 W/m?> ThHETZNTZ, A-B DA HHET
IXB HIZEEND AliAA BN FEF (2@ T R
PUHMARELZD, MR 72 b2 edbnoTz, —1ii
AFVRIRPEO XL T, EoRMFICBWTH—
Al A A 2 388 PR D 33 4R T 2 G R AR U2 1) o 72 SR
(CIMS (L)-ACS-8T (L)) 23 RED A A &</
:ebi‘?r”’“ffkﬁ'%otbﬁ)%b:&f;of:o DA kS A BRI
THERR T D701, VB E N R m< a2 L PES
N5 A-D BELONA-E SN T, —filE R A v
% VN C RED shlBRa St 7=,

136
119 1151_24120

1 |14

-180

lllnalli

@CMX aCIMS(L) wCIMS({H)

W AMNK W ACS-8T(L) W ACS-8T(H)

Fig. 8. Obtained membrane potentials of AEMs measured at various solution pairs
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Fig. 9. Maximum power density calculated in terms of eqns (2)-(5)
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Fig. 11 [Z& 2 W 5H DA% 7 OCV ZRLT,
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Fo, —lERPER 1 Boxk A2 IR E AL O E A3
110-120 mV THY, A¥ 7% AEM & CEM 234 10 #25°
OFEBBINTWDHY, THRINDIAZ Y7 OCV X
2.0-2.1x20 £53 = 9 2.2-2.4 V L7220, T MR AHZ
7 OCV B3FoiT-, ZOFBE D1 DEL TAX Y7 OCV

RED stack OCV [V]

25

—— CMX/AMX (Artificial)

Voltage [V]

0 0.05 0.1 0.15 0.2 0.25
Current [mA]

Fig. 10. Typical data of |-V curve in the RED test

CMX/AMX (Artificial) @CMX/AMX

=CIMS/ACS-8T (L)  ECIMS/ACS-8T (H)
215
207 2020 205 203 &

21 211 21

Feeds solution

Fig. 11. Stack OCV obtained from the RED test
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A AV THIEL TWAT2, IR 7 A T 5
R DRI OWTIMFT CERD) o723, RED R T
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VAR EE RIS R /CEM O SN 38\ T A5 A A2 D 55
BLIE (L) Kb @< ni=, iS4 @ uphill #§ik
(L) Kb S AELHZETRY y ZHRBIOHEMA I 2 &
niztEzons,

Fig. 13 1C A-D (BEffa K - HEEAK) FIRED, 45 1EM &
FER LT 58 31T 2 H ) 4% e — A i B iR D G 2R

%R LT NaCl KSR REE Ll U C i A A4 &t
FCR TIEH MR TS, B S O
filiA 7R (H) O5A THRLIVZ 15 DRI TR
LTHY, HNVEEPRELSIROERPEONT, —F,
A A IR (L) & FHVO =358 Tl 8 B 3 e
7R HRE RSO T, —filiA A B (L) DS TlxA
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T 5720, OCV HEMEHEGUEMO IR E N THONDHH
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Fig. 12. RED cell resistance obtained from the RED test

—— CMX - AMX with artificial feed
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Power density [W/m?]

0 5 10 15 20 25 30
Current density [A/m?]

Fig. 13. Power density-current density curve of the RED
test using various IEMs in A-D solution combination
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Fig. 14. Power density-current density curve of the RED

test using various IEMs in A-D solution combination
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Summary

The aim of this study is to develop an energy recovery system utilizing useless wastewaters dischared from a
plant. Reverse electrodialysis (RED) is one of promising ways for energy harvesting which enable to produce
electric energy from salinity gradient between solutons with different salinities. Hence, when wastewaters with
different salinities can be avairable in a plant, a certain amount of usefull energy can be recovered before
discharging them. Hence, we have investigated its energy potential of an RED energy recovering system using
real wastewaters from an industrial plant.

We selected a typical salt production plant as a model case to obtain wastewaters because various types of
salty solutions can be avairable from the plant. The plant applies electrodialysis (ED) process for
up-concentration of seawater before evaporation to produce edible salts. We selected five types of salty
solutions: (A) evaporated pure water, (B) bittern, (C) brine after ED, (D) dilute after ED and (E) seawater, as the
RED feeds. In RED system, two membrane combinations (standard membranes (CMX/AMX) and one-sided
monovalent selective membranes (CIMS/ACS-8T)) were used to evaluate the effect of membrane types on the
RED performance. Since the RED performance depends on the both membrane potential and membrane
resistance, depending on types of feed water due to the different divalent ion composition, a selection of suitable
membrane combination is important to get high energy by RED. The RED tests revealed that RED stack with
CIMS/ACS-8T showed not so much higher open circuit voltage (OCV) than that with CMX/AMX, even though
the membrane potential of CIMS was much higher than of CMX. The stack resistance of CIMS/ACS-8T was
higher than that of CMX/AMX, resulting the lower power density of the stack with CIMS/ACS-8T under the
experimental conditions. This will be due to the fact that the structure of the distribution part of the RED stack,
and the low salinity of the distilled water used as the low concentration side of the RED system will decrease the
effect of OCV on the RED.

In conclutions, an RED stack with one-sided monovalent selective membranes operating under the
conditions: optimal strugure of the distribution part and optimal salinity at the low concentration side will give a

high RED performance.



